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Summary 
 
 
On earth, the controlled nuclear fusion of deuterium and tritium has been briefly realised 
in the tokamak device, where a strong magnetic field confines charged particles. Nuclear 
fusion is one of the energy producing processes known to us that is environmentally 
friendly, and has limitless natural resources. Due to the fact that conventional fossil 
resources of coal, oil and gas become scarce along with the need to reduce the CO2 
exhaust, the electricity production by controlled nuclear fusion should become a reality to 
satiate our energy needs in the future. The world-wide efforts in the direction of controlled 
fusion have brought the scientists at the stage where a ten-fold power multiplication will 
be demonstrated in a tokamak reactor i.e. ITER, running for about 1000 seconds per pulse. 
 However, one of the major physics challenges is the efficient operation of 
tokamaks for longer durations. This requires a clear understanding and total control over 
mesoscale plasma structures such as confinement-unfriendly magnetic islands, and 
confinement-friendly internal transport barriers. For the study, firstly, a reliable 
diagnostic tool for the precise detection of the structures is indispensable, and secondly, 
an effective method to manipulate the structures is required. This thesis concentrates on 
the detection and control of magnetic islands, and transient transport processes in plasmas 
heated with high-power millimetre waves (at the electron cyclotron frequency). The 
transient transport processes are relevant to internal transport barrier formation. The 
experimental study has been carried out at the TEXTOR tokamak in Jülich, Germany, 
where a unique Dynamic Ergodic Divertor (DED) and a powerful Electron Cyclotron 
Resonance Heating (ECRH) system are available. 
 In order to reliably diagnose the plasma structures, we have developed and 
installed the world’s first 10 kHz Multi-pulse Thomson scattering (MPTS) system based 
on an innovative intra-cavity ruby laser and a spectrometer equipped with ultra-fast 
CMOS cameras. The MPTS system enables us to obtain, simultaneously, high resolution 
electron temperature, Te, and density, ne, profiles from both core and edge plasma with a 
time resolution of 100 µs. The complete system operates in the so-called burst mode. Up 
to four laser bursts are feasible, each consisting of a maximum of 40 laser pulses. The core 
setup has been fully tested with a single burst of about 20 laser pulses delivered at 5 kHz 
repetition rate, and it has been used for the experimental studies presented in this thesis. 
The pulse energy in the laser train is observed to decrease due to the thermal lensing effect 
in the laser cavity, thus leading to relatively higher error bars for the low energy pulses. In 
future work, multi-burst operation at 10 kHz repetition rate will be realized by operating 
the laser system assisted with auxiliary capacitor banks. For experiments dedicated to the 
plasma edge phenomena, the edge observation setup is ready now. 
 The DED has permitted us to carry out detailed investigations on the nature of 
the magnetic islands. The DED generates a pre-programmed external magnetic field 
perturbation by the coils wound around the central column of the torus. In the m/n = 3/1 
mode of DED operation, m/n = 2/1 magnetic islands are induced in the plasma by a strong 
m/n = 2/1 side-band in the magnetic field perturbations, when the current in the coils is 
above a certain threshold.  
 The MPTS system has been used to study the DED generated rotating magnetic 
islands, thus providing the dynamics of Te and pressure, pe, profiles in the island. The ne 



 2 

contours, obtained by this method, clearly show a large island of 10 cm width located at 
28 cm above/below mid-plane, which precisely matches the resonance location of DED 
perturbation. The MPTS measurements in the case when an island is locked at a fixed 
position in the plasma allow us to sum all Thomson scattering spectra in the burst, thus 
leading to very accurate Te profiles with relative errors of a few percent only. The 
stationary islands are found to be about 8 cm wide. In the stationary case, the difference in 
size can be explained by the fact that the measured Te profile does not go fully through the 
O-point of the island. The Te profile is flat both for stationary and rotating islands, 
whereas the ne profile near the O-point is about 20% higher than that near the separatrix.  
 A strong suppression of the island is observed when 800 kW of ECRH power is 
deposited locally in the island. For other deposition locations, inside or outside the island, 
ECRH is less effective. At a higher ne of 2.8×1019 m-3, no effect of ECRH is observed 
even when the full power is deposited in the island. In the first 10 ms after ECRH switch-
on, the Te profiles show a pronounced peaking of about 10% at the O-point of the island. 
A similar Te peaking of up to 25% is observed by an ECE-imaging diagnostic. The size of 
the island detected by ECE-imaging is 8 cm, which is about 20% less than that of the 
MPTS measurements.  
 The well-known RTP observations of hollow Te profiles during switch-on of off-
axis ECRH, and the T-10 findings of delayed decay of the central Te in the switch-off 
phase have motivated us to explore the underlying physics of these plasma phenomena at 
TEXTOR. First, using MPTS, we have scanned the switch-on phase of 800 kW ECRH 
with power deposited near the q = 1 surface. The highly accurate Te profiles obtained with 
MPTS show that Te remains flat for some time after switch-on of ECRH. Subsequently, 
development of ‘ears’ on the Te profile has been observed at the heat deposition location. 
Transport calculations performed with the ASTRA code, confirm the hypothesis 
suggested from RTP that a higher level of electron-ion coupling in the early switch-on 
phase of ECRH is responsible for the hollowness in the centre of the Te profiles. 
 The ECE and Soft X-ray data at TEXTOR, in accord with the T-10 observations, 
show a delay in the decay of central Te after switching off the off-axis ECRH. Our 
systematic study of the temporal delay at TEXTOR, has led us to conclude that the effect 
is very sensitive to the heat deposition location, ECRH pulse duration and the gyrotron 
power level. The MPTS data in the ECRH switch-off phase show that indeed the central 
Te remains flat and constant over the decay phase, whereas the profile outside the 
deposition location shrinks continuously. The maximum delay is found to be of the order 
of the energy confinement time, which is about 45 ms. Since the Te profile turns from 
hollow to flat in the centre in about 5 ms after ECRH switch-off, the presence of the ‘ears’ 
in the Te profile cannot explain the observed delay in the central Te.  In the last part of the 
decay phase, the Te profile suddenly - via a sawtooth crash - takes the form of the Te 
profile in Ohmic phase. ASTRA transport calculations with the MPTS Te profiles as input 
show a reduction of the magnetic shear outside q = 1 after ECRH switch-off, but not a 
zero shear value to be in accord with the T-10 hypothesis. Although our findings are not 
inconsistent with the formation of a transient transport barrier, the interpretation is 
hampered by the fact that the Thomson scattering system does not view the central part of 
the plasma. Experiments with an outwardly shifted plasma will obtain Thomson scattering 
profiles that go through the plasma centre, and hence, to more solid conclusions about the 
formation of a transient transport barrier after ECRH switch-off. 
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 This work presents a proof of the principle of a highly sensitive multi-pulse 
Thomson scattering system on TEXTOR. The initial results on magnetic islands and 
transient transport barriers, already, demonstrate the experimental possibilities. Many 
more detailed physics experiments can be performed in the near future, with the various 
additional options that recently have, or soon will, become available (i.e. multiple bursts, 
operation at 10 kHz, and the edge observation system).  
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Samenvatting 
 
 
Op aarde heeft men reeds kortstondig, uit een gecontroleerde kernfusie-reactie van 
deuterium en tritium, energie kunnen opwekken in een zogenaamde tokamak reactor, 
waarin sterke magneetvelden voor de opsluiting van geladen deeltjes zorgen.  Kernfusie is 
een van de ons bekende milieuvriendelijke energiebronnen, met een vrijwel onuit-
puttelijke voorraad. Doordat conventionele fossiele energiebronnen zoals kolen, olie en 
gas schaars worden, gekoppeld aan de gelijktijdige noodzaak om de CO2 uitstoot te 
reduceren, zal de electriciteitsproductie met behulp van kernfusie realiteit moeten worden, 
willen we in de toekomst nog in onze energiebehoefte kunnen voorzien. Een wereldwijde 
bundeling van krachten op het gebied van gecontroleerde kernfusie heeft wetenschappers 
nu op een niveau gebracht dat ze in staat zijn om een fusiereactor van het tokamak type te 
bouwen. Met deze machine, genaamd ITER, zal worden aangetoond dat men in pulsen 
van ongeveer 1000 s een tienvoudige vermeerdering kan bereiken van het erin gestopte 
vermogen. 
 Een van de grootste fysische uitdagingen is niettemin de efficiënte operatie van 
tokamaks gedurende een lange tijd. Noodzakelijk hiervoor is een volledig begrip en een 
totale controle van structuren in het plasma op de mesoschaal, zoals magnetische eilanden 
die de opsluiting verslechteren, en interne transportbarrieres die de opsluiting juist 
verbeteren. Voor deze studies is ten eerste een betrouwbare diagnostiek voor een precieze 
detectie van de structuren onontbeerlijk. Ten tweede is een methode om deze structuren te 
kunnen manipuleren noodzakelijk. Dit proefschrift concentreert zich op de detectie en 
controle van magnetische eilanden en kortstondige transportprocessen in plasmas, verhit 
door millimetergolven met een hoog vermogen (op de electron cyclotron frequentie). De 
kortstondige transportprocessen zijn relevant voor de formatie van transportbarrieres. De 
experimentele studie is uitgevoerd op de TEXTOR tokamak in Jülich, Duitsland, waar een 
unieke Dynamische Ergodische Divertor (DED) en een krachtig Electron Cyclotron 
Resonant verHittings (ECRH) systeem aanwezig zijn.  
 Om de plasmastructuren betrouwbaar te kunnen diagnostiseren, is het eerste 10 
kHz Multi-Pulse Thomsonverstrooiingssysteem (MPTS; S = ‘scattering’) ter wereld 
ontwikkeld en geïnstalleerd. Dit systeem is gebaseerd op een innovatieve intra-cavity 
robijnlaser en een spectrometer uitgerust met ultra-snelle CMOS cameras. Het MPTS 
systeem stelt ons in staat om gelijktijdig met hoge resolutie profielen van de elektronen- 
temperatuur, Te, en -dichtheid, ne, van zowel de plasmakern als de -rand te meten met een 
tijdsoplossing van 100 µs. Het gehele systeem werkt in de zogenaamde ‘burst’ mode. Tot 
vier laserbursts zijn mogelijk, waarbij elke burst bestaat uit maximaal 40 laserpulsen. Het 
systeem voor de kern van het plasma is volledig getest met een enkele pulstrein van 20 
laserpulsen met 5 kHz herhalingsfrequentie. Dit systeem is gebruikt voor de 
experimentele studies beschreven in dit proefschrift. De energie in de laserpulstrein neemt 
geleidelijk af, hetgeen wordt verklaard door thermische lenseffecten in de lasertrilholte. 
Dit leidde tot relatief grotere foutenbalken voor de pulsen met lagere energie. In de 
toekomst zal multiburst-bedrijf bij 10 kHz worden verwezenlijkt door gebruik te maken 
van extra condensatorbanken voor het lasersysteem. Voor experimenten specifiek gewijd 
aan de bestudering van processen aan de plasmarand, is recentelijk ook de randobservatie 
operationeel gemaakt.  



 6 

 De DED heeft ons in staat gesteld om gedetailleerde studies uit te voeren naar de 
aard van magnetische eilanden. De DED genereert een voorgeprogrammeerde externe 
verstoring van het magneetveld door spoelen die zijn gewikkeld om de centrale kern van 
de torus. In de m/n = 3/1 mode van DED operatie worden boven een bepaalde 
drempelwaarde van het stoorveld, m/n = 2/1 magnetische eilanden in het plasma 
geïnduceerd, omdat het stoorveld ook een sterke m/n = 2/1 component heeft.  
 Het MPTS systeem is gebruikt voor het waarnemen van roterende islanden, 
gegenereerd door de DED, zodat men de dynamica van de Te- en drukprofielen kon 
bestuderen. De op deze manier verkregen contouren van ne, laten duidelijk een groot 
eiland van ongeveer 10 cm breedte zien, gelocaliseerd op circa 28 cm boven of beneden 
het equatorvlak, hetgeen exact overeenkomt met de resonantiepositie van de DED-
verstoring. Voor het geval het eiland op een vaste positie in het plasma zit, is het mogelijk 
om van de MPTS metingen alle Thomsonverstrooingsspectra in een pulstrein bij elkaar op 
te tellen, hetgeen leidt tot zeer nauwkeurige Te-profielen met relatieve fouten van slechts 
een paar procent. De breedte van deze stationaire eilanden kon zo bepaald worden op 8 
cm. In het stationaire geval kan het verschil in breedte worden verklaard doordat het 
gemeten Te-profiel niet exact door het O-punt van het eiland gaat. Het Te-profiel is vlak 
voor zowel het roterende als het stilstaande eiland, terwijl het ne-profiel rond het O-punt 
ongeveer 20% hoger is dan rond de separatrix.  
 Een sterke onderdrukking van het eiland wordt waargenomen als 800 kW ECRH 
vermogen lokaal in het eiland wordt gedeponeerd. Bij depositie op ander plekken, binnen 
of buiten het eiland, is ECRH minder effectief. Er is geen effect van ECRH waargenomen 
bij een hogere dichtheid van ne = 2.8×1019 m-3, zelfs niet wanneer alle vermogen in het 
eiland wordt gedeponeerd. In de eerste 10 ms nadat ECRH wordt aangeschakeld, laten de 
Te-profielen een duidelijke gepiektheid zien in het O-punt van het eiland van ongeveer 
10%. Een vergelijkbare Te gepiektheid tot circa 25% wordt waargenomen met de ECE-
imaging diagnostiek. De grootte van het eiland zoals gedetecteerd met ECE-imaging is 8 
cm, hetgeen minder is dan volgt uit de MPTS metingen.  
 De niet-verklaarde observatie op de RTP tokamak van een hol Te-profiel tijdens 
het aanschakelen van niet-centraal gedeponeerde ECRH, en de bevindingen op de T-10 
tokamak van een vertraagde afname van de centrale waarde van Te in de fase na 
afschakelen van ECRH, heeft ons gemotiveerd om de onderliggende fysica van deze 
verschijnselen op TEXTOR te onderzoeken. Ten eerste hebben we, door gebruik te maken 
van MPTS, de aanschakelfase bestudeerd van 800 kW ECRH gedeponeerd rond het q = 1 
oppervlak. De grote nauwkeurigheid in de Te-profielen van MPTS stelde ons in staat om 
te zien dat Te  in eerste instantie een poosje constant bleef na aanschakelen van ECRH. 
Vervolgens werd de ontwikkeling van ‘oortjes’ op het Te-profiel waargenomen op de 
positie waar het vermogen werd gedeponeerd. Berekeningen van de 
transporteigenschappen, gedaan met de ASTRA code, bevestigen de hypothese zoals 
voorgesteld aan de hand van de  RTP gegevens dat een verhoging van de koppeling tussen 
elektronen en ionen in de initiële aanschakelfase van ECRH verantwoordelijk is voor de 
holheid van de centrale Te-profielen.  
 De ECE- en zachte Röntgenstralingsdiagnostieken op TEXTOR laten, net als op 
T-10, een vertraging zien in de afname van de centrale Te-waarde nadat de niet-centrale 
ECRH wordt uitgezet. Onze systematische studie van deze vertraagde afname op 
TEXTOR, leidde tot de conclusie dat dit effect heel gevoelig is voor de exacte positie van 
de vermogensdepositie, de lengte van de ECRH puls, en het gyrotronvermogen dat in het 



 7 

plasma gedeponeerd wordt. De MPTS gegevens in deze niet-centrale ECRH fase laten 
inderdaad zien dat het centrale Te-profiel vlak en constant blijft meteen na uitschakelen, 
terwijl het profiel buiten het centrale gedeelte meteen en continu afneemt. De maximale 
vertraging die werd waargenomen is van dezelfde orde als de energie-opsluittijd, ongeveer 
45 ms. Omdat het Te-profiel van hol naar vlak verandert binnen ongeveer 5 ms na 
afschakeling van ECRH, kan het aanwezig zijn van de ‘oortjes’ in het Te profiel deze 
waargenomen vertraging in de centrale Te-waarde niet veroorzaken. In het laatste gedeelte 
van de afnamefase verandert het Te-profiel plotseling, - via een zaagtandinstabiliteit -  en 
neemt de vorm aan van het normale ohmse Te-profiel. Transportberekeningen met 
ASTRA, met als input de MPTS Te-profielen, laten een reductie zien van de elektronen-
warmtegeleiding binnen het verhittingsgebied. In ditzelfde gebied is ook de gradient in de 
magnetische afschuiving iets gereduceerd, in tegenstelling tot de hypothese van het T-10 
team, dat beweert dat de magnetische afschuiving ongeveer nul moet zijn in het gebied 
buiten het q = 1 oppervlak.Hoewel onze metingen niet in tegenspraak zijn met het 
ontstaan van een tijdelijke transportbarriere, wordt de interpretatie bemoeilijkt door het 
feit dat het Thomsonverstrooiïngssysteem niet het centrale deel van het plasma kan 
bekijken. Experimenten waarbij het plasma naar buiten verschoven wordt, zullen het 
mogelijk maken om Thomsonprofielen te meten die door het centrum gaan, zodat tot beter 
gefundeerde conclusies gekomen kan worden over de formatie van tijdelijke transport-
barrieres na het uitzetten van ECRH. 
 Dit werk beschrijft een proof-of-principle van een uiterst gevoelig multi-burst 
Thomsonverstrooiïngssysteem op TEXTOR. De eerste metingen aan magnetische 
eilanden en tijdelijke transportbarrieres hebben nu reeds de experimentele mogelijkheden 
aangetoond. Samen met de additionele mogelijkheden die recent zijn of zullen worden 
geïmplementeerd (zoals de meervoudige pulstreinen, bedrijf bij 10 kHz, en het nieuwe 
randsysteem) ligt een heel uitdagend fysisch werkterrein klaar om ontgonnen te worden. 
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Chapter 1 
 

Introduction 
 
 
Nuclear fusion is a promising option for electricity production in the future. Magnetic 
confinement can provide a stable equilibrium of the high temperature plasma, in which 
fusion of the plasma ions has to be achieved. The tokamak is the most efficient magnetic 
configuration which can reach self-sustained fusion conditions. Instabilities, however, 
may lead to an enhanced plasma transport or sometimes even a complete loss of 
confinement. This chapter gives an overview of the research being carried out in the area 
of controlled nuclear fusion, and the research problems that are addressed in this thesis.          
 
 
1.1 Nuclear fusion research 
 
Today, over ninety percent of the world’s energy is being produced by burning fossil 
fuels: coal, gas and oil. These resources will be largely exhausted in the coming 100 - 200 
years [1]. Recent projections indicate that in 50 years the world energy consumption will 
increase at least by a factor of three due to an increased world population, which is 
expected to rise above 10 billion people, and due to growing energy demands of the 
developing world [2]. Continuous burning of fossil fuels over several centuries has led to 
the release of a huge amount of CO2 gas into the earth’s atmosphere, which is mainly 
responsible for the greenhouse effect. The excessive quantity of greenhouse gases 
increases the absorption of infrared radiation re-emitted by the earth and, hence, leads to 
global warming [3]. Thus, relying only on fossil fuels might pose serious problems in the 
future, because of exhaust of supplies and global warming. In this context, renewable 
energy sources such as windmills, solar cells, biogas plants become important. But due to 
a number of limitations, these renewable energy sources can cover only about several tens 
of percent of the world energy need. Therefore, the development of other energy sources 
(primarily for electrical energy production) is indispensable [4].       
 Nuclear energy production is a promising option for the future through the 
fission and fusion processes. The reactors based on fission do not release greenhouse gases 
but pose more serious problem of long-lasting radioactive waste. Although natural 
resources of uranium needed for fission reactors are limited to about 50 years, it can still 
be extended up to several thousands of years by using breeder technology (i.e. converting 
non-fissile fuel into fissile fuel). Controlled nuclear fusion can be an inexhaustible 
potential source of energy that does not cause any serious environmental hazards [5]. 
Nuclear fusion is a process in which two light nuclei, like hydrogen isotopes, fuse together 
to form a heavier nucleus. The mass of the fusion product is less than the total mass of 
reactants before the reaction. According to the well known Einstein energy-mass equation 
E  =  mc2, the small mass deficit is released in the form of energy. Fusion is the process 
that powers the sun and the stars.  
 The kinetic energy of the fusing nuclei needs to be high enough to overcome the 
so-called Coulomb barrier of repulsion to arrive in a zone where nuclear forces are  
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Fusion reactions: 
 
 
D + T                4He +  n  + 17.6 MeV 
 
D + 3He2                 

4He +
  p  + 18.3 MeV 

 
D + D               3He  +  n  + 3.3 MeV 
                            T  +   p  + 4.0 MeV 

Figure 1.1: The dependence of the effective cross-section on interaction energy for different types 
of  fusion reactions as described on the right side [1]. The D-T reaction is most easy to perform in a 
fusion laboratory.  
 
stronger than electrostatic repulsion. The probability of crossing the Coulomb barrier is 
defined in terms of the reaction cross-section. Figure 1.1 shows the energy dependence of 
cross-sections for some fusion reactions. The most easily realizable fusion reaction is to 
fuse deuterium (D, heavy hydrogen) with tritium (T, superheavy hydrogen) to create a 
helium nucleus (or α-particle)  and a neutron.  In this reaction, 80% of the released fusion 
energy is carried away by the neutrons i.e. 14 MeV, and 20% is carried by the α-particle 
that can be used for sustaining the reaction. The research of controlled fusion is mostly 
conducted based on this reaction. Due to the much lower cross-sections, other reactions 
require a much higher energy of the fusing nuclei. Deuterium is plentifully available in 
ordinary water (20 g deuterium in 1 litre of water). Tritium can be produced from a fission 
reaction of the fusion neutron with lithium, which is an abundant light metal. In principle, 
one kilogram of D-T fuel releases about 108 kWh energy that is sufficient for a day 
operation of a 1 GW power plant. 
 The electrons are detached completely from the nucleus at temperatures 
exceeding a hundred million degrees Celsius.  At these high temperatures, a quasi-neutral 
ionised gas of ions and electrons forms. This state of matter is called plasma, the fourth 
state of matter [6]. Plasma is the most widespread form of matter in the universe. It exists 
in a variety of forms and is found with diverse characteristics. Temperatures go from one 
to ten thousands of electron volts (eV), and densities range even more widely, extending 
from a few particles per m³ in interstellar gas, up to 1030 particles per m³ in the centre of 
certain stars.  
 In stars (e.g. in the Sun), the thermonuclear reactions are initiated whenever the 
matter inside attains sufficiently high densities and temperatures caused by gravitational 
compression. The fusion reactions are sustained in this way as the gravitational force 
works against the cooling down of the naturally expanding plasma. On Earth, gravitational 
confinement can not be realised. Two possible scenarios are currently explored to 
generate fusion power out of fusion reactions: inertial confinement (i.e. a small volume of 
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matter is raised to very high density and temperature in a very short time by ultra-high 
power lasers [7]) and magnetic confinement: a sufficiently high density hot plasma is 
confined in an intangible torus-shaped column created by external magnetic fields. As a 
result of the Lorenz force, charged ions and electrons spiral around magnetic field lines. 
At present, magnetic confinement is the most promising method for electricity production 
from nuclear fusion. 
 The goal of controlled nuclear fusion research is to build a continuously 
operating reactor to produce energy through fusion reactions by creating and efficiently 
confining hot and dense plasma for a sufficiently long time. Magnetic traps are, however, 
not perfect consequently leads to outward diffusion of heat and particles. As a hot body, 
the plasma itself cools by radiating power through many different channels. In order to 
prevent extinction of the fusion process, it is necessary to supply some energy from 
outside to compensate all losses. And gain in energy production is reached when the 
fusion power is larger than the power needed to sustain the plasma (Q > 1, where Q is the 
ratio of energy released by fusion to the energy put in the plasma). A fusion reaction can 
only be sustained if the energy is confined sufficiently long, as quantified by the energy 
confinement time, τE. Lawson has derived a criterion for a self-sustained fusion reaction by 
balancing the energy losses and sources in the plasma [8]. According to this criterion, if 
the triple product of particle density, n, temperature, T, and confinement time is large 
enough then one can produce net energy from the fusion process. The Lawson criterion 
for a D-T reaction to attain the break-even (i.e. Q  =  1), is written as, 
 

n · τE  · T  >  1021    keV·s·m-3
      (for T in the range of 10 - 20 keV).           (1.1) 

 
For Q  =  ∞ i.e. for self-sustained or burning plasma condition (fusion is energised by the 
energy from the helium atoms, and no more external energy is required) one needs about 
5×1021 keV·s·m-3. At present the achievable confinement times are in the order of a few 
seconds. In large machines like JET (European Union) and JT-60U (Japan), values of the 
triple product in excess of 1×1021 keV·s·m-3 have already been achieved.  
 
 
1.2 Tokamak fusion reactor 
 
Since the mid of 1950's a world-wide effort is underway to demonstrate controlled fusion 
in the laboratory. A number of different magnetic configurations for achieving fusion 
conditions have been proposed over the years [9]. Some of the more common ones 
include:  

• Magnetic mirrors  
• Tokamaks  
• Stellarators 
• Reversed field pinches  

 
The most efficient and so far most promising magnetic confinement scheme has been 
invented in the 1950’s by the Soviet scientist. The device has been named “Tokamak”, 
which is an acronym for the Russian name “Toroidalnaya KAmera MAgnitnaya 
Katushka” which means toroidal chamber and magnetic coil. Tokamaks became rapidly 
dominant among other magnetic fusion devices used in the research of controlled nuclear 
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Figure 1.2: A simplified scheme of the magnetic configuration of a tokamak [1]. The resultant 
helical magnetic field is created by a central solenoid and sets of toroidal and poloidal magnetic 
coils that are mounted outside the vacuum vessel. 
 
fusion.  At the moment only stellarators are considered in the race of controlled fusion 
because of their ability to produce steady-state plasmas, albeit that their present 
performance is significantly lower compared to that of tokamaks.   
 A tokamak has, as an essential part, a vacuum vessel in the form of a torus with 
major radius, R0, and minor radius, a. Figure 1.2 shows a simplified schematic of the 
tokamak device. The strong magnetic field, Bφ, is generated along the torus by external 
field coils mounted around the torus. The poloidal magnetic field, Bθ, is induced by a 
current flowing toroidally in the plasma. This plasma current, IP, is generated by means of 
a central transformer (solenoid) of which the plasma column forms the secondary 
winding. The plasma is confined by the resulting helical magnetic field. The equilibrium 
shape and position of the plasma is controlled by an additional set of poloidal coils. The 
plasma current heats the plasma via Ohmic dissipation. Because the resistivity of the 
plasma drops with temperature, Ohmic heating is efficient up to temperatures of about 1 
keV. For higher temperatures, additional plasma heating is needed by other external 
means like Neutral Beam Injection (NBI) and/or by injecting microwaves in the plasma  
as done by  Electron Cyclotron Resonance Heating (ECRH), Lower Hybrid Heating 
(LHH), and Ion Cyclotron Resonance Heating (ICRH). 
 The research in the tokamak line has come a long way starting from the small 
Russian tokamak T3 set in operation in 1961 (which was able to reach a value of triple 
product 2×1017 keV·s·m-3 only) to today’s largest device JET [10], which has produced 
thus far the highest fusion power of 16 MW on earth [11]. Many plasma physics and 
technological challenges have been resolved so far in the fields of external heating, 
fuelling, non-inductive current drive and efficient insulation of the main plasma from the 
wall. Heating to very high temperatures of 40 keV and achieving a high density of 1020  
m-3 for fusion reactions have become well within reach. Figure 1.3 shows the increase in 
size and the change in shape (from circular to D-shaped) of the tokamak plasma cross-
section over nearly four decades. Larger and larger machines have been built in order to 
obtain sufficiently long energy confinement times by increasing the plasma volume to 
surface ratio. The application of poloidal divertors has resulted in effective plasma 
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Figure 1.3:  The diagram shows the increase in size and the change in shape (from circular to D-
shaped) of the tokamak plasma cross-section over several decades in the long-standing effort to 
access controlled fusion conditions [1].   
 
insulation and improved confinement as resulted in many machines e.g. ASDEX-U, JET, 
DIII-D and JT-60U. The shaping of the plasma cross-section to almost a D-shape has 
provided the capability to hold a higher plasma energy. Bigger and shaped plasmas help to 
isolate the burning core from the polluted edge plasma. Most of the tokamaks built to date 
are pulsed and producing plasmas living up to tens of seconds. However, an electrical 
power plant has to operate continuously for months. The ToreSupra tokamak at 
Cadarache, France, [12] is the first machine which has succeeded in a world record of   
350 seconds of plasma discharge of highest total energy, assisted by an external non-
inductive current derive system. SST-1 and KSTAR [13] are new fusion experiments 
setting up to demonstrate the fusion technology to sustain plasma for 1000 seconds and to 
address reactor relevant physics issues. SST-1 (R/a = 110/20, BT = 3 T, IP = 220 kA) is a 
steady-state superconducting tokamak in India; a successor of the Aditya tokamak (R/a = 
75/15, BT = 1.5 T, IP = 100 kA) operational since 1986 [14]. At present, the SST-1 is in 
final stage of construction, and expected to run both single and double null steady-state 
plasmas. 
 As the next step in fusion research, the construction of a larger machine namely 
ITER (International Tokamak Experimental Reactor) after the Latin word for ‘The Way’, 
has started at Cadarache, France [15]. The main goal of the ITER project is to study 
burning tokamak plasmas of more than 1000 seconds per pulse and demonstrate a fusion 
power output (about 500 MW) ten times larger as compared to the input power. ITER will 
also demonstrate the feasibility of a future power plant and will for the first time 
incorporate most of the technology crucial for the preparation of an electricity generating 
fusion reactor (plasma facing components, lithium management, robotics, breeding 
blanket, diagnostics etc.) [16]. The research results that are reported in this thesis have 
been obtained at the TEXTOR tokamak at IPP, Jülich, in Germany [17]. Some typical 
parameters of the TEXTOR, JET and ITER tokamaks are compared in table 1.1.    
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Figure 1.4: Principle scheme of a D-T tokamak fusion reactor generating electricity. The tritium 
bred in the blanket is flushed out by flowing helium. A large fraction of tritium and deuterium is 
exhausted from the plasma and recycled, whereas the waste helium is removed from the cycle. This 
picture is adapted from [1]. 
 
The principle of an electricity generating tokamak fusion reactor is shown in figure 1.4. 
The D-T fuel mixture is injected into a chamber where it transform into the plasma state 
and allowed to burn. The reactor produces ash (i.e. helium atoms), and a net energy in the 
form of fast neutrons and radiation. This energy is absorbed in the so-called first wall and 
the breeding blanket, which is an element behind the first wall but still inside the vacuum 
vessel. The tritium produced by reactions between the neutrons and the lithium is further 
utilized in the reactor. The first wall, blanket and vacuum vessel are intensively cooled by 
an efficient heat extraction system. The heat is used to produce steam, which drives a 
turbine and a connected alternator for producing electricity. Although, the primary fuels 
(deuterium and lithium) and the resulting helium-ash are not radioactive, the 
bombardment of the containment structure by energetic neutrons will induce radioactivity.  
 
 

Table 1.1:  Main parameters of TEXTOR, JET and ITER tokamaks 
 

Parameters TEXTOR JET ITER 

Major /Minor radius [m] 1.75/0.46 3/1.25  6.21/2 

Elongation (poloidal cross-section) ≈ 1 (circular) 1.6 1.8 

Magnetic field [T] 2.9 3.4 5.3 

Plasma current [MA] 0.2 - 0.8 5 - 7 15 

Pulse duration [s] < 10 10  > 300 

Plasma type H or D D-D, D-T D-T 

Thermonuclear power [MW] 0 16 MW (Q ≈1) 0.5 GW(Q=10) 
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For the solution of this problem a short decay time material for the walls is desirable so 
that the waste handling is no problem any more after a successful operation period. The 
cost of electricity from fusion will be set by the cost of the power plant and not by the 
primary fuel itself (deuterium 1€/g and lithium ~20 €/kg), in contrast to fossil fuels which 
are much more expensive, and not available everywhere in the world. 
 
 
1.3 This thesis 
 
In tokamak plasmas, there are clear signatures of a rich variety of mesoscale structures on 
intermediate length scales ranging between microscopic (of the order of the ion gyro- 
radius) and macroscopic (of the order of the plasma size). The presence of mesoscale 
structures in the plasma has a significant impact on the energy confinement. The magnetic 
island structures that are generated by MHD instabilities e.g. tearing modes, lead to the 
loss of confined heat and particles. The creation of the so-called internal transport 
barriers (ITBs) can improve the plasma performance. For a tokamak fusion reactor, the 
control of these structures can increase the reactor efficiency through suppression of 
instabilities, as well as through the generation of transport barriers which increase the 
confinement. The formation of mesoscale plasma structures, their typical characteristics, 
their dependence on the different plasma parameters and their effects on the global plasma 
behaviour is not yet known to the level of understanding where one can find efficient 
mechanisms to control them by external means.  
 A deeper physical insight into these plasma features is expected from a much 
improved diagnostic capability. A high spatial resolution of the diagnostics should be 
combined with an adequate time resolution. The development of a new state-of-the-art 
multi-pulse Thomson scattering diagnostic (MPTS), capable of measuring electron density 
and temperature profiles in the full plasma with unprecedented spatial resolution 
combined with the multi-pulse operation allowing for a 10 kHz time resolution, provided 
the diagnostic challenge. This aim has been successfully achieved as presented in   
Chapter 6. The unique and powerful tool of MPTS allows us to study some of the above 
mentioned important issues of mesoscale scale plasma phenomena. Our experiments have 
been focused on two specific subjects of externally induced structures on the tokamak 
TEXTOR and are described in this thesis. The subjects studied are: 
 1) Magnetic islands may arise spontaneously in a tokamak plasma, reducing the 
plasma confinement. This phenomenon was mimicked by perturbing the helical magnetic 
field from outside, which gives rise to controllable magnetic islands. With the unique 
multi-pulse Thomson scattering system, we were able to follow the dynamics of the island 
in real time: measurements of the temperature and plasma density inside the island as well 
as the position and width of the island have been achieved. Methods to suppress these 
islands by depositing microwave power into these structures were tested, and its effect has 
been studied by the MPTS system. The results of this study are presented in Chapter 7. 
Our acquired knowledge can be utilized to find effective control mechanisms for the 
natural islands in the tokamak plasma. 
 2) A strong reduction of the plasma transport under advanced operational 
conditions is sometimes found on different tokamaks. The formation of these transport 
barriers is ascribed to the modification of the current profile. As described in this thesis, 
we performed experiments in which transiently the current distribution was altered by 
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switching-on or -off a very localized electron heating source, and by following the 
evolution of the temperature profile using the MPTS system. The aim of these 
investigations was to identify the conditions under which the barrier formation takes 
place. Our results are described in Chapter 8, where indications are found for a reduced 
magnetic shear outside the q = 1 surface. 
 The structure of this thesis is as follows. First the background of tokamak 
physics, as far as necessary for understanding this thesis, is presented in Chapter 2. The 
TEXTOR tokamak along with a brief overview of its diagnostics is presented in Chapter 
3. Thomson scattering theory is summarized in Chapter 4. Measurements with a double-
pulse Thomson scattering system can be found in Chapter 5. From the data in this Chapter 
it becomes clear that a higher repetition rate of Thomson scattering measurements would 
be very desirable. This can be done with the multi-pulse 10 kHz Thomson scattering 
system presented in Chapter 6. The following chapter presents detailed measurements on 
the dynamics of magnetic islands in TEXTOR with the multi-pulse Thomson scattering 
system, while Chapter 8 focuses on the study of transient transport processes and the 
presence of internal transport barriers. Finally, conclusion and future prospects are 
presented in Chapter 9. 
 
 
1.4 Publications 
 
This section includes the list of publications, and of contributions to conferences and 
workshops. The publications contributing to this thesis are marked by ►.   
 
 
1.4.1 Journal contributions 
 
► 10 kHz repetitive high-resolution TV Thomson scattering on TEXTOR: design 

and performance, 
H.J. van der Meiden, S.K. Varshney, C.J. Barth,  T. Oyevaar, E. Uzgel,  R. Jaspers, 
M.Yu. Kantor, D.V. Kouprienko, W. Biel, A. Pospieszczyk, A.J.H. Donné and the 
TEXTOR team, to be submitted to Review of scientific instruments (2006) 

 
• Overview of core diagnostics for TEXTOR,  

A.J.H. Donné, M.F.M. de Bock, I.G.J. Classen, M.G. von Hellermann, K. 
Jakubowska, R. Jaspers, C.J. Barth, H.J. van der Meiden, T. Oyevaar, M.J. van de 
Pol, S.K. Varshney, G. Bertschinger, W. Biel, C. Busch, K.H. Finken, H.R. 
Koslowski, A. Krämer-Flecken, A. Kreter, Y. Liang, H. Oosterbeek, O. 
Zimmermann, G. Telesca, G. Verdoolaege, C.W. Domier, N.C. Luhmann, Jr., E. 
Mazzucato, T. Munsat, H. Park, M. Kantor, D. Kouprienko, A. Alexeev, S. Ohdachi, 
S. Korsholm, P. Woskov, H. Bindslev, F. Meo, P.K. Michelsen, S. Michelsen, S.K. 
Nielsen, E. Tsakadze, L. Shmaenok, Fusion science and technology 47 (2005) 220 
 

• Effect of the dynamic ergodic divertor in the TEXTOR tokamak on MHD 
stability, plasma rotation and transport,  
R.C. Wolf, W. Biel, M.F.M. de Bock, K.H. Finken, S. Günter, G.M.D. Hogeweij, S. 
Jachmich, M.W. Jakubowski, R.J.E. Jaspers, A. Krämer-Flecken, H.R. Koslowski, M. 
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Lehnen, Y. Liang, B. Unterberg, S.K. Varshney, M. von Hellermann, Q. Yu, O. 
Zimmermann, S.S. Abdullaev, A.J.H. Donné, U. Samm, B. Schweer, M. Tokar, E. 
Westerhof and the TEXTOR Team, Nuclear fusion 45 (2005) 1700 
 

► 10 kHz repetitive high-resolution TV Thomson scattering on TEXTOR, 
H.J. van der Meiden, C.J. Barth, T. Oyevaar, S.K. Varshney, A.J.H. Donné, M.Yu. 
Kantor, D.V. Kouprienko, A. Alexeev, W. Biel and A. Pospieszczyk, Review of 
scientific instruments 75 (2004) 3849 

 
 
1.4.2 Conference/Workshop contributions 
 
•     Imaging and manipulation of sawteeth and tearing modes in TEXTOR, 

R.J.E. Jaspers, G.M.D. Hogeweij, H.K. Park, M. de Bock, I.G.J. Classen, C.W. 
Domier, A.J.H. Donné, H.R. Koslowski, N.J. Lopes Cardozo, N.C. Luhmann Jr, A. 
Merkulov, F.C. Schüller, S.K. Varshney, E. Westerhof, and the TEXTOR team, 
submitted to 21st IAEA fusion energy conference, Chengdu, China (October 2006)   

 
•     Influence of the dynamic ergodic divertor on TEXTOR Discharges, 
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Chapter 2 

 

Tokamak physics (background) 
 
 
In this chapter the fundamentals of tokamak physics and of plasma phenomena are 
presented as far as relevant for the understanding of the succeeding chapters. The 
equations of magnetohydrodynamics describing the dynamics of magnetized plasmas are 
given. The magnetic topology of the tokamak, plasma equilibrium conditions and limits of 
stable tokamak operation are briefly discussed. A number of the MHD modes which lead 
to the formation of large magnetic islands in the plasma are described. Some concepts 
related to tokamak plasma transport and the formations of transport barriers in the 
plasma under advanced operational scenarios are included. 
 
 
2.1 Introduction  
 
The plasma in a tokamak mainly consists of negatively charged electrons and positively 
charged ions. It is confined by the magnetic fields. The properties of such an ionized, but 
quasi-neutral, medium are determined by microscopic processes dominated by collective, 
rather than binary, charged particle interactions. The kinetic theory of gases and the 
hydrodynamics of neutral fluids can be deployed to describe the microscopic plasma 
behaviour by considering motions of the respective constituent particles and their 
collective interactions - Kinetic or two-fluid models. In a plasma these models are rather 
complex since the effects of electric and magnetic fields on the motion of charged 
particles, and the electric and magnetic fields in the plasma must be calculated self-
consistently, including the plasma responses to them.  
 A simple description of the plasma is obtained by considering it as a conducting 
fluid embedded in the magnetic field - Magnetohydrodynamic (MHD) model. In the MHD 
model, the electron and ion fluids are considered as a single fluid, and the motion of the 
various particles are described by a single fluid velocity and current. Thus, the basic set of 
equations contains only the hydrodynamic equations of a single fluid, combined with 
Maxwell’s equations for the electromagnetic fields. Many of the macroscopic or global 
tokamak plasma behaviour at frequencies lower than the ion cyclotron frequency like 
development of low-frequency plasma waves, plasma equilibrium, instabilities, and 
heat/particle transport are well explainable by the MHD model. 
 The detailed theoretical foundation of tokamak plasma models and phenomena 
can be found in several references [1-4]. This chapter presents the background of tokamak 
physics needed for the plasma phenomena described in this thesis. It is not intended to 
provide a complete treatment of plasma physics. Only basic concepts used in the thesis are 
addressed: the magnetic field topology, magnetic islands and the confinement and 
transport in a tokamak. To introduce these concepts, the MHD description is adequate and 
its framework will be given in section 2.2. The magnetic topology in a tokamak is shortly 
discussed in section 2.3, where one is familiarized with the special role of rational flux 
surfaces. At these special surfaces magnetic modes may develop. The modes are treated in 
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section 2.4 and discussed how these modes may limit the stability and the operational 
space of the tokamak. Finally, in section 2.5, the subject of transport of heat and particles 
in the tokamak magnetic configuration is discussed. Different confinement modes and 
transport barriers, as encountered in TEXTOR, are discussed. 
 
 
2.2 MHD equations and approximations  
 
In the simplified picture of MHD, the fluid characteristics of the fully ionized plasma e.g. 
mass density, ρm, charge density, ρq, current density, j, and flow velocity, v, are obtained 
by adding the respective electron and ion fluid equations [2]. The MHD plasma variables 
take the form: 
 

m e e i i i im n m n m nρ = + ≈           0q e in e n eρ = − + ≈                                  (2.1) 

(v v ) ve e i e ej n e n e= − − ≈ −
� � � �

      1
e i ev ( v v ) vm e e i im n m nρ −= + ≈� � � �

   .            (2.2) 

 
The corresponding set of equations describing the dynamical behaviour of the magnetized 
plasma, and the associated electric and magnetic fields are given by, 
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Maxwell’s field equations for MHD:  
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                        .                                  (2.10) 
 
Equation (2.3) is the mass continuity equation which expresses the conservation of mass. 
Here, the expression within brackets is the convective derivative. The quasi-neutral form 
of the charge continuity equation (2.4) results from adding equations for the charge 
densities of the electron and ion species in the plasma (see equation (2.1)). Equation (2.5) 
is the equation of motion (force or momentum balance) where, p is the plasma pressure, 
and B is the equilibrium magnetic field. This equation includes all the forces working on a 
fluid element. The equation (2.5) is supplemented by Ampère’s law (equation 2.10) 
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relating the current density in terms of the curl of the magnetic field.  Equation (2.6) is the 
adiabatic equation for evolution of the internal energy, where γ is the ratio of the specific 
heats and η is the plasma resistivity. The equation of state describes how the energy of a 
fluid element will change when it is compressed or when electromagnetic energy is 
dissipated into thermal energy by non ideal effects. Equation (2.8) is Faraday’s law, which 
relates the evolution of the magnetic field, B, with the electric field, E. This equation can 
be supplemented by the source freeness of the magnetic field stated in equation (2.9). 
Gauss law does not appear in the MHD model because the plasma is quasi-neutral with 
zero net charge density. Therefore, the electric field, E is determined from Ohm’s law 
(equation (2.7)), Ampère’s law and the charge continuity equations. Taking curl of 
equation (2.7), one obtains the expression for the magnetic field evolution in a finite 
resistivity MHD plasma, 
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  .                                         (2.11) 

 
The equation (2.11) states that the magnetic filed evolution comprises magnetic field   
convection (first term on the right side) and resistive diffusion of the field through the 
plasma (second term on the right side). The field diffusion coefficient is η/µ0, and the 
diffusion time scale, µ0L

2/η, where L is the typical scale length). In an ideal MHD 
approximation, which means second term on right hand side of equation (2.11) is 
negligible, the magnetic field can not diffuse through the plasma fluid. In ideal conditions, 
the field is said to be frozen with the fluid and the magnetic topology is not allowed to 
change. In the finite resistivity case, the field can diffuse through the plasma fluids which 
means that the magnetic field topology can freely change. 
 
 
2.3 Equilibrium of plasma topology  
 
In a tokamak the poloidal magnetic field components, generated by the plasma current 
and by the plasma controlling coils, combine with the toroidal magnetic field to form a set 
of helical field lines. In the idealized topology, the net magnetic field produces a set of 
nested toroidal magnetic flux surfaces, which are denoted by the minor radius r or the 
normalized minor radius ρ = r/a, where a is the minor radius of the outer-most surface 
(see figure 2.1). For the TEXTOR tokamak, the cross-sectional shape of the flux surfaces 
is almost circular. The nested flux surfaces surround a central closed field line called the 
magnetic axis, where the poloidal field vanishes. Some of the field lines close up on 
themselves after a finite number of excursions around the torus. Because the tokamak 
plasma is bent around the major axis, the value of the toroidal field component is higher at 
the inner side of a torus and lower at the outer side of a torus. 
 The direction of the magnetic field changes from surface to surface. The average 
twist of a magnetic field line is given by the so-called safety factor q, which is defined as 
the change in toroidal flux divided by poloidal magnetic flux. All field lines in a magnetic 
surface have the same q value. For a large aspect ratio tokamak (R0/a >> 1) with a 
circular plasma cross-section, the q-profile is approximately given by, 
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Figure 2.1: Ideal magnetic topology of the tokamak plasma with a set of nested toroidal magnetic 
surfaces. The resulting helical field lines themselves lie on nested torii, which are denoted by their 
minor radius r or normalized minor radius ρ = r/a, where a is the radius of the outermost magnetic 
surface. The inset shows the coordinate system for the tokamak. The toroidal and poloidal angles 
are given respectively by φ and θ. 
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where r is the minor radius, R0 is the major radius, Bφ and Bθ are the toroidal and poloidal 
magnetic field strengths, respectively. In a tokamak, the following approximation for the 
toroidal magnetic field is often used, 
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where R is the radial distance from the major axis (cf. figure 2.1). For a rational surface, 
equation (2.12) can be rewritten as the ratio of two integer numbers m and n: 
 

( )s
m

q r
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=   ,                                                    (2.14) 

 
where rs is the radius of a rational surface. On a rational surface, field lines join 
themselves after m turns along the torus and n turns along the poloidal direction. The 
rational q values have been observed to be playing a strong role in the stability of the 
tokamak equilibrium. Higher values of q at the edge, qa, permits stable plasma operation.   
For TEXTOR, usually, the variation of q is monotonic from q0  ≤  1 in the plasma centre 
to qa  =  3 - 5 at the plasma edge. The derivative of q defines the magnetic field shear, s. It 
quantifies the change in the helicity of the magnetic field lines. The magnetic shear plays 
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a key role in the stability of tokamak plasma to a resonant perturbation near rational q-
surfaces. The shear is expressed by, 

 ( ) | |
dq

s
q d

ρρ
ρ

=          .                                 (2.15) 

 
where ρ is the normalized radius. In the absence of flow, the tokamak plasma reaches 
equilibrium when the external pressure of the magnetic field balances the internal plasma 
pressure. Mathematically, this can be expressed by,  
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from which it follows that,  
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The first relation in equation (2.17) implies that pressure gradient along the magnetic field 
lines is zero, consequently, the magnetic surfaces are surfaces of constant pressure. The 
second relation implies that the current flows along the magnetic surfaces.   
 The equilibrium of a tokamak plasma has been described by a differential 
equation in terms of the poloidal flux function, ψ, the so-called Grad-Shafranov equation. 
The derivation of this equation is given in [4]. The most interesting result from this 
equation is the calculation of the radial displacement of the centres of the flux surfaces i.e. 
∆(ψ), with respect to the centre of the outermost flux surface, R0. The displacement of the 
axis is known as the Shafranov shift, ∆0 (as shown in the inset of figure 2.1). In case of a 
circular plasma like TEXTOR, one can describe the flux surfaces, ψ, in terms of a shifted 
major radius R0 + ∆(ψ) and minor radius r (measured from the shifted magnetic axis). The 
Shafranov shift is approximated as follows, 
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 The efficiency of confining the averaged plasma pressure, <p> , by the magnetic 
field is expressed in terms of a dimensionless parameter β, usually defined as, 
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As mentioned in Chapter 1, the value of β plays an important role in fusion experiments. 
A simple derivation shows that the fusion power is proportional to β2B0

2. Therefore, to 
have a high value of β is an important constraint in the construction of a fusion reactor. 
But experiments have demonstrated that operating a tokamak at high values of β (typically 
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β > 0.05) may lead to the excitation of various plasma instabilities (to be further discussed 
in chapter 7). For comparing performance of different tokamaks, another definition of β 
the so-called βN (normalized beta) is frequently used. The normalized β is defined by,  
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a B
β β=                 ,                                      (2.20) 

 
where β is defined by equation (2.19), plasma current, IP, is in MA, toroidal field B is in 
T, and a is the minor radius of plasma measured in meters. For large aspect ratio circular 
plasma, a similar expression can be written for the poloidal beta, βp (at the edge of the 
plasma), 
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in which S is the plasma cross-section. In case βp < 1, the plasma has paramagnetic 
properties, which is the case for most of the TEXTOR discharges. The plasma is 
diamagnetic when βp > 1. The measurement of βp (which is normally measured by a 
diamagnetic loop) allows the determination of the energy confinement time, τE, and is 
given by, 
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where W is the total kinetic energy contained by the plasma, ΩS is the Ohmic resistance, 
PΩ and Padd are the Ohmic and additional heating powers, respectively. For TEXTOR, the 
value of τE in the Ohmic regime is typically 50 ms.  In Chapter 8 we have demonstrated a 
method to improve energy confinement transiently, i.e. to reduce the heat transport inside 
a small region in the plasma. 
   
 
2.4 MHD modes   
 
2.4.1 Instabilities and limits 
 
Both the ideal and the resistive MHD equilibrium of tokamak plasmas can be perturbed 
by several instabilities or modes. The main destabilizing forces are due to the gradients of 
either the plasma current,j∇ , or plasma pressure,p∇ (separately, gradients of electron and 
ion temperature, ,e iT∇ , and/or electron density, en∇ ). In general, the perturbations are 
resonant at the rational magnetic surfaces. Therefore, the modes are characterized by two 
numbers: m, the number of wavelengths in the toroidal direction, and n, the number of 
wavelengths in the poloidal direction. Often low order rational surfaces with m/n = 1/1, 
3/2, and 2/1 etcetera are most susceptible for perturbations. Several instabilities have been 
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observed with such low order mode numbers. Some of the MHD modes, which are 
relevant to tokamak plasmas, are classified in table 2.1. The tearing mode is one of the hot 
topics in the current fusion research. This instability leads to formation of large magnetic 
islands of width about 10 cm in the TEXTOR plasma. An experimental study performed 
on the magnetic islands, to be discussed in the next sub-section, is the subject of Chapter 7 
of this thesis.  

 
 

Table 2.1: Some MHD instabilities relevant to a tokamak plasma 
 

Free energy 
source 

η = 0 (ideal) η ≠ 0 (resistive) 

j∇  

(at β 1 - 10%) 

Kink mode, m/n = 2/1   
(High-β kink mode) 

Tearing mode, m/n = 2/1   
(Neo-classical tearing mode) 

p∇  Ballooning mode, n >1   

,j p∇ ∇  Internal kink mode, m/n = 1/1    Sawtooth, m/n = 1/1   

 
 
The parameter space of the tokamak operation can be limited by several MHD modes and 
other instabilities [5, 6]. A brief summary is given as follows, 
 
• Safety factor limit: This is the safety factor at the edge of the plasma, qa > 2 puts a 

upper boundary on the plasma current, for a given toroidal magnetic field  
 
• Ideal β-limit (or Troyon limit): The normalized beta, βN, should be 2.8.  However, 

tokamak experiments have shown that stationary discharges are limited to a lower 
value of βN 

 
• Density limit (or Greenwald limit): This is the maximum achievable density limited 

by the radiation or radiation induced instability i.e. MARFE. This limit can be raised 
by a low level of impurities in the plasma as well as sufficient additional heating [7] 

 
 It is possible to find operational regimes so that many of the modes (i.e. kink 
mode, ballooning mode etc.) listed in table 2.1 can be avoided. However, there is a large 
probability that a discharge is prematurely terminated due to too strong a mode growth 
and a subsequent disruption, when optimizing tokamak performance towards the goal of 
high-β operation. Therefore, active research is being carried out to understand the 
mechanisms responsible for growth of the mode and to find possible algorithms to control 
modes by current drive or other means. In order to stabilize any growing instability, one 
has to work against the destabilizing mechanism(s) so that the amplitude of the mode is 
minimized. Two possible experimental knobs for this control are: the magnetic shear and 
the rotational velocity shear, which have been found to be effective in successfully 
stabilizing turbulence in tokamaks due to some of these modes [8, 9].   
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2.4.2 Tearing mode and magnetic islands 
  
The tearing modes are a relatively dangerous class of MHD instabilities, which are driven 
by current gradients in the resistive plasma. As a consequence of the modes, the nested 
magnetic flux surfaces can tear apart and reconnect with neighbouring flux surfaces, 
creating a magnetic field structure in the plasma that resembles an island. 
 Lets imagine that inside a resistive plasma, at a rational surface with m/n = 2/1, 
two regions of the magnetic field come closer. Transformation of the coordinate system 
by taking the helical field line at the q = 2 surface as the z-axis makes that the field line at 
both sides of the q = 2 surface have an opposite directions (left hand side of figure 2.2). In 
the intermediate region with small dimensions, the magnetic field diffusion develops, 
which consequently starts altering topology of the magnetic field lines. In the process, the 
field lines of the neighbouring regions switch over, and results into magnetic 
reconnection. Inside the reconnection zone, the magnetic flux surfaces rearrange 
themselves in a set of closed nested surfaces around their own magnetic axis, labelled as 
O-point. The magnetic topology after reconnection is shown at the right hand side of 
figure 2.2, where formation of magnetic islands is depicted. The regions where field lines 
got connected are labelled as X-points. The flux surface joining the X-points is defined as 
separatrix. On the separatrix, the magnetic field value perpendicular to the helical field 
direction is zero. The island width, W, is defined as the separation of two separatrix 
surfaces near the O-point.   
 An approximate equation for the linear growth rate of the tearing mode is given 
as follows, 
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where ′∆  (delta prime) is the tearing stability parameter, which depends on the gradient 
of the perturbation field, Br, as defined in equation (2.24). If ′∆  > 0, the mode is 
destabilized and can grow until it reaches a saturated island width [4]. The expression for 
the tearing stability parameter and the island width, W are determined by following 
relations, 
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where ˆrB is the radial component of the field perturbation and q′ is the magnetic shear. 
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Figure 2.2: Schematic representation of the magnetic island topology generated in the process of 
magnetic reconnection at a resonant surface (dashed line) in the tokamak plasma before 
reconnection (left) and after reconnection (right). The geometric definition of the island width, W is 
indicated. B is the equilibrium magnetic field. 
 
 
2.4.3 Neo-classical tearing modes 
 
At high values of β, the tearing modes can be destabilized even when ′∆  < 0. This is due 
to neo-classical effects in the growth of the tearing instability. The mode is then called as 
neo-classical tearing mode (or NTM). These NTMs deserve special attention in the fusion 
research since they will drastically limit the attainable beta and thus the efficiency of a 
fusion reactor (remember here that the fusion power scales with β2 at constant toroidal 
field value BT ).  
 The simplified picture of the NTMs is well understood: a small seed island will 
lead to a reduced or flat pressure gradient at the position of the island. As a result of this 
the bootstrap current, which is a self-generated current driven by the pressure gradient in 
the plasma and resulting from particles those are trapped in the magnetic well (due to the 
toroidal nature of the tokamak), will be reduced. At the X-point, p∇  is still large and 

therefore, the current density is high. The poloidal variation in current density at the 
rational surface leads to a further growth of the islands, and an even larger modulation of 
the bootstrap current. The aim of the present worldwide research effort is to find ways to 
suppress or prevent the NTMs from developing. Among the most promising candidates 
for solving this problem is localized heating inside the island using ECRH to try to re-
establish the pressure gradient and thus to reduce the island size. Another, closely related, 
method currently tested is to drive a current inside the island with ECCD. This current 
will replace the missing bootstrap current, thereby taking away the drive of the instability. 
Both methods have been explored on TEXTOR, and their effect on the island size and 
density and temperature gradient inside the island are discussed and analyzed in Chapter 7 
of this thesis. 
 
 
2.5 Tokamak transport and barriers  
 
In any equilibrium condition, the plasma in a tokamak continuously loses confined heat 
and particles due to Coulomb collisions. The primary driving forces for this transport are 
the gradients in the particles temperature and density. In the classical picture, the transport 

W
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of particles and energy is simple diffusion due to a random walk process. During a 
collision, the particle can perform a step of length equal to the Larmor radius, ρ during a 
typical time comparable to the collision time, τ. This leads to the classical diffusion 
coefficient for the electrons given by,  
 

2
e

class
e

D
ρ
τ

∝  .                                                    (2.26) 

 
 In the axisymmetric toroidal geometry of a tokamak, difference in the transport 
may arise due to the so-called banana orbits of the electrons: the magnetic field is high at 
the inboard side as compared to the outboard side. Therefore, electrons can be trapped in 
the magnetic well at the outboard side. Taking account of trapped particles, the neo-
classical transport theory has predicted that the electron heat diffusivity, χe, and the 
particle diffusion coefficient, Dneo, should be the same order of magnitude. For typical 
tokamak plasmas, ion heat diffusivity, χi, is greater than χe, by the square root of the ratio 
of the electron and ion masses, 
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 The governing equations for the tokamak plasma transport, relating the driven 
fluxes i.e. particle flux, Г, ion heat flux, qi, electron heat flux, qe, current density, j to the 
corresponding thermodynamic forces (en∇ , eT∇ , iT∇  and Eφ), are conveniently expressed 

in a matrix form notation by the so-called transport matrix, 
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The fluxes due to the diagonal elements (Dneo, χe, χi, j) are referred as diffusive whereas 
those due to the off-diagonal elements are referred as convective. The fluxes can be 
perpendicular for heat or particles or parallel for current density, to the magnetic surfaces. 
The off-diagonal terms B (bootstrap current) and W (ware-pinch) are elements known at 
the moment empirically, others are still difficult to determine. 
 The experimental observations show that usually tokamak plasma transport is 
anomalous, and is much higher than what has been predicted by neo-classical theory [11].  
The cross-field or radial transport is often such that χe exceeds its neo-classical value by 
up to two orders and χi up to one order of magnitude. The parallel transport for σ and B, is 
in most cases in agreement with the neo-classical theory. Typical experimental 
observations have shown for tokamaks that 
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Moreover, it is observed that the electron and/or ion temperature profiles react weakly to 
changes in the heating profile. And above a critical value of the temperature gradient, no 
change in the shape of the temperature profile is possible. This gives rise to the so-called 
stiff-profiles [12]. Such a resilient behaviour of profiles is a serious concern for raising the 
temperatures in the centre of the plasma to initiate the fusion reaction. It is believed that 
beyond a critical value of the temperate gradient, electrostatic and/or magnetic micro 
instabilities are triggered leading to turbulence and causing a much higher value of the 
heat diffusivity than predicted neo-classically [13].  
 
 
2.5.1 Improved transport regimes 
 
Many important discoveries have been made, which have lead to significant 
improvements in the tokamak energy confinement. At the ASDEX tokamak, it was found 
that above a certain power threshold, a transport barrier is formed during the H-mode 
operation i.e. a region of drastically reduced thermal transport at the plasma edge, (H 
stands for High confinement mode). Operation below the power threshold is referred to as 
the L-mode operation. In the H-mode, the confinement time is found to be almost doubled 
as compared to the L-mode [14, 15]. The modification to the pressure profile, when going 
from the L-mode to the H-mode regime, is schematically shown in figure 2.3. The 
sawtooth instability acting in the plasma centre may lead to an abrupt drop in the central 
temperature. Although this is only schematically indicated for the L-mode in figure 2.3, it 
can occur in all operational modes provided q < 1 on the axis. By changing the local 
current density near the q = 1 surface, e.g. by additional heating or current drive it is 
possible to stabilize or destabilize the sawtooth instability.   
 Subsequently, on several tokamaks (e.g. on JFT-2M, RTP, ASDEX, DIII-D, JT-
60U, TEXTOR), regions of reduced transport were found at various positions deep into 
the plasma. These are the so-called internal transport barriers (ITBs). More details on 
ITBs can be found in recent literature [16, 17]. For illustration, the improvement to the 
pressure profile due to an ITB is shown by the red line in figure 2.3. With ITBs, a similar 
improvement in the confinement time as in the H-mode regime has been found. Barriers 
may form under a variety of auxiliary heating and current drive conditions, and have been 
observed in both ion and electron temperatures as well as in their densities. Interestingly, 
multiple barriers have been found to coexist [18,19] and they can be formed 
simultaneously in both heat and particle loss channels [20]. 
 
 
2.5.2 Power balance analysis 
 
The principle of energy conservation implies that localized variations in the energy 
content of the plasma are the consequence of the interplay between power sources, sinks 
and the divergence of the heat flux. Therefore, a local power balance (LPB) analysis is 
one of the experimental approaches to estimate the anomalous electron heat diffusivity of 
the tokamak plasma [21]. In a power balance analysis, the power sources and sinks in the 
plasma are locally balanced. In a toroidally symmetric system, the electron cross-field 
transport depends on the radial coordinate, ρ, only. Stationary phenomena in the  
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Figure 2.3: Schematic representation of the plasma pressure profile in the various operation 
scenarios of the tokamak: L-mode (green), H-mode (red dash), and ITB mode (red). As a 
consequence of the sawtooth instability, and the edge localized modes the profile adapts to (black) 
dashed line in the centre and edge respectively [22]. 
 
 
equilibrium can be evaluated by a steady-state LPB analysis where time derivatives equal 
to zero, but for transient phenomena a dynamic LPB analysis is required. The heat balance 
equation for electrons to be solved in this analysis is [23], 
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The first term on the left hand side means the rate of change of energy, the second term 
the heat flux loss, the third term the convective loss and the fourth term the work done by 
the particles against the pressure gradient. The terms on the right hand side mean the 
power gained and loss by the electrons, Ohmic power, PΩ, additional heating power Padd, 
the power loss by the ionization of a neutral particle, Pionization, the power loss due to 
radiation, Prad, and an electron-ion coupling term, qei. The transfer of power from 
electrons to ions via Coulomb collisions is determined by, 
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where Zeff is an effective ion charge (Zeff ~ 1.5 for the TEXTOR hydrogen plasma). The 
heat diffusivity, χPB deduced from the power balance analysis is defined as the ratio of the 
heat flux over the gradient: 
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In practice, the solution of equation (2.30) is calculated by one of the plasma transport 
modelling codes [23] for example ASTRA [24]. From the experimentally measured radial 
profiles of ne, Ti,e, Zeff, PΩ, Padd, and Prad the net heat flux in the plasma can be determined. 
This method has been employed at TEXTOR to find out how the plasma transport could 
be reduced during transient events. The results of analysis are reported in Chapter 8.  
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Chapter 3 
 

TEXTOR tokamak and diagnostics  
 
 
TEXTOR is a conventional tokamak equipped with a unique divertor called a dynamic 
ergodic divertor. Two tangential neutral beam injectors, radio frequency, and microwave 
systems can provide additional heating to the plasma and modify the plasma current 
profile. A large number of advanced diagnostic systems are available to study various 
aspects of the tokamak plasma confinement. This chapter gives an overview of the 
TEXTOR machine, its heating and current drive devices and the major diagnostics used in 
the work described in this thesis. 
 
 
3.1     Introduction 
 
The TEXTOR tokamak (Tokamak EXperiment for Technology Oriented Research) is a 
medium size device that has been, from its inception, dedicated to the research of plasma 
wall interactions [1-3]. From 2001 - 2003, TEXTOR was upgraded with a novel dynamic 
ergodic divertor (DED) [4]. A new powerful electron cyclotron heating (ECRH) system 
[5] and many advanced high-resolution core and edge diagnostics have also been installed 
during the period of the DED installation [6,7]. The TEXTOR upgrade, the newly 
installed heating and diagnostics systems, in combination with pre-existing ones now 
make it possible to study the plasma structures and their role in transport of heat from the 
plasma core. These investigations provide a wealth of new information, which may lead to 
valuable inputs for the operation of the next-step international tokamak fusion reactor, 
ITER [8]. Out of the wide range of diagnostics and heating systems surrounding 
TEXTOR, the features of the diagnostics that are most relevant to this thesis are described 
below. The Thomson scattering diagnostic, which is the main diagnostic tool in this thesis 
work, is described in Chapters 5 and 6.  
 
 
3.2     TEXTOR tokamak 
 
TEXTOR is a limiter tokamak producing circular plasmas with a moderate aspect ratio, 
R0/a = 3.8. It belongs to the class of medium-size fusion devices. The machine is equipped 
with a poloidal divertor, the so-called dynamic ergodic divertor. The main parameters of 
the machine and of the plasma are given in table 3.1. A toroidal set of 16 magnets 
generates a toroidal magnetic field up to 2.9 T with less than 1.5% ripple.  The field can 
remain constant for more than 10 s. An iron core transformer with six yokes and a central 
leg provides the required voltage swing for initiation of the plasma, and subsequently for 
driving the Ohmic current through the plasma.  Pairs of vertical and horizontal shaping 
and fast position control coils complete the magnetic coil system of TEXTOR. A 110 kV 
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line directly fed by a nearby power station, supplies 125 MW of pulsed electrical power 
needed for TEXTOR operation.  

Many ports placed all around the torus provide excellent access for heating and 
diagnosing the plasma. TEXTOR is equipped with several limiters protecting the liner 
from the plasma. They can also be used for changing the plasma radius. Special poloidal 
limiters are used for material testing. On the HFS of the vessel, the graphite tiles along the 
torus protect about one third of the poloidal circumference from the plasma energy which 
is deposited in the case of a disruption. A toroidal belt limiter, the so-called ALT-II is 
installed at the LFS at a 450 angle below the equatorial plane, in order to study the effects 
of the particle confinement and recycling control. 
 

Table 3.1: TEXTOR machine and typical plasma parameters 
 

Parameter Symbol Unit Value 

Major radius R0 m 1.75 
Minor radius a m 0.46 
Plasma volume V m3 7.0 
Pulse length τ s <10 
Toroidal field 
(normal operation) 

BT T 1.5 - 2.9 
(2.25) 

Plasma current (Ohmic) 
(normal operation) 

IP kA 200 - 800 
(350) 

Heating  Ptotal MW 9.0 
                          Ohmic PΩ MW 0.3 - 0.5 
                          ECRH PECRH MW > 0.8 
                          ICRH PICRH MW 2×2.0 
                          NBI PNBI MW 2×1.5 
Additional current drive:    
                          ECCD IECCD kA 25 - 50 
Loop voltage VL V 1.0 
Electron temperature Te keV 1.0 - 3.0 
Electron density ne m-3 0.5 - 10×1019 

Ion temperature Ti keV 1.0 - 4.0 
Magnetic pressure    
                         Normalised βN - 1 
                         Poloidal βP - 0.6 
Effective ion charge Zeff - 1.5 

  
 
3.3     Auxiliary heating and current drive  
 
Electron cyclotron resonance heating / current drive  
 
The dominant additional heating source used for the experimental results presented in this 
thesis is the Electron Cyclotron Resonance Heating (ECRH). At TEXTOR, a strong 140 
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GHz microwave source (GYCOM gyrotron, 800 kW, 3 s pulse) launches electromagnetic 
waves from the LFS in the extra-ordinary polarization mode (X-mode) [5]. These waves 
are absorbed in the plasma at the second harmonic of the electron cyclotron frequency. 
Central heating can be achieved at the default value of the toroidal field (2.5 T) up to the 
highest realisable densities in TEXTOR. The microwave beam has a waist of about 1 cm. 
The radial localisation of the deposition is ∆ρ ≈ 0.05, and consequently the full power is 
deposited in a volume of about 10 cm3. The ratio PECH/PΩ varies typically between 2 to 4, 
depending on the location of the power deposition during the ECRH phase, and of course 
on the ECRH power and plasma current, IP. The system features a precision beam-steering 
mirror which deposits power at various radial locations by steering the mirror in the 
vertical direction. For Electron Cyclotron Current Drive (ECCD) purposes, the mirror can 
be steered in the toroidal direction so that co-current or counter-current (with respect to 
the plasma current) drive can be achieved. At full gyroton power and at ±100 toroidal 
injection, about 25 - 50 kA of additional co- or counter-current drive can be applied to the 
TEXTOR plasma. 
 
Ion cyclotron resonance heating 
 
The Ion Cyclotron Resonance Heating (ICRH) system of TEXTOR [9] consists of two 
independent antenna systems each launching 2.0 MW of radio frequency (rf) power from 
the LFS in the plasma. Both antennas generate wave frequencies in the range of 25 to 38 
MHz for a duration of about 3 s. The dominant ICRH scenario used at TEXTOR is based 
on mode-conversion in the presence of a small concentration of minority ions e.g. 10% of 
hydrogen in a deuterium plasma.  
 
Neutral beam injection 

 
The TEXTOR neutral beam injection (NBI) system [10] consists of two independent 
injectors launching fast hydrogen (H), deuterium (D) or Helium (He) atoms in a direction 
tangential to the magnetic axis of the plasma. Each of the injectors can launch a maximum 
of 1.5 MW into the plasma at 55 keV/amu. The beam cross section is 40×32 cm2 at full 
aperture (50 cm) and the maximum pulse duration of both beams is 10 s. The injectors are 
mounted such that one of the beams is injected in a direction parallel to the plasma 
current, while the other beam is injected in the opposite direction (co- and counter-
injection respectively). Tangential injection enables the injected beam to exert a toroidal 
momentum to the plasma. A balanced momentum input can be achieved by operating both 
injectors simultaneously at equal power. Different rotation profiles can be obtained by 
varying the opening of the V-target. This is an aperture which controls the size and 
therefore, the power of the injected beam. The aperture can be varied in steps of 2 cm. 
 
 
3.4     Dynamic ergodic divertor 
 
The DED is a tool to modify the plasma edge and the edge transport processes. It can be 
used to control the heat and particle exhaust, and more uniquely it can also induce a 
plasma rotation [4]. The first line objectives of the DED experiments on TEXTOR are the 
following, 
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1) influencing the plasma transport, particularly that of impurities, by ergodisation of the 
magnetic topology near the plasma boundary and guiding the plasma flow to the 
divertor plates 

2) reducing the heat load by distributing it over large areas on the divertor plates  
3) triggering ITBs by differential plasma rotation induced by the rotating DED fields  
4) suppressing MHD and other instabilities (such as NTMs, resistive wall modes, ELMs 

and disruptions) by making use of rotating magnetic fields. The system may be also 
used to induce MHD islands for specific plasma physics studies (as will be done for 
the studies in Chapter 7). 
 

The dynamic ergodic divertor at TEXTOR consists of four pairs of four magnetic 
field perturbation coils mounted at the HFS of the torus. The coils are arranged parallel to 
the magnetic field lines fulfilling the resonance condition at the pre-selected radius of the 
plasma. The resonance is made typically at the q = 3 magnetic surface where r(q=3) = 
0.43 m. Figure 3.2 shows a graphic of the DED coils along with the arrangement of 
electrical feed-throughs (left) and a photograph of the actual DED coils mounted inside 
TEXTOR (right). Each of the DED coils spirals one turn around the torus and is 
connected with feed-throughs at the top and bottom vertical ports.  In order to compensate 
for the modification of the perturbation field due to the breaking of the coil symmetry for 
current supply purposes, one pair of additional coils (green in figure 3.2 (left)) is also 
mounted, therefore, making a DED coil system with a total of 18 coils.  

The major function of the DED is to produce a moving ergodisation of the 
magnetic field at the plasma boundary by breaking the closed magnetic flux surfaces in 
this region. There are three distinct areas formed in the plasma: (1) Regular areas with 
nearly circular and closed flux surfaces (2) Ergodic areas where magnetic field lines are 
no longer restricted to a surface (instead they fill a certain region), and (3) Laminar zones 
close to the target plates guiding the heat load from the plasma. In this region the 
interaction with the wall is intense since the connection length between two interactions 
with the wall is short. An example of an ergodisation pattern for TEXTOR is shown in 
figure 3.3(a). The ergodic zone surrounds the central unperturbed region of magnetic field 
lines. The DED coils are located on the left and are protected by the divertor target plates. 
Figure 3.3(b) shows a Poincaré diagram of the magnetic topology in the case of a modest 
ergodisation in TEXTOR. The chains of DED generated island structures are clearly 
visible. 

The depth of penetration of the externally-applied DED perturbation field into 
the plasma depends on how the coils are mutually electrically connected together. There 
are three possible modes: 12/4 (base or normal mode), 6/2 (intermediate mode) and 3/1 
(strong perturbation mode). In the normal mode of DED operation the perturbation field 
is strong only at the plasma boundary and decays rapidly to the plasma core, therefore not 
significantly affecting core confinement. Deeper penetration (~10 cm) is possible with the 
6/2 or 3/1 modes, such that core islands can be influenced. The electrical currents passing 
through the DED coils control the ergodisation level (keeping the resonant surfaces at 
their place). Moreover, a phase difference of 900 between neighbouring coils induces a 
rotation of the perturbation field in the poloidal direction. This is the so-called dynamic 
feature of the DED which can be important for various plasma physics studies at 
TEXTOR. The coils are supplied either with DC or AC current with amplitudes ranging  
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from 1 kA to a maximum of 15 kA and produce a perturbation of a few percent of the 
total magnetic field inside the plasma. The frequencies of the alternating current can be 
selected and range from either <50 Hz (a low frequency switching mode) or several 
selected frequencies in the band 1 - 10 kHz. The AC or dynamic mode of operation 
provides many new possibilities compared to earlier experiments with field ergodisation 
in other tokamak devices: ToreSupra, TEXT and JFT-2M, where only static ergodic 
divertors were applied [11]. New possibilities include inducing a poloidal rotation in order 
to smear the heat flux over the divertor plates and to modify intrinsic plasma instabilities. 
 
 

 
 

 
Figure 3.2: DED coils along with the arrangement of electrical feed-throughs (left) and a 
photograph of the actual DED coils mounted inside TEXTOR (right). The coils are protected from 
the plasma by graphite tiles that are not shown in the photo. These acts as divertor plates. 
 
 
 

 
 

(a) 
 

(b) 
 

Figure 3.3: (a) An example of an ergodisation pattern for TEXTOR. The ergodic zone surrounds 
the central unperturbed region of magnetic field lines. The DED coils are located on the left and are 
protected by the divertor target plates.  (b) A Poincaré diagram of the magnetic topology in the case 
of a modest ergodisation. The minor radius is denoted with r [m] and the angle along the poloidal 
direction is denoted with Theta [radian]. The chains of DED generated islands are clearly visible. 
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3.5   Diagnostics 
 
3.5.1    Temperature diagnostics 
 
Thomson scattering 
 
The major part of the work presented in this thesis, with results discussed in Chapters 7 
and 8, has been performed with the multi-pulse TV Thomson scattering diagnostics 
(MPTS).  The MPTS system is an upgrade of the former double-pulse Thomson scattering 
system (DPTS) at TEXTOR, which is described separately in Chapter 5. The DPTS 
system was in operation until 2003. Some of the results obtained during that period are 
included in Chapter 5. The new MPTS system is presented in Chapter 6. 
 
Electron cyclotron emission 
 
The Electron Cyclotron Emission (ECE) measurements are based on the fact that the 
electrons in the plasma radiate at the cyclotron frequency and a number of its harmonics. 
Normally the plasma is optically thick for second harmonic radiation implying that the 
intensity is proportional to Te. Since the cyclotron frequency is proportional to the 
magnetic field, BT  =  B0 R0/R (where B0 is the magnetic field at the geometric centre R0, 
and R denotes the major radius), a simultaneous measurement of the ECE radiation at 
different frequencies yields Te(r,t)  at the position r in the plasma. 
  A large number of ECE diagnostics are operational at TEXTOR [6]. Routine 
measurements of Te(r,t) are available with an 11-channel, fixed-frequency heterodyne 
radiometer diagnosing the second harmonic X-mode radiation from the plasma. This 
system measures in the frequency range of 105 - 145 GHz with a temporal resolution of 
10 kHz. For TEXTOR operation at standard BT = 2.25 T, the 11-channel radiometer 
monitors the region 1.55 < R < 2.14 m with a spacing of 0.05 m between adjacent 
channels. All channels are calibrated synchronously and absolutely by means of a black-
body source and Te profiles are stored in the TEXTOR Physics Database (TPD) at 10 ms 
time resolution. For specific physics studies fast variations of the profile (up to 10 kHz) 
can be obtained directly from the raw ECE signals after applying an appropriate 
calibration. 
 In high density plasmas, where the second harmonic is in cut-off, a 4-channel 
third-harmonics ECE system provides indirect Te measurements. The determination of Te 
by this method requires information of the reflection coefficient. For studying instabilities, 
three separate 6-channel heterodyne ECE systems (with close channel spacing) are located 
around a number of rational q surfaces and are operational on request. A recently installed 
16-channel frequency tuneable ECE system can measure Te fluctuations and profiles at 
non-standard BT operation. Most advanced among all the ECE systems present at 
TEXTOR is the 2-D ECE-imaging system which can provide a true 2-D image of Te 
fluctuations, corresponding to an area of 8×16 cm2 in the poloidal cross-section. This 
system is comprised of 128 channels arranged in a matrix of 8 (radial) × 16 (vertical) 
sample volumes. The radial localisation of the sample area can be varied between shots by 
tuning the local oscillator frequency (90 - 125 GHz in steps of 0.5 GHz i.e. ~1 cm). The 
signals are recorded at a high time resolution (500 kHz) for limited plasma duration (2 s), 
whereas the full plasma discharge can be sampled at a relatively slower rate (200 kHz).   
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Charge exchange recombination spectroscopy 
 
The Charge Exchange Recombination Spectroscopy (CXRS) system is based on the 
interactions between fully stripped ions in the plasma core and neutral atoms from a 
diagnostic or heating beam. Due to charge-exchange reactions, the electrons are captured 
in excited states and subsequently cascade downward while emitting radiation. The 
Doppler broadening and Doppler shift of the spectral line emission are proportional to the 
ion temperature, Ti, and the toroidal plasma rotation frequency, ωT, respectively. Ion 
temperature measurements in TEXTOR are performed using CXRS at the Carbon-VI line 
at 529.0 nm. One CXRS system utilizes one of the two heating NBI beams and can 
diagnose full profiles in slow (40 ms) or fast (< 5 ms) time resolutions. The second system 
has a dedicated diagnostic neutral beam (FWHM = 5 cm, radial injection), which can be 
modulated to separate the active from the passive part of the emission spectrum. The 
plasma edge and core regions can be monitored by 20 channels each at time resolutions of 
typically 100 ms, depending on the CX line intensity. This system can also make 
measurements in plasmas where NBI is not applied. The measurement of both the toroidal 
and poloidal plasma rotations is feasible by the second CXRS system. 
 
Soft X-ray measurements 
 
On TEXTOR, four sets of Soft X-ray (SXR) pin diode camera systems viewing the 
plasma perpendicular to the torus from vertical (2×20 channels) and horizontal (2×20 
channels) directions, respectively, are used to study MHD physics of plasma and impurity 
transport. The shapes of the internal flux surfaces can be determined from the 
measurement of the SXR emission profile after tomographic inversion. The spatial 
resolution of the SXR cameras is about 2 cm and these cameras can provide data at fast 
time scales of 200 kHz. 
 
 
3.5.2     Density diagnostics 
 
Thomson scattering 
 
See the discussion in sub-section 3.5.1. 
 
Far-infrared interferometer 
 
TEXTOR has a nine-channel, far-infrared interferometer that routinely provides the time 
evolution of the electron density profiles ne(r,t). The applied light source is an HCN laser 
at a wavelength of 337 µm and a maximum output power of 150 mW. The nine chords 
pass vertically through the plasma and cover most of the poloidal plasma cross-section. 
The change in phase of the passing beams, with respect to a reference beam, is detected 
using pyroelectric crystals. With the help of a multi-fringe real time phase comparator, the 
fast 20 kHz interferometer signals are used to control the plasma position and density. The 
local density is retrieved after appropriate Able-inversion of the measured phase profiles. 
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The density profiles are available online after the shot with a time resolution of 100 Hz, 
and an estimated error in local density of about 5%.  
 
 
3.5.3 Other diagnostics     
 
Magnetics 
 
This essential diagnostic system consists of a large number of magnetic coils surrounding 
the TEXTOR plasma. The system yields signals for real time control of the plasma as well 
as data of physics interest. The plasma current, IP, is measured by integrating the signal 
from a Rogowski coil. Pick-up coils measuring the poloidal, Bθ, and radial, Br, 
components of the magnetic field are used for feed-back control of the plasma position. A 
loop parallel to the plasma column is used to measure the applied loop voltage that is 
necessary to run the plasma current. For measuring the energy content of the plasma, Wdia, 
as well as the normalized pressure, βN, and the related energy confinement time, τe, a 
compensated diamagnetic loop is employed which can measure a 10-4% decrease of the 
applied toroidal magnetic field. Interesting physical phenomena such as the penetration 
and amplification of the error field can be studied in detailed with fast 100 kHz Mirnov 
coils. These coils are sensitive to fast magnetic perturbations either caused externally by 
the DED or as the result of self-organization of the internal magnetic field topology.   
 
There are a number of other core and edge diagnostics operational at TEXTOR. Their 
description can be found in [6,7]. 
 
 
3.6   Data management 
 
An advanced data management scheme is operational at TEXTOR. During the TEXTOR 
experiments, the signals from various diagnostics both for the machine operation and 
physics studies are acquired on diverse platforms like CAMAC, VME etc. The raw data 
or processed data are stored at the Central Storage Facility (CSF) under many different 
types of databases e.g. RT2, DOM4, and ORACLE. The most important data set of 
physics interest (such as ne, Te, Ti, etc.) are computed automatically between the shots, and 
are stored in a common TEXTOR physics database (TPD). 

A software framework, the so-called TEC-web umbrella (TWU) is used at 
TEXTOR to provide a single data access method to all the data storages. This TWU 
concept is based on the HTTP protocol, allowing convenient distribution of the TEXTOR 
data to a world wide community. The users can access the required data directly from 
IDL, Matlab or Scilab environments by making use of the programming interfaces. There 
are also several point and click clients in service like jscope, TWUscope. In order to 
quickly search through the database for specific shots, a web-based graphical interface is 
operational, where single or multiple queries can be made. The web-based access to the 
physicist log-book makes it possible to have an overview of the running TEXTOR 
experiments at remote places, as well as generating a complete table of the experimental 
settings of any past experiments. 
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Chapter 4 
 

Thomson scattering theory 
 
 
Incoherent Thomson scattering at λi = 694.3 nm is performed at TEXTOR in order to 
obtain the plasma electron temperature and density. It is a central diagnostic for the work 
contained in this thesis. This chapter briefly presents the theoretical aspects of the 
incoherent Thomson scattering process, which is the scattering of electromagnetic waves 
of a laser beam by free electrons in the plasma.  
  
 
4.1     Introduction 
 
Thomson scattering (TS) is one of the routine diagnostics measuring the electron 
temperature, Te, and density, ne, in hot fusion-type plasmas. The technique is based on the 
measurement of the spectrum of photons scattered by the free electrons of the plasma 
during interaction with a light beam. It has the potential to yield localised and 
simultaneous measurements of Te and ne. Moreover, it offers excellent accuracy combined 
with high spatial resolution and temporal resolution (for limited duration). A TS system 
can be absolutely calibrated for Te determination; therefore, it provides data that are 
independent of any other measurement. 
 In TEXTOR, electron temperatures ≥ 4 keV can be realised in the plasma core. 
Therefore, relativistic effects are important and need to be appropriately taken into 
account in the determination of the plasma parameters from the scattering spectra. 
Coherent scattering of light from the electrons in the plasma can occur when the incident 
wavelength exceeds a plasma characteristic length, the Debye length, λD. The wavelength 
of the laser used in the TS system at TEXTOR is 694.3 nm, and is well below λD ≈ 1×10-5 
m, so that the scattering process should be considered as incoherent [1,2]. Therefore, in 
this chapter we will only present the theory of incoherent TS. 
 A compact analytical expression of the scattered power distribution for the 
relativistic incoherent scattering in hot plasmas was obtained by Mattioli [3], and is 
summarised in the following sections. For the derivation, an isotropic electron velocity 
distribution is assumed in the plane perpendicular to the magnetic field. In principle, this 
distribution needs not be isotropic in tokamak plasmas due to the presence of magnetic 
fields. However, deviations of the scattering spectrum arising from the electron cyclotron 
motion are small enough to be neglected in the case of incoherent TS at the ruby 
wavelength over angles exceeding several degrees [2].  
 
 
4.2 Scattering from a single electron 
 
The process of scattering electromagnetic waves by free electrons was first described in 
1903 by J.J Thomson [4]. Since then scattering theory has been developed in far more 
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Figure 4.1: Geometry of scattering process (in Cartesian coordinates) and notion of parameters.  
 
detail and described in the literature [2,3,5].  In order to understand the scattering by a 
group of electrons, knowledge of the scattering from a single electron is essential.  

Let us consider an electron of mass m0 at position r
�

, as described in figure 4.1, 
moving with a velocity v

�
. A monochromatic electromagnetic wave with electric and 

magnetic field given, respectively, by 
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is impinging on the electron. Here ik
→

 and iω  are the wavevector and frequency, 

respectively, of the incident wave. As soon as an electron feels the wave field it starts 
oscillating. During its acceleration it re-radiates electromagnetic waves in all directions. 
The electron acceleration can be derived from its equation of motion: 
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with /v cβ =
�� �

, c the light speed in vacuum. Moreover, m0 and e are the rest mass and 
charge of the electron, respectively, and iɵ is the unit vector in the direction of incident 
wavevector, ik

��
. An important fact to note is that the field observed at a distance R at time 

t is related to the behaviour of the charge at a previous timet′ , called the retarded time: 
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In the approximation that the scattering volume is small compared to the distance of 
observation, the retarded time can be expressed as, 
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The phase of the incident wave can be written as: 
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where ks and ωs are the wavelength and frequency of the scattered wave, respectively. The 
scattered electromagnetic wave is Doppler shifted to the frequency ωs with 
 

1

1
s i

i

s

βω ω
β

− ⋅=
− ⋅

��
ɵ

��
ɵ

 .                                                     (4.6) 

 
Using Maxwell’s field equations and assuming R to be larger than the size of the 
scattering volume, one can obtain the electric and magnetic fields of the scattered wave 

field for a fixed position R
��

and time t by,  
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Here r

�
and t′  indicate the position and time at which the scattering electron is 

accelerated. The subscript t′  (to the right of the square brackets) indicates that the 
expression within the brackets is to be evaluated at the retarded time.  
 Finally, the quantity of ultimate interest, i.e. the scattered power per unit solid 

angle, is obtained using the Poynting vector,sP
��

, by 
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The differential scattering cross section is evaluated by comparing the scattered power in 
a unit solid angle with the incident power flux, 2

0 2i iP cEε= , 
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In typical experimental conditions for the scattering process, the electrons cross the 
scattering volume and scatter in a time which is short compared to the laser pulse 
duration, but much longer than the wave period. This gives rise to a finite transit time 
correction. Taking this correction into account, one finds the following differential 
scattering cross- section: 
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with Tσ the (classical) total Thomson scattering cross section for a single electron, 
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where r0 is the classical electron radius, 
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4.3 Scattering from a hot plasma 
 
In the case of incoherent scattering, when the electromagnetic waves scatter from an 
ensemble of electrons, the total scattered power from the plasma is the sum of the 
scattered power of all electrons present in the scattering volume. The scattering cross- 
section is then obtained by averaging over the electron velocity distribution function. The 
relativistic, isotropic Maxwellian velocity distribution with temperature, Te, and density, 
ne, is written as, 
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where K2 is the modified Bessel function of the second kind of order two and βth is the 
electron thermal velocity normalised to c: 
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and kB is Boltzmann’s constant. For the scattering angle θ, the differential scattering cross 
section per unit solid angle and unit frequency interval is: 
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Mattioli [3] has obtained the solution of the above integration for the common application 
of a plane-polarized wave, and with the scattering plane perpendicular to the incident 
electric field (φ = 900

; as shown in figure 4.1). As a function of the scattered wavelength, 
λs, and for Te ≤ 25 keV, the scattering cross-section is given by, 
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Equation (4.18) indicates that there is a small decrease in the classical Thomson cross- 
section due to the relativistic mass defect. Some relativistic spectra for incoherent 
Thomson scattering computed using equations (4.16 - 4.21) are shown in figure 4.2 for a 
wavelength of λi = 694.3 nm as used in TEXTOR. The relativistic spectra exhibit a blue 
shift, which increases with electron temperature. This shift, typically of 10 nm for 1.0 keV 
electrons, is due to the fact that the electrons radiate preferentially in the forward direction 
(like head lights), corresponding to an asymmetric dipole radiation. 
 The total power, Ps, per unit wavelength scattered from a volume, ∆V, in a 
plasma of density, ne, and detected at point R within a solid angle, ∆Ω, (by substituting  
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Figure 4.2: Examples of theoretical relativistic Thomson scattering spectra for a plasma in thermal 
equilibrium diagnosed with a ruby laser (λi = 694.3 nm) at a scattering angle of 900. The higher 
temperature spectra are shifted to the blue side. 
 
 Pi∆L = Si∆V, with ∆L the length of the scattering volume, Pi, the incident laser power, 
and Si,

 the intensity of the incident laser), is given by 
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In the classical case, the above equation reduces to 
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For a typical TS setup, the ratio between scattered and incident powers is Ps/Pi ≈10-15. 
This shows that high power lasers and very sensitive detectors are required to achieve a 
detectable scattering yield.  

Equation (4.22) can be approximated as a Gaussian: 
 

2
1

( , ) exp
2

s s i
s

s

dP
R

d λ

λ λλ
λ σ

  −
 ≈ −     

��
   ,                                 (4.24) 

 
where 2 sin( 2)i thλσ λ θ β=  gives the width of the scattering spectrum, which is 
1.94 ( )eT eV for ruby wavelength in a perpendicular scattering setup. In short, the width 
of the spectrum is proportional to the square root of the electron temperature.   
 The Thomson scattering system requires many calibrations in order to determine 
Te and ne from the measured scattering spectra. The wavelength and relative calibrations 
of the detection system are needed to calculate the width of the scattered spectrum and, 
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therefore, to determine Te. For the determination of ne, an absolute intensity calibration of 
the system needs to be performed with Rayleigh or Raman scattering under similar 
experimental conditions as those of the Thomson scattering. 
 
 
4.4     Summary 
 
In principle, a Thomson scattering diagnostic tool provides a direct and simultaneous 
measurement of the plasma electron temperature and density. For a Maxwellian velocity 
distribution function, the scattering spectrum is Gaussian in shape. The width of the 
spectrum is related to the electron temperature whereas the total scattered intensity is 
proportional to the electron density. Due to the extremely small scattering cross-section, 
the scattering yield is very low, therefore, high power lasers and very sensitive detectors 
with high throughput optical systems are needed. A Thomson scattering system can be, in 
principle, absolutely calibrated both for Te and ne

 determination. In practice, density 
determination may be affected by the deposition of tokamak wall materials on the light 
collection window of the Thomson scattering system. Therefore, in practice, the density 
needs to be calibrated with measurements from another reliable density diagnostics like an 
interferometer.  
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Chapter 5 
 

Measurements of double-pulse Thomson scattering 
 
The high-resolution measurements of electron temperature and density profiles in the 
TEXTOR plasmas carried out with the double-pulse Thomson scattering system show 
evidence of mesoscale plasma structures. Many of these are caused by large magnetic 
islands. A short overview of the double-pulse system is given. The improved data analysis 
procedure for correcting imperfections caused by the instrument function is described. 
Double-pulse Thomson scattering observations of m/n = 2/1 islands in the TEXTOR 
plasma are presented and discussed. 

 
5.1     Introduction 
 
The high-resolution profiles of electron temperature, Te, and density, ne, measured with 
TV Thomson scattering (TS) in the TEXTOR tokamak plasma show evidence of 
mesoscale plasma structures with length scales between microscopic (i.e. ion gyroradius) 
and macroscopic (i.e. typical size of the plasma). Previous studies have shown that many 
MHD instabilities in tokamak plasmas such as sawteeth (m/n = 1/1) or tearing modes (m/n 
= 2/1) are the cause of these structures [1, 2]. Also, so-called internal transport barriers 
(ITBs) can exist in the plasma [3]. Understanding the development of such plasma 
structures is essential to achieve better control over the plasma dynamics and transport 
properties and, hence, it is an important area of current research on TEXTOR. 

One of the key tools for investigating the structures in the TEXTOR plasma is 
the double-pulse Thomson scattering (DPTS) diagnostic, which yields accurate electron 
temperature and density profiles with a spatial resolution of about 2% of the minor radius. 
The DPTS system has been in operation on TEXTOR since the year 2000 and has been 
described in detail elsewhere [4]. Therefore, only a short overview of this system is given 
in the following section. Additionally, a number of electron cyclotron emission 
diagnostics (ECE) [5] have been used for observation of the plasma structures. 

In the past, TS data were fitted using a least mean-square method. Furthermore, 
imperfections caused by the instrument function of the system were not considered 
appropriately, yielding, in general, temperature values that were too high. Therefore, a 
new analysis procedure has been developed and applied. Section 5.3 provides a 
description of the improved TS data analysis tool along with simulation results. The final 
part of this chapter focuses on the DPTS observations of large m/n = 2/1 magnetic islands 
in TEXTOR plasmas. 

 
5.2     Double-pulse Thomson Scattering 
 
The unique feature of the DPTS system is that it can operate in double-pulse mode. Thus, 
providing two profiles of electron temperature and density in a single TEXTOR discharge  
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Figure 5.1:  Schematic layout of the double-pulse Thomson scattering diagnostics at the TEXTOR 
tokamak. Both the laser beam line in the poloidal cross-section of TEXTOR and the light detection 
system are shown. A typical 2D Thomson scattering spectrum (i.e. the CCD image) is also shown in 
the top right corner. The horizontal direction corresponds to the wavelength (running from right to 
left), the vertical to the position along the laser chord. The dark line is due to the slit in the two-part 
mirror and the light line is due to Hα-emission. 
 
with a time interval between the two pulses tuneable from 50 µs to 500 µs. Profiles are 
measured along a vertical chord through the plasma resolving 120 spatial points of 7.5 
mm each. The spectrum at each position is resolved into 80 wavelength channels of 3.6 
nm each and is distributed over 530 - 840 nm. Figure 5.1 shows the schematic layout of 
the setup. 

The beam of a Q-switched ruby laser (1×25 J or 2×12.5 J, 15 ns FWHM) is fired 
vertically into the plasma after having been transported for about 20 m through closed 
tubes. Four motorised, remotely controlled mirrors stably guide the beam to the plasma. 
Use of a series of baffles inside the beam entrance and exit tubes leads to a good stray 
light suppression ratio of about 10-8. The scattered light from the 900 mm long chord is 
collected via a shutter-protected radial window and transmitted by fibre bundles (28 m) to 
a Littrow polychromator. The dispersed light image is intensified onto the cathode (33% 
quantum efficiency) of a 25 mm Gen-III image intensifier. Light of the P20 output screen 
is guided via a beam splitter to two intensified CCD cameras (385×576 pixels, 22 µm 
pixel size) each gated open at one of the two laser pulses. For example, a measured 2D 
spectrum from the CCD camera is shown in figure 5.1 (top right corner). In principle, 
fitting the theoretical spectra to the measured spectra yields the electron temperature and 
density profiles. Temperature is a function of the width and density a function of the 



Measurements of double-pulse Thomson scattering 
 

 55

intensity of the spectrum. Relative wavelength calibration using a tungsten light source 
and Rayleigh calibration in nitrogen are performed to obtain correct values of Te and ne. 

The system is capable of measuring electron temperatures in the range of 0.05 to 
4.0 keV at values of ne higher than 5×1018 m-3. The statistical accuracy in Te 
measurements is mainly determined by photon statistics and is typically 5% at ne = 
3.5×1019 m-3. The accuracy in ne

 at the same density is typically 3%. 

 
5.3     Data analysis procedure 
 
An improved TS data analysis procedure has been developed that takes proper account of 
the effects of the instrument function (IF) and makes use of a maximum likelihood (MLH) 
method to fit the experimental spectra. 

In the earlier analysis procedure each spectrum was fitted by a least mean-square 
(LMS) procedure, assuming Gaussian statistics. However, the uncertainty of the TS data 
is defined by the Poisson noise on the detected number of photons. The number of photon 
bunches resulting after photon multiplication at the image intensifier is a Poisson 
distributed variable. It is found that applying LMS fitting in such a situation leads to an 
underestimation of the temperature in the regions where the plasma density is lower than 
about 1×1019 m-3. In contrary, MLH fitting that is based on Poisson statistics, results in an 
accurate temperature determination even at low densities [6]. Before fitting, many 
corrections and calibrations such as background correction and perspective corrections are 
applied on the measured spectra and these are described in detail in [7]. Special care 
should be taken to achieve a proper correction for the instrument function (IF). 

The instrument function (or point-spread function) is arising from the distortions 
caused to the signal by all components in the detection branch of the TS system (optics, 
image intensifier, CCD camera). This limits the resolution of the TS system. Figure 5.2 
presents a 1D section of the total IF of DPTS measured with Rayleigh scattering.  

total

partial

I

II

III

 
Figure 5.2: The instrument functions of the DPTS system on TEXTOR. Both the total IF and the 
partial IF are plotted on a logarithmic scale. Only the central part of the total IF has a Gaussian-like 
shape, whereas the long tails are non-Gaussian. The red curve quantifies to the Gaussian partial IF 
with σ  =  1. 
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The central part of the IF (I) with a Gaussian-like shape (FWHM ~ 4 pixels), is 
partly due to the distortion of the optics in-front of the detector, and partly to the spot size 
of the detector itself. The latter is composed of the internal spot size of the image 
intensifier and the blur of the coupling lenses between intensifier screen and CCD camera. 
The FWHM resolution of the complete detector is about 60 µm, corresponding to 2.4 
CCD pixels. The long tails (III) are due to stray light in the spectrometer and partly to 
blooming in the CCD chip. The intermediate part (II) is thought to originate from the halo 
of the image intensifier screen. The IF leads to two kinds of imperfections in the analysis 
of the TS data. First, during measurements, scattered spectra are spread out in both 
wavelength and position directions because of the 2D convolution by the total IF. This 
spreading of the spectra leads to measured Te and ne profiles that deviate from the true 
profiles (they are broader), see figure 5.3. This can lead to large systematic deviations, 
particularly at the edge of the plasma. The narrow edge spectra are superimposed on an 
offset which is the result of the broad IF tails of the central spectra with much higher 
density. Since this offset level is proportional to the total signal on the detector it is easy 
to correct for.  Therefore, the effect of the long IF tails is mainly seen at the higher central 
temperatures. The second problem originates from the central part of the total IF induced 
by the image intensifier and coupling lenses (denoted as partial IF, figure 5.2). The partial 
IF is well represented by a Gaussian with σ equal to 1 pixel (FWHM ~ 2.4 pixels). It 
spreads out the photon bunches over a number of neighbouring CCD pixels (therefore it 
smoothes the noise on the measured spectra), which makes nearby pixels on the CCD 
camera mutually dependent. Therefore, the errors on Te and ne values from neighbouring 
spectra are statistically dependent, which gives rise to noise structures in the fitted Te and 
ne profiles, which are indistinguishable from real, small-scale plasma structures [8]. 

 
Figure 5.3: Profile broadening and noise structures on the temperature profile, due to the tails of the 
IF. The true profile is indicated by a green line. 
 

The new DPTS analysis procedure corrects both problems caused by the IF i.e. 
the broadening of the temperature profile and the appearance of noise structures. As stated 
earlier, the profile broadening is primarily due to the 2D convolution of scattered spectra 
by the 2D total IF, finally resulting in the measured spectral CCD-image. Therefore, in 
principle, a numerical 2D de-convolution of the recorded image with the 2D total IF can 



Measurements of double-pulse Thomson scattering 
 

 57

correct the profile broadening. In practice, however, the lost data information from the 
boundaries of the measured spectra does not allow 2D de-convolution. Therefore, an 
alternative approach based on re-convolution of the measured spectra is worked out. 
Simulations have shown that this procedure is effective in obtaining the true profiles. 
Only in conditions when, at the edges, true Te and ne values are very small, some 
unavoidable effects can lead to an over-correction. The basic underlying assumption in the 
procedure is that a second (computer) convolution has the same effect on the spectra as 
the original (instrumental) convolution. The 2D IF considered for the convolution is 
assumed to be rotationally symmetric. This is shown in figure 5.4. Furthermore, the 
measured Thomson spectra are assumed to be approximations of the true scattered 
spectra. To avoid that statistical fluctuations on the first estimation of the profiles are 
amplified in the re-convolution step, these profiles are smoothed with a cosine filter. The 
process is repeated on the re-convoluted spectra by making a second- order correction. At 
every stage spectra are fitted with the LMS fitting method, which is faster compared to the 
MLH method. Figure 5.5 shows Te and ne profiles obtained after a single or two-fold re-
convolution (ne profiles only, for minimum deviation). The most probable true plasma Te 

and ne profiles are obtained by a backward extrapolation from the second and first order 
mathematically re-convoluted and measured profiles. 

To eliminate the statistical dependency of spectrums due to the partial IF, a 
simple method is to resample the profiles by using every third data point [9]. In this way, 
the statistical correlation between neighbouring data points is minimised to about 2%. 
Hence, the resampled data contain all statistical information, and are treated as 
independent data. This gives profiles that are free from noise structures. The improved 
analysis procedure has proven to be a good basis for the reinterpretation of all earlier 
DPTS data (nearly 2200 spectra) acquired hitherto at TEXTOR. In figure 5.6, we show 
our results of a simulation using input profiles with perturbations representing large m/n = 
2/1 islands (such as a flat region in the temperature profile and a peaked region in the 
density profile). Both the input profiles and the resultant profiles of Te and ne are shown 
for comparison. From these simulations, it is obvious that mesoscale structures like m/n = 
2/1 islands seen on the DPTS profiles are significant. 

 
Figure 5.4: The two-dimensional instrument function (2D IF) of the double-pulse Thomson 
scattering (DPTS) system. 
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Figure 5.5: The simulation results of profile 
broadening and correcting Te and ne profiles.  
The corrected profiles (red) are almost identical 
to the true profiles of the plasma. 
 

Figure 5.6: Simulation results for the 
reconstruction of large m/n = 2/1 islands and an 
internal barrier. Both the Te and ne profiles are 
shown: input profiles by red and reconstructed by 
black.  

 
5.4     Observations of m/n = 2/1 magnetic islands 
 
The DPTS provides two high-resolution snapshots of Te and ne profiles. Therefore, these 
localised measurements give detailed information on the internal topology of plasma 
structures, for instance m/n = 2/1 islands in TEXTOR plasmas. On the other hand, ECE 
systems operating at TEXTOR provide Te profiles on a fast time scale (up to MHz 
sampling rates) during the full discharge, but with a very limited number of measurement 
points inside the islands [2]. 
 In the re-analyzed DPTS Te and ne profiles, the m/n = 2/1 magnetic island 
perturbations are clearly visible (see figure 5.7 for an example). Sometimes perturbations 
are symmetric on both edges of the profile. Alternatively, they are asymmetric on any one 
edge of the profile. The degree of asymmetry of the perturbation can be explained by 
relating the TS measurement time with the phase of an m/n = 2/1 rotating island. The 
rotating islands are depicted in figure 5.8 by five ECE traces of the TEXTOR 11-channel  

Te measured & smooth 
Te 1st re-convolve 
Te corrected 
Te plasma 
 

ne measured & smooth 
ne 1st re-convolve 
ne 2nd re-convolve 
ne corrected 
ne plasma 
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Figure 5.7: The Te and ne profiles of TEXTOR plasma (shot #90725) having large m/n = 2/1 
islands. Symmetric perturbations on both the Te and ne profiles are seen. 
 
radiometer measuring in the mid-plane at approximately 1500 with respect to the DPTS 
system. The shots shown in figure 5.8, are mainly devoted to islandography studies at 
TEXTOR and have identical plasma conditions with toroidal field, BT  =  2.14 T and line 
averaged plasma density, <ne>  =  2.0×1019 m-3.  

As depicted in figure 5.8, the TS measurements are recorded at t = 0.95 seconds. 
A slowing down of the rotating islands prior to a plasma disruption is clearly seen. Since 
the slowing down of the rotation speed in different shots is varying, DPTS measures Te 
and ne profiles through different phases of the island. The re-analysed TS profiles shown 
in figure 5.7 are measured through the O-point of a large m/n = 2/1 island. The second 
laser pulse, fired 300 µs later, yields very similar Te and ne profiles (not shown here) 
because the slowly rotating island is in almost the same position. In the region of mode 
occurrence (hatched area in figure 5.7), flat temperature and peaked density gradients 
inside the island are clearly observed on the respective profiles. The density peaking has 
been previously observed at TEXTOR with pulsed radar reflectometer [10]. The island 
width at the time of TS is typically of 10 cm. If one could succeed in doing many 
reproducible shots with m/n = 2/1 islands and triggering the TS laser in each shot at a 
different time relative to the island’s phase, one would obtain a detailed mapping of the 
temperature and density distribution inside the island. Unfortunately, there are not many 
DPTS data in the Thomson database for plasmas with m/n = 2/1 islands where plasma or 
mode conditions are comparable. 

The island cross-sections seen by DPTS in the five shots, as indicated in figure 
5.8, are plotted in figure 5.9. Although this plot is not sufficient to explain the full  
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Thomson

  
Figure 5.8:  ECE time traces for five TEXTOR 
shots. The island rotation and its slowing down 
prior to a disruption are clearly visible. The time 
of DPTS profile measurements is indicated by 
vertical dashed line. 
 

Figure 5.9: DPTS profiles of Te and ne at 
different phases of the island for the shots as 
indicated in figure 8. Profiles indicated by dark 
blue and green are nearly through the X-point of 
the island whereas other profiles are through the 
O-point or close to it. 
 
 

O

X

O

X

  
 

  

Figure 5.10: Various possible 
phases of the islands observed 
in Thomson measurements (of 
figure 5.9) are depicted with 
the help of the cartoon of an 
m/n = 2/1 magnetic island. The 
colors used for the measuring 
chord are the same as 
respective profile’s color in 
figure 5.9.  

 
 
topology of the m/n = 2/1 islands in TEXTOR plasmas, it is clear that profiles indicated 
by blue and green are nearly through the X-point of the island whereas other profiles are 
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extended through the O-point or close to it. The profiles shown in cyan are measured just 
before a plasma minor disruption, which is visible as a shrinking of the Te profile. For 
improved clarity, the phases of the rotating magnetic islands at the time of DPTS 
measurements are depicted in figure 5.10. 
 
 
5.5     Summary and outlook 
 
The DPTS system yields high-resolution, accurate profiles of Te and ne. However, two 
snapshots are insufficient to obtain the evolution of the plasma structures (for instance 
m/n = 2/1 islands) unless many reproducible discharges are used. In practice, identical 
discharges are difficult to achieve and a contour plot of the evolutions is almost 
impossible to generate using DPTS data. 
  Therefore, an upgrade of the DPTS system to a multi-pulse Thomson scattering 
system (MPTS) has been accomplished [11]. This system can obtain in-depth knowledge 
of the evolution of these structures and their dependence on different plasma conditions. 
The MPTS system will make use of most of the hardware of the DPTS system but will 
upgrade to a unique, multi-pulse ruby laser and two ultra-fast CMOS cameras in the 
detection branch. This state-of-the-art system will be able to yield Te and ne profiles at 10 
kHz - with the same high spatial resolution and accuracy as the present DPTS system -
with up to four bursts (2 - 5 ms each) in a single TEXTOR discharge. The MPTS system 
is described in Chapter 6 and measurements of islands are discussed in Chapter 7.  
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Chapter 6 
 

Multi-pulse 10 kHz Thomson scattering at TEXTOR 
 
 
A high-resolution 10 kHz Thomson scattering system has been installed at TEXTOR to 
measure the electron temperature and density profiles simultaneously. With four bursts of 
typically 4 ms each about 160 profiles can be measured during a single discharge. This 
system is an upgrade of the successfully utilised double-pulse TV Thomson scattering 
system. The new system employs an intra-cavity ruby laser that delivers multiple pulses 
with energy and frequency up to 15 J and 10 kHz, respectively. A grating spectrometer 
equipped with ultra-fast CMOS cameras and a cascade of fast image intensifiers is used 
for detection. The system samples either the full plasma diameter of 900 mm with 120 
spatial elements of 7.5 mm each, or a 160 mm long edge chord with 98 spatial elements 
each of 1.7 mm. The observational error with 15 J per laser pulse is typically 8% in 
temperature and 4% in density at a density of 2.5×1019 m-3. 
 
 
6.1  Introduction 
 
The evolution of a rich variety of phenomena on the mesoscale has crucial consequences 
for the plasma behaviour. For the steady-state operation of present and future tokamaks 
(e.g. ITER), the neoclassical tearing modes (NTMs) cause serious concern, since the 
accompanying magnetic islands may lead to a sudden decrease of energy confinement or 
even a complete loss of the plasma [1]. These magnetic islands are self-organized 
structures in the plasma, caused by perturbations in the magnetic topology of the tokamak. 
Under unstable conditions, small seed islands (typical width about a few cm) can grow to 
large islands (typical widths are tens of cm). In order to find methods to mitigate or 
suppress growing islands, the real-time detection and control of the responsible instability 
requires detailed understanding of the island dynamics that is typically occurring on time 
scales in the order of milliseconds. In high-resolution profiles measured with the DPTS 
system at TEXTOR, a flat electron temperature and a peaked density were found in the O-
point of islands. However, following the island dynamics was not possible with that 
system (see the corresponding discussion in Chapter 5).  
 Another interesting consequence of mesoscale phenomenon is in operating the 
tokamak in the high-confinement regime (H-mode) [2], in which confinement is improved 
due to reduced radial transport near the plasma edge. The formation of a so-called edge 
transport barrier (ETB) has been observed in this regime, which leads to steep gradients in 
the electron temperature and density over only several centimetres in the edge [3]. 
Moreover, these steep gradients are found to be strongly affected by transient edge 
phenomena (< ms), the so-called edge localised modes (ELMs) [4]. These ELMs are 
potentially harmful to the tokamak, since they can carry high heat loads to the divertor 
plates. Therefore, mechanisms responsible for ELMs need to be better understood. 
 On many fusion machines, the heat as well as particle transport coefficients are 
found to be reduced at localised positions deeper inside the plasma, the so-called internal 
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transport barriers (ITBs) [5]. There are still many open questions to be answered related to 
these outstanding tokamak phenomena, such as the exact mechanism which triggers the 
formation of the barrier, the conditions under which the barrier can be sustained and the 
evolution of the barrier. 
 The recent installation of the DED, ECRH/ECCD systems and many advanced 
diagnostic tools at TEXTOR permit the exploration of a number of the above mentioned 
topics. In particular, the physics and control of tearing modes, access to H-modes using 
DED and the existence of ITBs. In order to investigate the localised and fast evolving 
phenomena associated, the DPTS system has been upgraded to a 10 kHz Thomson 
scattering system, which features an innovative repetitive laser and an ultra-fast detection 
system. The Ioffe Institute and MultiTech Ltd. in St. Petersburg have designed and 
constructed a so-called double-pass intracavity laser system [6]. The laser operates like a 
normal laser oscillator, however in this case the plasma is part of the laser cavity. To 
preserve the high spatial resolution of the diagnostic as well as to adapt as much as 
possible to the existing hardware, the beam path of the new laser is kept as for the double-
pulse laser. A state-of-the-art detector has been constructed that is based on two ultra-fast 
(10 kHz) CMOS (Complementary Metal Oxide Semiconductor) cameras and a special 
image intensifier stage. Profile measurements both from the core and edge plasma regions 
are possible. The new Thomson system at TEXTOR combines high spatial and time 
resolution with good measurement accuracy.   
 For the results presented in this thesis, only the core plasma measuring setup of 
the diagnostic has been utilised. This chapter gives an overview of the instrumental setup 
(section 6.2) and the operation and data handling (section 6.3). The data analysis 
procedure and some results showing the system’s performance are presented in section 
6.4. Finally, a summary with an outlook is given in section 6.5.  
  
 
6.2    Instrumental setup 
 
The multi-pulse 10 kHz Thomson scattering (MPTS) [7] system at TEXTOR has been 
setup using most of the hardware of the previous double-pulse TS system [8]. As before, it 
uses a nearly 900 scattering geometry, so that measurements are performed along a 
vertical chord. The main new features are (1) a multi-pulse intracavity ruby laser instead 
of a double-pulse conventional ruby laser, and (2) an ultra-fast, multi-frame detector 
instead of a pair of single-frame intensified CCD (Charge Coupled Device) cameras. 

The high efficiency of the intracavity laser makes it possible to produce a train of 
pulses with an energy per pulse that is comparable to that of conventional single- or 
double-pulse lasers. For extracting a 10 J laser pulse from a conventional ruby laser one 
requires an oscillator and two amplifier stages. In order to generate two pulses of 12 J 
each with the previous double-pulse laser on TEXTOR a third amplifier rod was needed. 
Traditionally, the laser light is dumped after only a single passage through the plasma. 
However, the laser efficiency can be increased by manifolds when the laser beam is 
travelling back and forth several times through the scattering volumes. This has been 
achieved by increasing the length of the laser cavity such that it includes the plasma, 
which explains the name intracavity. In sub-section 6.2.1, the basic architecture and 
operational characteristics of the intracavity ruby laser at TEXTOR are explained.  
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Figure 6.1 shows a poloidal cross-section of TEXTOR, the laser beam path and 
the optical light collection systems for both core and edge plasmas. The laser beam passes 
along a chord that is 9.0 cm shifted from the vessel centre (towards the LFS) in the same 
direction as the shift of the magnetic axis due to the Shafranov shift (depending on the 
plasma parameters, typically 3 - 6 cm in TEXTOR). The beam enters and exits the 
tokamak through protected Brewster windows. A number of carefully designed apertures 
placed in the beam tubes enable a very low stray light level. The scattered light from the  

 
Figure 6.1: Schematic overview of the multi-pulse 10 kHz Thomson scattering (MPTS) setup. The 
TEXTOR plasma is a part of the 18 meter long laser cavity. The intracavity ruby laser is placed 
inside the bunker, close to the tokamak. The collected light from the core and edge viewing systems 
is relayed to a Littrow spectrometer via two fibre optic bundles. 
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core and the edge regions is collected simultaneously by two independent multi-element 
viewing lens systems and relayed to a spectrometer by coherent fibre optic bundles. By 
translating a mirror, one can couple either the light from the core or from the edge system 
to the spectrometer. Spectral analysis is performed in a Littrow configuration of the 
grating covering a spectral range of 585 - 800 nm. The two dimensional intermediate 
image (λ, z) is projected onto the highly sensitive cathode of a gated image intensifier. 
Two ultra-fast CMOS cameras record the amplified light such that one samples scattered 
light whereas the other samples plasma light between the pulses. A description of the 
complete multi-pulse detection system is given in sub-section (6.2.2). 
 
 
6.2.1    Intracavity ruby laser 
 
Intracavity laser systems are extensively studied at the Ioffe Institute. The most efficient 
setup was achieved when the laser beam passes many times zigzag through the plasma via 
two nearly concentric spherical mirrors and after 10 - 30 passes returns back into the 
lasing medium. For such a multi-pass (24 times) intracavity laser probing, energies up to 
1500 J (distributed over a burst of 20 pulses) were extracted within 1.5 ms. In a test setup 
adapted to the TEXTOR geometry, a probing energy of 900 J distributed over 18 pulses 
could be obtained [6]. Despite the high laser energy output, the multi-pass setup has 
several drawbacks for implementing it in the TEXTOR environment. The main 
disadvantages are the rather long pulse width of 2 µs FWHM and the expanding beam 
cross-section in the poloidal plane (about 10 mm in the plasma centre and up to 20 mm at 
the edge). The latter expansion, in particular, would have lead to an unacceptable 
limitation of the spatial resolution for edge- and full-chord TS to values above 10 mm.  
 Therefore, in order to maintain the high spatial resolution of the TEXTOR TS 
system, a double-pass intracavity laser has been constructed. Here, the laser beam passes 
twice through the plasma exactly along the same path before returning back into the lasing 
medium. Besides a better spatial resolution over the full plasma cross-section and a 
relatively short laser pulse, the double-pass setup has the added advantage over the 
previously applied multi-pass laser setups that it can easily be combined with the existing 
beam line and stray-light tubes at TEXTOR.  
 The basic elements of an intracavity ruby laser are similar to those of a 
conventional laser. Figure 6.2 shows the schematic layout of the laser at TEXTOR. 
Between the flat rear mirror (item 1) and the active medium (0.03 % Cr+ ruby rod of 
19×200 mm2) an objective (item 2) controls the beam quality by compensating effects of 
thermal lensing in the ruby rod. The number of extracted pulses is controlled by an active 
Q-switch (item 3). The combination of the rear mirror and the glass plate (item 6) forms a 
short cavity to initiate laser oscillations. The laser beam is focused into the plasma by a 
lens system (item 7) and returned into the active medium by a spherical mirror (item 8). 
The total cavity length is kept as small as possible to about 18 m, which implies that the 
complete laser is installed inside the TEXTOR bunker. Both the focusing telescope (item 
7) and the spherical mirror (item 8) have a focal length of 4.5 m, corresponding to the 
length of the entrance or exit tubes connected to the TEXTOR torus. The lens is about 9 m 
distant from both cavity mirrors, which makes it less sensitive to misalignment.   
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Figure 6.2: Schematic layout of the double-pass intracavity ruby laser with an active Q-switch. The 
circular plasma (element number 9) is part of an 18 m long laser cavity. The laser components are as 
follows: 1. Rear mirror, 2. Objective, 3. Pockels’ cell, 4. Polarizer, 5. Ruby rod, 6. Glass plate, 7. 
Focusing lens, 8. Spherical mirror, 9. TEXTOR plasma.  
 
The beam diameter at the input and output windows is about 25 mm, thus, limiting the 
power density well below the damage threshold of 250 MW/cm2. The laser pulse 
propagates twice through the plasma, hence generating scattered light once in forward 
scattering and once in backward scattering. By taking into account the cavity length, the 
laser light travels about 20 times up and down through the scattering volume. The ruby 
rod is pumped by six flash tubes. Each of the flash lamps is supplied with 0.5 MW of 
pumping power and is maintained constant over the burst duration. The block wave for 
the pumping voltage is supplied from a special power supply that has been obtained from 
MultiTech. The power supply consists of one main and three auxiliary capacitor banks.  
 The laser is capable of delivering pulses with energy of about 15 J per pulse at a 
repetition rate up to 10 kHz during a burst. Some characteristics of output pulses that can 
be extracted from the intracavity laser system at TEXTOR are shown schematically in 
figure 6.3. Up to four bursts (each with maximum of 40 pulses) with a duration in the 
range of typically 2 - 5 ms are possible. The duration of each burst is set by the desired 
repetition rate and the number of pulses. The bursts can be triggered at a pre-selected time 
or by any event in the plasma. The durations of the bursts and the repetition frequency of 
the pulses can be set independently. The minimum time separation of ≥ 0.5 seconds 
between the bursts is constrained by the power supply.  
 
  

Figure 6.3: Some characteristics of the laser pulse trains that can be extracted from the intracavity 
ruby laser at TEXTOR. At maximum four bursts are possible. In each burst, a maximum of 40 laser 
pulses can be deliverd at the repetition rate of 10 kHz. The next burst can start with a minimum 
(maximum) time delay of 0.5 s (9 s). 
 
 For the experimental study presented in this thesis, the laser has been operated in 
a single-burst mode with a pulse repetition frequency of 5 kHz. In figure 6.4, a typical 
result of laser operation obtained at TEXTOR is shown. The total probing energy  
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Figure 6.4: Output of the multi-pulse intracavity laser during a single burst of 19 pulses. The time 
between the pulses is 200 µs (5 kHz repetition rate).   
 
achieved in a burst of 19 pulses is about 236 J. The FWHM of the laser pulses is between 
1 to 1.5 µs. The burn spot in the vicinity of the short cavity shows a good homogeneous 
distribution of the laser energy over the rod cross-section. The divergence of the laser 
beam is found to be as low as 0.7 mrad. As a result, about 90% of the scattered energy is 
concentrated within a 3.5 mm spot at the plasma centre and within an about 6 mm spot at 
the plasma edge (i.e. at z-positions equal to ± 450 mm). 
 
 
6.2.2    Multi-pulse detection system 
 
The multi-pulse light detection is essentially performed along the same concept as in the 
DPTS system. In order to record the scattered spectra with a high repetition rate, two 
important modifications have been introduced in the previous setup: (1) Ultra fast CMOS 
cameras capable of recording spectra up to 10 kHz (2) a two order of magnitude higher 
light amplification for an appropriate photon handling. 
 
Light collection and transport 
 
The scattered light from the core plasma (scattering angles of 700 - 1100) is collected 
through a glass window, protected with a fast moving mechanical shutter to minimize 
deposits of tokamakium (i.e. hydro-carbon layers with metal impurities). The full vertical 
chord is imaged onto the input head of a fibre array that consists of 600×3 fibres. For this 
purpose, a high transmission seven-element lens system (f/2.1, diameter 10 cm) has been 
employed. A 28 m long fibre optic bundle guides the light to a grating spectrometer. Each 
fibre in the bundle has an f/2.3 acceptance angle and 210 (230) µm core (clad) diameter. 
At the spectrometer input, the fibre bundle is mapped to a 300×6 configuration allowing 
etendue matching and higher signal levels. The viewing lens and the fibre head are 
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mounted on a remotely controllable translation stage in order to precisely find the best 
scattering plane. The collection lens and fibre head are fixed on a non-conducting stand 
which can be removed and placed back accurately whenever access to the TEXTOR 
vessel is required. A similar light collection and transport system is dedicated to edge 
region measurements. 
 
Spectrometer 
 
Spectral analysis is performed by a grating spectrometer that is configured in a 1 m long 
Littrow setup. This configuration facilitates a very high stray light rejection at the laser 
wavelength. The layout of the spectrometer and schematic of the light flow through it are 
shown in figure 6.5. The light from a 260 mm high entrance slit is dispersed by a high 
efficiency grating of 900 lp/mm. The 2D spectral image (λ, z) thus formed has a size of 
260×200 mm2. It is projected onto the cathode of the first image intensifier (item 9, GEN- 
III), resulting in a second intermediate image of 23.4×18 mm2. Basically, the Littrow lens 
(item 5) images the spectrometer slit (item 1a or 1b) onto the two-part mirror (item 7) that 
is later imaged onto the first image intensifier (item 9) by a Canon lens (item 8). In order 
to increase the signal-to-noise ratio, a polarizer (as shown in figure 6.1) is inserted in the 
light path, which reduces the non-polarized background plasma light by about half while 
almost not affecting the scattered light. A notch filter (not shown) before the Canon lens 
helps in further reducing the laser stray light entering into the detection system from the 
gap of the two-part mirror. The intensified image is finally coupled to a fast camera (item 
12) using a lens system (item 10). The magnification of the coupling lens is chosen such 
that the image of the two-part mirror (10.6×8.1 mm2) is well within the active area of the 
CMOS chip. Due to the low sensitivity of the CMOS chip (and low operating gain setting 
of the GEN-III intensifier (item 9)) additional light amplification is done. 
 

 
Figure 6.5: Layout of the Littrow spectrometer. A list of the spectrometer elements is given. The 
measurement region (full or edge chord) is selected by coupling the respective fibre optic head (1a 
or 1b) to the spectrometer relay optics (item 2).   
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 The CMOS cameras, intensifiers and coupling lens together form an ultra-fast 
detector unit, which is described in the following paragraph. All components of the 
spectrometer are mounted inside a light-tight blackened aluminium box. The detector unit 
is build over a stainless steel base structure for achieving good thermal stability. The 
spectrometer can be used for diagnosing both core and edge regions. Depending on the 
requirements of the experiment, core or edge measurements are enabled by translating a 
mirror that couples the respective input fibre head (item 1a or 1b) to the spectrometer 
relay optics (item 2). In this setup, it is possible to sample either the full plasma diameter 
of 900 mm with 120 spatial elements of 7.5 mm each, or a 160 mm long edge chord with 
98 spatial elements of 1.7 mm each. A motorised rotation table allows to change the 
grating, since different gratings are required for covering different temperature ranges: a 
600 lp/mm for 100 eV ≤ Te ≤ 5 keV, a 900 lp/mm grating for 50 eV ≤ Te ≤ 2 keV and a 
1500 lp/mm grating for 5 eV ≤ Te ≤ 500 eV especially for edge TS. 
 
Ultra-fast detector  
 
The ultra-fast CMOS cameras and a cascade of image intensifiers are the heart of the 
detection system. The complex detector unit is shown schematically in figure 6.6. Two 
cameras are needed in order to record the laser pulse train at 10 kHz and sample 
background plasma light between pulses. At present only one camera is installed inside 
the spectrometer permitting measurements at 5 kHz. The spectrally resolved scattered 
light is first detected by a gated GEN-III image intensifier and subsequently amplified by 
a stack of three, proximity-focused GEN-I intensifiers. A tandem lens system images the 
P46 phosphor screen onto the CMOS chip of the ultra-fast camera with magnification M = 
0.45. In the following paragraphs, the properties of the fast cameras and the image 
intensifier booster stage will be described in more detail. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.6: Schematic view of the ultra-fast detector for the 10 kHz Thomson scattering setup at 
TEXTOR. Spectrally resolved light is first detected by a gated GEN-III image intensifier and 
subsequently amplified by a stack of three proximity-focused GEN-I intensifiers. A tandem lens 
system images the P46 phosphor screen onto the CMOS chip of an ultra-fast camera with 
magnification M = 0.45. 
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CMOS cameras 
 
The recording of spectrally analysed light is performed with the CMOS cameras. The 
main advantages of CMOS cameras over scientific CCD cameras are that they have no 
on-chip blooming, no cross-talk, they offer continuous readout and have an in-house 
RAM storage of a fairly large number of images. After an extensive testing (on RMS 
noise, linearity, on-chip blooming, cross-talk of subsequent images, shutter on/off ratio 
and sensitivity) of various CMOS cameras available in the market, the Phantom v7.0 
CMOS cameras have been employed in the MPTS system.  
 The selected camera can record up to a maximum of 10,900 frames per second at 
an image format of 512×384 pixels. Each pixel is a 22 µm square forming an active area 
of 11.3×8.45 mm2. The chip is linear to within ± 3%. The cameras have a 12-bit dynamic 
range. In general, the sensitivity of CMOS chips is found to vary between 1/100 and 
1/4000 count/photon at 670 nm, which is a rather low sensitivity compared to that of 
cooled CCD cameras (typically 1/30 count/photon) used in the previous DPTS system. 
The sensitivity of the deployed Phantom v7.0 CMOS camera is remarkably high: 1/50 
count/photon. The number of sampled images depends only on the desired image format 
and the capacity of the available memory. A (RMS) dark noise of 3 counts is measured 
after subtracting a single dark image from the average of ten measured dark images. The 
on/off ratio of the electronic shutter in the camera has been checked with a CW diode 
laser by varying the shutter time over three decades in combination with different neutral 
density filters to reduce the light intensity. The cross talk has been measured with a train 
of ten LED pulses. At an exposure time that is ~20% of the frame repetition time at 10 
kfps; the measured frame-to-frame cross talk is 1.5%, while the on-off ratio is about 50. 
 It is found that the image-to-image cross talk of the Phantom v7.0 camera is only 
then small enough (~1.5%) when the camera is illuminated with a bias light level, 
corresponding to at least 270 counts. In that case, the detector noise is about 3 counts. As 
a result the effective dynamic range is 9.5 bit for a noise range of 95% probability (± 6 
counts). Application of two of these cameras enables recording of the laser pulse train up 
to 10 kHz, while sampling the plasma light between consecutive laser pulses. In a 
standard camera memory about 3400 images of the full image format can be stored per 
camera that is, in principle, sufficient for storing data of about ten TEXTOR shots. 
 
Cascade of image intensifiers 
 
One of the key elements of the detector unit is a stack of image intensifiers where one 
GEN-III and three GEN-I tubes are cascaded together. The first intensifier in the light 
path serves as a gate unit. It is an ITT GEN-III image intensifier with a good quantum 
efficiency of about 50% over a wavelength range of 580 - 850 nm. A P46 screen 
providing a fast decay time of 0.2 µs is preferred for MPTS such that there is no cross-talk 
between subsequent spectra, which have a minimum time separation of 50 µs. However, 
P46 has a 4 to 5 times lower efficiency than that of the P20 phosphor used in the DPTS 
system. The maximum obtainable gain is 1300 at the maximum Micro Channel Plate 
(MCP) voltage of 1150 V. In experiments, the gain of the Gen-III is set by the 
consideration of linear response up to the maximum photon load. For the MPTS system 
operating at 15 J per pulse in a typical TEXTOR plasma with average density <ne> = 
2.5×1019 m-3, the total number of electrons released from the MCP during a single burst of 
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50 pulses (assumed for this calculation) are nearly 108 (at a photon gain of 235). The slow 
time constant (of ms order) of the MCP electronics does not allow the recharging of the 
MCP over a burst period. This intensifier is fed by a power supply with a maximum 
frequency of 20 kHz. Tests performed on the ITT GEN-III intensifier has indicated a good 
linearity up to a MCP voltage of 930 V. 
 For the complete detector a conversion factor (Q0) is defined as the number of 
counts generated by one photoelectron (pe) detected from the GEN-III intensifier. The 
value of this conversion factor determines the impact of the bit and the RMS detector 
noise on the observational error of the signal. The maximum value of Q0 is determined by 
the dynamic range of the CMOS camera and the maximum (measurable) electron density 
ne ≤ 2×1020 m-3, at which Npe ≈ 16,000 photoelectrons are distributed over one spectrum 
with a height of zbin pixels (corresponding to ∆L  = 7.5 mm in the plasma). Assuming a 
half-width of the TS spectrum of wpixel unbinned wavelength pixels, the amplitude, A, of 
the TS spectrum of one pixel height is given by: 
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=         .                                            (6.1) 

 
For Q0 = 110 counts/pe, wpixel = 170 (half of the usable width of CMOS chip) and zbin = 
4, the amplitude A = 2590 counts, which is well below the maximum of 4096 counts. The 
photon gain needed to realize Q0 = 110 counts/pe can be found from the relation between 
Q0, the photon gain, Gph, the coupling lens efficiency, Tcoupling, the sensitivity, Sdet (1/50 
counts/photon) and the effective efficiency of the GEN-III image intensifier, ηI (~ 0.25), 
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For the used F/3 lens, a 50% beam splitter and a 95% transmission of the coupling lenses, 
one has Tcoupling =  0.013. Inserting these values in equation 6.2 gives a required total 
photon gain of Gph ≈ 1.1×105. Since, linear operation of the Gen-III intensifier is well 
feasible at G1 ~ 250, a booster stage is needed to increase the photon gain by another 
factor of ~ 425. This is achieved by a stack of three proximity-focused intensifiers [9] 
operating at 12 kV. These intensifiers are equipped with S20 cathodes and P46 screens. 
The net photon gain of each of these intensifiers is about 8. The total photon gain 
measured for the complete intensifier stage is 1.26×105. 
    
Detector noise  
 
The first GEN-III intensifier introduces the main component of the noise in the detected 
signal. For the lowest photon input level of 400 photons per spatial element of 7.5 mm, 
the GEN-III with an effective quantum efficiency of 0.25 will record 100 photoelectrons.  
This is equivalent to a relative error of 10%. With an intensification of 200, the first 
proximity intensifier with a tube efficiency of 20% produces 4000 photoelectrons and 
contributes only 1.5% to the relative error. The subsequent proximity intensifiers have 
noise levels of 0.6% and 0.3% only. These numbers clearly show that 98% of the detector 
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noise is coming from the first intensifier. Having a sensitivity of 50 counts per incident 
photoelectron, the CMOS camera noises, i.e. the dark noise of three counts, and the bit 
noise are totally negligible.  
 
 
6.3    Operation and data handling  
 
The control and operation of such a complex diagnostic system is a quite difficult task, 
which is not possible without computers. A versatile menu-driven Graphical User 
Interface (GUI) has been developed especially for the MPTS system. The GUI allows 
controlling, operating and monitoring of most of the system components, e.g. the 
intracavity ruby laser, burst generator, spectrometer, image intensifiers, CMOS cameras, 
timers, interlocks, shutters and data acquisition systems. The different MPTS system 
configuration and parameters settings required in various measurement modes (core or 
edge profile measurements, relative or absolute calibration measurements, etc.) can easily 
be selected by point-and-click, permitting operation of the whole system by a single 
operator. The acquisition of raw images from the CMOS cameras and energy data from 
the photo detectors are done by the GUI itself. After the acquisition cycles, the analysis of 
laser energy and temperature, density profiles for each individual pulse are automatically 
initiated. After successful analysis, all raw data and the measured profiles are stored in the 
Common Storage Facility (CSF) and the TEXTOR Physics Database (TPD), respectively, 
from where they are accessible to all TEXTOR users. 
 From the alignment point of view the system has shown good stability. The laser 
needs alignment at the beginning of each experimental day, which is performed by tuning 
three high reflectivity 450 alignment mirrors to guide the beam to the scattering region. 
Two of the alignment mirrors including the spherical cavity mirror near the tokamak are 
remotely controllable through the GUI. Remote monitoring of an alignment beam (spots 
of a diode laser at 670 nm at various key places) is also possible, which makes the beam 
alignment procedure and the subsequent monitoring easily manageable, even during 
TEXTOR operation. The alignment of the viewing optics, spectrometer and detector is 
very stable and hardly needs any realignment during an experimental day. 
 
 
6.4    Data analysis and results 
 
In principle, the procedures for (relative, spectral, position and absolute) calibration of the 
complete detection system are the same as for the previous double-pulse system, and are 
discussed in detail in [10].  In the data analysis procedures for the MPTS system, there are 
three main differences with respect the DPTS data analysis [10-12]: 
1) To capture the TS photons in the full laser pulse, the image intensifier needs to be 

gated during 1.8 µs (about 40 times longer compared to DPTS system). This discloses 
one of the main critical points of the MPTS diagnostic: the competition between 
plasma background light and the TS signal. Therefore, as mentioned before, the 
background is measured additional to every laser pulse to be able to correct for this. 
In figure 6.7 and 6.8, typical Thomson scattering and plasma spectra measured with 
the MPTS system are shown, respectively. Both signals are binned over 4 pixels in 
the wavelength and 9 pixels in the position direction.  
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2) The measured TS spectrum at each position is the sum of two relativistic spectral-
distribution functions, with different shapes corresponding to back- and forward- 
scatterings. The scattering angle along the full chord of 900 mm varies between 70 
and 110°. However, a two-parameter fit (depending on Te and ne values) is 
appropriate to describe the spectrum since a fixed ratio between the forward and 
backward energy can be applied.  

3) 1D deconvolution technique, convolving fit function by 1D instrument function has 
been used in the multi-pulse data analysis. With the reconvolution technique 
(discussed in Chapter 5), reconstruction of Te (ne) profiles, in plasmas with an island 
located far outside, results 2 - 3 times higher (lower) edge Te (ne) values. 

 In figure 6.9, the stray laser light distribution along the full measurement chord is 
shown (i.e. the level of stray compared to Rayleigh signal per unit of pressure). The stray 
light level is negligible compared to the TS or PL light levels. In the centre it is nearly a 
factor of ten smaller than the signal level at one Torr of pressure. The curve in figure 6.9 
shows nearly a symmetric increase around z = ± 220 mm, perhaps due to the fact that 
around those locations stray light from the up and down going beams, respectively, is 
collected after a smaller number of reflections than that in the centre. A comparison of 
this curve with the one obtained for the DPTS system [8] leads to conclusion that the stray 
light level is less in the MPTS setup, particularly around the top edge. This could be due 
to the use of Brewster’s windows in the laser beam path in the present setup.  

  
 

 
Figure 6.7: Typical Thomson scattering spectrum after subtracting the plasma light (signal is binned 
over 4 pixels in the wavelength and 9 pixels in the position direction). The filled circles are the 
measured signal (in photoelectrons) and the line represents the fit of a (double) Mattioli function to 
the data. The points without error bars are left out of the fit. 
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Figure 6.8: Typical plasma spectrum used for subtraction. The binning in both directions is the 
same as that in figure 6.7. At the time of measurement, the imperfect alignment of the Hα mask 
results a residual peak around 656 nm.  
 
 
 

 
Figure 6.9: The stray light equivalent (in Torr N2) along the observational chord measured in the 
empty vessel.  
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The number of the detected photoelectrons can be calculated from the Thomson scattering 
formula as follows [8], 
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Equation (6.3) in combination with the TS system parameters described in table 6.1, 
results in a number of photoelectrons Npe = 1740 that can be expected at a density of ne = 
1.0×1019 m-3. To compare the expected number with the measured number of 
photoelectrons, the conversion factor Q0 was determined from statistical analysis of a 
CMOS image with a homogeneous illumination, resulting in Q0 = 110 counts/pe. The line 
averaged density is measured by the FIR-interferometer. Extrapolating the interferometer 
data to ne = 1.0×1019 m-3, and using the parameter Q0 and the same scattering volume and 
laser energy, a measured number of photoelectrons Npe ~ 1400 was found [7]. The reason 
for the 20% difference between the calculated and measured number of photoelectrons, 
could be an overestimate of the effective quantum efficiency of the image intensifier.  
 In figure 6.10, the line averaged density from TS (red, after absolute calibration) 
and from the FIR-interferometer (blue) is plotted for all the pulses in a burst. Both 
densities are in good agreement. The difference is smaller for the first pulse (< 5%) and 
increases for some pulses in the burst to about 10%. By comparing both densities, a 
density calibration factor (ncfactor) has been obtained which is applied to correct the TS 
density. The expected number of detected TS photoelectrons is such, that an observational 
error of < 3% in ne at ne = 1.0×1019 m-3 is possible, when the plasma light background is 
negligible. Although, the contribution of the plasma light background can be considerable, 
a simple calculation shows that accurate measurements of ne are achievable, when the 
integrated TS signal is more than 2 to 3 times higher than that of the plasma light (PL) 
signal. Assume that the measured signal (in number of photoelectrons) is S1 = TS + PL 
recorded during, and S2 = PL is the plasma light signal recorded after the laser pulse. 
After subtraction, the signal S = S1 – S2 is found. Using Poisson statistics one obtains the 
error dS in S, which corresponds to the relative error in ne when PL = 0, explicitly, 
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The signal ratio of TS and PL even exceeds a factor 3.5 (see figure 6.11), which implies, 
that the plasma light background contributes less than 30% to the observational error in 
ne. In several shots, the Te and ne profiles have been measured with a spatial resolution of 
7.5 mm, and with a relative error of 8 % and 4 %, respectively.  
 In figure 6.12, a sequence of 13 temperature and density profiles with a time 
separation of 200 µs is shown for the TEXTOR plasma with DED induced tearing mode 
islands. The dynamics of the rotating magnetic islands is clearly visible, thanks to the high 
spatial resolution of the system, which can resolve the flat electron temperature and the 
peaked density inside the island structures. The temperature and density are reliable 
within the observational error of 8% and 4% respectively (as expected). 
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Figure 6.10: During a burst of pulses, the density calibration factor (ncfactor) is shown (for the data 
shown in figure 6.12).  It is obtained by comparing the line averaged Thomson density (red circles) 
to that of the FIR-interferometer (blue circles), which are in good agreement. 
 

 
 

 
Figure 6.11: Measured ratio of TS/plasma light as a function of pulse number calculated for the 
pulse train shown in figure 6.12. 
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Figure 6.12: A sequence of 13 temperature and density profiles (during a single burst) are shown 
measured with the MPTS system at TEXTOR. The dynamics of rotating m/n = 2/1 magnetic islands 
is clearly seen in the sequence both of temperature and density profiles, respectively. The islands are 
located between two adjacent dashed vertical lines.  

 
Table 6.1: Main parameters of the MPTS system at TEXTOR 

 
Symbol Description   Value Unit 

E Laser pulse energy   15 J 
hν Photon energy   2.86×10-19 J 

Ω Solid angle   1.88×10-3  sr 

∆L Scattering length  (3 pixels on CMOS chip)   6×10-3  m 

σT Thomson scattering cross-section   7.94×10-30  m2 

τoverall Overall transmission    15 % 

ηintensifier Effective quantum efficiency  
(QE = 50%, noise figure = 1.35) 

  27 % 

ηslit Transmission through spectrometer slit   90 % 
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6.5  Summary 
 
A high-resolution 10 kHz Thomson scattering system has been installed at TEXTOR for 
the simultaneous measurement of electron temperature and density profiles in the plasma 
core and/or the edge regions. In the initial phase of operation, the intracavity ruby laser 
has given about 20 pulses in a single burst with an energy ≥ 10 J per pulse (fired at a 
repetition rate of 5 kHz). Hitherto only one CMOS camera has been deployed for 
recording the spectra of the scattered and plasma light. The expected values of the 
statistical observational errors, ~ 8% in Te and 4% in ne (for 50 eV < Te < 2 keV, at ne ~ 
2.5×1019 m-3), have been achieved during many successful measurements of full chord 
profiles. The measured profiles with MPTS have clearly demonstrated the potential of the 
diagnostic for studying the dynamics of magnetic island structures. The edge observation 
system will soon come in operation and profile measurements with similar error bars (for 
5 eV < Te < 500 eV, at ne ~ 1.0×1019 m-3) are expected. This system will be extensively 
utilised for studying electron dynamics in the boundary plasma during dynamic ergodic 
divertor experiments. The main physics results obtained up to now with the core system 
are discussed in the following two chapters. 
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Chapter 7 
 
Island dynamics in the TEXTOR plasma 

 
The high-resolution, multi-pulse Thomson scattering system has been utilized to 
investigate the dynamics and topology of m/n = 2/1 MHD islands that are induced by the 
dynamic ergodic divertor in TEXTOR plasmas. Owing to the high laser energy capability 
of the Thomson diagnostic, accurate electron temperature profiles inside stationary 
islands have been measured. The evolution of temperature and density distributions inside 
rotating m/n = 2/1 islands is observed by making repetitive profile measurements with 
high time resolution. A strong suppression of islands has been observed by applying local 
electron cyclotron resonance heating precisely in the island. We have obtained scaling of 
the island width with power deposition location, gyroton power, and plasma density from 
the Thomson measurements. Our observations of the island width and temperature 
peaking are compared with those of the electron cyclotron emission diagnostics. 

 
7.1 Introduction 
 
The spontaneous onset of magnetic islands in the tokamak plasma leads to an increased 
heat and particle transport, and subsequently degrades the energy confinement. Even a 
complete loss of plasma can occur when the islands grow too large [1-3].  Some of the 
factors responsible for the generation of magnetic islands in the plasma are imperfections 
of the confining magnetic fields, magneto-hydrodynamic (MHD) instabilities, radiation 
losses and/or turbulence. Often classical tearing modes, which are driven by the current 
gradient in plasmas, cause a breaking-up of the nested magnetic flux surfaces, and thereby 
lead to formation of magnetic islands [1, 4]. Recently, on several tokamaks, the onset of 
neo-classical tearing modes (NTMs) has been found in stable conditions for classical 
tearing modes [5, 6]. The NTM instability that leads to large islands at low order rational 
surfaces e.g. m/n = 3/2, 2/1, 4/3 et ceteras, where m is the toroidal mode number and n is 
the poloidal mode number, is destabilised when the bootstrap current is reduced at the 
rational surface due to a local decrease of the pressure gradients in a small seed-island. 
Due to the lower excitation threshold, NTMs appear before the ideal MHD limit of plasma 
pressure is reached. Therefore, NTMs may limit the maximum value of β that can be 
achieved in a tokamak reactor [6]. In this context, a good understanding, and to obtain 
efficient means of controlling (by suppression and/or avoidance) of the tearing modes, are 
important issues for sustaining long-pulse high-β plasmas in present and future tokamak 
devices like ITER. It is proposed that the magnetic islands in the tokamak plasma can be 
suppressed by applying a local current drive that compensates the loss of current 
(bootstrap current in case of NTMs) in the islands. Electron cyclotron resonance heating 
(ECRH) and/or current drive (ECCD) are promising suppression tools, since they can be 
applied locally in a narrow plasma region [7]. At TEXTOR, the suppression of magnetic 
islands by the ECRH/ ECCD is one of the major research topics. 
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 The detection of the island structures in the magnetic topology is a major 
challenge, in particular because high resolution in both space (few percent of the minor 
radius) and time (< ms) is required. The fact that the magnetic structures become apparent 
through the associated modifications in temperature or pressure has triggered us to 
develop a high-resolution Thomson scattering system with the unique feature that multiple 
pulses can be measured up to 10 kHz sampling rate. This allows us to follow the dynamics 
of the temperature and pressure profiles within the islands [8]. It should be recalled that 
the Thomson scattering is the only diagnostics which can simultaneously measure 
temperature and density distributions inside the magnetic islands. The dynamic aspect of 
the MPTS system enables the study of fast varying plasma phenomena. However, for 
investigating non- or slowly varying phenomena, Thomson scattering spectra from several 
pulses can be added, thereby yielding profiles of exceptionally good quality.  
 For the study of island properties and for the methods proposed for mode control, 
two more essential tools are available at TEXTOR, which are utilised in our experiments. 
Externally well controllable magnetic islands in terms of location, phase and frequency, 
can be excited in the plasma by the dynamic ergodic divertor (DED) [9]. The unique 
feature of the DED is the capability to apply stationary or rotating magnetic field 
perturbations of up to 10 kHz. An operational high power (0.8 MW) gyrotron with a 
steerable mirror provides the possibility of radially varying the ECRH deposition location 
at a constant toroidal field, or to perform a current drive scan in co- and counter-
directions, respectively [10]. 
 This chapter presents the first measurements of high-resolution Thomson profiles 
inside both stationary and rotating magnetic islands induced by the DED. Accurate 
temperature profiles measured in stationary islands are given in section 7.3.1. The 
dynamics of the temperature, density and pressure profiles measured in rotating islands is 
presented in section 7.3.2. The behaviour of m/n = 2/1 islands in the presence of strong 
ECR heating is described in section 7.4. A summary and the conclusions are given in 
section 7.5. 
 
 
7.2 Experimental conditions 
 
For the purpose of our investigations, the magnetic islands are generated in the TEXTOR 
by the external magnetic field perturbations from the DED (see section 3.4 of Chapter 2). 
The field perturbation in the m/n = 3/1 configuration penetrates deep into the plasma. In 
this mode of operation also a strong sideband at m/n = 2/1 is present. When the current in 
the DED coils reaches a certain threshold value about 0.8 kA, excitation of large m/n = 
2/1 magnetic islands occurs in the plasma [11].  The results presented in this chapter are 
obtained with m/n = 2/1 islands induced by the m/n = 3/1 mode of DED operation.  
 In our experiments, in order to suppress the DED islands, ECRH waves of 140 
GHz at 800 kW are injected perpendicularly to the toroidal magnetic field from the LFS. 
Ray tracing calculations have demonstrated that the full power can be deposited within a 
narrow region of about 5% of the minor radius [10]. We have carried out a radial scan of 
the power deposition location at a constant magnetic field of 2.5 T across the q = 2 
surface, using a precision steering mirror that is vertically tilted on shot-to-shot basis. 
 The islands are diagnosed aside from other diagnostics by the 10 kHz burst-mode 
operated TV Thomson scattering system. The multi-pulse Thomson scattering (MPTS) 
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system is designed to generate up to four bursts of 40 laser pulses at 10 kHz repetition rate 
(see Chapter 6). However, during the first half year of operation, including the present 
measurements, only one burst of up to 20 pulses at 5 kHz repetition rate has been utilised 
for plasma physics studies. Rayleigh scattering calibrations have been performed to obtain 
absolute density profiles. The MPTS system yields the local evolution of the electron 
temperature and density in the plasma with a relatively fast time resolution. To study fast 
variations in the electron temperature, an 11-channel heterodyne radiometer and the 2-D 
imaging system (time resolution > 100 kHz) for observation of electron cyclotron 
emission (ECE) are employed. For the fast measurements of electron density a 9-channel 
HCN interferometer is employed. An overview of all TEXTOR diagnostics can be found 
in a recent review paper [12].  
 The time evolution of the characteristic parameters of a discharge with a rotating 
DED magnetic field perturbation and applied ECRH power is shown in figure 7.1. When 
the plasma current (= 300 kA), the electron density (= 1.5×1019 m-3), and the electron 
temperature (about 1.2 keV) reach stationary values, a sinusoidal current in the DED coils 
was ramped up at a rate of nearly 1 kA/s up to the maximum value of 2 kA. The current is 
then kept constant for one and a half second from 1.5 to 3.0 s. The DED current was 
oscillating at +1 kHz. Therefore, the generated helical magnetic field perturbations were 
rotating with a frequency of 1 kHz in the direction of the plasma current. In the flat-top of 
the DED current, the ECRH was switched on for 700 ms from 2.2 - 2.9 s. Three 
distinguished phases are evident from figure 7.1. In the first phase, the increase in the 
DED coil current does not show noticeable changes in the plasma temperature, density 
and confinement. The second phase follows with a drop in the central electron 
temperature. The onset of an m/n = 2/1 tearing mode occurs once the current in every 
DED coils exceeds a critical value of 1.2 kA (in the present experiment) that is 
corresponding to a magnetic field perturbation of 1.4×10-3 T at the q = 2 surface [10].  

 
Figure 7.1: Typical discharge scenario of one of our experiments for generating m/n = 2/1 magnetic 
islands in the plasma using DED perturbation fields (grey, kA), and for suppressing them by 
applying ECRH in the island. Shown are the magnetic field, BT  (black, T), plasma current, IP (blue, 
105 A), the line-averaged density, <ne> (green, 1019 m-3), the central electron temperature, Te(0) 
(red, keV), the ECRH power, PECRH  (cyan, MW), and the NBI power, PNBI  (maroon, MW) for a 
TEXTOR discharge.  
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In the third phase, an increase of the electron temperature can be seen after applying 
ECRH in the island. The variations of the line-averaged density are due to the finite 
response time of the density-feedback control system. In every discharge, a small heating 
neutral beam of 300 kW is injected during 1 - 5 s, in order to be able to measure the effect 
of the mode onset on the toroidal plasma rotation, and the ion temperature profile from 
charge exchange recombination spectroscopy (CXRS). 
 In our experiments with a static DED field, the temporal evolution of the 
discharge is similar to the one shown in figure 7.1. The main difference is that the DED 
coils have been supplied with a DC current to produce a stationary magnetic field 
perturbation. Once excited, the island in this case does not move relative to the plasma 
vessel. 
 
 
7.3     Results and discussion 
 
7.3.1 Profile inside stationary islands1 
 
The first measurements of MPTS at TEXTOR are focused on investigating the Te profiles 
inside m/n = 2/1 magnetic islands during a static operation of the DED in the m/n = 3/1 
mode. The experiments are performed at a toroidal magnetic field, BT  = 2.25 T, plasma 
current, IP = 300 kA, DED current, IDED = 2.0 kA, and line-averaged density, <ne(0)>  =  
2.0×1019 m-3. In our measurements, only the relative currents in the external DED coils are 
varied leading to different stationary positions of the island location respectively about 
90° apart. For an experiment reported in this sub-section, the length of the pulse train of 
the ruby laser was limited due to thermal lensing effects in the ruby laser rod (which at the 
time of the experiment had a high Cr-doping). A single burst of 14 laser pulses fired at a 
rate of 5 kHz, and with a pulse energy varying between 15 and 5 J, has been applied. 
 The electron temperature profiles through different phases of an m/n = 2/1 
magnetic island measured in two different static DED shots are shown in figure 7.2(a) and 
7.2(b). The large magnetic island positioned ± 28 cm w.r.t the mid-plane has a width of 
about 8 cm. It is clearly observed in both shots through the presence of the flat regions as 
marked by the green lines drawn underneath. The observed island width is about the same 
as that of the calculated vacuum island, i.e. 6.4 cm at the mode onset. The small error bars 
of only a few percent have been achieved by binning over nine consecutive spectra, 
resulting in very accurate profiles that can only be detected with a laser pulse energy of 
about 100 J. The temperature profile perturbation by the island is asymmetric. This 
observation has been attributed to the fact that Thomson scattering measurements are 
performed along a chord that is not passing through the magnetic centre (see also Chapter 
5). Figure 7.3 shows schematically the Thomson scattering chord in the poloidal cross-
section of the TEXTOR plasma. The laser beam (indicated by the red line) passes nine 
centimetres away towards the LFS from the geometric centre.  
 The right wing of the temperature profile in figure 7.2(a) is through the X-point 
whereas the left wing is through the O-point. In figure 7.2(b) it is the other way around. 

                                                 
1 This section is extracted  from a conference contribution entitled “Investigation of DED generated MHD 
islands in the TEXTOR plasma with 10 kHz Thomson scattering system” of S.K.Varshney et al., ECA-28 G 
(2004) P-1.127 [15] 
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The position of the islands observed with Thomson scattering is consistent with the 
settings of the electrical currents through the DED coils. On both temperature profiles, the 
temperature is rather flat in the region of the O-point. This observation is in line with the 
earlier measurements made for natural m/n = 2/1 islands in TEXTOR, where indications 
of temperature flatting in the island were found with the ECE diagnostic [14]. For the 
measurements shown in this sub-section, the MPTS system was not yet absolutely 
calibrated by Rayleigh scattering. Therefore, the density profiles for these shots are not 
presented here.  
 

(a) (b) 

Figure 7.2: (a, b) Temperature profiles through different phases of a stationary m/n = 2/1 magnetic 
island, measured in two different static DED shots. The island structures positioned near ± 28 cm, 
with a width of about 8 cm (depicted by the green lines) are clearly seen in both shots. The profile 
perturbation by the islands is found to be asymmetric. The positions of the static islands are 
consistent with electrical currents in the DED coils. 
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Figure 7.3: Schematic showing the orientation 
of the Thomson scattering chord in the poloidal 
cross-section of the TEXTOR plasma. The laser 
beam (red line) passes at a distance of 9 cm 
from the geometric centre. A large m/n = 2/1 
island with its X-point in the line of the beam is 
also depicted (figure 7.2 a). 
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The island measurements with MPTS clearly show the advantage of the high 
spatial resolution, and the high laser energy. Other temperature diagnostics, e.g. ECE 
radiometers at TEXTOR, could be employed for this purpose. However due to their 
limited spatial resolution (only very few observation points in the island), only a rough 
indication of the temperature distribution in the island can be obtained. An accurate 
determination of the width of islands is not feasible from the ECE radiometers data. Only 
the ECE-I system at TEXTOR has a similar number of channels in the island as the MPTS 
system. However, since the ECE-I can not be absolutely calibrated (at least in its present 
setup), it is not suitable to diagnose the temperature profile inside stationary islands. 
Nevertheless, as will be shown in the following sub-section, rotating islands can be 
diagnosed by ECE-I from the fluctuations of the EC emission. 
 
 
7.3.2 Profile dynamics of rotating islands 
 
We have performed multi-pulse Thomson scattering measurements at TEXTOR for the 
case of rotating islands, in order to explore island properties in detail. Using the dynamic 
magnetic field perturbation of DED, large m/n = 2/1 islands rotating at known frequency 
(1 kHz) are generated in the plasma. The Thomson profiles through the different phases of 
the rotating islands are measured by using a single burst of 15 laser pulses. The laser 
pulses have an average energy between 10 - 15 J, and are fired at a rate of 5 kHz. In this 
way, five profiles are obtained during one rotation period of the island. Two full rotation 
cycles of the island have been covered during one measurement. For the observations 
presented in this section, the MPTS system has been absolutely calibrated by means of 
Rayleigh scattering, which has allowed us also to diagnose the density, and hence, the 
pressure profiles. In figure 7.4, the dynamics of rotating m/n = 2/1 magnetic islands is 
shown by the contour plots of (a) the electron density, (b) the electron temperature, and 
(c) the pressure profiles of MPTS measured at 2.5 seconds in the steady-state phase after 
the ECRH switch-on (third phase as in figure 7.1). The approximate location of the q = 2 
surface is indicated by the dotted horizontal lines in figure 7.1, whereas the dashed 
vertical lines indicate the time of Thomson measurements. For the shot presented here, the 
NBI was switched off.  
 The rotating islands are clearly visible in the density contours, where a persistent 
peaking of the density up to about 20% occurs at the O-point of the islands. The peaking 
of density indicates that the confinement of particles within the island is stronger then in 
the surrounding plasma [2]. The size of islands, w, is determined from the contours plot of 
density with an accuracy of about 1 cm. Here, we note that the real size of the island can 
be smaller than w, due to the radial offset of the Thomson chord.  
 The saturated island is located at ± 28 cm, and it has a size of about 10 cm. The 
observations on the flattening of the temperature at the O-point of the island are analogues 
to those discussed above for islands induced by static DED operation [15]. The 
asymmetry of the island structures as seen on the contours is due to the same fact that the 
measuring chord does not coincide with the centre of the q = 2 surface (see sub-section 
7.3.1).   
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7.4  Effects of ECR heating on islands 
 
The results on island suppression at TEXTOR have been obtained during a vertical ECRH 
deposition scan using the steerable launcher mirror. The scans were performed at three 
target plasma densities of 1.5×, 2.2×, 2.8×1019 m-3, and two gyrotron power levels of 200 
and 800 kW. In our data, the most prominent effect of ECRH is seen for the plasma of the 
density of 1.5×1019 m-3, by depositing the full 800 kW of gyrotron power continuously at 
the island location. This corresponds to a mirror elevation angle of 90. Figure 7.5 includes 
the contour plots of (a) the electron density, (b) the electron temperature, and (c) the 
pressure measured by MPTS at 2.5 s, i.e. 300 ms after the ECRH switch-on. At this time 
of the experiment no further evolution of the islands or of other plasma parameters are 
observed, so this phase is regarded as a steady-state phase. The approximate location of 
the q = 2 surface is indicated by dotted horizontal lines. Dashed vertical lines indicate the 
times of Thomson profile measurements. Using ECRH, neither a peaking of the density, 
nor a flattening of the temperature profiles within the O-point of the island is observed. 
The island appears to have disappeared, due to the application of ECRH. 
 In Figure 7.6, the effectiveness of ECRH to suppress large islands is shown in 
case of high density plasma 2.8×1019 m-3. Even for a deposition exactly in the island i.e. at 
90 elevation, the island is still clearly visible through the electron density, with a size 
comparable to the case without ECRH, i.e. 8 - 10 cm. 
 In the DED induced island, the electron temperature is usually, almost 
completely flat without the application of ECRH. However, when ECRH is deposited in 
the island, a pronounced secondary maximum of the electron temperature is seen. An 
illustrative example of this, as measured with MPTS at 2.8×1019 m-3, is shown in figure 
7.7. Here, a temperature peaking of about 10% in the O-point of the island is observed. 
This temperature peaking is only seen during the first ten ms after ECRH has been 
switched on.   
 The MPTS data for the scaling of the island widths obtained from the different 
scans of ECRH deposition location, gyrotron power and plasma density are summarised in 
figure 7.8. From this figure, one can find the optimum conditions and ECRH power level 
required to suppress the islands in the tokamak plasma. Figure 7.8(a) depicted the changes 
in the island width when the location of the ECRH power deposition is varied from inside 
to outside of the q = 2 surface. The gyrotron power and the target plasma density are 
indicated in the figure. The strongest suppression is seen in the plasma for a line-averaged 
density, <ne> = 1.5×1019 m-3, and for depositing the full 800 kW gyrotron power at the 
position of the island i.e. with an elevation angle 90. Figure 7.8(b) shows the variations in 
the island width with the gyrotron power at two ECRH deposition locations. As expected, 
the highest power has the biggest effect on the suppression, but only when the power is 
deposited in the island. Outside deposition, it might even be counter-productive. The 
density dependence of supression is plotted in figure 7.8(c). Unfortunately, we do not 
have a complete set of data for the density dependence of depositing ECRH at the optimal 
location i.e. in the island. Only data for deposition at 130 (ρ = 0.7) are available, which is 
almost at the edge of the island. Therefore, no conclusion can be drawn from figure 7.8(c) 
about the optimal island supression rate.    
 Similar observations on the behaviour of temperature profile in the island have 
been reported by the ECE-imaging (ECE-I) system at TEXTOR [16]. Figure 7.9 shows a 
frame from the movie generated from the ECE-I measurements in the same DED islands. 
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In order to visualize the rotating islands in the poloidal cross-section, the ECE-I data have 
been rotationally transformed along the poloidal direction, on assuming that the plasma 
has the form of a rigid rotator.  
 From the ECE-I data, the evolution of the temperature in the island as well as the 
development of the island width have been obtained. The results show a fast rise of Te 
during 10 ms immediately after ECRH switch on, leading to a Te peaking in the island of 
about 25%. Subsequently, on a longer range about 50 ms, the island width decreases to 
about half of its original value for deposition in the island, and the temperature peaking 
decreases slightly.  The reduced width is explained by the reduced resistivity following 
the enhanced Te after switch-on. The consequent increase of plasma current in the island 
reduces the island width. Comparing the ECE-I results with MPTS, the following 
differences are noted, 
 
1) MPTS finds only a 10% Te peaking in the island 
2) The island width as determined from MPTS is larger then ECE-I, up to 10 cm 
3) MPTS shows an even more pronounced density peaking (ECE-I can not measure ne) 
 
The first difference in the Te peaking can possibly be attributed to the fact that ECE-I 
measurements are affected by the presence of a non-thermal population of electrons, when 
ECRH is injected. With regard to the island width, one has to take into account that ECE-I 
measures directly the radial width of the island, whereas using MPTS one obtains a 
vertical projection of the island width. This explains the 20% differences in the island 
width from both diagnostics. Finally, another restriction of the ECE-I diagnostic is the 
limited radial coverage of about 8 cm. As soon as the island gets larger in dimension than 
8 cm, the determination of its width becomes problematic. For the data shown in figure 
7.9, the island width was close to 8 cm.  
 A complete set of experiments on the suppression of islands by ECRH and 
ECCD has been performed previously on TEXTOR [17]. The interpretation of 
suppression rate was made on the basis of the fluctuation level of a single ECE channel 
close to the island position. The results here provided a quick overview of the optimal 
location for the deposition, or the different effects of the ECCD, but here not allowed to 
unravel the island evolution fully. The shortcomings are partly due to the apparent 
fluctuation amplitude, which has been found to be affected by the temperature gradient, 
and to the fact that for smaller islands the ECE channel might be outside the island, 
leading to imprecise conclusions. For the present study ECE-I is better suitable than to a 
single ECE channel, since it has a larger radial coverage with more channels in the region 
around the island. 
 In summary, the big advantage of ECE-I is that it covers a longer period of island 
evolution, and at a fast sampling rate of 100 kHz, whereas MPTS provides, in addition to 
Te also accurate information on the electron density, thus, the electron pressure. A 
valuable feature of MPTS is that the island detection is totally independent of the island 
size and its location in the plasma. 
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(a) 

 

(b) 

 

(c) 

 
Figure 7.4:  Dynamics of a rotating m/n = 2/1 magnetic island made visible by the contour plots of 
(a) the electron density, (b) the electron temperature, and (c) the pressure profiles measured with 
high-resolution multi-pulse Thomson scattering system at TEXTOR. The peaking of density and 
flattening of temperature within the O-point of the island is evident. The horizontal lines indicate the 
location of the q = 2 surface. The vertical lines indicate time points of profile measurement. 
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 (a) 

 

(b) 

 

(c) 

 
Figure 7.5: A strong suppression of large m/n = 2/1 islands by applying ECRH precisely in the 
island is seen from the contour plots of (a) the electron density, (b) the electron temperature, and (c) 
the pressure (c). Neither peaking of density nor flattening of temperature or pressure within the O-
point of the island is observed. The location of the q = 2 surface is indicated by horizontal lines. The 
vertical lines indicate time points of Thomson profile measurement. 
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Figure 7.6: Contour plot of the electron density. The effectiveness of ECRH to suppress large 
islands in the case of a high-density plasma is far less than at lower density. Even for deposition 
within the island, as is shown here, no suppression of the island is observed.   

 
 
 

 

Figure 7.7: Peaking of the electron temperature within the O-point of the island measured by multi-
pulse Thomson scattering. The pronounced temperature peaking is only observed in the phase 10 ms 
after ECRH has been switched on.  In other phases a flattening of temperature profile in the region 
of O-points is observed. 

O O X 
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(a) (b) 

 

(c) 

 

Figure 7.8: The results of different scans such as ECRH deposition radius, gyrotron power and 
plasma density obtained with the MPTS system at TEXTOR, 
(a) The changes in the island width by varying the location of the ECRH power deposition from 
inside to outside the q = 2 surface. The used gyrotron power and the target plasma density are 
indicated in the plot. The strongest suppression is seen in the plasma with <ne>  =  1.5×1019 m-3

 by 
depositing 800 kW of ECRH power at the q  =  2 surface (i.e. elevation angle 90),  
(b) The variations in the island width by varying the gyrotron power (as obtained at two ECRH 
deposition locations). The stronger reduction when ECRH is deposited inside the q = 2 surface is 
evident, and  
(c) Variation of the island width with plasma densities for a deposition at ρ = 0.7, that is outside of 
the q = 2 surface.  
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Figure 7.9: A frame of the movie created from the ECE imaging measurements at TEXTOR. Using 
rotational tomography, an image of a m/n = 2/1 rotating island in the poloidal cross-section is 
obtained. In the O-point of island, the ECE-I has observed a peaked electron temperature up to 25% 
on a time scale of 10 ms. 
 
 

7.5  Summary and Conclusion  
 
We have carried out high-resolution, multi-pulse Thomson scattering (MPTS) profile 
measurements at TEXTOR. These measurements provide the topology and the dynamics 
of large m/n = 2/1 magnetic islands. In our experiments, the highly reproducible static or 
rotating islands were induced in the plasma by magnetic field perturbations of the 
dynamic ergodic divertor. The Te profile measurements with the MPTS system clearly 
exhibit large islands with saturated widths of about 10 cm located at z = 28 cm in the 
plasma. An almost complete flattening of the Te profile within the O-point of the islands 
has been observed.  
 Owing to the multi-pulse detection capability of the MPTS system, contour plots 
of electron temperature, density and pressure are obtained, which display the dynamics of 
the respective profile inside the islands. A density peaking up to 20%, and an almost 
complete flattening of temperature profiles within the O-point of rotating islands have 
been observed. A temperature peaking of about 10% is only found with ECRH in the 
initial heating phase. A similar observation of temperature peaking has been made using 
ECE-I system at TEXTOR.  
 From our Thomson measurements, the data have been obtained: a scaling of the 
island width with ECRH power deposition location, gyrotron power and plasma density. 
We observe a strong suppression of large m/n = 2/1 islands when the full 800 kW ECRH 
power is applied precisely at the island location i.e. at the q = 2 surface (for a plasma 
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density of 1.5×1019 m-3). At higher plasma density, the ECRH of 800 kW for island 
suppression is found to be less effective.  
 In conclusion, the complementary data sets obtained from MPTS and ECE-I 
allow for an accurate imaging of the DED induced tearing mode islands in TEXTOR. In 
this way, the modelling of the island evolution and a comparison with the MHD models 
has become possible.  
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Chapter 8 
 

Transient transport processes in ECRH heated 
TEXTOR plasmas1   
 
 
The 10 kHz Thomson scattering system has been deployed to follow the evolution of the Te 
and ne profiles with high spatial resolution during both switch-on and switch-off phases of 
ECRH heated TEXTOR discharges. During application of off-axis ECRH, the measured 
Te profiles exhibit a pronounced hollow shape in the centre. The value of Te in the plasma 
core stays constant for some time after switch-off of the off-axis ECRH. Transport 
calculations, with the ASTRA code in steady-state after switch-on, clearly show enhanced 
power losses from electrons to the ions inside the deposition radius. Neo-classical 
calculations of the current diffusion after switch-off of the off-axis ECRH, confirm the 
presence of a reduced magnetic shear region outside the q = 1 surface at the end of the 
ECRH pulse. This observation is consistent with the formation of a transient internal 
transport barrier. 
 
 
8.1    Introduction 
 
In tokamaks, two very interesting phenomena have been observed when electron 
cyclotron resonance heating (ECRH) is applied to the plasma.  During application of 
strong off-axis ECRH power in the late Rijnhuizen Tokamak Project (RTP), hollow 
electron temperature, Te, profiles were observed [2]. It was found that a region of negative 
magnetic shear forms inside the deposition zone. The effective electron thermal diffusivity 
is close to the neo-classical level in high density plasmas, whereas for medium densities 
the diffusivity is lower and may even become negative. The later is an indication of a 
positive contribution from the off-diagonal terms in the transport matrix. The underlying 
physics of the hollow profiles in RTP was not fully understood. However, a tentative 
explanation was suggested in terms of enhanced electron-ion coupling. This has not been 
confirmed because of the absence of good ion temperature, Ti, diagnostics at RTP. 
Another interesting observation was made recently, first at the T-10 tokamak [3, 4] and 
later at TEXTOR [4, 5], that the central Te remains constant for a time period, which can 
be as long as several tens of milliseconds, after switching-off the off-axis ECRH. This 
phenomenon of a delayed central Te decay associated with off-axis ECRH switch-off at  
T-10 was found to be critically dependent on the local magnetic shear in the vicinity of the 
q  = 1 rational surface, i.e., at the location of the ECRH deposition. The T-10 results led to 
the hypothesis that the observed low magnetic shear, appearing immediately after switch-
off, may lead to the formation of an internal transport barrier (ITB) in the region outside 
the q  =  1 magnetic surface. 

                                                 
This chapter is an extended version of a conference contribution entitled “Transient transport processes in 
TEXTOR studied by multi-pulse Thomson scattering”, S.K. Varshney et al., LAPD-11 (2005) [1] 
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 Actively controlled ITBs have been foreseen for efficient operation of the next 
step fusion devices like ITER [6]. A possible tool for inducing ITBs in the plasma and/or 
for manipulating them externally is EC heating/current drive, which can be applied in a 
narrow plasma region. Therefore, it is important to study the underlying physical 
processes observed both in the switch-on and switch-off phases of ECRH. The 
understanding of the processes may also shed some light on the underlying mechanisms of 
the formation and existence of the ITBs in tokamaks [7, 8]. The recent installation of a 
high power (800 kW) gyrotron for the ECRH system and upgrades made to the various 
core diagnostic systems have made the TEXTOR tokamak a suitable device for 
investigating the transient transport processes in the plasma.  We have carried out a high 
resolution Te scan with Thomson scattering in both the switch-on and switch-off phases of 
the ECRH. 
 In this chapter, the evolution of the Thomson scattering temperature profiles in 
off-axis ECRH heated TEXTOR plasmas is discussed. In the switch-on phase of the 
ECRH, the electron temperature profiles are hollow and exhibit pronounced ‘ears’ (see 
section 8.3.1). In the switch-off phase, the temperature evolution shows a delay in the 
drop of the central temperature (see section 8.3.2). We have compared our measurements 
in detail with calculations performed with the ASTRA transport code in order to 
understand the underlying physics of these hollow profiles and the delayed central 
temperature decrease. This comparison is presented in section 8.4. Finally, conclusions 
are drawn and suggestions for future work are given in section 8.5. 
 
 
8.2    Experimental conditions 
 
Our experiments on the hollow Te profile and the delay in the central Te decay are carried 
out using a toroidal magnetic field of strength BT  = 2.34 T and a plasma current of IP = 
350 kA. A gyrotron (140 GHz, 800 kW, 3 s) is powering the 2nd harmonic, X-mode 
ECRH system at TEXTOR [9]. The ECRH waves are launched from the LFS 
perpendicular to the toroidal magnetic field. The off-axis ECRH system is switched on 
into a stationary Ohmic plasma for 1 s duration in order to study the hollow Te profile 
phenomenon. To study the transient switch-off phenomenon, the ECRH system is 
switched on in shorter pulses, typically of 50 ms duration. The cold resonance is located at 
ρdep = 0.3 outside the q = 1 surface at the HFS. In the later part of each discharge, a small 
low power (300 kW) neutral heating beam is injected in order to be able to infer Ti via 
charge exchange recombination spectroscopy. A typical discharge scenario for the study 
of the hollow profiles is given in figure 8.1(a) whereas the scenario for the study of the 
transient switch-off phenomena is shown in figure 8.1(b).  
 The multi-pulse TV Thomson scattering system is the main diagnostic tool used 
for high resolution electron temperature profile measurements [10,11]. For the 
experiments, the MPTS system is operated in a single burst mode with 12 laser pulses at a 
repetition rate of 5 kHz. The system is ideally suited to study the local evolution of Te and 
ne with a relatively fast time resolution. The events that are described in this chapter are 
evolving on a relatively slow time scale of the order of tens of milliseconds, and are well 
reproducible in the TEXTOR discharges.  
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(a) (b) 

Figure 8.1: Typical discharge scenarios of the experiments: (a) for the study of hollow electron 
temperature profiles, (b) for the study of transient ECRH switch-off phenomena, respectively. 
Shown are BT (black, T), IP (blue, 105 A), <ne>  (green, 1019 m-3), Te(0) (red, keV), PECRH (cyan, 
MW) and PNBI (maroon, MW) for TEXTOR discharges 98213 and 97237, respectively. 
 
  
It is, therefore, possible to sum Thomson spectra from about 12 laser pulses with a per- 
pulse-energy EL ≈ 15 J, generated in a single burst of 2.4 ms duration. This technique 
obtains an extremely high accuracy in the Te measurement. Since the MPTS system at the 
time of the experiments was not absolutely calibrated and, moreover, since the alignment 
through the plasma was not adequate, the measured ne profiles are not useable. Among the 
other major diagnostics assisting the profile measurements and physics interpretations are 
an 11-channel heterodyne radiometer for the observation of electron cyclotron emission to 
study fast variations in electron temperature, a 9-channel HCN interferometer for the 
plasma density, and a charge exchange recombination spectroscopy (CXRS) system. 
These diagnostics along with their measuring capabilities are described elsewhere [12]. 
 
 
8.3    Experimental results 
 
8.3.1    Hollow temperature profiles 
 
In the TEXTOR plasmas, it is observed that when off-axis ECRH is switched-on, the high 
resolution Te profiles measured by Thomson scattering show a pronounced hollow 
temperature region in the plasma centre. An illustrative example of a hollow temperature 
profile at TEXTOR, measured 45 ms after switch-on, is shown in figure 8.2. The figure 
reveals that in the central part of the plasma, the temperature profile is flat with a value of 
about 1.5 keV. However, in the vicinity of the power deposition location, ρdep, (marked by 
red vertical lines at z = ± 140 mm) pronounced symmetric ‘ears’ are present with peaked 
temperatures up to 1.7 keV. Such hollow temperature profiles have not been observed 
before at TEXTOR, but are similar to the hollow profiles measured at RTP [2]. 
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 (a) 

 

(b) 

 
Figure 8.2: (a) Hollow electron temperature profile in TEXTOR at 45 ms after switch-on of the off-
axis ECRH. The red bars indicate the ECRH deposition location. The black profile is measured after 
adding 300 kW NBI into a discharge that is similar but does not show hollowness in the centre. For 
comparison, an Ohmic profile (blue) is also shown. In (b), the same profiles are plotted now versus 
the normalised minor radius ρ. The gap in the profile centre is due to the fact that the Thomson laser 
is 9 cm off-centre with respect to the geometric axis. 

# 97223 
# 97239 
# 97222 
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In order to verify the proposed explanation, deduced from RTP measurements, concerning 
the hollowness of the Te profile, we have performed a detailed Te scan during off-axis 
ECRH. High resolution MPTS profiles have been measured at different times in the 
switch-on phase. The gyrotron was switched on during 2 to 3 s in a standard TEXTOR 
discharge with toroidal field BT  =  2.34 T, plasma current, Ip  =  350 kA, and line-
averaged density, <ne> =  2.5 ×1019 m-3. The MPTS laser is triggered at 0, 5, 10, 15, 20, 
30, 50, and 100 ms with respect to the switch-on of the ECRH system. The development 
of the ‘ears’ is shown in figure 8.3 by a contour plot of the measured Te profiles during the 
scan. The white vertical dashed lines indicate the times of the Thomson profile 
measurements. The profiles are fitted after summing all the Thomson spectra in each 
burst, thus leading to very small error bars of a few percent only. Our measurements show 
that the Te profile inside the ECRH deposition radius remains flat until 15 ms after switch-
on before the ‘ears’ start to develop. After about 100 ms, the Te profile becomes again flat 
in the centre at a higher temperature of about 1.9 keV. The transport calculations reveal 
the underlying mechanism for the hollow temperature profile, and are explained in  
section 8.4.   
 

 
Figure 8.3: Electron temperature profile evolution during the ECRH switch-on phase at TEXTOR 
showing the development of ‘ears’ in the temperature profile. White vertical lines mark the time 
points of the Thomson measurement. 
 
 
8.3.2    Transient transport barrier 
 
During earlier ECRH experiments with a high-power gyrotron at T-10, it was observed 
that the core Te value remains constant for some time after the off-axis ECRH switch-off 
[4]. This Te delay was observed for up to 20 ms, which is equivalent to about three times 
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the energy confinement time. As an explanation for the observed phenomenon, it has been 
proposed that an internal transport barrier is formed transiently in the vicinity of the 
ECRH deposition radius [5]. To understand this effect, a detailed study was performed at 
T-10 by varying the ECRH parameters: power level, pulse duration and deposition 
location. The experimental findings at T-10 showed that the delayed decay of the central 
Te is strongly related to the deposition location. Moreover, the effect is pronounced only 
when the ECRH power and pulse length are within certain windows. It was concluded that 
a necessary condition for such an internal transport barrier to occur is a low value of the 
magnetic shear, s = (ρ/q)(dq/dρ), near a rational q-surface [5]. The precise conditions to 
establish the barrier depend on rather subtle changes in the q-profile, which explains why 
the effect is only observed when the ECRH power level and/or the pulse length are within 
certain ranges. 
 In more recent ECRH experiments at TEXTOR, it has been additionally 
observed with ECE that the core Te remains constant for some time periods after the off-
axis ECRH switch-off [4]. The delay is observed to be of the order of tens of milliseconds 
ranging up to about 50 ms, which is nearly an energy confinement time. A similar 
signature of the effect has been seen at TEXTOR in the soft x-ray data, and the central 
electron density measured by a FIR-interferometer.  

To confirm the T-10 results and to further investigate the physical mechanism 
causing the delayed decay, a systematic study is performed at TEXTOR. The ECRH 
power was deposited close to the q = 1 radius, in an Ohmic target plasma of standard 
plasma parameters: BT  = 2.34 T, IP = 350 kA, and <ne> = 2.5×1019 m-3. The discharge 
scenario is similar to that is shown in figure 8.1 (a) except that within a single discharge 
six ECRH heating pulses were applied with pulse durations 400, 200, 100, 50, 25, and 10 
ms respectively. Figure 8.4 shows the typical electron temperature evolution after switch-
off of off-axis ECRH observed on the ECE time traces for all six ECRH pulses. Plotted 
are an ECE central channel (red), a channel just outside the power deposition (blue) and 
the ECRH power (cyan) for the time windows around the switch-off. The delay in the 
drop of the central Te is clearly seen in most time windows. It is evident that after the 400 
ms pulse the central temperature decays almost instantaneously.  The delay is observed to 
be longer for shorter ECRH pulses. For the sequence of data shown in figure 8.4, the 
longest delay of about 23 ms is found for a 50 ms long ECRH pulse.  
 For investigating the relation of the delay with the ECRH power deposition 
location and the power levels at TEXTOR, the experiment described in the previous 
paragraph was repeated in identical TEXTOR discharges. In our experiments, to vary the 
deposition location, the toroidal magnetic field, BT, was varied in the range of 2.33 - 2.38 
T in small steps between plasma shots.  The ECRH power was varied in the range of 400 - 
800 kW. 

Figure 8.5(a) shows the dependence of the delay measured for different ECRH 
pulses of 800 kW by varying the ECRH deposition location. Obviously, a sharp variation 
in the delay is observed as a function of pulse length. The largest delay of 23 ms is for 
ECRH pulses between 25 and 50 ms long. The delay is observed to be rather small, when 
ECRH is deposited with too high a central field, BT > 2.36 T, or too low a field BT < 2.33 
T (not shown in the figure). For magnetic fields in the range 2.33 - 2.34 T, the deposition 
is close to the q = 1 radius, which has been determined from the sawtooth inversion radius  
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Figure 8.4: Electron temperature behaviour after switch-off of off-axis ECRH at TEXTOR (shot # 
94921). Time traces from the ECE diagnostics, a central channel (red), a channel just outside power 
deposition (blue) and the ECRH power (cyan) are shown for the time windows around the switch-
off of the six ECRH pulses with durations of 400, 200, 100, 50, 25, and 10 ms. The delay in the 
drop of central Te is clearly seen in all time windows. The delay depends on the pulse length. The 
largest delay in the sequence of data shown is about 23 ms for a 50 ms ECRH pulse. 
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in the Ohmic phase. The critical dependence of the delay on deposition location is in 
agreement with the T-10 results [5]. The plasma resistivity changes as a function of 
ECRH power or pulse length, consequently affecting the current density and current 
penetration time proportionately. This indicates an important role of the q-profile in the 
observed transient phenomena. In figure 8.5(a), two green lines for 2.36 T are drawn. The 
measurements were done on different shot days. Although the main plasma parameters are 
the same, there could be rather subtle differences e.g. in plasma position, Zeff etc., 
affecting the current density profile. 

Figure 8.5(b) shows the delay as a function of pulse length in discharges with 
300 kW of NBI. Again the largest delay is observed for the 25 to 50 ms ECRH pulses, 
albeit the total delay is somewhat shorter than in the ECRH only case. Our tentative 
explanation of this behaviour is that the neutral beam, though at low power, gives a small 
contribution to the current drive. This makes it more difficult to shape with ECRH the 
current density profile to the optimal form for a long delay. As shown in figure 8.5(c), the 
effect is present at reduced ECRH power levels too. At 400 kW it is already less 
pronounced, and at 200 kW (not shown) it is absent. Again, this is in line with the 
explanation given by the T-10 team. 
 In order to explore the detailed barrier properties, high resolution Thomson 
scattering measurements have been performed in the ECRH switch-off phase. In a 
standard discharge, an ECRH pulse of 800 kW and of 50 ms duration is applied to the 
plasma within the time window of 3.3 - 3.35 s (see figure 8.1(a)). The power deposition 
location during the experiment remains fixed at ρdep = 0.3. Thomson profiles are measured 
at 5 ms intervals after ECRH switch-off on a shot-to-shot basis in well reproducible 
plasma conditions.  In order to cover the full decay phase, which was as long as 45 ms in 
these discharges, nine Thomson measurements were made. Data from 12 laser pulses 
within a burst have been summed for better statistics. 
 Figure 8.6 depicts the time evolution of the Te profiles from Thomson scattering 
measured in the ECRH switch-off phase starting at 3.35 s. Our data show that after 
switch-off, the temperature profiles turn from hollow to flat in the centre within 5 ms. 
After this transient, the profiles in the centre stay constant and flat around 1.5 keV within 
the deposition radius during the full switch-off phase. In the same time window, the off-
axis temperatures show a continuous decrease during the decay phase, i.e. the Te profile 
shrinks continuously in the decay phase. In the final part of the switch-off phase, i.e. after 
45 ms of ECRH switch-on, sawtoothing sets in (see figure 8.4 for an example) and the 
temperature profile becomes similar to that in the Ohmic phase. This indicates that the 
phenomenon of reduced transport is a transient one.  
 It may be argued that the delay in the decay of the central Te value is caused 
since one starts with a hollow profile, as observed in the ECRH switch-on phase. After 
switching off ECRH, the part of the heat which stems from the deposition zone then fills 
the centre. However, since our experimental results show that the hollow centre is filled in 
less than 5 ms after switch-off of ECRH, this cannot be responsible for the much longer 
delay observed.   
 The new observations made with the MPTS system confirm the measurements 
made with ECE in the plasma core, with respect to the delayed central Te decay [5]. The 
Thomson scattering measurements, however, have a much better spatial resolution than 
ECE, and this has enabled us to do more accurate calculations using the ASTRA transport 
code (see section 8.4).  



Transient transport process in ECRH heated TEXTOR plasmas 
 

 105

(a) 

 

(b) 

 

(c) 

 
Figure 8.5: (a) Delay vs ECRH pulse length for varying power deposition locations at a constant 
PECRH = 800 kW. Obviously a sharp variation in the delay is observed when ECRH is deposited 
close to the q = 1 radius (red curve). The longest delay is found for 25 - 50 ms ECRH pulses; (b) 
same as in (a) but now in the presence of a 300 kW NBI which leads to shorter delays (blue curve); 
(c) delay vs ECRH pulse length for different ECRH power levels (no NBI present) at BT = 2.34 T.     
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(a) 

 

 
 
 

(b) 

 
Figure 8.6: (a) Evolution of electron temperature profiles in the decay phase measured with 
Thomson scattering. Off-axis ECRH (800 kW, 50 ms) was switched off at 3.35 s. The central 
temperature remains almost flat and constant after ECRH switch-off. White vertical dashed lines 
mark the time of the Thomson measurements; (b) Plot of the electron temperature profiles during the 
decay phase at selected times: 5, 20, 35 ms after ECRH switch-off, and the Ohmic profile (black).  
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 After cross-calibration of the present ECE measurements with those of the 
Thomson scattering in the Ohmic phase of the plasma, it is found that, in the ECRH phase 
of the same plasma, the central ECE temperature values are about 10% higher compared 
to those of the Thomson scattering. This is probably due to the presence of super-thermal 
electrons.   
 
 
8.4 Transport calculations and discussion 
 
In order to explain the observed transient transport phenomenon, the dynamic local power 
balance is calculated with the ASTRA code [13] using the evolution of the Te profiles 
from Thomson scattering (see sub-section 2.5.2 of Chapter 2 for a brief discussion on the 
power balance analysis). As was mentioned in section 8.2, the density profiles of 
Thomson scattering during the measurements are not useable for the transport calculations 
presented in this chapter. Therefore, the electron density for the ASTRA calculations has 
been obtained from the 9-channel HCN-interferometer. The Ohmic input power is 
calculated from the loop voltage and the current density profile is calculated using neo-
classical current diffusion, including the bootstrap current. For the ECRH deposition a 
Gaussian-shaped profile is considered. The ion temperature can be obtained only from the 
final part of the same discharge by CXRS using one of the heating neutral beams as a 
source. Therefore, the ion heat diffusivity, χi, during the ECRH and ECRH switch-off 
phases has been estimated from the value of χi in a phase with ECRH plus NBI and NBI 
only, respectively, after properly applying the L-mode power scaling. It was not possible 
to do calculations of χe for radii smaller than ρ = 0.2. This is because the laser beam of TS 
misses the central part of the plasma, due to its offset of 9 cm in the radial direction. 

 For an explanation of the hollow Te profiles during ECRH switch on, the ASTRA 
code has been used to calculate the power losses from electrons to ions at two locations in 
the plasma: at ρ = 0.2 in the plasma centre, and at ρ = 0.3 in the vicinity of the ECRH 
deposition. The calculation has been performed for a 50 ms long ECRH pulse. The power 
densities for the electron-ion coupling and for Ohmic input are plotted in figure 8.7. It is 
evident from our calculations that the electron-ion coupling, which acts as a sink for the 
electron power, exceeds the Ohmic power density in the plasma core. Although the same 
happens around ρ = 0.3, i.e. in the vicinity of the ECRH deposition radius, one should 
account for the fact that the source term, in the present case, is due to the sum of Ohmic 
plus ECRH power and exceeds the electron-ion loss term. Our results confirm the 
hypothesis that the hollow profiles are due to the enhanced electron-ion coupling in the 
plasma core. In order to see the difference in the power loss in the presence of additional 
NBI power in the plasma, a similar ASTRA transport calculation has been carried out for 
the phase with 300 kW NBI. The results of this calculation are plotted in figure 8.8. The 
higher levels of input power densities, as compared to that of the electron-ion loss in the 
plasma core, demonstrate that the electron-ion coupling during the phase with ECRH is 
small compared to the power input terms. This explains why no hollow profiles are 
observed when the ECRH power is deposited in the presence of a 300 kW NBI. 

  In previous work [3], it was concluded that after ECRH is switched off, a region 
with low magnetic shear is induced just outside the q = 1 radius i.e. at the place of the 
ECRH deposition. This reduced shear acts as a trigger for an internal transport barrier 
formation, and causes relatively small transport at the location of reduced shear. To test  
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Figure 8.7: Power densities for the electron-ion coupling (solid) and Ohmic input (dashed) at ρ = 
0.2 (blue) and 0.3 (red), respectively. The power loss due to electron-ion coupling clearly exceeds 
the Ohmic input power, causing a hollow temperature profile in the centre. 
 

 
Figure 8.8: Power densities for the electron-ion coupling (solid) and Ohmic + NBI inputs (dashed) 
at ρ = 0.2 (blue) and 0.3 (red), respectively. The power loss due to electron-ion coupling is clearly 
below the source power, i.e. Ohmic + NBI power.  
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whether this conclusion applies to our experimental findings, the dynamics of the safety 
factor, q, and the magnetic shear, s, have been calculated with the ASTRA code. 
 During and after the ECRH pulse, the central q-value is below 1.0. This is true 
also during the Ohmic phase of the discharge, as is made evident by the presence of the 
sawtooth instability. The ASTRA calculations give evidence for a reduced magnetic shear 
outside the q = 1 radius in the area between ρ = 0.17 - 0.3, immediately after ECRH 
switch-off (see figure 8.9). The fact that the central part (ρ < 0.2) of the measured 
temperature profiles stays completely flat during the full 40 - 50 ms decay phase after 
ECRH switch-off gives evidence that the reduction of transport is strongest in an area 
between ρ > 0.2 and the ECRH deposition location. This conclusion is consistent with the 
hypothesis in [4] of a localised internal transport barrier. The only discrepancy with the T-
10 work is that we do not find evidence for a nearly zero shear in the region of reduced 
transport. However, this could be due to the fact that the determination of the shear in that 
region has a large uncertainty, since our calculation was made without having accurate 
temperature data in the plasma core at our disposal. 
 Porcelli [14] has suggested that the sawtooth instability in tokamak plasmas can 
be stabilised by modifying the magnetic shear close to the q = 1 surface to a value below a 
critical shear value. Recent experiments done on sawtooth stabilisation by ECCD at 
TEXTOR have demonstrated that, indeed, the sawtooth period can be varied according to 
Porcelli’s model [15]. Since the transient phenomenon described above depends critically 
on the magnetic shear, one can associate the observed Te delay with the stabilised 

 
Figure 8.9: Profiles of the safety factor, q, and the magnetic shear, s, during ECRH (red), just after 
switch-off (cyan) and 50 ms after switch-off (blue). A flatting of the shear outside q = 1 is observed. 
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sawtooth phenomenon. Our data show that immediately after off-axis ECRH switch-on 
the sawteeth are stabilised by flattening the j-profile around q = 1 and thereby reducing 
the shear below the critical value. The value of q0 stays below 1, but no Te crashes are 
observed. According to our observations, after the switch-off the temperature stays high in 
the centre. Since Te diminishes outside q = 1, the j-profile around q = 1 becomes steeper. 
The shear increases until the current profile has evolved such that sawteeth are 
destabilised again.  
 From the sawtooth-period control experiments at TEXTOR [15], it is reasonable 
to accept a significant role of shear evolution after ECRH switch-off. From the analogy 
with T-10 observations as well the observation of a local reduction of density fluctuations 
in T-10 in the vicinity of the q = 1 radius [4], it is reasonable to conclude that the delayed 
central Te decrease is due to the formation of a transient transport barrier inside the heat 
deposition location. It is still an open question whether the barrier is formed during the 
ECRH switch-on or after switch-off or if it already exists there.  
 
 
8.5 Conclusions and outlook 
 
We have performed a scan of the Te evolution using multi-pulse Thomson scattering 
during ECRH switch-on in TEXTOR. Our measurements have for the first time revealed 
the development of ‘ears’ on the temperature profile. Moreover, the earlier observations 
from T-10 on the delay in the decay of the central temperature after ECRH switch-off 
have been confirmed with our measurements at TEXTOR. In our experiments, the 
occurrence of the Te delay is found to depend critically on both the precise value of ρdep, 
which should be close to the sawtooth inversion radius, and on the length of the ECRH 
pulse. Such a dependency is in agreement with the T-10 observations. 
 Our transport calculations with the ASTRA code have confirmed the hypothesis 
from RTP that the hollow temperature profile is due to the enhanced electron-ion coupling 
and a reduction in the Ohmic power density in the plasma core. In the switch-off phase, 
our results show a reduction in the magnetic shear outside q = 1. The low shear explains 
why the sawtooth instability is stabilised. After switch-off, the shear slowly increases until 
the critical level is reached for a sawtooth crash to occur.  
 A shear value close to zero near q = 1 is thought to be responsible for the 
formation of a transient internal transport barrier in the region outside the q = 1 surface. 
Our calculations of the shear development after ECRH switch-off are affected by the fact 
that the central part of the profiles is not accurate enough. Nevertheless, we find a 
reduction in the gradient of the magnetic shear in the region between the q = 1 surface and 
the deposition zone. In the future, it is planned to increase the profile accuracy by making 
similar measurements, as presented in this chapter, for a plasma that is shifted outward so 
that the magnetic axis coincides with the Thomson laser chord. In this way measurements 
are possible for the very plasma core. More conclusive statements can then be made on 
the magnetic shear development and, more importantly, on the region in which the heat 
diffusivity is reduced after ECRH switch-off. 
 Combining the observations at T-10 and TEXTOR suggests that the magnetic 
shear near a rational q-surface (in our case q = 1) plays an important role in the 
establishment of an internal transport barrier. This knowledge may be useful in 
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developing plasma scenarios for future fusion devices in which transport barriers are 
initiated/suppressed at will, regulating the particle and energy transport in the plasma. 
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Chapter 9 
 

Conclusion and future prospects  
 
 
This thesis includes a study of mesoscale plasma structures in the TEXTOR tokamak, 
namely, of magnetic islands and transient internal transport barriers using the multi-pulse 
Thomson scattering (MPTS) system as the main diagnostic tool. The main conclusions of 
this thesis are: 
 
• A multi-pulse Thomson scattering system has been installed at TEXTOR. The MPTS 

measurements have demonstrated the capability of the diagnostic for investigating the 
dynamics of mesoscale phenomena e.g. magnetic islands. The system was designed for 
Te and ne profile measurements with a maximum repetition rate of 10 kHz and up to four 
bursts of 40 pulses per burst. A repetition rate of 5 kHz in a single burst of up to 23 
pulses has been achieved. The spatial resolution of the core is 2% of the minor radius, 
and the edge has spatial resolution of 0.5% of the minor radius. The core and edge 
regions can be diagnosed alternatively. The observational errors in the core profile 
measurements for a laser pulse of 15 J and at an electron density of 2.5×1019 m-3 are, as 
expected, typically 8% in the temperature and 4% in the density. (Chapter 6) 

 
• The simulation study has shown that the effect of the convolution of the 2D total 

instrument function (IF) with the Thomson spectra leads to temperature values higher 
than the real temperatures, when the measured spectra are fitted with the Mattioli 
function. The convolution effect of the 2D IF has been corrected in the DPTS analysis 
by using the re-convolution technique. (Chapter 5) 
In the MPTS analysis, a 1D deconvolution has been employed, thus providing accurate 
profiles even when an island is located far to the edge of the plasma. (Chapter 6) 

 
• The MPTS measurements of the m/n = 2/1, DED-induced magnetic islands have 

revealed an island width of 10 cm. The temperature profiles in both stationary and 
rotating islands are flat. However, the density profiles show a pronounced peaking, up 
to 20% of the density at the separatrix of the island. The islands are strongly suppressed 
by the application of 800 kW of ECRH when deposited in the island. The temperature 
profile peaks by up to 10% during the first 10 ms of the ECRH pulse; after that the 
profile flattens. (Chapter 7) 

 
• An MPTS time-scan during the switch-on phase of off-axis ECRH has demonstrated the 

development of ‘ears’ on the electron temperature profile. The temperature profile is 
observed to be hollow until about 60 ms after the ECRH switch-on. ASTRA transport 
calculations have confirmed that the hollow temperature in the plasma centre is caused 
by an enhanced electron-ion coupling. (Chapter 8) 

 
• In the ECRH switch-off phase, the MPTS measurements have shown a clear delay in the 

decay of the central temperature (ρ < 0.2). This central region of the profile remains flat 
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and almost constant during the decay phase, which is 45 ms long. The profile outside 
the ECRH deposition location narrows continuously during this phase. ASTRA 
calculations using MPTS temperature data have indicated a reduction in the gradient of 
the magnetic shear in the region outside q = 1 after off-axis ECRH switch-off. This is in 
accordance with the T-10 conclusions regarding the formation of a transient transport 
barrier. (Chapter 8) 

 
 
Future prospects 
 
The experimental studies described in this thesis can be further elaborated after expanding 
the MPTS capabilities. The MPTS system has not yet achieved its designed features of 
multi-burst operation and 10 kHz measurements. During the thesis work, the MPTS 
measurements have been done in a single burst of pulses at a repetition rate of 5 kHz and 
using a single CMOS camera. Moreover, only the core observation setup was available.  
In the near future, it is expected that multi-burst operation can be achieved with 3 - 4 
bursts of about 40 pulses each. The edge observation setup has been commissioned and is, 
at the moment of writing, ready for scientific exploitation. Using the MPTS to its fullest 
capabilities, many more new physics results can be expected in the near future. 
 For the first experiments on hollow profiles and ECRH switch-off studies, the 
MPTS system was not absolutely calibrated. Moreover, the laser beam alignment was not 
optimal. Therefore, the MPTS electron density profiles were not available for the results 
reported in Chapter 8. Since the first experiments, the absolute calibration and the beam 
alignment issues have been resolved. Detailed density profiles have been obtained and 
used for the studies presented in Chapter 7. 
 For future experimental work, a number of ideas exist that are briefly described 
below. The first few are actually continuations of the work reported in this thesis.   
 
1) Our studies on ECRH switch-off were obscured due to the fact that the physics 
phenomenon under exploration is located close to the innermost radius which can be 
diagnosed with the core-MPTS system. Therefore, it is planned to carry out similar 
observations with the plasma shifted outward, so that, the Thomson laser line crosses the 
magnetic axis of the plasma column. In this way, the results may conclude whether the 
reduction in χe is local near the region of the former ECRH deposition location (i.e. a 
transport barrier) or whether it is low in the full central plasma region. In addition, 
extensions to the q-profile and the s-profile can be made from the new data. Since the 
transient phenomena under study are not very fast, summing of all spectra in a burst can 
be done to increase the profile accuracy. The use of multiple bursts will reduce the 
number of TEXTOR discharges needed for this study. 
 
2)  The high temporal resolution feature of the core-MPTS system has been utilised to 
follow the dynamics of the density and temperature profiles in the magnetic island. The 
island observations can be further improved by operating the MPTS system at the higher 
repetition rate of 10 kHz. Moreover, multiple bursts could be synchronised, during a 
single discharge, to probe in 3 - 4 different stages of the island evolution. 
 



Conclusion and future prospects 
 

 115

3)  The combination of high temporal resolution and high spatial resolution in the edge 
(with the edge observation system) will enable the measurement of fast density and 
temperature transients during edge-localized modes (ELMs), which are generated during 
H-mode operation in TEXTOR. To mitigate ELMs is one of the major aims of the DED 
experiments [1]. First MPTS measurements, using the core setup in an H-mode discharge, 
have shown clear variations in the density gradients at the plasma edge when ELMs pass 
by. Figure 9.1 shows the Hα signal (line) and edge electron density gradients (triangles) in 
both ELM and inter-ELMs phases during a limiter H-mode experiment. The decrease of 
the density gradient at the time of the ELMs is evident. The measurements do not allow 
us, so far, to draw definite conclusions since both the MPTS measurements as well as the 
Hα measurements suffered from a jitter in the timing that was different for the two signals. 
Additional MPTS measurements during H-mode discharges, preferably with the edge 
setup, can reveal the behaviour of edge pressure gradients in the presence of ELMs and 
their modification by the DED perturbation fields. 

 
Figure 9.1: The behaviour of edge density gradient in the presence of an edge-localised mode 
during an H-mode discharge at TEXTOR. The line is the Hα signal and the triangles represent the 
density gradient from MPTS in the plasma edge.   
  
 
4)  The electron temperature profile measured with the core-MPTS system in the 12/4 
DED operation shows a significant drop in the edge temperature compared to that in an 
equivalent discharge without DED (data not shown here). The drop in temperature is 
caused by the DED magnetic structures in the plasma edge. A deeper insight into DED- 
generated magnetic structures in the plasma edge can be obtained with the edge-MPTS 
system. Since the structures are locked in frequency to the DED current, it is possible to 
tune the timing of the MPTS system to have an optimum overlap with the DED structures. 
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5)  MARFE (Multifaceted Asymmetric Radiation From the Edge) is another phenomenon 
that occurs near the plasma edge and would benefit from the specific features of the 
MPTS system. The formation of MARFEs limits the maximum reachable density in a 
tokamak. The application of the DED can extend the threshold of the MARFE onset by 
making the recycling of the neutrals near the plasma wall homogeneous [2]. The 
MARFEs are usually induced at the HFS of TEXTOR, but later shift towards the top of 
the TEXTOR plasma. In this phase, the edge-MPTS can diagnose the density and 
temperature profiles through the MARFEs, as well as their modification by the DED. 
 
6)  Plasma disruption studies would benefit from the high temporal and spatial resolution 
capability of the MPTS system. With the present system, the sequence of temperature and 
density profiles during the thermal quench and current quench phases of a disruption can 
be obtained in a single discharge. Note that in earlier disruption studies [3], many 
tokamak shots were needed to scan the different disruption phases with Thomson 
scattering. The analysis was based on the assumption of reproducible conditions during 
the disruption, however, with the MPTS system these assumptions are no longer required. 
 
Although this list is not exhaustive, it is clear that many interesting and challenging 
problems at the forefront of fusion physics can be tackled with this advanced MPTS 
system. 
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List of abbreviations 
 
 
Abbreviation Full form Description 
ADC Analog to digital converter Appliance 
ASTRA Automated system for transport analysis Transport Code 
CAMAC Computer aided measurement and control Electronic standard 
CCD Charge coupled device Photo detector 
CMOS Complementary metal oxide detector Photo detector 
CSF Common storage facility Terminology 
CXRS Charge exchange recombination spectroscopy  Diagnostic 
DED Dynamic ergodic divertor Divertor type 
DPTS Double-pulse Thomson scattering  Diagnostic 
ECCD Electron cyclotron current drive Auxiliary system 
ECE Electron cyclotron emission Diagnostic 
ECRH Electron cyclotron resonance heating Auxiliary heating 
ELM Edge localized mode Plasma phenomenon 
EM-wave Electromagnetic wave Wave terminology 
ETB Edge transport barrier  Plasma phenomenon 
FOM Stichting voor Fundamenteel Onderzoek der 

Materie 
Organisation 

FIRI Far-infrared interferometer  Diagnostic 
FWHM Full width at half maximum Math. terminology 
HFS High field side Inner side of plasma 
H-mode High confinement mode  Tokamak terminology 
HTTP Hypertext transfer protocol  
ICRH Ion cyclotron resonance heating Auxiliary heating 
IDL Interconnect data language  
ITB Internal transport barrier  Plasma phenomenon 
IPR Institute for plasma research Organisation 
JET Joint european torus Tokamak device 
LCFS Last closed flux surface Tokamak  terminology 
LFS Low field side Outer side of plasma 
LHH Lower hybrid heating Auxiliary heating 
L-mode Low confinement mode Tokamak terminology 
MHD Magnetohydrodynamics Plasma model 
MPTS Multi-pulse Thomson scattering  Diagnostic 
MR Microwave reflectometer Diagnostic 
NBI Neutral beam injection Auxiliary heating 
NTM Neo-classical tearing mode Plasma phenomenon 
O-mode Ordinary mode Wave terminology 
PMT Photo-multiplier tube Photo detector 
RF Radio frequency  Wave terminology 
RTP Rijnhuizen tokamak project Tokamak device 
SOL Scrape-off-layer Tokamak terminology 
SST-1 Steady-state superconducting tokamak-1 Tokamak device 
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Abbreviation Full form Description 
SXR Soft-X ray Diagnostic 
TEXTOR Tokamak experiment for technology oriented 

research 
Tokamak device 

TEC Trilateral euregio cluster Organisation 
TM Tearing mode Plasma phenomenon 
TPD TEXTOR physics database Terminology 
TS Thomson scattering  Diagnostic 
TWU TEC web umbrella  Terminology 
Ω Ohmic Terminology 
VME Virtual machine environment  Electronic standard 
X-mode Extra-ordinary mode Wave terminology 

 
 
 
 
List of acronyms 
 
 
Acronym  Origin Description 
Aditya Acronym of SUN (Hindi language) Tokamak type 
ITER Acronym of THE WAY (Latin language)  Tokamak fusion reactor 
Tokamak Toroidal chamber and magnetic coil  

(Russian language) 
Device 
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List of symbols and constants 
 
 
Symbol Description Definition Value Unit 

a Minor radius  0.46 m 
R0 Major radius  1.75 m 
A Aspect ratio R0/a  - 
B Toroidal magnetic field strength    T 
Bθ Poloidal magnetic field   T 

BT,φ Toroidal magnetic field   T 
β Dimensionless plasma pressure    - 
c Speed of light in vacuum  3.0×108 m/s 
D  Diffusion coefficient    m2/s 
e Elementary charge  1.6×10-19 C 
IP Plasma current    A 
kB Boltzmann constant  1.38×10-23 J/K 
m Toroidal field line turns   - 
m0 Electron rest mass  9.11×10-31 kg 
mi Ion mass   kg 
n Poloidal field line turns   - 
ne Electron density   m-3 

<ne> Line-averaged electron density    m-3 
η Plasma resistivity   Ωm 
pe Electron pressure   Pa 
q Safety factor m/n  - 
q0 Central safety factor    - 
qa Safety factor of LCFS   - 

Qeicl Power density of e-i coupling   W/m2 

Qoh Ohmic power density   W/m2 
Qs Source power density   W/m2 
r Minor radius    m 

R0 Major radius of axis   m 
r0 Classical electron radius  2.82×10-15 m 
ρ Normalized radius  r/a - 
ρ e,i Electron or ion Larmor radius   m 
s Magnetic shear ρ/q (dq/dρ)  - 
τE Energy confinement time   s 
t Time   s 

Te Electron temperature   K/eV 
Ti Ion temperature   K/eV 
χe,i Electron or ion heat diffusivity   m2/s 
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