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Zusammenfassung der Dissertationzum Thema �Edge Biasing in the WEGA Stellarator�vorgelegt vonOliver LishtshenkoExperimente zur Plasmapolarisation erlaubten eine Leistungssteigerung in mo-dernen Tokamaks und Stellaratoren [KTT+06b, VGM+01℄. Es konnte gezeigt wer-den, dass der Einsatz von vorgespannten Divertoren die Leistung verbessern unddie Beherrshbarkeit des Divertorplasmas vereinfahen kann [RTH+97, SLM+91℄.Ein anderer Aspekt ist, dass der Zugang zum H-Mode-Regime vereinfaht wird, daPlasmapolarisation die Leistungsgrenze zum H-Mode-Regime reduziert [JOWB98,WOB+92℄.In Rahmen der vorliegenden Arbeit an dem Greifswalder Stellarator WEGAwurden grundlegende Experimente zur Plasmapolarisation durhgeführt, welhe dieMöglihkeiten zur Modi�kation des radialen elektrishen Feldes im Plasma demon-strieren.Auf Grund der geringen verfügbaren Heizleistung von maximal 26 kW an WEGAund der vergleihsweise hohen H-Mode Leistungsgrenze von a. 100 kW an erforder-liher Heizleistung kann die WEGA niht in der H-Mode oder in der Nähe desH-Mode-Übergangs betrieben werden. Typishe Plasmadihten für den Niedrigfeld-betrieb mit Argon an WEGA liegen bei ne ≈ 1018 m−3. Typishe Elektronentem-peraturen liegen zwishen 4 und 12 eV. Als Heizquelle fungieren 2,45 GHz Mikro-wellengeneratoren, welhe via OXB-Modenkonversion das Plasma heizen.Es ist bekannt, dass die Versherung des radialen elektrishen Feldes, zum Beispiel,Ein�uss auf Plasmaturbulenz hat [HPD+04, HDH+99, II88, Ram05, VGM+01℄. Indieser Arbeit liegt der Shwerpunkt auf dem Ein�uss der Polarisationssonde auf dasradiale elektrishe Feld und anderen Plasmaparameter. In dem WEGA Stellaratorist eine Entladungsart gewählt worden, die nur wenig Turbulenz zeigt, um möglihstungestörte Messungen der Auswirkungen der Polarisation zu erhalten.Im Gegensatz zu anderen Plasmapolarisationsexperimenten sind in der WEGAdie Argonionen des Plasmas niht durh das magnetishe Feld eingeshlossen. Diesebisher niht betrahtete Kombination maht Polarisationsexperimente an WEGAeinzigartig.



Der Einsatz einer groÿen emissiven Polarisationssonde führte zu einer Erhöhungder Zentraldihte, wie auh zu steileren Randgradienten. Dies konnte allerdings demBetrieb der Sonde in Emission und niht dem Vorspannen der Sonde zugeshriebenwerden. Durh positives Vorspannen der Polarisationssonde konnte das radiale elek-trishe Feld am Plasmarand von anfangs Er = 40 Vm auf etwa 120 Vm angehobenwerden. Hierbei zeigt sih eine lineare Abhängigkeit des elektrishen Feldes vomPolarisationsstrom. Ein vergleihbares Verhalten wurde auh in anderen Polarisa-tionsexperimenten beobahtet [WOB+92, VGM+01℄.Bei Vorspannungen gröÿer als Ubias = +60V wurde der Übergang in einen an-deren Plasmazustand beobahtet. Dieser, im Folgenden als dihter und heiÿer Zu-stand bezeihnete, Zustand weist deutlih höhere Plasmadihten und Temperaturenauf. Erstmalig konnte auf diese Art eine Elektronentemperatur gröÿer als 20 eV imNiedrigfeldbetrieb in Argon in der WEGA etabliert werden. Das radiale elektrisheFeld im dihten, heiÿen Zustand ist niedriger als im vergleihbaren weniger dihten,kälteren Plasmazustand. Dies ist zunähst niht ungewöhnlih, da im dihteren undheiÿeren Zustand ein geringerer Strom über die Polarisationssonde �ieÿt. Genauerbetrahtet ist das radiale elektrishe Feld aber deutlih geringer als bei vergleih-barem Strom im weniger dihten Zustand. Es zeigt sih überdies ein Ein�uss dessih in der fernen Abshälshiht be�ndlihen Limiters. Während sih mit einge-bautem Limiter ein sprunghafter Übergang vom weniger dihten in den diherenund heiÿeren Zustand zeigt, wird im Falle ohne Limiter eine kontinuierlihe Ent-wiklung des dihten, heiÿen Plasmazustandes beobahtet. Eine Destabilisierungdes dihten, heiÿen Zustandes konnte bei ausgebautem Limiter nur bei deutlih re-duzierter Heizleistung und erhöhtem Neutralgasdruk erzielt werden.Verglihen mit dem weniger dihten Zustand konnte im dihten, heiÿen Zustandeine Erhöhung der eingeshlossen Energie um einen Faktor 2 erzielt werden. Im di-rekten Vergleih mit der niht vorgespannten Entladung beträgt die Steigerung noh40%. Dies liegt im Bereih dessen, was an Experimenten mit Turbulenzreduktionund Übergängen in H-Mode-Plasmen erzielt wurde. Da eine weitere Reduktion derTurbulenz ausgeshlossen werden kann, ja sogar das Turbulenzniveau steigt, mussein anderer Mehanismus die Ursahe hierfür sein.Da der dihte, heiÿe Zustand eine Leistungsskalierung zeigt, wie sie auh von denStandardentladungen bei Erhöhung der Heizleistung beobahtet wird, wird dieserAspekt zunähst untersuht. Hierzu werden mittels zwei Modellen die Teilhen- undEnergiebilanz betrahtet. Da die Mikrowellenheizung die einzige Quelle ist, musssie sämtlihe Verlustprozesse bilanzieren. Mittels der Modelle lässt sih so die insge-



samt absorbierte Mikrowellenleistung ermitteln und eine Aussage zur Heize�zienztätigen, welhe sonst nur shwer zugänglih ist. Durh den Vergleih der beidenPlasmazustände kann gezeigt werden, dass die Heize�zienz von ηmw ≈ 30 % - fürnihtvorgespannte Entladungen, sowie der vorgespannten weniger dihten Zustände- auf Werte von gröÿer als 80 % im Falle des dihten, heiÿen Zustandes gesteigertwerden kann. Der betrahtete Übergang kann daher einer E�zienzsteigerung derMikrowellenheizung zugeshrieben werden.



Abstrat to the Thesis�Edge Biasing in the WEGA Stellarator�submitted byOliver LishtshenkoBiasing experiments are reported to improve the performane of tokamaks andstellarators [KTT+06b, VGM+01℄. It has been shown that biased divertors per-form more e�ient and ahieve a better ontrol over the divertor plasma [RTH+97,SLM+91℄. Biasing is applied in plasma fusion researh in order to redue the powerthreshold required to reah the H-mode operational regime [JOWB98, WOB+92℄.Within the frame of this work, onduted at the WEGA stellarator at IPP Greif-swald, fundamental experiments onerning biasing have been onduted to demon-strate the option of altering the radial eletri �eld in a plasma by means of anexternally biased probe. Due to the low available heating power of 26 kW at maxi-mum in WEGA ompared to the H-mode threshold, requiring a minimum of at least100 kW, WEGA annot be operated in the H-mode or near the H-mode threshold.Typial plasma parameters are in the order of ne ≈ 1018 m−3 and Te = 4− 12 eV fora typial WEGA argon plasma in low magneti �eld operation (B = 56mT). Theplasma is heated by OXB-mode onversion using 2.45 GHz mirowave soures.The shape of the radial eletri �eld pro�le is known to be important for themagnitude of the turbulent transport[HPD+04, HDH+99, II88, Ram05, VGM+01℄.Within the frame of this work the fous is on the impat of biasing on the radialeletri �eld and other plasma parameters. Biasing in the WEGA stellarator isonduted in disharges, in whih only little turbulene is found. This is done inorder to investigate the e�et of the biasing without the onsiderations on the e�etson the turbulene, whih might obsure the results.In ontrast to other biasing experiments the argon ions are not on�ned due tothe low magneti �eld in WEGA. This ombination makes the ondution of biasingexperiments in the low �eld operation of WEGA unique.Using a large emissive probe for biasing, signi�antly inreases the peak densityand auses a steepening of the density gradient at the plasma edge. It is found thatthis e�et is related to the emissive operation of the probe and not an aspet related



to biasing. Using positive biasing, the radial eletri �eld an be inreased linearlyfrom the minimum value of Er ≈ 40 Vm, observed without biasing, to about thethreefold of its original value (Er, biased ≈ 120 Vm). Similar observations have beenreported from other biasing experiments as well [WOB+92, VGM+01℄.With biasing voltages exeeding Ubias = +60V, a transition to an alternativeplasma state is observed. This state shows a signi�ant inrease in temperatureand density ompared to the standard plasma state and is, thus, alled high ne-Testate. For the �rst time eletron temperatures larger than Te = 20 eV have beenestablished in low �eld argon operation in WEGA. The radial eletri �eld in thehigh ne-Te state is redued ompared to the low ne-Te state. This is understandableas the drawn biasing urrent is redued as well. Looking at this in more detailreveals the radial eletri �eld in this state being lower than expeted from urrentsaling of the low ne-Te state. It turns out that the presene of the limiter in thefar SOL has an impat on the performane of the plasma state. Without the limiterinstalled, the high ne-Te state evolves gradually and the obtained radial eletri �eldis higher than in the ase of a transition from the low ne-Te state as is observed withthe limiter installed. A destabilization of the high ne-Te state has only ourred atredued heating power and inreased gas pressure.Compared to the low ne-Te state, the on�ned energy of the high ne-Te state islarger by a fator of ≈ 2. Compared to the referene disharge, this is an inreaseof about 40 %. This is similar to the ahievement of devies in whih biasing hasbeen used to redue turbulene and where improved on�nement regimes have beenobtained. As a further redution of turbulene an be ruled out (even an inreasein the level of turbulene is observed), a di�erent mehanism has to be responsiblefor this hange of the plasma.The observed high ne-Te state shows power degradation similar to the standarddisharges. It is, thus, attempted to understand this aspet. Using two basi models,the partile and power balane for WEGA is evaluated. As the mirowave power isthe single input power soure, its power �ux has to be balaned by the loss proesses.This allows alulating the total absorbed mirowave power and to give a statementon the onversion e�ieny of the omplex heating a quantity otherwise hard toassess. By omparing the di�erent states, it is shown that the observed high ne-
Te state is related to a hange in the heating e�ieny, whih is inreased from
ηmw ≈ 30 % - for the low ne-Te state or unbiased disharges - to values exeeding
ηmw ≥ 80 %. The observed transition an hene be attributed to a hange in themirowave heating e�ieny.



�Even a mistake may turn out to be the one thing neessary to a worthwhileahievement. �Henry Ford (30.07.1863 - 07.04.1947)
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Chapter 1
Introdution
As the disussion about energy pries and global warming beomes more �ere, thequest for a sustainable, yet heap, energy soure beomes more important. Manyrenewable resoures are either laking the ability for ontinuously supplying energyor the ability to ompensate fast inreases in demand. These two features, besidesa good ost-value-ratio, are the most important features of present fossil resoure-based power plants. Burning fossil fuels leads to emission of arbon dioxide, whih isin turn undesired. One andidate to replae fossil-based power plants in the futureis a power plant based on thermonulear fusion. Here, one exploits the relation
E = mc2, where the energy of a body E is diretly related to its mass m by thespeed of light c. This may be used to gain free energy if one is able to inrease thebinding energy of the nuleons shown in �gure 1.1. This an be ahieved by either
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Figure 1.1: Average binding energy per nuleon.1



2 CHAPTER 1. INTRODUCTIONbreaking heavy elements (e.g. uranium) up into lighter elements or by fusion of lightelements. The D-T reation is hosen as the most appropriate andidate for use ina fusion power plant. Before a power plant an be built and operated eonomiallye�ient, the output fusion power has to be substantially larger than the powerrequired to maintain the burning plasma ondition. The so-alled fusion produt isan indiator for the apability of a plasma reator. It is de�ned as the produt ofpartile density (ni), temperature (Ti) as well as the energy on�nement time (τE):
ni

[m−3
]

Ti [K] τE [s] > 6 · 1028
[Ksm−3

] (1.1)In order to ahieve a stably burning fusion reation, this value needs to exeed 6 ·
1028 Ksm−3. This is also known as the Lawson riterion for fusion [Law55℄. One mustgo to high temperatures as the ross setion for fusion reations strongly dependson the temperature of the involved partiles, having a maximum near 100 keV1.Di�erent approahes an be made in order to ahieve this value. While temperatureis more or less �xed, one has the option of either making the plasma as dense aspossible taking into aount the very short on�nement times (inertially on�nedfusion) or go to long on�nement times in the order of seonds at lower density. Thelater path is hosen for magnetially on�ned fusion using plasmas.Here, the fusion partiles are on�ned by a strong magneti �eld, insuring ahigh degree of thermal insulation, with respet to the reation vessel. The plasmais heated externally to reah the required temperature in the order of several tenmillion degrees. Linear mahines are not apable of providing the required degreeof on�nement due to the losses ourring at their ends. For ahieving a high fusionprodut, bending the linear devie to a torus to avoid losses at the end plates ismore useful. A simple torus, on the other hand, is not on�ning by its nature aswill be explained later. Nevertheless, the onept of a toroidal shape has been keptsine then as it is possible to reate on�ning toroidal geometries.One issue addressed in present-day fusion devies is how to extend the energyon�nement time to the required value of ∼2 seonds. In the past, large progresshas been made in meeting this requirement for magnetially on�ned fusion. Until1982 fusion devies have been operated in low on�nement regime or �L-mode�. In1982 the disovery of the H-mode [WBB+82℄, an improved on�nement regime, inthe ASDEX devie was a major breakthrough. Here, the energy on�nement timeould be inreased substantially. Until today, many other magneti fusion devies11 eV=̂11605K



1.1. BIASING 3have been able to reah H-mode operation regimes [FIS+98, HPD+04, IKT+97,KTT+06a, VAA+03℄. The H-mode is onsidered to be the standard operating regimefor the �rst energy produing fusion reator ITER2, urrently under onstrutionin Cadarahe, Frane. In the mean time a lot of work has been arried out inthe attempt to understand the priniples of physis of the L-H transition of theplasma [II88, SC89, Ten97℄. Nevertheless, a full desription of the transition and itsunderlying mehanisms is still laking. Despite laking suh theoretial desriptionsquite some progress has been made in the last 25 years by gaining experiene inahieving the H-mode regime experimentally. Starting from the knowledge of theoriginal H-mode being triggered by applying more heating power than a ertainthreshold to the plasma, a substantial amount of researh has been arried out.It has beome lear early on that one way to obtain H-mode plasmas is simplyinreasing the heating power above the threshold value. One a ritial value, theso-alled threshold power, is reahed the plasma state hanges rapidly and a morefavorable regime of operation is obtained. By omparing many di�erent experimentsa saling for the threshold power has been found. The heating power thresholdsales with the toroidal magneti �eld, the plasma density and the plasma size. Theobserved saling for the threshold power has been derived from omparing di�erentfusion experiments to be [RSB+98, RTDG02, SIHMTDWG00, RTDWG98, GC98,FTK+98℄:
Pthres = 1.42 · n−0.58

e · B0.82
0 · a0.81 · R (1.2)with eletron density ne in 1021 m−3, magneti �eld B0 in T, plasma radius a andmajor radius R in m and threshold power Pthres in MW. Speial interest has beenput to the redution of the heating power threshold. It has been found that theL-H-transition is losely related to the underlying radial eletri �eld and its radialpro�le [Ida98℄.1.1 BiasingThe �nding of the radial eletri �eld [Man94, Str93, UAB+91℄ playing an importantrole in the L-H-transition, is where the original idea of biasing enters: One plaes aonduting objet into the plasma region and biases this ondutor with respet tothe vessel or a spei� struture. The additional eletri �eld ~E leads to a urrent2ITER stands for International Thermonulear Experimental Reator



4 CHAPTER 1. INTRODUCTION
~j aording to

~j = σ ~E, (1.3)with σ being the ondutivity in the plasma.This rather rude approah has been demonstrated to work well in many dif-ferent experiments [Boi92, GAAT02, HPD+04, IKT+97, KTT+06b℄ in triggeringtransitions to H-mode plasmas even without reahing the threshold power. Biasingis often very speialized with respet to the distint surrounding at the given ma-hine. A broader overview on biasing experiments is given in setion 2.5. It hasbeen shown in a number of devies that the transition to H-mode plasma states anbe externally triggered using biasing probes [TBF+89, WOB+92℄ or biasing wholesets of plasma faing omponents in fusion devies [JOWB98, Str93℄ - even withoutreahing the threshold power [KTT+04, WOB+92℄.The biggest problem with using biasing probes to optimize the parameters of afusion plasma is based in the origin of biasing gear. Any biasing probe is an objetin ontat to or even immersed in the hot fusion plasma. Typial biasing probesonsist of the same materials as plasma faing omponents in order to withstand theharsh environment onditions existing inside a present devie. Extrapolating today'sresults to a reator would mean further inreasing the heat and partile load to thebiased struture. The tremendously large heat load and partile �ux in a fusionreator would disintegrate any known material within a very short time, destroyingthe probe in the proess. Also, the eroded material would have quite a severe impaton the plasma as bremsstrahlung and line radiation of probe material ionized in theplasma will lead to additional, undesired, ooling of the hot plasma. Besides this,the material eroded from the probe ould form dust storing part of the radioativetritium used for the fusion reation. This would be a signi�ant risk. Due to allthese onsequenes biasing with a probe will not be used in a fusion reator. Ina later part of the thesis also the aspet of biasing in a reator without the useof biasing probes will be addressed. For modifying the radial eletri �eld in hotplasmas also neutral beams or mirowaves an be used alternatively [RHB+99℄. Theaademi interest in biasing is still ative nonetheless. The main reason here is, thatbiasing has proven to be an interesting option for altering the plasma parameters,as well as studying the impat of the eletri �eld on turbulene, making new �eldsof researh aessible even in small mahines. Also biasing in smaller mahines doesnot put as muh requirements to the biasing equipment, as hotter reators, due tothe modest plasma parameters.



1.2. STRUCTURE OF THE THESIS 5The work presented in this thesis will fous on the impat of deploying a biasingprobe to the low temperature plasma of the WEGA stellarator and doument theresults obtained with biasing the WEGA argon plasma in low �eld operation. Thebiasing equipment used in WEGA is dimensioned in suh fashion, that it is possibleto rival the main heating soure with the power of the biasing gear.1.2 Struture of the ThesisThis thesis will be strutured in three major parts making up a total of eight haptersaside this introdution.Chapters 2 to 4 will �rst present the prerequisites for understanding the ontentof this thesis. Terms related to magneti �eld properties will be explained in hapter2. In hapter 3 an introdution to basis of spetrosopy will be given. Here,broadening mehanisms to spetral lines will be introdued. A small part on basioptis is overed, as far as it is required to understand this thesis. In hapter 4 theexperimental apparatus onsisting of the WEGA stellarator and its diagnostis willbe introdued. The designs of the biasing probes an be found within this hapteras well.The seond part of this thesis, onsisting of hapters 5 to 7 will present theexperimental work, as well as the results of the modeling, onduted within theframe of this thesis. In hapter 5 the referene on�guration will be presented. Thisis followed by the haraterization of di�erent argon plasmas produed withoutthe introdution of the biasing probe to the vessel. The impat of deploying theunbiased biasing probe to the plasma is doumented in this hapter as well. Theresults obtained with the energized biasing probe will be presented in hapter 6.Following this, a onsisteny hek of the presented data involving two basi modelswill be made in hapter 7.The last part of this thesis, whih is divided into two hapters, will be used tosummarize the experimental results in hapter 8. The results will be disussed withrespet to opening alternative operating senarios inluding biasing in hapter 9.Also the further development of the model will be disussed in hapter 9, as will bethe future of the used diagnostis.



6 CHAPTER 1. INTRODUCTION



Chapter 2Magneti Con�nementIn this hapter the aspet of using magneti �elds to realize magneti on�nement ofthe hot fusion plasma will be brie�y introdued. As mentioned in the introdutiona linear magneti devie annot be used for fusion due to losses at the end plates.It seemed logial to bend the �eld into a toroidal geometry. First, the toroidalgeometry will be introdued. Then, features of the on�ning magneti �eld will behighlighted. Finally, the option of biasing plasmas in toroidal geometries will bedisussed and onlusions to the WEGA biasing ampaign will be drawn.2.1 Toroidal Coordinate SystemIt is useful at this point to introdue the toroidal oordinate system sine retangularoordinates will be more the exeption within this thesis. The typial oordinatesystem is alled toroidal oordinate system desribed by (r, ϕ, θ), the minor radius
r , the toroidal angle ϕ , and the poloidal angel θ. Figure 2.1 shows the toroidaloordinate system.

z

x

R
r
θ

ϕ

Figure 2.1: The toroidal oordinate system ( r, ϕ, θ ).7



8 CHAPTER 2. MAGNETIC CONFINEMENTThe transformation from the usual retangular spae oordinates (x, y, z) totorus oordinates (r, ϕ, θ) is given by
x ( r, ϕ, θ ) = cos ϕ · (R + r · cos θ )

y ( r, ϕ, θ ) = sin ϕ · ( R + r · cos θ )

z ( r, ϕ, θ ) = r · sin θ

(2.1)Some desriptions may be given in a oordinate R instead of r, giving the distanefrom the enter of the torus or the major radius. R0 (r = 0) is also related to asthe major radius of the devie. Note that r is the distane from the enter ofthe poloidal ross setion of a given major radius R. The minor plasma radius isommonly labeled with a.2.2 Consequenes of the Toroidal GeometryToroidal geometry introdues fores on the plasma partiles, leading to drift motions,whih are desribed in detail in appendix A. Exept for ~E× ~B-drift, the drift motionsintrodued in appendix A share one ommon aspet: They are harge dependentheading into opposite diretions for eletrons and ions. This would lead to hargeseparation in a pure toroidal magneti �eld. A pure toroidal magneti �eld Bϕ hasa radial dependene of Bϕ (R) ∝ 1
R
, hene ∇−→

B is pointing inward. The urvatureof the magneti �eld ampli�es this, as the orresponding fore is ating in the samediretion as ∇ ~B. This leads to the positively harged partiles aumulating on theupper side of the torus, while negatively harged partiles would aumulate in thelower part of the torus. Charge separation in the torus would produe an eletri�eld. This �eld in ombination with the magneti �eld then leads to radial driftmotion overlapping with ∇−→
B - and urvature drift expelling partiles even fasterfrom the on�ned region.A radial eletri �eld would lead to a drift motion (as explained in appendix A)in poloidal diretion equation A.7 from the appendix an be simpli�ed in toroidaloordinates to

v
θ,
−→
E×−→

B
=

Er

Bϕ

+
Eϕ

Br

, (2.2)as gradients in toroidal diretion are relaxed fast due to the high mobility of partilesparallel to the magneti �eld (Eϕ ≈ 0). The seond term in equation 2.2 beomesvery small ompared to the �rst and an be negleted in a stellarator with pureECRH heating as WEGA as the heating system does not introdue momentum to



2.2. CONSEQUENCES OF THE TOROIDAL GEOMETRY 9the plasma as heating with neutral beams would ause for example.2.2.1 Stellarator & TokamakA di�erent magneti geometry is needed in order to avoid the loss of partiles due toharge separation in a pure toroidal �eld. The introdution of an additional poloidalmagneti �eld omponent Bθ, superimposed to the toroidal �eld, allows onnetingthe regions on the top and the bottom of the torus via a magneti �eld line. Chargedpartiles, whih an travel parallel to the �eld line without restritions, are now ableto move parallel to the magneti �eld line from the low �eld side of the devie tothe high �eld side and vie versa. Charge separation is suppressed. It is su�ientto have a very small poloidal �eld omponent ompared to the toroidal �eld.Historially, there are two di�erent approahes in how this �eld is reated. The�rst approah was the �stellarator�1using external �eld oils to reate the poloidal(magneti) �eld omponent in addition to the �eld oils produing the toroidal mag-neti �eld. The stellarator onept was introdued by the Amerian physiist LymanSpitzer Jr. in 1951 [Spi51℄. In 1952 the Russian physiists Saharow and Tamm in-trodued the �Tokamak�2 using the transformer priniple to indue a toroidal urrentin the plasma by a entral transformer oil. This an be done due to the fat thata plasma onsists of harged partiles. The plasma olumn ats as the seondarywinding of the transformer.The tokamak is limited, by its nature of being a transformer, to pulsed operationor the need for non-indutive urrent drive to maintain the poloidal �eld omponentin steady state. A stellarator on the other hand an work ontinuously as all �eldomponents are produed by external oils. Another major di�erene between stel-larators and tokamaks is that a tokamak is a two- dimensional system showing axis-symmetry and a stellarator is a fully 3-dimensional system. This has been a severelimitation for designing stellarators in the past. With the availability of more power-ful omputers, allowing the alulation of suh omplex three dimensional magneti�eld geometries within reasonable time, large progress has been made in realizingadvaned stellarators. The performane advantage of a tokamak has already beenmade up by the urrent generation of optimized stellarators and also stellarators donot su�er from severe instabilities limiting the operation spae of a tokamak. Theresult of an international optimization e�ort for stellarators, Wendelstein 7-X, the1stellarator is derived from the Latin words �stella� - star - with an appended �mahine�2�Tokamak� is an abbreviation from Russian: toroidal hamber with magneti �eld oils; �Tok�is also a Russian word for urrent



10 CHAPTER 2. MAGNETIC CONFINEMENTmost advaned stellarator, is presently being built at the Max-Plank-Institut fürPlasmaphysik in Greifswald, Germany.Transitions to improved on�nement regimes have been observed in tokamaks[RTDWG98, RSB+98, RTDG02, SIHMTDWG00, TBF+89, WBB+82, Wol03℄ as wellas in stellarators [BGK+00, SII+01, Toi96℄.2.2.2 PeriodiityIn order to lassify di�erent lassial stellarators, the periodiity is introdued. Pe-riodiity in lassial stellarators is ategorized in two numbers - the poloidal peri-odiity l and the toroidal periodiity m. The poloidal periodiity l determines thesymmetry of the magneti surfaes in a poloidal ross setion (ϕ = const.). It isde�ned as the number of pairs of helial windings on a lassial stellarator. One setof helial windings leads to a irular shape (l = 1); two sets lead to an elliptialshape (l = 2) and three sets of oils to a triangular shape (l = 3).The number of revolutions the helial oil system does poloidally before losingupon itself is alled toroidal periodiity m. Due to this helial symmetry idential�ux surfaes in WEGA an be found at toroidal angles ϕ = ϕ0 + N · 360o

m
with

Nǫ { 0, 1, 2, ..., m − 1 }.2.3 Flux SurfaesThe existene of a poloidal magneti �eld omponent allows the de�nition of �uxsurfaes. A �ux surfae Ψ is de�ned by
∇Ψ · ~B = 0. (2.3)In a more intuitive piture, a �ux surfae is reated by following a magneti �eldline, having a toroidal as well as poloidal omponent, around the torus. If the �eldline does not lose in itself after a number of toroidal turns, whih is then alledrational surfae or only rational, the �eld line spans a magneti �ux surfae. Theradial struture formed by multiple �ux surfaes is alled a set of nested magneti�ux surfaes, if the �ux surfaes are nested within eah other. At rational surfaesmagneti islands, in itself sets of nested magneti �ux surfaes, an exist either asfeature of the magneti on�guration (natural islands) or as result of errors due toe.g. oil alignment mistakes (non-natural islands).



2.3. FLUX SURFACES 11In a tokamak the existene of �ux surfaes an be alulated, but measuring themaurately is a problem, as it is not possible doing so without plasma. In a stellaratorthe existene of nested magneti �ux surfaes is not guaranteed as equation 2.3annot be solved in a losed fashion in three dimensions. The existene of �uxsurfaes in a stellarator an be shown experimentally with very high auray as theon�ning magneti �eld is reated by external oils. The well-established eletronbeam tehnique [OLW03℄ has been used to demonstrate the existene of nestedmagneti �ux surfaes in WEGA. The magneti �eld topology an be alulated bydi�erent established �eld line traing odes suh as the GOURDON ode [Gou70℄or the w7 ode [Wer℄. Theoretial predition and experimental results agree well forWEGA for a large parameter range [OLW03℄.A typial result of suh a alulation with the w7 ode for the WEGA onditionsis shown in �gure 2.2. Every point in the plot marks a �eld line passing the poloidalplane at the given toroidal angle. This type of plot is alled Poinaré plot and willbe found often in this thesis showing the magneti �eld topology at a given poloidalplane. The Poinaré plots shown in this thesis will not only show the results of themagneti �eld alulation, but will also display important mahine features, suh ase.g. diagnosti ports, diagnostis or their lines of sight.

Figure 2.2: Poinaré plot of the �ux surfaes for the referene on�guration at atoroidal angle of ϕ = 144 ° as given by the w7 ode inluding the vessel ontour.For the on�guration presented in this thesis, the beginning of the non-on�nedarea (srape-o� layer - SOL) is determined by the position of the �rst plasma fa-



12 CHAPTER 2. MAGNETIC CONFINEMENTing omponent, here the mirowave heating antennas. Positions of diagnostis orrelevant parts an be shown in Poinaré plots as well.As the desription of plasmas in real spae oordinates (toroidal oordinates)is often not very meaningful, it is useful to introdue a reasonable desription foromparing di�erent real spae positions with respet to the given magneti on�g-uration. A ommon desription trades the minor radius r in for the e�etive radius
reff . reff diretly relates the omplex geometry of a �ux surfae to the more intu-itive desription of a irular plasma having the same overed area. The toroidaloordinate system is then hanged from (r, ϕ, θ) → (reff , ϕ, θ). The sheme isshown in �gure 2.3.In a stellarator a slightly altered onvention is hosen due to the fully 3-dimensionalstruture of the magneti �eld.

Figure 2.3: Sketh of rreff−mapping of a �ux surfae geometry to irles of equiva-lent area.The �ux surfae geometry of a stellarator an hange its poloidal ross setionwhile going around the torus toroidally. It is useful to �nd a parameter to expresssimilarities. The e�etive radius for a stellarator is de�ned by the radius of a irlehaving the same area as the average of the poloidal ross setion areas of the orre-sponding �ux surfaes at the plane of symmetry and half a �eld period away fromthe plane of symmetry. For WEGA the plane of symmetry is de�ned by the toroidalposition of the mirror symmetry to z = 0 in a poloidal ross setion (ϕ = const.).This results in the following equation:
π · r2
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1
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. (2.4)An important onsequene of the existene of �ux surfaes is the non-neessityfor measuring perpendiular to the �ux surfae in order to derive a quantity per-



2.4. ROTATIONAL TRANSFORM 13pendiular to the �ux surfae. Due to the high mobility of partiles parallel to the�eld line pressure gradients are ompensated by partiles streaming along the �eldline. Flux surfaes are isobars as far as plasma pressure is onerned.A speial magneti �eld on�guration featuring a separatrix (magnetially de-�ned LCFS) is the divertor on�guration. Modern tokamaks an feature a divertorwhih is ommonly produed by installing an additional oil in the bottom of thevessel. A simple omparison between a on�guration limited by a plasma faingomponent (PFC), one being limited by a magneti separatrix and a divertor on-�guration are skethed in �gure 2.4.The divertor on�guration was found to be e�etive for ontrolling the amountof impurities in the plasma. The improvement with divertors is in the remote (withrespet to the magneti �eld) loation of the divertor plates.

Figure 2.4: Left to right: Limiter, separatrix and divertor on�guration.A bu�er plasma zone in front of the divertor plates redues the heat load tothe divertor struture struk by the separatrix. A divertor allows the neutralizedimpurities to be pumped away e�etively, whih would not be possible in the mainhamber.2.4 Rotational TransformThe next term to be aware of is rotational transform ῑ, desribing the pith ofthe magneti �eld line given by the geometry of the toroidal and poloidal �eldomponents. It is de�ned as the derivative of the poloidal magneti �ux χ to thetoroidal magneti �ux Φ:



14 CHAPTER 2. MAGNETIC CONFINEMENT
ῑ =

dχ

dΦ
(2.5)with the poloidal �ux χ de�ned by

χ =
1

2π

∫

(−→
B · ∇ϕ

)

d3r (2.6)and the toroidal �ux Φ given by
Φ =

1

2π

∫

(−→
B · ∇θ

)

d3r. (2.7)The de�nition an be visualized by turning to the simple piture of following a �eldline around the torus. Looking at a ϕ = const.- plane, one an identify eah pass ofa �eld line. ῑ is then given by the average angle in radians between passes of a �eldline per toroidal turn,
ῑ =

1

2π
lim

n→inf

(ιn
n

)

, (2.8)with ιn being the angle between the starting point and the nth pass through the
ϕ = const.- plane with respet to r = 0. The existene of a �nite rotationaltransform onnets the outward side of the plasma to the inward side of the torusas a magneti �eld line now runs from the outside to the inside of the torus and vieversa. This is essentially a short iruiting of the outside of the tours and the innerside - respetively the upper and lower edge of the plasma - thus ompensating theharge separation aused by urvature and ∇ ~B-drift.2.5 Biasing PlasmasAs is mentioned in the introdution, the idea of biasing plasmas in toroidal geome-tries has been around for more than 30 years now, starting with the proposal byKerst in 1975 [Ker75℄. Using biased eletrodes in the plasma or in the plasma edge,it was shown that the radial eletri �eld an be externally indued and ontrolled[Boi92, Str93, WOB+92℄. With fusion devies being equipped with divertors, alsothese have been used for biasing, as has been reviewed in [Man94, Sta95a℄. Reently,very sophistiated designs have been employed. Ramish has reently demonstratedthe use of biasing eletrodes mathing the topology of the magneti �eld [Ram05℄and also advaned materials, like LaB6, have been employed as has been reportedin [IKT+97, KTT+04, SFN+06℄.



2.5. BIASING PLASMAS 15Using biasing to ahieve H-mode plasmas in a devie, it was often su�ient tobias the plasma with little power ompared to the main plasma heating soure. Inthe CASTOR tokamak urrents in the order of 40 A have been drawn to the limiterwhile the biasing probe was energized to 200 V [VAA+03℄. On the other handsigni�ant biasing power (≈ 360 kW) has been required using a biasing probe in theTEXTOR-94 experiment, where up to 600 V at 600 A have been used [VAA+03℄.In stellarators biasing requires less power to ahieve H-mode onditions as has beenreported from mahines, like the TU-Helia. Biasing powers in the kW range havebeen su�ient to trigger transitions to the H-mode [KTT+04, KTT+06a℄.It has been found that the L-H- transition is losely related to the degree ofturbulene. The level of turbulene in H-mode plasmas is redued ompared tothe standard L-mode plasma [KTT+06a, VAA+03, SII+01℄. In a simple piture thepotential indued by biasing adds an additional sheared eletri �eld modifying thestatistial properties of turbulent strutures [JOWB98, VSG+01℄.Aside from these reported transitions to H-modes, also transitions to plasmastates not quite �tting the ommon understanding of an H- mode have been ob-served. Suh transitions have for instane been found in the Australian H-1 NFhelia in the mid 1990ies [SRB+96℄. Usually, those non-H-mode transitions havenot been pursued further as it beame obvious that they are not transitions to H-mode onditions, but are often related to omplex plasma heating shemes.Also theoretial e�ort has been spent into modeling the L-H transition. Biasinghas been used to hek the models for evoking H-modes in a very reproduible wayin mahines without having to meet the H-mode power threshold. Here, di�erentapproahes to the transition problem have been onsidered. Shiang et al. relatedthe transition to the underlying radial eletri �eld [II88, SC89℄, where Hinton ex-plains a transition to improved on�nement by temperature inreases [Hin91℄. Inall approahes to the problem the ions are on�ned by the magneti �eld. In antii-pation on hapter 4.1.1 stating that a large fration of argon ions in WEGA are noton�ned by the low magneti �eld, the ions have to be treated as not magnetized,whereas the eletrons are well on�ned by the magneti �eld. This feature renders allapproahes taken in H-mode modeling useless as all relate to magnetially on�nedions.The hosen path for onduting biasing experiments in WEGA is laid out morebasi than the attempt to produe an H-mode plasma in WEGA. Instead, thisthesis will join with WEGA's tradition of basi plasma researh and will fous onthe systemati approah to the problem. It will �rst demonstrate the apability of



16 CHAPTER 2. MAGNETIC CONFINEMENTthe diagnostis to aurately measure the radial eletri �eld as well as the generalplasma parameters of a spei� disharge. Then, the impat of the biasing probeson the disharge onditions will be doumented. This inludes determining if thepresene of the biasing probe hanges the plasma onditions met in WEGA. Then,the urrent path inside the vessel will be traed. One experimental goal set isto demonstrate the ability to ontrol the radial eletri �eld. Finally, it will beattempted to produe transitions to operating regimes with improved performane,e.g. higher density, temperature or even improved on�nement.



Chapter 3Basis of SpetrosopyAfter introduing basis of magneti on�nement in a stellarator and a basi workingplan in the last hapter, a brief introdution to the basis of spetrosopy, one ofthe employed diagnosti tehniques, will be given in the following hapter. Linebroadening mehanisms due to motion, as well as atomi proesses, will be reviewed.Both are ruial for the orret interpretation of results obtained from spetrosopimeasurements. A short introdution into basi optis will be given as measuring inthe visible part of the spetrum implies building a proper image.3.1 Line Broadening MehanismsFor several spetrosopi tehniques the shape of the spetral line is of interest.There are several mehanisms leading to broadening of spetral lines. These meh-anisms will now be shortly presented. Their in�uene on the line shape will bedisussed.3.1.1 Natural Line BroadeningNatural line broadening of spetral lines exists due to the �nite lifetime of exitedstates. In the quantum mehanial treatment of radiation proesses the number ofatoms in a distint state is
N = N0 · e−

Γ

2
t. (3.1)In the above formula, Γ

2
resembles the inverse half lifetime of an exited state. Theamplitude A(t) of the emitted line radiation starting at t = 0 deays exponentiallyaording to

A(t) ∝ eiω0t · e−Γt
2 , (3.2)17



18 CHAPTER 3. BASICS OF SPECTROSCOPYwhere ω0 =
(Ei−Ef )

~
is the frequeny of the transition. Ei and Ef are the binding en-ergies of the initial and �nal states. The Fourier- transformed of the above equationis proportional to

A(ω) ∝
∞
∫

−∞
exp[

(

−Γ
2

+ i(ω0 − ω)
)

t]dt,

A (ω) ∝
√

Γ · 1
i(ω0−ω)−Γ

2

.
(3.3)The spetral intensity distribution I(ω) is proportional to the square of the ampli-tude of the emitted light:

I(ω) ∝ |A(ω)|2. (3.4)The line pro�le is of Lorentzian shape. It is desribed by
I(ω) ∝

Γ

(ω − ω0)2 + (Γ
2
)2

. (3.5)The natural line broadening for lines in the visible part of the spetrum is of theorder of 10−5 nm. Under most irumstanes this is negligible ompared to otherforms of broadening. Light soures having a bandwidth in the order of the naturalline width are onsidered to be of single frequeny.
3.1.2 Doppler BroadeningDoppler broadening in plasmas is produed by thermal motion of the partiles.The Doppler e�et desribes the shift in resonane frequeny of a moving soure ormoving detetor. Light emitted by a moving partile is observed by a stationarydetetor as

ω = ω0 · (1 ± v

c
), (3.6)with ω0 being the original angular frequeny of the emitted light wave and v theveloity omponent of the partile moving along the line of sight of the detetor. Inthermodynami equilibrium partile veloities are distributed aording to Maxwell-Boltzmann- statistis:

n(v)dv = N ·
(

m0

2πkBT

)1/2

· exp

[

m0v
2

2kBT

]

dv, (3.7)resulting in a line intensity distribution of the following shape



3.1. LINE BROADENING MECHANISMS 19
I(ω) = const · exp

[

m0c
2(ω − ω0)

2

2kBTω2
0

]

. (3.8)This desribes a Gaussian urve entered at a frequeny ω0 having a full width athalf maximum (FWHM) ∆ωD of
∆ωD =

2
√

2 · ln2

c
· ω0 ·

(

kBT

m0

)1/2

. (3.9)The FWHM is inversely proportional to the square root of the atomi mass of theemitter. Expressing the above as a funtion of wavelength and temperature gives:
∆λD = 7.716 · 10−5 · λ0 ·

(

T [eV]

Arel

) 1

2 (3.10)or
T [eV ] = 1.68 · 108 · Arel ·

(

∆λD

λ

)2

. (3.11)In high temperature low density plasmas, Doppler broadening is usually the mostdominant line broadening e�et.3.1.3 Zeeman SplittingZeeman splitting desribes the splitting of atomi or ioni states under the in�ueneof external magneti �elds of not too high amplitude. The splitting of the states isdiretly proportional to the strength of the magneti �eld.3.1.3.1 Normal Zeeman E�etThe normal Zeeman e�et desribes the splitting of singlet states. Here, the totalspin is equal to zero and the quantum number of total angular momentum j is equalto the quantum number of orbital angular momentum l. From quantum mehanis itis known that the interation of an atom with a surrounding homogeneous magneti�eld, given by its �ux density −→
B , leads to a splitting of the eletron energy levels ofthe atom aording to

∆E = −−→µ · −→B = −µz · B = ml · µB · B = ml ·
e~

2me
B. (3.12)Every level splits into 2l + 1 level, as there are exatly 2l + 1 eigenvalues ml to alevel having a quantum number of angular momentum l.



20 CHAPTER 3. BASICS OF SPECTROSCOPY3.1.3.2 Anomalous Zeeman E�etThe more ommon anomalous Zeeman e�et ours when transitions with initial or�nal states having a total spin not equal to zero are exposed to magneti �elds. Thealulation of the splitting of the level energies is muh more ompliated in thisase. The quantum number of the total angular momentum has now values that arein general not a natural number, but are rational numbers, e.g. 3
2
, due to a non-zerototal spin. As a result of the unertainty in two of the three diretional omponentsof spin (~S), the magneti momentum ~µ is not parallel to the vetor of total angularmomentum ~L. The magneti moment ~µ is de�ned as

−→µ = −µB

~

(−→
L +

−→
S
)

. (3.13)The shift of the level energies in the ase of non-zero spin is
∆E = −−→µ · −→B =

µB

~

(−→
L +

−→
S
)

· −→B = mj · gL · µB · B (3.14)with gL = 1 + j(j+1)+s(s+1)−l(l−1)
~j(j+1)

.Due to the weak magneti �eld used in the experiments on WEGA, the splittingof energy levels is not notieable. Zeeman splitting of the energy levels and itsimpat on the spetral line pro�le is negleted.3.1.4 Instrument BroadeningInstrument broadening ours as imaging of an instrument annot be perfet. Espe-ially, when very high preision is neessary, this orretion is required. In generalthe instrument funtion has to be monitored in all setups. The instrument funtionof a spetrometer is reated on one hand by the interferene pattern reated by theindividual rays interfering and on the other hand by the image of the homogeneouslylit slit on the detetor. A slight tilting of the entrane slit leads to a tilting of thewhole image. The instrument funtion has to be determined for every working pointas the instrument funtion an vary with wavelength. Measuring with an optialinstrument always delivers the onvolution of the real spetrum (F ) with the in-strument funtion (I). This an be ompared to the transfer funtion of an eletriiruit and similarly expressed as
S = F ⊗ I, (3.15)



3.1. LINE BROADENING MECHANISMS 21where ⊗ refers to the onvolution operator. In Fourier spae onvolution beomes asimple multipliation of the Fourier-transformed F (ω) & I (ω) of the real spetrumand the instrument funtion,
S (ω) = F (ω) · I (ω) . (3.16)In real spae this is resembled by the onvolution integral,

s(t) =

∞
∫

−∞

f(t0) · i(t − t0)dt0. (3.17)The instrument broadening for the employed spetrometer an be approximatedwith a Gaussian. More to the details of the employed system an be found inhapter 4.3.3.1.5 Combination of Di�erent Pro�le TypesAs measured line pro�les are subjet to many di�erent types of broadening meh-anisms, also di�erent broadening proesses an our at the same time. Naturalline broadening, for instane, leads to Lorentzian-shaped pro�les. Their Fourier-transformed spetrum an be written as
L (ω − ω0, Γ) =

Γ

2π
· 1

(ω − ω0)
2 +

(

Γ
2

)2 , (3.18)while the Doppler e�et auses a Gaussian-shaped pro�le:
G (ω − ω0, σ) =

1√
2π · σ

· exp

[

−1

2

(

ω − ω0

σ

)2
]

. (3.19)Convolution of both funtions produes a Voigt pro�le, whih an our when bothbroadening mehanisms are omparable,
V (ω − ω0, Γ/σ) = L ⊗ G = L (ω − ω0, Γ) · G (ω − ω0, σ) . (3.20)The onvolution of two pro�les of idential type an be expressed by

L3 = L1 ⊗ L2 ⇒ Γ3 = Γ1 + Γ2

G3 = G1 ⊗ G2 ⇒ σ2
3 = σ2

1 + σ2
2

. (3.21)
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Figure 3.1: Comparison of a Gaussian, a Lorentzian and a Voigt pro�le.Figure 3.1 shows a omparison of the three types of pro�les. The two importantbroadening mehanism for spetra presented in this thesis are Doppler broadeningand instrument broadening.3.2 Basi OptisThe following setion gives a brief introdution into optis, a bit beyond standardgeometri optis. It will not start with the lens maker's equation or its thin lensapproximation, but will build up on the general aspets, suh as the de�nition offoal plane and other ommon terms. More on general geometrial optis an befound in [BSN93, Der16, FBS86℄. This setion will fous on important aspetsrelated to the design of optis in a more theoretial approah. It will deal with theaspet on how to build a �sharp� image and give a desription of ommon optial�aws and how they an be dealt with.3.2.1 Sharpness & Depth of FieldIn �rst order approximation a point objet an be foused perfetly to a point imageonly in a single plain. If the point gets slightly out of fous, the point objet willbe imaged as a spot. A riterion for an aeptable sharpness is given by the sizelimit of a so-alled irle of onfusion, ommonly labeled with c. Figure 3.2 showsa sketh on how the irle of onfusion is reated. The size limit for the irle ofonfusion is, in the ase of using a CCD, determined by the pixel size.
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Figure 3.2: Sketh of the irle of onfusion for point objet at distane shorter thanthe single foal length (top), single foal length (middle) and beyond single foallength (bottom) of a symmetrial lens.An image with irle of onfusion smaller than or equal to the limit c is onsideredto be �in fous�. The area in whih objets an be plaed in order to be imagedsharply is alled the depth of �eld (DOF).

Figure 3.3: Sketh for the alulation of the depth of �eld for a symmetrial bionvexlens.The near and far limits of the DOF an be alulated from the similar trianglesshown in �gure 3.3
vn−v

vn
= c

d

v−vf

vf
= c

d
(3.22)with variables aording to �gure 3.22. Now using the thin lens equation
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s
+

1

v
=

1

f
, (3.23)



24 CHAPTER 3. BASICS OF SPECTROSCOPYthis leads to the limits of the DOF to be
Dn = sf

f+ c
d
(s−f)

and Df = sf
f− c

d
(s−f)

. (3.24)One speial ase for the limit of the DOF is the so-alled hyperfoal distane H .Here, the far point of the DOF is at in�nity (Df → ∞). The hyperfoal distane anbe alulated by setting the denominator equal to 0. This leads to the hyperfoaldistane,
H =

f · d
c

+ f. (3.25)A more pratial equation inluding the f number N = f
d
of the used lens reads as

H =
f 2

Nc
+ f. (3.26)In most ases the seond term an be negleted as it is small ompared to the �rst.The near point of the DOF an be alulated by inserting equation 3.25 into the�rst equation of 3.24 to be

Dn(s = H) =
H

2
. (3.27)The image is in-fous (�sharp�) between H

2
and ∞. For typial single objetives the

Figure 3.4: Images aptured with an in�nite depth of �eld optial system (H = 44m) at di�erent distanes to the front of the �rst lens.



3.2. BASIC OPTICS 25hyperfoal point is in the order of 100 m or more from the lens. However, it is alsopossible to build systems with a very short hyperfoal distane. An optis layoutwith a hyperfoal distane in the order of tens of m is also referred to as �in�niteDOF system�.The optial system of the oherene imaging spetrometer installed on WEGAshows suh properties, with a hyperfoal length in ranging between 5 and 22 mdepending on the exat amera settings. The data reorded with suh a system is atrue line-integral over the line of sight. This is mentioned here as the spetrosopisystem used within this thesis shares the �rst lens, a reversed PENTAX objetive(C25011KP), with the optis of an in�nite DOF system. Images obtained with anin�nite DOF system are displayed in �gure 3.4.After larifying when an image is sharp, the properties of the image an now bedealt with.3.2.2 Image DistortionImage distortion is a term used to desribe the deviation of a retilinear projetionversus the original objet. This type of distortion is typially radially symmetriowing to the radial symmetry of lenses. Image distortion an be split into barreland ushion distortion. Barrel distortion is due to the magni�ation of the lensdereasing radially outwards from the enter of the lens. Cushion distortion, on theother hand, is due to an inrease of the lens's magni�ation radially outward fromthe enter.
ObjectBarrel dist. Cushion dist.Figure 3.5: Barrel (left) and ushion (right) distortion of a retilinear projetion(enter).Barrel distortion, often also alled ��sh-eye-e�et�, is used in some optial systemsto apture a hemispherial view. Distortion is ommon to most basi lenses as theyare not speially orreted for. Figure 3.6 shows a retilinear projetion seen via astandard non-orreted as well as an espeially orreted lens.
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Figure 3.6: Retilinear projetion via a single f=50mm standard lens - barrel dis-torted (left) ; retilinear projetion via a orreted f=50mm PENTAX/Cosmiarf/1.4 photo objetive type C25011KP (right).Besides barrel and ushion distortion, a mixture of ushion and barrel distortionan our. This is referred to as mustahe distortion. In this ase the more entralpart of the image is barrel distorted and the outer region is ushion distorted. Thise�et an be reated using speial retro-fous lenses or large range zoom or maroobjetives. In a more pratial approah, one an also observe mustahe distortionwhen looking through a wine glass. The surfae of objetives showing mustahedistortion is typially not a simple urved surfae.Today, software solutions exist for a large number of lenses and objetives forremapping suh simple distorted images. Many ommon piture editing programsalready inlude �lters to revert simple barrel or ushion distortion to a better orworse degree, also depending on the underlying lens database. A further disadvan-tage of a software orreted image is that it does not ontain the original data, butis largely interpolated. In this thesis a orreted lens has been available, so thatnumerial orretions of the image are not neessary.3.2.3 Spherial & Coma AberrationWhen dealing with optial systems, overing geometri optis and distortions is oftennot su�ient. One has to take are of aberrations as these are inherent to any butespeially orreted lens systems. Espeially, when dealing with spetrometers inombination with lenses, it is required to ensure the quality of the imaging system.While a perfet lens fouses all inoming parallel rays to a single point regardlessof their elevation to the optial axis, a real lens with a spherial surfae will showspherial aberration. The lens will fous rays to a shorter distane, the further awayfrom the optial axis they enter the lens. It does not produe an ideal foal point.



3.2. BASIC OPTICS 27The image will nevertheless be sharp, but will show a dereased ontrast. Spherialaberration an be orreted for to some degree by using a ombination of onvex andonave spherial lenses. Spherial aberration an be fully avoided using aspheriallenses as typially used in standard photo objetives. Figure 3.7(a) shows spherialaberration shematially.

(a) (b) α

Figure 3.7: Spherial aberration of an lens (a); oma aberration with a onvex lens(b).Another type of aberration to our in an optial system is omati aberration.It originates of asymmetry. Light striking the lens under an angle α to the optialaxis is foused o� the optial axis. This leads to the formation of a ometary oma.The e�et is worse the larger the angle to the optial axis. Comati aberration anbe minimized using lens surfaes with a proper urvature to math the appliation.Comati aberration an also be aused by simple misalignment (tilting) of a givenlens or objetive with respet to its ideal position. This an most easily be orretedby appropriate positioning. Figure 3.7(b) skethes omati aberration of a onvexlens. For the WEGA imaging system both types of aberrations are avoided by hoieof lenses and proper positioning.3.2.4 Overlapping & BinningSine the input to the spetrometer is done using �bers forming the entrane slitwith eah �ber having its own aeptane angle, one has to ensure that neighboringinput �bers do not overlap on the detetor. In order to test this, every input �berhas individually been exposed to a de�ned light soure. The resulting images thenhave been evaluated in order to �nd pixel lines that are exposed to light from two



28 CHAPTER 3. BASICS OF SPECTROSCOPYinput �bers. The hardware-binning of the amera has been hosen in suh fashionthat those pixel lines are not used for measurements. In �gure 3.8 the pixel rowsilluminated by a single input �ber, when exposed to light, are marked red and blue.Overlapping of the illuminated areas an our and the area with overlapping �eldsof illumination by two adjaent �bers is marked purple. Suh overlapping areas arenot taken into aount.
Figure 3.8: Simultaneous use of pixel rows by two adjaent input �bers (shemati).To avoid smearing of the image, the pixel line next to the overlapping area isnot used for binning. In the ase of the UHRS at WEGA this overlapping of thehannels' images redues the e�etive area of the hip in use to about half of itsoriginal size. Binning several pixel lines together also allows a faster readout of theamera. Typially 3-14 pixel lines are binned together, giving a total of 29 hannelsovering the viewing area.



Chapter 4Experimental ApparatusIn this hapter the WEGA devie as well as its portfolio of available diagnostis willbe desribed. The desription of the ECR-heating senario of the WEGA plasmawill be given in this hapter after a general introdution to the mahine. Also anintrodution to the biasing probe setup will be given in this hapter.4.1 The WEGA DevieWEGA1 is a medium-sized toroidal magneti on�nement devie. It was originallybuilt as a hybrid tokamak and stellarator experiment as part of a Frenh and Ger-man ooperation in Grenoble, Frane, in the 1970s. It was already named WEGAbak then with WEGA standing for Wendelstein Experiment in Grenoble for theAppliation of radio frequeny heating. It was operated mainly as a tokamak inGrenoble. In the 1980s WEGA was moved to Stuttgart, Germany, where it hadbeen operated mainly for magneti �ux surfae mapping. Finally, the Greifswaldbranh of the Max-Plank-Institut für Plasmaphysik took over the mahine in 2000and modernized it ompletely. First experiments were arried out in 2001. Presently,more than 28,000 disharges have been performed. The WEGA vessel has a majorvessel radius of R = 0.72m and a minor vessel radius of r = 0.19m. Forty planartoroidal �eld oils reate toroidal magneti �elds of Bmod =
∣

∣

∣

−→
B
∣

∣

∣
= 50 − 500mT.Two sets of helial windings (l = 2), with a toroidal mode number m = 5, are usedto produe the poloidal �eld omponent. WEGA has idential quasi-elliptiallyshaped poloidal ross setions every 72° toroidally, e.g. ϕ = 0, 72, 144, 216, 288 °.Additionally, a set of vertial �eld oils in a Helmholtz setup provide a vertial �eldomponent to shift the plasma radially. A shemati of the WEGA oil systems1WEGA is an abbreviation for �Wendelstein Experiment in Greifswald zur Ausbildung�29



30 CHAPTER 4. EXPERIMENTAL APPARATUSis shown in �gure 4.1. The toroidal �eld oils are marked blue. The helial wind-ings are olored red and green in order to show the di�erent polarity. The sets ofHelmholtz vertial �eld oils are olored gray. Additionally, the ports of the WEGA(di�erent olors) as well as the 0-degree axis in the horizontal plane (green line) areshown. This setup allows a wide range of parameters to be overed.Two di�erent mirowave heating systems are available to produe plasma insidethe vessel. One system operating at fMW = 2.45GHz and one at fMW = 28GHz,delivering up to 26 kW and 10 kW of heating power to the vessel, respetively. Bothsystems an work in w mode. Within the frame of this thesis only the 2.45 GHzsoures have been used. The so-alled OXB-mode onversion proess is used forheating the plasma [PLW+07℄. As the heating mehanism is quite omplex, it willbe explained in more detail in hapter 4.1.2.

Figure 4.1: Shemati of the WEGA stellarator.The typial peak plasma density of an ECR-heated argon plasma is around
ne = 1017 − 1018 m−3 with ion temperatures in the eV range2 and up to 15 eVfor thermal eletrons depending on the input mirowave power. A small frationof super-thermal eletrons has been observed lose to the heating mode onversionzone with temperatures of a few hundred eV [Hor04℄.WEGA an be operated with di�erent working gases. Usual working gases areargon and helium, less ommon is operation using neon or hydrogen.21 eV orresponds to a temperature of 11605 K



4.1. THE WEGA DEVICE 314.1.1 Properties of the Magneti FieldThis passage will summarize the more general features of WEGA's magneti �eldin low �eld operation at Bmod = 0.65 · Bres = 56mT. It will disuss to what degreethe plasma partiles are indeed on�ned by the magneti �eld in WEGA. The baseof assessment is the w7 ode [Wer℄. The on�guration has ῑ = 0.186. The �guresshown in this part show the trajetories of single partiles traveling in the WEGAmagneti �eld. The magneti �eld geometry is indiated by the onentri irles.
(a) (b)

(c)

Figure 4.2: Eletron orbits for 5 eV eletron with varying starting position (blue-R=70 m, pink-R=75 m and yellow-R=77.5 m) (a) ; with varying pith angle(yellow-30°, green-60°, magenta-90°) (b) ; with varied pith angle (red-60° = passingpartile, yellow-75° = banana partile, blue-90° = partile drifting due to ∇B) () .Figure 4.2 shows the on�nement of 5 eV eletrons with varying starting positionand pith angle with respet to the magneti �eld vetor. The transition between aneletron following the magneti �eld line around the torus, a trapped partile and



32 CHAPTER 4. EXPERIMENTAL APPARATUSan eletron with su�ient perpendiular motion, drifting only outward, is shown in�gure 4.2 ().As an be seen, eletrons are well on�ned as long as their pith angle to themagneti �eld vetor is not too large. WEGA an be operated with di�erent gasesspanning a large range of masses from 1 amu (hydrogen) to 40 amu (argon)3. Theion Larmor radius for singly harged argon ions under the given situation is in theorder of r
L,Ar+ ≈ 2.3 m. The trajetories shown are not the trajetories of theguiding enter, but the true trajetory of the ions. The ion orbits of di�erent massesfor a given starting point are shown in �gure 4.3(a).

(a) (b)

Figure 4.3: 5 eV Ar+ orbits for (a) di�erent masses (green-H, blue-He, yellow-Ne,red-Ar) ; (b) di�erent pith angles for argon (red-0°, yellow-30°, blue-60°, green-90°).As an be seen hydrogen ions are barely on�ned to the magneti �eld, whereas allother ions are lost for the magneti �eld on�guration under onsideration. Figure4.3(b) shows the motion of argon ions for di�erent pith angles against the magneti�eld. As one an see the pith angle has an impat on how long the partiles remaininside the magnetially on�ned region. The general feature of the partiles beinglost remains for all pith angles. The same property is also valid if the starting pointof the partile is varied as is shown in �gure 4.4(a).Changing the partile energy does not lead to signi�ant hanges as an be seenfor a varied ion temperature in �gure 4.4(b). Also adding a radial eletri �eld doesnot hange this behavior as is shown in �gure 4.5. The radial eletri �eld in �gure31 amu = 1.66053886 · 10−27 kg
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(a) (b)

Figure 4.4: Ar+ orbits for (a) di�erent starting positions (green-R=60 m, blue-R=65 m, yellow-R=70 m, red-R=75 m; E=5 eV, pith=30°); (b) di�erent partileenergies (red-3 eV, yellow-5 eV, blue-10 eV; pith=30°, R=70 m).
(a) (b)

(c)

Figure 4.5: Ar + ion orbits for no (a), 80 V/m (b) & 800 V/m () radial eletri �eld(red-3 eV, yellow-5 eV, blue-10 eV; pith=30°; R=70 m).



34 CHAPTER 4. EXPERIMENTAL APPARATUS4.5(b) is already larger than the one measured in WEGA during ommon argondisharges. More to the radial eletri �eld an be found in hapters 5 & 6.Summing up the passage, it an be onluded that argon ions are not on�nedin WEGA by the magneti �eld.4.1.2 Heating ShemeThe plasmas investigated in this work are produed using mirowave heating systemsat a frequeny of 2.45 GHz. The heating senario was optimized for OXB-mode-onversion heating within the restritions of the WEGA's port geometries [Pod06℄.An O-Mode mode wave is launhed from a double-slot antenna on the low-�eld sideunder an oblique angle of±42 ° to the magneti �eld vetor. The O-mode wave prop-agates up to the region of the O-mode uto� layer (ne = ne,cutoff = 7.5 · 1016 m−3),where the wave is partly onverted into a slow-X-mode wave whih propagates out-ward. The non-onverted part of the O-mode wave is re�eted. The SX-modetravels up to the upper hybrid resonane layer (UHR layer) where it is onverted toan eletrostati Bernstein wave (EBW) [PK73℄. The EBW then propagates inward.As the EBW does not have a density limit, the wave an reah the on�ned plasmaregion where it is absorbed by eletron ylotron damping. Figure 4.6 shematiallyillustrates the mode onversion proess in WEGA.
R

Figure 4.6: Mode onversion sheme for the ECR-heating senario in low-�eld op-eration of WEGA, z is the distane in toroidal diretion to the enter of the doubleslot antenna (arrow for R indiates the diretion of the major radius)�gure: ourtesy of Y. Podoba [Pod06℄The eletron temperature pro�les in WEGA are typially hollow for operationin the low-�eld ase (Bmod < 90mT) as the wave is absorbed near, but inside theLCFS as has been predited by full wave alulations and experimentally veri�ed byPodoba [Pod06℄. Optimum plasma heating for the 2.45 GHz system has been foundat non-resonant magneti �ux densities being redued ompared to the nominalresonant �uxes to 0.65 · Bres ≈ 56mT [PLW+07℄.
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Figure 4.7: Super-thermal eletron population originating of the heating mehanismfor an argon disharge with Bmod = 56mT and ῑ = 0.2 produed using 6 kW ECRHpower.The resulting density pro�les show values well above the uto� density and aretypially entrally peaked. The eletron temperature pro�le shows a maximumaround the LCFS as the majority of the heating power is absorbed there, reatinga fration of super-thermal eletrons. The super-thermal eletrons are used as anindiator for the power deposition. Their radial pro�le is shown in �gure 4.7. Thiswill be used in modeling the disharges later on.4.2 General WEGA DiagnostisThe following setion is devoted to the working priniples of the used diagnostis aswell as explaining various WEGA relevant hanges to the usual proeedings whenmeasuring with suh systems. The diagnostis and other systems neessary for thework during this thesis are positioned at di�erent toroidal angles as shown in �gure4.8. The diagnostis were hosen in order to have aess to a large number of plasmaparameters as well as basi mahine harateristis. Not mentioned is the urrentmeasurement of WEGA's oil urrents. A list of the used diagnostis an be foundin table 4.1. For a better impression the diagnosti port's position is marked in�gure 4.8. In addition to the diagnostis the antennas of the used ECRH systemare inluded. The antennas are important when it omes to determining the lastlosed �ux surfae (LCFS) as they are ating as limiting objets to the plasma forthe studied on�guration.In ase of an inserted biasing probe the antennas will not limit the plasma, butthe biasing probe will represent the inner most plasma-wall ontat. The position



36 CHAPTER 4. EXPERIMENTAL APPARATUSName of the diagnosti (abbr.) quantities measured derived parameters ϕ [°]Ultra-high resolution spetrometer (UHRS) I(ν, reff )
I0 (reff )
Ti (reff )
vi (reff )

252Fast reiproating Langmuir probe (FLP) I(U, reff )
Te (reff )
ne (reff )
Vpl (reff )

144Emissive probe Vfl, Emi Er (reff ) 144Mah-Zehnder- interferometer (MZI) ∆Φ
∫

nedl 216Biasing probe (BP) UBias, IBias PBias 108Shunt resistors UTorus A→gnd

UTorus B→gnd

Ugnd

ITorus A→gnd

ITorus B→gnd

Ignd

-Avalanhe diode w/ �lter U (νfilter) I0 (νfilter) 234Bolometer UBolo Prad (reff ) 9Table 4.1: Diagnostis overview (measured quantities, derived parameters andtoroidal angle).

Figure 4.8: Positions of diagnostis, heating soures and important equipment atthe WEGA stellarator, red and yellow underlay indiate the two isolated vauumvessel parts (red-movable half-torus A; yellow-stationary half-torus B).of the biasing probe tip is always indiated in the plots (BPtip), as is the position



4.2. GENERAL WEGA DIAGNOSTICS 37of the last losed �ux surfae (LCFS) de�ned by the antennas. A more detailedanalysis of the impat of the biasing probe an be found in hapter 5.3.4.2.1 Mah- Zehnder- InterferometerThe interferometer is used to measure the line-integrated eletron density. A �niteplasma density leads to a hange of the optial path in the measurement leg of theMZI, as the plasma is a dispersive medium. This hange in the optial path resultsin a phase shift between the referene wave and the probing wave. A Mah- Zehnder-type interferometer onsists of two legs, one being the referene leg, the other onebeing the leg ontaining the objet to study - in this ase the plasma. The prinipleof a Mah- Zehnder interferometer is skethed in �gure 4.9.

Figure 4.9: General layout of a Mah- Zehnder- type interferometer.Due to the omparably low density the probing wave in WEGA is of rather longwavelength (2.54 mm). The interferometer measures the phase shift along the lineof sight. The phase shift ∆ΦMZI is related to the eletron density ne via
∆ΦMZI ( t ) = re · λ

∫

L

ne (r′, t) dr′, (4.1)where re is the lassi eletron radius and λ is the probing wave's wavelength. Thus,the line-integrated eletron density ∫ nedl an be expressed as
∫

nedl = 1.66 · 1016 · ∆ΦMZI

[m−2
]

. (4.2)In WEGA a single-hannel Mah- Zehnder- type mirowave interferometer (MZI)is plaed at a toroidal position of ϕ = 216 °. The line of sight of the interferometerdoes not ross the magneti axis, as it is loated around R = 73 m. Figure 4.10



38 CHAPTER 4. EXPERIMENTAL APPARATUSshows a typial ῑ = 0.2- on�guration at the toroidal position of the interferometer.
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Figure 4.10: Poinaré plot for the poloidal ross setion of the Mah-Zehnder-typemirowave interferometer (ϕ = 216 °) for the referene on�guration (dashed lines -antenna harateristis of the mirowave horns; olored region - line of sight of theinterferometer).The line of sight is determined by the antenna harateristis of the two mirowavehorns. The interferometer does not relate to loal values, thus, an additional pro�lediagnosti is required. Langmuir probes will be used as eletron density pro�lediagnosti. More on probes an be found in hapter 4.4.4.2.2 Avalanhe DiodeAn additional standard diagnosti used for monitoring light emission on WEGAis a single avalanhe photo diode used in onnetion with multiple �lters. Theavailable �lters over di�erent entral wavelengths, orresponding to strong lines inthe spetrum of the di�erent working gases. Table 4.2 shows the entral wavelengthand the working gas of the di�erent �lters, as well as their bandwidth.Central wavelength FWHM Gas800 nm 10 nm Ar587 nm 10 nm He565 nm 10 nm H2Table 4.2: Filters available for WEGA's avalanhe photo diode setup.



4.2. GENERAL WEGA DIAGNOSTICS 39The single line of sight is not only going through the edge regions of the plasma,but is also rossing the enter of the plasma.
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Figure 4.11: Line of sight of the avalanhe photo diode on WEGA (for a 0.2- on-�guration).The diode is positioned at a toroidal angle of ϕ = 234 °. Its viewing area is shownin �gure 4.11 for the ase of the ῑ=0.2 on�guration. The neutral line emissionintensity reorded by the avalanhe diode ats as an indiator for energy losses dueto reombination.4.2.3 Shunt ResistorsA set of shunt resistors has been installed into the grounding network of WEGA totrae the biasing urrent. The shunt resistors allow measuring the biasing urrentdistribution ontoWEGA's two half tori. The set has primarily been installed in orderto ensure that no seondary disharge hannel is formed from the biasing probe ontospei� in-vessel omponents, e.g. the heating antennas or the alorimetri limiter.As is has not been possible to isolate all in-vessel omponents, whih are ommonlygrounded by ontat with the vessel, the urrent on the respetive half tori is a �rstindiator, if a omponent is onneted diretly to the biasing probe. In suh a ase,the biasing urrent �owing to the ground onnetion of the torus is registered bythe shunt resistor. From the w7 ode and experimental �ux surfaes mapping themagneti �eld of WEGA is well known. A diret onnetion (within one toroidalturn) of the biasing probe to e.g. the ECR heating antennas is not predited by the



40 CHAPTER 4. EXPERIMENTAL APPARATUSw7 ode. The set of shunt resistors will primarily be used to verify this routinely.The position of the shunt resistors is indiated by the red arrows in �gure 4.12 below.The blak arrows indiate the industrial urrent �ow diretion of the urrents drawnduring positive biasing. The WEGA support struture is indiated by the gray lines.

Figure 4.12: Plaement of the shunt resistors (position indiated by red arrows &number) in the grounding onept of WEGA inluding biasing probe and parasitigrounding (dashed gray), also shown is the support struture of WEGA (gray lines),not shown are the isolators between the half tori as well as between the two partsof the isolated support struture; the plasma is represented by the light blue shade.The urrent �owing between the biasing probe and half torus A is determinedby exploiting Kirhho�'s urrent law. A shemati of Kirhho�'s urrent law fordetermining the urrent between the biasing probe and the WEGA half torus isindiated in �gure 4.13.

Figure 4.13: Shemati of Kirhho�'s urrent law for determining the urrent be-tween the biasing probe and the WEGA half torus A (movable half).



4.3. ULTRA-HIGH RESOLUTION OPTICAL EMISSION SPECTROSCOPY 41The urrent from the plasma an hene be alulated by
Ipl→A = IBias − IB − Ipg, (4.3)with Ipl→A being the urrent drawn from the plasma onto the half torus A and

IBias , B , pg being the biasing urrent, urrent to half B and urrents �owing overparasiti onnetions or in orrespondene to �gure 4.12:
Ipl→A = I2 − I3 − I5. (4.4)For more preise measurements of the urrent a set of urrent lamps an be usedwhih have a muh smaller measurement unertainty of ±0.15A. The shunt resistorsand the attahed ampli�ers are not expeted to perform better than 15− 20 %, butthis is more than su�ient for routine heks.4.3 Ultra-High Resolution Optial Emission Spe-trosopyThe following setion will deal with the optial emission spetrosopy setup used onWEGA. Optial emission spetrosopy (OES) is a passive method of observing theplasma. It uses the eletromagneti radiation emitted by the plasma in the visiblepart of the spetrum. In order to obtain information about density, temperature andveloity of the emitting speies, one an use a variety of di�erent tehniques, suhas measuring relative line intensities [Hor04℄, highly resolve a single line [Lis05℄,de�ned multiplets [Chu04℄ or use the oherene imaging tehnique [How99℄. Forthis thesis the highly resolved measurements of a single line is hosen. Ultra-highresolution spetrosopy is used in the ontext of this thesis to measure the poloidal�ow veloity of the ions vi, whih an be related to the radial eletri �eld in WEGA,as is explained in appendix A. The system is also apable of deriving the iontemperature Ti from Doppler broadening of a spetral line, as well as the intensityradiated by the seleted transition I0(λ).The setion features a desription of the ultra-high resolution optial emissionspetrometer (UHRS), shown in �gure 4.14. It is used in onnetion with a water-ooled bak-illuminated Roper MiroMax frame-transfer CCD amera. CCD amerarelated issues an be found in appendix B, here only spetrometer related issues willbe overed.
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Figure 4.14: SOPRA 1150 mm UHRS system with prism-based pre-monohromator,�ber onnetor board and the attahed water-ooled Roper MiroMAX bak-illuminated frame transfer CCD amera.The UHRS system shares a line of sight with the WEGA oherene imagingspetrometer (CIS) plaed at ϕ = 252°. A sketh of the joint optial system isdisplayed in �gure 4.15.

Figure 4.15: Joint optial setup of the UHRS and CIS optial diagnostis on WEGA.The lines of sight over most of the poloidal ross setion of the plasma as anbe seen in �gure 4.16. The remarkable point of the optial system is that it allowsobtaining an image with an in�nite DOF for the CIS setup, as well as a limitedDOF of ≈ ±1 m for the UHRS system. It is a system with a limited depth of �eld



4.3. ULTRA-HIGH RESOLUTION OPTICAL EMISSION SPECTROSCOPY 43onduting a loal measurement - with loal referring to averaging over the depthof �eld - although sharing the �rst lens with an in�nite DOF system.

Figure 4.16: Lines of sight of the WEGA UHRS system for a large plasma on�gu-ration (�nite DOF is indiated by green box).The entrane slit of the pre-monohromator is formed by a set of 51 optial�bers glued together in the shape of a vertial line. Eah �ber has a diameter of
200 µm and is onneted to a onnetor board. This onnetor board allows toonnet the �bers forming the entrane slit to the ones transferring the light fromthe WEGA port to the spetrometer system. The UHRS system itself onsists oftwo spetrometers. First, a narrow part of the spetrum is seleted using a prism-based pre-monohromator as an be seen in �gure 4.17. The resulting low resolutionspetrum is imaged onto the entrane of the main monohromator, a SOPRA 1150mm Ehelle grating spetrometer. A shemati of the system is shown in �gure 4.17.

Figure 4.17: Layout of the ultra-high resolution spetrometer system on WEGA.



44 CHAPTER 4. EXPERIMENTAL APPARATUSnoindent Using a pre-monohromator allows avoiding di�erent orders of di�ra-tion overlapping on the CCD-hip at the end of the Ehelle grating spetrometer.The time resolution of the WEGA UHRS system is limited by the light intensityto typially ∆t = 1 s. The ultra-high resolution spetrometer uses a small part ofthe full spetrum emitted by the WEGA plasma and resolves this fration of thespetrum highly in the light's frequeny.The spetrometer is apable of monitoring light in eighth to 17th order of di�ra-tion depending on the exat wavelength of the light. The order m an either bealulated by the spetrometer equation for a symmetri Ebert-Fastie spetrometeraording to
λ0 = m · λ = k · 2 sin αblaze · cos ε. (4.5)Here, λ0 is the fundamental wavelength of the system, λ is the wavelength of theseleted line, k is the grating onstant, αblaze is the blaze angle and ε is the Ebertangle. For the WEGA UHRS the harateristis are doumented in table 4.3.harateristi value

λ0 5706 nm
k 1

312 mm
αblaze 63.2°

ε 4.2°Table 4.3: Charateristis of the WEGA SOPRA 1150 mm Ehelle grating spe-trometer.One spei� treat of the WEGA UHRS system is that the system's dispersionrelation is globally non-linear due to the fat that di�erent orders of di�ration areovered by the instrument. One has to take into aount that the dispersion of thesystem leads to a hange in the e�etive resolution of the amera with some regionsof the spetrum being higher resolved than others. Figure 4.18 shows the dispersionrelation of the system. Jumps in the urve are due to a hange in the order ofdi�ration. As the dispersion is rapidly hanging at the wavelength of the seletedargon ion line at 487.999 nm, mehanial movement of the spetrometer is ritial.The absolute wavelength position on the amera is not preisely reprodued whenmoving the spetrometer.As a more onvenient referene for the absolute wavelength position, the line ofsight running through the enter of the plasma an be used as a referene for theveloity. This has been on�rmed by using a Piarro CYAN diode laser at 488.0 nmas referene.



4.4. PROBES 45
10

   
m

/p
xl

]

200 400 600 800

0

50

100

150

200

250

λ [nm]

d
is

p
er

si
o

n
 [

-1
4

89
10

17

Ar (11 )

Figure 4.18: Dispersion relation of the UHRS over the wavelength - also indiatedis the order in whih the light is observed (number of order is given in parenthesis).The laser has a full width at half maximum (FWHM) spei�ed by the manu-faturer to be less than 10−14 m. The typial resolution of the WEGA ultra-highresolution spetrosopy (UHRS) system is 1.36 · 10−12 mpxl at 488.0 nm. The laseran also be used to determine the instrument funtion at the wavelength. The in-strument funtion of high resolution spetrometers hanges with wavelength as theresolution of the system is wavelength dependent. For the seleted argon line theinstrument funtion has been determined to 0.1Å.4.4 ProbesA typial diagnosti for low temperature and low density plasmas is the eletrostatiprobe, also alled Langmuir probe. The diagnosti has been introdued in the 1920'sby Langmuir. A basi Langmuir probe onsists of a metal wire, that is to someextend, exposed to the plasma to be diagnosed.If an eletrially isolated probe is immersed in a plasma more eletrons thanions hit the surfae as the thermal veloity of the eletrons is higher than the ion'sthermal veloity. The probe is harged negatively with respet to the plasma. Topreserve quasineutrality ions from the plasma will surround the probe shielding theexess negative harge until the eletron and ion urrent to the probe are equal. Theresulting potential of the probe is alled �oating potential Vfl and is more negativethan the plasma potential at the position of the probe.



46 CHAPTER 4. EXPERIMENTAL APPARATUSDepending on the probe potential three di�erent regimes an be found:1. Ion saturation branh (U ≪ Vfl)2. Eletron residual urrent region (shaded region in �gure 4.19(a) )3. Eletron saturation region (not shown in �gure 4.19)If the probe is biased to potentials less than ≈ 2Vfl [Ott00℄, only positivelyharged partiles are able to reah the probe surfae. Negatively harged partiles(eletrons) are repelled by the probe. This regime is alled ion saturation branhof the harateristi. With more positive probe bias also eletrons are able to reahthe probe. The urrent ontribution of the eletrons is depending on the eletrondensity as well as the eletron energy distribution funtion. The residual eletronurrent is growing exponentially with the probe voltage in ase of a Maxwellianenergy distribution. The orresponding regime of the urrent-voltage harateristiis alled eletron residual urrent region. Finally, the probe bias is exeeding theplasma potential. Now ions are repelled by the probe and only eletrons are able toreah it. This regime is alled eletron saturation urrent. Depending on the probegeometry, the eletron saturation urrent may not saturate to a onstant value. Thisis observed in the ylindrial probes as used in WEGA.Important plasma parameters, suh as ne , Te , Vpl as well as the energy distri-bution funtion of the eletrons f (E) an be determined from probe harateristisunder optimum onditions [Ott00℄. For the onditions in WEGA not all of thisis possible as the presene of the magneti �eld and the applied heating methodmake interpretation more di�ult. A seond important aspet is the presene ofsuper-thermal eletrons in the edge, whih have a signi�ant impat on the probeharateristi [Sta95b℄. Also, the probe dimensions are similar to relevant salelengths in the plasma [Mar08℄. The high noise level requires areful treatment andrenders ommon tehniques for determining the eletron energy distribution inap-pliable. A typial WEGA probe harateristi is displayed in �gure 4.19. As anbe seen the probe urrent displayed in �gure 4.19 does not saturate ompletely fornegative voltages.The most robust parameter to be derived from Langmuir probes is the eletrontemperature. In ase of a Maxwellian eletron energy distribution funtion, thedrawn eletron urrent Ie is exponentially inreasing with the probe voltage U inthe eletron residual region:
Ie = Ie, sat · exp

e (U − Vpl)

kBTe
(4.6)
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Figure 4.19: (a) Typial urrent- voltage harateristi of a WEGA Langmuir probe,shaded area an be used to derive eletron temperature.with Ie, sat being the eletron saturation urrent, Vpl the plasma potential and Te theeletron temperature. Equation 4.6 an be used to derive the eletron temperaturefrom the slope of a semi-logarithmi plot of the probe data as is shown in �gure4.20. In this ase the eletron temperature is derived to Te ≈ 4.75 eV.
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Figure 4.20: Shaded region of �gure 4.19 as semi-logarithmi plot (blak - data, blue- used for �t, red - �t) with derived eletron temperature.In the following a short overview related to probe measurements and their ap-pliation under WEGA's plasma and probe onditions is given. For a more detailed



48 CHAPTER 4. EXPERIMENTAL APPARATUSoverview of using probes in the WEGA environment please refer to [Mar08℄ andreferenes therein.4.4.1 WEGA Langmuir ProbeA typial WEGA Langmuir probe has ylindrial geometry. It is built from tungstenwire, having a probe tip diameter of 100 µm and an exposed length of a few millime-ters. The probe shaft is isolated from the tip by a erami tube. The shemati in�gure 4.21 shows the typially employed Langmuir probe design as used on WEGA.Typial WEGA plasmas generally do not limit the use of probes, however severalpreautions have to be taken in order to ensure the persistene of the probe inthe environment of WEGA. The probe system is exposed to the plasma for onlya very short time period (typially a seond) in order to prevent the probe fromthermal damage. This is done by a pneumatially-driven fast reiproating mid-plane manipulator giving the system its name: FLP - Fast Langmuir Probe.

Figure 4.21: WEGA Langmuir probe (tungsten, 100 µm).The urrent setup an hold up to 14 probes. Thirteen probes are positioned toform a poloidal array with a vertial distane of 0.5 m between the probes and oneadditional probe an be mounted slightly elevated between the probes at z=0 and0.5 m (not shown in graph). This additional holder is used to mount the emissiveprobe whih will be introdued in hapter 4.4.2. A shemati of the FLP probearray in the referene on�guration is shown in �gure 4.22. The probe array �ts tothe LCFS of a ῑ = 0.25 on�guration [Mar08℄.Determining plasma density or plasma potential, in order to gain aurate quan-titative information about plasma parameters, is not easy under WEGA onditions,as is desribed in [Mar08℄.
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Figure 4.22: Sketh of the 13 tip Langmuir probe array on WEGA in refereneon�guration.Careful interpretation of the probe data is required. The equations desribingthe motion of the plasma hange their harater due to the boundary formationof the probes. This point in partiular is explained in more detail in [Che77℄. Inase of the standard Langmuir probe operated in WEGA, having a probe radius of
Rp = 50 µm, probe theory aording to Allen, Boyd and Reynolds [ABR57℄ is used.The theory assumes a Maxwellian eletron energy distribution. The ion density, ni,is derived from the ion �ux, Γ , per unit length, 2πr, of the probe as

nivi =
Γ

2πr
, (4.7)with vi =

√

−2eV
M

and M being the ion mass and V the potential di�erene betweenthe probe and the plasma potential. The above equation an be used to rewritePoisson's equation to be,
1
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∂V
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)

= − e

ε0





I

2πr

1
√

−2eV
M

− n0 exp

(

eV

kBTe

)



 . (4.8)
n0 is the density far away from the probe. Using the normalized temperature
η = − eV

kBTe
and the normalized probe radius ξ =

rprobe

λD
with λD =

√

ε0kBTe

n0e2 andthe normalized probe urrent to the probe J = eI
2πkBTe

√

M
2ε0n0

equation 4.8 an be
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∂

∂ξ

(

ξ
∂η

∂ξ

)

= J
√

η − ξ exp (−η) . (4.9)Aording to Chen [Che01, Che03℄, the solution of this di�erential equation an be�tted by
1

J4
=

1

(AηB)4 +
1

(CηD)4 , (4.10)with A, B, C and D aording to
A, C = aξb + cξd

B, D = a + b ln ξ + c (ln ξ)2
(4.11)and a, b,  & d from table 4.4.Probes also introdue a systemati error onto the measurements. As the probeis essentially a surfae, the plasma density in front of the probe will be redued.In ombination with the probe movement, this would lead to a reti�ation of theprobe pro�les and the density measured in the enter will be underestimated.As an absolute referene plasma to alibrate the probes is laking, the absolutealibration of the system is done by mapping the probe results to the interferometerline of sight and omparing the two.a b  dA 0.864 1.500 0.269 2.050B 0.479 -0.030 -0.010 -C 1.008 1.700 0.336 2.050D 0.384 -0.150 0.013 -Table 4.4: Coe�ients for omputing ABR urves aording to Chen. [Che01,Che03℄When omparing probes to the interferometer, the plasma existing outside the LCFSplays a ritial role as has been noted before [Hor04, HLLW04℄. Figure 4.23 indiatesthe mapping proedure whih is used to map the probe data to the interferometerline of sight for omparison. The omparison of the interferometer to the probe datayields a orretion fator γ desribing the ratio between the mapped probe resultsand the MZI signal. The orretion fator is then used to resale the probe dataaording to

r
∫

−r

ne (r) dlMZI = γ

t
∫

t0

ne (r) dlFLP . (4.12)
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Figure 4.23: Simpli�ed sketh of the mapping proedure used for omparing theprobe data to the Mah- Zehnder- interferometer.�gure: ourtesy to Dr. S. MarsenAside from the priniple issues related to probe measurements in magnetizedplasmas another thing has to be onsidered. The WEGA Langmuir probe is mountedon a fast moving manipulator. One has to onsider a possible obsuring of the pro�ledue to the manipulator movement. The typial sweep time is about 3 ms for a singleharateristi, orresponding to a radial displaement of ≈ 5mm in the edge region.The displaement in the plasma region is smaller than 3 mm per harateristieven for the fastest setting of the manipulator. The movement of the probe, inombination with the �nite size of the probe, is limiting the number of supportingpoints to a parameter pro�le. Probe pro�les presented within this thesis are splineinterpolations to these supporting points.4.4.2 Emissive ProbeAs mentioned in [Mar08℄, the reonstrution of the plasma potential pro�les fromstandard probe results is not reasonable for the low �eld operation of WEGA. Inorder to gain aess to information about the radial potential distribution and itsderivative, the radial eletri �eld, a di�erent approah to measuring the potentialdistribution has to be hosen. The potential distribution of the plasma an beobtained using emissive probes. The working priniple will be explained in thefollowing.An eletrostati probe emitting eletrons is alled emissive probe. The most



52 CHAPTER 4. EXPERIMENTAL APPARATUSsimplisti realization is a wire heated to thermal emission [SS96℄. More advaneddesigns have been realized using self emitting probe tips [RLB+97℄ or materials suhas lanthanium hexaboride (LaB6) [Fin02℄ or even a ombination of LaB6 with lasersas presented in [SIB+08℄. Common to all designs is that all probes have to providea su�ient emission urrent of thermally emitted eletrons following Rihardson'slaw
jemi = ART 2 · e−

eΦW
kBTH , (4.13)with ΦW being the work funtion of the material (for W: 4.6 eV) and TH beingthe temperature of the emitting material. AR is Rihardson's onstant, whih isdependent on the material and its surfae (for W: 60 Am−2).A typial urrent-voltage harateristi of an emissive probe is displayed in �gure4.24.
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Figure 4.24: Calulated urrent-voltage harateristis of a planar emissive and aplanar non-emissive probe of equal dimensions.�gure: ourtesy to Dr. M. FinkThe additionally emitted urrent of the emissive probe is added to the ion sat-uration urrent. The eletron saturation urrent remains unhanged. The �oatingpotential of the emissive probe is loser to the plasma potential than the one of theonventional probe. The ause for this shift is the hange in the sheath in frontof the probe. The eletron sheath surrounding the probe prevents the olletion ofeletrons from the plasma. Hene, the �oating probe will harge up less negativelywith respet to Vpl than in ase of a old probe. The emission of the probe leadsto a redution of the sheath potential of the probe. In a rude approah emissionan fully destroy the sheath if as many eletrons are emitted from the probe as are



4.4. PROBES 53olleted from the plasma. Aording to [Rei98℄, the potential drop of the sheath tothe probe, VX , an be derived to be
VX = V emi

fl − Vpl = −0.6 · kBTe

e
. (4.14)Before the sheath potential an reah the plasma potential, the eletri �eld sur-rounding the probe is reversed if the ratio of emitted (jemi) to olleted urrent(je,P ) beomes larger than 0.86. A double sheath is formed. If the ratio of emittedurrent to olleted urrent beomes larger than 1, the probe is alled su�ientlyemitting. In pratial terms the urrent for a tungsten wire emissive probe is suf-�iently emissive if the emission urrent jemi & 1.0Am−2 [Fin02℄. The su�ientdegree of emission of the probe is displayed in �gure 4.25.
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Figure 4.25: Floating potential pro�les of a tungsten wire emissive probe at di�erentheating urrents; su�ient emission is ahieved with heating urrents larger than
Iheat ≥ 1.2A.The gradual transition from a standard �oating probe to an emissive one isvisible. Also the di�erene in the plasma temperature leads to a stronger emissionin the edge ompared to the enter if the probe is just not su�iently emissive asis the ase for the light and dark blue urves of �gure 4.25. The emissive probe isoperated at heating urrents Iheat > 2.0A at all times in order to ensure a properdegree of emissivity. As emissive probes su�er from short lifetimes, a simple �exiblewire has been splied to the tungsten �lament as is suggested in [SS96℄. The emissiveprobe onsists of a 100 µm diameter tungsten wire whih is splied into a 0.25 mm2�exible opper wire. This allows easy replaement of a broken tungsten �lament.



54 CHAPTER 4. EXPERIMENTAL APPARATUSMore to designing an emissive biasing probe an be found in hapter 4.5.2. Theemissive probe for pro�le measurements has been available in the last experimen-tal ampaign. Otherwise measurements of the radial eletri �eld are ondutedspetrosopially.4.5 Biasing ProbesAs mentioned in the introdution biasing probes will be used to alter plasma pa-rameters, espeially the radial eletri �eld pro�le. Following the threshold powersaling given in formula 1.2, the aess to improved on�nement regimes requires aertain minimum heating power. This power threshold is well outside any opera-tional window of WEGA giving Pthres ≥ 100 kW for low �eld operation even with avery small and dense plasma. Hene, biasing is not onduted to ahieve H-modeplasmas, but to study more basi e�ets suh as the impat of the probe onto theplasma parameters and to demonstrate the ability to modify the radial eletri �eld.The biasing probe setup for WEGA is loated at a toroidal angle of ϕ = 108 °.Two di�erent lasses of biasing probes are available for onduting biasing experi-ments on WEGA. One is a set of arbon probes of di�erent sizes and shapes. Theother is a large tungsten emissive probe. Both sets will be introdued in the follow-ing. As only one probe an be used, the probe in use will always be referred to as�the probe� or �the probe head�, if not spei�ed in more detail. The biasing probe ismounted on a stainless steel rod for the arbon probes and on a set of solid opperrods for the emissive tungsten probe. In both ases the ondutor is overed byerami tubing to provide eletrial as well as thermal shielding from the plasma.The probe system is radially movable by means of a slow mid-plane manipulatorallowing preise (±0.3 mm) positioning of the probe head.The biasing probes an be energized using two power supplies eah providing upto ±600V/25A. Both power supplies are operated in parallel allowing a ombinedmaximum urrent of 50 A at ±600V with respet to the vauum vessel in steady-state. The emissive probe will be heated by an auxiliary power supply apable ofsupplying 100 V and urrents up to 500 A.4.5.1 Carbon ProbesCarbon biasing probes are often used in biasing experiments due to the advantageousthermo-mehanial properties of arbon. The ability to take high thermal loads was



4.5. BIASING PROBES 55the main reason to use arbon as a andidate material for building WEGA's biasingprobes. Initially, a small mushroom-shaped biasing probe was available. As itbeame obvious that the probe was not able to drawn signi�ant urrent, two largerprobes have been onstruted.As �rst andidate when a large and distint surfae was required, the blok designhas been used. This design inorporates a well-de�ned onnetion to the plasma aswell as a rather large and mehanially stable body to take the heat load duringbiasing. A piture of the blok probe is shown in �gure 4.26.

Figure 4.26: LCFS-shaped arbon blok probe installed on the manipulator (in air)The probe has a base width of 50 mm and a height of 50 mm. The front of theprobe is a square with rounded edges. The front is ut to math the ontour ofthe magneti �eld geometry of the last losed �ux surfae. The probe proofed tobe very robust against both large heat loads as well as mehanial vibrations. Themain results presented in this thesis have been obtained using this probe.A more sophistiated arbon probe tip mathing the LCFS better has been usedto hek if the biasing senario an be optimized by using a larger surfae in ontatto the plasma. The seond design sari�es the very stable body for a larger ontatsurfae to the magneti geometry. The results obtained when biasing do not di�ersigni�antly from the use of the blok probe, although the general plasma parameterswere slightly better. Results obtained with this probe will only be shown in setion6.4, as the general behavior was not muh di�erent. It is optimized for use with the
ῑ = 0.2- on�guration, as is the blok design. A piture of the LCFS-shaped disprobe is shown in �gure 4.27.
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Figure 4.27: LCFS-shaped dis biasing probe installed on the manipulator.The front of the probe has a rather ompliated shape as it is mathing the LCFS.It's front projetion is a irle with a diameter of 80 mm. The probe tip has athikness of 5 mm.4.5.2 Tungsten Emissive Biasing ProbeReturning bak to the roots of edge biasing, the idea is to draw large urrents per-pendiular to the magneti �eld respetively aross �ux surfaes. Sine the biasingprobes are essentially large Langmuir probes, negative biasing has always been lim-ited to the ion saturation urrent. This limitation an be avoided by using emissiveprobes. Here, one is able to draw signi�antly larger urrents with negatively biasedprobes due to additionally produed free eletrons from thermal emission from theheated surfae. In a rather simple ase one an think of an emissive probe as aloop of tungsten wire heated into emission. The emitted eletron urrent Ie an bedesribed aording to the Rihardson formula given in equation 4.13. In order todraw more urrent with suh a probe, one an either inrease the probe's surfaeor inrease the temperature. A larger surfae is not always wanted. Ideally, onewants to keep the probe small to minimize the perturbation aused by the probebody. An inrease in temperature imposes a signi�ant limitation on the lifetime ofan emissive probe as has been reported in [Fin02℄. Also the mehanial stability ofthe probe is redued for higher temperature. This is important as signi�ant foresdue to ~j × ~B fore at on the probe even with the omparable low magneti �eld.



4.5. BIASING PROBES 57For the use in WEGA the biasing probe is to deliver between 3 and 30 A emis-sively. This an be ahieved by a tungsten wire with a surfae of 10 m2 being heatedto approximately 2600 K. The heating of the wire is done eletrially. The amountof power needed an be estimated by Stefan-Boltzman law to
P = σSB · S · T 4, (4.15)here σSB is the Stefan-Boltzmann fator, S the probe surfae and T is the tem-perature of the probe. Given a temperature of 2500 K, the loss due to blak-bodyradiation is ≈ 2.5 kW. This has to be ompensated by the eletri heating ir-uit. One has to keep in mind that the emissive probe is intrinsially a resistor andthat the resistane is hanging as the probe beomes hotter. This inrease of theresistane an be desribed by

R ( T ) = R20 · (1 + α∆T ) . (4.16)with α being the linear resistane temperature oe�ient and ∆T [K] = T [K] −
293.15K. The resistane hanges from R20 ≈ 0.2 Ω to R2700 ≈ 2 Ω. The hange ofthe probe's internal resistivity an be used as a measure of the probe temperatureaording to the formula above. The emissive urrent of the probe an be ross-heked in suh fashion. Both above mentioned relations are shown in graph 4.28.

Figure 4.28: Emission urrent and resistivity of the WEGA's tungsten wire emissivebiasing probe (S = 10 m2 ).In order to derease the required heating one ould turn to a di�erent material



58 CHAPTER 4. EXPERIMENTAL APPARATUShaving a lower work funtion. One ould use thoriated tungsten instead of regulartungsten reduing the work funtion by about a fator of 2. Sine thorium is evap-orating when the probe is heated to emission, one observes an even shorter lifetimewhen ompared to pure tungsten probes. In order to minimize the maintenane ofthe emissive probe setup in WEGA, this was not hosen. Also, a thoriated tungstenwire is mehanially not as robust as pure tungsten wire is. A di�erent possiblematerial would be lanthanium hexaboride (LaB6). LaB6 is similar to halk in on-sisteny. LaB6 has a work funtion of Wa = 2.6 eV, similar to that of thoriatedtungsten (Wa = 2.7 eV) and has been suessfully used in many mahines to on-strut emissive eletrostati probes. It was hosen not to use LaB6 due to the fatthat the exposure to plasma erodes the material quite fast and the probe head wouldbe disintegrated rather quikly. This is aompanied by ontaminating the vesselwith lanthanium hexaboride dust, whih is a health risk. As aess to the vessel isvery limited in terms of leaning large surfaes and in order to avoid health risks,the material is not used.In order to obtain the required surfae area of 10 m2, the tungsten emissiveprobe was hosen to be essentially a small oil made of 1 mm diameter tungstenwire. The oil is mounted to the tip of two solid opper rods that are eletriallyisolated as well as thermally shielded from the plasma by aluminum oxide eramitubes. The system is mounted on the same slow mid-plane manipulator as thearbon probes, so also a well-known position an be obtained. A piture of theemissive probe in a test hamber is shown in �gure 4.29.

Figure 4.29: Emissive tungsten biasing probe in test hamber (without shieldingeramis).As with the arbon probes, two power supplies in joint-operation mode allowbiasing urrents up to 50 A and a biasing potential of up to ±600V. The ohmi



4.6. BOLOMETRY 59heating of the tungsten wire is supplied by additional power supplies �oating at thepotential of the biasing power supplies. Typial heating urrents exeed 90 A.4.6 BolometryIn order to measure the radiated power onto a surfae, bolometry is a well-suitedand widely used tool. A bolometer measures the power �ux onto the surfae of thebolometer by a hange in temperature of the detetor. The priniple of bolometryhas been introdued 100 years ago by Langley [LA08℄. The base for this temperaturemeasurement is a Wheatstone bridge iruit. A WEGA bolometer is formed by twosets of two gold meanders of equal length on an insulator foil [MVA+91, ZOG05℄. Abasi sketh of a single bolometer is shown in �gure 4.30.
R3R1I

II

III

IV
R 2 R 4

R
3

R
4

R
2

R
1

I

II

III IV

Reference

Bolometer

Exposed

Bolometer

V U0

Figure 4.30: Basi draft the eletri iruit of a bolometer and the orrespondingWheatstone bridge iruit; R1 & R2 are exposed to the radiation from the plasma.The WEGA bolometer system of 12 hannels plaed inside the bolometer uptake.If not exposed to radiation the Wheatstone bridge is balaned as all resistors areequal:
R1 = R2 = R3 = R4 and V ≡ 0 (4.17)If the bolometer is exposed to radiation, the resistors R1 & R2 heat up hangingtheir resistivity. In onsequene, the Wheatstone bridge is unbalaned and a voltage

V an be measured aross the bridge aording to
V = U1 − U4 =

α∆T

2 + α∆T
· U0. (4.18)



60 CHAPTER 4. EXPERIMENTAL APPARATUSSorting for ∆T the temperature hange in the resistors an be expressed as
∆T =

2V

α (U0 − V )
,where U0 is the supply voltage to the bridge (applied between I & II in �gure 4.30).The radiated power an be alulated from the bolometer equation

Prad = c

(

d T (t)

dt
+

T (t) − T (t0)

τ

)

. (4.19)The parameters c and τ orrespond to the heat apaity and the harateristiooling time of the bolometer. The WEGA bolometer is alibrated by ohmi heatingafter every WEGA disharge, whih is desribed in detail in [Sh99℄.The bolometer is installed at a toroidal angle of ϕ = 27 °. The bolometer linesof sight over most of the poloidal ross setion, as an be seen in �gure 4.31.
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4.7. LIMITER 614.7 LimiterWEGA features a alorimetri limiter at a toroidal position of ϕ = 117°. Thedistane between the limiter and the biasing probe is typially not larger than ≈
10 m, if installed. The limiter onsists of stainless steel and an be atively ooledwith water. Temperature sensors at the feed and the exit of the limiter allow usingit as a alorimeter. The limiter is also referred to as alorimetri limiter for thispurpose. Figure 4.32 shows the limiter installed in WEGA during plasma ignition.

Figure 4.32: Piture of the alorimetri limiter (top right struture) obtained duringthe ignition of a WEGA disharge aquired with a video amera looking into theWEGA vauum vessel; also shown is the asing of the internal diamagneti loop anda seond video amera.If present in the vessel, the limiter has been plaed in the far SOL, not limitingthe plasma. The size of the plasma has been limited by the presene of the heatingantennas or the biasing probe for all ases in this thesis. Nevertheless, the preseneof the limiter in the SOL has an impat on the plasma parameter pro�les as will beshown in the next hapters.



62 CHAPTER 4. EXPERIMENTAL APPARATUS



Chapter 5CharaterizationAfter introduing the underlying mehanisms, the WEGA devie and the diagnos-tis related to the work in this thesis, the following part of the thesis will presentexperimental results. The magneti �eld is B = 56mT with a rotational transform
ῑ ≈ 0.186. The disharge is limited by the antennas of the ECR heating systemat reff = 11.4 m. The standard operating senario and its alteration due to thepenetration of the biasing probe will later at as referene when assessing the impatof biasing.
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Figure 5.1: Poinaré plot of the magneti �eld topology for the referene on�gura-tion at ϕ = 144°; LCFS is indiated red.The shape of the magneti �eld topology is shown in �gure 5.1. This senario hasalready been studied intensively, as the heating onept skethed in hapter 4.1.263



64 CHAPTER 5. CHARACTERIZATIONhas been veri�ed for this on�guration. The impat of varying heating power andhanging the residual gas pressure will be doumented in this hapter, as well as theimpat of the heating soure on the plasma parameters. The parameter sans willbe used to demonstrate the apability of the diagnostis to measure the parametersof interest.5.1 Neutral Pressure SanThe impat of a hanged residual gas pressure inside the vauum vessel is dou-mented in the following setion. Conduting measurements in stable plasma ondi-tions requires small hanges in the neutral gas �ow rate, making the plasma state un-der observation more robust against the perturbation aused by (Langmuir) probes.The parameter san presented here is muh larger than the atual hange in gaspressure required to stabilize a plasma with respet to the probe systems. It ispresented here for the purpose of ompleteness. As there is no ative neutral gaspressure ontrol available, the gas �ow rate has been varied in order to ahieve a gaspressure san. The pump rate was kept onstant. The gas pressure depends linearlyon the gas �ow rate. The hange in the residual gas pressure as a funtion of thegas �ow rate is shown in �gure 5.2.
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Figure 5.2: Dependene of residual gas pressure on the argon gas �ow.The impat of the gas �ow rate hange on the plasma parameters measured byLangmuir probes is displayed in �gure 5.3. The error for the probe measurementsis indiated only on the inside and the outside for purpose of better visibility.
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66 CHAPTER 5. CHARACTERIZATIONAn inreased gas pressure leads to a somewhat redued radial eletri �eld nearthe LCFS. The error for the spetrosopi measurement is mostly due to noise onthe spetrum. The error of the emissive probe measurement is determined by thenoise of the measurement system and does not represent the impat of the probesystem to the plasma. As the temperature and density pro�les are in�uened onlymarginally by hanging the gas pressure, so is the ontained energy. The impat ofthe gas pressure san on the on�ned energy is displayed in �gure 5.5.
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Figure 5.5: Con�ned energy for varied gas �ow (normalized to 8 sm
(1.71 · 10−5 mbar) disharge; We (1.71 · 10−5 mbar) ≈ 0.14 J).Summarizing the gas san, it an be onluded that a hange in gas pressureindues small hanges in the plasma pro�les and the on�ned energy. This willbe important later as a minor gas hange will be required to stabilize the plasmaagainst the perturbation aused by the probe system. That hange is however smallompared to the range overed here.
5.2 Mirowave Power SanThe following setion will present the in�uene of the input heating power on thegeneral plasma parameters. The mirowave power input has been inreased in stepsof ∆Pmw = 1.2 kW from 2.4 kW up to 6 kW for the 6 kW soure and from 2.4 kW to12 kW for the 20 kW soure. For better omparison, the results obtained with the20 kW soure will be split into two sets: One ontaining data obtained with inputpower up to 6 kW and one set featuring results obtained with Pmw > 6 kW of inputpower.



5.2. MICROWAVE POWER SCAN 675.2.1 6 kW Magnetron SoureIn a �rst look, the line-integrated density measured by the interferometer inreaseswith inreased heating power as is shown in �gure 5.6.
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68 CHAPTER 5. CHARACTERIZATIONpro�les in WEGA are typially hollow, having a maximum near the LCFS. Thehollow temperature pro�les originate of the hollow power deposition pro�le of themirowave heating explained in hapter 4.6.An inrease in heating power does not lead to a notieable hange in the spetro-sopially observed poloidal rotation veloity, respetively the derived radial eletri�eld. An impat of inreasing heating power on the plasma potential pro�le shapehas not been detetable with emissive probes, although the absolute plasma poten-tial inreases with inreased heating power as an be seen in �gure 5.8.
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70 CHAPTER 5. CHARACTERIZATIONThe plasma parameters inrease with the applied heating power as an be seenin �gure 5.11. Although the di�erene vanishes within the error bars, a tendenyis visible. The plasma density inreases with inreasing heating power, as does thetemperature in the edge. The plasma shows a similar behavior as with using the 6kW soure.
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5.2. MICROWAVE POWER SCAN 71The measurements obtained from spetrosopy suggest that the plasma is notstationary and strongly perturbed. As observed with the 6 kW soure, the absoluteplasma potential inreases with the input power.A further inrease in heating power to obtain a better SNR for the spetrosopimeasurements and also to ensure a more stable operation of the ECRH system, ledto an inrease of density to ne ≈ 1.2 · 1018 m−3 and temperatures up to Te = 12 eV.The pro�les obtained for Pmw ≥ 6 kW are displayed in �gure 5.13.
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72 CHAPTER 5. CHARACTERIZATIONThe plasma potential measurement beomes less perturbed with higher heatingpower. This behavior is typial for power mirowave soures operating below thetarget maximum power [Laq℄. The spetrosopi measurements also beome rea-sonable for heating powers exeeding Pmw = 6 kW, supporting this argument. Thetotal on�ned energy inreases with the square root of the input ECRH power as isdisplayed in �gure 5.15.
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e, 6kW = 0.14 J).Due to the fat that the produed plasmas at heating powers Pmw ≤ 10 kW areunstable, and the appliation with ECRH power exeeding 12 kW is very limited,the 6 kW soure is hosen as heating system for further experiments. A diretomparison of the 6 kW disharge produed with the di�erent magnetron souresan be found in appendix C.5.3 Radial Position SanIn order to assess the perturbation of the biasing probe its in�uene on the plasmahas to be determined. The following setion will be split into two parts desribingthe situation with and without the limiter installed in WEGA. The impat of thelimiter needs to be disussed here, as an impat on the parameter pro�les and onthe behavior when biasing was found, although it is plaed outside the LCFS.



5.3. RADIAL POSITION SCAN 735.3.1 With LimiterFirst, the on�guration involving the limiter will be presented. A redution inthe line-integrated density is observed when the biasing probe is inserted into theplasma. The drop of the line-integrated density with the position of the biasingprobe is shown in �gure 5.16.
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Figure 5.16: Line-integrated density obtained by interferometry for di�erent radialbiasing probe positions.Looking at the probe pro�les reveals the biasing probe a�eting the eletrondensity pro�le, but hardly perturbing the temperature pro�le (see �gure 5.17).
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Figure 5.17: Eletron density and temperature pro�le for di�erent radial biasingprobe positions (indiated by the dashed line) for 6 kW ECRH power.The biasing probe shows some limiter properties as the density pro�le beomes



74 CHAPTER 5. CHARACTERIZATIONradially smaller with the introdution of the probe and its peak value is redued. Onthe other hand, the eletron temperature pro�le remains almost una�eted. This isattributed to the alorimetri limiter governing the properties of the SOL.Laking an emissive probe in the measurement ampaign, the radial eletri �eldis derived from spetrosopi data only. The derived eletri �eld is displayed in�gure 5.18. It an be seen that the insertion of the biasing probe to the plasmaredues the existing radial eletri �eld near the LCFS.
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5.3. RADIAL POSITION SCAN 755.3.2 Without LimiterIn order to assess the impat of the presene of the limiter when biasing an ex-perimental ampaign, in whih the limiter was removed from the vessel, has beenonduted. First, the impat of the penetration of the probe is to be assessed. Ina �rst look, the behavior of the plasma in the absene of the limiter seems similar.One noties a redution in the line-integrated density measured by the interferom-eter, similar to the ase with the limiter installed. The line-integrated density as afuntion of the biasing probe position is shown in �gure 5.20.
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5.3. RADIAL POSITION SCAN 77of the radial eletri �eld observed in front of the probe. Close to the last losed�ux surfae an inrease of the radial eletri �eld an be observed.The impat of the alorimetri limiter an be summarized as follows. The alori-metri limiter dominates the SOL properties ompared to the biasing probe. This istaken from the unhanged temperature pro�le when the limiter is installed omparedto the ase of a removed limiter.
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Chapter 6BiasingThis hapter will introdue results obtained with biasing argon disharges. First, thepath of the biasing urrent will be traed for the ase with and without limiter. Then,results using negative biasing with respet to the vauum vessel will be presented.Here, negative biasing using the arbon biasing probe, as well as a large tungstenemissive biasing probe, will be presented. Finally, results obtained when biasing thearbon probe positively will be presented.6.1 Biasing Current and Current PathWhen the probe is energized inside or near the plasma, a urrent is drawn. Theurrent rises exponentially with the applied voltage and then saturates as shown in�gure 6.1.
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80 CHAPTER 6. BIASINGDespite the probe behaving similar to an over-sized Langmuir probe, a determi-nation of plasma parameters from the above probe harateristi is not done as theprobe is a massive perturbation to the surrounding plasma.As introdued in hapter 4.2.3, shunt resistors an be used to trae the biasingurrent path. When biasing, the urrent distributes over both vessel modules, asan be taken from �gure 6.2, for the limiter plaed at reff ∼ 15 m.

Figure 6.2: Biasing urrent path measured by urrent lamps at the shunt positionwith alorimetri limiter in the far SOL (for UBias = +70V).Using urrent lamps for the measurement, the urrent �owing from the plasmaon vessel half A an be alulated to Ipl→A ∼ 14.9 ± 0.15A.

Figure 6.3: Current path during biasing without the alorimetri limiter being in-stalled (for Ubias = +70V); measurement has been onduted with urrent lampsat the position of the shunt resistors.



6.2. NEGATIVE BIASING 81The urrent on the half torus A is about 30 % larger than the urrent on vesselmodule B with the limiter installed. This hanges when the limiter is removed asan be taken from �gure 6.3.The biasing urrent now distributes almost evenly over both halves of the vauumvessel. It is onluded that the limiter has a partial onnetion to the biasingprobe. Also, the amount of urrent �owing via parasiti ground onnetions hasbeen minimized in the mean time.6.2 Negative BiasingIn order to keep the power load to the probe small, negative biasing has been per-formed. Negative biasing has been onduted in two di�erent approahes: Negativebiasing of the arbon probe and emissive biasing using a large tungsten emissiveprobe. The results obtained will be presented in the following.6.2.1 Carbon ProbeWith negatively biasing the arbon probe, the urrent is limited to the ion saturationurrent �owing to the probe. Figure 6.4 shows the temporal evolution of a negativelybiased disharge in low �eld operation.
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82 CHAPTER 6. BIASINGAs the urrent is small, the impat on the plasma parameter pro�les is expetedto be small as well. As shown in �gure 6.5, the entral density inreases slightly.The hange is of similar size as the error bars. An impat on the temperature pro�leis not notieable at all.
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6.2. NEGATIVE BIASING 836.2.2 Tungsten Emissive ProbeIn order to overome the absolute urrent limit of the arbon probes with negativebiasing, a large emissive probe has been onstruted as explained in hapter 4.4.2.Due to the high wear of the emissive biasing probe, when heated and exposed tothe magneti �eld, its lifetime is very limited. The disharge is slightly modi�edompared to the standard biasing disharges as the emissive probe needs time toheat up. This has to be done in the onstant magneti �eld as the stress whih isotherwise applied, leads to the destrution of the probe. Espeially, the ignition ofthe plasma leads to a destrution of the probe when already heated. The probe isvery fragile ompared to abrupt plasma termination as has often been enounteredduring biasing experiments.The evolution of a typial negatively biased dishargeusing the large emissive biasing probe is displayed in �gure 6.7.
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Figure 6.9: Poloidal veloity and derived radial eletri �eld of negatively biaseddisharges using the emissive biasing probe plaed at reff = 10.6 m.In onlusion, also negative emissive biasing does not allow ontrolling the radialeletri �eld. With negative biasing not being able to produe e�ets that an berelated to biasing, positive biasing is the only option to draw signi�ant urrent tothe biasing probe. As the emissive tungsten biasing probe is too fragile positivebiasing is onduted using the arbon biasing probes only.



6.3. POSITIVE BIASING 856.3 Positive BiasingAfter not invoking notieable hanges by negative biasing, results obtained withpositive biasing, with respet to the vauum vessel, will now be presented. As thelimiter is ruial in biasing, this setion is divided into two parts: One dealing withbiasing the plasma in the presene of the limiter in the SOL and one without thelimiter installed on WEGA.6.3.1 Limiter InstalledFirst, results from biasing the referene disharge in the presene of the limiterplaed in the SOL will be presented. The emissive probe for plasma potential pro�lemeasurements was not available during this ampaign. The radial eletri �eld isderived from spetrosopy. As hapter 5 has shown, measurements with emissiveprobes and spetrosopi measurements yield equivalent results.Time traes of biased disharges in ombination with the biasing urrent andvoltage are displayed in �gure 6.10.
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86 CHAPTER 6. BIASINGdrops with the biasing voltage and the e�et saturates as the biasing urrent does.The biasing urrent inreases with an inrease in the biasing voltage and saturatesabove UBias > +50V.
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6.3. POSITIVE BIASING 89Here, the plasma starts to undergo spontaneous transitions between the knownstate (low-ne-Te state) and one exhibiting a higher line-integrated density on theinterferometer (high-ne-Te state) living longer than the partile on�nement time of
τP ≈ 1ms [Pod℄.
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90 CHAPTER 6. BIASINGThe results of Langmuir probe measurements are shown in �gure 6.18. Thedi�erene in the density pro�les in the enter is well outside the error bars. Thedensity in the high ne-Te state remains onstant within the error bars with furtherinreasing the biasing power. This is also supported by the interferometer. As theprobe system is presently the only density pro�le diagnosti, it is not guaranteedthat the density pro�les really turn hollow in the enter as is suggested by the probemeasurements. The hollow pro�le ould also result from the perturbation of theplasma due to the probe system. This should be veri�ed by additional density pro�lediagnostis. The eletron temperature inreases signi�antly with the transition tothe high-ne-Te state. Here, it remains una�eted by a further inrease in biasingvoltage. Eletron temperatures exeeding Te = 20 eV have been ahieved for the�rst time with argon in low �eld operation. A di�erene in the two states was alsoobserved in the radial eletri �eld as is shown in �gure 6.19.
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Figure 6.19: Radial eletri �eld in front of the biasing probe for IBias < +30A;�rst state (blak), seond state (red).The high-ne-Te state shows a lower radial eletri �eld than the low-ne-Te state.As the radial eletri �eld was found to depend linear on the biasing urrent, it isreasonable that the plasma in the high-ne-Te state shows a smaller radial eletri�eld, as the urrent is also redued ompared to the low-ne-Te state. The radialeletri �eld in the high-ne-Te state is muh less than the radial eletri �eld of aplasma in the low-ne-Te state with equivalent urrent though. This an be seen in�gure 6.19. The points for the high-ne-Te state are systematially underneath thelinear regression urve of the radial eletri �eld for the low-ne-Te state.The stored energy in the seond state is signi�antly higher than in the �rststate, as an be seen in �gure 6.20. This is due to the fat that the plasma densityin the enter is larger, as is the eletron temperature in the edge. The improvementof the high-ne-Te state is about a fator of 2 ompared to the low-ne-Te state withthe same biasing voltage. Compared to the unbiased ase the inrease is about 40 %.
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92 CHAPTER 6. BIASING6.3.2 Limiter RemovedIn this setion results obtained with biasing the plasma without the presene ofthe limiter will be presented. Time traes of typial biased disharges are shown in�gure 6.21.
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6.4. OVERVIEW 95seen, it is possible for produing plasmas remaining in the high-ne-Te state only and- with slightly inreased gas pressure - to produe disharges in whih both statesour.It has not been possible to destabilize the plasma in ase of the 6 kW disharge,while maintaining safe mahine operation, by other means. Either the plasma ter-minated or turned unstable, ausing large mehanial osillations of the biasingprobe.6.4 OverviewCombining the above results with measurements at intermediate biasing voltages,the biasing ampaign involving 6 kW of ECRH input power an be summarized. Asthe �rst goal, the demonstration of the modi�ation of the radial eletri has beendemonstrated. Combining the results from di�erent biasing probe geometries, aswell as di�erent biasing ampaigns, in �gure 6.26 shows that using biasing one isable to ontrol the radial eletri �eld at the LCFS in WEGA argon disharges. Ithas been found that the presene of the limiter, plaed in the far SOL, is not ritialfor determining the radial eletri �eld near the LCFS, although its presene in themahine has an impat on the plasma parameter pro�les.
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96 CHAPTER 6. BIASINGNegative biasing of the biasing probe with respet to the vauum vessel has notprodued observable hanges to the radial eletri �eld. The use of a large emissivebiasing probe allowing to draw larger negative urrents has shown not to impat theradial eletri �eld. With positive biasing it has been possible to modify the radialeletri �eld. As long as the biasing urrent an be inreased the radial eletri �eldould be inreased. This is independent of the presene of the limiter. With biasingvoltages exeeding UBias > +60V, a seond plasma state has been found in ase ofthe limiter installed. Both plasma states live muh longer than the on�nement timeof 1 ms. In plasma in the high-ne-Te state a redued radial eletri �eld omparedto a plasma in the low-ne-Te state has been observed near the biasing probe.
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Figure 6.27: Overview of radial eletri �eld near the biasing probe tip for the datapresented in �gure 6.26 as funtion of the biasing urrent.As the plasma with limiter removed is in the high-ne-Te state from the beginningon the harateristis are a bit di�erent. The radial eletri �eld near the biasingprobe is found to be smaller for smaller and no biasing if the limiter is removed.With inreasing the bias of the biasing probe and drawing more urrent, the radialeletri �eld inreased. The inrease is stronger if the limiter is removed. Thesaturated value is also larger if no limiter is present as an be seen in �gures 6.26and 6.27.Looking at the biasing urrent (�gure 6.29) and voltage (�gure 6.28) dependen-ies of the on�ned energy relative to the unbiased ase, a redution of the on�nedenergy with biasing was found with the limiter installed (blak open diamonds in�gures 6.28 & 6.29).
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98 CHAPTER 6. BIASINGotherwise only aessible with large positive bias in the seond state.Looking at the on�ned energy versus the biasing power shows that the seondfound state appears to be the extension of the tendeny observed when inreasingthe available heating power, as an be seen in �gure 6.30.
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Chapter 7Cross-heking ResultsThe following setion will present a omparison of partile and energy balanes ofan atomi model involving the relevant atomi proesses in WEGA as presentedin [Hor04℄ with the results of the neolassial Hinton- Hazeltine (HH) model aspresented in [HH76℄. In both models the fration of fast partiles known to existnear the LCFS is not inluded, as its ontribution to the atomi proesses is smallas has been shown by [Hor04℄. The models will be used to interpret the observedhanges ourring when biasing. The models are veri�ed by omparison againsteah other and by omparing the obtained results to bolometry and the ECRHpower deposition pro�le. Using the models it is possible to obtain an assessmentof the absorbed ECRH power - a quantity hard to assess otherwise due to theomplex heating mehanism. The models inlude only singly harged argon ionsand neutrals. This is already inluded in the orresponding equations by setting
ni = ne, respetively Zeff = 1.7.1 Basi Atomi ModelKnowing the underlying atomi mehanisms from [Hor04℄, the partile balane insteady state an be written as a balane between ionization and reombination:divΓe = ne · n0 · Sion − ne · ne · Srec, (7.1)with Sion, rec being the ionization and reombination rate oe�ients taken fromreferenes [LSS02, Vor97℄ (shown in �gure D.1 in appendix D), ne, n0 are eletronand neutral partile density and Γe is the eletron partile �ux. As the reombinationrate oe�ient is small ompared to the ionization rate oe�ient, the partile99



100 CHAPTER 7. CROSS-CHECKING RESULTSbalane is dominated by ionization. Reombination is only taking plae at thewall. divΓe ≈ ne · n0 · Sion (7.2)The neutral partile density n0 is assumed onstant. It is alulated from the idealgas law,
p0 = n0 · kB · T0. (7.3)The gas temperature has been determined from spetrosopy [RFB04℄ to be T0 =

500K.Conerning the energy balane, the mirowave input power has to ompensateall loss proesses. The power balane taking the relevant proesses into aount anbe written as:divQE = pmw + pBias + pion + prec + pneutr.
rad + pions

rad + pcalori + pel., ions
W − eΓeEr (7.4)with pmw, Bias being the input power density by mirowave and biasing, pion, prec,

pneutr.
rad , pions

rad are energy losses due to ionization, reombination, neutral and ionexitation radiation. pcalori refers to the energy used to heat the eletrons to theirthermal energy. pel., ions
W refers to energy transfer from eletrons to ions. −eΓeEr isthe energy piked up (or lost) by eletrons in the eletri �eld. As onvention thesign of the power densities is hosen suh, that outward bound energy �uxes arepositive, whereas inbound �uxes are negative. The individual ontributions fromequation 7.12 an be alulated aording to:

pion = nen0EionSion
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2
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pions
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2
Tenen0Sion

pel., ions
W =
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2
ne kB (Te−Ti)

√
2π ne e4 lnΛ

6π2ε2
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√
me(kBTe)

3
2

.

(7.5)
with Eion = 11.5 eV, Sion, rec as above and < E >neutr., ion< Srad >neutr., ion areenergy rate oe�ients for exitation of argon neutrals and ions. The energy rateoe�ients for the �rst 4 proesses are taken from [LSS02℄ (as displayed in �gureD.2 of appendix D). ln Λ is the Coulomb logarithm. The transfer of energy fromeletrons to ions is small ompared to the rest of the energy loss proesses and an



7.2. HINTON- HAZELTINE MODEL 101be negleted.All the above terms an be alulated from measured data presented in hapters5 & 6. The results an be ompared to the mirowave power deposition pro�le.7.2 Hinton- Hazeltine ModelThe Hinton- Hazeltine model has originally been used to desribe partile and energy�ux of large aspet ratio (R
a

> 5; WEGA≈ 6) tokamak with irular �ux surfae rosssetions operating in the P�rsh-Shlüter and plateau ollisionality regimes [HH76℄.The ollisionality of typial WEGA disharges is in the appropriate ollisionalityregime as is shown in �gure E.3 of appendix E. As WEGA is not a tokamak, but astellarator several input values to the HH model are set ≡ 0 in order to represent thestellarator nature (e.g. Uloop ≡ 0V). Also the onditions of the low �eld operationof WEGA are inluded by assuming onstant parameters over the whole radius(e.g. Ti = const. = 2 eV or pn = const.). The Hinton- Hazeltine model does notaount for transport aused by �utuations. As the level of �utuations in WEGA'sECR-heated low �eld argon disharges is low, exept for the edge of the on�nedregion (see Appendix E), this approximation is onsidered to be aeptable. TheHH model is used primarily to verify the atomi model. A seond important aspetto the HH model is that it is used to verify that the neolassial energy �ux is small.The model is widely aepted as a basi referene for modeling tokamaks meetingthe above requirements and as bottom estimate for more advaned ones. As forthe atomi model, it is assumed that only singly harged ions exist (Zeff ≡ 1),respetively ne = ni.The HH model is used to alulate the eletron transport oe�ient matrix
D̂ =

(

D11 D12

D21 D22

). The matrix is then used to alulate the partile �ux aordingto
Γe = ne

[

D11

(

n′
e

ne

+
eEr

Te

)

+ D12
T ′

e

Te

]

, (7.6)with ′ denoting the radial derivative, and the energy �ux
QE = neTe

[

D21

(

n′
e

ne
+

eEr

Te

)

+ D22
T ′

e

Te

] (7.7)based on the experimental data in order to ompare them with the atomi model.The novel of this approah to the one presented by Horvath in [Hor04℄ is that note�etive di�usion oe�ients, depending only on the density gradient, are alulated,



102 CHAPTER 7. CROSS-CHECKING RESULTSbut partile and energy �ux are diretly related to the driving thermodynami fores
n′

e

ne
, eEr

Te
and T ′

e

Te
.The obtained partile �ux will be ompared to the partile �ux obtained withthe atomi model. For the power balane the HH model will be used to verify thatthe neolassi energy transport is small in all ases.7.3 Results of ModelingIn the following the two models are applied to seleted disharges. The modelingresults will be qualitatively interpreted based on the heating power deposition pro�leintrodued in hapter 4.1.2 and the loation of the biasing probe.7.3.1 Referene DishargeAs a �rst test, both models will be applied to the referene disharge without thebiasing probe inside the vessel.Looking at the partile balane �rst, the atomi model is dominated by ionizationas mentioned earlier. The diret omparison of the partile �uxes derived from theatomi model with the results obtained using the HH model is shown in �gure 7.1.
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Figure 7.1: Partile �uxes derived from the atomi model (blak) and the Hinton-Hazeltine model (red) for the referene disharge.As an be seen the models agree well in the region inside reff ≈ 8 m. The regionbeyond reff ≈ 8 m is not as well represented. Also, the qualitative behavior is notquite reprodued, but given that all alulations use the measured data as input,



7.3. RESULTS OF MODELING 103the agreement of the pro�les is satisfatory, espeially in the region where no levelof turbulene has been deteted (see top �gure of �gure E.1 of appendix E). Thenon-zero value of the �ux at reff = 0 m is due to the density pro�le showing amaximum at reff ≈ 2 m. Also the radial eletri �eld derived from probes does notonverge to 0, but to a �nite value, giving a non-zero ontribution. The redutionof the �ux beyond reff ≈ 13 m is an e�et of the inrease in volume of the e�etiveylindrial �ux surfae.Looking at the power balane equation in ase of the referene disharge the inputpower terms are redued to the mirowave power. Figure 7.2 shows the ontributionsof the individual atomi proesses to the power balane for the referene disharge.
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104 CHAPTER 7. CROSS-CHECKING RESULTSThe bolometer onduts a line-integrated measurement, so the model results aremapped to the bolometer position and the line-integral value for every bolometerhannel is alulated separately. rimp gives the minimum distane of the enter ofthe bolometer line-of-sight to the enter of the vauum vessel.
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QE = P̃mw + P̃atomic. (7.8)Here, QE is alulated by the HH model aording to equation 7.7. P̃atomic is alu-lated from the power density of the atomi model and P̃mw is the power �ux fromthe mirowave. The result is shown in �gure 7.4.Neolassial transport does not play a signi�ant role as it is muh smaller thanthe ontributions of the atomi proesses. It is, hene, negleted. Aording toequation 7.8, all loss proesses have to be balaned by the input mirowave power.Integrating the pro�le one obtained a total loss power loss of Patomic ≈ 1840±350W.
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Figure 7.4: Power �uxes derived from the atomi model (blak) and Hinton-Hazeltine (blue) for the referene disharge.The power deposition pro�le has been determined for the same disharge byPodoba [PLW+07℄. For omparing to the model, the pro�le introdued in setion4.1.2 has been saled to the loss power from the modeling. As neolassial energytransport an be negleted, equation 7.8 an be written as P̃atomic = −P̃mw (remem-ber: P̃mw < 0!). The ECRH �ux and and the �ux from the modeling are shown in�gure 7.5.
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106 CHAPTER 7. CROSS-CHECKING RESULTSharge is ηmw = Patomic

Pmw, out−Pmw, refl
= 1840

5530
≈ 33 %. Aording to [Pod06℄ a onversionfator in the order of 20 - 40 % an be expeted. This agrees well with the result ofthe model.It an be onluded that the model represents the onditions in WEGA in aseof the low �eld argon disharge well. Even lose to the LCFS, where its appliabilityis limited, the di�erene between the model and the saled ECRH power is not toolarge.7.3.2 Non-energized Biasing ProbeThe penetration of the biasing probe led to a redution in plasma density as shownin hapter 5.3.2. As for the referene disharge, the partile balane is governed byionization. The partile �uxes derived with the atomi model and HH are shown in�gure 7.6.
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Figure 7.6: Partile �uxes derived from the atomi model (blak) and the Hinton-Hazeltine model (red) for the biasing probe plaed at reff = 9.8 m.Both pro�les agree well within the on�ned region. An interesting feature whihan be seen for the referene disharge, as well as in the ase of the unbiased probe, isthe HHmodel underestimating the �ux outside the �rst PFC ompared to the atomimodel. This an be interpreted as follows: The atomi model assumes �ux surfaeseven beyond the limiting objets (biasing probe & antennas) up to reff = 20 m.As the atomi model is also 1-dimensional, the existene of limiting objets, suh asthe antennas or the biasing probe shaft are not inluded. Limiting strutures as theantennas or the biasing probe allow partiles to esape towards the wall parallel tothe magneti �eld as a magneti separatrix does not exist within the vessel. Theselosses parallel to the �eld are signi�antly higher than losses perpendiular to the



7.3. RESULTS OF MODELING 107magneti �eld. The atomi model requires hene a higher radial �ux than the HHmodel.The energy losses ontributing to the power balane, in the ase of the unbiasedprobe, are displayed in �gure 7.7. The major loss hannel is line radiation of ions,followed by ionization. The presene of the biasing probe redues the power lossesin its viinity due to the redued density.
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Figure 7.7: Contributions of relevant atomi proesses to the power density for theunbiased disharge with biasing probe plaed at reff = 9.8 m.Again, the power �ux an be ross-heked with the bolometer. The result ofsimulating the bolometer results is displayed in �gure 7.8.
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Figure 7.8: Bolometer measurements (red) and model results (blak) for the unbi-ased probe plaed at reff = 9.8 m.



108 CHAPTER 7. CROSS-CHECKING RESULTSThe total lost power derived from bolometri measurements is PBolo = 450 ±
50W. The total power loss aording to the mapped model for the bolometer is
Pmodel ≈ 470± 140W. This agrees well. The modeling of the bolometer results anbe onsidered to inlude the relevant proesses and reprodue the onditions met inWEGA. The power derived from the model will overestimate the ontribution of theplasma outside the LCFS, as it assumes irular ross setions entered in the va-uum vessel. The bolometer will, on the other hand, underestimate the ontributionas its lines of sight do not over the whole poloidal ross setion.Again, the omparison to the neolassi transport derived from the HH modelan be made. The results for the unbiased probe are shown in �gure 7.9.
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Figure 7.9: Power �uxes derived from the atomi model (blak) and the Hinton-Hazeltine model (blue) for the biasing probe plaed at reff = 9.8 m.As for the referene disharge, the neolassial ontribution to the energy �uxan be negleted. With the probe not being energized, but only plaed at the LCFSthe biasing power is small (PBias ≈ 25W) and indeed alulating the total powerlosses in the region between the biasing probe tip and the LCFS from the atomimodel, the loss power is small, Pmodel ≈ 35 ± 20W. The loss proesses, again, haveto be ompensated by the input ECRH power.As detailed measurements of the power deposition pro�le are laking for thisdisharge, but the gradient length and plasma shape are somewhat omparable tothe referene disharge, the power deposition pro�le is assumed to be unhanged inshape. A omparison between the energy �ux alulated with the atomi model andthe ECRH system is shown in �gure 7.10.The pro�les do not math quite as well as for the referene disharge, whihindiates that the assumption of the unhanged ECRH power deposition pro�le is



7.3. RESULTS OF MODELING 109limited. For this ase the mirowave e�ieny an be alulated to ηmw ≈ 21 %.
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Figure 7.10: Power �uxes resulting of the atomi model (blak) and based on thesaled power deposition pro�le (red) for unbiased biasing probe plaed at reff =
9.8 m m; dotted red lines represent unertainties.7.3.3 Probe Biased at UBias = +70V (low ne-Te state)The same proedure employed before an also be used to look at the biased plasmain the low ne-Te state (redued density). The partile balane for the low ne-Te statebased on the models is displayed in �gure 7.11.
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Figure 7.11: Partile �uxes derived from the atomi model (blak) and the Hinton-Hazeltine model (red) for the energized biasing probe (UBias = +70V) plaed at
reff = 9.8 m.



110 CHAPTER 7. CROSS-CHECKING RESULTSAs an be seen, the partile balane is as well ful�lled beyond reff ≈ 5 m andthe atomi model shows a larger �ux than the HH model, again. The partile �uxnear the plasma edge as well as outside the LCFS shows the same harateristideviation as before. It has been observed when biasing the plasma that the level ofturbulene inreases (see bottom �gure of �gure E.1).The major power loss hannel, line radiation of ions, even exeeds the ontribu-tion of onvetion in the low ne-Te state. The ontribution is about three times aslarge as in the unbiased ase as is shown in �gure 7.12.
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Figure 7.12: Contributions of relevant atomi proesses to the power lost for thebiasing probe biased at UBias=+70 V and plaed at reff = 9.8 m (�rst state).Using this model to simulate the bolometer measurements under the biased on-ditions yields the results presented in �gure 7.13.
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Figure 7.13: Measured (red) and simulated (blak) bolometer for the dishargebiased at UBias = +70V with the biasing probe plaed at reff = 9.8 m.



7.3. RESULTS OF MODELING 111The results of the model agree reasonably well with the bolometer measurements.The total power loss due to atomi proesses an be alulated to Pmodel ≈ 440 ±
130W. The bolometer result of PBolo = 570 ± 60W. The integration of the resultsshown in 7.12 an be arried out and the resulting power �ux an be ompared tothe ontribution of the neolassi energy �ux as is done in �gure 7.14.
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Figure 7.14: Power �uxes derived from the atomi model and Hinton-Hazeltine forthe biasing probe biased at UBias = +70V and plaed at reff = 9.8 m (�rst state).The ontribution of the neolassial energy �ux is small as in the previous ases.It an also be seen that the atomi model yields a negative ontribution beyond
reff ≈ 7.5 m. This shows that the power balane annot be ful�lled by balaningthe atomi model with the input ECRH alone. The model has to be extended. Asthis state is biased, the impat of the biasing probe has to be modeled in orderto obtain reasonable results for absorbed power and orretly interpret the power�uxes. In the following, a basi model for the biasing probe will be introdued andapplied. The power lost from the plasma due to atomi proesses has to be balanedby the input power, now onsisting of the ECRH power P̃mw and the biasing probe
P̃Bias:

QE = P̃mw + P̃Bias + P̃atomic. (7.9)As the probe has a rather large radial extent and is plaed in di�erent parts of themagneti geometry the following three regions will be onsidered:1. Area between biasing probe tip and LCFS2. Area in front of the probe3. Area beyond the LCFSIn the area between the probe tip and the LCFS the probe is an eletrial short



112 CHAPTER 7. CROSS-CHECKING RESULTSiruit as the biasing probe inluding its uptake is loated here. The assumed powerdeposition pro�le is assumed to be homogeneous in this region as there is no usefulriterion for disrimination. In front of the biasing probe the plasma will shield thee�et of the probe. An exponential drop of the power deposition with the distaneto the probe is thus assumed. In the region behind the probe a linear drop of thepower deposition with the distane to the wall is assumed. The total power is setequal to the eletri power fed to the probe:
PBias = UBias · IBias = 4π2 · R

wall
∫

0

P̃Biasdr′eff . (7.10)The biasing power deposition pro�le aording to the above riteria is expressed by
P̃Bias (reff) =























c1 · exp
(

reff−c3
c2

)

reff < c3

c1 c3 ≤ reff ≤ reff, LCFS

c1 ·
(

1 − reff−reff, LCF S

20m−reff, LCF S

)

reff, LCFS < reff < 20 m , (7.11)where the parameters c3 & c2 have been determined from di�erent experiment se-narios with varied mirowave power, biasing power and biasing probe position tobe c3 = BPtip − 1.0 ± 0.3 m and c2 = 1.4 m ± 0.1 m. This leaves only one freeparameter, c1, whih is determined by the normalization given in equation 7.10.
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Figure 7.15: Power �uxes resulting of the atomi model (blak) and ECRH based onthe measured power deposition pro�le (red) for biasing probe biased at UBias = +70V (green) plaed at reff = 9.8 m; dotted lines represent unertainties.



7.3. RESULTS OF MODELING 113The result from ombining the atomi model and biasing power is indiated bythe blue line in �gure 7.10 and mathes the ECRH �ux quite well. As an be seen,biasing is an outward bound power �ux - an energy sink. This is reasonable as theurrent is drawn from the plasma onto the probe. The presented assumption �ts wellto the measured data for the given biasing power deposition. The total input poweran be alulated by adding the ontribution of the biasing probe to the atomimodel. This yields a total power ontribution of Patomic + PBias ≈ 2080 ± 520W.Assuming both proesses need to be ompensated by the input ECRH power, theomparison to the saled the power deposition pro�le an be made. The resultingpro�les are ompared in �gure 7.16.
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Figure 7.16: Comparison of total energy �uxes of the atomi proesses and thebiasing probe (blak) and the saled input ECRH (red) for the disharge biased at
UBias = +70V with biasing probe plaed at reff = 9.8 m; unertainties are markedby dotted lines.As an be seen the pro�les math well. The estimated mirowave e�ieny inthe biased ase is ηmw ≈ 35 %. This �ts well to the estimated e�ieny range forthe OXB-mode onversion proess.



114 CHAPTER 7. CROSS-CHECKING RESULTS7.3.4 Probe Biased at UBias = +70V (High ne-Te state)Energizing the probe impats the plasma parameters signi�antly, as is shown inhapter 6, espeially, if the biasing voltage exeeds UBias = +70V. In order toattempt a basi understanding of the observed plasma state, the introdued modelwill be applied to it. As this state is more stably observed with the limiter removeddata from the �nal ampaign (with emissive probe) will be used. When looking atthe partile balane the result is similar to a plasma in the low ne-Te state althoughthe partile �ux is higher by about 30 %. The results for the partile balane usingboth models is displayed in �gure 7.17.
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Figure 7.17: Partile �uxes derived from the atomi model (blak) and Hinton-Hazeltine (red) for the biasing probe biased at UBias = +70V and plaed at reff =
9.8 m.The disrepany in both pro�les an, again, be related to the level of turbulene.As for the low ne-Te state, the biasing power has to be taken into aount in thepower balane,

QE = P̃atomic + P̃Bias + P̃mw. (7.12)with P̃Bias referring to the input biasing power �ux.When biasing the plasma, the power density pro�le, displayed in �gure 7.18,shows a large ontribution to the energy �ux pointing inward in between the biasingprobe and the LCFS. The ontribution of the losses due to ion radiation is evenlarger than in the low ne-Te state.
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Figure 7.18: Contributions of atomi proesses to the power density lost for thebiasing probe biased at UBias = +70V and plaed at reff = 9.8 m.Mapping these results to simulate the bolometer gives a good math to thebolometer data, as is shown in �gure 7.19. The losses due to atomi proessesadd to a total of Patomic ≈ 350 ± 80W. The bolometer yields a power loss of
PBolo = 460 ± 50W. Both values agree reasonably well.
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Figure 7.19: Measured (red) and simulated (blak) bolometer results for a dishargein the seond state with biasing probe plaed at reff = 9.8 m.As before the neolassial ontribution to the energy �ux is negligible, as is anbe seen in �gure 7.20. The power balane an again be onsidered by omparingbiasing and atomi proesses and the mirowave heating, as P̃atomic +P̃Bias = −P̃mw.The drawn biasing power is PBias ≈ 1850W. The total loss power aumulates to
Patomic + PBias ≈ 3820 ± 1020W.
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Figure 7.20: Power �uxes derived from the atomi model and Hinton-Hazeltine forthe biasing probe biased at UBias = +70V and plaed at reff = 9.8 m.Assuming a total absorbed power with the same power deposition as before, the�ux ontributions an be ompared to the input ECRH �ux as shown in �gure 7.21.
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Figure 7.21: Power �uxes resulting of the atomi model (blak) and based on thesaled power deposition pro�le (red) for biasing probe biased at UBias = +70V(green) and plaed at reff = 9.8 m; dotted lines represent unertainties.Reduing the plot to the input (ECRH) and lost power (atomi proesses +biasing) �uxes eases omparing in �gure 7.22. As the total �ux pro�les of inputpower and losses math reasonably well, the power balane is onsidered ful�lled forthe high ne-Te state. The model assumptions still seem justi�ed.



7.3. RESULTS OF MODELING 117

0 5 10 15

0

500

1000

Atomic Model

ECRH  (382

p
o

w
e

r 
fl

u
x

 [
W

/m
 ]2

1500

r   [cm ]eff

B
P

ti
p

L
C

F
S

sh
o

t:
 2

7
1

3
5

0  W )

Figure 7.22: Power loss �ux due to atomi proesses and biasing (blak) omparedto the saled input ECRH power (red).When onsidering the e�ieny of the mirowave, the re�eted power into themagnetron has to be subtrated from the launhed 6 kW. As about 1.3 kW ofthe launhed 6 kW is re�eted bak into the waveguide, only 4.7 kW remain forplasma heating. Together with the lost 3820 W, this give a onversion e�ienyof the ECRH system of ηmw ≈ 81 % for the high ne-Te state. This is a very highvalue, muh higher than originally expeted. It has to mentioned that the estimatede�ieny of 20 - 40 % for the OXB-mode onversion as reported by Podoba refer tosingle pass absorption. In reality, a large part of the wave is not onverted. Instead,it is re�eted towards the wall where it is then re�eted bak towards the plasma andavailable for another onversion attempt. The hange in the plasma density pro�leand the plasma shape lead to hanges in the omplex mirowave resonator whih isformed by the plasma and the vauum vessel. Assessing the onversion e�ieny bymodeling the omplex resonator geometry onsisting of the toroidal vauum vesseland the 3-dimensional plasma is di�ult and would require an extensive amount ofmodeling. Nevertheless, the found e�ieny is muh higher than in the low ne-Testate. It an in summary be onluded that the high ne-Te state does not only showa power saling similar to the standard disharges, but it an be explained by aninrease in the mirowave heating e�ieny.
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Chapter 8SummaryBiasing experiments are reported to improve the performane of tokamaks and stel-larators alike [FIS+98, KTT+06b, VGM+01℄. It has been shown that biased diver-tors perform more e�ient and ahieve a better ontrol over the divertor plasma[Boi92, RTH+97, SLM+91℄. Moreover, biasing is applied in plasma fusion researhin order to redue the power threshold required to reah the H-mode operationalregime [JOWB98, KGK+01, WOB+92℄.Within the frame of this work, onduted at the WEGA stellarator at IPP Greif-swald, fundamental experiments onerning biasing have been onduted to demon-strate the option of altering the radial eletri �eld in a plasma by means of anexternally biased probe. Due to the low available heating power of 26 kW at maxi-mum in WEGA ompared to the H-mode threshold, requiring a minimum of at least100 kW, WEGA annot be operated in the H-mode or near the H-mode threshold.WEGA is used to magnetially on�ne low temperature, overdense plasmas inthe regime of high ollisionality and in toroidal geometry. The plasma is heated usingthe OXB-mode onversion proess with 2.45 GHz magnetron soures [Pod06℄. Theprodued plasmas are diagnosed using Langmuir and emissive probes, spetrosopy,interferometry and bolometry [Mar08, Lis05, ZOG05℄. Starting with studying a well-known disharge, the ability of the used diagnostis to measure the radial eletri�eld, as well as general plasma parameters, is shown.The shape of the radial eletri �eld pro�le is known to be important for themagnitude of the turbulent transport [HPD+04, HDH+99, II88, Ram05, VGM+01℄.Within the frame of this work the fous is on the impat of biasing on the radialeletri �eld and other plasma parameters. Biasing in the WEGA stellarator isonduted in disharges, in whih only little turbulene is found. This is done inorder to investigate the e�et of the biasing without the onsiderations on the e�ets119



120 CHAPTER 8. SUMMARYon the turbulene, whih might obsure the results.By omparing the results obtained from emissive probe measurements and highresolution Doppler spetrosopy, it is shown, that the ion motion in poloidal diretionis governed by ~E × ~B-drift. Heating power and neutral gas pressure sans areonduted to gain on�dene in the results from these diagnostis.When moving the biasing probe into the region of the on�ned plasma, the line-integrated density measured by the interferometer drops. In ase of a limiter plaedin the far SOL the density pro�le hanges gradually with the probe position. Inthe ase without limiter, the e�et is not as learly strutured. In both ases of thelimiter the shoulder of the density pro�le is found to be moving with the biasingprobe position. The eletron temperature pro�le is found to be sensitive to theprobe position only in the ase of a removed limiter. Comparing disharges withand without limiter in the srape-o� layer, the onlusion is drawn that the installedlimiter dominates the SOL properties, whih in turn largely determines the qualityof the heating mehanism. The radial eletri �eld dereases when the biasing probeis moved into the plasma. The e�et is stronger when the probe is inserted deeperinto the plasma. This behavior is also observed with normal limiter strutures inother experiments.Negative biasing of arbon probes as well as negative biasing using a large emis-sive tungsten biasing probe does not produe signi�ant hanges in the radial eletri�eld, density or temperature pro�les. This has been expeted sine the drawn ur-rent is small in ase of the arbon probe. In ase of the emissive probe the massiveinjetion of thermally emitted eletrons indues hanges on the radial eletri �eldand the plasma parameters. These hanges are identi�ed to originate of the emissiveoperation of the probe and are not aused by the applied bias. Other similar-sizedexperiments with more available heating power have reported to aess the H-moderegime using an emissive biasing probe with even less urrent [KTT+06b℄. This isinterpreted that the used 14 kW of ECRH power are not nearly lose to the H-mode power threshold. The poor onversion e�ieny of the OXB-mode onversionproess adds to this.Biasing the arbon probes positively, it ould be shown that using small biasingvoltages (UBias < +60 V) the peak temperature at the edge of the plasma inreaseslinearly with the biasing urrent. The plasma density in the edge dereases withbiasing. An inrease in the plasma potential is observed with biasing. The radialeletri �eld inreases proportional to the biasing urrent from the original value of
Er ≈ 40 Vm to about the threefold value of Er, biased ≈ 120 Vm. Similar observations



121have been reported from other biasing experiments as well [WOB+92, VGM+01℄.With biasing voltages exeeding UBias = +60V, a transition to a hotter and moredense plasma state is observed. Depending on the disharge onditions, the plasmaremains stationary or is alternating between two states on time sales exeedingthan the on�nement time by orders of magnitude. The plasma density of thenewly found state is higher in the enter and the eletron temperature in the edgeregion inreased signi�antly. The dense and warmer plasma state is thus referredto as high ne-Te state. For the �rst time temperatures higher than 20 eV have beenestablished in low-�eld operation in WEGA. The biasing urrent is less in the high
ne-Te state ompared to the low ne-Te state.The stored plasma energy in the high ne-Te state is larger by a fator of ≈ 2ompared to the low ne-Te state at the same biasing voltage. Compared to theunbiased plasma the inrease in on�ned energy is ≈ 40 % for the high ne-Te state.This is omparable to the ahievement of devies in whih biasing has been usedto redue turbulene and where improved on�nement regimes have been obtained.Looking at the power saling of the biased plasma states reveals that the high ne-Testate sales with the heating power as the standard disharges do. This indiatesthat no signi�ant improvement in on�nement is ahieved, but the mehanism isdi�erent. This is supported by the fat that a further redution of turbulene isnot observed. In ontrast even an inrease in the level of turbulene is found duringbiasing.As the observed power saling suggests a similar behavior as for the unbiaseddisharges with additional heating power, the heating mehanism is targeted as apossible andidate for the ause of the transition. The used OXB-mode onversionheating sheme in WEGA is rather ompliated. Its e�ieny depends on the edgeparameters whih are in turn depending on the absorbed heating power. With thehelp of two models the total absorbed mirowave power an be determined and theonversion e�ieny of the omplex heating mehanism - a quantity otherwise hardto assess - an be estimated.The models evaluate the partile and power balane based on the measureddata. The partile balane is alulated using two di�erent approahes, one basedon the relevant atomi proesses and a seond one based on neolassi theory. Itis shown that both models give satisfatory agreement for the partile balane forlarge parts of the plasma. As far as the power balane is onerned, the mirowavepower is the single input power soure, its power �ux has to be balaned by the lossproesses. The atomi model inludes relevant atomi proesses suh as ionization,



122 CHAPTER 8. SUMMARYreombination, alorimetri eletrons, line radiation of neutrals and ions and energytransfer from eletrons to ions [Hor04℄. In addition also onvetion is treated nowas the onvetive term is not to be negleted. The ontribution of neutral and ioniline emission an be validated with bolometri measurements. The neolassi modelaording to Hinton and Hazeltine [HH76℄ is used to verify that neolassi energy�ux is not ontributing to the energy balane. Both models do not aount foranomalous transport and are limited to rather low density and low temperature.Combining both models allows to balane the loss proesses with the ECRH powerdeposition pro�le. This omparison yields the total power loss whih an be relatedto the used ECRH power.When desribing biased disharges the inlusion of the biasing probe is requiredto ful�ll the energy balane. A simple model for the biasing power deposition ismotivated and introdued in this thesis. The resulting energy �ux pro�le ompletesthe power balane in ase of biasing.Comparing the biased plasma states, it is found that the hange in the plasmaparameters an be explained by an inreased heating e�ieny from ηmw ≈ 30 % -for the unbiased disharge and the low ne-Te state - to ηmw ≥ 80 %.



Chapter 9
Outlook
The developed model allows the determination of a heating power onversion e�-ieny as shown in this thesis. This allows more detailed analysis of the omplexOXB-mode onversion mehanism used for heating in the low magneti �eld op-eration of WEGA with 2.45 GHz magnetrons. Parameter studies related to theonversion e�ieny an be undertaken now and ritial parameters an now beidenti�ed.As the present model is limited to not to high temperatures and densities, themodel needs to be extended in order to be appliable to the newly available high �eldoperation using the existing magnetrons or the new 28 GHz gyrotron. Here muhhigher temperatures and densities are obtained. Extending the model to the high�eld ase will likely require to inlude higher ionized ions and also harge exhangewill beome a more important proess with higher temperature and density.The model, the underlying mapping and validation routines will be bene�ial inbuilding up on�dene in newly developed diagnostis for the high �eld operation.Here espeially the ability to relate the probe data to the bolometer data will beuseful.Based on the work presented, work on a detailed model of the transition anbe started. As the interation of the magnetially on�ned eletrons with the non-on�ned ions most likely needs to be taken into aount for modeling the radialeletri �eld. This will most likely require a fully three-dimensional treatment of theions as well as the onnetion to the well-on�ned eletrons in the three-dimensionalmagneti �eld of the WEGA stellarator. This modeling is required in order toexplain the formation of the observed radial eletri �eld, oupling the eletron andion pro�les. The advantage of WEGA is that most of the properties of both speies123



124 CHAPTER 9. OUTLOOKan be measured and the magneti �eld is well known.It will be interesting to see how the individual existing diagnostis will be pushedfor �tting operation on Wendelstein 7-X. With the UHRS system being the �rstnot-mahine-operation-relevant diagnosti integrated into the Wendelstein 7-X pro-totype ontrol system installed on WEGA, the future quali�ation for use on W7-Xis only logial.The CIS system, sharing its lines of sight with the UHRS system, is yet lakingdetailed plans for future use. First of all, it will be transferred bak to a �nite DOFsystem to use its better time resolution and sensitivity, ompared to the UHRSsystem, for measurements on WEGA. Possible future options inlude the operationin devies featuring relevant ion temperature range (10 - 100 eV) suh as presentday mid-size tokamaks. Testing the CIS system as an optial oherene tomographysystem is an interesting option for realization in the near future. The quali�ationof the CIS as Wendelstein 7-X divertor diagnosti is also possible.

That's all, folks!
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Appendix A
Motion of Charged Partiles
As a plasma onsists of harged as well as unharged partiles due to its nature ofbeing a very hot gas, it is useful to review the motion of single as well as ensembles ofharged partiles in external eletro-magneti �elds. Here, time independent eletro-magneti �elds will be overed. Neutrals are not in�uened by eletro-magneti �eldsused for on�ning plasmas and an propagate freely exept for ollisions. Chargedpartiles in a plasma exist, beause the eletron's thermal energy beomes largeenough to leave the attrating potential of the positively harged nuleus of theneutral atom. The term plasma has been introdued by Langmuir and Tonks in the1920ies.If no additional �elds are imposed onto the plasma, the harges are distributed insuh fashion that the eletri �eld in equilibrium is equal to zero. The plasma shieldsany loal exess harge by a loud of oppositely harged partiles. The typial salelength for this loud is alled the Debye length λD and an be alulated from theplasma density n and temperature T to be

λD =
ε0kBT

e2n
. (A.1)One an express the density of eletrons and ions in a su�iently large (r > λD)sphere to be equal

k
∑

j=0

j · ni, j = ne, (A.2)where k refers to the highest harge state of the appropriate speies and j is theharge state of the ion. ne and ni represent eletron and ion density. One refersplasmas as quasi-neutral if the harateristi length is larger than the Debye length.127



128 APPENDIX A. MOTION OF CHARGED PARTICLESA.1 Cylotron MotionCylotron motion, often also alled gyration or gyro motion, desribes the motionof eletrons and ions perpendiular to the magneti �eld. The Lorentz fore pressesharged partiles into performing irular motion perpendiular to the magneti�eld. Corresponding to the gyrating partile, it is alled eletron or ion ylotronmotion. The harateristi frequeny of the ylotron motion is alled the eletronor ion ylotron frequeny ωce, ci. It an be expressed aording to Larmor [Lar95℄:
ωce, ci =

|q|B
me, i

. (A.3)The harateristi sale of the gyration is alled the eletron or ion Larmor radiusor gyro radius. It is de�ned as the ratio of veloity perpendiular to the magneti�eld v⊥ and the ylotron frequeny ωc:
rLe, Li =

v⊥
ωce, ci

=
me, i · v⊥
|q|B . (A.4)The diretion of movement of the partiles parallel to the magneti �eld an beparallel as well as anti-parallel to the magneti �eld. Figure A.1 shows the motionwith both partiles having veloity parallel to the magneti �eld. The diretion ofrotation with respet to the �eld line is di�erent for ions and eletrons due the signof the harge. In the ase displayed in �gure A.1 the eletrons rotate lokwise iflooking into the diretion of the �eld while the ions rotate ounterlokwise.

Figure A.1: Cylotron motion of harged partiles in an applied magneti �eld.



A.2. GUIDING CENTER MOTION 129A.2 Guiding Center MotionIn magnetized plasmas the detailed motion of a partile is often redued to thetrajetory of the so-alled guiding enter. This is reasonable for phenomena havingharateristi mean free paths larger than the gyro radius. The guiding enter'strajetory is obtained by averaging over the ylotron movement
d
−→
R

dt
=

ω

2π

2π
ω
∫

0

−→v · dt. (A.5)This work always refers to the guiding enter unless expliitly noted.A.3 −→
E ×−→

B -DriftWhen a harged partile is moving in a surrounding eletri as well as an underlyingmagneti �eld, the Lorentz fore is implied on the partile. It an be represented asfollows
−→
F = q ·

(−→
E + −→v ×−→

B
)

. (A.6)This fore results in a drift of the guiding enter perpendiular to the magneti andperpendiular to the eletri �eld an be alulated to
−→v −→

E×−→
B

=

−→
E ×−→

B

B2
. (A.7)In toroidal geometry the poloidal omponent of the veloity an be written as

vθ =
Er

Bϕ

+
Eϕ

Br

. (A.8)For use in WEGA the seond term an be negleted as WEGA plasmas are produedusing ECRH systems, whih do not introdue momentum to the plasma.A.4 Diamagneti DriftTreating single partiles is not su�ient for explaining all motions of harged par-tiles in a magneti �eld. Instead, it is neessary to treat ensemble e�ets as well.In the following not only a single harged partile in a magneti �eld is treated, but



130 APPENDIX A. MOTION OF CHARGED PARTICLESan ensemble of equally harged partiles is onsidered. The similarity of the plasmato the behavior of a �uid is the reason for the name of this method, magneto-hydrodynamis. The radial fore balane equation for a harged �uid element, on-sisting of equally harged partiles, in an underlying eletri and magneti �eld ne-gleting frition and ollisions between the di�erent speies of partiles of a plasma,an be derived from kineti theory. A more detailed dedution of the equation isgiven in [Che77℄.
qjnjmj

(

∂−→vj

∂t
+ (−→vj∇)−→vj

)

= qjnj

(−→
E + −→vj ×

−→
B
)

−∇pj, (A.9)where j refers to the speies (eletrons or ions). In the following the speies willbe treated independently and the speies index is dropped as equation A.9 refers toany harged speies. When onsidering events on time sales larger than that givenby the eletron ylotron frequeny the ratio
∂−→v
∂t

(−→
E + −→v ×−→

B
) ≈ ω

ωc
≈ 0 (A.10)is lose to 0 and the ∂−→v

∂t
-term an be negleted for any speies. This approximationis valid for all observations presented in this thesis. A similar approximation analso be made for the (−→v ∇)−→v term:

(−→v j∇)−→v j
(−→

E + −→v j ×
−→
B
) ≈ rL,j

L
≈ 0, (A.11)with L being a harateristi length of the plasma as for instane plasma size a. Thisis a good approximation for eletrons, but not neessarily for ions as this ratio anreah the order of 0.1 or even higher for low magneti �eld operation with argon.The impat of the magneti �eld on argon ions in the low-�eld operation an befound in hapter 4.1.1.

Combining A.10 and A.11 results in A.9 taking the following form:
0 = qn

(−→
E + −→v ×−→

B
)

−∇p. (A.12)The equation an be multiplied with ×−→
B and sorted for −→v in order to derive the



A.5. ADDITIONAL DRIFTS 131veloity to be:
−→v =

−→
E ×−→

B

B2
+

∇p ×−→
B

qnB2
= −→v −→

E×−→
B

+ −→v diam. (A.13)The �rst term is the known −→
E × −→

B - drift introdued in the single partile driftpiture before. The seond term is alled diamagneti drift,
vdiam =

∇p

q · n · B, (A.14)where p = pi + pe is the plasma pressure and q the eletri harge of the individualpartile. Depending on the ion pressure gradient the ion diamagneti drift is intoor against the diretion of the −→
E × −→

B -drift. ∇p an be expressed by means oftemperature and density as follows:
∇p = ∇ (nT ) . (A.15)An approximation for ni needs to be made as, presently, there is no way of deter-mining ni diretly in WEGA. As measurements show no detetable line radiationfrom doubly harged ions, a reasonable approximation for WEGA plasmas withsu�iently small heating power (typially .14 kW) is ni = ne. This leads to thefollowing simpli�ation

∇pi ∝ ∇ (ne · Ti) . (A.16)This results in the ion diamagneti drift, as utilized in this thesis, to be
vi,diam =

∇ (ne · Ti)

q · ne · B
. (A.17)

A.5 Additional DriftsIn a more generalized approah the fore balane equation of a fore ~K exerted ona harged partile in a magneti �eld an be written as
−→
F = m

d−→v
dt

=
−→
K + q

(−→v ×−→
B
)

. (A.18)Considering only motion perpendiular to the underlying magneti �eld (drift mo-tions), the equation an be solved for v, then also alled ~vD, whih an be expressed



132 APPENDIX A. MOTION OF CHARGED PARTICLESas
−→v D =

−→
K ×−→

B

qB2
. (A.19)A.5.1 ∇B- DriftIntroduing for instane a spatially inhomogeneous magneti �eld having a magneti�eld gradient ∇ ~B, the orresponding drift due to the magneti �eld gradient an bealulated using −→

K∇−→
B

= −µ∇−→
B to
v∇ ~B = −µ

∇−→
B ×−→

B

qB2
. (A.20)This an be expressed by

|v∇ ~B| =

∣

∣

∣

∣

q · r2
L

2 · m∇B

∣

∣

∣

∣

=

∣

∣

∣

∣

m · v2
⊥

2 · e · B2
0

∇B

∣

∣

∣

∣

. (A.21)A.5.2 Curvature DriftDrift motion an also be aused by a urved magneti �eld. The orresponding fore
−→
K curv an be written as

−→
K curv = mv2

||

−→
R c

R2
c

, (A.22)with ~R c being the radius of urvature. Combining equations A.22 and A.19 thisleads to
−→v c =

m · v2
||

q · R2
c · B2

0

(−→
R c ×

−→
B
)

. (A.23)Combining equations A.23 and A.20 and approximating ∇ ~B using B
Rc

≈ |∇−→
B | onegets the drift motion of a urved and inhomogeneous magneti �eld to be

vDrift = vcurv + v∇B =
m

q
·
(

v2
|| +

1

2
· v2

⊥

)

·
−→
R c ×

−→
B

R2
cB

2
0

. (A.24)This an be approximated by introduing the thermal veloity vth =
√

kT
m

by
vDrift =

e

q

rL

Rc
· vth. (A.25)The poloidal ion rotation in WEGA an onsist of ~E × ~B-drift and ion diamagnetidrift as ∇B and urvature drift are eliminated by �nite rotational transform. Both



A.5. ADDITIONAL DRIFTS 133omponents an be derived from probes and spetrosopy and are ompared to thespetrosopially measured poloidal rotation in �gure A.2.
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Figure A.2: Poloidal ion rotation as measured spetrosopially (stars), ~E × ~B-drift (red line) and diamagneti drift (blue line) from probe measurements; error forprobe-based measurements is represented by dotted lines.As an be seen the ontribution of the diamagneti drift is small ompared tothe ~E × ~B-drift and will be negleted in this thesis. The radial eletri �eld an bedetermined spetrosopially to be
Er = vθ · Bϕ. (A.26)This will be used frequently during this thesis to derive the radial eletri �eld fromspetrosopi measurements. A separate display of the poloidal ion �ow veloitywill usually not be shown as the relation in equation A.26 is simple.
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Appendix BCCD amera spei� issuesThis setion will deal with issues related to CCD ameras.The amera used for the ultra-high resolution spetrometer utilizes a bak-illuminated frame-transfer CCD hip that is ooled by a multi-stage water-ooledPeltier element. In a brief setion, the amera will be haraterized and importantterms dealing with operating suh a amera will be explained.B.1 Frame Transfer, Blurring & ShutterA frame transfer amera, as the employed Roper MiroMax, has a distint di�ereneto regular CCD ameras. The area of the hip is divided into two distint areas, theimage area used for integrating the light and the storage area. The storage area isovered with an opaque mask providing an intermediate storage to the aumulatedharges. The frame transfer proess rapidly shifts the image from the image area ofthe hip to the storage area. The image is then read from the overed area whilethe top half is ontinually exposed to light.The amera an be operated in di�erent operational modes as well. In full-hipmode an image is aquired by using the full image area the hip and every pixel lineas an individual hannel. This is pratially the more rare mode as the amera isusually operated in hardware-binned mode ombining multiple pixel lines to a singlehannel. This has two reasons: First being the readout time of ∼ 2.7 s and seondly,with reading out every pixel line on its own one adds readout noise. In binnedoperation the readout noise ours only one - when the binned hannel is read.Typially, the ameras are used either with a binning of 12 to 14 lines ombinedto a single hannel, or at 3 - 4 pixel lines per binned hannel. The later has thedisadvantage of having a 4- to 4.5-fold readout noise ompared to the �rst setting.135



136 APPENDIX B. CCD CAMERA SPECIFIC ISSUESThe detailed binning table an be found in table B.1.LOS # �ber # lines reff [m℄1 26 6-19 10.82 27 23-36 10.03 28 41-54 9.14 29 59-71 8.35 30 74-87 7.56 31 92-104 6.77 32 112-122 6.08 33 128-138 5.29 34 144-157 4.510 35 161-172 3.711 36 176-189 2.912 37 194-205 2.213 38 211-223 1.414 39 229-240 0.815 40 245-257 0.016 41 262-274 0.817 42 279-290 1.418 43 296-307 2.219 44 314-324 2.920 45 331-341 3.721 46 351-362 4.522 47 365-375 5.223 48 382-393 6.024 49 399-410 6.825 50 414-426 -26 51 432-443 8.327 52 450-460 8.928 53 483-493 -29 54 499-506 -Table B.1: Employed binning for 29 hannels (�ber from hannel 25 turned blind,hannels 28 & 29 interset the port struture) during the �nal ampaign.An additional di�erene to ommon ameras is that frame transfer ameras areusually not equipped with a shutter. The shutter funtion is mimiked by thestorage area. Having the advantage of the amera olleting light ontinuously,allows a higher frame rate. This has to be taken are of when operating the amerawith frame rates about the size of the frame transfer time. Here, blurring of theimage ours when the image is transferred to the overed region of the hip. Theonditions met in WEGA allow this e�et to be negleted as the exposure timeof the amera is several orders of magnitude larger than frame transfer time. The



B.2. LINEARITY 137frame transfer time is in the order of a few s, where the exposure time typially 1s.The exposure time is determined by the amount of light reahing the CCD am atthe bak of the high resolution spetrometer.
B.2 Linearity
In order to interpret the signals obtained by the CCD amera properly, one has toensure the linear behavior of the amera. The amera is spei�ed to have a linear fullwell depth of ∼120,000 eletrons before an individual pixel saturates. The readoutline has a linear full well apaity of ∼200,000 eletrons. The atual dynami rangewould be higher, but all above this value will be non-linear.In order to obtain the data (intensity), the aumulated harge has to be on-verted to an intensity value, typially given in ounts. The onversion fator betweenharge and intensity is alled the read noise and has the units e−ount. The read noisedepends on the operating yle of the attahed ADC onverter. The Roper Miro-Max CCD ADC an be operated at 1 MHz with a read noise of 8 - 10 e−ount or 100kHz with read noise of 4-5 e−ount .One has to note that the maximum linear range of the CCD amera is limitedby two di�erent bottle neks depending on the operational mode. One bottle nekis the linear full well apaity of an individual pixel leading to a maximum dynamirange of ∼15,000 ounts (in 1 MHz mode, no binning), respetively 30,000 (in 100kHz mode, no binning). The other is the full well apaity of the readout line
∼25,000 ounts (1 MHz mode, binning fator ≥ 2), respetively 50,000 ounts (100kHz mode, binning fator ≥ 2). In ase of the usual settings used during this thesisthe limit is imposed by the readout line in 100 kHz mode, so a maximum value of50,000 ounts has not to be exeeded. A linearity study for di�erent binnings isonduted using a white light soure. A typial result is shown in �gure B.1.
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Figure B.1: Linearity of the Roper MiroMax bak-illuminated frame transfer CCDamera (SN:D1200100); binning fators ranging from 1 to 10; neutral density �lterwith 14.5% transmission plaed in front of the �ber bundle to redue intensity of thelaser (Piarro CYAN 488nm) used in this alibration; exposure times range from 1ms to 10 s.The amera exhibits a linear behavior over the exposure time range. The devia-tion of the individual points from the line is the size of the average noise level. Theslope follows the binning fator linearly.B.3 Saturation Indued E�etsWhen a CCD hip is largely overexposed, the amera an produe images that seemreasonable at �rst, but are hard to explain. The desribed e�ets are ommonto all, but speially orreted ameras, whih have measures against them. Tomake it worse, some of these e�ets suggest to happen at light levels signi�antlylower than the saturation value. Espeially, in ombination with the high resolutionspetrometer notiing these an be quite triky, as the image produed an look likea reasonable spetrum.The most ommon e�et observed, when a CCD hip is exposed to high lightlevels, is alled blooming and labels the spilling of harges of a pixel to its neighbors.The more eletrons aumulate in a pixel, the more the linear relation between lightintensity and signal degrades. The reason for this is the trapping potential �lled withthe already aumulated eletrons beoming less likely to apture another eletron.This leads to a dereased sensitivity of the pixel. Instead of being aptured at



B.3. SATURATION INDUCED EFFECTS 139the pixel, the eletron moves to one of the pixel's neighbors and is trapped there.Blooming typially auses white blobs or even lines on the image depending on theondition of the neighboring pixels. Blooming an be prevented by one of two means.First way to avoid blooming is alled loked anti-blooming. Here, the lok voltagephases of adjaent pixels are alternately swithed. This fores exess harges to �owinto the barrier between the Si and SiO layers, on�ning them there. When the lokphases are swithed, the on�ned harges beome detrapped and are lost, while theaumulated harge is retained. The other option is to inlude harge drains intothe CCD's arhiteture, running in between the pixels, draining exess harges. Thedisadvantage of suh ameras is the redued e�ieny, as the harge drains requirespae whih annot be used. Charge drains an be useful though, if the light level onthe amera varies over many orders of magnitude. A less ommon type of bloomingis alled well-braking and refers to ertain areas of the amera being spilled withharge and suessive on�ning potential destrution due to the reated avalanhe.This happens if the pixel as well as its neighbors are highly over-exposed. Thedanger of well-braking lies in the potential of generating spetra looking reasonable,exept for showing a ghost line seemingly separated from the original line.

Figure B.2: Movement of a ghost line when adjusting the width of the entrane slit.Well-braking an suggest to happen way below the maximum dynami range as thea�eted pixels show values near the bakground noise level. A typial behavior ofwell-braking is displayed in �gure B.2. One an see the ghost line (left) approahingthe original line when the entrane slit to the spetrometer system is redued.



140 APPENDIX B. CCD CAMERA SPECIFIC ISSUESB.4 UHRS Camera Spei�ationsModel Roper MiroMAX:512 BFTNumber of pixels 512 (H) x 512 (V)Pixel size 13 m x 13 mSpetral response 340 nm - 900 nmQuantum e�ieny at 600nm 85 %Binning full frame or via de�ned ROIsReadout bits & A/D onverter 16 bitsGain fators (H/M/L) 1.1/1.8/3.7Linear full well (typial) <125k (200k) e− for single pixel (2x2 pixels)Read noise � 1MHz / 100kHz 4.76 / 2.98 e− rmsDark urrent (-45°C) <7.7 e−/p/sTable B.2: Camera details (as provided by the manufaturer)



Appendix CComparison of the MagnetronSouresThe following part of the appendix will ompare the 6 kW disharges produedwith di�erent magnetron soures. as the magnetron soures are plaed at di�erenttoroidal positions, this allows insight to the dependeny of the heating system on theexat magneti geometry. The 6 kW soure is plaed at a toroidal angle of ϕ = 288°,the 20 kW magnetron is loated at ϕ = 324°. In ontrast to the manually mathed6 kW soure and transfer line, the 20 kW soure has an automated mathing systemis available. Time traes of line-integrated density and neutral line emission for a 6kW disharge, as shown in �gure C.1, are almost idential for both magnetrons.
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Figure C.1: Time traes of line-integrated density and neutral line emission for a 6kW disharge with di�erent heating soures.When looking at the plasma parameter pro�les of plasma produed with the twodi�erent heating systems, a general trend is observed. The 20 kW soure seems toprodue more broadened pro�les than the 6 kW soure when looking at density and141



142 APPENDIX C. COMPARISON OF THE MAGNETRON SOURCEStemperature pro�les (shown in �gure C.2).
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143When diretly omparing the on�ned energy, using the 6 kW soure seems tobe lower ompared to the 20 kW soure, as an be seen in �gure C.4.
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Figure C.4: Saling of the on�ned energy of both magnetron soures (blak - 6kW,red - 20 kW) ; W
e,6kW(6 kW) = 0.14 J.As the 20 kW soure annot be operated stably at redued power (see hapter5.2), respetively with full power due to the vauum window braking, the 6 kWsoure is used for studies in this thesis. It an be operated at its maximum powerproduing stable plasma pro�les and the SNR for the spetrosopi measurement isadequate.
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Appendix DSupport to the Atomi Model
D.1 Rate Coe�ientsThe atomi model uses rate oe�ients for ionization and reombination aordingto [LSS02, Vor97℄ when onsidering the partile balane. Both rate oe�ients aretemperature dependent, but depend weakly on density. The temperature harater-isti of the rate oe�ients is shown in �gure D.1.
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Figure D.1: Ionization and reombination rate oe�ients for argon as a funtionof the plasma temperature.When looking at the energy balane, the role of the rate oe�ients is takenover by energy rate oe�ients. As in [Hor04℄ the energy rate oe�ients are usedaording to [LSS02℄. The temperature dependene of the energy rate oe�ientsfor the di�erent proesses is displayed in �gure D.2.145



146 APPENDIX D. SUPPORT TO THE ATOMIC MODEL
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D.2. PARTICLE BALANCE 147oe�ient.
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Appendix ESupport to the Neolassial Model
E.1 FlutuationsAs stated in hapter 7, the ontributions of transport aused by �utuations arenegleted in the models used for modeling. This assumption is based on two ar-guments: First and foremost, for large parts of the plasma the level of �utuationsis small as is displayed in the top part of �gure E.1 for the unbiased probe plaedat reff = 9.8 m. The lower graph shows a wider radial part of the pro�le showingturbulent harater.
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Figure E.1: Power spetral density of �oating potential measurements obtainedover a radial san using Langmuir probes for UBias = 0V (top) and UBias = +200V(bottom) with biasing probe plaed at reff = 9.8 m; LCFS, magneti axis andBPtip are marked by horizontal dashed lines.149



150 APPENDIX E. SUPPORT TO THE NEOCLASSICAL MODELThe HH model is expeted to underestimate the energy and partile �ux in theregion where �utuations are present. The orret �uxes would have to inorporatethe �ux aused by turbuleneE.2 CollisionalityThe HH model is used to model large aspet-ratio tokamaks in the ollisional andplateau regime having irular �ux surfae ross setions. WEGA argon plasmas inlow �eld operation fall into the P�rsh- Shlüter- (ollisional) regime for the plasmaenter and the plateau regime for the plasma edge. As the HH model has originallybeen developed for modeling tokamaks and the stellarator features start beomingimportant at low (νei

νp
. ε3/2) ollisionality, the approximation is onsidered to be, atleast, in the orret order of magnitude. In a tokamak three di�erent ollisionalityregimes exist. These are P�rsh- Shlüter (or ollisional) regime, plateau regimeand banana regime. The typial di�usion oe�ient as a funtion of the ollisionfrequeny of eletrons and ions is shown in �gure E.2.

Figure E.2: Collisionality regimes in a tokamak (sketh)In WEGA the ratio of the eletron-ion ollision frequeny ompared to the valuesof the plateau ollisionality is typially νei

νp
≥ 1. The ollisionality pro�le of di�erentdisharges is displayed in �gure E.3.
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Appendix FList of AbbreviationsUnless otherwise noted the symbols used in equations refer to the following quanti-ties:symbol desription / quantity
a minor vessel radius

Arel relative mass
AR Rihardson's onstant

B, ( ~B) magneti �eld (vetor)
c speed of light ; 2.997925 · 108ms
χ poloidal magneti �ux
e elementary harge ; 1.6022 · 10−19C

E, ( ~E) eletri �eld (vetor)
ε inverse aspet ratio ; ε = a

R
(for WEGA: ε ≈ 1

6
)

ε0 permeability of free spae ; 8.85418782 · 10−12 AsVm
Γ partile �ux
h Plank onstant ; 6.62606885 · 10−34 Js
~ redued Plank onstant (Dira onstant); ~ = h

2π

I eletri urrent
I0 light intensity
ι poloidal angle between two passes of �eld line of a ϕ = const. surfae
ῑ rotational transform
j eletri urrent density
kB Boltzmann onstant ; 1.38 · 10−23 JK
l poloidal periodiity of a lassial stellarator
λ wavelength of light153



154 APPENDIX F. LIST OF ABBREVIATIONS
ln Λ Coulomb logarithm
m mass or toroidal periodiity of a lassial stellarator
µB Bohr magneton ; µB = e~

2me

ne, ni eletron / ion density
ν frequeny of light
ϕ toroidal angle in toroidal oordinates
Φ toroidal magneti �ux

Pmw mirowave power
Ψ �ux funtion
q eletri harge in units of e

Q energy �ux
r minor radius in toroidal oordinates

reff e�etive radius
R major radius in toroidal oordinates or eletrial resistane
~R position vetor
S surfae area (of probe)

Sion, res ionization / reombination ross setion
σSB Stefan- Boltzmann onstant ; 5.67 · 10−8 Wm2K4

τE , p energy / partile on�nement time
θ poloidal angle in toroidal oordinates

Te, Ti eletron / ion temperature
U eletri potential

Vfl, pl �oating / plasma potential
Wa work funtion of probe material
ωc angular frequeny of ylotron motion

Zeff e�etive harge of ions
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