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Abstract

Relativistic (up to tens of MeV) runaway electrons carrying about 10 MA are
predicted to be generated after disruptions in ITER. Therefore, researching
methods for mitigation of runaway electrons is one of the highest priorities
for ITER’s safety. As part of the EUROfusion consortium, a project on
runaway electron studies was granted to the COMPASS tokamak due to,
among others, its relatively low safety issues regarding potential runaway
electron damage and flexibility of various plasma parameters (e.g. shaping,
electron density, plasma current, etc.). Such features with a significant, but
still safe, runaway electron population make COMPASS suitable for run-
away electron model validation and scaling towards ITER. In this thesis,
pioneering experimental work on runaway electrons performed in the COM-
PASS tokamak is presented, accompanied with the implementation of the
corresponding theoretical models.

Firstly, for more ITER-relevant runaway electron studies, such as sup-
pression, mitigation, termination and/or control of runaway electron beam,
it is important to obtain runaway electrons after the disruption. In this
thesis, the author shows the recipe for runaway electron beam generation
that he obtained during his studies on the COMPASS tokamak. Conse-
quently, parametrisation of the runaway electron beam was performed to
characterise its occurrence. These parameters include the plasma current,
the toroidal electric field, the disruption speed, the effective safety factor,
magnetic fluctuations and the loop voltage spike. It was found that the
lower the plasma current before the disruption the more probable it is for
the runaway electron beam to be generated. We also show that the runaway
electron beams are generated in a relatively narrow range (0.6 — 0.8 V/m)
of the toroidal electric field before the disruption. Next, the higher the
disruption speed and the effective safety factor, the more probable for run-
away electron beam to be generated. A linear connection between the mag-
netic fluctuations and the loop voltage spike is reported and lower values
are more favourable for runaway electron beam generation. In addition
to these typical parameters, Abduallaev’s hypothesis on the runaway elec-
tron beam generation was thoroughly investigated. Unfortunately, except
for the connection of the runaway electron current with the pre-disruptive
current inside certain rational surface, none of the other parameters and

XXix
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dependencies were sufficiently clear in the COMPASS studies so far. The
lack of synchrotron radiation during runaway electron beam existence after
massive gas injection and the importance of long discharges for runaway
electron mitigation studies are briefly reported.

Secondly, it is well known that synchrotron radiation is one of the most
direct ways to measure confined runaway electrons. On the COMPASS
tokamak, the very first synchrotron radiation was observed thanks to the
author’s studies. Henceforth, the synchrotron radiation measurements are
presented. The data in the first three experimental campaigns was analysed.
Different patterns were observed and a correlation between the synchrotron
radiation and hard X-ray/neutron signals was found. Using the SYRUP
code, we estimated typical pitch angles and runaway electron densities for
runaway electrons having energies over 15 —20 MeV from direct observation
of synchrotron radiation in the COMPASS tokamak. The calculated pitch
angles in the range 0.15 — 0.30rad are very similar to the ones reported
in other tokamaks. The runaway electron density for runaway electron
having energies over 15 — 20 MeV is predicted to be of the order of a few
10 m~3. The latter result is compared with the Kruskal-Bernstein theory
and the NORSE code. The Kruskal-Bernstein theory clearly overestimate
the total runaway electron density, while the NORSE code predicts a density
of runaway electron for energy above 15 — 20 MeV five orders of magnitude
lower than estimated experimentally. However, the timing of synchrotron
radiation observation and the rise of high-energy runaway electron density
from the NORSE code are in excellent agreement.

Furthermore, one of the most crucial parameters for runaway electron
studies in tokamaks is the toroidal electric field. Here we present the impor-
tance of its precise estimation for experimental runaway electron studies, as
different approaches could give quite different results. Namely, the influ-
ence of the toroidal electric field from measurements (flux loops) and codes
(EFIT and METIS) on the maximum runaway electron energy calculation
is examined. It is found how the mid-plane high field side flux loop gives the
runaway electron energy closest to the ones obtained from the EFIT code.
In addition, the METIS code gave the closest runaway electron energy when
the effective charge was set to 2.5, which is a reasonable value for the limited
plasma of the COMPASS tokamak. This analysis is performed for different
types of COMPASS runaway electron discharges, namely: standard COM-
PASS discharge, runaway electron discharge, runaway electron discharge in
the Parail-Pogutse regime and slide-away discharge. In all the four cases
EFIT predicts a runaway electron energy closer to the one from the mea-
surements than METIS. However, in the case of the slide-away regime, the
errors presented for both codes are over 50 %.

Finally, the knowledge of the runaway electron current or runaway elec-
tron density during the plasma discharge is one of the best ways to compare
experiment and theory. For that reason, a method to estimate experimen-
tally the runaway electron current is elaborated in this thesis for the COM-
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PASS tokamak. In the particular case of the runaway electron discharge
#7298, we estimated that at least 4kA are driven by runaway electrons.
The method is then applied to a set of experiments (a standard COMPASS
discharge, a slide-away and an intermediate one) for which runaway elec-
trons influenced the plasma current at the beginning of the discharge. The
expected trend is clearly observed for the experimental runaway electron
density estimations for the standard COMPASS discharge, the intermedi-
ate case and the slide-away regime: only 10'® — 10 m~3 at the discharge
beginning, 1016 — 10" m~3 with a decrease after the discharge beginning
and 10'® — 10" m~3 with an increase after the discharge beginning, re-
spectively. The obtained experimental results are also compared with the
Kruskal-Bernstein theory and the NORSE code. Even though the exact
orders of magnitude between models and experiment are not matching, the
discrepancies with the observations are relatively low for both models. Fur-
thermore, the runaway electron energy drift limit is identified as the most
probable reason for the common runaway electron losses at the end of the
plasma discharge in the COMPASS tokamak. Six different types of run-
away electron distribution functions are used in all the aforementioned ex-
perimental estimations of runaway electron density. However, none of them
is identified as the best option, though the results from all six of them are
physically acceptable, i.e. are not contradictory with the observations.

Keywords: runaway electron, COMPASS tokamak, electric field, massive
gas injection, disruption, synchrotron radiation
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Samenvatting

— Summary in Dutch —

Relativistische runaway elektronen (met energie tot tientallen MeV) bij een
plasmastroom tot ongeveer 10 MA, worden naar voorspelling na dirupties in
ITER gegenereerd. Daarom is het onderzoek van methoden ter beperking
van runaway elektronen één van de hoogste prioriteiten voor de veiligheid
van ITER. In het kader van het EUROfusion consortium werd een onder-
zoeksproject over runaway elektronen studies aan de COMPASS tokamak
toegekend onder andere omdat er relatief weinig veiligheidsproblemen zijn
op COMPASS met betrekking tot mogelijke schade ten gevolge van runaway
elektronen en aangezien zijn grote flexibiliteit voor verschillende plasmapa-
rameters (bijv. plasma-vorm, elektronen dichtheid, plasma stroom , enz.).
Dergelijke mogelijkheden met een significante, maar nog steeds veilige, run-
away elektronenpopulatie maken COMPASS geschikt voor de validatie van
modellen van runaway elektronen en voor extrapolaties naar ITER. In dit
proefschrift wordt baanbrekend experimenteel werk op runaway elektronen
gepresenteerd dat uitgevoerd werd op de COMPASS tokamak, naast de
implementatie van de bijbehorende theoretische modellen.

Ten eerste is het belangrijk runaway elektronen na een disruptie te
kunnen genereren om I'TER-relevante runaway elektronenstudies te kunnen
doorvoeren zoals de onderdrukking, beperking, beéindiging en/of controle
van de runaway elektronenbundel. In dit proefschrift verklaart de auteur
het recept voor de generatie van runaway elektronenbundel dat hij tijdens
zijn studie op de COMPASS tokamak ontwikkelde. Vervolgens wordt het
optreden van de runaway elektronenbundel gekarakteriseerd in functie van
een aantal parameters zoals de plasmastroom, het toroidale elektrische veld,
de disruptiesnelheid, de effectieve veiligheidsfactor, magnetische turbulen-
ties en de piek in de omvangsspanning. Hoe lager de plasmastroom voér
de disruptie, hoe hoger de waarschijnlijkheid dat een runaway elektronen-
bundel wordt gegenereerd. We tonen ook aan dat de runaway elektronen-
bundels worden gegenereerd in een relatief klein bereik (0,6 — 0,8 V/m) van
het toroidale elektrische veld vo6r de disruptie. Verder: hoe hoger de dis-
ruptiesnelheid en de effectieve veiligheidsfactor, hoe groter de kans dat een
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runaway electronenbundel wordt gegenereerd. Een lineair verband tussen de
magnetische turbulentie en de piek in de omvangsspanning wordt gerappor-
teerd waarbij lagere waarden gunstiger zijn voor de productie van runaway
electronen. Naast deze typische parameters werd de hypothese van Abdul-
laev op de generatie van runaway electronen grondig onderzocht. Behalve
een correlatie tussen de runaway elektronen-stroom en de plasma-stroom
voor de disruptie binnen een bepaald rationeel oppervlak, waren geen van
de andere parameters en afhankelijkheden tot nog toe voldoende duidelijk in
de COMPASS studies. Over het ontbreken van synchrotronstraling tijdens
runaway elektronenbundel na massale gasinjectie en het belang van lange
ontladingen voor studies van runaway elektronen wordt kort gerapporteerd.

Ten tweede is het bekend dat synchrotronstraling één van de meest di-
recte manieren is om opgesloten elektronen te meten. Op de COMPASS
tokamak werd de eerste synchrotronstraling gemeten dankzij de studies
van de auteur. Deze metingen van de synchrotronstraling worden dan ook
voorgesteld. De gegevens in de eerste drie experimentele campagnes hi-
erover werden geanalyseerd. Verschillende patronen werden waargenomen
en er werd een correlatie gevonden tussen de synchrotronstraling en de harde
X-ray/neutron signalen. Met behulp van de SYRUP code schatten we de
typische hellingshoeken en elektronendichtheidheden van runaway elektro-
nen met energieén van meer dan 15 — 20 MeV op basis van directe obser-
vatie van synchrotronstraling in de COMPASS tokamak. De berekende
hellingshoeken van om en bij de 0.15 — 0.30rad, zijn heel goed vergelijkbaar
met die welke in andere tokamaks worden gerapporteerd. Voor de runway
elektronen dichtheid, van runaway elektronen met energieén van meer dan
15 — 20 MeV, wordt een grootteorde voorspeld van ongeveer 10'° m—3. Dit
laatste resultaat wordt vergeleken met de Kruskal-Bernstein theorie en de
NORSE code. De Kruskal-Bernstein theorie overschat de totale runaway
elektronentheeheid duidelijk, terwijl de NORSE code een runaway elektro-
nendichtheid voorspelt, voor energieén boven 15 — 20 MeV, wat vijf orden
van grootte lager ligt dan experimenteel geschat. Hiertegenover staat dat
de timing van de observatie van de synchrotronstraling en het tijdsverloop
van de stijging van de dichtheid van de hoge-energie runaway elektronen in
de NORSE code uitstekend in overeenstemming zijn met het experimenteel
gedrag.

Verder is één van de meest cruciale parameters voor onderzoek van run-
away elektronen in tokamaks het toroidale elektrische veld. Hier presenteren
we het belang van een nauwkeurige schatting van het toroidale elektrische
veld voor studies van experimentele runaway elektronen, aangezien verschil-
lende benaderingen zeer verschillende resultaten geven. Hiervoor wordt de
invloed van het toroiidale elektrische veld uit metingen (op basis van flux
lussen) en codes (EFIT en METIS) op de berekening van de maximale run-
away elektronenergie onderzocht. Het gebruik van de meting van de flux-lus
in het equatoriale vlak op de hoge-veld zijde levert de elektronenergie die
het dichtst bij de EFIT code komt. Daarnaast levert de METIS code de



XXXV

beste benadering voor de runaway elektronenergie als een effectieve lading
van 2.5 wordt gekozen, wat een redelijke waarde is voor het plasma van de
COMPASS tokamak als het plasma door een limiter beperkt is. Deze anal-
yse werd uitgevoerd voor verschillende typen COMPASS ontladingen met
runaway elektronen: standaard COMPASS ontlading, runaway elektronen
ontlading, runaway elektronen ontlading in het Parail-Pogutse regime en
slide-away ontlading. In elk van deze vier gevallen voorspelt EFIT een
runaway elektronenergie in betere overeenstemming met de metingen dan
METIS. In het geval van de slide-away ontladingen zijn de fouten voor beide
codes echter meer dan 50%.

Tenslotte zijn de kennis van de stroom gedragen door de runaway elektro-
nen of de dichtheid van de runaway elektronen tijdens de plasma-ontlading
één van de beste manieren om experiment en theorie te vergelijken. Om deze
reden werd in dit proefschrift een methode uitgewerkt om experimenteel de
runaway elektronen-stroom te bepalen voor de COMPASS tokamak. In
het specifieke geval van de runaway elektronen ontlading #7298, schatten
we dat tenminste 4kA stroom door runaway elektronen wordt gedragen.
De methode wordt vervolgens toegepast op een reeks experimenten (een
standaard COMPASS ontlading, een slide-away ontlading en een ontlad-
ing die tussen beide ligt) waarvoor de runaway elektronen de plasmastroom
aan het begin van de ontlading beinvloedde. De verwachte trend wordt
duidelijk waargenomen voor de schatting van de experimentele runaway
elektronendichtheid respectievelijk voor de standaard COMPASS ontlading,
het tussenliggende geval en het slide-away regime: alleen 10 — 106 m—3
bij het begin van de ontlading, 10 —10'" m~—3 met een afname na het begin
van de ontlading en 10'6 — 10" m~2 met een toename na het begin van de
ontlading. De verkregen experimentele resultaten worden ook vergeleken
met de Kruskal-Berstein theorie en de NORSE code. Hoewel de exacte or-
den van grootte in de modellen en experimenten niet overeenkomen, zijn de
verschillen met de waarnemingen relatief klein voor beide modellen. Boven-
dien werd de drift limiet van de energie van de runaway elektronen geiden-
tificeerd als de meest waarschijnlijke reden voor de verliezen van runaway
elektronen op het einde van de plasma-ontlading in de COMPASS toka-
mak. Zes verschillende soorten distributiefuncties voor de runaway elektro-
nen worden gebruikt bij alle bovengenoemde experimentele schattingen van
de elektronendichtheid van de runaway elektronen. Geen van hen wordt
echter geidentificeerd als de beste optie, hoewel de resultaten ze alle zes
fysisch aanvaardbaar zijn, met andere woorden niet in strijd zijn met de
waarnemingen.

Trefwoorden: Runaway electron, COMPASS tokamak, elektrisch veld,
massieve Gasinjectie, disruptie, synchrotronstraling
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Resumé

— Summary in Czech —

Na ITER je pti disrupcich plazmatu predpoviddna generace relativistick-
ych ubihajicich elektront (runaway electrons, zkracené RE, s energiemi
az desitky MeV), které ponesou proud kolem 10 MA. Nalezen{ metod pro
jejich utlumeni je proto jednou z nejvyssich priorit z hlediska technické
bezpecnosti ITER. Tokamak COMPASS ziskal jako soucéast konsorcia EU-
ROfusion projekt na studium ubihajicich elektront, a to mj. z divodi
pomeérné nizkych bezpec¢nostnich rizik z hlediska mozného poskozeni od RE.
V této disertacni praci prezentujeme prukopnickou experimentalni préaci za-
méfenou na studium RE na tokamaku COMPASS.

Jednim ze zakladnich parametri pro studium RE je toroidalni elektrické
pole Ei, v tokamaku. V praci prezentujeme dilezitost presné definice
tohoto parametru pro experimentalni vyzkum RE s ohledem na skutecnost,
ze rozdilné piistupy mohou vést na znacné odlisné vysledky. Zejména je
zkoumdn vliv hodnot E},, z méfeni a z vypocta (EFIT a METIS) na vypodet
maximélni energie RE W,,,.. Tato analyza je provedena pro rozdilné typy
vyboju s RE na tokamaku COMPASS.

Zmalost elektrického proudu Irg nebo hustoty nrp charakterizujicich
RE béhem plazmatického vyboje patii mezi nejlepsi zpusoby jak porov-
nat experiment s teorii. Proto byla pro tokamak COMPASS uzpisobena
metoda odhadu Irp. Tato metoda je pak aplikovana na sadu vyboju, ve
kterych byl proud plazmatem I, ovlivnén RE v pocatku vyboje. Ziskané
experimentalni vysledky jsou také porovnany s Kruskalovou-Bernsteinovou
teorii a s kédem NORSE. Kromé toho je identifikovdna driftovd mez pro
energii RE, ktera je nejpravdépodobnéjsi pri¢inou pro obvyklé ztraty RE
na konci vyboje v tokamaku COMPASS.

Synchrotronni zafeni patii mezi nejpriméjsi metody k méreni RE udrzo-
vanych magnetickym polem. V této praci jsou prezentovana prvni Gspésna
méteni synchrotronniho zareni{ na tokamaku COMPASS. Byla provedena
analyza dat ze vsech experimentalnich kampani. Pfimé pozorovani syn-
chrotronniho zareni na tokamaku COMPASS bylo vyuzito k odhadu typ-
ického uhlu stoupani ¢astice na silokfivce 6 a hustoty ngp pro RE s en-

XXX Vil
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ergiemi pres 15 — 20 MeV. Odhadnuté hustoty byly rovnéz srovnany jak s
Kruskalovou-Bersteinovou teorii, tak s kodem NORSE.

Konec¢né z hlediska vice ITER-relevantniho studia RE, jako napt. studia
potlaceni, utlumeni, ukondeni a/nebo Fizeni svazku RE je dulezité ziskat
svazek RE po disrupci. Parametrizace svazku je provedena s ohledem
na pravdépodobnost jeho vyskytu. Tyto parametry zahrnuji proud plaz-
matem, toroidalni elektrické pole, rychlost disrupce, efektivni bezpecnostni
faktor, magnetické fluktuace, a Spicky v napéti na zavit. Navic k témto
typickym parametrim byla zevrubné testovana Abduallaevova hypotéza
ohledné produkce svazku RE. Kratka zprava je dale vénovana nepritom-
nosti synchrotronniho zareni béhem existence RE svazku, a také vyznamu
dlouhych vyboji pro studium utlumovani RE.

Klicova slova: ubihajici elektron, COMPASS tokamak, elektrické pole,
masivni vstiik plynu, disrupce, synchrotronni zareni



Chapter 1

Introduction

1.1 Taming Nuclear Fusion

Mankind will soon be confronted to a difficult period. On one side, the rise
of the human population and its rapid technological development increase
the energy demand, while on the other side humanity will have to face the
lack of oil and other carbon-based fuels, the fear of (fission) nuclear energy,
intermittence of renewable energy sources and increase of greenhouse gasses
(like CO2) in the atmosphere.

The most promising solution that meets all the aforementioned require-
ments is controlled thermonuclear fusion (hereinafter refer to as fusion),
as base-load electricity (renewable energy misses this requirement) and
COg-emission-free (carbon-based fuels miss this requirement) energy source.
Moreover, even though the fusion has 'nuclear’ in its name, the level of ra-
diation and radiation lifetime will be drastically lower than in nowadays
fission nuclear power plants, featuring an intrinsic safety.

Nuclear fission is the splitting of a heavy radioactive nucleus into two
lighter nuclei. The fission process is accompanied with formation of transura-
nium elements and other by-products creating the radioactive waste. On
the other hand, nuclear fusion incorporates merging of two or more nuclei
into a different one or ones, where none of initial nuclei nor the reaction
products have to be radioactive. However, the most promising fusion reac-
tions usually involve tritium T and/or high energy neutrons. The half-life of
tritium beta decay is 12.32 years, the time period which is shorter for more
than three orders of magnitude than any main fission product, and tritium
is only harmful to human being if ingested. Thus, confining tritium prop-
erly inside a fusion power reactor would be safe for people and environment.
The high energy neutrons that result from the fusion reactions, can interact
with the surrounding material and make the material radioactive (called
activation process) for several hundred years, but even this time is orders of
magnitude shorter than the one of the fission products and can be handled
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in one human generation. Moreover, the activation process could be reduced
with further development of fusion materials (plasma facing components or
wall). Finally, at the present moment the most interesting nuclear reaction
from the angle of the fusion power plant contains both, T and high energy
neutron:

2D 3T —5 He(3.5MeV) 4+ n°(14.1 MeV). (1.1)

The reaction given in Eq. 1.1, between two hydrogen isotopes (so-called DT-
reaction), has the largest cross-section among all possible fusion reactions,
i.e. probability to happen and has one of the largest fusion energy outputs,
making it twofold interesting. Despite the radioactive issues mentioned
above, one additional problem is to be stressed out: the world tritium deficit
due to its short decay half-life. For this reason, a technology of “breeding”
tritium inside the machine involving another nuclear reaction where the
neutron (that comes from the initial DT-reaction) interacts with lithium Li
is being developed. It would then close the reaction cycle between relatively
abundant fuels coming from seawater (D) and the Earth’s crust (Li).

Up to now, the fusion power is a privilege of the stars, where extremely
energetic nuclei are necessary to overcome the reflecting Coulomb force and
make the fusion reactions to happen. The state of matter in the star’s core
is called plasma, which is practically an ionized gas, for which electrons
are separated from the atoms. To achieve self-sustained energy production
from DT-reactions, a plasma needs to be sufficiently hot and dense with low
energy losses. The criteria that defines those plasma condition is so-called
“triple product”

niTite > 3 x 102  m > keVs, (1.2)

where n; is the ion density, T} is the ion temperature in keV! and 75 is the
average time that heat energy stays in the system (i.e. plasma).

To reach this condition two main plasma confinements are proposed
- Inertial Confinement Fusion (ICF) and Magnetic Confinement Fusion
(MCF). The former achieves the necessary aforementioned condition us-
ing laser compression, hence making short-living (order of nanoseconds),
but extremely dense plasma (order of 103°m=3). Contrary, the magneti-
cally confined fusion confines plasma with magnets for significantly longer
time (order of seconds), but with much lower densities (order of 102° m~3).
In this Thesis the main focus is on magnetic confinement.

Magnetic confinement pioneers first made linear devices with various
configurations of magnetic coils, hence making different magnetic field con-
figurations inside the device. These methods were not very efficient, due to
various instabilities as a result of the losses at the ends of the cylinder, lead-
ing to too small confinement time and the size of the power-plant devices
was estimated to be on the order of hundreds meters [1, Chapter 3]. Those
devices had open magnetic configuration inside the chamber, i.e. the mag-
netic field lines were not closed upon itself. Therefore, they were afterwards

11eV = 11604, 505 K
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referred as “open” MCF and they will not be the focus of this Thesis. The
place where the field lines were exiting the device were called “ends”, where
the main losses occurred.

Next logical step for reducing the losses at the ends of the linear device
was to join its ends and make a ring, an endless “closed” MCF. Closed MCF
devices are usually called toroidal, coming from the name of the mathemat-
ical object “torus” that looks similar to the machines. Moreover, a toroidal
surface is mathematically the only surface that can be covered by a non-
zero vector field [2] (e.g. magnetic field). At the time, some of the toroidal
devices were simply closed copies of their open predecessor, while some new
concepts were introduced. For example, the success of the toroidal theta
pinch was so great from the bare beginning, that it led Lev Artsimovich?
to announce at the Geneva 1958 Conference how “every housewife should
have her own theta pinch” [1, Section 5.2]. Further extensive researches on
toroidal devices, made two of them the most prominent ones for realistic
fusion power plants: stellarator and tokamak. Both of them will be briefly
described in the next two paragraphs. The main feature for both is a strong
twisting of the nested magnetic field lines that improves confinement. This
twisting is necessary to compensate the grad-B drift3. The grad-B drift
induces a vertical charge separation and a vertical electric field. The per-
pendicular vertical electric field and toroidal magnetic field produce a net
outward force and particles get lost from the devices. Therefore, twisting
the magnetic field lines short-circuits the charge separation induced by the
grad-B. In addition, two more devices are showing high potential as a good
fusion power plant candidate - spherical tokamak and reversed-field pinch,
but their state-of-the-art is presently far beyond those of stellarators and
tokamaks.

Stellarators are the best competitor towards steady-state long-time op-
erating fusion device. Even in the class of stellarators there are several
subclasses, but they all have in common completely externally generated
magnetic fields. This is achieved with a thorough choice of the magnetic
coils. The main drawback of this approach is the design and/or construction
of the magnetic coils, due to their complicated shapes and high request on
the magnetic field precision (error should be smaller than 10=4 T or 0.01 %).
Even though stellarators were invented before the tokamaks, the current
stage of the stellarator state-of-the-art is trailing one generation behind the
tokamak state-of-the-art. This is due to the huge success of tokamaks pre-
sented by Artsimovich in the 3" IAEA Fusion Energy Conference, held in
Novosibirsk in 1968. Anyway, based on the present scientific knowledge,
the stellarators are the best MCF alternative if the tokamaks fail to give
economical power from fusion. Nonetheless, the confinement time of the
stellarator plasma is still quite lower than for the tokamak plasma. There-

2The leader of Soviet fusion power program from 1951 to 1973.
3Gradient of the toroidal magnetic field is an intrinsic feature of the toroidal magnetic
devices.
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fore, the main goal of newly built stellarator Wendelstein-7X (Greifswald,
Germany) is the improvement of the stellarator confinement.

Tokamaks are, at the present state, by far the best fusion devices with
respect to the triple product Eq. 1.2 achievements. They are simpler to de-
sign and manufacture than stellarators, as toroidal field coils generating the
toroidal component of magnetic field are planar and identical. The main dif-
ference with stellarators is the non-zero net plasma current, which induces
the poloidal magnetic field. Besides the poloidal magnetic field, the plasma
current heats the plasma by means of the Ohm’s law. The plasma current
is induced via a central solenoid coil that acts as the primary winding of
a transformer, while plasma acts as the secondary loop. The tokamak is
sometimes called quasi-steady-state device, as it has relatively long fusion
plasma discharges in comparison with majority of the other fusion devices,
but the discharge length is usually limited by the current ramp-up in the
central solenoid coil swing. There are however, good results in prolonging
the tokamak discharge length via electromagnetic (EM) wave driven cur-
rent [3]. Additional problem to plasma current is that it introduces a wide
span of plasma instabilities that lead to plasma control issues. Nonetheless,
tokamaks were the first devices where the plasma state of improved high
confinement, so-called H-mode, was discovered and operation in H-mode be-
came a routine for majority of tokamaks. The understanding of physics of
the H-mode occurrence is still developing, but it is widely accepted that it is
the result of lower turbulent transport and energy losses. Furthermore, the
H-mode operation is not achieved routinely in other types of MCF devices.
In summary, tokamaks demonstrated so far the best fusion plasma perfor-
mances and thus the efforts in making a first fusion device that will have
larger output power than input power are devoted to build a giant tokamak
called ITER (International Thermonuclear Experimental Reactor)?, now
under construction next to the CEA Cadarache (France) under world wide
international collaboration.

The main goal of ITER is not to power the grid, but to clarify how the
fusion power plant concept is technologically feasible for commercial use.
Further major deliverable of ITER is to prove the feasibility of the tritium
breeding blankets, as it should be sufficiently efficient and economical with-
out any exterior leakage of tritium. Moreover, ITER should demonstrate
how self-sustained discharges heated by the alpha particles (fully ionised he-
lium He - the product of the fusion reaction, see Eq. 1.1) are possible with
a reliable system to clean the plasma from the thermalised alpha particles
(that already deliver their energy to the plasma), so-called alpha-ash. ITER
should also show how divertor materials can survive extreme heat loads for
sufficiently long time, as too frequent maintenance would be too expen-
sive. Beside these new science and technology demands, ITER is already
pushing existing technologies to their limits, such as computation science

4Note that iter also means ’the way’ in Latin. Moreover, nowadays ITER is rarely
mention as abbreviation, but more as a name for an organization.
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for recording enormous amounts of data with high speed, huge amount of
niobium-based superconducting material required for its coils and cryogenic
technology for cooling the magnets. If ITER demonstrates that all of this
is feasible, the connection to the grid of the fusion device is then foreseen
with the first fusion power plant prototype named DEMO. According to the
present plans each ITER partner shall build its own DEMO.

1.2 Is ITER “the ONLY way”?

During the ‘90s, the two largest tokamaks ever made (JET in EU and TFTR
in USA) have proved the scientific principle of fusion power production with
operating DT plasmas and getting output power in order of megawatts.
Even though the output was lower than the input power, this was a colossal
step for the MCF. The next logical step is to show the technological principle
of fusion power production, which will be the main goal of ITER.

“The fusion is always 20-30 year ahead” is a very common joke about
fusion as energy source and ITER is definitely the step that should put
down this joke. If ITER is successful, then fusion power fed into the grid
will be possible, while if ITER results are dissapointing, that could end the
fusion research for many decades, as politicians (at least in EU and USA)
are slowly loosing their patience. Moreover, in two-three decades some other
energy-related technologies could have unexpected breakthrough, e.g. solar
or wind power or even “compact” fusion. Furthermore, a discovery of room-
temperature superconductor would have even larger energy-related impact
than the renewable energy sources. Therefore, seen that the ITER’s suc-
cess/failure could influence the future of the fusion research, we raise the
question - is it the only way? This Section will treat this issue systemati-
cally, and finally try to give an answer.

The reason why fusion energy is always 20-30 years ahead is simply be-
cause plasma has been behaving unexpectedly with plasma volume enlarge-
ment and stronger heating input. In other words, each new generation of
tokamaks brought something new to the tokamak physics. The unexpected
plasma features significantly slowed down the tokamak progress towards
the fusion power plant. Still scientists managed to keep a good pace on
increasing the triple product as can be seen in Fig. 1.1. It is clear from
Fig. 1.1 that fusion power condition was growing faster than the famous
Moore’s law. However, the fusion opponents argue that this progress was
made by enlarging the machine, while Moore’s law implies constant size of
the chip. This is why maximum energy of accelerators is also on the Figure
for a more suitable comparison. Unfortunately for fusion, after 1997 the
triple product stagnated while Moore’s law grow continued. The halt in
fusion power production is due to the (in)decision around building ITER,
as the next logical step. This hesitation came rather from the politicians
than from the fusion community, as ITER called for complex international
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Progress in controlled fusion compared with other fields
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Figure 1.1: Progress in plasma confinement performance compared to that
of other advanced technologies. The Figure is copied from Ref. [4].

collaboration due to the amount of money and manpower involved.

Furthermore, one could say: “if each new generation of tokamaks brought
something new, usually leading to lower performance than expected - what
ensures that this will not happen with ITER?” The honest answer is: “Noth-
ing, as then it would not be a scientific research project.” Nonetheless, the
delay between building and operating ITER borrow some more time to sci-
entists to check and question existing physics and scalings, making more
reliable extrapolations towards ITER. Moreover, the ITER postponement
gave time for reviewing and pushing the R&D of missing physics and tech-
nologies for ITER. In addition, ITER is a machine designed with the biggest
care in the fusion history. The first ITER design from 1998 would probably
under-perform, even though the necessary care was taken. Now with re-
design of ITER in 2001, with constant reviews and experience gained due
to the construction suspensions, the risk of ITER’s failure is minimised but
still there.

A long way has been taken regarding the plasma physics and auxiliary
technologies development for fusion. The way started in the early ’50s, with
the first tokamaks being built at the end of the same decade in the former
Soviet Union. Before the famous TAEA Conference in Novosibirsk held in
1968, Australia was the only country beside Soviet Union that had a toka-
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mak - named LT-1. But after the conference almost all the worldwide largest
fusion and plasma centres started to build their own tokamaks (see Fig. 1.2).
The number of tokamaks in '70s raised fivefold in comparison to the num-
ber of tokamaks ever built before, the increase continued in the ’80s where
tokamak number was enlarged by 50% compared to the '70s. After these
two decades, plasma control and stability, plasma diagnostics, plasma-wall
interaction and impurity control, plasma heating and new plasma physics
were advanced enough for the fusion community to start to think about the
‘next step’ - the fusion reactor. Unfortunately, the subsequent two and half
decades have led to a more or less constant 30% drop of operating tokamaks
per decade, where at the moment world has approximately two times less
tokamaks in operation than in the ’70s!

What could be the reason to this evident reduction of operating toka-
maks? It is most probably ITER itself:

e larger (and more expensive) machines are more fusion-relevant;

e general public (with politicians in the front) started to doubt in fusion
energy, as challenge taming the fusion showed drastically more difficult
than expected half a century ago;

e ITER project is huge, thus it consumes most of the funds and man-
power allocated to fusion;

e available funds coming from the governments are more and more fo-
cused towards ITER-relevant issues over-looking the other ones.

Number of Operating Tokamaks per Decade for Different Fusion Communities
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. ExSoviet
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Figure 1.2: Number of operating tokamaks for 6 different fusion communi-
ties - Europe, the former Soviet Republics (FSR), the USA, Japan, China
and the Rest of the World (RotW) - by decades. Main database used from
Ref. [5], updated for this work.
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Let’s ask again - is ITER the only way? Every good gambler knows
that putting all money on a single bet will not pay off, every business
person knows that investing in one company will most probably bring to
bankruptcy and every farmer knows that growing one kind of crops makes
the future very dependent on the market prices. Actually, the focus of fusion
community towards ITER in last two decades resembles to the aforemen-
tioned examples of gambler, businessman and farmer investing everything
in one solution. Even though there are existing blueprints of different de-
vices as the fusion power plant, the tokamaks are presently the only one
seriously considered. This is simply because other fusion devices with high
potential (e.g. stellarators, spherical tokamaks and reversed-field pinches)
are one generation or more behind. Yet, none of those device types had a
boost in the R&D as tokamak had during the ’70s, first due to the high
success of the tokamak and now due to the ITER project. Independently
on the ITER success, new smaller machines are more than necessary. It
does not matter if these machines would be tokamak or any other type of
fusion device, as one should not only be focused on energy confinement and
confinement principles, but with other more subtle reasons:

e cxperience: Scientists and engineers that made the basics of the fu-
sion science for ITER are now either close to retirement, retired or
even passed away. While the number of experienced scientists neces-
sary for ITER will be enormous, the continuous experience cannot be
maintained with having only large fusion devices with strict rules.

e cducation: The basic experience could be obtained through the ed-
ucational devices, where students would get acquainted with fusion
from scientific and engineering perspective from bare beginnings of
their studies. Such devices (e.g. GOLEM, ISTTOK, WEGA) should

accelerate earning of the aforementioned experience.

e models: Even though fusion science is well developed, there is still a
lot of place for improvement in theories of H-mode, ELMs, runaway
electrons, turbulent transport, heating, non-inductive current drive,
etc. Waiting for a few plasma discharges in medium or large machines
can take some time, while with local-smaller machines one could first
benchmark a code much faster.

e diagnostics: Around fusion devices, diagnostic tools have to survive
harsh environment under strong and intensive electromagnetic and
neutron radiation in presence of strong magnetic field and (if inside
the vacuum vessel) significant temperatures. It is always good to
have smaller facilities for endurance testing of the diagnostics. The
failure of diagnostics would cost more money and time on the larger
machines. Moreover, the success of the experiment itself would also
be jeopardised.
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e materials: Probably the toughest challenge for fusion is to manufac-
ture all kinds of necessary materials surrounding the plasma. Here
special long-pulse devices with severe reactor-like environment is a
must.

All of the above issues are very import for ITER success and having more
small experiments could speed up fusion progress. Lack of experience could
lead to ITER failure due to human factor. Better models mean better ex-
trapolation towards ITER and better exploitation of the experimental time.
Better diagnostics give better control and analysis of the plasma. All the
aforementioned three issues are hopeless without proper material in future
fusion power plants, for which testing facilities are required, they often do
not have all the features of the fusion environment at once, which could lead
to incomplete or even wrong conclusions. In addition, medium/large fusion
facilities with strict rules, large bureaucracy and tight schedules are making
progress slow. The point here is not to say that large fusion devices are not
important, but how smaller ones might make progress at least slightly (but
notably on the longer run) faster, contributing and supporting larger ones.

Anyhow, a few positive examples can be found across Europe®. GOLEM
at the Czech Technical University in Prague is a tokamak that serve mostly
for educational and training purposes. The ISTTOK tokamak, located at
the Instituto Superior Técnico in Lisbon, is also a small tokamak that makes
contributions in fields such as data acquisition system, plasma diagnostics,
plasma control and plasma physics. Furthermore, the WEGA stellarator
served as a training facility for young scientists in IPP Greifswald. Next is
the TORPEX device, located at Ecole Polytechnique Fédérale de Lausanne,
that serves as a good test bed for various diagnostics, plasma physics and
heating systems even without a central solenoid®. Finally, ToriX at the
French Ecole Polytechnique in Paris is a magnetized plasma toroidal device
that provides various practical training to the students. The importance of
medium size devices in EU is recognized through the set of MST (Medium
Size Tokamak: AUG, TCV and MAST) Tasks newly established by the
EUROfusion. However, the devices included in the MST Tasks were all built
during the last century - should not be there something new? A good track
is the newly build stellarator in IPP Greifswald, Wendelstein-7X, but it is
again a large facility. Finally, beside all the aforementioned toroidal fusion
devices, what fusion scientific community also needs are specialized non-
fusion experiments and facilities - e.g. testing materials, auxiliary heating,
tritium breeding, etc.

As usual, the main obstacle for production of new things is money and
political will. But is there any common sense in saying that the most promis-
ing abundant, carbon-free, base-load and low radiation energy source is ask-

5Notice that only toroidal devices are enlisted in this paragraph, while there are other
plasma devices also useful for the fusion research. However, listing of all fusion-relevant
devices in Europe is not the subject of this paragraph.

61t has the conductor inside the vessel to create the poloidal magnetic field.
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ITER Party GDP [trillions $] | IPC [%]
EU 18.0 | <0.040
Russian Federation 1.8 | <0.080
USA 17.5 | <0.010
Japan 4.5 | ~0.030
South Korea 1.4 | <0.100
China 10.0 | <0.015
India 2.0 | <0.070
Total 55.2 | <0.030

Table 1.1: Nominal Gross Domestic Product (GDP) is taken very roughly,
the exact amount depends strongly on the source and annual fluctuations.
Separated percentage of the GDP for each ITER Party is tabulated as IPC
(ITER Party Contribution).

ing for too much money? Saying that the ITER total construction cost is
presently around 15 billion dollars sounds a lot, but one has to take into ac-
count that this cost is split between EU covering 45%, with the other parties
(Russian Federation, USA, Japan, South Korea, China and India) sharing
the residuum equally (approximately 9% each). The money that each ITER
Party is contributing to the ITER project is denoted as ITER Party Contri-
bution (IPC). These contributions are tabulated in Table 1.1 as percentage
of the Parties nominal Gross Domestic Product”. The numbers are in the
order of hundredth of percent, which doesn’t seems so large when set like
that. Additionally, the ITER expenditure is spread over its construction
period (approximately 20 years), while solely Germany spends more than
15 million euros for subsidies in renewable energy per year® [6, Figure 33] in
the period 2011-2015. Also notice that governments are paying for ITER,
while private oil, car and telecommunication industries spend similar or even
more money for their R&D. For example, in February 2014 Facebook bought
WhatsApp for 22 billion dollars - a social network buying a social network
application for 50% larger amount of money than required for ITER! The
situation of fusion is similar with the famous ecological joke: “it is a pity
that trees only give us oxygen, if they would give us WiF1i they would be ev-
erywhere!” Finally, the most budget cuts on the fusion research comes from
the USA that spends by far least of its GDP on ITER. The USA stopped
financing many facilities to be able to finance the ITER project. The last
example of USA government severity is the shut down of the Alcator C-Mod
tokamak, a very significant facility located at the best technical university
of the world, MIT.

To conclude, I shall answer the question of this Section - yes, ITER is

"Nominal GDP is the measure of the total economic output of the goods and services
of a country without inflation adjustment.
8Note that those subsidies are significantly reduced from 2017.
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the way, but it definitely should not be the only one and the national fusion
funds and new ideas should not suffer due to the ITER project. ITER should
be an additional investment and number of national fusion laboratories and
devices should not decrease due to ITER, rather the opposite.

1.3 Motivation for Runaway Electron Studies

As the tokamak concept has developed over the last 50 years and as it has
advanced towards the ITER-like design, numerous challenges occurred and
many have been solved. One of the remaining tasks is to control and/or to
mitigate the runaway electrons (REs) that would likely appear in the ITER
device after a disruption.

Even though the presence of the RE population was known from the
bare beginning of the tokamak research, they were first not of great interest
for the fusion community. The reason is simply because REs did not present
any serious threat to the early tokamaks like in more recent small/medium
tokamaks (e.g. FTU, COMPASS, TCV, AUG) for which the RE current is
relatively low. On the contrary, in large and reactor-like tokamaks (e.g. in
JET, and very probably in ITER) the REs arise mainly during disruptions
in connection to a rapid decrease of the plasma current. They can drag
a significant amount of the pre-disruptive plasma current. The present
models predicting that up to 70% of the pre-disruptive plasma current [7, p.
S178] could be carried by the REs, which would have several tens of MeV
energy. The kinetic and magnetic energy carried by the high energy RE
beam can severely damage plasma facing components (PFC) and blanket
modules as a result of a highly localised RE deposition. Besides the high
cost of the plasma facing components and blanket modules, the time to
produce and replace those parts would delay ITER project by months or
even years. Moreover, the worst case scenario (with very low possibility) of
the RE damage to ITER predicts leakage of cooling liquids into the vacuum
chamber that could stop completely the entire ITER project. Therefore,
the REs have to be suppressed in ITER and in future commercial nuclear
fusion reactors.

To do so, tokamak operators try to anticipate the RE production. Dis-
charge scenarios with significant population of REs, necessary for detailed
studies, can severely damage in-vessel components of a tokamak, which can
ultimately lead to a permanent vacuum or water leak and a prolonged shut-
down of the facility. Despite a high interest in understanding the RE physics,
potential risk is a big limitation for the detailed experimental studies in the
large tokamaks.

However, the COMPASS machine has relatively low plasma current in
comparison to larger devices and there is not in-vessel cooling. Therefore,
the RE cannot achieve very high energies and cannot cause a severe damage
of the vessel, which makes COMPASS a suitable machine for this kind of
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studies.

1.4 Outline of the Thesis

The Introduction (Chapter 1) is followed by an overview of the current
state-of-art in RE studies (Chapter 2). Besides reviewing the present RE
knowledge, this Chapter introduces most of the terms used in the Thesis.
Subsequently, the initialisation of COMPASS dedicated RE studies is pre-
sented (Chapter 3), as the author was heavily involved in all of its aspects
(e.g. planning, preparing, conducting, analysing, etc.). Namely, this Chap-
ter describes the experimental setups installed on the COMPASS tokamak
relevant for RE studies and an overview of the first four RE campaigns -
their goals and achievements.

The toroidal electric field Ey,, is an important parameter for RE studies
that is hard to estimate precisely experimentally. In Chapter 4, the dis-
crepancy between the different way of estimating FEy,, is investigated and
its influence on RE parameters (especially for the maximum RE energy
Winaz) is shown. Chapter 5 reports a method on how to estimate the RE
current Irp, which is then used to show RE generation at the early stage
of the COMPASS discharge. Limiting RE energy due orbit drift is also ex-
amined in this Chapter. Furthermore, an analysis of synchrotron radiation
observation at COMPASS tokamak is performed in Chapter 6. Finally, in-
vestigation of Ar injection in the plasma and creation of post-disruptive RE
beam is addressed in Chapter 7.

The main conclusions of the Thesis are drawn in Chapter 8.



Chapter 2

Overview of Runaway
Electron Studies

An overview of the current runaway electron (RE) status will be presented
here, noting that this does not give a comprehensive review. The Chapter
will be split into three parts. The current theory about REs and its imple-
mentation into different codes are covered first. The second part contains
experimental observations and achievements on RE studies in fusion plasma
devices. The final part will be dedicated to RE diagnostic methods as an
essential bridge between theory and experiment. Finally, note that the last
proper review paper was written almost 4 decades ago by Knoepfel and
Spong [8] in the late 70s.

Before the main three parts, a brief historical overview and a principal
definition of the RE phenomenon are given here. REs do not present a
tokamak-specific effect, in fact they are not even associated solely with the
fusion plasma, as the REs can theoretically appear in any form of plasma.
Probably the first description of runaway effect was done by Wilson, the
founder of the cloud chamber detector, in his attempt to explain processes
in thunderclouds [9]. Afterwords REs appeared across different physical
fields, e.g. solar flares [10, Section 24], mesosphere [11], solar wind [12]
and in the following thundercloud processes studies [13]. In addition, stable
relativistic electron beams (a type of RE) were studied in betatrons [14],
the first important machine for producing high energy electrons.

The electrons are said to run away when the (Coulomb) collisional drag
force acting on them becomes smaller than the accelerating force due to
the electric field E. Note that acceleration from the electric field does
not depend on the electron velocity ¥, while the Coulomb drag force at
high v = |,| decreases approximately as ~ v2. The dependence of RE
generation on their velocity v, makes it a statistical process in the velocity-
space.

13
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2.1 RE Generation and Modelling

Even though the literature lacks an up-to-date overview on RE in fusion
plasma, Boozer [15] recently wrote a summary of the theories and defined
the parameters relevant for the ITER RE mitigation.

This Section will start with the theory on RE generation mechanisms.
The subsequent part will outline the consequence of finite speed on the RE
generation theory. Before switching to the RE related codes and models,
imperfections in the previously described theory will be emphasised.

Note that the theory described here will be focused solely on the elec-
trons, but it can be applied to any charged particles (e.g. ion [16] or
positron [17]).

2.1.1 Dreicer Mechanism

Even though RE effect was known since the 1920s, the first detailed theo-
retical explanation came in the late 1960s by Dreicer [18,19]. Dreicer as-
sumed an infinite, homogeneous, cylindrical, non-relativistic, fully ionised,
quasi-steady-state plasma in an electric field, with an electron distribution
function close to a Maxwellian.

The interaction between the bulk plasma and one electron presents two
regimes depending on the velocity of the electron, the threshold velocity
being the electron thermal velocity vy, . In general, this interaction gives a
resulting force that slows down the electrons and therefore the force is called
drag force Fgrqq. In the first regime (for velocity < vy e), as in conventional
gas, the Fy..4 increases linearly with the electron velocity. In the second
regime, if the electron moves faster than the electron thermal velocity of
the bulk plasma, the Fy,,, starts to drop as the electron velocity increases.
Here the main interaction with other plasma charged particles is through the
Coulomb force. For significantly higher velocities than the thermal one, the
Fyrqg coming from Coulomb collisions can be approximated as a function
of the electron velocity v, [8]

24 Zorr)neetln A 1
ff

o —

4redmen? v2

Firag(ve) ~ (2.1)

where n. is the electron density, In A is the Coulomb logarithm (typically

15-20 for fusion plasmas), Zesr = >, is the effective ion charge, e is
the electron elementary charge, m. is the electron rest mass and ¢ is the
vacuum permittivity.

In opposition to the drag force Fy.q4, the electrons are accelerated by
the electric field that is present in the plasma either created internally by
the plasma itself or generated externally. This accelerating electric force
Fr depends solely on the electron charge and on the strength of the electric
field Fr = eE. As shown in Eq. 2.1, the Fy,.4 decreases proportionally
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Figure 2.1: Schematic presentation of the forces acting on an electron in
a plasma under an electric field - the drag force from the Coulomb colli-
sions (green solid curve) and the accelerating force from the electric field
(dashed black curve). The important quantities explained in the text are
also labelled - Ep, vgg and E..;; (see Section 2.1.4 for the later one).

quadratically with the velocity ve. Thus, Fg..4 becomes lower than Fg at
a threshold velocity vrp (see Fig. 2.1)

v E
Fg = deg(ve = URE) - RE _ (2 + Zeff)iD (2.2)
Uth,e E

and electrons are “continuously” accelerated, making them run away in the
velocity space. In the above equation, v, . = v/2eTe[eV]/m, is the thermal
velocity! of the electrons and Ep represents the so-called Dreicer field

nee?In A

Ep=—
P 4n2T, V]

(2.3)
also depending on the thermal velocity through the electron temperature
T.. Ep is the most crucial parameter of the Dreicer RE generation theory.
Namely, if the electric field strength (internally or externally generated) in
plasma would be equal to Ep then all electrons in plasma would run away.

Despite the fact that the electric field almost never reaches the Fp value
in nature or in laboratories, REs can still be found in both of them. RE
production comes as a result of the stochastic nature of the Coulomb colli-
sions and plasma heating, creating a finite probability for electron to acquire
higher velocity than vrg. Notice here that lower vpp corresponds to higher
probability for an electron to run away. Also more energetic bulk electrons
have larger probability to surpass the vr g threshold. Moreover, in the terms

1Because of the 2 it is the most probable velocity.
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of the plasma parameters, one can see from Eqs. 2.2, 2.3 and Fig. 2.1 that
plasma with low n. or/and high T, (i.e. low Ep) or/and high electric field
will have more REs. Furthermore, the RE generation process is continuous
due to the constant recovery of the electron distribution function (EDF)
through collisions. The rate of electron inflow into the runaway region was
calculated in few papers after Dreicer?, the latest expression given by Con-
nor and Hastie Eqgs. (66-67) [20] being:

dngrg n2e*In A _3(14Z7 1 1+fo
~ e £ 3(42Zess)/16 Lt zelT 2.4
dt 47r5(2)m§vfh, . b eXp 4Ep Ep (2:4)

where ngp is the RE density and £p = E/FEp is the electric field normalised
to the Dreicer one. Eq. 2.4 is known in the literature as the Kruskal-
Bernstein growth rate.

2.1.2 Hot-tail Mechanism

The Dreicer mechanism described above in 2.1.1 explains the RE generation
in small and medium size tokamaks, as those devices often have favourable
conditions for RE generation (e.g. low n. or/and high toroidal electric field
Eior). On the contrary, in large tokamaks (e.g. JET, TFTR, JT-60U,
Tore Supra), plasmas with high n. (for better fusion performance) and low
E,, (due to the machine size) are encountered, resulting in typical stable
discharges without REs (explained in Section 2.1.4).

Nevertheless, if a sudden (and undesired) termination of the confined
plasma (so-called disruption) occurs, RE can emerge in large devices and
carry a significant amount of the pre-disruptive plasma current I,,. The gen-
eration of REs during disruptions could not be solely explained via Dreicer
and avalanche mechanisms?, i.e. an other RE generation process had to be
found. The main idea behind this new mechanism is as follow: the abrupt
cooling of the plasma during the first stage of the disruption - called thermal
quench (TQ) - is too fast for the hottest electrons to get thermalised and,
the collisionality being low, they become REs (breaking the steady-state as-
sumption by Dreicer). As the hottest electrons usually represent the tail of
the electron distribution function, the RE generation mechanism is named
“hot-tail” mechanism.

Fleischmann and Zweben [21] first predicted theoretically the existence
of this additional RE generation mechanism during the disruptions in large
fusion devices. Some years later, the hot-tail mechanism was used to explain
RE generation during the pellet injection in DIII-D by Harvey et al. [22].
Then, a simple model was proposed by Smith et al. [23] for spontaneous
(i.e. natural and non-assisted) post-disruptive RE generation.

2See the review paper [8] for a list of the different RE growth rate calculations.
3The avalanche mechanism is described in Section 2.1.3
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Equations describing the hot-tail mechanism are rather cumbersome and
far from the scope of this Thesis, thus only an overview of the critical
parameters involved is given*. The most crucial parameter is the time
evolution of the temperature, i.e. the cooling rate. The faster the TQ is,
the more RE seed will be produced due to the hot-tail mechanism. An
approximate condition derived assuming a linear drop of T, [23] states the
time ty when the hot-tail mechanism dominates over the Dreicer one. The
condition gives an upper limit for the T.-decay time ¢y for the fixed pre-
disruptive collisionality vq

1( 1 32 1 nT, o 3 R G

Tle Ho€NeqoLto
to < = | == ~ | — _— 2.5
vt =3 (2573) 3 <8me> ( Bior ) (2:5)
with po being the vacuum permeability and where the toroidal electric field
has been expressed as

2Btor
HogoRo

Eior = Nres J = Nres (26)

with 7,.s the plasma resistivity, By, the toroidal magnetic field, gg the
safety factor on the plasma axis and Ry the major radius of the tokamak.
From this equation, the reason why large tokamaks have post-disruptive RE
beam due to the hot-tail mechanism (unlike the small ones) is obvious - they
feature larger T¢, n. and Ry, while By, is not large enough to compensate.

H. Smith et al. [23] also found that high £p before disruption and low
ne after the disruption reinforce the initial RE population, so-called RE
seed. As the hot-tail mechanism occurs before the Dreicer mechanism during
disruption in large devices, it is essential for RE mitigation to suppress RE
seed formation in this period as emphasised by Boozer [15].

2.1.3 Avalanche Mechanism

The above described mechanisms, both the Dreicer 2.1.1 and the hot-tail 2.1.2
mechanisms, are commonly named primary mechanism, because they drive
thermal (bulk) electrons into the runaway velocity region due to plasma
conditions, creating what is called RE seed. However, the thermal electrons
can also become REs through collisions with the already existing REs (so-
called knock-on collisions), while the existing REs also stay in the runaway
region. This mechanism is called secondary RE generation mechanism, or
avalanche RE generation mechanism due to its exponential growth nature.
The mechanism was first theoretically investigated by Sokolov [25], while
it drew more attention from scientists after the devastating prediction for
ITER done by Rosenbluth et al. [26]. Rosenbluth assumed that transfer of
RE kinetic energy to bulk electron is small and that REs are relativistic,

4The interested reader can consult Ref. [24] for more details
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moving perfectly along the magnetic lines. Such calculation led to prediction
that the post-disruptive RE beam in ITER could carry almost the whole
pre-disruptive I,, having energies of few tens of MeV. Later predictions
done in the ITER Physics Basis [7, Section 3.4] were not so severe, but
still a possible production of 10 MA RE beam was estimated. Anyway, the
anticipated amount of kinetic and electromagnetic energy that REs would
carry, in particular due to the avalanche effect, could be devastating for the
ITER plasma facing components (PFC) - see 2.2.7.

For proper calculation of the effect of knock-on collisions a numerical
tool is necessary [27], thus only an approximate condition for avalanche
multiplication effect derived by Rosenbluth and Putvinski [28] is given here

d 1
( "RE) - (2.7)
dt ava IA InA
Note the linear dependence of the avalanche rate on the plasma current I,

as the Alfvén current 14 = 4megmoc®/e ~ 17.1kA is a constant and the
Coulomb logarithm In A can be taken as a constant.

2.1.4 Critical Field

As mentioned at the beginning of Section 2.1.1 in Dreicer calculation, the
plasma is considered to be non-relativistic. This results in an asymptotic
decrease of Fy.qq towards zero as o< v™2, when the velocity goes to infinity.
Consequently, a RE would be infinitely accelerated and would reach infinite
velocity. However, it is well known in relativistic theory that the maximum
velocity is the speed of light in vacuum c¢. Taking into account relativistic
effects, Connor and Hastie [20] found a finite value Fg.q4 acting on the
electrons when v, is approaching c. This value of Fy.,4 corresponds to a
certain value of the electric field, so-called “critical” electric field

nee® In A

Ecrit = .
dredmec?

(2.8)

Notice that the only difference between the expression for Ep and E.p; is
that the electron thermal energy T, [eV] in Eq. 2.3 is replaced by the electron
rest mass mqc? in Eq. 2.8. No RE can be generated with the mechanisms
described above if Fg = eF¢rit < Fgrag, i-e. if the electric field in plasma
is lower than FE..;;. This relativistic effect threshold explains why large
devices lack REs during high power plasma discharges.

2.1.5 Room for Improvement

Dreicer did not take into account neither the relativistic effect nor the in-
fluence of magnetic field. The former effect which was taken into account
by Connor and Hastie is described in previous Section 2.1.4. However, even
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though the presence of magnetic field is very common in plasma, a rig-
orous approach towards the integration of its effect on the RE generation
population has not been done yet. Moreover, Dreicer assumed cylindrical
plasmas, while tokamaks (and other fusion relevant devices) have toroidal
geometry. In other words, the effect of the curvature has not been consid-
ered either. The toroidicity effect on the Dreicer and avalanche mechanisms
was investigated by Nilsson [27], while the same author also characterised
the so-called trapped-electron runaways [29] as an additional feature of the
toroidal magnetic geometry.

In the experiments, the threshold electric field E.,;; is found to be larger
than the theory predicts ®. There could be several reasons, including wrong
data interpretation and/or improvement in theory and modelling. Regard-
ing the latter reason, synchrotron radiation is a good candidate for theory
improvement as the additional drag force (as the radiation loss can be in-
terpreted like the drag force) for the ultra-relativistic electrons (>10MeV)
increases the total friction on the particle, increasing the F..;;. Addition-
ally, the synchrotron radiation induced drag force leads to aggregation of
REs in the velocity space. If the RE piling up is significant, RE distribu-
tion function gets a so-called bump-like shape. Moreover, one could expect
that the bulk electron temperature T, has some effect on the RE generation
threshold, an effect which was shown by Stahl [30]. In addition, Boozer [15]
found that the kinetic energy threshold W,,.;; and E,.;; increases when the
influence of the pitch angle scattering on the RE generation is considered.
Boozer also concluded that the REs could drift out in the early stage of
thermal quench if the plasma is highly non-axisymmetric, i.e. preventing
the RE seed creation and the upcoming avalanche multiplication.

Additionally, Zhang [31] is developing a new algorithm to take into ac-
count the RE gyro-motion, as a generally applied gyro-centre approximation
overestimates the outward drift predicted by theory [32]. The reason for that
can be explained as follow. The overestimation is more significant if the RE
has larger perpendicular velocity, i.e. a larger gyro-radius. Due to the large
gyro-radius, the RE is affected by the considerable curvature change in the
tokamak magnetic field. Therefore the trajectory does not close up on itself
after one gyro-period in the plane perpendicular to the magnetic field. In
other words, RE trajectory is very deformed in comparison to the trajectory
of the thermal electron.

Notice that the electric field is the main source of electron acceleration
in all the above described RE seed creation mechanisms. Besides this, RE
could be created via S-decay, cosmic radiation, Compton scattering, plasma
instabilities and waves [15,26], magnetic reconnection [33], etc., effects not
readily taken into account.

5See Section 2.2.1 for more details about this experiments
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2.1.6 RE Related Codes

Plasma is in principle an extremely difficult system to describe theoretically,
due to the excessive number of particles, long distance forces and various
dynamic processes having the time- and space-scale difference going up to
10 orders of magnitude. Additionally, the particle motion is affected by the
electromagnetic field, that is changing due to the particle movement itself,
making plasma a nonlinear system. Therefore, numerical calculations (i.e.
computer simulations, models, codes) are used for understanding better the
plasma behaviour. Here, a brief note about codes used for the RE analysis
will be presented.

LUKE (Lower Upper solver for Kinetic Equation) is a numerical solver
of a 3D relativistic bounce averaged drift kinetic equation [34], where the
momentum space is characterised in 2D and only one spatial dimension is
considered. LUKE is used for RE generation studies in the quasi-quiescent
plasma (due to the lack of the time evolution) for various plasma scenarios.
As it lacks time evolution, it is being coupled with the simple, but efficient
time evolution code METIS (Multi-Element Tokamak-oriented Integrated
Simulator) [35]. Moreover, LUKE is not specifically used for the RE studies,
it is mostly used for modelling heating and current drive via waves in plasma.

Similarly to LUKE, another kinetic code often used for RE generation
analysis is CQL3D (Collisional Quasi-Linear 3D) [36], which has the same
three dimensional features like LUKE (2 velocity and 1 spatial dimension)
and correspondingly it is not specifically used for the RE studies.

The code named CODE (COllisional Distribution of Electrons) is a
2D-momentum kinetic equation model [37], which is a simplified (no spatial
dimension) and faster version of LUKE, made solely for the RE studies.

Nowadays, one more 2D-momentum kinetic equation model called
NORSE (NOn-linear Relativistic Solver for Electrons) [38] is being devel-
oped for the RE studies. Its main purpose is to study low density and high
electric field discharges, when usually a significant part of the current is
driven by the REs.

The non-linear MHD code JOREK [39] takes into account the toroidal
geometry. There is now an initiative by CEA Cadarache to implement REs
into JOREK, which could bring interesting results on the MHD activities in
between the bulk plasma and the RE beam. Particularly, particle tracking
for the electron centre orbits is being implemented [40].

ANTS (plasmA simulatioN with drifT and collisionS) [41] is a full-f®
3D Monte Carlo code that simulates plasma processes including drift mo-
tion and particle collisions. It is used for RE loss behaviour studies under
magnetic perturbation influence. As it was developed to estimate the ther-
mal loads on the W7-X walls, it is far from being RE-specific. To get the
time evolution of the output, ANTS is often used in DIII-D tokamak with

6 Full-f means that the code follows a full distribution function and not just the devi-
ation from a Maxwellian.
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DINA [42], a two-dimensional toroidal geometry code.

GO model [43] is a one-dimensional fluid model in cylindrical plasma.
It is explicitly designed for understanding the RE generation during disrup-
tions.

A zero-dimensional model for the tokamak disruption has been de-
veloped by Bozhenkov [44] at TEXTOR tokamak facility. It can be used
for the time evolution of the global plasma and RE parameters during dis-
ruption.

The SYRUP code (SYnchrotron spectra from RUnaway Particles) es-
timates the synchrotron radiation spectrum of REs depending on diverse
plasma and tokamak parameters [45]. It can use CODE as an input for RE
distribution function.

The code IMAGINE [46] was developed to simulate gas penetration
into plasmas recently and could be a useful tool for RE mitigation studies.

The main drawback of all the models mentioned above is that plasma
and RE effects are not interlinked, i.e. coupled. On the other hand, imple-
mentation of RE-specific codes into a more general plasma codes present a
possible task, albeit difficult and lengthy. Because of that, EUROfusion has
recognised the importance of the RE modelling and granted an Enabling
Research project on “Kinetic Modelling of Runaway Electron Dynamics” 7.
Notably, G. Papp is trying to connect various codes to obtain self-consistent
RE modelling: LUKE and CODE, ANTS, GO, SYRUP, etc. - the details
can be seen in the Ref. [47].

2.2 RE Experimental Observations

The Section will start with the experimental results that question the pre-
viously reported theories, namely the theory around F..;; reported in Sec-
tion 2.1.4. Then, RE observations in different typical stages of the fusion
plasma discharge will be presented. Mechanisms explaining RE losses are
listed afterwards. Subsequently, estimates of the potential damage that REs
could make to the ITER tokamak are reviewed. In the last part, the present
RE mitigation scenarios are reported.

Note that experimental observations and results described here are from
the literature, not from the COMPASS tokamak. As the focus of the present
work is the fusion plasma, the corresponding RE results are presented. How-
ever, reader should be aware that REs exist in various non-fusion plasmas
- as already mentioned in the Introduction of this Chapter.

2.2.1 Questioning the E.,; criteria

As already mentioned earlier in Section 2.1.5, higher values of the critical
electric field E..;; have been observed in tokamak experiments compared

"Project number ER15-CEA-09.



22 CHAPTER 2. OVERVIEW OR RE STUDIES

to what the theory predicts. As higher E..;; values would have a positive
consequence for ITER and fusion power plants, the International Tokamak
Physics Activity (ITPA) recognised this issue as highly relevant and in-
vestigated it on few different tokamaks in the world [48]. The estimated
discrepancy factor found between theoretical and experimental F.,.;; for Al-
cator C-mod and KSTAR is 4.5-5, for FTU it is around 8.5, while in DIII-D
and TEXTOR it was measured that E..;; is 10-12 times larger than the
theoretical one.

The discrepancy between theory and experiment could be because un-
ambiguous data are not available when REs are too slow and/or too few,
as all the detectors have some finite lower threshold of sensitivity. Conse-
quently, Stahl did a detailed calculation [30] on necessary RE population to
be detected. Stahl went even further and included 7, dependence for the
detection threshold. In the same article, Stahl also questions the methods
used by the ITPA Team in [48] from the theoretical point of view. Namely,
he shows that observations of the apparent “RE fading” could be explained
in terms of the RE re-location in the velocity space rather than RE number
declining.

A more detail investigation of the E.,;; was done in DIII-D [49]. The au-
thors used “on-set” of the RE generation with pre-defined n.-drop for upper
FEit boundary, as the on-set gives the highest density when RE generation
is observed. Contrary to the on-set, “off-set” of the RE generation via an
additional gas puff into the quiescent phase of the discharge to estimate the
lowest n, when the RE losses start to be dominant over the RE generation
was performed. The lowest n. gives accordingly the lower E..;; boundary.
The CODE code® was also used for estimating the RE density ngrr when
the experimental detection and the RE generation occurred. Even though
the discrepancy factor using CODE is lower than are reported in the ITPA
paper [48], the experimental E..; is still larger than the theory - it is found
to be 3-5 times larger.

Furthermore, a similar technique as in DIII-D is applied to FTU data
to correct the experimental estimation of E..;; by Popovic et al. [50]. Af-
ter including synchrotron radiation into the equation it is found that the
distinction factor between the theory and the experiment is not so large as
before, as a factor of 1.1-1.5 is reported. On the other hand, if synchrotron
radiation was not included, the factor would be 1.6-5 - showing the impor-
tance of the synchrotron radiation for the RE force balance calculations.

In conclusion, all experiments show larger E..;; than the theory predicts
independently of the method improvement. However, as method improves,
the experimental F..;; value approaches the theoretical one. Moreover, as
reported by Stahl, those experiments have methodological flaws: the basic
principle and the RE detection challenges. Therefore, the experimental
E..;t value is still an ongoing research/topic.

8See Section 2.1.6 for more details about CODE.
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2.2.2 RE during the I, Ramp-Up Phase

To create a plasma, first a free electron has to be created either sponta-
neously (e.g. cosmic radiation) or intentionally (e.g. electrode) and then
accelerated. After obtaining enough energy, the free electron starts to kick-
out more electrons from the surrounding atoms. The free electron popula-
tion grows exponentially, creating an electron avalanche. It is called plasma
breakdown.

A sufficiently strong electric field E is usually applied in tokamaks to
accelerate the initial free electrons and to reach the breakdown. Just after
the breakdown, the tokamak plasma has a low density n. and relatively
high toroidal electric field Fi,., which are favourable conditions for the
RE generation. In tokamak plasmas, the so-called current ramp-up phase
follows the breakdown, where (as it name says) the plasma current I, rises
to the value requested by operators.

Fior is usually not measured directly in tokamaks, but it is rather de-
rived from the toroidal loop voltage Vj,,p, measurement that is measured
by a dedicated magnetic coil along the torus. Knowing that E},. can be
estimated from the measurement of the loop voltage Vioop by

Vloop

E =
tor 27TRO )

(2.9)

one sees that for constant Vjep, the Ei,, decreases as the machine gets larger,
i.e. for larger major radius Ry. Fortunately, the Vjup, is more or less the
same for all modern tokamaks, independently on the size. This is the main
reason why large devices such as JET or TFTR do not have REs during the
current ramp-up or during high-power discharge itself, but is not the case
for smaller devices.

Before Rosenbluth and Putvinski [28] drew attention to the REs, they
were considered as “exotic” population by theoreticians and unwanted effect
by the operators. Operators in smaller devices developed various techniques
to avoid REs during the discharge. Common techniques are a smooth in-
crease of the n. during the current ramp-up phase or a short but intensive
“killer” gas puff. An interesting solution was implemented in the stellara-
tor TJ-II, where a mechanical paddle is installed that sweeps through the
plasma during the current ramp-up phase [51]. Moreover, a detailed study
was done on DIII-D using low-voltage and/or electron cyclotron resonance
heating (ECRH) assisted start-up of the plasma [52], that have reduced RE
generation as one of the consequences.

The ramp-up phase is also a difficult phase of plasma discharge to study
and model, because all the plasma parameters are changing fast with time
and measurements are often very scarce or non-existing. Therefore, the RE
studies in smaller devices are more challenging due to the uncertainties of
the RE origin.
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2.2.3 RE during the I, Flat-Top Phase

After the current ramp-up phase a quiescent period comes, where I, is more
or less constant - so-called current flat-top phase. In contrast to the ramp-up
phase, the current flat-top is desirable for RE modellers as the parameters
do not change considerably. However, extension of these theoretical studies
is questionable as the nature of the RE behaviour could be different between
the flat-top and the disruption RE generation. In addition, note that only
the latter case is ITER-relevant.

Anyway, REs do exist during the flat-top phase in small tokamaks, if
the suppression in the ramp-up phase failed and/or the flat-top n. is low
enough. In the case of medium machines, REs are less probably generated
even for a relatively low flat-top n., as the FEi,,. during the flat-top phase
is usually too low. On the other hand, avalanche effect could produce a
considerable RE population in medium tokamalk, if there was a significant
amount of RE seed from the ramp-up phase and if I, is in the order of
1 MA [28].

In addition, a particular type of plasma discharge due to a significant
RE population was observed, called slide-away regime [53]. This plasma
regime is characterised by a low n. and a significant RE population that
carries a noticeable amount of I, and hence decreases Vioop. Slide-away
regime is usually denoted separately from the runaway regime due to the
difference in the amount of the I, carried by the RE (higher in the slide-
away regime). Compared to the runaway regime, in the slide-away regime
REs have lower energies (typically hundreds of keV), but are more numerous
- enough to carry few tens of percent of the total I, ending in a significant
drop of plasma resistivity 7,..s. As an example, Vioop drops only about
2 times in the runaway regime, while in the slide-away regime Vo, can
drop by an order of magnitude [54]. The consequence of the Vj,,,-drop is
that plasma discharge can last longer and anomalous ion heating provides
better energy confinement 7 [55]. The latter consequence is crucial from
the point of view of the fusion power, see Eq. 1.2. The main parameter
of the slide-away regime is the streaming parameter £, which is defined
as the ratio of the electron drift vg, to the thermal v . velocity. The
slide-away regime can occur when £ is larger than 1. Furthermore, since ¢ is
proportional to Bir/Ro, the regime was mostly observed in small tokamaks
with high magnetic fields [8]. More recently, the slide-away regime is used
for dedicated RE studies, e.g. in studies of RE-wave interaction [56] in
KSTAR or observation of RE trapping [57] in HT-7.

2.2.4 Disruption and RE

Disruption is a sudden (and undesired) termination of the confined plasma,
that can be split in two consecutive phases:

e The thermal Quench (TQ) phase, corresponding to a fast (~ 1074 —



2.2. RE EXPERIMENTAL OBSERVATIONS 25

1073 5s) loss of the thermal energy;

e The current Quench (CQ) phase, corresponding to a slow (~ 1073 —
1s) loss of the magnetic energy.

The generation of the RE seed during the TQ is enhanced due to the hot-tail
mechanism (see 2.1.2). During the TQ, the fast drop of T, leads to a drastic

increase of the plasma resistivity 7.5 o Te_?’/ 2, while the plasma current
density j stays more or less constant as the CQ has a much longer time
scale. Consequently, F,,., being proportional to 7,..s j (omitting inductance
in the formula), will rise tremendously during the CQ, as 7,.s increases
faster than j drops due to the inductance. The increase of the field will
accelerate RE seed generated during the TQ, which will then be multiplied
enormously by the avalanche effect - the avalanche multiplication factor for
ITER disruption could be as large as 1022 [7, Table 5]. These REs form
a beam that is confined and accelerated. Eventually the beam can be lost
to the first wall of the tokamak. This is the reason why REs are a major
concern for the ITER community.

Only large tokamaks (e.g. JET, TFTR, JT-60U, Tore Supra) generate
the RE beam spontaneously during disruption, since a high enough I, is
required to induce a sufficient Ej,.. However, the toroidal magnetic field
Bior is observed to be an additional important parameter for the post-
disruptive RE generation (remember that B-field is not included in the
present theory - see 2.1.5). It was first noticed on Tore Supra that no REs
are created during disruptions if By, < 2 T [58] and similar results have
been observed later in JT-60U [59] and JET [60]. Also in DIII-D the RE
beam was not observed, as its maximum B;,, = 2.2 T is around the observed
limit. On the other hand, evidence of spontaneous RE beam generation for
Bior = 1.3T is observed in KSTAR [61]. However, their examination of
the By, limit explanation using whistler wave instability [62] lacks a post-
disruptive T, measurements. Additionally, no RE beam was observed for
B, in between 1.4 and 1.97T.

Nevertheless, the disruptions triggered with injection of noble elements
in gaseous or solid state could lead to post-disruptive RE beam even if By,
is lower than 27T. The first corresponding experiments were performed in
JT-60U by Yoshino et al. [59] where the initial goal was RE mitigation, but
the experiments showed that Massive Gas Injection (MGI)? or pellet injec-
tion!? system could create the RE beam. These techniques were then tested
for producing RE beam with By, < 2T in DIII-D [63] and Tore Supra [64]
successfully. Recently, similar results were achieved in COMPASS (in the

9 An injection of gas that has much more particles than the plasma (i.e. the injected
gas is more massive than the plasma) is called Massive Gas Injection - MGI. The injected
gas is usually a noble gas.

10Pellet injection represents a firing of frozen/solid material into the plasma with rela-
tively high velocities - on the order of km/s. Beside noble gas, the hydrogen isotope can
also be used.
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framework of this Thesis)!!, AUG and TCV [65]. Moreover, a detailed
study of the By,.-limit for generation of REs as a function of the amount of
Ar gas injected was performed recently in JET [66], where post-disruptive
REs were observed even for By, = 1.0 T. One of the possible explanations
for the RE generation after usage of MGI could be due to the suppression
of Alfvén instabilities [67] that usually occur in the post-disruptive plasma
with lower By,.. Another possibility is that the high-Z environment is more
prone to produce positron, as the cross-section for positron production in-
creases with Z2 [68, Eq.(1)]. As electron and positron from pair production
have energies over the rest electron/positron mass, both of them are intrin-
sically in runaway velocity region from their creation. Therefore, high-Z
background plasma could lead to enhanced runaway current.

2.2.5 RE Losses

So far, solely RE generation mechanisms and their occurrence during dis-
charges have been discussed, while in this Section an overview of the RE
losses is given. The RE confinement being not fully understood, there is a
lack in understanding the RE losses and thus only wide accepted and exper-
imentally confirmed loss mechanisms will be addressed here. The particle
losses are reported first, and then RE radiation losses are explained.

Particle Losses

Due to the significant acceleration of the RE beam, the centrifugal force can
be large enough to shift the RE beam axis more outwards with respect to the
plasma axis [69]. Consequently, REs with enough energy will drift radially
outwards, which limits the maximum RE kinetic energy [70, Eq.(2.19)]
a
Winaz = ethorq—p, (2.10)

a

where a,, is the plasma minor radius and g, the safety factor at the a, po-
sition. As for many systems, diffusion transport of REs can also contribute
to the losses [71,72]. An other RE loss mechanism arises from the imper-
fections of the toroidal magnetic field, i.e. magnetic ripple, that can also
de-confine REs [73,74], leading to an additional limitation of the maximum
RE kinetic energy [75]:

Ry
maz = €CBiop——-— 2.11
i e nmrNtc ( )

where N,,;; is the number of toroidal coils, while n,,, is the resonance har-
monic of the magnetic ripple. Moreover, the stochasticity of the magnetic
field can also enhance the RE losses [76].

11See Chapter 7 for more details



2.2. RE EXPERIMENTAL OBSERVATIONS 27

It has been suggested that some plasma instabilities can de-confine REs,
e.g. magneto-sonic-whistler waves [77]. Furthermore, an anomalous Doppler
resonance instability (also called Parail-Pogutse instability) is a specific fea-
ture of the REs [78]. It occurs when a RE tail of the electron distribution
function has the positive gradient in the velocity space. Finally, observation
of influence of the MHD modes on the REs was reported [79] recently in
the DIII-D tokamak.

Radiation Losses

Beside particle loss from the plasma, REs can loose energy through radi-
ation due to their acceleration [80]. Additionally, if the radiation power
is comparable to the power gained from the accelerating electric field, it
introduces an additional drag force on the RE (i.e. power loss).

The typical radiation of megaelectronvolt REs is the synchrotron radia-
tion. As the magnetic field is an intrinsic feature of the tokamak, the RE
gyrates around the magnetic field line and emits synchrotron radiation'?.
The power loss coming from the synchrotron radiation is expressed as [81]:

2remec’ Ay

2.12
T (212)

Psynch =
where r, = €2 /(4megmec?) is the classical electron radius, v = (1 — 52)~1/2
is the relativistic Lorentz factor, 5 = wv./c is the electron velocity nor-
malised to the speed of light in vacuum and R, is the curvature radius of
the RE trajectory. If the RE is found near a charged ion, it can also emit
bremsstrahlung [82]

4
Pbrems = ﬁne(zeff + 1)sz563/87(1n 27 - 1/3) (213)
In this reference, Bakhtiari et al. showed how the bremsstrahlung power loss
could be highly relevant for the MGI experiments, especially in small /medium

machines with lower By, (e.g. the COMPASS tokamak).

2.2.6 Potential Damage

Quantitative estimates of the potential damage of REs on ITER first wall
are presented here. As an illustration, Fig. 2.2 shows the consequence of
JET regular campaigns during which the PFC material was damaged.
REs did not make any substantial damage in early stage tokamaks due
to low currents and moderate energies carried by the beam, as well as the
usage of a relatively robust PFC material. However, as fusion devices be-
come larger, with higher I, and with more sophisticated PFC, RE damages
can become nowadays more and more significant, as theory predicts (see

12See Sections 2.3.4 and 2.3.5 for more details about the synchrotron radiation.
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Figure 2.2: Re-deposited molten beryllium at JET ITER-like first wall due
to the RE impacts. The picture is copied from Ref. [83].

Section 2.1). The main challenge in predicting the potential RE damage is
to correctly estimate the conversion of magnetic to kinetic energy [84].

REs are presently set as the second highest priority for the ITER dis-
ruption mitigation system [85], just after the slowing down of the CQ in
order to prevent mechanical damage to the blanket modules. This high pri-
ority in RE mitigation follows from the nature of their impact - (1) a very
localised wetting area, (2) a very short time (few milliseconds), and (3) a
deeper penetration length than any other transient event.

For the same energy deposition, an estimated RE damage to the PFC
will be lower than from plasma or observed transient event heat loads for C
and Be. This higher PFC tolerance on RE damage is because plasma and
transient events will be deposited on the surface, while RE could penetrate
deeper in to material and RE energy would be deposited on larger volume.
The depth of the RE penetration for C and Be is estimated to be 2.0 mm
and 2.5 mm, respectively [86]. On the other hand, as already mention above,
the main issue is how much energy of RE beam will deposited on the PFC.
The deposited RE energy could be significantly higher than the transient
heat loads. Furthermore, the deeper RE penetration in to materials like C
and Be'® with RE energies well above the melting limit could be a problem
for the cooling structures.

2.2.7 On the Mitigation of REs

This Section is an overview of the different RE suppression/mitigation tech-
niques. In general, it is estimated that ITER walls could sustain a RE beam
up to Irg = 2MA [84,85] or Irp = 3MA [15] - thus suppression/mitigation
systems should make sure that the RE beam has a lower current before it is

I3N.B. not the case for W.
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deposited on the ITER first wall. In the energy units, the RE beam should
have less than 4 MJ so that no melting occurs even during the fast beam
terminations [84]. Due to the highly limited accessibility to the plasma and
vulnerability of the first-wall in ITER, the mitigation scheme choice has
been narrowed down to two main options: 1) impurity injection and/or 2)
magnetic coil ramps [85].

The first way to mitigate RE is to decrease the RE generation rate by in-
creasing n. and thus increasing F..;; and Fp, which is done either via MGI
or pellet injection. However, as it was mentioned earlier in Section 2.2.4,
both techniques can have the side effect of generating the RE beam follow-
ing the disruption. Indeed, this happens with the injection as disruption
mitigation system which is triggered before the TQ. Then additionally, one
can introduce the second MGI or pellet for the RE mitigation purpose.
Reux et al. [87] found that the timing of the second injection is decisive -
if it is too close to the TQ, no effect will be observed (at large machines,
e.g. JET). An additional issue with MGI is the amount of injected gas: if
there is too little gas there is again no effect on the RE beam; while too
much gas can be heated near the valve and result in Be melting. Moreover,
most of the conducted experiments had localized injections, while there are
speculations that more symmetric injections would be more beneficial.

Recent investigations also show how penetration of the gas towards the
magnetic axis could be too slow to stop the RE generation, as majority of
the REs is generated around the magnetic axis. Therefore, pellet injection
seems to be a better solution for the RE mitigation, since they can reach the
magnetic axis faster. On the other hand, the MGI allows a better toroidal
expansion of the injected gas compared to pellet injection. Furthermore,
the amount of gas needed for complete RE generation suppression in ITER
is three order of magnitude larger than the ITER plasma number of parti-
cles'*. The injection of 10?° particles [86] during a very short time (order
of milliseconds) is a rather challenging technological task. This amount of
injected gas could have a weighty effect on the ITER vacuum system and
machine in-vessel conditions. Moreover, pure Ar or Ne are more prone to the
RE beam formation. Correspondingly, experiments with mixtures of high-
Z atoms with Dy were performed [87,88] with significant, but not perfect
improvements. The mixture experiments are probably more efficient due to
two effects: (1) deuterium has higher penetration speed than of Ar/Ne that
increases core n, fast enough and (2) it also has low radiation efficiency that
outcomes in the slower CQ than with Ar/Ne injections.

The TQ should be slowed down or prolonged to suppress the hot-tail
mechanism'® creating critical RE seed. A way to slow down the TQ is to
inject impurities in the proper mixture. Slowing down the T(Q would also
allow the injected gas to reach the magnetic axis and to expand toroidally,

4Number of particles in ITER plasma: Nirgr = neVirer = 1029m—3 x 800m3 ~
1023 particles.
158ee Section 2.1.2 for more details about the hot-tail mechanism.
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thus increasing the efficiency of RE mitigation and suppression. There-
fore, this technique has been proposed as a preventive tool for the RE
seed mitigation. The plasma cooling time scale during the TQ for ITER
should be larger than 80ms according to Smith [23] or 40 ms according to
Boozer [15] to prevent the RE seed formation. To illustrate difficulty of
achieving such a long T(Q phase, notice that times reported by Smith and
Boozer are larger by approximately an order of magnitude than the ones
reported in ITER Physics Basis [7, Table 5]. Moreover, in the same Table
one can find that a minimum predicted CQ duration in ITER is around
35ms. As the CQ is typically longer than the TQ and that too long CQ
generates halo-currents'® [7, Section 3.3.2.], an optimisation has to be done
- a long enough TQ for RE suppression and a short enough CQ to avoid
halo-currents.

De-confinement of REs due to a stochastic magnetic field induced by
magnetic perturbations before they become accelerated present another RE
mitigation method. Those perturbations are usually called Resonant Mag-
netic Perturbations (RMP) and they are induced by RMP coils. Three
machines, DIII-D, JT-60 and TEXTOR [85], have shown effects of per-
turbations on RE confinement. DIII-D used perturbations with a toroidal
mode number n = 1, while JT-60 and TEXTOR used 2 and 3, respectively.
On the other hand, experiments in JET did not show any clear effect. How-
ever, JET results should be taken with care, as simulations showed that
JET does not have adequate RMP coils for RE mitigation. Furthermore,
codes - DINA and ANTS!7 - showed that the penetration of the magnetic
perturbations towards the magnetic axis in ITER could be too slow, i.e.
only the plasma edge would be affected. Simulations also predict that in-
tentional field perturbations could enhance toroidal localisation of the RE
heat loads on the first wall, increasing the risk of damaging PFC in ITER.

Additionally, as mentioned in Section 2.2.3, RE can be affected by elec-
tromagnetic waves and several devices have shown their RE mitigation po-
tential. Besides the already mentioned KSTAR case [56] where ECRH is
used for this purpose, the ENEA Fusion Division in Frascati (Italy) has long
term experience regarding the RE mitigation by waves. They first demon-
strated that the RE mitigation was possible using lower hybrid waves on
the FT tokamak [89] and later using ECRH [90] on the FTU tokamak.

Moreover, controlling the vertical position of the RE beam will be a
challenge in ITER. The coil system design should be able to control a beam
that carries at least 10 MA [85,91]. The Frascati team is now developing
a direct control system of the RE beam location via real-time feedback as
proposed by Boncagni [92] and the implementation was recently reported
by Carnevale [93].

16The current occurring during the disruption with unstable plasma position that could
go through the surrounding material and cause a deformation of the tokamak chamber.
17See Section 2.1.6 for more details about the codes.
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2.3 Diagnostics for RE Parameters

Diagnostics are essential tools for merging experiment and theory. In this
Section an overview of applied and potential RE diagnostics is presented.
The overview starts with passive photon detections, continues with active
photon detections and finishes with magnetic diagnostics.

2.3.1 Soft X-Ray Diagnostics

X-ray is a common name for photons with energies lying between 100 eV and
few MeV. In general, the X-ray photons origin from accelerated electrons,
either free ones or bounded ones. Due to technical reasons and different
applications, X-ray spectra is divided into two parts: Soft X-Ray (SXR) up
to approximately 10keV and Hard X-Ray (HXR) above 10keV. SXR as RE
diagnostics is the subject of this Section, while next Section 2.3.2 explains
how HXR radiation is used for the RE analysis.

In tokamak plasma SXR radiation originates from bremsstrahlung, radi-
ation coming from a free decelerated electron moving in the field of an ion.
The SXR radiation is usually measured with the few set of detectors that
allow for tomographic reconstruction. SXR tomography is routinely used
for diagnosing fusion plasmas via observation of the core plasma activities.
In JET, SXR were used to observe location of the RE beam generation [94]
in the plasma core, which appears to agree with modelling [27]. Another
source of bremsstrahlung in the SXR spectrum could occur if the lost REs
hit the tokamak wall.

As the bremsstrahlung radiation power spectrum increases with the
square of the ion atomic number o« Z?2 [80], this diagnostic could have high
potential for RE studies when high-Z gas is introduced during the disrup-
tion. However, decrease of temperature T, and low collisionality reduce the
radiated power under the sensitivity threshold. Moreover, various generated
waves during the disruption often lead to detector saturation. Therefore,
dedicated SXR detectors should be designed and installed for disruption
and RE studies.

2.3.2 Hard X-Ray and v-Ray Diagnostics

When a RE loses its confinement, it is stopped by the first wall of the fusion
device. With RE energy higher than few tens of keV, the bremsstrahlung
from material is usually in the HXR spectra. Moreover, if the RE hitting
the wall delivers energy higher than MeV it can excite a nucleus from the
wall atoms, which can then emit v radiation. Differently from X-ray, y-ray
photon originates from the nuclei of an atom or an ion, which typically
carries more than 1 MeV of energy. In practice, there is no strict transition
line between HXR and v radiation. In another words, photons can have the
same energy, but different generation history. Therefore, detectors operating
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in the overlapping region of spectra (0.1 —5MeV) could detect photons from
both HXR and v radiation, depending on their sensitivity.

Classical nuclear detectors, e.g. scintillators, have been used from the
beginning of fusion research as HXR detectors for characterisation of the
RE loss [8]. These initial measurements were made with detectors placed
outside the facility. Further development led to more localised measure-
ments with collimated detectors looking inside the vacuum vessel [95] or
even with a potential for tomography reconstructions [96,97]. Recently, a
HXR tomography of fast electron bremsstrahlung (FEB) was developed at
JET for the in-flight localisation of the REs, which also allows estimating
the evolution of the RE energy spectra [98].

More sophisticated tools exist for «-ray detection, such as the 7 spec-
trometer developed on TFTR [99]. This gives important information about
the RE tail energy spectrum [100].

2.3.3 Photoneutrons and y-Ray Diagnostics

A ~-photon can undergo an interaction with an atom’s nucleus in the wall
leading to the emission of a neutron. As the neutron is emitted by a highly
energetic photon it is named photoneutron. Consequently, common nuclear
detectors for neutron detection can be used for the RE studies. However,
neutrons coming from the fusion reactions also have to be considered (see
Eq. 1.1), which can make both (fusion and RE) neutron production analysis
more challenging.

In addition, detectors can be sensitive to both neutrons and v radiations.
In that case, it is important to distinguish them. For example, at FTU two
ways of distinguishing neutrons and ~-rays are used. First, a BF3 counter,
sensitive solely to the neutrons is used, while liquid NE213 scintillator is used
for both neutron and «-ray detection [101]. Subtraction between those two
signals corresponds to « radiation due to REs. Second, a neutron camera
that separates neutrons and 7-rays according to the shape of the detected
pulse is used [95].

2.3.4 Electron Cyclotron Emission Diagnostics

Due to the magnetic part of the Lorentz force —ev x ]§, electrons gyrate
periodically around the magnetic field lines in such way that their trajecto-
ries close themselves in the plane perpendicular to B. This kind of motion
is called gyro-motion, gyration or cyclotron motion, as it was firstly ob-
served in particle accelerators of the cyclotron type. Therefore, radiation
coming from the gyrating particle is named cyclotron emission. In fusion
plasmas, the Electron Cyclotron Emission (ECE) detection can be used
to measure the electron temperature T, at various plasma locations. Fur-
thermore, ECE from tokamak plasmas lies in the microwave range, so the
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modified industrial/off-the-shelf technology of microwave antennas can be
used for ECE detection.

As the electron gyration is periodic, the emitted spectrum in homoge-
neous plasma is discrete with frequency w; depending on the fundamental
frequency Q = eB/m, and the harmonic number [

B 0
~ y(1 = BNy cos )

wi (2.14)

where N, is the refractive index of the plasma at the electron location and
« is the angle between the magnetic field B and the observation line. The
relativistic effects are negligible for thermal fusion plasmas and most of the
irradiated power is contained in the first few harmonics. However, the first
harmonic often cannot be used as most of the base frequency (I = 1) is
reabsorbed in the fusion plasma.

RE detection via ECE diagnostic technique was reported in a few fu-
sion devices, including the WEGA Stellarator [102], FT-1 and DIII-D toka-
maks [103]. RE parameters such as threshold energy for RE creation, pitch
angle 0 = A(E,U), number of REs, exponential decay of RE distribution
function and RE population location were estimated. However, the esti-
mates were done with limiting assumptions, because main cyclotron theory
was developed for bulk (few keV), supra-thermal (few tens of keV) and rel-
ativistic (few MeV) electrons. The difficulty is the fact that relativistic
downshift (contribution of v in Eq. 2.14) of the observed frequency allows
overlapping of several harmonics. Nonetheless, the ECE has a strong po-
tential as one could (in theory) derive the shape of the RE distribution
function for wide range of RE energies'®. Therefore, ECE as RE diagnostic
tool presents a good potential for a future research.

2.3.5 Synchrotron Radiation Diagnostics

As RE becomes very energetic, i.e. Wrg = m.c?, the cyclotron power de-
scribed above starts to be emitted from higher harmonics and the power
spectrum tends to be continuous. In fact, the cyclotron radiation of ultra-
relativistic particles at high harmonics is called synchrotron radiation, as
it was firstly observed in accelerators of the synchrotron type. Note that
the names are usually distinct in the literature due to historical reasons.
Moreover, theoretical analysis of synchrotron radiation has to include rel-
ativistic effects making the calculation different from cyclotron emission.
The synchrotron radiation is not isotropic, being emitted preferentially in
the direction parallel to the RE velocity - the so-called headlight effect. Due
to the headlight effect, synchrotron radiation has to be observed particularly
with a counter-current tangential view.

18Section A.1 has more detailed elaboration on the potential of ECE as RE diagnostics.
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Firstly observed in fusion plasma by Finken in the TEXTOR toka-
mak [104], the synchrotron radiation generated by REs in tokamaks has
a continuous spectrum and usually its peak intensity lies from the near-
infrared to the mid-infrared region (0.75 — 10 um) [105]:

8w RO

=0 (2.15)
15 '7/3 1 —+ 7]2

Apeak ~

where n = QRgv, /'yvﬁ and Apeqr represents the wavelength at which the
synchrotron radiation is at the maximum power.

A detailed analysis of the first measurements in TEXTOR was per-
formed by Jaspers in his Ph.D. Thesis [70], while a comprehensive theory
and modelling development was recently done by Stahl [45]. Experimen-
tally, a 2D camera in the infrared (IR) or in the visible spectrum can be
used for measurements of the position, pitch angle, v, [81] of REs, while an
IR or a visible spectrometer is more suitable for the energy, RE intensity,
and transfer rate estimates [63,81].

2.3.6 Incoherent Thomson Scattering

Incoherent Thomson scattering (ITS) denotes scattering of a photon on an
electron at scale much smaller than the Debye length'®, where the photon
energy is much smaller than the electron’s one hv < mec?. The ITS diag-
nostic technique is widely used in diverse plasma devices (i.e. not only for
fusion plasma) for measurements of T, and n. profiles. Even though it is
an active diagnostic probe, as high-power laser is injected in plasma, the
technique itself is considered as non-perturbative and localised, making it
attractive for diagnosing fusion plasmas.

However, even though there was no dedicated attempt to diagnose the
high energy REs via ITS in practice, at MIT Pieroni and Segre [106] de-
tected low energy REs using this technique. However, theoretically it should
be possible to estimate a larger part of the RE distribution function with
this diagnostic technique. The main complication to this purpose is that
ITS already requires very high power lasers due to the low n. in tokamaks
and the low scattering cross-section. As the RE density ngp is by orders
of magnitude lower than the plasma density n., it would require even more
powerful laser to observe REs with this diagnostics. Besides, as RE energy
increases, the ITS cross-section decreases, requiring yet even more powerful
laser. Furthermore, final transit time effect [107, Section 4.4] assumes the
constant electron population in the observed volume during the measure-
ment, and this assumption could be inapplicable for the measurements of
the REs with ITS.

Nevertheless, if the proper choice of detector and observation geometry
is made, RE could be observed in principle by ITS2°. Namely, scattered

9The Debye length is usually approximated as ’\2D = eokpTe/nee.
20Gection A.2 has more detailed elaboration on the potential of ITS as RE diagnostics.
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photons in the tangential direction could have significant contribution from
the RE population due to the head-light effect. Finally, RE measurements
do not need to be done with sophisticated equipment usually used for ITS
measurements, as the spectrum range and spectral resolution can be broad.
Detector could be made of sensitive enough visible/UV light spectrometer
- the background would be challenging, as the I'TS is not the only source of
light in this range.

2.3.7 Cherenkov Probe

The Cherenkov radiation occurs when a charged particle moves through a
media with a higher velocity than the speed of light in that media. As the
REs are reaching relativistic velocities, a novel active diagnostic technique is
under development in NCBJ Otwock (Poland) [108] based on the Cherenkov
effect. Cherenkov detector uses typically diamond or aluminum nitride as
a sensitive layer, which is inside a light-protected measuring head (probe)
localised close to the edge or scrape-off-layer (SOL) of the plasma. The time
evolution of the Cherenkov radiation intensity related to the RE population
can then be measured.

In practice, the Cherenkov radiation is integrated over a wide range of
energies (above several tens of keV). Furthermore, tokamaks CASTOR [109],
ISTTOK [110] and Tore Supra [111] used a similar setup. The measurements
primarily provided information on the presence of REs, rather than their
number and energy, which made it more a qualitative than a quantitative
tool. However, it allowed for localised and prompt measurement of the RE
losses in the SOL. When the detector is equipped with more channels with
entrance windows of different thicknesses, different energy ranges can be
inferred [112].

2.3.8 Magnetic Diagnostics

Magnetic detection coils are a fundamental diagnostic method in fusion
research facilities. It is used for real-time control of plasma position and
shape, as well as for various other measurements (e.g. plasma current, loop
voltage, plasma diamagnetic energy, etc.) while it is typically not consid-
ered for RE observations. Anyhow, apart from the bulk plasma, the RE
beam /population is an independent conductive media/fluid, so it influences
the magnetic diagnostics independently.

The most important magnetic RE measurement consists in estimating
the Ej,-, as it is the main parameter for the RE generation. A proper
estimation of the F;,, in the tokamak is far more complicated than Eq. 2.9
as explained in the Ref. [113]. A good knowledge of the E,,, is also necessary
for estimation of the maximum kinetic energy W,,., that RE can achieve
during the discharge. If no losses and vgpp &~ c are assumed, W, 4. is directly
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proportional to the history of the Ej,,:

t
Wnas = ec/ E,..dt. (2.16)
0

In addition, a Parail-Pogutse instability (see 2.2.5) is sometimes de-
tected with negative Vj,p spikes, like in TFTR, [100]. The slide-away regime
(see 2.2.3) is indicated by a level of V,,,, significantly below a value expected
for a thermal (Maxwellian) distribution of particle energies. If the RE beam
carries enough current it produces a larger shift of the magnetic axis than
predicted by the Shafranov shift [114]. Consequently, a set of poloidally
distributed pick-up coils could detect the location of a RE beam in the
presence of the plasma. Besides, magnetic diagnostics play a crucial role in
studies of the MHD effects on the REs [79,115].

Moreover, magnetic diagnostics combined with the position control
poloidal field coils should in principle be able to stabilise and slow down
de-confinement of the RE beam. The basic idea is to implement the beta-
tron equilibrium condition equation [116, Chapter 11]

AD

BU) = orrg
0

(2.17)

in the real-time control of the magnetic field B in the fusion device depend-
ing on the flux change A®. However, this task is far from trivial due to
the fast changes in the plasma current and RE beam location during the
disruption. Dedicated efforts have been focused to this subject on the FTU
tokamak [92,93].

2.4 Overview

REs are relativistic electrons accelerated to velocity vrg close to the light
speed ¢ due to low plasma collisionality and electric field that can arise in
fusion devices. Large amount of REs can drag tens percent of the plasma
current forming a so-called RE beam. Importantly, after a disruption in
ITER, a RE beam carrying a significant amount of pre-disruptive current
could be formed. It could severely damage ITER first wall and the cooling
pipes behind the first wall. Consequently, the RE damage could lead to
unplanned shutdowns and high maintenance costs. Therefore, mitigation
of RE beams is considered as the second highest priority for the ITER
disruption mitigation.

Robust predictions of the RE beam generation are necessary for the
development of a realistic and reliable RE mitigation scheme. Unfortu-
nately, the predictions of RE beam generation with subsequent RE damage
in ITER have large uncertainties as a consequence of the scarce experimental
database and difficulties in describing theories or modelling the experiments.



2.4. OVERVIEW 37

The predictive ability could be significantly improved with diagnostic tools
dedicated to disruption studies, as the majority of the common diagnostics is
saturated and/or affected by the strong noise background from HXR radia-
tion. The disruption dedicated diagnostics should have a substantial shield-
ing, a lower sensitivity and better time resolution than the rest of the usually
used diagnostics. Besides measuring important plasma parameters during
the disruption, the RE parameters should also be measured/estimated. In
addition, some phenomenon (e.g. the MGI RE mitigation) cannot be scaled
from medium to large facilities.

Aforementioned solution for a proper development of the RE mitigation
scheme requires a significant amount of resources and time. Nonetheless,
the potential RE damage of ITER wall and ITER delays could cost much
more than the proposed studies on smaller devices. For that reason, a larger
effort should be made in diagnosing, understanding and controlling the REs.
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Chapter 3

Review of Runaway
Electron Studies in the
COMPASS Tokamak

The present Chapter presents an overview of the dedicated RE studies in the
COMPASS tokamak that started in spring 2014 under EUROfusion fund-
ing!. The project is strongly connected to the framework of this Thesis, as
the author participated in the diagnostic installations, managing the exper-
iments, analysing data and in actively participating in result presentations.

Moreover, four experimental RE campaigns as part of the MST2 RE
project showed that COMPASS is suitable for runaway models validation
and scaling towards ITER. The successful experiments and obtained results
brought COMPASS RE studies in the framework of the EUROfusion MST'1
RE project that represents broad European collaboration towards direct
ITER-relevant studies. In addition, RE studies became one of the main
focuses of the COMPASS facility. Note that the doctoral student also par-
ticipated in the first MST1 RE campaign in COMPASS (fifth RE campaign
in total). Although its detailed summary is not done here, the relevant
results will be mentioned and highlighted in this Chapter.

The Chapter will start with a description of the COMPASS tokamak.
Then, a brief overview of the first four RE campaigns (i.e. MST2 campaigns)
is given. The Chapter continues with the diagnostic tools and additional
experimental setup used during the RE campaigns. The following Sections
will cover the influence of the plasma density n., loop voltage Vjo0p, plasma
current I, MHD modes and instabilities, position and shaping, RMP and
Ar/Ne gases on the RE population in COMPASS plasmas. The final part
of the Chapter will outline the commonly used RE codes, where some of

IThe project was part of the EUROfusion MST2 project WP14-MST2-9, as supported
by the EUROfusion MST projects.
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them are utilised for this Thesis.

3.1 The COMPASS Tokamak

The COMPASS tokamak [117] was first operating in the Culham UKAEA
centre from 1989 to 2002. Afterwards, it was transferred in 2004 to the
IPP Prague and the first plasma was achieved in 2008. From 2012, the
COMPASS tokamak is in full scientific operation contributing to ITER
relevant scientific and engineering issues.

The COMPASS toka-
mak is a compact experi-
mental fusion facility with a
major radius Ry = 0.56 m
and a minor radius a, =
0.2m. The toroidal mag-
netic field By, is in the
0.9 — 2.1 T range (typically
set to 1.15T), coming from
16 toroidal field (TF) coils
depicted in Fig. 3.1. The
plasma current I, can reach
up to 400kA using an air
transformer. The range
for the electron densities is
flexible and is typically in
the 10'? —10%2° m—2 domain.
Plasma shaping varies from
circular and elliptical to
single-null D-shaped ITER-
like plasmas. When cir-
cular, the plasma is lim-
ited by a carbon HFS wall.

Th 1 Ise length i -
- Oe4rseg1;iié)$gie lgag cuf By, and the neutral beam injections NBI-

rent circular discharges with 1 and NBI-2. The north direction is also
RE can last almost 15 [118] marked for orientation purposes.

Figure 3.1: Top view of the COMPASS toka-
mak showing the typical orientations of the
plasma current I, the toroidal magnetic field

The tokamak vacuum vessel is split in 16 sectors, i.e. in between each
pair of TF coils. For example, sector 2/3 means the sector between TF
coils 2 and 3 (see Fig. 3.1). Another orientation nomenclature uses cardinal
direction, where sector 8/9 represents the north direction, also labeled in
Fig. 3.1.

The COMPASS tokamak is equipped with 55 radial and 9 tangential
ports. Radial ports can be divided in five groups:

e 9 horizontal (H) or mid-plane ports with 4 large ports on each cardinal
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direction (sectors 1/16, 4/5, 8/9 and 12/13),
e 10 vertical upper (VU) ports,
e 10 vertical lower (VL) ports,
e 8 angular upper (AU) ports and
e 18 angular lower (AL) ports.

8 horizontal tangential (HT) ports are located in pairs around each of the 4
large horizontal port. In addition, 1 angular upper tangential (AUT) port
is located in sector 5/6.

The vacuum pressure in the tokamak vessel is usually about 10~ Pa be-
fore the discharge. A glow discharge is done between the tokamak discharges
for better reproducibility and wall conditioning. Usually glow discharge is
typically done in helium, but the gas can be varied on request. In addi-
tion, boronisation can be done on request, for better wall conditioning and
consequently better n. control.

Due to the relatively short plasma discharge, the data acquisition (called
DAQ) system should have appropriate time resolution. The majority of the
main signals (magnetic diagnostics, interferometer, etc.) are sampled with
0.5 s (2 MHz) time resolution, while feedback-relevant data is re-sampled to
50 ps (20kHz) time resolution for faster calculation. Other diagnostics have
specific time resolution, which will be mentioned when (and if) the data
are presented. Additionally, the EFIT equilibrium reconstruction [119] is
used for obtaining the magnetic topology of the COMPASS plasma after the
discharge. The typical time step of EFIT calculation is 1 ms, but it can be
recalculated with higher sampling rate. Time-zero for all data acquisition
systems is taken as the start of the charging of the main power supplies.
With such timing, typical discharge (i.e. beginning of the plasma formation)
in COMPASS starts at around 955 — 960 ms.

On COMPASS, auxiliary heating and current drive can be obtained with
two neutral beam injectors (NBIs). Each NBI can inject a 40keV neutral
deuterium or hydrogen beam that carries up to 350kW. Presently, both
NBIs are directed in the same direction (see Fig. 3.1), with possibility of
doing co- and counter-injection depending on I, direction. Beside, future
plans should allow NBIs to be operated in balanced injection mode.

The main scientific focus of COMPASS is oriented towards SOL and H-
mode studies in ITER-shaping plasma discharges. SOL studies are realised
by extensive variety of electrostatic probes and magnetic coils. The COM-
PASS tokamak can have Ohmic and NBI-assisted ELMy H-mode, latter
being foreseen as the reference ITER plasma discharge scenario for achiev-
ing @ = 10 for 400 ms [120]. However, those two studies are not the only
fusion-oriented research conducted on COMPASS. For example, flexibility
of various plasma parameters (e.g. shaping, densities, plasma current, etc.)
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combined with significant, but still safe, runaway population make COM-
PASS suitable for runaway models validation and scaling towards ITER.

3.2 RE Campaigns Overview

The RE campaigns in COMPASS tokamak during 2014-2015 were con-
ducted as part of the MST2 Project by EUROfusion as already mentioned
in the introduction. There were four experimental campaigns, each being
separated by about half year. The main summary is given in Table 3.1.

Campaign: 1st 2nd 3rd 4th TOTAL
dor LT g Ot

2014
gci)sj}llarges 124 137 265 174 700

First Discharge #7278 #8548 #9799  #10775
Last Discharge #7516 #8684 #10079  #10948
Highly Relevant

! 69 105 189 124 487
Discharges
P(?tentlally Rel. 18 10 21 26 75
Discharges

Table 3.1: Summary of MST2 RE campaigns in COMPASS tokamak.

As part of the MST2 project, COMPASS RE campaigns are not only
focused towards RE physical studies, but also as a test bed for the novel
RE diagnostics.

3.3 Diagnostics and Experimental Setup for
RE Campaigns

A description of the experimental setup used during all four campaigns
is described here. The Section starts with diagnostic tools that measure
essential plasma parameters for RE studies. Then specific RE diagnostics
used on COMPASS are presented. Additional installations necessary for
RE campaigns are described in the last part.

3.3.1 General Plasma Diagnostics

The time evolution of the line-averaged density 7. was measured by
a heterodyne interferometer [121]. In the 1% RE campaign, the interfer-
ometer had a probing microwave beam with frequencies in the range of
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131 — 133 GHz [122]. For the rest of the campaigns, the frequencies of the
probing microwave beam are 139.3 and 140.0 GHz.

The loop voltage was measured by a flux loop (FL). There are 8 flux
loops installed on the COMPASS vacuum vessel, where FL2 located on up-
per HFS is commonly used (see Fig. 3.2b) for Vi, measurement. The
plasma current I, is determined by a Rogowski coil localised in sector
1/2 inside the vacuum vessel. Poloidally distributed 16 pick-up coils with
non-negligible length (5 cm) used for plasma position and shape observation
are located in the sector 9/10, both internally and externally. Those pick-up
coils are called Internal (IPR) and External Partial Rogowski (EPR) coils.
Notice that IPR and EPR coils are arrays of poloidally distributed coils,
while Rogowski coil is a single coil wound in the poloidal direction. Never-
theless, due to the non-negligible size of the IPR and EPR coils, they could
be considered as one continuous coil and therefore are named 'Rogowski’.
So-called Mirnov coils, are installed in 3 different toroidal positions - un-
der TF coil 7 (set A), 13 (set C) and 15 (set B). To each toroidal position
24 poloidally distributed Mirnov coils (see Fig. 3.2¢c) are installed in the
three torus directions, i.e. toroidal, poloidal and radial, i.e. there is 72

ils B

-0.2F

A V7
Ly () = "k

Figure 3.2: Common plasma diagnostics on COMPASS used for the RE
studies: (a) toroidal position of the interferometer (gray), different mag-
netic coils (red), SXR (blue), AXUV (cyan), visible light (green trian-
gle), EDICAM camera (orange) and Thomson scattering (dark green); (b)
poloidal position of IPRs (blue) and Flux Loops (red); (c) poloidal distri-
bution of Mirnov coils - identical for all three sets (A, B and C).
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coils in total per toroidal location. However, not all of the Mirnov coils are
operational at the moment.

Two arrays of 35 silicon photodiodes and one array of 20 photodiodes
are used for SXR detection on the COMPASS tokamak. The spectral sen-
sitivity of the system is mainly determined by the thickness of the beryllium
foil (10 pm) filtering out the photons with energy below 1keV and by the
thickness of the diode active layer (about 200 pm) which limits the detec-
tor sensitivity to photon energies up to 13keV. All SXR arrays (named A,
B and F) are located in sector 6/7. Furthermore, five arrays of 20 silicon
AXUYV photodiodes, located at the sector 6/7 provide a measurement of
the total radiation in the spectral range from 7 eV to 6 keV [123]. The tem-
poral resolution of SXR and AXUYV diagnostics is about 3 us and the spacial
resolution is 1 —2 cm. Both SXR and AXUYV arrays use small pinhole to ob-
serve radiation along defined lines of sight. Moreover, an H, or D, detector
(using 656 — 657 nm filter) equipped with a photomultiplier tube (PMT) is
located radially at the sector 12/13 of the tokamak vessel to measure the
Balmer transition from the 3¢ to the 2"¢ energy level of the excited hy-
drogen. In addition, a single-channel detector at (523.5+£1.0) nm assembled
with a PMT measures bremsstrahlung radiation from the plasma. The
bremsstrahlung detector has the same toroidal location as the H, detector.
Furthermore, a visible light detector from 350 to 850 nm is connected at the
same position as H, and bremsstrahlung radiation.

A visible camera is used for monitoring the plasma discharge and the
plasma-wall interaction of the COMPASS plasma. The camera is called
EDICAM1 and is positioned in the sector 5/6. The time resolution of
EDICAM1 is approximately 2.7 ms, i.e. 370 frames per second.

The Thomson Scattering (TS) diagnostic system [124] in COMPASS
uses two Nd:YAG lasers of wavelength \; =1064nm with an energy of
Wiaser =1.5J for each laser. The whole system is set in sector 4/5, the
lasers being oriented vertically and the scattered light being recorded in
the radial direction. Each laser has 30 Hz repetition rate, which offers a
~16.7ms time resolution if the two lasers are operated equidistantly.

3.3.2 Specific RE Diagnostics

The technical detail about RE diagnostics in the COMPASS tokamak is
reported here and their disposition is schematically presented in Fig. 3.3.
The main measurements of RE losses are done with a photoneutron
detector located nearby the north wall and a set of scintillators sensitive
to Hard X-Ray (HXR). Photoneutrons with energy above 0.5MeV are ob-
served with a ZnS(Ag) neutron detector embedded in a plastic matrix. The
detector is located at approximately 4m from the tokamak vessel. Beside
the neutrons, the photoneutron detector is also sensitive to strong fluxes
of HXR, although the detector is shielded by 10cm of Pb?. Therefore,

2This is the reason why we had to purchase a new neutron detector. The justification
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the detector will be named Shielded HXR. detector. On the COMPASS
tokamak, HXR detectors can be split in 3 groups:

e Standard HXR detector,
e CTU HXR detector(s),
e CsI(T1) HXR detectors.

Standard HXR. detectors are unshielded Nal(T1) scintillation detec-
tors, for which the signal is amplified by a PMT. Their energy range of
detection lies approximately from 50keV to few MeV. The Standard HXR
position is in the north part of the tokamak hall, 4m from the tokamak
vessel. Additionally, note that the lower limit of HXR detector determines
the lower limit of detected RE. Usually RE do not loose all their energy at
once, and consequently the lower RE detection limit is typically at least few
times larger then the detector limit.

Furthermore, few addi- Shielded| | Standard
tional detectors were on HXR llHXR I
loan from the Faculty of Nu-
clear Sciences and Physical
Engineering (Czech Techni-
cal University - CTU) in
Prague, with similar en-
ergy detection range to the
Standard HXR. In the 1%
RE campaign, 3 HXR de-
tectors were borrowed and
were installed in the west,
south and east part of the
tokamak hall with a dis-
tance of about 5m from
the tokamak. During the
274 RE campaign two CTU

HXR detectors were lo-
calised at the south-west Figure 3.3: Toroidal location of RE diagnos-

and the south-east of the tics in the COMPASS tokamak: Standard
tokamak hall with an ap- HXR (dark blue), Shielded HXR (black), IR
proximate distance of 6m camera view during first three RE campaigns
from the tokamak. Only (light green), Cherenkov detector (orange),
one HXR detector was pro- limePix SXR camera (blue), ECE (dark
vided for the 374 and 4t RE green). The positions of LFS limiter (red)
campaign positioned in the and MGI valves (maroon) are also shown.

north-east side of the toka-

mak hall, also 6 m far from the vessel. In addition, 4 CsI(T1) scintillation
detectors with semiconductors were purchased for spatial analysis of the RE

behind the made decision is reported in Appendix B.
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losses. However, the detectors showed to be inadequate for RE studies in
the COMPASS tokamak due to the incompatibility of the electronic with
the generated fluxes of HXR during the RE discharges [125].

Next, a bolometric IR camera with a wavelength range between 7.5 —
13 um was used for RE studies, as the peak of synchrotron radiation falls
in the mid-wavelength IR region for the REs generated in the COMPASS
tokamak. The time resolution of the camera is 120 frames per second.
During the first three RE campaigns, the IR camera was installed at the
mid-plane tangential port located in the sector 11/12 and was observing the
counter-current direction (i.e. electrons move towards the camera). The
diameter of the observed area of the plasma cross-section varied between
each RE campaign: 14.9, 16.9 and 15.5 cm for the 1, the 2"¢ and the 37¢
RE campaign, respectively. As the NBI-2 was connected to the tokamak
to this port during the 4** RE campaigns, the IR camera was installed at
the same location, but in the co-current direction to monitor heating of the
Cherenkov probe. However, as the NBI-1 shutter next to the Cherenkov
probe was closed, in some discharges reflection of synchrotron radiation
from the shutter was observed, unexpectedly providing us an additional
information on high energy RE.

Installation of the Cherenkov detector was foreseen for each RE cam-

paign. Despite this plan, only the 3¢ and 4** RE campaigns had measure-
ments from the detector, as various technical challenges occurred during
the first two campaigns. A single-channel Cherenkov detector with dia-
mond radiator was installed for the 3" RE campaign, while a three-channel
Cherenkov detector with diamond radiator was used in the 4* RE cam-
paign. However, the latter Cherenkov detector had strong parasitic signal
coming from the HXR radiation and had to be modified for the subsequent
use?.
A 2D SXR camera, so-called TimePix [126], was used in the first three
RE campaigns for spatial observation of RE losses. The detectors are sensi-
tive to photons in the range 1 —20keV. The time resolution of the TimePix
is around 2.5ms, i.e. 400fps. The time resolution is not very well defined
as it depends on the particle flux reaching the camera sensor. The camera
was attached to the south-east part of the tokamak and observed radially
the HF'S of the tokamak through a pinhole.

During the 3" and 4! campaigns electron cyclotron emission (ECE)
was observed from oblique (i.e. tangential) view at sector 1/16 in counter-
current direction. The ECE radiometer we used had 16 channels and it was
possible to change the detection range between three different bandwidth
sets: 26.5 — 40.0 GHz (around the 15¢ harmonic of ECE for B, = 1.15T),
60 — 73.5GHz (around the 2°¢ harmonic) and 76.5 — 90 GHz (around the
274 and 3* harmonics).

3Note that the those issues have been resolved in succeeding campaigns, after the
author left.
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Figure 3.4: Left: Photo of the LFS limiter after exposition to RE beams;
Right: right and front view on the LFS limiter with dimension.

3.3.3 Additional Setup for RE Campaigns

In all four RE campaigns, the first wall of the vacuum vessel was additionally
protected by a graphite Low Field Side (LFS) limiter located in the sector
10/11 at the mid-plane position. The thickness of the LFS limiter was
15.1mm, as shown in Fig. 3.4, that should be compared to about 2mm,
which is the penetration depth of JET REs into graphite [86]. Therefore,
as COMPASS REs are typically less energetic than in JET, the COMPASS
LFS vessel was well protected with this limiter.

On COMPASS, the separatrix of limited plasma intercepts the HFS
limiter of the machine. The limiter is usually made of a ring of graphite
tiles, protecting the central column. However, in the first two campaigns
one tile was changed for the purpose of another (i.e. non-RE) experimental
sessions. Particularly, in the 1% RE campaign, one tile was replaced with
a recessed roof [127, Fig.1b] having 0mm insertion. During the 2"¢ RE
campaign, a so-called double-roof tile was installed. The double-roof limiter
was inserted around 40 mm towards the plasma compared to the other HFS
graphite tiles, thus providing a smaller contact area between plasma and
the main limiter. In the last two campaigns no special tile was used on the
HFS wall.

In the 2" RE campaign, MGI was realised using a solenoid valve,
located in the sector 13/14 (EAST valve). For the 3" and 4" RE campaigns
two additional solenoid valves were installed and tested in the sectors 4/5
(WEST) and 8/9 (NORTH). The solenoid gas valves are connected to the
vessel through two stainless steel tubes about 1m long.

3.4 Effect of Density on RE Generation

As described in Subsection 2.2.2, the main RE seed population is created
during the current ramp-up phase if n. is low and E;,, high enough. In the
COMPASS ramp-up phase, n. can be lower than 10" m=3 and E,,, can
be over 1V/m. These values lead to a ratio Erit = Etor/Eerit above 125,
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Figure 3.5: Impact of initial GP on RE population in the COMPASS toka-
mak for circular plasma. The Figure is reproduced from Ref. [118].

which indicates a very high probability for RE generation. Consequently,
RE studies started by looking at the effect of gas puff injection (GP) during
the current ramp-up phase, which will be named in the following as initial
GP. In COMPASS, gas injection starts around 920 ms at full valve opening
for few milliseconds. For the RE studies, gas injection continues at lower
level for few tens of milliseconds. The plasma breakdown in COMPASS
occurs around (955 £ 5) ms, when the current through the central solenoid
coils start to change.

Increasing n. by higher GP results in an increase of F..;; reducing the
probability of RE generation. Therefore, additional initial GPs were con-
ducted after the breakdown to experimentally investigate the suppression of
RE generation or the enhancement of RE losses. The conclusion was that
suppression usually occurred when the additional initial GP was earlier than
980 ms, while the enhanced RE losses followed for later puffs. An example
of the discharge with lack of REs is shown in Fig. 3.5. One clearly sees that
in discharge #9911 no HXR are measured compared to discharge #9910,
while the plasma densities level and their evolution were very similar in
both discharges during the flat-top phase. Meaning that the additional GP
can be used for avoidance of RE generation.

Subsequently to the initial GP tests, scan over different initial electron
densities 1, was also performed. The influence of the REs on the current
ramp-up phase is reported by the author of this Thesis in Ref. [128] and
update of this study can be found in Section 5.4. It was shown how the
lower initial n. results in higher I, during the ramp-up phase that is driven
by RE population.

Furthermore, care must be taken in order to have other plasma param-
eters constant as much as possible during such scans. However, some of
the plasma parameters are dependent on each other. For example, I, was
kept constant (see Section 3.5), but then different plasma elongation x and
safety factor qos at the edge followed due to the higher density demands.
Therefore, experiments with constant elongation x (but variable I,) were
also realised, as presented in Section 3.7.
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3.4.1 Classification of RE Discharges

On COMPASS, different waveforms of GP injection provide different amount
of generated REs during the discharges. We then decided to split the dis-
charges of the 4 RE campaigns between 4 groups®:

e Standard discharges: either RE-free discharges or discharges when the
Standard HXR detector measurements were barely visible (blue pluses
in Fig. 3.6);

o Slide-away discharges: Vioop < 0.5V and relatively weak signal on the
Shielded HXR signal (red dots in Fig. 3.6);

o RE dominated discharges: Vi, is of the same magnitude as for the
standard discharge, but observation of high energy RE losses is shown
by the high level of Shielded HXR signal (yellow diamonds in Fig. 3.6);

e Parail-Pogutse discharges: sub-group of RE dominated discharges
with a very low density (< 1.5 x 101 m™3), but located in Fig. 3.6 at
the transition region between the previous two regions (black crosses
in Fig. 3.6).

Labelling of the last group, comes from the occurrence of the so-called
Parail-Pogutse instability [78]. An example of Parail-Pogutse observation
in the COMPASS tokamak is presented in Fig. 3.7. The instability is ob-
served when the plasma frequency wpe = +/€%n./meeo is lower than the
fundamental electron cyclotron frequency 2. The saturating bursts of HXR
signals present RE losses due to the Parail-Pogutse instability.

4The classification is based on the explanation given in Section 2.2.3
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Figure 3.6: Distinction between different RE discharges using the mean
value of V,,p estimated over the time window 1080 — 1150 ms versus the
mean value of the Shielded HXR computed along the whole discharge.
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Figure 3.7: Regular periodic saturated bursts in Shielded (magenta) and
CTU (red) HXR signals after 1200 ms show detection of a Parail-Pogutse
instability in the COMPASS discharge #8559. As the theory predicts,
Parail-Pogutse instability occurs when the plasma frequency wpe (blue) -
line average n. is used for the calculation - is lower than the electron cy-
clotron frequency Q. Figure reproduced from Ref. [129].

Furthermore, note that discharges with non-constant I,, during flat-top,
disruptions before 1200 ms and plasma existing after 1400 ms are omitted
in Fig. 3.6. Particularly, the discharges with plasma existing after 1400 ms,
named long-discharges, were purposely designed scenarios to reach plasma
discharges with duration up to 1s. The key point was to have less than
usual GP injection during the current ramp-up phase. This lead to slide-
away plasma regimes with significantly lower volt-second consumption of the
primary winding. Additionally, as mentioned in Section 3.3.3, during the
274 RE campaign a double-roof limiter was installed on the HFS, making
smaller contact region between the plasma and the limiter. This resulted in
a different, new (i.e. fifth) class of discharges, with a duration much longer
than typical COMPASS discharge. On the other side, when fully aligned
C-tiles were limiting the plasma a lower initial GP than for double-roof
limiter was required to obtain long discharge, probably due to the lower gas
recycling from the wall.

A study of RE losses and discharge termination for these COMPASS
long discharges has been recently reported by Ficker et al. [130]. The most
notable result is the very high speed RE HFS termination, as the current
drops with approximately 1 GA /s rate. This value is 1-2 orders of magnitude
faster than the usual COMPASS disruptions. Due to higher termination
speed, the RE energy deposition time is smaller and potential damage in
larger machines is higher. Therefore, this RE termination type will be
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one of the focuses for the future RE studies in the COMPASS tokamak.
Finally, beside discharges in Fig. 3.6, Parail-Pogutse was observed in all the
long-discharges, as GP was purposely not performed during the discharge.
Therefore, long discharges resulted in a decreases of n. over time and thus
decrease of wp. /.

3.4.2 E.s Experiments

As already explained in Section 2.1.4, E.;; is the lower limit for the value
of the electric field Ei,, under which no RE generation is possible with the
Dreicer mechanism. In the COMPASS tokamak, experimental measure-
ments of E..; were done within the 4** RE campaign, following the work
done on other machines®. Namely, RE generation during the I, flat-top
phase of the discharge was achieved by stopping the GP injection, which
led to a n. drop and thus reduced the Coulomb collision force. To obtain
the required density drop, boronisation had to be done for better wall con-
ditioning in order to reduce wall recycling. Moreover, it was necessary to
inject more gas at the beginning of the I, flat-top phase to de-confine all the
REs created during the plasma breakdown and the current ramp-up phase.
The analysis resulted in values 14 — 21 times higher than the theoretical
value, also higher than those of other tokamaks (see Fig. 3.8). However,
the DIII-D and TEXTOR E..;; estimations are also over 10 times higher

5For mode details about the inter-machine study of E.,;; see Section 2.2.1
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Figure 3.8: Comparison of COMPASS experimental F..;; estimations with
the ones found in Ref. [48].
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than the theoretical E..;; prediction, being comparable to the COMPASS
observed values.

3.5 Effect of Electric and Magnetic Field on
REs

During this Thesis, a scan over :
different I, and consequently
different ¢qg5 was performed
with constant density n. ~
2.5 x 1019 m=3 [118]. Fig. 3.9
summarises the experimental
results. Omne can see that for
lower qg5, the REs are lost in 1060 1160 1300 T30 w00 500

t[ms]
a sho;;uler tfune tiar;{%)r hlgher Figure 3.9: RE losses presented by CTU
995- dere ore, & fe " CONINE-  HYXR as function of different gos values.
ment decreases lor lower {os, The RE confinement deteriorates with

i'fl)' hi‘gher L. ! Notel tha‘; lower qos, i.e. higher I,,. The Figure is
the constant absolute value o reproduced from Ref. [118].

HXR signal does not corre-

spond to the absolute number of lost REs due to detector saturation. Ac-
cordingly, the amount of REs generated during the I, ramp-up phase (i.e.
before 1000 ms) could be similar for all three analysed discharges. More-
over, at the moment of the final RE loss in discharges #9865 and #9867 an
on-set of MHD activity was observed, which probably explains the sudden
RE losses.

In addition to the I,-scan, three sessions during the 274 RE campaign
were devoted to a scan over the flat-top value Vo0, No unambiguous de-
pendence was found in the first two sessions, owing to the difficulties of the
density control. In the third session, the density was more reproducible and
as Vioop decreased from shot #8655 to #8657 the Shielded HXR showed
higher absolute signal. This observation would implicate that discharges
with lower electric field have larger amount of high energetic REs on COM-
PASS. A similar observation has been done in the subsequent RE campaign
for the set of discharges #9917-9920. Even though those findings could be
in conflict with the Dreicer theory where high electric field means more REs,
one should take into account that gos increases by decreasing Vi,op and (as
seen in Fig. 3.9) the higher the gg5; the lower the RE losses. Once again,
one should take care of which parameters are changed by scanning over one
parameter in tokamak plasma. Therefore, the result of the V44, scans could
be rather a consequence of the ggs5 increase than the Vi,,, decrease. As ¢
is a very important fusion plasma MHD parameter, the aforementioned ob-
servation emphasises the importance of MHD activities in the RE losses,
subject that will be briefly addressed in the next Section 3.6.

—  g;=2.28 (#9865)
—  ;=2.43 (#9867)
—  gy=2.70 (#9866)

Intensity [a.u.]
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In addition, an attempt to study the influence of Viyop in the current
ramp-up phase was conducted along with the current flat-top Vieop study.
Despite that changing the ramp-up Vi, is relatively easily done on COM-
PASS, the reproducibility in n. and I, time-traces showed to be quite chal-
lenging and time-demanding. Therefore, there is no clear output from those
experiments and more statistics is needed. Moreover, a scan over few dif-
ferent By, was performed, with no clear outcome.

3.6 Effect of MHD Modes and Instabilities on
REs

It is widely accepted that magnetic reconnections are (among others) con-
nected to sawtooth crashes [131]. Moreover, it is believed that REs could be
generated during magnetic reconnection due to the extremely high electric
fields that are created during these events. Consequently, one would expect
REs to be generated during sawtooth crashes. This hypothesis was inves-
tigated experimentally [129, Chapter 4] on the COMPASS tokamak. The
main results is shown in Fig. 3.10 where, two discharges with sawtooth ac-
tivity are depicted. The HXR signal detects RE losses for discharge #8632
(Fig. 3.10b), while nothing is measured during discharge #8634 (Fig. 3.10c).
The main difference between the two discharges is the ramp-up density
Nne which is two times smaller in the first 25 ms of the discharge #8632
(Fig. 3.10a). Note that the subsequent plateau density is very similar in the
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Figure 3.10: Experimental proof that RE are not generated during the
sawtooth crashes in COMPASS tokamak: (a) line averaged density for
both discharges, (b) SXR and HXR signals for #8632 showing sawtooth
crashes and RE losses, respectivaly and (c) same as (b) but for discharge
#8634. Figure reproduced from Ref. [129].
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two discharges. Therefore, REs are generated during the ramp-up phase
(when density is low enough) and sawtooth crash only de-confines them.
The RE de-confinement probably occurs because magnetic field lines be-
come stochastic during sawtooth crash deviating the RE trajectory. Suc-
cessful repetitions of the experiment were routinely achieved.

RE losses also seem to be connected with the presence of tearing
mode [132]. A measurement of CTU HXR and Mirnov coil A12 presented
by spectrograms in Fig. 3.11a shows a clear link between the RE losses
and the tearing mode [133]. Namely, a magnetic island with frequency
around 8kHz can be observed between 1050 and 1060 ms on Mirnov coils
spectrogram and identical structure is found for the HXR signal. It means
that RE losses are connected with the existance and behaviour of the mag-
netic island. Moreover, not only that plasma oscillations/instabilities (e.g.
sawtooth, tearing mode) can de-confine RE, but also external technical os-
cillations coming from plasma movements (explained in the next Section)
or flying wheel rotation for the power supplies [132]. For example, we ob-
served a relation between the rotation frequency of the flying wheels and RE
losses (see Fig. 3.11b) with the frequency of REs losses. Even though, the
frequencies are not the same, the RE loss frequency increased between the
discharges by the same factor as the flywheel frequency request. Addition-
ally, we recognized experimentally [132] that the ratio between frequencies
of CTU HXR peaks and the dominant poloidal field oscillations (measured
by the flux loop FL2) drops linearly as the edge safety factor gg5 increases.
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Figure 3.11: (a) Spectrograms of CTU HXR detector (top) and of the
Mirnov coil A12 (bottom) for discharge #10945. (b) Frequency power
spectra of HXR (top) and fly-wheel (bottom) signals for discharges #10874
and #10875 that have fly wheels rotating with 1400 and 1600 revolutions
per minute (rpm), respectively. Figures are reproduced from Ref. [133]
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A passive observation of the Alfvén-wave oscillations associated with
the REs losses at COMPASS is reported in Ref. [134]. Both, continuous
and chirping-like Alfvén modes are found to be linked with the RE losses.
Particularly, it is observed that RE losses trigger the modes. In the 4" RE
campaign there was an attempt to reproduce some of those experiments, but
with limited success. The connection of RE with Alfvén-like MHD modes
still presents ongoing research.

3.7 Position and Shaping Effects on REs

In the first two RE campaigns, the influence of radial and vertical move-
ments of the plasma on the REs was investigated. At the same time an
attempt to measure the heat load of REs on the HFS limiter by the radial
inward movement with the IR camera was also performed. Additionally,
different speeds of radial inward plasma movement were investigated. Dur-
ing the 1% RE campaign, besides the vertical plasma movements, three
discharges with very fast (~2ms) vertical displacements of the plasma, so-
called wvertical kick, were done to examine their effect on RE losses. However,
no obvious difference or dependence were detected in any of the aforemen-
tioned experiments. On the other hand, discharges with plasma movement
showed to be useful for the verification of the RE diagnostic observations.
Namely the IR and the TimePix cameras® observed the upward and down-
ward motion of RE beam with the plasma. Moreover, oscillations of the
plasma radial position induced by electrical noise coming from the power

6See Subsection 3.3.2 for the technical details on the cameras.
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Figure 3.12: Effect of plasma shaping on the RE confinement in the COM-
PASS tokamak. Left panel: circular plasma (x = 1.0); right panel: elon-
gated plasma (k = 1.4). The Figure is reproduced from Ref. [118].
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supplies were suspected to cause RE losses [132]. This assumption was con-
firmed with the CTU HXR and fast IR camera used during the MTS1 RE

campaign.

Regarding the plasma shape, it was observed that the more elongated
the plasma was, the better REs were confined, and that higher elongation
requires higher n, for a RE-free plasma discharge [118]. Fig. 3.12 illustrates
these conclusions for a circular plasma with £ = 1 and a limited D-shaped
plasma with x = 1.4, while the initial GP until 970 ms was the same for all
4 discharges. One can see from HXR signals that a density of n. = 3.2 X
10" m~3 for the circular plasma discharge #9840 was enough to suppress
the confinement of REs at the beginning of the flat-top, while this is not
the case for the D-shaped discharge #9847 even though the density had
similar values during the whole discharge. Moreover, the Shielded HXR
signal shows that high energy REs are better confined in D-shaped #9847
even with higher n. than during the circular #9838 with lower n..

Beside limited plasma, the shaping experiments also included diverted
and H-mode plasmas. The trend of better RE confinement with higher
elongation (k = 1.8) and diverted plasma continued. On the other hand,
discharges with the early H-mode showed to be difficult to achieve and it
has been left for future studies.

3.8 RMP Influence on RE

The COMPASS tokamak is equipped with a system of poloidal and toroidal
coils that can introduce resonant magnetic perturbations (RMPs) in the
toroidal direction with the n-mode number equal either to 1 or 2 [135]. As
the RMP system was at a time one of the two main schemes for the ITER
RE mitigation, COMPASS RE campaigns examined RMP’s influence on
the RE population. During the 1%¢ RE campaign modification of RE loss
frequency with RMPs was observed, i.e. RE loss frequency was correlated
with RMP frequency. In this experiment the configuration was set to n = 2
using all (bottom, mid-plane and top) coils with equal parity. In later cam-
paigns, the mid-plane coils were switched off, while the rest of configuration
was kept the same. With such configuration of coils, three discharges were
performed during the 2" RE campaign and more than 10 during the 4**
one. No significant influence on the RE population has been observed show-
ing the importance of the mid-plane RMP coils in RE mitigation. This is
probably because REs are predominantly located at the plasma core and
the mid-plane coils are the closest ones. Nevertheless, the effect of RMP
coil closeness to the RE beam is still to be investigated in details.
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3.9 MGI Influence on RE

As mentioned previously (Subsection 2.2.4); MGI triggered disruptions are
more prone to the RE beam occurrence. Therefore, Ar injection was used
to trigger the first post-disruptive RE beam in COMPASS. First tests have
shown [136] that the easiest way to produce a RE plateau was to massively
inject Ar during the ramp-up phase of the plasma current. The analysis of
those first Ar tests showed that typical COMPASS disruptions without Ar
injection can satisfy almost all parameters important for runaway plateau
creation (e.g. Ne, Vioops Iy, Gefs, Ip), but that high-Z MGI is necessary for
activation of thermal quench to enhance/trigger RE generation during the
disruption.
Post-disruptive RE beams vaive Ar in
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Conference by Plyusnin et hal current drop; bottom: relatively weak
al. [137], showing the rel- Plasma radiation after disruption shows lack
evance of the COMPASS of hot plasma after disruption.

tokamak to the ITER-relevant RE studies.

Beside using MGI during the I, ramp-up phase, Ar gas was also puffed
during the current flat-top phase but without any RE beam generation. Fur-
thermore, Ar was puffed somewhere after 1400 ms into the long discharges
that have already beam-like RE population. No clear RE current plateau
was realized in from the long discharges, probably because the RE beam
practically already exists. However, a connection between RE losses and
MHD activity was observed during those discharges and they show poten-

&
1)
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tial for studies of interaction between MGI and RE beam. Detailed analysis
of the MGI discharges is done in Chapter 7.

Alongside Ar MGI, Ne gas was also used as MGI gas during the 4" RE
campaign. However, no clear sign of RE beam creation was observed. The
probable reason is a too low Ne back pressure Phgck’, in argument with
observations on AUG®, Py, being limited by the reduction valve at the
entrance of the MGI injection system.

3.10 RE Modelling in COMPASS

LUKE and METIS (see Section 2.1.6) are installed at COMPASS and cou-
pled to simulate the time evolution of the main RE discharge parame-
ters. These two coupled codes were used to verify the existence of the
avalanche mechanism® in the COMPASS tokamak. According to Ref. [28]
the avalanche mechanism significantly contributes to the total RE popu-
lation in tokamaks that have I, 2 1MA, so it should not contribute sig-
nificantly in the COMPASS case. To verify this presumption, parameters
of discharge #8555 are taken as the starting point. Taking the plasma
parameters at the beginning of the current flat-top phase, modelling with
LUKE-METIS showed that avalanche could contribute up to 30% of the
RE current after 100 ms. Dedicated experiments realised during the 3¢ RE
campaign for modelling purpose provided valuable input. Additionally to
LUKE-METIS simulation, COMPASS facility has been equipped with the
so-called NORSE code and its first use is reported later in this Thesis.

3.11 Conclusion and Future Perspective

Around 500 relevant discharges were performed during the 2-year MST2
project on the COMPASS tokamak. As already mentioned, those were
the first dedicated experiments at the COMPASS tokamak. Henceforth,
the conclusions have been chronologically classified to show what we have
learned from campaign to campaign.

As dedicated RE studies started with this project, plasma parameters
crucial for the RE generation were investigated in the 15* RE campaign, such
as gas injection rate at the beginning of the discharge and influence of the
density during the flat-top phase. For densities lower than 2 x 10! m~3 we
have explained that a significant RE population can be generated. Further-
more, effect of plasma position R,, elongation s and plasma current I, were
tested. At this moment only plasmas with relatively high currents showed

"The back pressure is the set pressure of injected gas before the valve from MGI
system is opened.

8AUG required about 4 times larger back pressures for Ne than for Ar to achieve
similar results.

9See Section 2.1.3 for the explanation of avalanche mechanism.
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to confine RE better. Position tests did not show any clear dependence and
elongation experiments were not conclusive after the 15* campaign. From
the diagnostic point of view, the first synchrotron and Parail-Pogutse insta-
bility observations were recorded.

In the 2" RE campaign, studies of shaping and designing fuelling sce-
narios continued, bringing us to the conclusion that RE are better confined
during D-shaped limited plasmas than for circular ones. Link between saw-
tooth crashes and RE generation/losses was investigated. As it was reported
here, we showed that REs are not produced during sawtooth crashes, but
only lost due to the sawtooth induced magnetic field stochasticity. Addi-
tionally, the first long COMPASS discharges were successfully conducted.
The main result of the 2"¢ RE campaign was the achievement of post-
disruptive RE beams. Even though the COMPASS tokamak itself is an
intrinsically ITER-relevant machine, this achievement proved COMPASS
to be even more ITER-relevant.

In the 3"Y RE campaign, experiments with Ar puffing and systematic
shaping scans continued. Even though RE beams were again achieved, their
reproducibility did not increase. Diverted plasma experiments showed even
better RE confinement than the D-shaped limited plasma. Studies of the
MHD effect on RE confinement were intensified, showing promising results
for the future. First Cherenkov detector measurements were obtained during
this campaign and provided information on prompt RE losses.

Boronisation was realised before the last MST2 RE campaign for better
wall conditioning. This resulted in a better n.-control and allowed estima-
tion of the experimental E..;; on COMPASS. It resulted in 14 — 21 times
larger values than the theory predicts, but this is still to be investigated.
Besides advancement of the previous studies, influence of continuous and
chirping-like MHD modes on RE was also investigated.

The focus of present COMPASS RE studies are MHD influence on RE;,
novel diagnostics and Ar-puff injection with RE beam stabilisation.
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Chapter 4

Importance of Electric
Field Estimation for
Runaway Electron Energy
Calculation

The present Chapter examines the influence of the electric field Ej,,. on
the maximum RE kinetic energy W, calculation. The reported results
show the importance of the Ey,,. definition used as well as the knowledge of
the corresponding errors for the extrapolation towards ITER. However, the
Chapter does not solve the issue of the Fy,, definition. It is rather made to
challenge the E,, definitions often used in the literature and in the COM-
PASS tokamak and propose an acceptable guideline. Finally, the Chapter
presents errors introduced on W,,,, by the different E,,, definitions.

As B} is usually estimated either from the measured loop voltage Vigop
or from simulations using magnetic diagnostics, it is recommended to read
Section 2.3.8 before reading this Chapter, where general information of the
magnetic diagnostics for the plasma and RE studies is briefly reported. In-
formation on the COMPASS magnetic diagnostics relevant for RE studies
is described in Section 3.3.1. Nevertheless, be aware that a proper estima-
tion of the E,, in tokamaks is far more complicated than the first approach
given by Eq. 2.9. The complexity of Fy,, estimation can be seen for instance
in Ref. [113].

This Chapter starts with the derivation of a theoretical model for the
Winae calculation. The next Section focuses on one particular discharge
with a constant V., where different Ey,, and consequently different Wipqz
values obtained from measurements, simulations and theory are compared.
A selected set of mathematical tools from the previous Section are then
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used for different types of discharges that are typical for the RE campaigns
in the COMPASS tokamak. Finally, a summary is given for all reported
estimates with an outline in which direction to improve the FE,. estimate
is described.

4.1 Theoretical Expression for W .«

Before analysing the effects of different F;,,. estimates, it is important to
define the parameter W, ... Beside Ej,, there are other potentially limiting
factors for the RE energy estimate in tokamaks and they are firstly reported
in this Section. Furthermore, the model for W, ., estimate is also defined
in this Section and it will be used throughout the whole Thesis.

4.1.1 General RE Energy Limits

If we assume that there are no RE losses and that all REs move with the
speed of light, W,,,, is directly proportional to the history of the toroidal
electric field Eyp:

Winae = ec/EtOTdt. (4.1)

Taking typical electric field values (0.3 — 0.5V/m) and discharge duration
(around 0.3 s) for the COMPASS tokamalk, it is estimated that RE can reach
energies of about 30 to 50 MeV in COMPASS. However, there are various
RE losses in tokamak and some of the most common ones are reported in
Section 2.2.5. These losses can reduce the value of W,,,, as described by
Jaspers in Ref. [70, Section 2.4].

Using equations from Section 2.2.5, one obtains theoretical W, 4, limits.
Taking Bior = 1.15T and a, = 0.2m with ¢, ranging from 2.2 to 3.5 for
drift losses Eq. 2.10 gives Wy,q. equal to 20-30 MeV. Furthermore, ripple
losses! for the first harmonic n,,. = 1 should limit RE energy to about
12MeV with machine major radius Ry = 0.56 m and number of toroidal
coils Ny, = 16. Synchrotron? and bremsstrahlung? (Zesr = 1.5) radiation
are preventing RE to gain energies greater than 50 MeV and few GeV, re-
spectively. Therefore, one could conclude that the REs in COMPASS could
not reach more than ~ 12MeV due to the ripple losses (the most limiting
factor). On the other hand, experiments prove the opposite, synchrotron
radiation from REs with energies over 20 MeV and even 30 MeV are ob-
served with the IR camera. The possible reason for discrepancy between
experiment and theoretical prediction is in the simple nature of theory be-
hind Eq. 2.11. Anyhow, investigation of this issue is out of the scope of
the Thesis. Furthermore, bremsstrahlung is clearly not the limiting factor

1Defined in Eq. 2.11.
2Defined in Eq. 2.12.
3Defined in Eq. 2.13.
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during the standard discharges, but it could significantly affect the MGI
experiments, especially in small/medium machines with relatively low By,
(e.g. the COMPASS tokamak).

Finally, RE drift losses should not be ignored as the potential reason of
RE losses in COMPASS, but it is difficult to check this experimentally. Pos-
sibility for the experimental study could be the analysis of discharges with
different ¢,, same or similar to the ones mentioned in Section 3.5. Nonethe-
less, Eq. 2.10 is an approximation and one should use more sophisticated
tools - e.g. analytic [69] or numerical [138].

In summary, synchrotron radiation does not really limit the RE energy
in COMPASS, as observed energies are about 2 times smaller than the the-
oretically expected limit. Nevertheless, synchrotron radiation will be taken
as the main RE loss in COMPASS, as it is directly proportional to the power
of Lorentz factor v and experiments have shown its existence and impor-
tance. The drift losses could be relevant, however their consideration is out
of the scope for this Chapter and it will be implemented in the upcoming
Chapter (see Section 5.5). Bremsstrahlung losses are also proportional to
the v and could be relevant for the MGI experiments where Z.;s can be
larger than in standard discharge by an order of magnitude, but they are
otherwise negligible. Ripple losses will be omitted throughout the whole
Thesis, as the simplified theoretical estimation above is not supported by
the experimental observations in the COMPASS plasma.

4.1.2 Model for W, Estimation

The W4, parameter is one of the most crucial parameter along this whole
Thesis. Therefore, precisely defining the Fi,. calculation for estimating
Winaz 18 very important. However, Eq. 4.1 above is oversimplified. As
explained previously, the synchrotron radiation loss is considered to be
the most relevant RE losses in the COMPASS tokamak. In addition, the
bremsstrahlung radiation is also taken into account, as it could be relevant
for the MGI injection experiments due to the high Z.;; that arises from
the injected gas. The introduction of radiation losses makes the whole sys-
tem of non-linear equations, so that iterative solution must be searched as
radiation power losses depend on the RE kinetic energy v(Wrg)*.

The model is taken from Ref. [81], where radiation losses are subtracted
from the acceleration. It is a 0D model, as there is no dimensional depen-
dency, but only time evolution. Particularly, the lost power by synchrotron
radiation Psypncn and bremsstrahlung radiation Pprems are subtracted from
the power gained by the RE thanks to the electric field Pg

dWma:c

=P _Psnc _Prems 4.2
T B~ Psyncn — Py (4.2)

4For more detail about synchrotron and bremsstrahlung radiation see Section 2.2.5
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to obtain the time dependence of W,,... Note that taking into account
the bremsstrahlung radiation is a refinement of this Thesis as Yu et al. [81]
did not include it in their calculation. The power gain by E,, is simply

calculated as
6C‘/plasma

Pr = ecE4y, = 2R, (4.3)
with R, standing for the plasma major radius. The synchrotron power loss
4,4
Paynen = M;;f” (4.4)
and the bremsstrahlung power loss
Pirems = 1one(Zegy + Dr2mecy(n2y — 1/3) (4.5)

were already defined in Section 2.2.5. The curvature radius R, is calculated
using Eq. (9) from Ref. [139]:
_ Ry
122y x 2w

(4.6)

where 2/7 at the end of the denominator comes from the average taken over
the gyro-motion angle, and where n = (v, ) /vg, and vy, is the drift velocity

() (o
Qg%p' ) (47)

Vdyr

where v and v, are the electron velocity components parallel and perpen-
dicular to the magnetic field, respectively. Furthermore, the angle brackets
in the definitions of 77 and vy, denote the average of spatial and momentum
average, therefore making the whole calculation dependent on the RE dis-
tribution function. For simplicity, a mono-chromatic RE beam with a small
enough minor radius will be assumed to simplify the averaging and thus the
bracket can be omitted. The mono-chromatic RE energy distribution is a
legitimate assumption, as only fastest RE are interesting here, since they
are the ones that contribute the most to the kinetic energy limit W, 4.

4.2 Uncertainties in W, for the Discharge

In this part, how a different F,,, effects the W,,., will be examined. For
this purpose, the COMPASS discharge #9814 will be used for the analy-
sis, as the current carried by RE was negligible comparing to the I, (so
there was no disturbance to the magnetic measurement), a constant Vjep
was requested (to avoid influence of time-evolving Vj40p) during the I, flat-
top phase and, most importantly, the discharge is of the highest relevance
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for the synchrotron radiation studies (see Section 6.4). The plasma in dis-
charge #9814 was circularly shaped, with By, = 1.15T and a linearly rising
current due to the constant Vj,o,. Even though the plasma current is ris-
ing, this phase will be addressed as the flat-top phase due to the common
nomenclature and for convenience.

In order to compare the effect of different Ey,,. on W, 4., the difference
0% between two W,,q, calculations coming from different E,,, estimate will
be used in the rest of the Chapter. It is defined as the ratio between the
difference and the mean value of the two examined W, 4.:

5W _ |Wmaz,r - Wmaz,y|
w (Wmaw,a: + Wmaw,y)/Z

100%, (4.8)

where z and y stand for the two different Ey,, (or Vipep used for Ej,,.) time-
traces coming from either measurements or simulations. The mean value in
the denominator normalises the absolute difference, instead of the common
practice that requires one value as the “reference” one, simply because none
of them is the “reference” value. The error defined as in Eq. 4.8 is know in
the literature under the name “symmetric mean absolute percentage error”
and it has values in the 0 - 200 % range. Moreover, in tokamak plasmas
a relative error of 50% is often considered as tolerable limit. We can see
from Eq. 4.8 that if one value is 50% larger than the other, it corresponds
to 6 = 40%. Henceforth, " = 40% will be taken as the allowable limit
for discrepancy between two signals.

The Section starts with usage of differently located Vj,0, measurements
for the Ej,, estimate. It continues with estimate of Fy,,. from simulations.
Next part is a comparison between measurements and simulations. At the
end, a method for estimating F,,, that corrects the experimental measure-
ments using simple expression is compared with the E,, estimates from the
simulations.

4.2.1 Vijlasma from Measurements

In tokamak, FEi,. is usually not measured directly and is rather derived
from the toroidal loop voltage Vj,op, measurement. In electrostatics the
electric field F is defined as the opposite of the gradient of the potential V.
Therefore, Fy,, can be approximated from the measurement of the voltage
inside plasma Vpiasma by

Vit
By, — ~Plasma 4.9
o = oz (49)

omitting the negative sign as the amplitude is of consideration here. How-
ever, the plasma voltage Vpiqsma is not measured directly and is often ap-
proximated to be equal to the loop voltage Viop (see Eq. 2.9). This assump-
tion is not always correct, especially when the plasma current is ramped up
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Figure 4.1: Time traces of all four available Vi,,, signals for discharge
#9814. The signals are smoothed over 10 ms time window for better vi-
sualisation.

or down due to the differently energised inductance that depends on the
plasma, its location, the vacuum vessel material and the tokamak magnetic
coil systems. In short, the system is not electrostatic, but electrodynamic.
Moreover, even when plasma current is quiescent, corrections should be
done depending on the loop location and the plasma region of interest, due
to the plasma induction, making the whole problem non-linear.

As reported in Section 3.3.1, Vj,0p is usually measured by wire loops
wound in the toroidal direction, so-called flux loops (FLs). There are 8
flux loops physically installed on the COMPASS vacuum vessel, where FL.2
located on the upper HFS is commonly used (see Fig. 3.2b) for Vj,e, mea-
surement. Besides FL2 there are only 3 more functional flux loops - FL4
(mid-plane HFS), FL5 (mid-plane HFS) and FL7 (lower HFS). An analysis
of which flux loop is to be used for RE studies is performed next.

As an illustration, Fig. 4.1 shows all four available V0, signals for the
discharge #9814. Discrepancies between the different signals can be ob-
served due to their different location on the COMPASS tokamak.

The time traces of the difference 6" between the flux loop FL2 and the
flux loops FL4, FL5 and FL7 are shown in Fig. 4.2. Two things can be
observed from this Figure: (1) 6" is significantly different during the flat-
top phase of discharge (> 1050 ms) for FL4 in comparison to the other two
(2) and the signals from FL5 and FL7 are quite similar during the whole
discharge.

Nevertheless, the “correct” or “proper” flux loop is not yet chosen - so
the flux loop FL2 should not be the only one compared to the other ones.
On the other hand, it would be cumbersome and redundant to make the
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Figure 4.2: Time traces of the relative error 6" of the W, calculated
using flux loops FL4 (83), FL5 (63%) and FL7 (4}Y) with respect to the
flux loop FL2. Two vertical black dashed lines at 1050 and 1270 ms show
the approximate start and end times of the “flat-top phase”.

graphs for each flux loop as in Fig. 4.2. Therefore, the mean values ,u% nd
the standard deviations O'W for the whole ¢, W time traces are systematically
collected in Table 4.1. Be81de the two aforementloned observations made
from Fig. 4.2, a surprising observation from the Table is the relatively large
difference between the flux loops FL4 and FL5 signals even though their
location is relatively symmetric. The large similarity between the signals
coming from the flux loops FL5 and FL7 was also unexpected.

The Table 4.1 shows how the flux loops are compared among themselves,
while there is no information on which one is the best to use to estimate
Fior. Intuitively, the best flux loop to use should be the one closest to the
plasma itself - which are FLL4 and FL5 in the case of limited plasmas and

,u% FL2 FL4 FL5 FL7 a;’,‘; FL2 FL4 FL5 FL7
FL2 - 17 10 9 FL2 - 9 8 7
FL4 | 17 - 14 15 FI14 9 - 5 6
FL5 | 10 14 - 2 FL5 8 - 3
FL7 9 15 2 - FL7 7 6 3 -

Table 4.1: Left: The mean values ug[; of 5% for each combination of the
flux loops over the whole discharge period. For example, the FL2 row or
column summarises the Fig 4.2. Right: Same as the left Table, but for
the standard deviation o/ y calculated from 6W signal. The quantities are
in percent [%].
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FL2 in the case of diverted plasmas. Therefore, the choice of the best flux
loop for Ei,, estimation will be left for the following Sections.

4.2.2  Vylasma from Simulations

Unfortunately, the flux loops measure the voltage from outside the plasma,
while REs are generated in (the core of) the plasma, as mentioned in Sec-
tion 2.3.1. When the flux loops are close enough to the plasma (e.g. FL4
and FL5 for limited plasma), measurements could be approximated at best
as the voltage at the plasma boundary. However, theory and/or simulation
can help to recover the Vjjqsmq at a given location based on the knowledge
of Woo;r

In this Section, two simulations - from EFIT and METIS?® - are used here
to get Vpiasma (i-6. Eior). The EFIT reconstruction creates data in a 2D
mesh cross-section of the poloidal plasma plane solving the Grad-Shafranov
equation for plasma MHD-equilibrium, using only magnetic measurements
in the current setup of the COMPASS tokamak. In the analysis addressed
here, Vpiasma is calculated on the plasma axis 6, METIS simulates a plasma
discharge taking additional measurements (e.g. electron temperature and
density, radiated power from the plasma, auxiliary heating power) on top of
the magnetic ones. Its output provides directly a radial profile of the toroidal
electric field Fi,. and the value computed on the plasma axis makes again

5See Sections 3.1 and 2.1.6 for more details about EFIT and METIS, respectively.
SN.B. not on the vacuum vessel axis.
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Figure 4.3: The time trace of the error 6" calculated mutually between
the Wiae from EFIT Vijasma and the Wi,q, from METIS Ey,,., which is
calculated for Z.ry = 1.5,2.0 and 2.5. The mean value 1" and the standard
deviation ¢ are reported in the legend.
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the output. As the Z.sy is required for METIS calculation but it was not
measured during RE campaigns, we will have to assume the Z s value.
Consequently, the effect of different Z.;y on METIS simulation will also be
investigated in this Section.

The time evolution of the difference between the two simulations is pre-
sented in Fig. 4.3. As it can be seen, the difference 6" between the simula-
tions is in the 0 - 20 % range after 1050 ms, while during the ramp-up phase
there is a larger discrepancy between EFIT and METIS. Moreover, METIS
with Z.7r = 2.5 seems to match EFIT pretty well during the flat-top phase,
while for Z.;; = 1.5 the difference is over 10%.

The above results lead to the preliminary conclusion that METIS with
Zegs = 2.5 should be more appropriate to use. This is in agreement with
the experimental observations that indicate Z.j; values up to 2.5 [140].
On the other hand, recent estimates using Thomson scattering data [141]
reported even lower values of Z.¢¢ than 1.5. Moreover, with regular pre-
conditioning of the wall with boron before campaigns and with the glow
discharge in between plasma discharges, Z.r; should not go as high as 2.5.
The final recommendation on which Z. ;s to use for METIS will be addressed
afterwards.

4.2.3 Comparison between Measurements and Simula-
tions

Measurements and simulations are compared in this Section. On one side -
the Vjo0p measurements are taken outside the vacuum vessel, but they are
still affected by the significant RE population. On the other side - both
EFIT and METIS simulations do not handle REs in the rigorous manner.
Although, METIS has an option to include the Dreicer generation, the
output clearly does not correspond to the experiments.

The results are organised in Tables 4.2 and 4.3, in a similar manner as
earlier. The first and the most important thing to notice is that FL4 is
the flux loop with the lowest error 8" with respect to both simulations.
One can also notice that the 6" between simulations and measurements
are larger than the 6" among the measurements themselves, reported in
Table 4.1. This is probably due to the nature of signals - simulations provide

EFIT ‘ FL2 FL4 FL5 FL7
fpy | 20 15 19 20
op, | 256 19 22 22

Table 4.2: Comparison of the difference 5" between the experimental flux
loops Vieep (v) and the EFIT Vyjgsmae- The second row are the mean values
u%/y and the third one are the standard deviations 0}%. The quantities are
in percent [%)].
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Zepr =15 | pyy,  onyy Zepr =25 | phr,  ony
FL2 | 50 40 FL2 | 37 40
FL4 | 38 40 FL4 | 31 35
FL5 | 49 40 FL5 | 38 37
FL7 | 50 41 FL7 | 39 37

Table 4.3: Same as the Table 4.2, but the reference W, is calculated from
the METIS E,,, value with Z.5; = 1.5 (left) and 2.5 (right). The quantities
are in percent [%].

estimate of FEi,, inside plasma, while measurements are giving F;,, around
the vacuum vessel. On the other hand, EFIT simulations systematically
show to have W, . estimate closer to the measurements than the METIS
ones, while METIS with Z.f; = 2.5 is closer to the measurements than
when Z.5y = 1.5 is used. Additionally, a reason for the standard deviation
oW to be so large is the fact that 6" has values over fifty percent before
1050 ms (see Fig. 4.3, for example). As the RE kinetic energy W can go up
to 10 MeV during the COMPASS ramp-up phase and W,,,4, time-trace is
relevant for the calculation in Chapter 5, the error coming from that time
range is highly relevant.

Finally, it can be concluded that the flux loop FL4 introduces the lowest
error for estimating the W,,., value in the case of the discharge #9814,
if EFIT or METIS reconstructions are to be trustworthy. In other words,
the flux loop FL4 is the best to use for circularly shaped plasma discharge
without significant RE current. Therefore, it will be the only flux loop used
for Vioop measurement in the following Section.

4.2.4 Fujita’s Correction to the Measurements

A theory developed by Fujita [142] and collaborators that allows a recovery
of Vpigsma from Vjeop, measurements will be presented here. They estimated
the voltage in the plasma (denoted as resistive part) from Vj,,, measure-
ments by using a theoretical expression. This expression is given by Eq. (15)
from Ref. [142]

I b\ dI,

Vplasma = Woop - ,LLORp |:21 +1In <a>:| E, (410)
P

where [; is the internal inductance of the plasma and b is the minor radius
at the position of the flux loop.

As already stated at the end of the previous Section, the flux loop FL4
will be used for the Vj,,, measurement. In the case of the COMPASS
tokamak, b ~ 0.235m for the flux loop FL4 [143, Table 3-4]. The I; will be
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‘ WwoogW
EFIT | 33 101
METIS(Z.;; = 1.5) | 28 37

METIS(Zesp =2.5) | 39 50

Table 4.4: The difference 6" between the Fujita’s theory and simulations -
EFIT (second row) and METIS with Z. ;s = 1.5 (third row) and Z sy = 2.5
(forth row). The quantities are in percent [%)].

taken from EFIT or METIS” according to the code to which the Fujita’s
correction is compared.

The results are given in Table 4.4. The difference mean value "V for
Fujita’s correction is larger from EFIT and METIS with Z.¢y = 2.5 and
smaller from METIS with Z.y; = 1.5 when compared to the Table 4.4.
Therefore, we conclude that Fujita’s correction is closest to the most distant
simulation from the measurements, i.e. METIS with Z.;; = 1.5. Again,
the huge standard deviation (especially in the EFIT case) is most likely due
to the Vpiasme difference in the beginning of the discharge.

The large difference between Vjiqsmq obtained from Eq. 4.10 and the
EFIT and METIS simulations shows one of the main points of the analysis
addressed here. The most probable reason for discrepancy is the relatively
large uncertainty for the [; estimate, coming from EFIT and METIS. How-
ever, those are the best tools for its estimation in the COMPASS tokamak.
A simple analytic approximations, such as Fujita’s (and many others), could
introduce non-negligible errors throughout the literature without examining
the consequences. Note that it is in the responsibility of every researcher
(and not of an author of a formula) to know of the possible errors. More-
over, those errors could further produce predictions inaccurate in the orders
of magnitudes, as W, 4, is only the intermediate (but very important) pa-
rameter in most of RE studies.

To summarise the Section, we can say that (1) FL4 seems to be the most
appropriate flux loop for studying REs in circular discharge, as it gives the
closest W4 to the ones coming from simulations, (2) EFIT is the has
closest Wy, from simulations to the measurements, (3) and METIS gives
the closest Wiy,q4 to the ones from EFIT and measurements with Z.r; = 2.5.
Additionally, T would recommend FL4 instead of FL2 to the COMPASS
operators.

"Note that both EFIT and METIS codes also use the measured Vioop as an input.
Consequently V., measurement possibly affects the estimation of the inductance /; from
simulations and thus introduces a non-linearity in Eq. 4.10. This effect is neglected here.
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4.3 Uncertainties in W,,,x for Different Dis-

charges

It was shown previously that the flux loop FL4 is closest to the simulations,
namely the differences 6" are 15% and 31% using COMPASS discharge
#9814 for the EFIT and the METIS, respectively. On the other side, EFIT
seems to have closest W,,,, with respect to the one from measurements.
Even though, the errors are relatively high, those values lie in an “accept-
able” level for thermonuclear science, as explained in the introduction of
the previous Section.

Nevertheless, the final conclusion should not be drawn from only one
discharge. Especially since the loop voltage in the flat-top phase for some
special RE discharges® is much lower than for typical RE-free discharge, as
it can be seen in Fig. 3.6. Therefore, different types of discharges are now
considered to investigate the differences in the W, ., estimation.

The discharge #7337 is taken as representative of the RE-free discharges
(the same type as the discharge #9814 analysed above), the RE discharge
sample is #8555, while the discharges #8556 and #10806 are examples for
the Parail-Pogutse and the slide-away regimes, respectively. The criteria for
the discharges is to have as extreme discharges as possible with high versa-
tility between the campaigns and taking discharges with high relevance for
the Thesis. Notice that those discharges are shown for illustrative purpose
and that similar results are observed across the database created from the
RE campaigns.

8See RE discharge classification in Section 3.4.1.

pW | FL2 FL4 FL5 FL7 METIS: Zojp =15 Zesy =25

#7337 | 22 24 26 26 32 19
#8555 | 50 27 23 26 16 30
#8556 | 57 38 34 43 62 79
#10806 | 59 56 60 65 106 145

oW | FL2 FL4 FL5 FL7 METIS: Z; =15 Zej; =25

#7337 | 88 27 31 31 14 15
#8555 | 32 24 31 33 11 15
#8556 | 25 29 30 32 32 28
#10806 | 81 49 48 47 46 22

Table 4.5: Above: The mean values u"V of 6" of all four flux loops and
METIS (Zc¢s = 1.5 and 2.5) with respect to the EFIT W, values calcu-
lated for different discharges. Bottom: Same as the upper Table, but for
the standard deviation ¢" of 6. The quantities are in percent [%)].
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pW | FL2 FL4 FL5 FL7 EFIT METIS: Zoss = 2.5
#7337 | 48 56 57 58 32 11
#8555 | 40 35 31 32 16 14
#8556 | 56 65 69 68 62 20
#10806 | 112 71 72 73 106 75

oW | FL2 FL4 FL5 FL7 EFIT METIS: Zo = 2.5
#7337 | 78 45 50 49 14 7
#8555 | 36 19 26 29 11 7
#8556 | 29 36 37 36 32 4
#10806 | 39 36 35 34 46 46

Table 4.6: Same as Table 4.5 but W,,,. calculated from the METIS Ej,,.
values with Z.r; = 1.5 is taken as reference.

The relative errors 6" are presented in Tables 4.5, 4.6 and 4.7 where
EFIT and METIS (with Ze;; = 1.5 and Z.sy = 2.5) are taken as the
reference, respectively.

First, it is observed that FL4 does not have the closest value to the sim-
ulations for all the examples, as sometimes it is FL2 or FL5. Moreover, the
discrepancies can be quite different, as for the discharge #8556. Next, in
comparison to both METIS options, the EFIT has systematically smaller
W values. Again, METIS with Z.;; = 2.5 is closer to measurements as
in the above, except for the slide-away discharge #10806. The discharge
#7337 has similar "' values as discharge #9814 reported above, which
could be expected as they are of the same type, i.e. discharge with a negli-

pV | FL2 FL4 FL5 FL7 EFIT METIS: Z.s; =15

#7337 | 42 38 37 38 19 11
#8555 | 31 37 33 32 30 14
#8556 | 57 69 74 69 79 20
#10806 | 159 88 84 79 145 (0]
oW | FL2 FL4 FL5 FL7 EFIT METIS: Z; =15
#7337 | 45 39 43 42 15 7
#8555 | 29 14 17 19 15 7
#8556 | 30 37 37 40 28 4
#10806 8 38 39 39 22 46

Table 4.7: Same as Table 4.6 but Z.;; = 2.5 is taken for METIS.
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gible amount of RE. Furthermore, 1" for the RE discharge #8555 are not
much different from #7337. Finally, the 6" for the other 2 discharges is
larger than before, especially in the case of the slide-away discharge #10806.
This is important to notice, as magnetic diagnostics could be influenced by
RE, if RE are large in their population or their net kinetic energy. More-
over, Vioop measurement is one of the key parameters to detect slide-away
and/or Parail-Pogutse regimes as in #8556 and #10806. Consequently,
large discrepancy between experiment and models in the RE-relevant types
of discharges is critical for RE studies.

4.4 Conclusions and Outlook

To summarise, the knowledge of W,,,, should be as precise as possible
for more reliable the RE studies, as W4z is a contributor for the further
RE-related calculations - e.g. RE distribution function, RE current (see
Chapter 5) and synchrotron radiation (see Chapter 6). It can be seen from
Section 4.1.2 that W,q, is a non-linear function of Eio, or Viigsma. There-
fore, analysis of how the different E;,, estimates available at COMPASS are
influencing W, was performed here.

A detailed analysis was done for the discharge #9814, where Vpigsma
was taken from the four operational flux loops in the COMPASS tokamak,
EFIT and METIS code and Fujita’s correction. It was shown that the
Vplasma from flux loop FL4 gives closer values of Wi, compared to the
ones obtained using Vjpiasma from simulations, that the Vpiqsma from EFIT
has the closer W,,4, compared to the ones obtained from measurements
than METIS and that METIS gives closer W4, compared to the ones
from measurements using Z.y; = 2.5. Moreover, Fujita’s correction has
acceptable difference in W,,,,, estimate, but still too large for making it of
any importance. This is important to notice, as there are few simple analytic
corrections on Vpgsme in the literature that are taken without considering
or at least mentioning the introduced error. Finally, the error into Wi,uz
estimate introduced mutually between the codes was around 25%, which is
practically a tolerable discrepancy for tokamak plasmas.

Noticeable difference between W, .. estimates for the RE-relevant dis-
charges in respect to the RE-free discharges are visible by both codes for
RE and Parail-Pogutse discharges, while the error is high for the slide-away
discharge. In all cases analysed, EFIT showed to be closer to the measured
changes. Especially in the case of slide-away discharge #10806, where the
mean value p"V of 8" for METIS is over 70% for Z.s¢ = 1.5, i.e. over 80%
for Zeff =2.5.

Furthermore, we recovered that both simulations give a profile of toroidal
electric field Fy,.. However, the EFIT takes only MHD equilibrium, while
the METIS has more physical constraints.

Finally, important to mention is that the METIS is coupled with the
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LUKE code (see Section 2.1.6) for simulation of the RE distribution function
evolution. Therefore, even though EFIT seems to estimate the W, ., closer
to the measured estimates, for the sake of consistency with LUKE, W4z
from METIS Ei,, will be used for the purposes of this Thesis. Notice again
that the error between EFIT and METIS is still in the acceptable range.
The Z s used in this Thesis will be 2.5, as it has lower difference oW with
EFIT for almost all the analysed cases.

OUTLOOK. As mentioned above, Ey,, from METIS code will be used
in the further Chapters. Nonetheless, one should be aware that neither
METIS nor any tool used here for estimating FE,, is the perfect one, espe-
cially inside the tokamak plasma with a significant RE current. Indeed, for
proper knowledge of E;,, a self-consistent modelling that includes interac-
tion between plasma and RE beam using all possible magnetic diagnostics
would be the best approach, but this is out of scope of this Thesis. Any-
how, the goal of this Chapter was not to solve the issue of defining Fi,,,
but rather to examine the different accessible tools for the FE,,, estimation
at COMPASS and present their consequences on the W,,,, calculation.

Maybe the first logical step could be application of equations (4.59)
and (4.60) from Ref. [143]. Application of a model reported in Ref. [113,144,
145] or a model used at DIII-D by Yu [81] would present a more advanced
approach. All proposed solutions should have proper knowledge of self-
inductances L and mutual inductances M from plasma and RE beam to the
diagnostics and between themselves. Notice that Yu [81] probably used the
RE beam in the Vpiqema model only (as described above) when he analysed
the post-disruptive RE beam. However, if one has only the RE beam,
METIS and EFIT should also give reliable results with some changes in the
coding. The problematic point is when the plasma and the RE beam are
combined.

In this Chapter only limited plasma has been considered, as all analysed
discharges in the Thesis will have limited plasma. A diverted plasma has
different distances to the flux loops, therefore it is to be seen whether a
different flux loop than FL4 should be used for the fast Ey,. estimation.

From the measurement point of view, it could be interesting to install
a flux loop inside the vacuum vessel. With the present flux loops outside
the COMPASS vacuum vessel the time evolution of the flux loops signal
is limited due to the skin effect through the vacuum vessel. With internal
flux loops, measurements would be faster and not influenced by the currents
going through the vacuum vessel. However, the measurement obtained in
such manner would still give an information outside of the plasma. Taking
this into account and the high difficulty of installation of an inner flux loop,
makes such endeavour out of the scope for future considerations.

Furthermore, the analytic approximation for the Dreicer growth rate
(see Eq. 2.4) is highly dependent on the strength of the electric field E},,..
Therefore, one should take care when estimating the E..;; experimentally,
as in Ref. [48], because proper generation rate and theoretical calculation
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of the F.,;; are directly dependent on the experimental values of the Ey,,.

Finally, the loop voltage is not the only RE-relevant magnetic diagnos-
tics, as it can be seen from Section 3.3.1. For example, the pick-up coils in
the COMPASS tokamak could be used to localise the RE beam, when RE
carry an observable amount of the total current.



Chapter 5

Discharges with
Significant Runaway
Electron Current

The discharges with high RE current Iz reported in Section 3.4.1 will be
analysed in this Chapter, i.e. the discharge where plasma and RE beam co-
exist. The Chapter will start with an experimental observation of the RE
beam coming from the very first RE dedicated campaign. Theoretical mod-
els and detailed description of the setting used in the models for comparison
with the experiments are reported then. The first experimental analysis will
be an estimation of the RE current Izg. Subsequently, influence of the REs
on the current ramp-up phase of the discharge is evaluated. Following, a
principle on how to localise RE beam is done in the next Section, using the
knowledge of the RE beam current and its maximum energy. Finally, the
conclusion is given in the last Section with discussion on expected future
works.

Note that the Section 7.6 could also be part of this Chapter, as it uses
the analysis reported herein. However, due to the importance of the long
discharges for MGI experiments, the Section is part of Chapter 7.

5.1 Experimental Observations

The very first magnetic observations of high RE current in the COMPASS
tokamak were reported in Ref. [146] for the discharge #7298. As the dis-
charge is already used in the reference and it has one of the largest plasma
pressures estimated by EFIT, it will be used here as an illustrative example.
The discharge had circular-shaped limited plasma, with toroidal magnetic
field Bior = 1.15T and plasma current I, = 120kA. The plasma density

7
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feedback was not working due to an interferometer failure, which resulted
in n. < 1.5 x 101 m™2 in the plasma core as measured by the Thomson
Scattering system. We will now show the RE observations made for that
discharge in more elaborate details than in Ref. [146]. The main measure-
ments are shown in Fig. 5.1.

The loop voltage Vieop is presented in Fig. 5.1a. It is clearly seen that
the Vipop during the current flat-top phase (between 1050 and 1220 ms) is
lower than 1V. Typical values in the COMPASS tokamak are between 1
and 2V. The low V., values compared to the “standard ones” are a trace
of the non-inductive current driver, i.e. the RE beam in the case of the
presented discharge.

Furthermore, a constant plasma current I, during the current flat-top
phase can be observed in Fig. 5.1b. In addition, it is obvious from Fig. 5.1c
that the signal of the IPR coils! at the low field side (LFS) increases, while
the signal from IPR at HFS decreases during the current flat-top phase.
Those signals are regularly constant when there is RE-free discharge. The
other two IPRs located at the bottom and the top of the vessel and they
measure constant signal during the current flat-top phase. This is due to the
outward movement of the RE beam. As a result, an external vertical field
for radial stabilisation? Iprpg and Igy increase (see Fig. 5.1b), creating
an inward force to keep the plasma and the RE beam confined and stable.
Both of those systems are more or less constant during the flat-top phase
of a RE-free discharge. Note that the Igy saturates around 1150 ms.

The proof of a significant RE presence can be seen from Standard HXR
and Shielded HXR? signals, shown in Fig. 5.1d. Unfortunately, dynamics
of the RE losses with low energies cannot be seen due to a saturation of
the Standard HXR electronics. Nonetheless, constant losses are observed
from the Standard HXR signal. Interestingly, Shielded HXR shows that
almost all REs with energies over 1 MeV are lost at the very end of the
discharge, i.e. during the current ramp-down phase. The late loss of high
energy REs means their good confinement during the discharge. This is a
typical observation in COMPASS if the Parail-Pogutse instability does not
occur or if the plasma density is not increased.

In the end, the EFIT reconstruction* also demonstrates a certain be-
haviour when the RE beam is present in the plasma. Particularly, an over-
estimate of the plasma pressure [3,, is the best indicator. The [, is the

LFor more details about the IPR coils in the COMPASS tokamak see Section 3.3.1.

2There are two such systems in the COMPASS tokamak. Slower but strong system
is denoted as EFPS (Equilibrium Field Power Supply), while faster but weaker one is
denoted as BV (magnetic field B Vertical).

3For more details about the HXR diagnostics in the COMPASS tokamak see Sec-
tion 3.3.2.

4For more details about the EFIT reconstruction at the COMPASS facility see Sec-
tion 3.1.



5.1. EXPERIMENTAL OBSERVATIONS 79

normalised plasma beta By

<ppl>v
= = 5.1
Or B2 /24 (5:1)
normalised to two machine parameters (the minor radius a, and the toroidal
magnetic field By,,) and one plasma parameter (the plasma current I,):

B
Bn = z .
Ip/%Btor

The typical value of 3,, for a limited plasma is less than 1. Knowing this, the
overestimate of 3, is obvious from Fig. 5.1d, where 3,, goes up to 6 at the

(5.2)
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Figure 5.1: The time traces from the discharge #7298: (a) the
loop voltage Vieep with highlighted V., values at 0V, 1V and 2V; (b)
the plasma current I, (blue) and the currents going through two radial
stabilisation poloidal field coil systems multiplied by 20 for rescaling purpose
- Igrps (red) and Ipy (magenta); (c) pick up coils, i.e. IPRs, located at
LFS (black), top (blue), HFS (red) and bottom (green); (d) the normalised
pressure 3, (black) in the procedure defined units (p.d.u.) and the HXRs
signals showing the RE losses.
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(a) time=1050 ms (b) time=1135 ms (c) time=1220 ms
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Figure 5.2: Poloidal cross-sections of the plasma reconstructed by the EFIT
simulation. The major axis of the COMPASS tokamak is located on the left
of the pictures. The boldfaced magnetic field line represents the plasma sep-
aratrix or the last closed field surface. Three different times are presented:
(a) 1050 ms as the beginning of the flat-top phase, (b) 1135 ms as the mid-
dle of the flat-top phase and (c) 1220ms as the end of the flat-top phase.
Blue and red vertical lines map the I, barycentre and the LF'S border point
at the 1050 ms, respectively.

end of the discharge. Looking at Eq. 5.2, it is clear that EFIT also predicts
an additional pressure to which the vertical field EFPS is reacting. Note
that the additional pressure due to the RE beam comes from the inertia,
i.e. it is not of thermal origin as for the bulk plasma (p), . Furthermore, /3,
increases by about 5 times, while Iprpg is increased by approximately 25%
during the current flat-top phase. This can be explained by the average
decrease of the net vertical field imposed on plasma due to the RE beam
itself, as reported in Ref. [147]. The cause of the vertical field decrease
is the RE beam influence on the poloidal magnetic field profile, which is
increased outside and decreased inside the RE orbits. In other words, RE
beam changes the magnetic topology in such manner that it helps its own
confinement.

Moreover, the plasma shrinkage can be seen from the EFIT 2D recon-
struction of the magnetic fields in Fig. 5.2. At the beginning of the current
flat-top phase at 1050 ms the difference between the plasma geometrical and
plasma current centres follows the famous Shafranov shift® [114]. However,
after 85 ms the plasma size is decreased, while the I, barycentre is practi-
cally unchanged. The difference is even more pronounced at the end of the

5Rearrangement of the flux surfaces centre outwards due to the plasma pressure.
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current flat-top phase at 1220 ms. The apparent relative outward shift of the
plasma barycentre cannot be explained via the Shafranov shift anymore but
through the existence of the RE beam in the outer (low field side) plasma
region. The equilibrium deformation due to the RE beam was studied by
Yoshida [147], where the aforementioned shift is plotted in Fig. 8. Also
note that the stronger radial force generated by the vertical stabilising field
EFPS leads to the lower plasma volume, which is also seen from Fig. 5.2.

5.2 Theories and Data Used

The previous Section presents a qualitative interpretation of the experimen-
tal data. The quantitative evaluation for the RE beam discharges will be
done in the upcoming Sections. Namely, a concise synopsis of RE gener-
ation theory and model used in the Thesis are presented in this Section.
Theories can be used for comparison of either the RE density ngg or RE
current Irp. However, to estimate Irg one usually needs ngg [142, Eq. 7]:

Irg = ec(nrE) (B) ArE, (5.3)

where Agrp is the area of the RE beam cross-section and the angle brackets
() denote the average in spatial and velocity space. Therefore, to avoid
assumption on Az and knowing that nrg is a direct output of the theories
and calculation from the experiment - comparison of only nrg is conducted
here.

The Kruskal-Bernstein formula (defined in Eq. 2.4):

dnre nZetln A _3(142 1 1+ Zeyy
=0.35-—%—55—Ep ST Zers)/16 - =
dt dmegm2up, P P 4Ep Ep

(5.4)
is taken here as an analytic solution for the RE growth rate, since it is
most commonly used in the literature in the past decades. In addition
to the Dreicer mechanism, avalanche RE generation will also be added to
the existing seed using an analytic estimate derived by Rosenbluth and
Putvinski [28]

1 anE e(Etor - Ecrit)

= . 5.5
NRE dt 2meln A ( )

It is clear from both Egs. 5.4 and 5.5 that they are most sensitive to the
toroidal electric field (incorporated in £p = Ey,./Ep for Eq. 5.5).

The FE,,, will be taken from METIS due to the reasons described in
Chapter 4, where we also justify why Z.;y = 2.5 should be used. The
next important parameter beside Z.ys is the electron density n.. The den-
sity can be taken from the interferometer® measurement as the line-average

6See Section 3.3.1 for details about interferometer and Thomson Scattering set-up in
the COMPASS tokamak.
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measurement 7., which can also be estimated from the Thomson Scatter-
ing data n.ts. Additionally, Thomson Scattering gives the density in the
plasma core n.., where the RE generation has largest probability to oc-
cur. The last necessary parameter from measurements in the Eq. 5.4 is the
electron temperature T, appearing through the definition of the thermal
velocity vep,e = v/2T.[eV]/me. T, in COMPASS tokamak is only measured
by the Thomson Scattering, thus estimates of the line-averaged T ;s or core
T. . are available from the measured T,-profile. Therefore, for consistency
purpose, between n. and T, and knowing that most of REs are generated
at the plasma core - n. . and T, . will be taken.

The NORSE code [38] has intrinsically implemented time-evolution
of Eior, Ne, Te, Bior and Zps. Advantageous usage of the NORSE code
for this Chapter is its design requirement to work in slide-away regime (i.e.
very low n.)”. The key point of NORSE is its non-linearity with respect to
the bulk electron temperature T,. On the other hand, NORSE lacks spatial
distribution and toroidal effects. Presently, NORSE takes into account only
the Dreicer mechanism® and the implementation of the avalanche mecha-
nism? is underway. Furthermore, the input data for NORSE are also taken
from METIS in the same manner as for Kruskal-Bernstein theory above.
The electron density n., temperature T, and F;,, are taken as time-varying
parameters, while Z.r; and By, are constant. Finally, the nrg is computed
by multiplying the total electron density from measurements n. . with the
RE fraction calculated by NORSE.

5.3 RE Current

The f,, overestimate for the discharge #7298 reported in Section 5.1 will
be exploited here for the estimate of the RE current Izg. The analysis
will be based on work done by Fujita et al. [142]. Even though the basic
principle done here is the same as Fujita’s, the calculation is different as
he theoretically estimated all the parameters, while we have measurements
from EFIT and Thomson scattering. Therefore, the estimation of Irg using
poloidal beta Bpo (defined in Eq. 5.6), the influence of different RE distri-
bution functions and pitch angles 6 will be addressed first. The result for
different B,,; estimates, RE distribution functions and pitch angles 6 will
follow. Finally, a comparison of the experimental results with the theory
and code is shown.

"Note that the NORSE code can be used for any plasma regime.
8See Section 2.1.1 for more details about the Dreicer mechanism.
9See Section 2.1.3 for more details about the avalanche mechanism.
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5.3.1 Methodology

The normalised beta [3,, parameter is typically used to illustrate the exis-
tence of a RE beam. The 3, is directly connected to the plasma beta 3,
through Eq. 5.2, which furthermore can be split into two parts - toroidal

and poloidal:
1 1 1

ﬂp ﬂtor * ﬂpol ’
The toroidal beta By, is the main contributor to the f, in tokamaks, as
the toroidal magnetic field By, is typically larger by an order of magnitude
than the poloidal magnetic field B,o (see Eq. 5.1). However, By is still

an important parameter as the vertical stabilising magnetic field Bgppg is
affected by its value [148]

,U()Ip 8Rp 1
B = In | —= A—— 5.7
EFPS ir R, [n ( ap + 2 (5.7)

(5.6)

through the so-called Shafranov lambda A = B4 +{;/2 — 1 parameter.
Moreover, knowing the total overestimated plasma pressure

24103, o (T,\2
<ptot>v = % ~H X 10_6@ (p) (58)

pol T ap

from the EFIT and pure contribution of the Maxwellian bulk plasma pres-
sure (py1),, from the Thomson scattering measurements, one can deduce the
RE pressure

Prp = (prE)y = (Prot)y — (Ppi)y - (5.9)

Furthermore, RE pressure can be connected to the RE energy W, (through
v) and the RE density ngp [149]:

1

(PRE)y = 5Me (nrE) <7Uﬁ> + %me (nrE) <7U2¢> ) (5.10)

where v and v, denote the RE velocity in the parallel and perpendicular

direction to the magnetic field B , respectively. By estimating the RE energy
as in Section 4.1.2 one can estimate the RE density (nrg) from Eq. 5.10.

RE Pressure Calculation

Practically, METIS has all the outputs that EFIT has, hence betas and
the pressures can also be taken from the METIS code. Moreover, Fujita et
al. [142] estimated the average plasma pressure (p,),, theoretically, while
on COMPASS tokamak one can obtain the pp(r) profile using Thomson
scattering measurements of the T, and n. profiles. Then, one obtains (pp;),
experimentally through (Eq.1.3 in Ref. [150]):

(pp1)y = a% /0 " ppu(r)rdr. (5.11)

p
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Additionally, Bpo can be estimated from Eq. 5.7 knowing B, and [;. The
vertical field B, varies with the machine radius, which could complicate
the calculations. Due to simplicity the B, will be estimated at the vacuum
vessel centre

B,[mT] ~ 10.7[mT/kA|Igrps[kA] + 2.0[mT/kA] 5y [kA],  (5.12)

where coefficients in front of Igrpps and Iy can be found in Ref. [143]
on pages 44 and 51, respectively. The internal inductance [; can be ei-
ther estimated assuming j,(r) profile peaking or be taken from EFIT and
METIS. Here, only the latter case is considered, i.e. the [; is taken from the
reconstruction codes.

Five different £,,; estimates for discharges #8553 and #7298 are plotted
in Fig. 5.3. The discharge #8553 presents the reference discharge with a
negligible amount of REs and it is chosen due to its relevance in the up-
coming Sections. From Fig. 5.3a, one can see that during the flat-top phase
(1050 — 1180 ms) EFIT gives around 35% and 60% larger S, estimate than
Thomson scattering and METIS, respectively, while the difference between
Thomson scattering and METIS themselves is less than 20%. Furthermore,
the poloidal beta estimates from the vertical field B, have calculation arte-
facts at the beginning and the end of the discharge. Those artefacts are
probably coming from the over-simplified nature of Egs. 5.7 and 5.12 used
here. The Sy, using l; from EFIT has about 30% larger values from EFIT,
while estimate with {; from METIS has good matching with EFIT 3, dur-
ing the flat-top phase. However, the comparison of the 3,5 directly from
EFIT and B,, from B, using [; from METIS has a debatable consistency.
For now, looking at all five B, estimates for discharge without REs we
note that the discrepancy factor is larger than 2, which will bring the need
to choose the proper calculation.

Let us now see what the 3,,; estimates are for the RE beam discharge
#7298. As for 3, from Fig. 5.1d, EFIT also overestimates po;. The overes-
timate is also seen using the B, calculation. As expected, By from Thom-
son scattering is very low since it observes only bulk plasma electrons ig-
noring the RE population!. Interestingly, 8po from METIS simulation is
similar to EFIT B, and the 3,4 value from the B, at the beginning of the
discharge, but during the flat-top phase METIS can not estimate the 5,
rise and follows the trend of the 3, from the Thomson scattering, i.e. of
the bulk plasma only.

Finally, both B, from B, estimation will be omitted due to the arte-
facts at the end of the discharges. Moreover, METIS f3,, will also be
omitted as it does not predict the §,, rise measured by the magnetic di-
agnostics. Therefore, §,, from EFIT will be used to estimate the total
pressure (pgo¢)y, of the bulk plasma and the RE beam together, while the

10The reason why COMPASS Thomson scattering system does not observe RE popu-
lation is elaborated in more details in Section A.2.
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Figure 5.3: The time traces of the poloidal beta 3, signals for discharges
(a) #8553 and (b) #7298. The B, is taken from EFIT (black) and METIS
(green), calculated from Thomson scattering (blue) using Eq. 5.11 and from
B, (red and magenta for I; from EFIT and METIS, respectively) using
Egs. 5.7 and 5.12. Note the difference in the scale of y-axis in the two
graphs.

pressure estimate from the Thomson Scattering measurements will be taken
for the bulk plasma pressure (pp;),,. As discrepancy between the EFIT and
the Thomson Scattering f,, measurement is around 40% (see explanation
for Fig. 5.3a) - it will be taken as the threshold value for the Igp calcu-
lation. The upper limit will be set to 100%. In other words, the Iz will
be calculated when conditions (psot)y > 1.4 (pp1)y, and (Peot)y > 2.0 (ppi)y,
are satisfied and the average between them will be taken as the final Izg
value.

Different RE Distribution Functions

Fujita also investigated the influence of different RE distribution functions
(REDF) on the Irg calculation. The REDF he used were monoenergetic
fmono, uniform fyn;, linear fi;, and quadratic fquaq that could seem quite
simplistic from a perspective of the present knowledge of a RE generation
dynamics. Namely, most of the codes predict the existence of an RE accu-
mulation at higher energies. This part of the REDF is often addressed as
a bump in the REDF. The most recent study regarding the bump forma-
tion was done by Decker et al. in Ref. [151] using the LUKE and CODE
codes''. The drag force by synchrotron radiation was investigated as the

11See Section 2.1.6 for more details about LUKE and CODE.
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limiting factor and the source of bump formation.
More importantly, the location of the bump in the perpendicular nor-
malised momentum pj = pre cos /mec space is

1 (gcm't + UT)(Scrit - 1)

DLy =~ : (5.13)
I 1+ Zeff or
where o, is defined
2 0\’ B2
= - ~ U. PR 1 — .14
7"~ 3mA <wpe> 0 097716[1020 m3] (5.14)

through the fundamental electron cyclotron frequency {2 and the plasma
frequency wpe. The extreme values (but realistic for COMPASS) are used
here to examine a possible bump occurrence in the COMPASS tokamak.
To examine the bump occurrence, one needs first to see what the lowest
P|,» or the corresponding Wyymp = mey/1+ pj 5 is (assuming a pitch angle
6 = 0) and compare it to the expected Wi,q,. To minimise the bump energy
Whaump, one needs to maximise Zf¢, ne, Bior and to minimise Fy,,. Using
InA =15, Zeps = 2.5, ne =102 m™3, By = 1.15T and Eypp ~ 0.14V/m
(corresponding to Vigep = 0.5V) & Wiymp = 70 MeV is obtained. Knowing
that for a typical length of COMPASS discharges the RE do not obtain
more than 40 — 50 MeV, it is highly probable that REDF in the COMPASS
plasma does not have the bump-like tail. Moreover, the electron density of
ne = 102° m™3 is not relevant at all for the RE studies and more realistic
values would be under 2 x 10 m™3. For comparison, this 5 times lower
density rises Wyumyp 10 times, i.e. to over 700 MeV. Henceforth, the bump-
like tail will not be assumed in the simulated REDF used in this Thesis and
so REDFs investigated by Fujita seem realistic enough for COMPASS after
all. However, out of four REDF used by Fujita, the quadratic one fqyqq Will
not be used in this work. Instead, a more realistic exponential REDF will
be assumed.

The definitions of the other three distributions as functions of RE energy
w are as follows:

fmono(w) = 5(Wmaz)7

1
Juni(w) = g (5.15)

2 w
flin(w) B Wmaz <1 a Wmaw) '

The coefficients come from setting the REDF maximum value to 0 at Wi,,44
and then normalising the REDF to 1. Furthermore, three additional REDF
will be introduced here: exponential f.;,, skewed Gaussian fs;¢ and Maxwell-
Jittner fyr; distribution. As all the three functions have asymptotic be-
haviour towards zero, the detailed calculation of the corresponding param-
eters will be given next. As an illustration, all the five non-monoenergetic
REDF are plotted in Fig. 5.4 for W, = 10 MeV.
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As already mentioned, the exponential REDF f..,, is introduced instead
of fquaa to present a distribution with a steep decrease that could be impor-
tant if the avalanche mechanism were to dominate. The exponential REDF
is defined as

feap(w;€) = ee™Y, (5.16)

where it is obvious that fe,,(+00) — 0. To determine the arbitrary pa-
rameter €, the condition is ferp(Winaz) < 1075, from where € coefficient is
calculated through iterations with a precision of 107%. Note that larger e
corresponds to lower Wi, qz.

The (negatively) skewed Gaussian represents a more realistic case than
fmono, as it not a delta-function. In other words, the negatively skewed
Gaussian represents REDF where almost all RE tend towards W,,., but
they never reach it. It also has an exponential rise with the RE energy w,
hence it could also be presented as contrary to the exponential one. Even
though simpler linear or exponential rise could behave similarly, the skewed
Gaussian is chosen due to its smooth drop towards W,,.,. This is more
realistic than Heaviside-step-like ends in the case of linear or exponential
rises. The skewed Gaussian definition

2
fsa(w;lsa, ¢ asa) = szpdf(S)chdf(asGS) (5.17)
1.2 :
"""" ftm,v'(w)
LO} -= f/ir:(w)
— f(arp(u};l'l7)
308 —  f(w;9.75,2.17,-35.24) |
i —  fusw;1.26)
e, O-
[
€2
o 0.

w [MeV]

Figure 5.4: The non-monoenergetic RE distribution functions as function
of the energy w: uniform f,,; (black dotted), linear f;, (black dashed),
exponential fe,, (red), skewed Gaussian fig (green) and Maxwell-Jiittner
fMJ (blue)
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uses the Gaussian probability distribution function

fapar(s) = \/1276‘82/2 (5.18)

and Gaussian cumulative distribution function

feedr(asas) = % [1 + erf (a\‘(’gs)} (5.19)

where
xr

_1
VT,

is the error function, s = (w — ls¢) /¢, ls¢ is the location parameter of fs¢,
¢ is the scale parameter of fso and ayg is the skewness of fso. To have
hard limit on the positive end of the REDF, a negative skewness asg is
used. fsg is found numerically in such way that its maximum is located
over w = 0.95W,42 and fog(Winaz) < 1075, The location parameter ;g
estimate accompanies the asg one. The fs¢ tends to 0 towards infinity with
the same sign as ayg, so it is negative in our case. As there is no negative
energy, the scale parameter ¢ is chosen so that satisfies fsg(0) < 107°.
One could say from Fig. 5.4 that f,c has a bump-like shape, but it is not
connected to the bump formation of REDF discussed earlier in the Section.

The Maxwell-Jiittner distribution function fj;; is also selected, as it is
one of the most common relativistic distribution function. fj;; is defined
through the normalised particle energy W = w/m.c? as

w; W :Le—’*/w 5.21
farg(w; W) WKy (1W) (5.21)

erf(x) e dt (5.20)

where K5 is the modified Bessel function of the second order. W is chosen so
that inequality fas7(Winaz) < 1072 stands. It could be the most important
REDF for the slide-away regime as it gives a relativistic Maxwellian with a
maximum much lower than W, ..

Effect of the Pitch Angle

Eq. 5.10 indicated that the pressure separation through the velocities v
and v, implies knowing the pitch angle 6. Fujita et al. omitted the <7vi>

term and approximated the other one <’yvﬁ> by c<762>. However, we

will consider the 6 influence to be consistent with the estimation of W4z
reported in Section 4.1.2, where 0 plays a role through the parameter n o«

B/ (0 (82))-

Table 5.1 shows the influence of different REDFs on essential parameters
for Irp calculation. Firstly, it is important to state that averages done in
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Table 5.1: Comparison of parameters (RE energy w, relativistic 8, the
term from Eq. 5.10 (8) = < ﬁ7> +0.5(B%v) and drift term 7 for Winas

estimation) averaged over w for different REDFs.

(6%) (n)
REDF | (w) [MeV] (8) 6=00 0=03 6=01 6=03
Sfmono 10.00 0.9988 20.5 19.6 4.91 15.8
funi 5.00 0.9721  10.6 10.2 9.55 30.7
Juin 3.33 0.9497 7.30 6.98 13.9 44.7
Jexp 0.86 0.8141 2.18 2.09 43.8 140
fsa 8.02 0.9980 16.6 15.9 6.05 19.4
Img 1.58 0.9301  3.78 3.62 26.21 84.2

Table 5.1 are done for energy span from 0 to W, using the mean of any
function/variable U:

Wmam
(U) = / U freprdl, (5.22)
0

i.e. neglecting the RE limit at lower energies. The error is negligible due
to the high W,,,, reached in the COMPASS discharges in a matter of mil-
liseconds. Typically W,,q: > 10 MeV before the ramp-up phase ends.

The average energy (w) is calculated for illustration, while (8) can be
seen in Eq. 5.3. From the same equation one would expect that the exponen-
tial REDF has the smallest Iz for the same Pgrg, as it has the far smallest

(8). However, due to the term <ﬁﬁ7> + 0.5 <ﬂf_7> in Eq. 5.10 used for

the (nrp) estimation (by knowing Prp in Eq. 5.10), the result is opposite.
Namely, difference in 327 from Table 5.1 of an order of magnitude creates
much larger difference in estimated ngrg between REDFs than (8) does in
Eq. 5.3. Therefore, even though the exponential has by far the smallest (3),
it has the largest Igrp. Furthermore, even though two extreme values are
taken for 6 to investigate maximum possible effect from the corresponding
variations, the difference is smaller than a few percent for every REDF.
Furthermore, the aforementioned 7 is calculated for § = {0.1,0.3} rad, as
it is zero at & = Orad. Here, a significant influence of the pitch angle is
observed and it will be implemented in 1 for W, calculation. Therefore,
even though 6 does not affect the Irp estimate directly, it is important
for more precise Wy, 4, estimation used as the REDF input that indirectly
affects the Irg estimation. Another expected thing that can be noted from
Table 5.1 is that the most similar REDF to the monoenergetic one is the
skewed Gaussian fsg REDF as their parameters are close to each other.
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Figure 5.5: (a) The maximum kinetic energy Wi, of discharge #7298
obtained for the different RE distribution functions: mono-chromatic f,ono
(black solid), uniform f,,; (black dotted), linear f;, (black dashed), expo-
nential feyp (red), skewed Gaussian fse (green) and Maxwell-Jittner fpss
(blue). (b) Time traces of the plasma current I, (blue), Shielded HXR
(black) and Standard HXR (red). (c) Estimated RE current Irp corre-
sponding to each RE distribution function with the same labelling as on

().
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Table 5.2: The calculated maxima of W, and Irg time traces, plotted in
Fig. 5.5.

REDF | max (W) [MeV] max (Igg) [kA]
fmono 25.61 3.9

Juni 24.49 7.9

fiin 23.05 11.9

Jeap 13.39 50.3

Isc 25.37 5.0

Ing 18.54 26.5

5.3.2 Resulting Irg for Discharge #7298

As already reported in Chapter 4, Fy,. at the plasma centre from METIS
(with Z.y; = 2.5) is used here for W, 4, estimation where the pitch angle 6 is
taken to be 0.2 rad as a mean value found in Chapter 6. The RE minor radius
arg for the RE area calculation Arg is assumed to be constant and equal
to 5cm, as an approximate value of what is observed in discharge #9814
(analysed in Section 6.4). The METIS data and plasma pressure (pp),,
from Thomson scattering are interpolated and extrapolated to the EFIT
time scale. As EFIT measures before the first and after the last Thomson
scattering measurement, the first and the last point of the extrapolated
(ppi)y, are approximated to be 95% (arbitrarily taken)'? of the first and
the last Thomson scattering measurement, respectively. The main result is
presented in Fig. 5.5.

The comparison between the Wy, ., estimate coming from different RE
distribution functions described in Section 5.3.1 is shown in Fig. 5.5a and
their maximum values are tabulated in Table 5.2. Only W,,,, from the
exponential fcr, and the Maxwell-Jiittner fjr; distribution function are
significantly different, as could be expected from the () values in Table 5.1.

The estimate of the RE current Igg for different RE distribution func-
tions are presented in Fig. 5.5¢ and their maximum values are listed in
Table 5.2. The plasma current I, is plotted in Fig. 5.5b for comparison
purposes. In the same Figure, Shielded HXR and Standard HXR are also
plotted. Even though 3,, from EFIT increases significantly during the
ramp-down phase of the discharge (see Fig. 5.3), a relatively strong de-
crease in RE current Irp can be seen in Fig. 5.5. This is a consequence
of the current drop in the total plasma pressure (pio)y calculation from
EFIT in Eq. 5.8. It is interesting that the Irp drop coincides with the
RE losses seen from Shielded HXR signal, even though RE losses are not
implemented in the calculation. Numerically, the Irg drop is a calculation
artefact as (p),, depends on Ig through B, if Eq. 5.1 is taken for solely

12The value is chosen in such manner to have the stable calculation and to not have a
constant value as it is unrealistic in the ramp-up and the ramp-down phases.
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Figure 5.6: Time traces of total electron density (black), RE density
from Kruskal-Bernstein theory (green), RE density from NORSE simula-
tion (cyan) and RE densities corresponding to RE currents from Fig. 5.5c¢.
(dashed lines)

poloidal part of the plasma beta. Physically, this can be connected to the
additional RE energy limit due to the RE beam drift, which will be reported
in Section 5.5. Next, notice that Igp values span over 2 orders of magni-
tude - from a few kA to tens of kA. Moreover, even that f,,ono is the most
unrealistic of all the used RE distribution functions, it gives minimum Ipg
as [, v and n have extreme values. Therefore, we conclude that at least
a few kA of current should definitely be driven by the REs in COMPASS
discharge #7298. However, it is not possible to determine which REDF
gives the most accurate RE current Irg estimate from Fig. 5.5.

5.3.3 Comparison with Codes

The above experimental results are compared here with the Kruskal-Bernste-
in theory and NORSE simulation in Fig. 5.6. The Kruskal-Bernstein theory
predicts RE density nrg larger from 1 to 3 orders of magnitude than the to-
tal one n.. This is a non-physical result of course and we shall consider this
theory not relevant for this particular case. Furthermore, NORSE reaches
slide-away regime (when all electrons runaway) at the very beginning of the
discharge. Such early slide-away regime is not supported by the experimen-
tal results.

The possible reasons for the overestimating results from Kruskal-Bernste-
in theory and NORSE simulation could result from overestimating the elec-
tric field Ey,, by METIS or from too high sensitivity of the theories on the
FE, parameter.
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5.4 RE Influence on Ramp-Up Phase

As reported in Sections 2.2.2 and 3.4, RE are frequently generated during
the current ramp-up phase in the COMPASS tokamak. Here, the influence
of the RE generation on the plasma current I, at the end of the ramp-up
phase is investigated using the estimation for the RE current Irg described
in the previous Section.

The density scan in the range 1 —5 x 10 m~2 was done during the 2"¢
RE campaign. The scan consisted of 10 COMPASS discharges from #8552
to #8561. Plasma current I, was feedback controlled to 130 kA during the
flat-top phase and the toroidal magnetic field By, was 1.15T for all the
discharges.

5.4.1 Experimental Observations

The time traces of the relevant measurements for three COMPASS dis-
charges from the analysed density scan are plotted in Fig. 5.7. The three
discharges are chosen to cover the standard tokamak discharge (#8553),
the slide-away regime (#8559) and the transient between the previous two
(#8555). Fig. 5.7b shows the realized line-average density n. from the
interferometer and core density n. . measured by the Thomson scattering
diagnostics. One can see from Fig. 5.7a that the plasma current peaks at the
end of the current ramp-up phase [;"*" increases as the density decreases.

An initial guess for higher I;"** from the perspective of plasma physics

would be a significant drop of plasma resistivity 7.5 o Te_?’/ 2, which ob-
viously can only come from higher electron temperature T,. However, the
electron temperature measurements from Thomson scattering diagnostics
shown in Fig. 5.7c are showing the opposite. The electron temperature is
highest for discharge #8553, which has the lowest I)"**. Moreover, the
higher I;"** the higher RE losses are, as seen from the HXR signals in
Figs. 5.7d and 5.7e, implying existence of higher RE population for higher
I;**. Finally, the normalised plasma pressure /3, has also higher value
when the [7"*® is higher, suggesting that a measurable part of I}, is driven
by REs.

Furthermore, HXR signals and (3, give the best arguments for defining
the discharge #8555 as the transient between the two regimes. Namely, the
standard discharge #8553 has no activities detected on Shielded HXR, and
from CTU HXR one can observe that the RE population slowly diminishes
at the end of the discharge. Regarding slide-away discharge #8559, rela-
tively low RE losses are detected until the end at 1220 ms on both detectors,
while after this moment the Parail-Pogutse instability occurs. The late RE
losses on the Shielded HXR show good confinement of the high energetic
REs. In the case of the transient discharge #8555, the losses are in the or-
der of magnitude of discharge #8559, showing the existence of a significant
RE population. On the other hand, RE losses start at 1050 ms reflecting
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Figure 5.7: The density scan illustrated by three discharges: #8553 (blue),
#8555 (black) and #8559 (red). The signals are from:(a) the plasma cur-
rent I,; (b) electron densities - line-averaged 7. (solid) and core ne . (dashed
with markers); (c) core electron temperature T, .; (d) Shielded HXR; (e)
CTU HXR and (f) B, from EFIT.
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the worse confinement of RE and no Parail-Pogutse instability can be seen
on any of the HXR signals. Notice that for discharge #8555, 3,, starts to
drop at about the time when RE losses start to be significant, confirming
the RE loss interpretation.

Note that other standard discharges in the analysed set (#8552, #8554
and #8560) have practically the same f3, time trace as the one from the
discharge #8553. In addition, clear 3, rise as in discharge #8599 is seen in
other slide-away discharges from the analysed set (#8556, #8557, #8558
and #8561).

Next to be presented is the dependence of the HXR signals and the
plasma current peak I)'* as a function of the number of particles Ngp
injected during the ramp-up phase via gas puff. The number of parti-
cle injected Ngp is used instead of the density measurement due to two
reasons: (1) the dependence is clearer, as the interferometer signal has
significant fluctuations, i.e. low signal-to-noise ratio; (2) as the COMPASS
tokamak lacks a Z. sy measurement important for the RE generation, taking
Ngp gives (besides n.) information about the neutrals inside the tokamak
chamber (assuming that recycling from the wall was comparable in all dis-
charges). The result is depicted in Fig. 5.8. The direct correlation between
the peak current I;* and Shielded HXR can be observed in Fig. 5.8a.
Hence, discharges starting with the higher I, end up having larger losses
of high-energetic RE electrons. Moreover, one can see from Fig. 5.8b that
RE losses recorded by the CTU HXR are practically the same during the
ramp-up phase (i.e. before the plasma current maximum ;***) for all the
discharges. This shows that the RE losses are not influenced by the plasma
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Figure 5.8: The data analysis for the whole set of analysed (10) discharges.
(a) The peak plasma current at the end of the ramp-up phase I*** (red
circles) and mean value of Shielded HXR signal from whole discharge (black
pluses) as function of the number of particles injected N during the ramp-
up phase. (b) The mean of CTU HXR signal before the plasma current peak
(blue crosses) and after the peak (green diamonds) plotted versus N{'p.
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Figure 5.9: The peak plasma current at the end of ramp-up phase I;"* as a
function of (a) the flux calculated from the loop voltage measurement ¢p,
and (b) the induced flux from the total poloidal field coil circuits ¢ prcoc.

density change. On the other hand, the CTU HXR measures increase of
the RE losses for the rest of the discharge as N[ decreases.

Before making the final conclusion about the experimental observations
above, let’s take a look at one more possibility why I;"** could increase by
decreasing n.. Namely, higher volt-second consumption from the primary
winding could induce a higher plasma current. To verify that point, inte-
gration of the flux during the ramp-up phase was performed. The flux is
calculated in two ways: from the Vj,,, measurement as

tru

Orp = Vioop(t)dt (5.23)
0
and from the current going through all poloidal field coil circuits (PFCCs)
on the COMPASS tokamak:

¢prcc = Z Lprce * Iprcc (5.24)
PFCC

where Ippcc is the current and Lppoc is the inductance through the cor-
responding poloidal field coil circuit. The PFCC currents are measured,
while PFCC inductances for the vacuum vessel axis were calculated and
can be found in Table 3-6 of the Ref. [143]. The I;"** is plotted as a func-
tion of both fluxes in Fig. 5.9 for both discharges. It is obvious that the
plasma current peak I;"** increases when the flux is lower, which is opposite
to the assumption we made of a higher I;"** due to a higher volt-second
consumption.

In conclusion, taking into account all the aforementioned observations,
we can only conclude that higher plasma current at the end of the current
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ramp-up phase I;"** is due to the REs or slide-away influence. HXR signals
and f3,, estimate show a significant presence of RE when I;"*" is higher.
The drop in the electron temperate T, measurement confirms the slide-
away regime. Surprisingly, the lower the loop voltage Vipop (i-e. electric
field Ey,,-) the more REs are generated. Henceforth, this set of experiments
could present a different insight in the relevance of the bulk electron density
on the RE generation theory.

5.4.2 Results and Discussion

To confirm the above claims, an estimate of RE density ngp from experi-
ments and from codes is presented here.

Fig 5.10 presents a comparison of nrp calculated from the measure-
ments using the method described in Section 5.3 with Kruskal-Bernstein
and NORSE theories. To avoid redundant lines, ngg is calculated only for
the two most extreme REDF - the monoenergetic fono and the exponen-
tial ferzp ones. The expected trend can be easily observed. The discharge
#8553 has nrp lower by an order of magnitude than the other two dis-
charges during the ramp-up phase. Surprisingly, the discharges #8555 and
#8559 have a similar npp at the beginning of the discharge. However, ngg
drops for the former discharge as expected from the missing 8, rise from
EFIT (see Fig. 5.7f) and drop from the Thomson Scattering system (see
Fig. 5.7 ¢). Finally, the corresponding RE current Irp at the end of the
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Figure 5.10: Time traces of the estimated nrp from measurements for the
three typical discharges: #8553 (blue - standard discharge), #8555 (black -
intermediate case) and #8559 (red - slide-away regime). For each discharge
nrp is estimated using the two most extreme REDF - the monoenergetic
fmono (full line) and the exponential f.., (dashed line).
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Figure 5.11: Time traces of estimated nrp using Kruskal-Bernstein theory
(solid line) and NORSE simulation (dashed line) for the three typical dis-
charges: #8553 (blue - standard case), #8555 (black - intermediate case)
and #8559 (red - slide-away regime).

ramp-up phase for the discharges #8553, #8555 and #8559 are 0.3—2.0kA,
2.3 — 17.8kA and 2.4 — 19.6 kA, respectively. Note that the non-continuous
line for discharge #8553 comes from the defined thresholds of the method.

To complete the analyses, Kruskal-Bernstein theory and NORSE code
are used to theoretically estimate ngg. The results are presented in Fig. 5.11.
Notice first that both methods have the expected trend in density of RE
rising from #8553 to #8559. Differently from discharge #7298 in Sec-
tion 5.3.3, the Kruskal-Bernstein theory does not give ngg over n., while
nrg do rises towards n. at the end of discharge for #8555 and #8559. For
these two discharges, the Kruskal-Bernstein theory does not show a signif-
icant difference in ngrg. On the other hand, NORSE estimates that those
two discharges are quite different - according to this code #8559 reaches
slide-away regime already around 1060 ms, which is probably too early.

Interestingly, in the case of the standard discharge #8553, both codes
seem to approximately agree in the order of magnitude with the experimen-
tal nrp (between 101* and 10 m~2). The same is valid when the NORSE
simulation is compared with experimental nrg using fe,p for the discharge
#8555. However, the NORSE code does not predict the drop of nzg, clearly
observed in Fig. 5.10 and from the measurements in Fig. 5.7f.

5.5 Drift of Runaway Electrons

Up to now, only the radiation process was considered as the possibility
for the RE energy limitation, which is discussed in Section 4.1.1. In this
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Section, we will finally introduce the RE energy limit from the RE outward
drift through the analytically derived calculation reported by Zehrfeld [69].

Zehrfeld’s analysis is more advanced than the simple Eq. 2.10, which
gives a single solution for the whole plasma, while Zehrfeld’s calculation pro-
vide the Wy, as a function of the normalized minor radius p = r/a,. One
of the main messages from this analysis is that Wy, ¢, profile can have (de-
pending on machine and plasma parameters) maximum value inside plasma
(i.e. p < 1), which indicates that REs of certain energy can be lost before
they reach the plasma edge (i.e. the last closed flux surface). Therefore, we
will first illustrate how the Wy.;r: profile looks for the typical COMPASS
discharges and the COMPASS high Irg discharges. Next we look for loca-
tion where RE beams with parameters previously obtained in this Chapter
can exist in the plasma.

Zehrfeld’s theory [69] states that the RE energy limit for RE coming
from the plasma core (p = 0) is

1/2

1+(2R”AS(”)I”>2] — 1 p mec?, (5.25)

Warigt = ol
P

where ( 2) o
1—(1—p2)er

A =
)= AT AL )

with e; being a positive integer exponent in the definition of the plasma
current profile

(5.26)

I(p) =1, (1 — (1= p*)= ™) (5.27)
and derivative of Shafranov shift
a
sn(p) = *PR*pF[x(P)] (5.28)
P

is defined through

1+ epzertt — (e, + D)a®r  Fepy1(x) — 0.5F5 ¢, 11)(x)

F(z) = Bpot A= zeriy2 0 aerri) (5.29)
where
r=1-p (5.30)
er+1
Fepn= Y (1—a¥)/k (5.31)
k=1

and e, is a positive integer exponent in the definition of the plasma pressure
profile

Ppi(p) = ppic(1 — p2)ep (5.32)
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Figure 5.12: Poloidal profiles of the RE drift limiting energies Wy, for
three different B, - 0.03 (red), 0.3 (blue) and 1.0 (yellow) and for two
different e; - 1 (solid line) and 2 (dashed line).

with pp; . being the plasma pressure on the magnetic axis. i.e. in the plasma
core.

Some typical shapes of the Wg,;¢; profile are presented in Fig. 5.12,
where e, = 3 is taken in agreement to the measured pressure profile from
Thomson Scattering for the discharge #7298'3. Moreover, we choose e; to
be 1 or 2, because typical I; for COMPASS indicates e; = 1.5. Concerning
Bpol, it has typical COMPASS values during the ramp-up phase around
0.3 and during the flat-top phase does not exceed 1.0, while £,, = 0.03
corresponds to the values gained from the Thomson scattering system during
the high Irg, such as #7298. One can see from the Figure that there is
no maximum of Wy, inside plasma for B, as high as 1.0, while there
are weak maxima for lower B,,;. The only clear maximum is seen for the
lowest By, and ey = 2, the parameters that are the most important for
the high Irg discharge. Moreover, the maximum of W5 for lower Spq; is
in the range of 25 — 30 MeV, which is just above the reported W4, from
Fig. 5.5a. It means that Wy,is¢ is not the main reason of the RE losses
during the flat-top phase of COMPASS discharges with high Irg, as Wias
did not reach the Wy, ¢+ value.

Nonetheless, knowledge of the Wy, (p) profile can be used for localiza-

13The discharge #7298 is chosen for the same reasons as stated in Section 5.1. Note
that the analysis reported in this Section is performed only for this particular discharge,
but no significant divergence from the result obtained here is expected on other rele-
vant discharges realised at COMPASS, due to the relatively wide range of parameters
considered in the calculation.
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Figure 5.13: Time traces for lower (solid coloured lines) and upper (dashed
coinciding coloured lines) limits of RE major radiuses for all six REDFs are
presented for discharge #7298. For orientation, major radius of plasma ge-
ometrical centre Rgeom (black dash-dotted line), outer plasma major radius
Rour (black solid line), plasma current barycentre Ry, (black dashed line)
and theoretical bulk plasma barycentre from Shafranov shift Ry, (black
dotted line) are added. Beside all major radiuses, the Shielded HXR signal
(green points) is presented. Figure is plotted for two of current profile factor
er values: (a) ey =1 and (b) e; = 2.

tion of the RE beam. Knowing W,,.., at a given time of the discharge, one
can find the minimum minor radius pp,i, where Wi rt(Pmin) = Warift, cor-
responding to the minor radius below which REs with energy W,,,,, cannot
be confined. On the other hand, upper minor radius limit p;,4, does not de-
pend on the RE beam parameters (provided that Wi,ae > max[Wapr:(p)]
holds). Actually, pmas depends on the shape of the Wiy profile (i.e.
plasma parameters 5, and m) and on the position where this profile reaches
the maximum. The corresponding major radii of p,,;, and pmqe., defined as
Rpin = Ren+ap*pmin and Rynae = Rsh+0p* prmax, for discharge #7298 are
calculated and presented in Fig. 5.13 for all six previously analysed REDFs
and two different exponents m. Here, R, is the theoretical bulk plasma
barycentre from the Shafranov shift

Ron = Rgeom + ap * Agp (5.33)

where the Shafranov shift is calculated using Eq.(26) from [69]:

Aalp=0)= 52 /0 F(a)da. (5.34)
geom

Beside the major radius of plasma geometrical centre Rgeom and bulk plasma
barycentre Rgp, the outer plasma major radius R,,: and plasma current
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barycentre Ry. from EFIT are shown in the same Figure for orientation
purposes. One can notice from the Figure that RE orbits can exist in
10 — 15 cm, which is not very limiting knowing that the COMPASS minor
plasma radius is around 20cm. RE orbits are localised more inside the
plasma for higher ey, as could be expected from higher peaking of W, s:
profile seen in Fig. 5.12. For the same reason, later significant losses of high
energy RE are expected for higher ey, which can be seen by slightly delayed
equalisation of the RE radius with Ry, (for 5 — 15 ms) for factor of current
profile e; = 2 than in the e; = 1 case. However, both timings for significant
high energy RE losses are a few tens of milliseconds after the Shielded HXR
observes those losses. On the other hand, this Section shows that these
losses are probably due to the RE outward drift as I, is decreasing (Wyy; 4
decreases with I,,, see Eq. 5.25) and connection of strong Shielded HXR
signal and I, ramp-down phase is indeed observed in Fig. 5.5b.

5.6 Conclusions and Outlook

The COMPASS discharges where RE beams drive a measurable amount
of the total current and co-exists with the plasma were analysed in this
Chapter. The analysis of those discharges can also be used for a long RE
discharges, which can be used for simulation of RE mitigation with MGI.
Therefore, knowledge of the RE beam position, the RE current and the
density of REs are of high importance for the RE mitigation studies in the
COMPASS tokamak.

The experimental observation of high RE current discharge was exem-
plified with the discharge #7298, the very first discharge of this kind during
the COMPASS RE campaigns. A relatively low Voo, during the flat-top
phase of the COMPASS discharge indicated a current component not in-
duced via the central solenoid. IPR coils clearly observe a total outward
current redistribution, while both - fast and slow - radial position systems
detect a significant outward force, causing the system to increase an inward
balancing force. On the other side, I, and its barycentre remained constant
as was pre-requested by the operator. Furthermore, the EFIT reconstruc-
tion also overestimates 3, and shrinkage of the plasma volume. All of the
above are evidences of the RE population that drives a significant amount
of the I,.

The same discharge was used to demonstrate how to estimate Irp. The
method is an adaptation of Fuijta’s approach [142] to COMPASS tokamak.
Originally Fuijta estimated all the needed parameters, while COMPASS
has direct measurements of one of them - the plasma pressure measured
by the Thomson scattering diagnostics. Furthermore, extraction of the RE
pressure from the measurements and use of the RE distribution functions
for Winae estimation were explained. The influence of the pitch angle on
the Igp estimation was also investigated - following Fujita’s example - con-
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cluding that it mainly influences the W,,,, calculation. The resulting Irg
computation gave an evidence that REs do carry at least 4 kA for the dis-
charge #7298 (I, = 120kA). On the other hand, the upper limit is difficult
to deduce and it results in the order of a few tens of kA.

The RE influence on the ramp-up I,, was noticed on a set of discharges for
which n, varies from 1 x 10 to 5x 10! m~3. Three distinct discharges were
taken - a standard discharge, a slide-away, and an intermediate case. Firstly,
a thorough description of the measurement observations was presented. It
was clearly shown that a drop in the plasma resistivity and the volt-second
consumption from the central solenoid can not be the reason for the I, rise
at the end of the ramp-up phase. Moreover, the higher the I, was, the
higher the HXR signals and 3,, were - indicating a correlation between the
I, peak and the REs. Therefore, the aforementioned Irg estimation was
used to estimate the RE density for those three discharges. A clear trend
between ngg and the I, peak was then shown, demonstrating that RE are
responsible for this peak.

For both the above analyses - discharge #7298 and the three n.-scan dis-
charges - the final result is compared with theoretical expectations. Kruskal-
Bernstein formula for Dreicer growth rate with Rosenbluth-Putvinski ava-
lanche growth rate is used as an analytic approach, while the NORSE code
is used as a more complex tool. Even though the exact amount of REs is un-
known and the accuracy of the experimental RE estimation is not validated,
we are sure that both computations overestimate the exact amount of the
REs. For example - the Kruskal-Bernstein theory predicts higher nzp than
ne to 1 to 3 order of magnitude. Furthermore, for the high F;,., NORSE
often forecasts that all electrons run away too early, while this is not con-
firmed by experimental observations. On the other hand, both theories do
predict the observed trend for the three discharges from the n.-scan.

The final part of the Chapter addressed the issue of the RE drift energy
limit in the COMPASS tokamak. It was shown that this limit is probably
not fully relevant for the RE losses during the flat-top phase, as it limits the
RE energy to around 30 MeV. However, this limit is probably the main cause
of the often observed significant RE losses during the ramp-down phase due
to the I, decrease. Moreover, knowledge of Irg for the discharge #7298 is
used in combination with the Zehrfeld’s RE beam drift theory to localise
the RE beam. It has been seen that - from this perspective - the RE beam
can exist for all of the analysed RE distribution functions.

OUTLOOK. Fujita also showed that I; (the internal plasma inductance)
has an impact on the I estimate [142, Fig. 7]. Unfortunately, the ac-
curacy of [; estimate from EFIT is very poorly known during the RE dis-
charges and thus it has not been investigated here. For this purpose, one
would need to implement the RE current into EFIT. Something similar has
been done by Yoshida [147] more than 25 years ago and implemented on
the ORMAK tokamak. Nonetheless, the implementation of the RE current
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into the equilibrium is left for future work on the COMPASS tokamak.

Finally, theories used here are also the most commonly used model basis
in the RE research community. However, they obviously overestimate the
number of REs. Yet, their further development is far beyond the scope
of this Thesis. The results obtained from theories are here to show the
issue being oversimplified and the need for a better modelling of the RE
generation.



Chapter 6

Synchrotron Radiation in

COMPASS

The current Chapter will describe synchrotron radiation (SR) coming from
RE in the COMPASS tokamak. A brief physical introduction about SR in
tokamaks is given in Section 2.3.5 and the COMPASS experimental setup
for SR diagnostics is concisely reported in Section 3.3.2.

Measured with IR cameras, SR can give the location of REs and the
average value of their pitch angle 8. Moreover, SR is one of the few ways
to observe directly confined, in-flight, MeV REs due to the so-called head-
light effect. In fact, direct observation of the REs in COMPASS is presently
possible only with measurements of SR.

The Chapter starts with a simple analysis for explaining what was ex-
pected in the experiment. The description of a more complex model used
in the Thesis is then presented. After a theory, the experimental setup for
COMPASS is described in more details than in Section 3.3.2. The observa-
tions of SR and their classification are presented afterwards. Furthermore,
data analysis from numerous discharges is given. Then, a correlation be-
tween Shielded HXR and IR camera signals is reported. The next Section
addresses a detailed analysis of the SR direct observation for the particular
COMPASS discharge #9814. Finally, a summary of the work and conclu-
sions are given in the very end of the Chapter.

6.1 Theoretical Expectations

Observations of SR in the COMPASS tokamak had never been performed
before the dedicated RE experiments (neither in Culham nor in Prague).
Therefore, in order to show that the first observations reported in Ref. [146]
by the doctoral candidate were not coincidental, preceding theoretical cal-
culations are presented in this Section. Furthermore, the qualitative con-

105
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Table 6.1: The estimated wavelength Apeqr for which the SR has maximum
power radiated according to Eq. 2.15 for different RE energies W and pitch
angles . Wavelength values near the IR camera range are bolded. The
units are in the pm.

W[Me\/}:‘ 10 15 20 30

0=1/y 80.4 31.0 14.1 4.38
#=02rad | 275 12.2 6.64 2.68

temporary theoretical knowledge is also reported. The end of the Section is
devoted to the SYRUP code.

6.1.1 Wavelength of SR Maximum

Firstly, on estimation of the wavelength Apeqr or frequency vpeqr at which
the radiated power of SR should have maximum was performed. Eq. 2.15
gives an approximate formula for the Apcqr and its values are tabulated in
Table 6.1 for typical COMPASS parameters. Four different RE energies
W are taken: 10, 15, 20 and 30 MeV, as typical values at the COMPASS
tokamak are a few tens of MeV - see Chapter 4. Furthermore, the pitch
angle @ is estimated in two different ways. Firstly, the common astrophysical
approximation § = 1/v is taken, where ~ is the relativistic Lorentz factor.
Secondly, 6 is set to 0.2rad as this is a common maximum value measured
in other tokamaks [81,105], and it was also measured afterwards in the
COMPASS tokamak as a typical value! [152]. It is clear from the Table
that the A\pcqr has values in the infrared range for analysed RE energies. As
already reported in Section 3.3.2, the IR camera available on COMPASS
has a detection range from 7.5 to 13.0 pm. Therefore, we can conclude that
our IR camera is able to detect SR from RE with energies over 15— 20 MeV.

6.1.2 Background Radiation

Even though RE seems to radiate SR in the detectable range of the avail-
able IR camera, we still need to check what is the detectable amount of
power from radiation with respect to the background coming from the wall
and the plasma itself. This kind of analysis for ITER disruption was re-
ported by Jaspers et al. in Section V of Ref. [105] and a similar analysis
will be conducted here. Jaspers et al. investigated two background radia-
tion sources - thermal radiation from the wall and plasma bremsstrahlung.
In the case of the COMPASS discharge, the density is lower, temperature
a bit higher and the effective charge is lower than what is expected during
ITER disruptions, making bremsstrahlung radiation 3-5 orders of magni-
tude weaker than the thermal wall radiation. Therefore, bremsstrahlung

1For more details about the pitch angle measurement in COMPASS see Section 6.4.
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will be neglected in the analysis conducted here. Planck’s law of black body
radiation can be applied for the thermal wall radiation and yields
_ 2hc?

B AP [eXp(hc/)‘kTwall) - 1]

Byp(Twau, A) (6.1)
where ) is the radiation wavelength and T, the wall temperature. The

SR radiance is 9 I ()\)
T RE
2nRyIrE Rpi 6.2
s 6CARE SZSR ( )

where Qgr = 7/~ is the solid angle at which the SR is emitted and P()\)
is the spectral density of emitted power, which is estimated with the single
electron approximation

P(N) 3 27V1+772 (IO(VYa)+ 4n

X TMCT
e e\ TN R,y 1472

Il(na)> e &SR (6.3)

where I, () are the modified Bessel function of the first kind of the v** order,
Na = Esrn/(1+n?) and Esr = (4 R,)/(3NYy3 /1 + n?), while n = (v)) /var
already reported in Section 4.1.2. However, if A = Apeqk, i.e. when P()) is
maximum, then the above equation can be simplified into

Prear(A) & 0.1mec?re(1 4173247 /RE. (6.4)

Before going to the result of the calculation, it is important to note that
only rough approximations are made and that more precise equation could
be considered for the SR power spectrum. However, for the present purpose
the aforementioned approximations are good enough and a more advanced
power spectrum characterisation and their limitations will be discussed later
in Section 6.1.4.

The results of the above-elaborated analysis are shown in Fig. 6.1. To
obtain this Figure, the parameters used are R, = 0.56 m, B;,, = 1.15T,
0 =0.2, arg = 0.1m for Arg calculation and T,,,; = 350K is taken as as
upper estimate for the LFS wall temperature of the COMPASS tokamak
without disruption or the RE impact. As earlier, the RE energy is varied
from 10 to 30 MeV, while two different RE currents are taken to study the
detection threshold: 0.1kA and 1kA. Finally, three different wavelengths
are considered - the minimum and the maximum of the IR camera range,
ie. A = 7.5 and 13 um, and the calculated Apcqr for each corresponding
RE energy. Finally, from Fig. 6.1 it is obvious that REs over 15 MeV carry-
ing 0.1 kA would be well visible with the IR camera available on COMPASS
(well above the black lines that correspond to the thermal noise). Moreover,
having 1kA RE current would be detectable even if the RE energies would
be just above 10 MeV. Therefore, we conclude that the background radia-
tion in the COMPASS tokamak is not a constraint for the SR observation
compared to the wavelength range of the IR camera, which is connected to
the RE energy through the spectrum maximum Apeqk-
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Figure 6.1: Thermal wall radiation By, (black lines) and synchrotron radi-
ance Bgg for RE current Igp = 0.1kA (blue lines) and Irp = 1kA (red
lines) versus the RE energy W. The wavelength was set to the IR camera
minimum A = 7.5 um (dotted lines), to the IR camera maximum A = 13 ym
(dashed lines), or to the wavelength corresponding to the power spectrum
maximum A = Apeqr (solid lines).

6.1.3 Brief Overview of the SR Theory

The approximated approach presented above concerning the SR comes from
the work of Schwinger [153] on radiation from accelerated electrons. Trub-
nikov was the first to adopt this theory for high temperature (i.e. fusion)
plasmas [154]. A good overview of the cyclotron and synchrotron theory
development can be found in Bekefi’s book [155] and Landau-Lifshitz se-
ries [156]. However, most of the theory development in fusion research con-
centrated on the electrons of a few tens of keV, while no-one investigated the
effects specific to fusion plasmas for MeV energy range until Finken [104]
and Jaspers [70] published their experimental works. Finken and Jaspers
assumed that the SR power spectrum is dominated by the highest energies
and large pitch angle. The detailed theoretical work was finally accom-
plished analytically by Pankratov [139] and numerically by Stahl et al. [45].
They showed how toroidal effects and bulk plasma parameters (e.g. toroidal
magnetic By, and electric Ey,, fields, electron density n. and temperature
T.) are important in estimating the RE density and energy from measure-
ments of SR in fusion devices. Namely, SR emitted power would increase
with higher By, Te, Ne, Zesy and lower Ey,,.. Moreover, Stahl et al. [45]
numerically investigated Pankratov full analytical expression for SR. The
main conclusion was that the SR diagnostic based on single particle emis-
sion model [81,105] can be misleading and, usually, overestimating the SR
per particle, and then underestimating the RE density. The most recent
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work by Hirvijoki et al. [157] and Decker et al. [151] concentrated on the
Abraham-Lorentz-Dirac force, the reaction force to the SR, that can form a
non-monotonic feature in the RE distribution. This non-monotonic feature
of the RE distribution function is often called ’bump’ as already mentioned
in Section 5.3.1 (where it was shown that the bump cannot occur under
COMPASS plasma conditions). This is probably because the reaction force
is proportional to the B2, ., which is relatively low in the COMPASS toka-
mak. Finally, the importance of SR and its dependence on the RE dis-
tribution dynamics is reported by Stahl et al. [30] where he examines the
experimental estimation of F,.;:>.

To summarise - typically COMPASS tokamak has relatively high FEj,,,
low Biop, ne and Zcyy, which leads to weak SR. On the other hand, high
Ftor and low n, produce more REs and high E,,, and low B;,, allow REs to
reach higher energies that both lead to stronger SR. Moreover, the available
IR camera in COMPASS seemed to observe the proper spectral range for
SR and already about 100 A of RE current could be distinguished from
background radiation. In conclusion, the attempt to measure SR in the
COMPASS tokamak was supported by the theoretical expectations.

6.1.4 SYRUP Code

Analytical expressions for the SR power spectrum presented in Ref. [45]
were implemented by Stahl in a code named SYRUP (SYnchrotron spectra
from RUnaway Particles). SYRUP is written in MatLab and can be run as
graphical user interface.

Beside choosing the SR spectrum formula for a given wavelength range,
it allows to choose the RE distribution function - single electron, analytical
avalanche, or provided from the code CODE?. The single electron case re-
quests the RE pitch angle # and the RE maximum energy W, .. knowledge,
while analytical distribution function only needs the maximum energy. Ad-
ditionally, analytical distribution function needs plasma parameters (Eio,,
ne, Te and Z.sy) as an input. Beside RE and plasma parameters, tokamak
parameters (Rg and By,,.) should be specified for all the SR spectra and RE
distribution functions.

The full analytical expression for SR from RE in toroidal fusion
plasma [139] is

B drmec3r, * dy 5 3 . |3 y?

T gt ey cos | 2 U]
s [ angiotyeos Sesn (v 5)] -5} 09

2For more details on the experimental estimation of F.;; see Section 2.2.1.
3See Section 2.1.6 for more details on CODE.
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where J,(z) is the Bessel function of order v and J),(z) its derivative. Nu-
merically solving the above equation costs a lot of computational time and
therefore one needs to find an approximate solution to speed up the analysis.
One such approximation was already reported in Eq. 6.4 as P()\), which we
will take to be the first approximation P(A) = P;(\). This approximation
is valid for the wavelength range [139]

4R 4R
71——17773/2 <A _ Ty
3v3/1+ 12 373/ 14 n?
The second approximated expression named Pz () for the SR power spec-
trum [139] is

)\1[ = = )\1u~ (66)

3mecd 1 2 4R
Pa(N) = VameSrey (A4 m)? (AR, (6.7)
2X2R, NI 3AM3(1+n)
that only has an upper limit on the validity range of the wavelength:
AT Rym
A< e = Ao 6.8
O (0

Beside the above three equations for SR power spectrum in toroidal plasma,
SYRUP can calculate the SR power spectrum for the cylindrical plasma [153]
(i.e. straight magnetic field lines):

drmecdre [
Po(N) = ¢ Ks5(1)dl (6.9)
‘ V3A3Y2 Jaa /
40 (@) . (b)
— 7., Wmax = 20 MeV e — %, Wmax = 20 MeV/
J— —1, , Wmax = 30 MeV
30 _x::l, Wmax = 30 MeV| —xzu, Wmax = 40 MeV|
==y 6
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Figure 6.2: (a) Theoretical upper Ay, (solid lines) and lower A\y; (dashed
lines) wavelength limits versus the pitch angle 6 for the P; validity. (b)
Theoretical upper Ao, wavelength limits versus the pitch angle 6 the for the
Py expression to be valid. Each limit is calculated for three different RE
energies: 20, 30 and 40 MeV. Notice the different y-axis scale between (a)
and (b).
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where A\, = (4mmecy)))/(3eBiory) and K, () is the modified Bessel function
of the second kind of the v*" order.

The question to address here is which approximation should be used for
the COMPASS plasma to avoid lengthy calculation of the full expression
P;. Stahl et al. showed that P. can be used for ITER due to its large size
and that Ps suits the DIII-D tokamak the best, while Jaspers [105] used
the other toroidal approximation P;.

The wavelength ranges defined in Egs. 6.6 and 6.8 should answer this
issue, theoretically. This is plotted in Fig. 6.2 for three different RE energies
- 20, 30 and 40 MeV. For the wavelength range of importance for the Thesis
(7.5—13 um) only P; seems to be suitable for energies between 20— 30 MeV,
as seen from Fig. 6.2a. On the other hand, from Fig. 6.2b it seems that P,
is not appropriate for the COMPASS IR camera.

However, COMPASS is equipped with an IR spectrometer that has an
upper wavelength limit at 1084.64nm, where P, should be wvalid.
Unfortunately, SR was not 4
detected then. On the other 10
hand, the lack of observa-
tion with the IR spectrome-
ter can be used to estimate
the W, for the detectable
RE population. The the-
oretical maximum energy
that RE can obtain from
the electric field in COM-
PASS is around 40MeV.
Therefore, we will again use
three different RE energies 10™
- 20, 30 and 40 MeV - with
the single electron and an-
alytical distribution func-
tion.  The result is pre-
sented in Fig. 6.3, where
the plasma parameters are

P [10™"° Winm/m

--40 MeV, "

vd 40 MeV, "
P
1

1.5
wavelength [um]

Figure 6.3: SR power spectra per RE for the
single electron (blue) and the analytical (red)
distribution functions using the P, expres-

sion. Spectra are plotted for three different
Tew: 7200 eV, ne = 2x pp energies - 20 (solid), 30 (dot-dashed) and
107 m™, Epor = 0.15V/m g ey (dashed). The black vertical solid line

and Zeyy = 2.5. For i the upper limit of COMPASS IR spectrom-
both distributions SR from .. 2t 1084.64 nm.

RE with 40 MeV shows rel-

atively high radiation levels, while the SR power for 20 MeV seems to be
quite low. The SR from RE that has a 30 MeV energy using the analytical
distribution has a similar order of magnitude as the single electron SR from
20 MeV RE. Knowing that SR should be at least a few W /nm to be detected
over the background measured by the IR spectrometer, the lower limit for
the number of RE Ngg can be estimated. Lack of SR on IR spectrom-
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Figure 6.4: The SR power spectra for all four different equations - 6.5, 6.4,
6.7 and 6.9 - for RE with two different energies: (a) 20 and (b) 30 MeV.

eter suggests that there is no significant population (approximately over
102 m~3) of REs in COMPASS with energies higher than 30 MeV.

An additional thing to observed from Fig. 6.3 is the significant differ-
ence between the power spectrum from the single electron and the analytical
distribution function, already reported by Stahl [45], meaning that the dis-
tribution function is of great importance when looking at SR. Moreover, the
aforementioned validity conditions for both approximations are derived for
a single RE radiation. However, the validity tests cannot be performed as
simply as in Fig. 6.2 in the case of any distribution function. Therefore,
Fig. 6.4 is plotted to visualise the direct comparison of P, Ps and P, with
Py in the IR camera wavelength range. The plasma parameters for analytic
distribution function are identical to the ones in the previous paragraph.
For both energies - 20 and 30 MeV - the approximation Ps is the closest
to Py. This is expected for the lower energies as seen from the theoretical
conditions. However, the discrepancy between Py and P; is quite surprising
in comparison with results presented in Fig. 6.2a. This is probably due to
the collective effect, which show to be important. Finally it is concluded
that for the COMPASS tokamak IR camera approximation Ps can be used
for the RE energy range between 20 and 30 MeV.

6.2 Details on Experimental Setup

The outline of the IR camera and its location on the device were already
briefly reported in Section 3.3.2. As shown in the previous Section, this
camera is suitable for the SR coming from the REs with energies over ap-
proximately 15 MeV. In addition, the absence of SR in the IR spectrometer
implies that no detectable RE population exists over 30 MeV in the COM-
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2"d RE Campaign: #8603 3"d RE Campaign: #9982

15t RE Campaign: #7305

Figure 6.5: Three different views of the IR camera to the LFS wall for the
first three RE campaigns. Light blue depicts NBI dump and light green
indicates mid-plane port.

PASS tokamak.

In this Section we will focus mainly on the different IR camera views
due to the slightly different locations from campaign to campaign. These
views can be seen in Fig. 6.5, where discharges without plasma are chosen.
The observed structures will be important in the upcoming Sections, thus
their nomenclature has to be addressed and explained here. The moon-
like structure on the left is the carbon NBI dump?, which is closer to the
plasma than the LFS wall (that is the reason why it shines). The ellipse in
the middle of the photos is the south mid-plane port, therefore it is vacant
with respect to the surface of the LFS wall.

Additionally to the Fig. 6.5, Table 6.2 is provided. The Table contains
details on the window installed on the mid-plane tangential 11/12 port - the
material of which it is made, the size, and the characteristic transparency
corresponding to the spectral range of the IR camera. As the IR camera
position and orientation were not identical in the three campaigns, the ob-
served region with respect to the core d;r and the IR camera distance from

4The protection from NBI particles that pass through the plasma.

Table 6.2: Detailed information on the IR camera setup during the first
three RE campaigns (corresponding discharge numbers from Fig. 6.5 are
also depicted). I;g is the distance from the camera lens to the plasma core,
while dp is an approximate diameter of the observed region at the plasma
core.

W ind o w: L [em] dpg [om)]

RE . diameter trans-
. material parency
Campaign [cm] (%]
15%: #7305 ZnSe 3.7 ~70 111.6 149
2nd: 28603 Ge 8.5 80-90 139.5 16.9

3rd: #9982 Ge 8.5 80-90 153.5  15.5
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the most tangential location with respect to the core l;z were different for
each campaign (see Table 6.2).

6.3 Observation and Classification
of IR Measurements

The raw signal from the IR camera is digital and not calibrated. As the IR
camera measurement was first intended for wall temperature measurements,
the signal output in temperature is automatic. However, to use the IR
camera as a SR diagnostic requires radiation intensity or/and brightness
calibration. This proved to be far from trivial and needs a case-by-case
approach. Moreover, the IR camera can be run at 4 different sensitivities
that correspond to its 4 different temperature ranges. The raw signal for
all sensitivities goes from the negative values (depending on the sensitivity)
to the measured maximum or instrumental maximum (i.e. saturation at
10500 counts), which is exemplified in Fig. 6.6b. Henceforth, to unify all
the sensitivities without tedious calibration, we define a ratio between the
measured maximum and the absolute minimum value which we shall denote
as the relative intensity R.

Beside categorising the SR observations into those with and without the
appearance of SR on the IR camera, there are a few less obvious or expected
measurements. The disconnection is one such measurement, which occurs
when SR is so strong that the IR camera simply switches off. Sometimes
the IR camera can measure wall heating that can radiate the level of weak
SR, but it can be clearly distinguished from the SR due to the slower decay
time, location and shape. Also, the SR intensity strongly depends on the
discharge length and presence of massive gas injection (MGI).

(a) #9814, t=1268 ms (c) #7303, t=1309 ms (e) #7417, t=1160 ms (g) #9847, t=1243 ms
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(b) #8555, t=1226 ms (d) #8557, t=1309 ms (f) #9898, t=1176 ms (h) #9899, t=1251 ms
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Figure 6.6: Examples of different observed SR shapes/patterns in COM-
PASS tokamak: (a) direct SR observation, (b) IR camera saturation, (c-d)
SE reflection from the wall on the RHS, (e-f) SE reflection from the wall
on the LHS, and (g-h) SR reflection all around the port. Note the different
scale of the color map for each graph.
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Moreover, SR in COMPASS is usually observed as a reflection from the
stainless steel wall, as almost all direct observations ended in what we call
the disconnection event. The SR reflections were not always the same and
some typical patterns are plotted in Fig. 6.6. Figures 6.6c-h show different
kinds of SR reflection from the wall, which can come from the right-hand side
of the wall (Fig. 6.6¢c-d), the beam dump on the left-hand side (Fig. 6.6e-f) or
all around the Li-port (Fig. 6.6g-h). Wall structures in Fig. 6.6¢, 6.6d, and
6.6h prove that radiation is reflected. However, more intensive radiation
from the left beam-dump edge is probably due to its heating, as it is a few
centimeters closer to the plasma. Finally, an infrequent measurement of
the direct SR is depicted in Fig. 6.6a, which will be analysed in details in
Section 6.4.

6.3.1 Data Analysis Integrating Different Campaigns

The aforementioned relative intensity Ry.q. will be the parameter used
to characterize SR in different campaigns and IR camera sensitivities. In
previous study, it was found that R, is inversely proportional to the RE
critical energy We.;x [152]. The critical energy can be derived from the
Eq. 2.2 for vgrg, as W = mevf%E/Z and with simple mathematics one
obtains:

eSlnA n.
it = —————/ 2+ Zorr. .1
Werit Amed FEior + dess (6.10)

For simplicity and as we lack clear measurements, the effective charge Z ¢
is considered constant for COMPASS and equal to 2.5 (as described in
Section 4.4). Importantly, W.,;; is inversely proportional to the normalised
electrical critical field

2

meC
(c/‘cy-it = W\/2+Zeff. (611)
crit

The electron density is taken from the Thomson scattering measurements
at the core and the toroidal electric field is estimated from the METIS
code. Both values are time-averaged during the first 240 ms of the discharge
independently of the discharge length.

The dependence of R,,q: as a function of W,,.;; and &..;; is plotted in
Fig. 6.7 for the first three RE campaigns. First, one can observe is that
there is no high IR camera R for W, .;; over 41keV or under E..;4 ~ 26.5
and that the same stands for the disconnection events. However, one should
be careful with those numbers as they are averaged over time and therefore
do not represent a direct number of the RE generation energy threshold or
electric field in COMPASS. On the other hand, it gives a good idea of the
order of magnitude to obtain significant high energy RE population in the
COMPASS plasma. Moreover, the high R,,., can be divided into three
groups: (1) normal discharges with plasma length up to 350 ms; (2) long-
discharges, which are longer than 350 ms and (3) long-discharges with Ar-



116 CHAPTER 6. SYNCHROTRON RADIATION IN COMPASS

E, /IE acVIooplne

tor crit

60 50 40 35 30 25 20 15
60 T T T T T T T f

e 1st Campaign
e 2nd Campaign
— 50[ Longidischarges > 0.35s ® 3rd Campaign
3 withi Ar-puff . .
s ® Disconnection
g 40
=]
E
= 30
=
c Discharges > 0.35s
S 20 5
1]
2
©
@10
0 T N “ ® ® me ‘ o ® ] v

20 30 40 50 60 70 80
Wcrit [keV] « neNIoop

Figure 6.7: The maximum of relative intensity from IR camera during dis-
charge R4, as function of critical energy W,.;x (bottom axis) and critical
electric field E..;; (top axis).

induced disruption. A lower threshold for the SR observation is depicted in
the Figure at R0, = 4. Although SR can be observed under this threshold,
it is difficult to analyse as the radiation level is of similar intensity as the
thermal radiation from the wall.

6.3.2 Correlation with the Shielded HXR

In this Section, we briefly report on the correlation of the time-trace signals
between the IR camera and the Shielded HXR. Fig. 6.8 shows the mean value
of the IR camera measurement for each frame and the smoothed signal of
Shielded HXR over 8 ms (as 8 ms is the approximate time resolution of the
IR camera) for the COMPASS discharge #9992. Similar behaviour observed
in the Figure is expected as both, IR camera and Shielded HXR, observe
the high-energy REs. Also, one can notice that the IR signal increases
and has maximum before the Shielded HXR signal increase and maximum,
respectively. The delay between the two is due to the fact that the IR
camera observes in-flight/confined REs, while the Shielded HXR observes
their losses on the wall. Moreover, these kinds of correlation are mostly
observed just before or during the I, ramp-down phase. Henceforth, the
observed losses probably come due to the decrease of the W, ¢+ limit that
decreases with the I, as described in Section 5.5. On the other hand, there
is a second kind of correlation where maximum of the Shielded HXR signal
occurs before the signal of the IR camera. This can appear for two different
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Figure 6.8: Time traces of the plasma current (blue line), Shielded HXR
(red line), smoothed Shielded HXR over 8 ms (green line) and mean value
of the IR camera frames (black dots) for the COMPASS discharge #9992.

reasons, and both of them are observed in Fig. 6.9. Either the SR signal
is strong but the RE confinement is weak and their losses are observed
with the Shielded HXR diagnostic before the IR camera measures SR> (see
Fig. 6.9a), or the SR signal is weak and/or wall heating is detected by the

5This is due to the lower RE energy threshold for the Shielded HXR, than for the IR
camera - see Section 3.3.2 for more details.
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Figure 6.9: Same time traces in Fig. 6.8 but for different discharges.
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IR camera (see Fig. 6.9b). These two cases differ in intensity (SR usually
has higher values than the wall heating) and decay time of the IR signal
(SR usually has shorter values than the wall heating). Data analysis was
performed in an attempt of setting an automatic tool based on physical
reasons to distinguish between these two cases, but it showed to be far from
trivial and the only way to do unambiguous classification at the moment is
looking at the raw IR camera signal.

6.4 Direct Observation

As already mentioned in Section 6.3, direct
measurements of SR in COMPASS toka-
mak were quite infrequent, mostly due to
the fact that the IR camera disconnected
during intensive SR. Explicitly said - di-
rect observation is claimed only for 13 dis-
charges out of 363 highly relevant ones in
the first 3 RE campaigns (statistics taken
from the Table 3.1). Moreover, some of
the 13 discharges could have too strong re- Figure 6.10: View of the
flected and/or background radiation, as all IR camera towards the LFS
the recorded direct SR observations were wall for the 3'Y RE campaign
relatively weak. Therefore, extraction of (same as in Fig. 6.5). The yel-
the SR information only from these mea- Jow rectangle depicts the area
surements was rather challenging task. taken in the reported analyses
Eventually, the discharge #9814° showed (Fig. 6.11).
to have the best direct SR measurement.

SNote that this discharge was used in the Section 4.2 as well. Moreover, the analysis
reported in this Section is performed only for this specific discharge.

1210 ms 1218 ms 1226 ms 1234 ms 1243 ms 1251 ms

(I O

r1259 ms r1268 ms r1276 ms r1284 ms r1292 ms 1301ms | |*°
& > (> (> [ ”
A A A A i i 0

Figure 6.11: Raw IR camera data for the discharge #9814. The analysed IR
camera region is marked with a yellow rectangle in Fig. 6.10. The colorbar
is in W/sr/m2. The Figure is reproduced from Ref. [152].
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The analysis was firstly reported in Ref. [152]. We recall that the plasma
in the discharge #9814 was circularly shaped, with By, = 1.15T and a
linearly rising current due to a constant Vj,o,. Even though the plasma
current is rising, this phase will be addressed as the flat-top phase due
to the common nomenclature and for convenience. Direct SR is observed
during the ramp-down phase at the end of the discharge, approximately
after 1220 ms.
We will first describe how the raw IR camera r
data is processed, i.e. in particular background
subtraction. This signal is then used for the pitch
angle estimation. The Section continues by show-
ing how the pitch angle can be used for the esti- |
mation of the current driven by the high energetic L
REs. Finally, a comparison of this estimate with
codes is presented.
Figure 6.12: Raw IR
6.4.1 Background Subtraction camera data for the
discharge #9814 at
As already mentioned above, the 13 discharges the 1177ms that is
with the direct SR observation had rather weak sig- taken as the back-
nals, i.e. SR was usually comparable with the ther- ground frame.  The
mal radiation from the vacuum vessel wall. There- color scale is the same
fore, a subtraction of the thermal IR background as for the Fig. 6.11.
radiation had to be realized to extract pure SR
measurement.
An example of IR raw signal is presented in
Fig. 6.11 for #9814. Note that only part of the IR camera view is shown
corresponding to the part depicted in yellow in Fig. 6.10. This is done to
avoid radiation from significant heating of C-tile and to reduce reflection
artefacts of SR coming from the side of the IR camera view.

1210 ms 1218 ms 1226 ms 1234 ms 1243 ms 1251 m 40

@®000

1259 ms 1268 1276 1284 1292

QIO O e &

Figure 6.13: Same frames as in Fig. 6.11 but with subtracted frame at
227 ms. Black line in the different frames corresponds to 50% of the maxi-
mum intensity. The Figure is reproduced from Ref. [152].
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The frame taken at 1177 ms has been taken as the background frame (see
Fig. 6.12), because in the following frames one could observe some SR from
the RE beam. However, frames presented in both Figures 6.11 and 6.13 do
not start from this particular moment. Namely the first plotted frame (at
1210 ms) is when the SR intensity at one pixel reaches around 50% of the
pixel IR signal maximum during the whole discharge. Note that this 50%
intensity of whole discharge maximum is also taken to be the edge of the
RE beam, the condition based on Ref. [81].

6.4.2 Pitch Angle Estimation

The pitch angle 8 can be estimated after inferring the RE beam shape from
IR camera pictures. A simplified geometry view of a single RE trajectory
is given in Fig. 6.14, from where 6 can be expressed through the curvature
radius R. and the difference between the width and the height Ar of the
observed SR contour:

Ar
0= s 1—— ). 6.12
arccos ( Rc) (6.12)

In the above calculation of the
pitch angle, we assumed that the
IR camera observes the whole RE
beam in the wvertical direction.
However, in Section 3.6 of Ref. [70]
the author explains that this does
not have to be the case. Another
possibility is that the observed RE
beam vertical length (with half-
height hrg) is limited by the pitch
angle itself. Furthermore, those
two possibilities cannot be distin-
guished by looking only at the IR
camera measurements if it is lo-
cated at the tokamak mid-plane,
which is the case for the COMPASS tokamak IR camera. For further anal-
ysis, note that there is no port on the COMPASS tokamak that would be
able to measure SR off-mid-plane.

[N Cameral

Direction of
RE motion

Figure 6.14: Geometry of the SR ob-
servation from REs in tokamak.

Anyhow, we will show that our initial assumption was correct by con-
sidering the opposite and showing that it does not lead to a physical result.
When the pitch angle limits the vertical measurement of the IR camera, the
RE beam minor radius agrg is larger than the observed vertical half-length
h

arg > hre =lir Sine, (613)
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where [; is the distance between the IR camera and the RE beam”. Know-
ing that hrp is not larger than 5cm, as estimated by black line from
Fig. 6.13, one calculates from Eq. 6.13 that § < 0.0326rad. In addition
to the aforementioned geometrical condition Eq. 6.13, Pankratov [158] adds
one more condition for which the RE beam is not seen completely in the

vertical direction:
GRE

q(r)R.’

where ¢(r) is the safety factor at the corresponding minor radius r = R, —
R,. For the discharge #9814, R. is around 65cm and ¢(r) does not go
over 2.6, which limits § under 0.03rad. Such low 6 is about an order of
magnitude lower than what is measured in other machines. Moreover, a
low pitch angle means that REs in COMPASS practically move along the
magnetic field lines. It would be physically surprising to expect such a
scenario for such high RE energies and relatively low magnetic field as it is
the case for the COMPASS discharge #9814. Henceforth, we are confident
that our initial assumption of observing the whole RE beam in the vertical
direction is acceptable.

tanf < (6.14)

6.4.3 High RE Density Estimation

The SR radiance Bgg from Eq. 6.2 can be defined through the density of
RE population observed by the IR camera njYp" [81] through

2RC sync
B\, 0, Winaz) = P(\)—=nii " (6.15)

To compare SYRUP output with experiment it is necessary to integrate the
SR radiance Bgpr over the observed wavelength range measured by the IR
camera [81], obtaining the brightness

(0, Winas) = / Bsr(\ 0, Wonaa) T(VdA, (6.16)

where A is the wavelength and T'(\) the transparency of the optical path
between the RE beam and the IR camera. In our case, transparency of the
Ge window® is the only factor to take into account.

The iterative procedure for estimating the high-energy RE density is the
following:

1. calculate P()) from the SYRUP code using P2” (defined in Eq. 6.7)
with the plasma parameters - n, = (1.6 & 0.2) x 10 m=3, T, =
530 & 606V, Erop = 0.33 £0.04V/m and Z,;; = 2;

"Values for l;p are listed in Table 6.2
8Values for window transparency are listed in Table 6.2
9Reason why Ps is used is elaborated in Section 6.1.4.
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Figure 6.15: Time traces of the theoretical brightness for the contours,
pitch angle and the density of the high-energy REs with their corresponding
RE current for beam radius of 5cm for discharge #9814. The Figure is
reproduced from Ref. [152].

2. take “a priori” nf%yéwh and obtain the corresponding theoretical bright-

ness;

3. compare this theoretical brightness (from point 2.) with the experi-
mental one measured with the IR camera;

4. TF difference is visible to the third significant digit go to step 2, OTH-
ERWISE save nﬁ’gc}‘ value.

The results for the theoretical brightness, the estimated 6 and the high-
energy REs with the corresponding RE current are depicted in Fig. 6.15
for discharge #9814. The estimated current driven by high-energy REs is
of order of a few 100 A, which is in agreement with the analysis done for
Fig. 6.1.

Furthermore, the above results from the experiment are compared with
the NORSE code. The simulation is done in the same manner as described
in Section 5.2. In Fig. 6.16 the estimate of nrg from the NORSE code is
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Figure 6.16: Time traces of measured n. . (solid blue), total RE density from
Kruskal-Bernstein (dash-dotted green) and NORSE (dashed magenta) mod-
els, and RE density for population over 15 (solid red) and 20 MeV (dashed
black).

shown for the whole RE population and the parts that have energies over 15
and 20 MeV. Additionally, n. . from measurements and nrg from Kruskal-
Bernstein theory are added for illustration purposes. Omne can see that
Kruskal-Bernstein gives an order of magnitude higher ngpr than NORSE
slowly approaching the total electron density at the end of the discharge.
Anyhow, the main point to focus on from Figure 6.16 is that NORSE es-
timates a number of high-energy REs about 5 orders of magnitude lower
than it was obtained in Fig. 6.15. Furthermore, the time when the RE
population over 20 MeV from NORSE reaches its highest values coincides
with the detection of the SR signal. This shows a good agreement of RE
population dynamics between the NORSE code and the experiment, with
a large discrepancy in RE absolute numbers.

6.5 Summary and Conclusions

SR is one of the most direct ways to detect REs. Therefore, due to its
importance, the first measurements and analysis on the COMPASS tokamak
are reported here.

First, it was shown that those measurements are not accidental, but
that they were supported by theoretical calculations. The fortunate fact
was that the available IR camera (not designed for the SR observation)
had wavelength in the necessary range for the SR observation from the
COMPASS plasma. Furthermore in this Chapter, the handling and the
purpose of the SYRUP code was explained. In combination with the IR
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spectrometer, SYRUP is also used to estimate the upper RE energy limit
at around 40 MeV in the COMPASS tokamak.

Next, experimental observations are analysed in details. Namely, the
most common shapes of SR reflection on the COMPASS wall are described.
The correlation is found between the relative SR intensity R and RE pa-
rameters W,,.;; and &..;;. The deduced threshold for SR observation are
Werit < 41keV and &gy > 26.5. Also correspondence between time evolu-
tion of SR and the Shielded HXR is illustrated and discussed.

Direct observation of SR for discharge #9814 is exploited here in the
details. It gave us an estimate of the pitch angle in the range 0.15—0.30 rad
and we estimated that the RE density for energies above 15 — 20 MeV is of
the order of a few 10> m~3. However, NORSE gave 5 orders of magnitude
lower RE density for energy above 15—20 MeV. On the other hand, timing of
the experimentally observed SR and the rise of the high-energy RE density
from NORSE are in excellent agreement.

Unfortunately, correlation between IR camera and the Shielded HXR
signals did not produce any quantitative results. Therefore, some more
work has to be done on this topic, specifically on the dynamics of the signal,
i.e. temporal correlation. Moreover, reconstruction of the observed shapes
in Fig. 6.6 based on method from Ref. [159] could be done and provide
localisation of RE beam. Beside SR-related topics, an interesting point
using the IR camera data could be to investigate the IR-camera-observed
hot-spots origin, as they could be the a result from the lost REs.



Chapter 7

Post-Disruptive Runaway
Electron Beam

A detailed analysis of the post-disruptive RE beam in the COMPASS toka-
mak will be presented in this Chapter. As previously reported in Section 3.9,
Ar injection was used to trigger post-disruptive RE beams in COMPASS.
This method was used in many other machines as MGI triggered disrup-
tions are more prone to the RE beam occurrence, as stated in Section 2.2.4,
even though MGI is one of the two main RE mitigation options (described
in Section 2.2.7).

The Chapter starts with a motivation and details on achieving RE beam
in the COMPASS tokamak. They are followed by the detailed parameter
analysis on the RE beams occurrence in the COMPASS tokamak. The
Chapter continues with a thorough study of the runaway current plateau
phase. The termination of the RE beam is then investigated briefly. Then
measurements from a IR camera and the lack of synchrotron radiation are
described. Furthermore, MGI in long discharges is reported separately.
Finally, the summary of all topics and main conclusions are given.

7.1 Achieving RE Beam

As already noted in Section 2.2.6, REs are presently set as the second
highest priority for the ITER disruption mitigation system [85]. There-
fore, obtaining post-disruptive RE beam was of the paramount importance
for COMPASS, as it would lead towards more ITER-relevant RE studies.
Notwithstanding that the COMPASS tokamak would became even more
ITER-relevant fusion device.

However, achieving RE beam was not expected to happen spontaneously
due to the B-limit. The B-limit is described in Section 2.2.4 and it predicts
no RE beam generation for plasma with By, < 2T, while the COMPASS

125
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tokamak usually operates with By, = 1.15T. Accordingly, the Ar injection
was used to trigger the first RE beam in COMPASS. The first tests have
shown [136] that the easiest way to produce a RE plateau was to massively
inject Ar during the ramp-up phase of the plasma current. Henceforth, all
following Section are addressing the Ar injection during the ramp-up phase.

The occurrence of the RE beam is already described in Section 2.2.4,
where two initial phases - thermal quench (TQ) and current quench (CQ) -
are described in details. The exact theory behind RE beam occurrence/for-
mation is not yet clear, but most of the theories agree that REs are generated
as a result of the Dreicer and hot-tail mechanisms!'. After RE beam is
formed, a relatively quiescent phase occurs where RE current is either flat
or slowly decreasing - the so-called RE current plateau. The final phase is
the termination of the RE beam.

MGI was achieved using the solenoid valves. Their location is depicted
in Fig. 3.3 and their installation during RE campaigns is detailed in Sec-
tion 3.3.3. Anyhow, the solenoid gas valves are connected to the vessel
through a system of stainless steel tubes with a length of about 50 cm hav-
ing an inner diameter in the 4—6 mm range. This non-negligible tube length
implies a delay between the time of valve opening and the time at which the
argon puff starts to interact with the plasma, i.e. roughly the time at which
the gas enters the vacuum vessel. The delay is estimated to be 1—1.5ms ap-
proximately, taking into account a mean velocity of approximately 400 m/s
for argon gas in vacuum at 300 K. Based on the observations, all discharges
with the MGI in the COMPASS tokamak can be classified as follows:

1. Strong (RE plateau): RE beam carries more than 10% of the pre-
disruptive current Ip;

2. Weak (RE plateau): REs typically carry current equal to a few 100 A;

3. Slow (radiative current decay): the plasma current slowly decreases
in a similar way to a ramp-down phase;

4. Zero (RE plateau): a ‘typical’ disruption, with no RE remaining or
generated after the disruption.

An example of each class is shown in Fig. 7.1, where the right plot in
the Figure is a close-up view of the left part to emphasise the difference
between the weak and the zero plateau measurements. Although the weak
and the zero cases might seem identical at first sight, the Shielded HXR
signal confirms the release of the RE after the disruption in the weak case (2)
and their loss during the disruption in the zero case (4). This classification
is very important, as it will be used from now on throughout the Chapter.
There were 186 discharge attempts from the 2" to the 5" RE campaign
in the COMPASS tokamak, out of which 129 discharges ended successfully,

1For more details on Dreicer and hot-tail mechanism see Sections 2.1.1 and 2.1.2,
respectively.
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Figure 7.1: Classification examples. Left: discharge #8672 with a strong
plateau, #8673 with a weak plateau, #8668 with a slow plasma current
decay and #8677 as an example of disruption without RE surviving or
produced. Upper right: Close-up of (a) for a better observation of the
difference between the weak and the zero plateaus. Lower right: the
Shielded HXR signal for comparison of the strong, weak and zero cases.
The Figure is reproduced from Ref. [136].

i.e. are marked as highly relevant using the nomenclature from the Table 3.1.
Furthermore, MGI was carried out during the ramp-up phase for 96 times
out of the 129 highly relevant discharges. For this scenario, strong RE
beams were obtained in 24 discharges, and 21 had a weak RE beam after
the 88 Ar-triggered disruptions. Furthermore, Ne was used in the remaining
8 discharges that resulted in 2 weak RE beams. In addition, MGI into long
discharges was performed 10 times with Ar and only ones with Ne. Finally,
the secondary Ar puff into the RE beam was tested for the 2 last discharges
of the 5" RE campaign, but more experiments are necessary for a detailed
investigation.

7.2 Generation

A parametrisation of the post-disruptive RE beam generation will be con-
ducted in this Section. Particularly, an update of the analysis performed in
Ref. [136] will be presented. Additionally, new parameters were found to be
important - e.g. a negative Vj,0p jump and magnetic fluctuations. On the
other hand, there are parameters and data that are completely inconclusive
and still awaits analyses and interpretation. The most prominent of such
investigations is the dependence of the RE beam generation level with the
Ar back pressure Py Even though the tests were executed in the wide
range of Pyuer - from 0.6 to 4.0 bars - most of the Strong RE beams were
created for Pyyer = 2.4 bars?.

The Section starts with an example of the reproducibility of MGI ex-
periments and explains why it is necessary to perform the data analysis

2For details on the injection system calibration and corresponding number of injected
particles see the Appendix C.
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between the shots. The data analysis reported on the RE beam formation
are done for the I, decay rate during the CQ, pre-disruptive Ey» and I,
and magnetic fluctuations.

7.2.1 Repetition Attempts

In the 5*" RE campaign we have tried to create a reproducible scenario
for obtaining the post-disruptive RE beam. Unfortunately, this showed to
be quite an onerous task. According to some authors (e.g. Abdullaev in
Ref. [138,160]), this goal could even be impossible due to the stochastic and
chaotic nature of the problem.

Anyhow, the best set of consecutive 3 discharges with identical tokamak
and MGI setups are presented here. The set consists of two discharges with
Strong RE beams - #10925 and #10926 - and one discharge ending in a
Slow decay - #10927. For all the 3 discharges the solenoid valve was opened
around 973 ms, implying that the gas was reaching the vacuum vessel around
974 — 975ms. The relevant measurements are plotted in Fig. 7.2.

Fig. 7.2a shows the I, time evolution for complete discharges for the 3
aforementioned discharges. The zoomed I, signal around the TQ and until
the RE plateau end is plotted in Fig. 7.2b. Interestingly, even though the
setups were identical - disruption of the discharge #10925 had a delay of
1.5ms with respect to the disruption of the discharge #10926. The reason
is unknown, as Ar seems to enter the vessel at the same time according to
the EDICAMI camera®. Therefore, we will first compare these 2 Strong RE
beams between themselves. From Fig. 7.2c we can also see that densities
before the TQ were rather identical - making no distinction between the
RE generation. Negative voltage spikes can be observed in Fig. 7.2d and
more clearly in Fig. 7.2e. At more or less the same moment when the
voltage spikes occur, Mirnov coils also detect a jump (see Fig. 7.2f) and
the plasma starts to move radially inwards (see Fig. 7.2g). Furthermore,
CTU HXR from Fig. 7.2h measures RE losses a few tenths of a millisecond
after the TQ. The Shielded HXR measures RE losses at the end of the RE
plateau, as seen from Fig. 7.2i. Those REs are probably from the ones that
survived the losses at the beginning of the plateau measured by CTU HXR.
Interestingly, a large amount of RE has been generated also during the
Slow radiative decay - making us to suspect that this regime is a mixture
of REs and a warm plasma. This assumption is also confirmed with the
Thomson scattering temperature profiles that show plasma of a few eV
after the disruption. Finally, ECE signals shown in Fig. 7.2j-m reveal that
plasma got cooled around 1 ms before the TQ current spike for both Strong
RE beams. Moreover, one can see that the Slow decay was influenced at
almost the same time as #10926. Unfortunately, ECE does not seem to

3The visible camera EDICAM1 (see Sectin 3.3.1 for the camera setup details) is able
to distinguish when the Ar puff interacts with the plasma, i.e. penetrates into the vessel,
as a lot of visible light is emitted when this happens.
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Figure 7.2: The RE beam reproducibility attempt presented with three
discharges: #19025 (blue), #10926 (red) and #10927 (black). The signals
are from:(a) the plasma current I, for the whole discharge with green lines
at 975 and 986 ms denoting zoomed time frame in the other parts of this
Figure; (b) the plasma current I, (c); the electron density n. from the
interferometer; (d) the loop voltage Vipop from FL2; (e) the loop voltage
Vieop from FL4; (f) magnetic fluctuations from Mirnov coil A13; (g) the
radial R, — 0.56 m (solid) and vertical Z, plasma position (dotted); (h)
CTU HXR; (i) Shielded HXR; and (j-m) ECE signals from chord 1,5,10
and 16.
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be useful during the RE plateau phase, as it seems to be influenced by the
HXR signal. The difference of ECE16 with respect to the other ECE signals
is probably due to the shielded observation region, being the outermost one.

Even though the tokamak and MGI setups were exactly the same and
tokamak wall conditions very similar (as those are three consecutive dis-
charges), no 3 close enough results were obtained. Discharges #10925 and
#10926 have a delay in between their TQ spikes, while #10927 did not re-
sult in a RE beam. Moreover, from any relevant data presented in Fig. 7.2,
no obvious reason can be seen why #10927 did not have a Strong beam.
Therefore, lead by this experience and suspected chaotic nature of the prob-
lem, we will now turn to the data analysis among all available Ar discharges
at the COMPASS tokamak.

7.2.2 Current Quench Speed

It is speculated that MGI improves RE generation due to the triggering of
the fast CQ [161]. The plasma current quench rate
_1di,
T, dt
is one way to quantify the CQ speed. Yoshino et al. [59] did the first
detailed parametrisation of disruptions with runaway occurrence in JT-60U
tokamak. According to his article, the study of I, versus g.ss is important

for the RE plateau occurrence, where the effective edge safety factor ge sy
for circular plasma is defined as:

(7.1)
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Figure 7.3: The plasma current quench rate I, plotted versus the effective
edge safety factor ges¢ in the procedure defined units (p.d.u.). The classi-
fication from Section 7.1 is used, with the ramp-up (ru) and flat-top (ft)
discharges split for clearer interpretation.
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All parameters are taken from the EFIT reconstruction at the closest mo-
ment from the disruption. Fig. 7.3 shows I, versus g.sr for the case of
COMPASS. For all plateaus (except the Slow ones), I, is between 300 and
1600s™! and g.fs is between 2 and 10. It is interesting to observe that the
majority of the disruptions above g.rf = 7 correspond to the Strong ones.
Moreover, practically all the Weak and the Zero cases are confined in the
Geff = 3.5 — 6.5 region. Furthermore, there is ‘an isolated island’ of Strong
disruptions in the right-bottom part of the Figure. Obviously, slow disrup-
tions have significantly slower current decay than the rest of the discharges,
therefore I, was simply set to 0. The I, values reported by Yoshino et
al. [59] are 4 — 6 times smaller (50 to 400s~! range) than what we found,
while the lower limit for g.r was 2.5 at JT60U, while for us it is around
3.5.

Finally, no particular differences were observed between the discharges,
as the majority of the I, values are in the range 300 — 1600 s~! in all
the cases. The values suggest that the whole pre-disruptive I, is lost in
0.6 — 3.3 ms time range. Notice that all the values are slightly larger than
the electromagnetic field penetration time of the COMPASS vacuum vessel
(~ 0.5ms), which is labelled as the ‘slow current termination’ in Ref. [59].

7.2.3 Pre-Disruption Electric Field

According to the theory, as elaborated in Chapter 2, the production of RE
is more intense for higher Fy,.. Additionally, the value of the plasma cur-
rent just before the disruption I4;,. showed to be important experimentally.
Thus, Iy is plotted in Fig. 7.4 as a function of the toroidal electric field
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Figure 7.4: The plasma current before disruption I, plotted versus the
toroidal electric field before disruption Fg,.. The classification from Sec-
tion 7.1 is used, with the ramp-up (ru) and flat-top (ft) discharges split for
a clearer interpretation.
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Egis at the same moment estimated from the flux loop measurement?.

It is interesting to observe in Fig. 7.4 that the least scattered discharges
are the Strong ones, while a bit more scattered are the Weak ones. The
“Strong discharge region” is zoomed in the Figure. This possible Fy.-
window for RE beam formation could be due to the too fast RE drift [160]
(upper limit) and low RE generation (lower limit).

7.2.4 Magnetic Fluctuations

Magnetic perturbations were reported as one way to mitigate REs in Sec-
tion 2.2.7. Moreover, it was observed experimentally in the TEXTOR
tokamak [162] that REs do not occur above a certain level of magnetic
fluctuations in the plasma. Some attempts were performed to explain the
phenomenon theoretically [74, 163] or even to connect it with the By~
threshold [164] mentioned in Section 2.2.4. Therefore, we investigated mag-
netic perturbations as one of the possible parameters for the RE generation.

The signal from the Mirnov coil A13° during disruption with frequencies
over 40 kHz (high-pass filter) is used to quantify the magnetic fluctuations.
Furthermore, the magnetic fluctuations were always® preceded by negative

4In this Chapter Fior will be estimated from the flux loop FL4 (unlike the previous
Chapters where Eto, was taken from the METIS) because for some discharges the neces-
sary data should be available before 970 ms when both - METIS and EFIT - start their
calculation.

5For details about Mirnov coils setup see Section 3.3.1 and Fig. 3.2.

6¢Always’ refers to the disruptions with TQ and CQ phases, i.e. for all MGI triggered
disruptions expect the Slow ones.
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Figure 7.5: The magnetic fluctuation amplitude for frequencies higher than
40kHz from the Mirnov A13 coil plotted versus the amplitude of the Vj,0p
jump after the negative spike AV. The classification from Section 7.1 is
used, with the ramp-up (ru) and flat-top (ft) discharges split for clearer
interpretation and omission of Slow disruptions, as they did not have any
negative spike in Vjep.
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spikes in the Vj,qp signal, which then jumped back to the positive values.
The value from the negative spike peak to maximum reached after the jump
is taken as an amplitude of the Vj,p-jump. The amplitude of the magnetic
fluctuations is plotted as a function of the Vjoop-jump in Fig. 7.5 for illus-
tration purposes.

One can see the linear relation between the fluctuation level and the
voltage jump amplitudes. Moreover, majority of the Strong RE beams
occurred only under AV < 30V, making AV a very important factor for
the RE beam occurrence. Notice that an even more important influence
of the voltage jump on the RE occurrence will be addressed afterwards in
Fig. 7.8. An interesting point is also how some flat-top Zero disruptions
have low AV amplitude - same as in the Strong cases. They show that
the lack of fluctuations does not have to end up in the RE beam, making
the final conclusion uncertain. In fact, without the Zero disruptions during
the current flat-top, we could be confident in the fact that the voltage
jump and the magnetic fluctuations present the main cause of the RE beam
appearance (or absence). However, the flat-top Zero cases leave us some
space for further investigations.

The cause of the voltage spike and the magnetic fluctuations is still
unknown, but it is probably connected to the plasma current spike during
the TQ phase. Fig. 7.6 is put together in an attempt to find out what both
parameters do depend on. It seems that both parameters are determined by
the amount of the pre-disruptive plasma current. However, this conclusion
might be misleading, as the Zero flat-top cases do not follow the same
dependence as all the ramp-up ones. Furthermore, note a rather clear linear
dependence of AV on Iy, in Fig. 7.6b.

7.3 Plateau

The previous Section considered parameters before and during the disrup-
tion itself, as some of those parameters are governing the RE generation.
After this initial stage, a RE beam is formed that is often addressed as
the RE plateau, due to the constant RE current in the large fusion devices.
However, the RE current during this phase in COMPASS is usually not
constant but rather constantly decreasing. Anyhow, the phase will be la-
belled as the “RE plateau” for convenience. The RE plateau phase will be
investigated in this Section.

The Section starts with the classification of the discharges looking at
the induced FEi,, after the disruption. It continues with two RE current
investigations, ending with the RE current decay analysis.
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7.3.1 The Induced Post-Disruptive Electric Field

As explained in Section 2.2.4, the plasma current I, drop during the current
quench (CQ) induces an increase of the toroidal electric field Ey,,- that en-
hances RE generation through the avalanche effect. In ITER the Ej,, factor
increase (and following the RE multiplication factor) will be tremendously
high (by a few orders of magnitude higher compared to the values before the
disruption). However, in COMPASS this is not the case, as it can be seen
from the Fig. 7.7, knowing that typical value for Fy,. during the ramp-up
phase is in the 5 — 10 V/m range.

The trends observed in Fig. 7.7 are quite expected. The linear increase
for both Zero sets of discharges is predicted by the well-known inductance
formula V' = LpII',. If the plasma inductance L, and the plasma current
derivative Iz’, are assumed to be constant, the linear dependence comes from
the longer CQ duration for the larger I4;,,.. The same stands for the Weak
discharges, since the amount of the RE current is relatively low and the
CQ phase looks the same as for the Zero case. On the other hand, Slow
discharges practically do not have TQ and CQ phases of disruption, but
only a slow radiation decay. In other words, no additional electric field is
induced due to the lack of the rapid I, drop. Hence, they have the lowest
Fpmaz on the Figure for both sets.

Finally, the Strong discharges have linearly increasing F,,q., but the
slope does not match those from the Zero and the Weak sets. This is
because the CQ phase is shorter for the Strong discharges than for the Zero
and the Weak discharges, as it lasts only until the RE beam is formed.
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Figure 7.6: (a) The magnetic fluctuation amplitude for frequencies higher
than 40kHz from the Mirnov A13 coil and (b) the amplitude of the Vi,
jump after the negative spike AV versus the plasma current just before the
TQ. The classification from the Section 7.1 is used, with the ramp-up (ru)
and flat-top (ft) discharges split for clearer interpretation and omission of
Slow disruptions, as they did not have any negative spike in Vioop.
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Furthermore, it is interesting to notice from Fig. 7.7 that the RE beam
was never obtained for I;s. > 140kA, even though there were attempts to
do that. Unfortunately, most of those discharges ended in the Slow or the
Weak cases. The existence of the upper current limit could be due to two
reasons - either magnetic fluctuations are too high [59] or the REs drift is
too fast due to the higher electric fields [160]. Those two potential reasons
will be examined in Section 7.3.2 and 7.3.3, respectively. In Ref. [59], it is
also claimed that too low Iy, generates too low electric field disabling the
RE generation. However, this is not observed in Fig. 7.7. On the contrary,
the Strong cases are the most common ones for the lowest experimentally
achievable Iy, in the COMPASS tokamak ramp-up phase.

7.3.2 RE Beam Current during Plateau

As shown in Section 7.2.4, the voltage jump after the negative spike AV
showed to be a relevant parameter for the RE generation. Therefore, a
percentage of the disruption current I4;- driven by REs is presented in
Fig. 7.8 as a function of AV. The percentage is obtained by division of
mean Ipg during the plateau phase and I4,,. A clear decrease in the mean
IrE value can be seen from the Figure as AV increases. Now, let us take
a look at the aforementioned reasons for the upper Iy, limit. As AV is
directly connected to the magnetic fluctuations as shown in Fig. 7.5 and
as Yoshino claims that the fluctuations are stronger for higher disruption
current Igs [59], in Fig. 7.9a Igg/lis is plotted as function of Iy,
Moreover, Abdullaev reported that a too high Ey,,. creating RE drift is the
reason for the lack of the RE beam. Therefore, Fig. 7.9b shows the Irp as
a function of E,,,;. The decreasing trend of the overtaken pre-disruptive
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Figure 7.7: The maximum estimated electric field after the disruption F,,q.
plotted versus the plasma current just before the TQ I4;,,. The classification
from Section 7.1 is used, with the ramp-up (ru) and flat-top (ft) discharges
split for clearer interpretation.
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Figure 7.8: The percentage of the disruption current I driven by REs
IrE plotted versus the amplitude of the V4., jump after the negative spike
AV. Obviously, only Strong disruptions are considered. The error bar
represents the RE current at the beginning and the end of the RE plateau,
while the marker represents the mean value of the Izrg during the plateau.

plasma current by REs is seen in both cases. However, I, is taken 2ms
before TQ while E,,., is always determined just after CQ. Having this
in mind, we can deduce that the Yoshino’s scheme is more realistic, as a
higher E,,,, is rather a consequence of higher I, not a cause of RE beam
absence.
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Figure 7.9: The percentage of the disruption current I4;s- driven by REs
Irg plotted versus (a) the plasma current before disruption Iy, and (b)
the maximum estimated electric field after the disruption Ei,,.. The y-axis
data is presented in the same manner as in Fig. 7.8.
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Figure 7.10: (a) The duration of the RE plateau At and (b) the maximum
estimated electric field after the disruption F,,,, plotted versus the safety
factor at the plasma core gy taken from the EFIT reconstruction.

7.3.3 RE Beam Current Using Abdullaev’s Hypothesis

A mechanism for unpredictable experimental results in obtaining the RE
beam after disruption is reported in Ref. [160] and elaborated in details in
Ref. [138] by Abdullaev et al. The basic schemes of the mechanism includes
the existence of a magnetic island on some low rational magnetic surface
number”, the island’s survival during disruption initiated stochasticity of
the magnetic field under certain conditions (e.g. low magnetic fluctuations),
and the creation of the RE beam inside the rational surface region.

Abdullaev stated that disruptions with plasma having lower core safety
factor gp will have a larger electric field, resulting in shorter RE beam due
to the faster drift coming from the stronger electric field (elaborated more
in Section 7.3.4). Accordingly, Fig. 7.10 shows the dependence of the RE
plateau duration and the peak E,,, value after the disruption as a function
of qg, taken from the EFIT reconstruction. Curiously, there is no peculiar
tendency at all in validating the Abdullaev explanation for COMPASS.

Moreover, in his example, Abdullaev emphasize the importance of hav-
ing go < 1 - making gy as low as possible. For that reason, we conducted
some experiments with Ar puffs into the flat-top phase of several discharges
with sawtooth crashes®. Unfortunately, this attempt to obtain the RE beam
during the flat-top phase was not successful. An interesting point here is
also that those MGI experiments into sawtooth discharges represent points
that have relatively low AVjymp in Fig. 7.5 and points that do not follow
the main trend in Fig. 7.6 in the right-bottom part.

Nonetheless, EFIT does not see qg < 1 even for those sawtooth dis-

"Safety factor ¢ = m/n = 1/1,2/1,3/2,5/2, etc - where m and n stand for the number
of particle trajectory turns along the toroidal and poloidal directions, respectively.
8 As by theory those discharges should always have gg < 1.
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Figure 7.11: The slope of the I, during the CQ plotted versus the RE
current at the beginning of the plateau phase.

charges. The reason could be twofold - either the sawtooth theory is not
correct or the EFIT moderately fixed current density j(r) profile does not
predict properly the g¢-profile. Henceforth, the gy from EFIT a large er-
ror due to the practically unknown j(r)-profile. Even though the sawtooth
issue is extremely interesting from the perspective of fusion plasmas, it is
far beyond the topic of this work. On the other hand, the j(r)-profile issue
could be solved with some modelling done by Yoshida [147] briefly described
at the end of Section 5.1. However, as mentioned in Section 5.6, this topic
is left for the future work.

One more interesting observation reported by Abdullaev is that the
plasma current decay during the CQ has a linear relation with the ini-
tial RE beam current, which is plotted in Fig. 7.11 for the COMPASS case.
Obviously, no clear dependence can be distinguished, but one could see
tentatively a linearly decreasing trend. Anyway, this issue will be more
elaborated and investigated in the next Section.

Finally, Abdullaev also showed that the initial g value is directly con-
nected linearly with the g-value of the rational magnetic surface. Namely,
the amount of the initial Igrg corresponds to the plasma current enclosed
into the minor radius arp of the corresponding rational surface gzr. Hence,
we used EFIT to calculate the corresponding qrg for the measured ini-
tial Irg for COMPASS Strong RE beam cases. The result is presented in
Fig. 7.12. Even though COMPASS EFIT does not see gg < 1 as for Ab-
dullaev’s dedicated calculation for TEXTOR - there are some interesting
features in the Figure. Firstly, one can notice the increase of Irg with qrg,
which does go along with the Yoshino’s results of obtaining RE beam for
larger gepr. Next to notice is a deployment of a few points around ¢ = 5/1
and 4/1, while there is a continuous set of data in the ¢ = 2 — 3.5 range.
Importantly, this range is quite rich in the number rational surfaces, as ex-
pected by the Abdullaev theory. Finally, it seems that the rational surface
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2/1 is the lower limit for obtaining the RE beam in the COMPASS tokamak.
However, as already explained above, the g-profile from the EFIT should
be treated with large error margins.

7.3.4 RE Beam Current Decay

One more important examination of Abdullaev [138, Section 6.2] is the con-
nection between the RE beam drift with the RE current decreasing slope
and the strength of the electric field. Namely, assuming that Izg decreases
due to the beam shrinkage and considering that the plasma current is pro-
portional to its surface (i.e. Igp x a%y as in Eq. 5.3), one obtains

dlgg _ dIgg dare _ 2IgrE Etor
= ~ Vdr X ) (7.3)
de daRE dt QRE QRE
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Figure 7.12: The RE current at the beginning of the plateau phase plotted
versus the EFIT ¢-value located at the surface that has current equal to
IrEp with timing just before the disruption.
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Figure 7.13: The median drift RE beam velocity vy, values plotted versus
the median values of the Ey,,/I, ratio during the RE plateau.
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so that the Irg slope is proportional to the average drift velocity vy, of the
RE beam. Setting the common values for the RE beam in COMPASS for the
above equation to I, = 20—40kA, agr = 5—10cm? and vy, = 20—40 m/s*°
the RE current decay is in the order of 4 — 32 MA /s, while experiments give
values in the 0.7 — 5.7 MA /s range. Unfortunately, no exact estimate of the
arg is available at the moment, therefore assuming vg, o Eior /I, is used
to investigate the hypothesis accuracy and the result is plotted in Fig. 7.13.
Note that the plotted values are the median values during the whole RE
beam!!. Even though the rate of increasing vg, with F,,./I, is not clear,
the general tendency seems to be there.

7.4 Termination

The termination phase of the RE plateau (always) has faster current de-
cay than the plateau phase that is accompanied with a fast increase and
saturation of the Shielded HXR signal (see Fig. 7.2i). However, there is no
convincing interpretation for such a fast lost. The most probable reason is
the RE beam drift'? that cause the RE beam outwards movement due to
the increase in the RE energy Wgg.

A detail numerical analysis of the RE drift was also performed by the
TEXTOR team, the main result being published by Wongrach [165]. They
found that REs are not confined when Wgg surpasses a critical value pro-
portional to v/Irg. Practically, this was a confirmation of the Zehrfeld’s
analytic expression (Eq. 5.25). We made an attempt to confirm this theory
for COMPASS experimentally, unfortunately without success. This could
be either because the Wgrg estimation from Section 4.1.2 is not suitable for
the post-disruptive plasma or more probably because of a weak knowledge
of the plasma parameters in the post-disruptive plasma. Hence, this is one
more topic to investigate in future, especially because artificial drifting of
RE in the early disruption stage could be a new and an effective RE miti-
gation technique, as explained by Abdullaev. Moreover, he emphasized the
importance of the drift for the ITER and probably a reason why small as-
pect ratio tokamak (such as spherical tokamaks) do lack disruption created
REs.

Furthermore, Abdullaev speculates that sudden RE beam terminations
could result from a beam resonant interaction with the magnetic perturba-
tions. Moreover, such behaviour is experimentally recognized in JET [87].
However, no evidence of any magnetic activity can be observed in the COM-
PASS tokamak RE beams, as it can be seen in Fig. 7.2f.

9Estimate of an order of magnitude by looking at the EDICAM camera.
10Taken from magnetic measurement of the radial position.

I Median is chosen to avoid the outliers in the radial position

12See Section 5.5 for more details on the RE drift.
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Figure 7.14: The relative maximum measured by IR camera R,,,, plotted
versus the calculated RE energy W,,., until the moment when Ar reaches
the plasma. The classification from Section 7.1 is used, with the ramp-up
(ru) and flat-top (ft) discharges split for clearer interpretation.

7.5 Absence of Synchrotron Radiation

In various tokamaks - e.g. DIII-D [81] and TEXTOR [165] - synchrotron ra-
diation (SR) were observed during the post-disruptive RE beam. Nonethe-
less, this is not the case for the COMPASS tokamak RE beam. On the
contrary, the SR is observed during the Zero, the Slow disruptions, and the
long discharges.

Accordingly to the aforementioned observations, we plot in Fig. 7.14 the
measured Rnq. ' value against the Wgrg estimated until the time when Ar
affects the plasma. The latter parameter is practically the maximum Wgrg
before the disruption. Even though the apparent linear correlation is missing
in the Figure, the tendency is there. Obviously, the IR signal is strongest
for the long discharges, which is expected due to the sufficient time for REs
to accelerate. Next ones are Zero and Slow discharges with MGI during the
flat-top phase, where former have higher IR signal measurement and latter
have higher estimated W,,,,,. Note that SR appears in the one or two frames
after the disruption in the case of the flat-top puffs. Interestingly, the set
of discharges with the lowest value for both parameters in the discharge are
the Strong RE beams.

Now we will discuss the Ar injection effects on the SR. Namely, the
observation of SR seen after the Ar puff is expected by the model presented
by Aleynikov [166], where he modules the Ar injection interaction with
the RE plateau. The main result was that the RE beam looses half of the
current, but individual RE gain energy if SR is omitted from the model. On
the other hand, the inclusion of SR leads to an enhanced RE current and
energy losses. Guided by this analysis and Fig. 7.14, we could suspect that

13The parameter is explained in details in Section 6.3.



142 CHAPTER 7. POST-DISRUPTIVE RE BEAM

the absence of REs in the pre-disruptive plasma is a favourable condition
for post-disruptive RE beam creation in the COMPASS tokamak. This also
coincides with the fact that no clear RE beam was created during the MGI
into the long discharges. Anyway, the amount of the RE current to explain
high SR during those puffs is calculated in the following Section.

Furthermore, the SR is clearly distinguishable for all discharges with
MGI during the flat-top, while theoretically the maximum obtainable RE
energy W,q. goes as low as 7 MeV in some cases. However, the calculation
from Section 6.1.2 and the experimental experiences are indicating that SR
would be difficult to detect with the present IR camera under 15 — 20 MeV.
Therefore, we suspect that the measured IR signal after the disruption is a
consequence of the RE additional generation due to the MGI itself.

Finally - with what was said above and having in mind that W,..
during the RE beam existence does not exceed 7MeV only for Strong cases
- we could deduce that REs existing in the post-disruptive COMPASS RE
beam phase are created during the disruption, i.e. do not originate from
the pre-disruptive plasma. The reason could lay in the difference of the
electron velocity distribution dynamics. However, this hypothesis should
be taken with care as there could be REs before disruption undetectable
by the COMPASS diagnostics (either due to their too low energy or too
low number). The decisive answer could be provided with the sophisticated
modelling, which is not available yet.

7.6 Long Discharges

Fig. 7.14 shows extraordinary high SR radiation for the long discharges.
This is suspected to be due to the numerous RE population which drive
a majority of the measured total current. To check how much current is
driven, we use the method for Irg estimation reported in Section 5.3.1 for
discharge #10072, the most right-hand side point on the Fig. 7.14. The re-
sult is plotted in Fig. 7.15a, accompanied by the IR camera and the Shielded
HXR measurements in Fig. 7.15b. The Igg is estimated for monoenergetic
and exponential REDFs; as the two limiting cases studied in Chapter 5.
The obtained results give a large span of Irg at the end of the discharge
- between 3 and 100kA. As both REDF used are probably extremes - we
could assume that for sure at least a few tens of kA are driven by the REs.
As it can be seen from Fig. 7.11, this amount of current is similar to the
current driven by the post-disruptive RE beam. Henceforth, studying MGI
with this discharge could contribute to the understanding of RE beam with
injected gas, making such experiments very ITER-relevant. Those studies
were already presented in Ref. [130] and will be part of other publications
in future work.
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7.7 Conclusions and Outlook

In ITER, the REs will appear only after the disruption. Moreover, the
behaviour of REs during the quiescent plasma phases is probably not the
same as RE beam behave in the post-disruption phase. Therefore, achieving
the RE beam after the disruption was one of the paramount goals for the
COMPASS RE studies. The importance is twofold - understanding of RE
beam generation and its mitigation. Due to the complexity of the post-
disruptive RE phenomenon only understanding of RE generation is reported
in this Thesis. Henceforth, even though the current Chapter is not able to
provide a direct insight to ITER RE mitigation strategies, it does provide
enough information for future work where bench-marking of simulations,
feedback control and diagnostics should be performed.

Post-disruptive RE beams in COMPASS were obtained injecting Ar with
typically 2.4 bars of Pygcr- Two types of post-disruptive REs exist in COM-
PASS: Strong RE beam carrying more than 10kA and Weak RE beam
having maybe a few hundreds of amperes. We attempted to create a reli-
able repeatable scenario of RE beam creation, but without a clear success,
due to the stochastic nature of the RE beam generation. A series of data
analysis is conducted for the relevant discharges.

Three groups of parameters were analysed for a better understanding
of the RE generation. The analysis realised by Yoshino [59] was performed
first. Here we found that practically all disruptions had a current quench
rate I, between 300 and 1600 s~! and that the Strong RE beams occur usu-
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Figure 7.15: (a) The time traces of the measured plasma current I, (black
solid line) and estimated RE current Irg from experiment using monoen-
ergetic (solid blue line) and exponential (dashed blue line) RE distribution
function. (b) The time traces of the mean value of the IR camera frames
(black dots) and Shielded HXR (red solid line).
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ally for an effective safety factor g rs over 7. The next parameter considered
was the electric field before the disruption Eg;s-. It was observed that both
RE beam types, Strong and Weak, appeared for Eg;s,- in the 0.6 — 0.8 V/m
range. Fig. 7.7 also shows how the Strong RE beam was mostly created for
lower values of the plasma current before the disruption Iy;s.-. The last and
probably the most attractive analysis considered magnetic fluctuations and
negative spike on the voltage loop Vjoop. The dependence among those two
parameters was obviously linear and lower values correspond to a higher
possibility of Strong RE beam generation. We also found that both param-
eters were strongly connected to the Iy, but the definite origin of voltage
spike is still unknown. Attempting to induce Vioop spikes might be beneficial
for the RE mitigation. However, thanks to MGI in the flat-top phases of the
sawtooth discharges, we could see that the V,,, spike is a necessary but not
sufficient condition for the RE suppression. Finally, none of the presented
results lead to a clear conclusions, leaving space for the future research.

To inspect further the reason for creation of the Strong RE beam we
looked at the CQ-induced FE,,., and Igg. For example, the F,,,, data
allows the conclusion that there is nothing like a low-value limit, while
some experts claim that E,,,, will be too low in COMPASS for the RE
beam creation. On the contrary, the RE beam in COMPASS had higher
RE current for lower E,,,.. Regarding Irg, we found that it is higher for
lower Vjoop-spike, I4isr, and aforementioned E,,qq.

Moreover, Abdullaev [138,160] published some very interesting hypoth-
esis on the RE behaviour. We investigated some parts of this in this Chap-
ter, and most of them did not seem to match the COMPASS observations.
Namely, only the connection of the RE current at the beginning of the
plateau phase and the safety factor qrp at the radial location where RE
current is the same as the pre-disruptive plasma current showed the ex-
pected behaviour. We found that qrp does not go under 2 and a possible
aggregation around qrg = 4 and 5, but those results should be taken with
caution due to the scarce number of data points and large errors from EFIT
in the plasma centre.

Abdullaev’s theory connects the decay of RE current in the plateau
phase with the Ey,, /I, ratio, but the trend we could see in Fig. 7.13 is not
very satisfactory. Moreover, he also connected RE drift to the termination
phase of the post-disruptive RE beam. However, we could not find any
distinctive tendency using W, .. calculation from Section 4.1.2. Finally, no
magnetic fluctuations were detected at the termination phase via Mirnov
coils in COMPASS, contrary to the results of TEXTOR and JET.

Furthermore, IR camera observations during the MGI experiments ob-
tained that SR is weakest for the Strong RE cases and strongest for the
radiation decays (Slow decay and Long Discharges). This leads us to sus-
pect that the lack of detectable REs in the pre-disruptive plasma is prone
to the Strong RE beam creation. We also demonstrated that due to the
sufficient time, Long Discharges have high SR and a few tens of kA RE
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driven current, which makes them a good model of the post-disruptive RE
beam in larger tokamaks. Henceforth, studies of MGI in these discharges is
at least as relevant as MGI into the ramp-up phase reported in this Thesis.

OUTLOOK. As many of the parameters considered in this Chapter
were derived from EFIT, it would be desirable to check their validity by
implementing the Yoshida’s calculation [147]. Moreover, a model for RE
generation during the disruption (e.g. GO [43]) should be implemented on
the COMPASS tokamak.
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Chapter 8

General Conclusions

Mitigation of runaway electrons (REs) is one of the essential physics topics
for safe ITER operation. In this Thesis, an experimental RE study at
the COMPASS tokamak was reported together with some technical details
connected to the RE studies. The main goal of the Thesis was getting the
recipe for the post-disruptive RE beam generation and perform necessary
analysis. In addition, the author investigated the very first synchrotron
radiation, the importance of the experimental definition for the toroidal
electric field, and implemented the method for the RE current estimation
using Thomson scattering and EFIT. Besides scientific work, the author
participated in the RE campaign preparations and realisations.

Chapter 2 of the Thesis provides a brief overview of the RE state-of-the-
art, as the last one was written almost 40 years ago. Note that this overview
is far from being comprehensive, and rather serves as an introduction to the
RE topic and a reference tool for the rest of the Thesis. Of course, a large
emphasis was made on the ITER-relevant topics, e.g. the RE mitigation.

Chapter 3 provides a description of the COMPASS RE experimental
campaigns that were carried out during the author’s stay at IPP Prague.
The Chapter includes general and RE diagnostic setup used further in the
Thesis and a brief review of the main scientific achievements. The initial gas
injection and electron density influence on RE generation in COMPASS was
studied and determined in detail as the basis for all the types of RE experi-
ments. These tests included obtaining the slide-away discharges, eventually
creating long discharges (typically longer than 1s), observing the Parail-
Pogutse instability in RE discharge. The threshold critical field E..;; for
RE observation/generation in COMPASS was estimated to be 14 —21 larger
than the theory expects. Furthermore, scans over plasma location R,,, elon-
gation x and current I, were performed. Even though no clear dependence
was observed with respect to R, we observed that more REs were confined
for larger x and I,. The latter one is probably connected to the safety fac-
tor ¢ (the existence of magnetic islands). In addition, we experimentally
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demonstrated that REs were not generated during sawtooth crashes in the
COMPASS tokamak. On the other hand, sawtooth as well as other MHD
instabilities (e.g. fly-wheel rotation, R, oscillations, chirping modes) are
still being investigated as possible sources of RE losses. Finally, maybe the
most prominent result was the achievement of post-disruptive RE beams,
analysis being carried out in Chapter 7.

Chapter 4 addresses the issue of the toroidal electric field Ej,, estima-
tion and its use for maximum RE energy W,,,. calculation. We found here
that the flux loop FL4 is the most suitable one for RE studies in circular
plasma on COMPASS. It was shown that the EFIT code has systematically
closer W4 values to the measured ones than the METIS code. However,
both codes had significantly different values compared to the experimental
ones for the slide-away discharges. Moreover, the METIS code provided
closer results to the experiment when Z.r; was taken to be 2.5 instead of
1.5. To estimate E, we decided to use METIS with Z.;f = 2.5 instead
of EFIT due to consistency, as the METIS code is coupled with LUKE. Of
course, it would be clearly noted if Fy,,. was calculated in different manner.
Finally, this Chapter showed how large errors could be introduced in esti-
mating Wi, by using different Ei,.. Moreover, one should be aware that
Winaz is usually used further to estimate another RE parameter, hence er-
ror propagation could be significant. We therefore emphasise the fact that
any author should at least give a brief explanation on how FEjy,. is being
estimated for the RE studies.

Chapter 5 deals with the discharges for which REs carried measurable
amount of current in comparison to the plasma one. The adapted method
for RE current Irg estimation by Fujita [142] applied to COMPASS showed
that for such discharges at least few percent of I, was driven by the RE. The
upper limit showed more difficult to prove and it could be as high as 50%.
Furthermore, this method was also used to quantify the influence of REs on
I,, during the ramp-up phase as reported in Ref. [128]. Finally, using the
aforementioned method we also showed that the most probable reason for
common RE losses during the ramp-down phase was the RE drift.

Chapter 6 reports the analysis of the very first observations of syn-
chrotron radiation from the COMPASS discharges. The fact that the IR
spectrometer did not observe any synchrotron radiation was examined us-
ing the code SYRUP which estimated that REs in COMPASS do not reach
energies over 40 MeV. Data analysis among discharges provided the thresh-
old of the critical energy W, .;;y below 41keV and the critical field E..;;
above 26.5V/m for synchrotron radiation to be detected with the IR cam-
era available. The discharge #9814 had the strongest and the clearest direct
synchrotron radiation among all available discharges and it was analysed in
details. The main outcomes were an estimation of the pitch angle in the
range 0.15—0.30 rad and the experimentally derived RE density of the order
of a few 10" m™3 for REs that have energy above 15 — 20 MeV.

As achieving post-disruptive RE beam was the paramount goal of the
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Thesis, this topic was kept to the end - Chapter 7. We report two types of
RE beam in COMPASS: Strong (Irg > 10kA) and Weak (a few 100 A). The
RE beam generation was characterised with respect to several parameters.
For example, all Strong beams were created when the effective safety factor
was over 4 and almost all Ar injection experiments with g.rf > 7 ended in
the Strong beam. Next, both types of RE beam were generated in the rela-
tively narrow range of electric field before disruption Fg;s. = [0.6—0.8] V/m.
Also, the lower the plasma current before the disruption I4s- the more
probable it was for the Strong beam to be generated. Furthermore, mag-
netic fluctuation and negative voltage spike in the loop voltage Vj,0p signal
proven to be very important in RE beam generation, namely the weaker
they were the higher the resulting Irgp. Next, the new Abdullaev’s hy-
pothesis from Ref. [138,160] on RE beam generation was investigated as it
seemed to be quite realistic. Unfortunately, except connection of Irg with
the pre-disruptive current inside certain rational surface, none of the other
parameters and dependencies were sufficiently clear in the COMPASS toka-
mak case. Finally, we deduced from the lack of synchrotron radiation for the
Strong cases that REs in the beam were not generated before the disruption.
The analysis done in this Chapter represents an update of Ref. [136].

Besides all the aforementioned experimental results, the Kruskal-Bernste-
in theory and the NORSE code were used in the Thesis for comparison be-
tween theory and experiments. In general, both methods do recover trends
observed in the experiments, but often both codes overestimate RE den-
sity by a few orders of magnitude, especially the Kruskal-Bernstein theory.
However, when the estimation was performed for the high-energy REs (over
15 — 20 MeV) NORSE showed about 5 orders of magnitude lower density
than the experiments predicted.

Since a Ph.D. Thesis does not put a stop to the scientific investigations
initiated, we also identified a series of key points that could benefit from
further studies:

e Beside the NORSE code, comparison of the LUKE code with experi-
mental results;

e More advanced calculation of equilibrium that includes RE beam -
e.g. work done by Yoshida [147];

e IR camera observations - RE beam shapes, correlation with Shielded
HXR signal and origin of hot-spots;

e Implementation of GO model for better MGI studies;

e Development of a novel RE diagnostics - some ideas are given in Ap-
pendix A.
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Appendix A

Basis for Novel Runaway
Electron Diagnostics
Proposals

Even though there were no funds for such venture during his Thesis, the
author examined the theoretical possibility of novel RE diagnostics. There-
fore, a brief overview of proposal basis and simple calculations for Electron
Cyclotron Emission (ECE) and Incoherent Thomson Scattering (ITS) as
RE diagnostics are given in this Appendix. However, the conclusions are
far from final, as both ideas proved to be more complicated than initially
expected. For that reason, the Appendix represents an initial work that
could be revised and improved towards a more definite shape.

A.1 Electron Cyclotron Emission

An introduction to ECE was already given in Section 2.3.4. An insight into
its potential for RE studies and a brief revision of experimental achieve-
ments are enlisted here. The Section starts with motivation and theoretical
overview of relativistic effects on ECE. It is followed by an explanation of
what frequency shifts due to the Doppler and relativistic effects can be ex-
pected. Next part illustrates which spectral region of the REDF could be
measured by the COMPASS ECE setup. The Section before the summary
outlines the already achieved measurements of RE with ECE in different
machines. At the end, a summary is provided.

A.1.1 Motivation

One of the experimental challenges for both, RE studies and mitigation,
is the detection of REs in the early stage of their generation. Therefore,
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the potential of the ECE diagnostics for the RE studies is huge as it could
estimate the shape of the REDF in the approximately 50 — 500keV range!
experimentally. This part of the distribution function is often denoted as
‘supra-thermal’ electrons, as they could also originate from the heated up
electrons by auxiliary heating systems. Concerning RE mitigation, one
could (in theory) measure the early RE generation during the disruption
using a carefully designed diagnostic. Henceforth, ECE could be adapted
as a trigger signal for the RE mitigation.

A.1.2 Introduction

The general theory of ECE is well developed but rather cumbersome and dif-
ficult to handle in its elemental form. Consequently, the ECE from electrons
with low energies (< m.c?) where low harmonics dominate and from high
energies (> mec?) where high harmonics dominate (i.e. synchrotron ra-
diation) have practical approximations. Unfortunately, the aforementioned
energy range (50 —500keV) is the intermediate case. This makes calculation
more complex and slower and devoted work should be spent on its calcu-
lation speed enhancement. Anyhow, an appropriate calculation of ECE
for non-Maxwellian, i.e. more RE relevant, distribution function should be
investigated.

To illustrate the complexity of the problem, we will shortly focus on the
electron emissivity j;(w) for a given harmonic ! propagating perpendicularly
to the magnetic field [167, Eq.(2.7)]:

) e2w? N2 J 1 0 .
i) = ¢} 20 (o= 5 ) s, (a)
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where w is the angular frequency, (2 is the fundamental cyclotron frequency,
p'is the momentum, - is the Lorentz factor, 6( ) is the delta-function, N4,
is the ray refractive index, N, and N,_ are refractive indices of ordinary
and extraordinary waves, respectively, J; is the Bessel function of the first
kind with argument IN,1p, /v and K is given by
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Looking at Eq. A.1, beside non-Maxwellian distribution function, emissivity
depends on refractive indices of the media. Refractive indices are often
assumed to be around 1 for the ECE measurements of thermal electrons,
but this is not the case for plasma with significant RE population. In short,
for tokamak plasma with REs the “black body” assumption is not valid
anymore and emissivity becomes a function of the direction.

LAs REs usually reach tens of MeV, observation of REDF in the 50 — 500keV range
would give information on the early stage of REs.
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The calculations in the radial or tangential views are even more demand-
ing for ECE because radiation reaching detectors is not propagating in a
constant magnetic field. The task is huge and very time demanding and
as it is far out of the scope of this Thesis, it is left for the future. Hence,
here we demonstrate the potential of ECE as a RE diagnostic using simple
calculations.

A.1.3 Frequency Shift

From Eq. 2.14 one can see that o,
the cyclotron frequency can change 102l °
twofold - increase due to the 5 1019 .
Doppler effect (1— 3N, cos « in the Tolne =5+ ) — o
denominator?) or decrease due to 2 : o
the relativistic RE speeds (yinthe § | ¢ ¢ 8 8 B e . e o
denominator). This is presented in % £ (7 — 109) " o ©
Fig. A.1 for the first ECE harmonic = pae
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located at the plasma core where g ° .
Bior = 1.15T. For tangential prop- g0} ¢
agation (o = 0°) Doppler effects °
dominates until 1 MeV, while with (& . o 0-00 °
increasing « it becomes inferior ef- o o & :2’2 5o R
fect for lower energies until o = 90° ’
where cosa = 0. * * a=450°

Moreover, vertical ECE obser- © © a=675 .
vation has two advantages in com- ® * a=90.0°
parison with the tangential one, be- 1%71 07108 102 108 10t
sides the attractive reason of having Wp[keV]

a constant magnetic field along the
inspected area, which results in less
complex calculation (as explained
in the previous Section). The first
advantage is connected with the
fact that ECE does not propagate
if ne is too high, as the plasma fre-
quency f, acts as a hard limit on
the ECE. It is evident from Figure A.1 that the Doppler effect increases
the cyclotron frequency even over f,(n. =5 x 10 m~3), corresponding to
density that is under the plasma core density for many present and prac-
tically all future tokamaks. This is not the case with vertical observation
(i.e. propagation) as the frequency is decreasing. The second advantage of
vertical observation is a lack of overlapping frequencies. For example, RE
with 200 — 300 keV have the same resonant frequency as RE with 10 MeV as

Figure A.1: Dependence of the first
ECE harmonic from the COMPASS
plasma core (B, = 1.15T) on RE
energies Wrp for different observation
angles. The horizontal lines represent
plasma frequencies as cut-offs for de-
noted ne.

2Where « is the observation angle with respect to B.
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seen from the Figure for a = 0°. Note that radial observation has the same
two advantages as it is also perpendicular to the magnetic field. However, in
general, the wave propagates through different values of the magnetic field,
making the calculation more difficult than for the vertical geometry.

A.1.4 Resonant Surfaces

To model resonant surfaces, the bulk plasma is mocked by a bi-Maxwellian
distribution function [168, Eq.11.121-11.123], splitting it between the direc-
tion parallel (||) and perpendicular (L) to the magnetic field

Soute (DL, P)) = ok FL(pL) Fyy (py)), (A.3)

where np,1, is the electron density without RE, and F' (p1) and Fj(p))

m me2p?
Fi(py) = T, exp < 2TLL (A.4)

1/2
m mc2(py — Pip)?
F\l(p\l) = <27TT|> exp (— (p£T| ) ) (A.5)

In the equations above, the temperature T' and the momentum p are split
into the perpendicular and parallel direction, and Py, = /2m.Tj is the
momentum of the thermal electron.

To simulate REDF, an analytic avalanche distribution function (that
assumes constant avalanche growth, which dominates over the Dreicer one),
from Ref. [45]

n n 02
fRE(pL,pH)_LEeXP ( _bi Epl) (A.6)

and

N 2me.pIn A . lnA 2p)|

is taken. Here InA is the Coulomb logarithm, Z.;¢ is the effective ion
charge, E = (E.rit — 1) /(1 + Zegy) and ¢, = \/3(Zepy + 5) /7.

ne =10"m=3 B, =03V/m Irg =150A

T) = 1000 eV Eerit ~ 18.5 arg = bcm

T, =500eV Dmin/me = 0.24 npg ~4x 10 m—3
I, =159 A Bior(R=0.56m) = 1.15T  Zesp = 2.5

Table A.1: The data used to model ECE in COMPASS. p,.in is the the
lowest threshold for an electron to be considered a RE and here py,, /me
corresponds to We,.;; ~ 14.5keV.
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The typical data used to numerically solve the Eqs. A.3 and A.6 for
COMPASS discharge are depicted in Table A.1. A low E-band?® for ver-
tical observation at COMPASS will be used here to manifest which part
of the distribution function is measured by each ECE detector chord. The
frequencies of the low E-band detector chord in COMPASS are fp_jow €
{60.325,61.175,62.025,62.875,63.725, 64.575, 65.425, 66.275, 67.125, 67.975,
68.825,69.675,70.525, 71.375, 72.225, 73.075 } GHz.

The result is plotted in Fig. A.2 in the normalized momentum space.
The thermal (bulk) electron population is clearly seen at the bottom as
red and yellow lines, while ellipsoid lines towards higher p| represent the
RE tail. The resonant ECE lines (black lines) are calculated for the COM-
PASS plasma core (R = 0.56). Only the first 5 low E-band chords are
depicted because they are the only ones under the cut-off for the given
ne. The outermost resonant circle is the chord with the lowest frequency
(i.e.  60.325GHz). It is
important to notice here
how all chords (black lines)
with the lower frequency
than the most inner one do
resonate with the RE tail
(blue elongated lines in pj-
direction) at the given lo-
cation. Meaning that each
chord measures ECE from
thermal electrons at a cer- 8 L .
tain location (defined by 0.2 0 pol}f,c 04 06
chord’s frequency and local !
magnetic field) with a possi-
ble influence of the RE tail
from locations that corre-
spond to the chords with
higher frequency. There-
fore, one chord measures
ECE from different loca-
tions in the plasma and
from different parts of the
EDF. Estimating distribution function from such measurement could lead to
ambiguous solutions, without any possibility to certify which one is correct.
However, having precise enough measurement of T, and n. profiles with
Thomson scattering could be used to theoretically calculate solely ECE
from the thermal electrons. The difference between ECE measurement and
calculation could then give information on the RE part of the distribution
function.

Figure A.2: The distribution function with
both, bulk plasma and RE population.
fouik + frE is represented with the color map,
starting from the red lines and decreasing
across the yellow lines to the blue lines. The
distorted blue lines on the RHS present the
RE tail. Black lines represent the resonant
surfaces for a vertical low E-band waveguide
in COMPASS at By, = 1.15T.

3The range of radio frequencies from 60 to 90 GHz.
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A.1.5 Overview of the Earlier Observations

An overview of the experimental results from other devices already reported
in Section 2.3.4 is done here, to lay out the above calculations. The pre-
sented measurements correspond to the most realistic cases from the point
of view of the foreseen COMPASS scenarios.

Radial LFS observation of the 2°¢ and the 3" extraordinary mode har-
monics were used in the WEGA stellarator [102]. The measurements with
Bior = 1.44T had too high noise, which was reduced by increasing By, to
2.5T. In Fig. A.3a, two clearly distinguishable electron populations can be
observed. Using the theory developed by Celata and Boyd [169] they esti-
mated the threshold energy W,,;;, the pitch angle 8, the RE number Nig
and the exponential decay of the RE distribution function, as they assumed
that REDF decays exponentially.

The radial HFS measurement of the 2°¢ extraordinary mode was per-
formed in the FT-1 tokamak [103]. After unfolding raw measurements of
the T, profile, they obtained non-physical off-axis temperature peak (see
Fig. A.3b). The reason is linked to what was said in the previous Section,
i.e. that one chord measures ECE from different plasma locations in the
presence of REs. In that case, the peak is the result of ECE from RE at the
plasma core. The chords that observe RE have frequencies lower than the
ones observing thermal electrons at plasma core, resulting in non-physical
off-axis high T, if REs are not taken into account. Analysis of the data was
realised with a combination of Fokker-Planck code with ray-tracing coupled
with reflection and emissivity codes. The maximum RE energy (addressed
as “cut-off” energy in the reference) is estimated in this paper. They further
used knowledge of this energy to deduce dominant RE loss mechanism.
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Figure A.3: (a) Measured ECE emissivity (dots) with the fit (lines) as a
function of the frequency for the WEGA stellarator. Figure reproduced from
Ref. [102]. (b) T, profile from ECE at FT-1 as a function of minor radius,
with corresponding frequencies to the minor radius. Figure reproduced from
Ref. [103]. (c) T. profile from ECE at DIII-D as a function of major radius.
Figure reproduced from Ref. [103].
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A measurement from the DIII-D tokamak is reported in the same refer-
ence as for FT-1, where a radial LFS observation of the 2°¢ extraordinary
mode harmonic was conducted. One can observe in Fig. A.3 a non-physical
scrape-off layer temperature rise. Using the same code as for FT-1, but
assuming the maximum RE energy they managed to localise the RE beam.

A.1.6 Summary for ECE

An ECE diagnostic tool could be of great significance for the RE studies
and mitigation. However, proper investigation of the topic would require
dedicated task, which is beyond the scope of this work. Therefore, only the
basic principles behind the idea are reported here.

To simplify the data interpretation, it would be probably best to use the
vertical observation. For this case using COMPASS plasma parameters,
we schematically showed which part of the distribution function would be
measured by the COMPASS ECE setup. The predicted behaviour is seen in
the reviewed past experimental observations in other machines, even though
the observations were radial. However, the calculations they made are quite
outdated and better calculations are possible with the present computation
power. Besides larger computation power, one would need a very precise T,
and n. profile measurements (for thermal plasma parameters) and ECE (for
thermal and RE combined) to distinguish and estimate the RE distribution
in spatial and velocity space with minimal assumptions or simplifications of
the theory.

A.2 Incoherent Thomson Scattering

The introduction to the ITS was already presented in Section 2.3.6. The
basis behind the statements on the tangential view and no need for sophis-
ticated equipment, reported in the last paragraph of this Section, will be
addressed here. The Section starts with motivation and some theoretical
introduction to relativistic effects on ITS. The consequences of the RE rela-
tivistic motion are then examined with regards to tangential view, spectral
range and photon collection. At the end, the summary of the Section is
given.

A.2.1 Motivation

Most of the codes and simulations in Section 2.1.6 either need or estimate the
RE distribution function (REDF). More precisely, scientists often assume a
theoretical REDF, or REDF practical for the calculation or they even take
an output of the simulations that estimates REDF.

Anyhow, none of the used or obtained REDFs was ever directly compared
with an experiment, simply because REDF were never directly estimated
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from measurements, which intrinsically leads to the unreliability of the sim-
ulations. Henceforth, a huge effort has been done for indirect estimation
of the REs energy distribution in the DIII-D tokamak [170]. However, five
different diagnostics were used, which makes the whole analysis very com-
plex and more prone to large errors. Additionally, as already mentioned in
Section 2.3.2, HXR tomography in JET gives REDF [98], but only for RE
with energies over 1 — 2 MeV.

Here we investigate if the ITS diagnostics can be a tool for a more
direct, localized, wide energy range and single instrument measurement of
the REDF.

A.2.2 Introduction

The possibility of ITS usage as RE diagnostic tool was first reported in
Ref. [8]. As explained in the reference, this can be realised with a tangential
measurement of the TS signal due to the “headlight” effect (examined in
the next Section) of the relativistic particles, effect for which the light is
preferentially directed in the propagating direction of the particles.

The first non-Maxwellian electron distribution measurements with the
TS diagnostic related to the REs were published by Pieroni and Segre [106]
from MIT. A non-Maxwellian distribution was also measured with ITS in
the TORTUR tokamak [171], but it was not related to the REs. Also, in the
same report it was mentioned that the non-Maxwellian ITS signals associ-
ated to the REs are observed in the Frascati tokamak and the Thor toka-
mak. Unfortunately, nowadays there are no reports on such measurements
in the large tokamaks. The reason is twofold - presently the experimental
setup of ITS diagnostics are designed only for bulk plasma and RE energies
are higher in today’s experiments than in the aforementioned tokamaks.
The later reason leads to photons scattered in an undetectable range of the
spectra due to a too large Doppler shift, which will be demonstrated in
Section A.2.4.

Regarding the relativistic effects, theoretical calculations reveal that rel-
ativistic effects should be taken into account when T, >1keV, which is the
case for most of modern fusion plasmas. Moreover, the REs are easily
reaching ultra-relativistic energies (>511keV). The first steps toward the
relativistic corrections of TS theory were done in 60’s and 70’s, and the
most important results were reported by Sheffield [172] (the first order in
B) and Matoba [173] (the second order in ) valid until 5keV and 30keV,
respectively. Further relevant improvement was developed by Naito [174]
up to 100keV. Finally, Palastro [175] derived a fully relativistic scattered
power model for the TS in unmagnetised plasmas®.

However, three things should be pointed out about Palastro’s paper.
First, as already mentioned, note that the calculation is derived for the un-

4The detailed history and the development of the relativistic TS can be found in Ap-
pendix E.8 of Ref. [107]. In the same reference, comparison to other theories is presented.
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magnetised plasma as already said. Second and perhaps the most important
point, Palastro uses the Maxwell-Juttner (MJ) distribution function (or rel-
ativistic Maxwellian velocity distribution, reported in Section 5.3.1) for the
electrons. In other words, the derivation is done with a relativistic bulk
plasma. Unfortunately, this is not valid for tokamak plasmas as REs are
in minority compared to the bulk non-relativistic plasma electron®. How-
ever, revising Palastro’s calculation with a more relevant (or more realistic)
REDF is cumbersome and is out of the scope of this work.

Third point, the straight line assumption of Palastro’s model is fulfilled
in the relativistic case when 87y2v,s. < ¢ holds, where vys. = (eE;0/ymec) X
Ai/2m is the relativistic oscillation velocity with F; o and A; being the electric
field and the wavelength of the incidence photon, respectively. From here,
a condition for the maximum allowed amplitude of the laser electric field
E, as a function of v and A; can be found:

mmec® 1 4% 10°

G on S ] (A1)

Ei,O <

Therefore, knowing the wavelength )\;, the energy of the laser (which are
always known in practice) and the maximum RE energy, one can easily
validate the suitability of the Palastro’s derivation.

For the purpose of calculation for this Appendix, we will take the COM-
PASS Thomson scattering setup. Necessary details (wavelength and energy
of the laser) of the Thomson scattering diagnostic system in COMPASS
can be found in Section 3.3.1. Using the wavelength \; =1064 nm from the
COMPASS laser and v = 40, corresponding to approximately 20 MeV RE,
the laser electric field limit is E; o < 10’ V/m. To verify if the COMPASS
Thomson scattering system matches this condition, the general expression
for light energy in vacuum is recalled [176]:

Eio= Mﬂ' (A.8)
€0

Hereby, the laser electric field amplitude is estimated to be E; ¢ ~10° which
is 5 orders of magnitude smaller than the estimated limit. Thus, Palastro’s
“strait-line” assumption is valid for the Thomson scattering system used in
COMPASS and the REs generated in its plasma.

A.2.3 Tangential Geometry

The aforementioned “headlight” effect will be addressed here. It can be
calculated from the general theory of the radiation emitted by moving
charges [177], where the scattered power per solid angle dPd) assuming

5An exception could be when a runaway beam is kept after or created during a dis-
ruption (runaway plateau).
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that the particle velocity 5 is perpendicular to its acceleration /? (which is
a rough assumption, but a valid simplification for a tokamak) is expressed
as:

dQ  4me (1 — Beosbys)? v2(1 — B cos b;,)2 (A-9)
where 0, is the polar and ¢;s the azimuthal angles, respectively. For ITS
diagnostics, 65 is the angle between the electron velocity and the scattered
photon (). If the scattered photon is observed tangentially then its direc-
tion almost coincides with the magnetic field direction in tokamak, making
0;s equal to the pitch angle 0. After averaging the Eq. A.9 over ¢, the
geometrical factor (now depending just on the scattered angle 6) is:

APyeom (65) = ! s, (A-10)
geom\Ys) = (1 — [300895)2 fyz(]_ — 500895)2 . .

P 625 1 (1 B sin? 6, cos? ¢y >

For calculation purposes, the scattered angle 6, is taken to be 1.8° =
7/100rad ~ 0.03rad (as the “perfect” case, where RE almost moves toward
the detector), 9° = 7/20rad ~ 0.16 rad (as the common lower measured 0)
and 18° = n/10rad ~ 0.31rad (as the common upper measured ¢). The
normalised velocity 5 and the Lorentz factor v are calculated from the pre-
defined RE energy W. The calculation of Eq. A.10 for the given pitch angles
0 and RE energies W is presented in Table A.2. From the Table one can
notice a rapid increase of power for tangential view with higher RE energies
and smaller pitch angles (i.e. scattering angles). Additionally, there is a gap
in the geometrical factor for larger angles around 100 keV that significantly
reduces detection of REs with those parameters. Therefore, we conclude
from Table A.2 that REs should be easier to observe with ITS system if 6,
is small and the RE energy is high.

0s \ W: 10keV 100keV 1MeV 10MeV 30MeV

1.8° 1.54 4.88 274 60300 774000
9° 1.48 4.37 87.9 3750 6170
18° 1.30 3.09 0.820 363 411

Table A.2: The geometrical factor of the “headlight” effect, defined in
Eq. A.10.

A.2.4 The Spectral Range

It is possible to calculate the wavelength of a scattered photon by a fast RE
using Doppler-shift for electromagnetic wave

ﬁ 417ﬁCOS€i
g_ zl—ﬁcoses’

(A.11)
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Figure A.4: The wavelength and the energy of the scattered photon as a
function of the RE energy W. Two different values are taken for the 6;: 81°
(black and light green lines) and 99° (blue and dark green lines). While
three different values are taken for the 5: 1.8° (dash-dotted lines), 9° (full
lines) and 18° (dashed lines).

where w; and w; are the angular frequencies of the incident and the scattered
photons, respectively and 6; (6;) is the angle between the RE velocity and
the incident (scattered) photon. From this expression, the scattered light
frequency depends only on angles between the incident light and the electron
trajectory 6; and between the electron trajectory and the scattered light 6.

The values for the angles are taken near the perfect tangential particle
trajectory (6; = 90° and 6; = 0°). Two different values are taken for
0; € {81°,99°} and three different values for 6, € {1.8°,9°,18°}. In Fig. A4
it can be seen that the scattered light is in the IR spectra region for the
RE energies up to 30 — 40keV. Furthermore, visible light is coming from
the electrons with energies until 150keV. Finally, only the “perfect” case
reaches the soft X-ray region at energies of 3-4 MeV, while for the other two
(“more realistic”) cases, the scattered light stays in the UV region. Anyhow,
the wide spectral range of the potential RE signal from ITS is more than
obvious in Fig. A.4.

A.2.5 Photon Collection

As it was pointed out in Section 2.3.6, the drawback of the ITS diagnostics
is the number of detected photons N,. To represent the issue, the fraction
of the detected scattered photons in the total number of incident photons
in the observation region is taken.

The fraction of scattered photons is equal to oysn.Lss, where o is the
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Thomson scattering cross section and L;s is the observed length of the
incident light passing through the plasma of the electron density n.. The
TS cross section is fundamentally constant [178], as it depends only on the
classical electron radius 7.: 045 = 87r2/3 = 6.65 x 1072 m? = 0.665 barn.
The small oy, value is the reason why the ITS technique is non-perturbative,
but technically demanding.

As an example, RE dominant plasma from COMPASS is taken here for
further calculation. Typically for this plasma n, ~ 1 x 101 m~2 and the
resolution of the ITS diagnostics in the plasma core is L, ~ lcm [124].
Using these given data, the fraction of the scattered photons is estimated
to be oysnelss = 6.65 x 10712, Moreover, not all the scattered photons
will be collected, but just a fraction of them depending on the detector
size, detector sensitivity, its distance from the laser beam, mirrors installed,
window type, etc. The size parameters are usually represented by a solid
angle in steradians, which in the core of COMPASS plasma is 2 x 1072,
Finally, the fraction of the scattered photons detected with respect to the
incident photons from the plasma core of COMPASS RE discharge is 1.33 x
10~*3. Therefore, it is now obvious why high intensity (energy) incident
light is required for the ITS diagnostics.

Moreover, the number of detected photons N, is proportional to a dif-
ferential cross-section g—g [124]. Unfortunately, the differential cross section
is directly connected to the power spectrum, whose calculation is beyond
the scope of this Thesis. On the other hand, we can estimate the ratio
w;/ws, because 9 o w;/ws [178]. In theory, if this ratio is not included,
then the g—g represents the energy scattered, while the main interest here
is in the photon scattering. In practice, this ratio is usually omitted as it
is approximately equal to 1 for small enough frequency shifts. In the case
of the REs, from Fig. A.4, it is obvious that frequency (wavelength) shift is
significant.

Due to the easier comparison with Table A.2, the inverse ratio of w;/ws
is depicted in Table A.3. The same angles 6; and 65 are used as for the
calculation in the previous Section. One can see that for the energy of
100keV the reduction factor is around 2, but for energies above 1 MeV it
is higher than 10. However, the reduction factor estimated here is smaller

s \ W: 10keV 100 keV 1 MeV 10 MeV 30 MeV

1.8° 1.20-1.28 2.02-2.40 14.4-19.3 503-690  1330-1820
9° 1.20-1.28 1.99-2.37 12.1-16.3 62.6-85.8 67.8-92.9
18° 1.99-1.26 1.91-2.27 8.12-10.9 16.8-23.1 17.2-23.6

Table A.3: The ratio between the incident w; and the scattered w, frequen-
cies, as a factor of the photon number reduction with increasing RE energy.
Left and right values in the same column correspond to the incident angles
0; = 81° and 6; = 99°, respectively.
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than the power radiation enlargement from Table A.2, meaning that the
tangential measurement of ITS from REs should still have enhanced signal.
Note that this is not the case around W = 100keV for 0, = 9° due to the
very small value of the geometrical factor.

A.2.6 Summary for ITS

Incoherent Thomson scattering could be a useful diagnostic tool for direct
measurement of the RE distribution function over a wide energy range.
Moreover, the diagnostic technique itself is non-perturbative and very well
localised. Therefore, basic physical calculations are reported here to inves-
tigate the feasibility of the concept.

To overcome the significantly lower number of REs in comparison to the
thermal electrons, it would be best to make observation of the incident ITS
laser in the tangential direction to the tokamak plasma. The geometrical
factor of radiated power in the tangential direction is calculated. The reason
for selection of the tangential view should be used is clear from numbers
reported in Table A.2 However, the number of scattered photons would de-
crease with the increasing RE energy. Even though the decreasing factor
of detected photons is smaller than the increasing factor of radiated power,
the detectors do have a lower limit of photon counts. Therefore, for RE
studies more powerful laser than for thermal plasma should be used. While
this is possible in theory, purchasing the stronger laser would be very ex-
pensive. The spectrum range in tangential view on ITS laser would spread
from visible to SXR region. Hence, there would not be a need for the sophis-
ticated detector with the high wavelength resolution. On the other hand,
there are many other sources of radiation from tokamak in those parts of
spectra. Thus the full calculation of power spectrum from ITS on RE and
background plasma should be performed for better prediction.

Moreover, the exact calculation of the power spectrum is not the only
challenge for ITS as a RE diagnostic. The theory behind this estimate
should be also developed specially using realistic distribution function with
thermal electrons and RE in the tokamak, as Palastro [175] derived power
spectrum for Maxwell-Jiittner distribution function. Finally, as already
mentioned in Section 2.3.6, the final transit time effect assumption could be
inapplicable for the measurements of the REs with I'TS, as it assumes con-
stant electron population in the observed volume during the measurement.
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Appendix B

Justifying the Neutron
Detector Purchase

One of the author’s undertakings was the purchase of a new neutron detector
for the COMPASS tokamak. The task lasted more than a year - from the
first requests to the first test. Therefore, a justification of the choice made
will be detailed here. Beside the justification, other details useful for future
are reported. Note that no details on any detector design or principle will be
done, as it would require too much space and time for something far away
from the scope of the topic. For that, the reader is referred to Ref. [179]
and [180].

The Appendix starts with motivation and introduction to the matter.
Next Section describes advantages and disadvantages of the different neu-
tron detectors for our purpose. At the end, a summary is made and the
final choice of the detector is given, including the rationale for this choice.

B.1 Motivation

The process of neutron origin from RE is described in Section 2.3.3. In
short, detection of neutrons gives valuable information on the dynamic of
high energy RE losses. Additionally, neutrons are also coming from fusion
reactions, increasing the importance of having a reliable measurement of
neutrons.

On the other hand, as described in Section 3.3.2, the scintillator used for
neutron detection at COMPASS is also sensitive to strong fluxes of HXR,
although the detector is shielded by 10 cm of Pb. This combined detection of
neutrons and photons (HXR and ~-rays) makes measurements impractical
for any quantitative study as discrimination between neutron and photon
signals seems to be unfeasible for our Shielded HXR detector due to very
high overlay of pulses. Henceforth, we decided to purchase a new neutron

165
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detector, that either would have been weakly sensitive to y-rays or would
have signal convenient for the 7y-discrimination.

B.2 Introduction to Fast Neutron Detection

Moving neutrons are usually divided into “slow” and “fast” ones with the
threshold being defined as Cd cut-off energy that is equal to 0.5eV. Obvi-
ously, neutrons in tokamak environment are fast as they have keV and MeV
energies.

Secondary (i.e. detected) radiation from neutrons is (almost always)
a heavy charged particle, which is contrary to 7-rays detection principles
(often based on the Compton scattering). This makes detection somewhat
easier, but slower and more difficult to unfold. Furthermore, the neutron
spectrum can be measured only when the @Q-value! is not too large in com-
parison to the neutron energy. For tokamaks, this means that neutrons
should have energies above 10 — 100 keV.

For fast neutrons, scattering is more important than nuclear reactions,
due to the relatively high energy transfer in one collision, creating a recoil
nuclei. Recoil nuclei energy cannot be omitted for neutrons with an energy
of a few keV and higher, hence this effect is important for studies of neutrons
from a tokamak.

To detect a significant amount of fast neutrons that have a few keV and
higher energies, they have to be slowed down. This is done with so-called
moderators. Hydrogen is shown to be by far the best moderator, which is
the reason why the most commonly used moderators are made out of dif-
ferent kinds of plastic materials. However, the thickness of the moderator
should be optimised, as a thick moderator increases the chance for neu-
tron moderation but decreases the chance of detection (because the volume
ratio between the detector and the moderator is smaller). For example,
several tens of centimetres are needed for moderation of the MeV neutrons.
Moreover, moderation extracts the energy information of the initial neutron
making estimation of neutron energy spectra impossible or at least very dif-
ficult and with large uncertainties. Additionally, moderators slow down the
detection time significantly - from a few nanoseconds necessary for direct
observation to the order of 10 — 100 us.

Gas detectors with 3He as the working gas have the highest neutron
sensitivity. Those detectors were and are often used in airports, and borders
checks for the control of nuclear weapon smuggling. Unfortunately, the
amount of 3He on Earth is depleted. After September 11 Attack in USA
demand for 3He-detectors increased, leading to the 3He shortage in 2008.
Consequently, *He price skyrocketed - i.e. from 40—80 $/1 before to 1000 $/1
after the shortage. BFgs-detectors are the most common substitute to the
3He ones, as their price is lower.

1Q-value represents the energy lost during a nuclear reaction.
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It should be mentioned that 3He-detector was already used in COMPASS
and the preliminary results are reported in [181]. However, measurements
were done with the detectors outside the hall, as inside the signal would
saturate. At the time, the estimated neutron flux was 5 x 10 neutrons/s.

B.3 Fast Neutron Detectors

Even though detectors based on 3He are the best choice for fast neutrons,
here we will go through all options that were encountered during the decision
making.

Fission chamber can be used as very reliable neutron counter, but no
energy spectra can be expected from it. It has the lowest sensitivity to y-ray
compared to all other detectors and a very high dynamic range, but also
smaller neutron detection efficiency.

Activation counters are not suitable for our application, as there is no
prompt (or at least fast enough) signal because unfolding (post-processing)
is needed. Also neutron fluence is a bit low on COMPASS due to short
pulse.

A good option for fast neutron detection is the Lil scintillator (usually
doped with Eu). However, its response could be non-linear. This detection
issue can be solved by cooling, but that increases the price significantly.
Another type of scintillator - the proton recoil - could also be used for mea-
surement of fast neutrons. Usually it is made from H-containing (organic)
material, therefore being self-moderator. Detectors with CH,4 are one of the
fastest on the market, but their cross-section with neutrons is significantly
lower than for *He or even boron-containing detectors. In general, the ben-
efit of all scintillators is their fast response and modest cost, while they are
usually too sensitive to y-radiation. The last point is highly relevant for the
RE COMPASS studies, as explained in the Motivation Section B.1.

The conventional BF3 tubes have a low detection efficiency for fast
neutrons and consequently are almost never used for this purpose. How-
ever, moderated BF3 tube can be used for this function. Another way of
using good boron reactivity with neutrons is having a chamber coated with
thin layer of '°B. Those are so-called B-lined detectors. Its neutron de-
tection efficiency is higher than for fission chamber but lower than for BFg
and *He. However, it has higher y-insensitivity than *He and BF3, while
lower than the fission chamber has. The B-line detectors are very fast, as
nuclear reaction with neutron does not occur with filled gas, but on the
inner detector wall. Moreover, lower pressures and voltages are needed for
B-lined than for BF3 detectors, while they are even lower for >He detectors.

Finally, a few detector types based on 2He are mentioned here. 3He
proportional counter (sometimes mixed with another inert gas) features
very good performance in high ~-flux environment. The 3He ionisation
chamber has a better energy resolution, but slower and noisier signal than



168 APPENDIX B. PURCHASING NEUTRON DETECTOR

the previous detectors. He scintillator (usually doped with Xe+N or p-
terphenyl) has very fast detection, but very poor energy resolution.

B.4 Overview and Decision

As the Shielded HXR is sensitive to both, neutrons and ~-rays, without
the possibility to discriminate between the two, we had to purchase a new
neutron detector. To do so, the author had to look for the more suitable
and the most economical solution. The main point of this Appendix was
to summarise the advantages and disadvantages of the different neutron
detectors offered on the market.

In a nutshell, the most commonly used alternatives for *He tubes are
Li scintillators, B-lined tubes and BF3 tubes that meet close enough the
required neutron detection efficiency and ~-ray discrimination. However,
the former two are rather expensive, as both - %Li and °B - are export
controlled materials. Therefore, even though BF3 is a hazardous material,
it seemed to present the best alternative to the *He detector.

Despite that our choice was the BF3 detector, after communicating with
the Manufacturer we purchased the 3He detector as the price difference was
rather negligible due to the low amount of the detection gas. In Ref. [181],
the gas pressure was around 500 kPa of *He that lead to signal saturation.
After realising the relatively low cost, we purchased two *He detectors with
a 3He pressure around 10 kPa to reduce detector sensitivity due to the large
fluxes. Additionally, a set of 5 high-density polyethylene (HDPE) modera-
tors of different thickness were bought. When the first tests of the detectors
were finally performed, it was almost time for the author to leave the COM-
PASS facility, showing how long this kind of process can be. Thus, the new
results will be reported in another document in the near future.



Appendix C

Calibration of the Massive
Gas Injection Valve

As already mentioned in this Thesis, the MGI experiments on COMPASS
were achieved using solenoid valves. Their location is depicted in Fig. 3.3
and their installation among RE campaigns is elaborated in Section 3.3.3.
The parameter of importance for the gas injection is the back pressure Ppygck-
However, more physically meaningful parameters are the number of injected
particles and the particle flow through the pipes between the valve and the
vacuum vessel. For that reason, the calibration for transforming Pygcx to
the particle flow rate dN/d¢t is reported here, the necessary measurements
and corresponding results for each of three solenoid valve are also given.

The calibration was performed outside the tokamak operation time for
Ar gas, but tokamak was under vacuum with stopped pumping while in-
jections were operated. Injections were realised for different valve opening
times 7, and back pressures Pyqcr, 10 times in a raw with the exact same
setup to reduce statistical errors. Pressure inside the tokamak was mea-
sured with a Pirani gauge after each injection. The measured values are
presented in Tables C.1, C.3 and C.5. The gauge being calibrated for hy-
drogen/deuterium, the pressure was converted to Ar pressure using abacus
provided in the gauge’s documentation. The converted values are presented
in Tables C.2, C.4 and C.6.

Knowing the final gas pressure inside the vacuum vessel P, after injec-
tion, one can deduce number of injected particles N,, through the ideal gas
law assuming that the initial pressure in the vacuum vessel is much smaller
than Pm;

P’UU VUU

~ 2.4155 x 10%°P,, [P C.1
T x [Pal, (C.1)

N,y [particles] =

where kp is the Boltzmann constant, the volume of the vacuum vessel V,,,
is approximately 1 m? and the room temperature ~ 300K is assumed inside
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Figure C.1: The number of particles in vacuum vessel N,, versus the
time that valve is opened Ar, for different Py4cr - 1.0 bars (blue circles),
1.6 bars (green exmarks), 2.0bars (red diamonds), 2.4bars (cyan pluses),
and 3.0bars (magenta squares). The black doted lines correspond to the
Qe fit for each Pygcr.

the vacuum vessel and the pipes Ty,. With the knowledge of N,, one can
estimate the volumetric particle flow rate

N’U’U VU’U
AT,
for each Pyucr, where AT, is the time for how long the valve is opened. An

example of Qy fitting is given in Fig. C.1 for the EAST valve. The A7,
is estimated via formula:

Qerr =

(C.2)

AT’U =Ty — topening (C?))

where 7, is the length of a rectangular triggering signal going through the
valve and topening the time needed for the valve to open, i.e. the reacting
time. The opening moment occurs when the solenoid in the valve reaches
certain voltage after the triggering signal. We found that t,pcning is not
constant and that it depends on the Pyger:

topening [1’1’15] = avPback [bars] + bv (04)

where the fitting coefficients are depicted in the Table C.7 for the each valve.

Furthermore, a capacitance of the valve-piping system C, can be de-
duced
_ Qeyr

Pback

Cy (C.5)
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As C, should be independent on the Py,.x, we used small discrepancies
for the estimation of statistical errors of the calibration method. Finally,
particle flow rate for each of three valves can be calculated via expression:

ﬂicv*Pback

” v ~ C, * Pypgcr|bars], (C.6)

as V,, is approximately 1 m? for the COMPASS tokamak. The C, and their
corresponding errors are enlisted in Table C.7 for the each valve.

To obtain a number of particles at the certain moment one needs simply
to multiple flow rate with the time for how long the valve was open until
that moment.

TABLES

Table C.1: Measured P,, with the gauge calibrated for H injecting with the
EAST valve. The values of P,, are in bars. The first column was used for
the estimation of the valve opening time and therefore 7, is not constant -
To,min = 18, 20 and 22ms for Py4er = 1.0, 1.6, and 2.0 bars, respectively.

Pogere \ Tv | Tomin  25ms  35ms  45ms 55ms

1.0 bars 0.15 0.31 0.43 0.55 0.66
1.6 bars 0.22 0.43 0.67 0.88 1.1
2.0 bars 0.38 0.55 0.85 1.1 1.4
2.4 bars - 0.57 1.0 1.4 1.7
3.0 bars - 0.74 1.2 1.7 2.1

Table C.2: Effective P,, converted for Ar from the measured P,, reported
in Table C.1.
Procic \ T | Tomin  25ms  35ms 45ms  55ms

1.0 bars 0.07 0.22 0.48 0.78 1.0
1.6 bars 0.12 0.48 1.0 1.4 1.8
2.0 bars 0.36 0.78 14 1.8 2.3
2.4 bars - 0.83 1.7 2.3 2.8
3.0 bars - 1.2 2.0 2.8 3.5
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Table C.3: Measured P,, with the gauge calibrated for H injecting with the
NORTH valve. The values of P,, are in bars. The first column was used
for the estimation of the valve opening time and therefore 7, is not constant
- To,min = 13ms for Py, = 1.0, 1.6, and 2.0bars and 7 ;min = 14 ms for
Pyock = 2.4 and 3.0 bars.

Prock \ 7o | Tomin  25ms  35ms  45ms 55ms

1.0 bars 0.17 0.44 0.59 0.74 0.89
1.6 bars 0.26 0.68 0.92 1.1 1.4
2.0 bars 0.31 0.84 1.1 1.4 1.7
2.4 bars 0.43 1.0 14 1.7 2.1
3.0 bars 0.51 1.2 1.7 2.1 2.6

Table C.4: Effective P,, converted for Ar from the measured P,, reported
in Table C.3.
Pogere \ Tv | Tomin  25ms  35ms 45ms 55ms

1.0 bars 0.08 0.50 0.88 1.2 1.5
1.6 bars 0.16 1.1 1.5 1.8 2.3
2.0 bars 0.22 1.4 1.8 2.3 2.8
2.4 bars 0.48 1.7 2.3 2.8 3.5
3.0 bars 0.68 2.0 2.8 3.5 4.3

Table C.5: Measured P,, with the gauge calibrated for H injecting with
the WEST valve. The values of P,, are in bars. The first column was
used for the estimation of the valve opening time and therefore 7, is not
constant - 7, pmin = 9ms for Pper, = 1.0 and 1.6 bars and 7, yin = 10ms for
Praer = 2.0, 2.4, and 3.0 bars.

Prack \ Ty Tv,min 25ms 3bms 45ms 5H5ms

1.0 bars 0.60 0.88 1.1 1.35 1.55
1.6 bars 0.93 1.45 1.85 2.2 2.55
2.0 bars 1.25 1.8 2.3 2.8 3.2
2.4 bars 1.5 2.15 2.8 3.25 3.8

3.0 bars 1.7 2.6 3.8 4.1 4.8
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Table C.6: Effective P,, converted for Ar from the measured P,, reported
in Table C.5.

Pogek \ To | Tomin  25ms  35ms 45ms 55ms
1.0 bars 0.9 1.4 1.8 2.25 2.6
1.6 bars 1.5 2.4 3.1 3.7 4.25
2.0 bars 2.1 3.0 3.8 4.7 5.3
2.4 bars 2.5 3.6 4.7 5.4 6.3
3.0 bars 2.8 4.3 6.3 6.8 8.0

Table C.7: The results of the calibration - the valve-pipes system capaci-
tance C,, its relative error §(C,) and coefficients a, and b, from Eq. C.4.

valve ‘ C, [x10%1]  6,.(C,) [%]  ay by
EAST 6.5 3.9 3.7 13.4

NORTH 6.4 10.9 0.73 10.73
WEST 9.4 3.2 0.82 6.8
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