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Streszczenie
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Abstract

The C/O monitor is a dedicated diagnostic system designed to monitor impurity
content in the Wendelstein -K (W%X) plasma. It was designed toeasure the
intensity ofLymanh £ Ay S & #KE iorié ®fRAINBGBSiyipurities- boron (B -

4.9 nm), carbon (€- 3.4 nm), nitrogen (K - 2.5 nm) and oxygen (©- 1.9 nm). It is

an optical spectroscopic systawmhoseconstruction is based on Jahn geometry with
cylindrically curved dispersive elementsisltonstructed agwo independent vacuum
chambers, each designed to measure the intensity of two spectral lines: theriess
dedicated to measuring the C and O lines, and the seomedo B and N. During the
next operational phase (OP2.1), the firsub-spectrometer dedicatedto the

measuremenbf C and O lines will mmmissioned.

The main goal of the system is to provide informatamnthe intensities ofradiation
However, the shape of their spectral lines will not bmvestigated Therefore, it is
extremely important to understandhoroughly the origin of the measured output
signalswith respectto its dependence orthe main plasma kinetic parameterse.,
temperature (E) and dectron density (g), or theimpactof impurity transport on the
radial impurity distribution, henceradiated photon intensities Thesedependentes
however, turn out to be notrivial due to thelarge observed plasmeolume andits
complicated shapgncluding theedgeplasma layersfrom whichmost of theradiation

is emitted.

To answer these questions, a numerical code in Python dedicatetbtermine the
emissivity and the total intensity of radiation reaching the deteat®urfaceswas
developed Its purpose is t@reciselyreproducethe & & & { geafr@taywith respectto

the W7-X and to determine th@utput signals originating from the investigated lines
Consequently, mainly qualitative information on theeiitted photon flux intensitiess
obtained, but in the future, after an absolute calibration of the system, it will also be

possible to obtain quantitative results.

To examinethe responseof the system tahe experimental conditiongjualitatively, a
series of simulationsvas performed asumingvariousTe and ne profiles in the W7X
plasma yith the use ofcorona equilibrium model). The aim of this analysis was to

estimate the expected radiation flesand to determinethe sensitivity of the system



to the changes inmpurity levek, as wel as plasma kinetic parameters. The resolts
analysisdemonstrated complexity of theutput signalsincludinga high correlation
between e.g., increasing temperature (especially in the edggion) and decreasing
intensity of the emitted photonfluxes. The problem of impurity transportis also
important. Forexample their accumulationin the centralplasma regiorcanlead to a
decrease(and in the case of oxygen lines, over a certain temperature range, also
increase)in the emitted photon fluxeven though the totaimpurity content in the

plasmaremained unchanged

A case study washen performedfor the experimentalresults registeredduring the
previous operational phase OP1.2b, whesrbonaccumulationwas observedn the
central plasmaregion. The radial distribution ofmpurities from the C* line was
measured using the Charge Exchange Recombination Spectroscopy. [2§e8)on
these measurementsthe distribution of all C ions along minor plasma radius was
calculated using the pySTRAHL codd&hen, using thedeveloped code, the time
evolution of the potential signalswas determined. These calculations illustrated
photon flux which would be observedf the C/O monitorsystemwas in operation
during the previous experimentgdhase The esults were subsequentlgompared
with the WatQimpurity profile assumingexact kinetic parameters and a constant
averageimpurity content in the plasmaA smilar procedure was also used for the

oxygen line. The obtained resultgatchprevious findings.

Finally, it wasconcludedthat the system will fairly accurateleflect the changes of
impurity levelin the plasmawhich confirmsthat the diagnostiawill be crucialfrom the

safetypoint of W7-Xoperation.
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Motivation and scopeof the work

An ideal fusion plasma contains only the intended reactgnitydrogen isotopes and
the fusion reaction product helium. However, in real fusion devicesth magnetic
confinement(MCF¢ magnetic confinement fusionplasma is always contaminated by
other elements, secalled impuritieswhich are essential from the operational point of
view of a future fusion reactors heir origin is usually associated with the interior of
the plasma vessgmainly the first wall materials and elements adsorbed asugace.

In some experimentsimpurities are also introduced intentionally.g., in order to
mitigate plasma instabilities, change erosion of the vealto studythe influence of
impurities and their transport The most undesirable impurity species aré+nand
high-Z elements, which lead to essential energy losses of a plasma by emission of
radiation in the form of spectral lineghiscan be particularly dangeroushen the
impurity accumulation occurs in the central plasma regibr6  RA y 3 dufion I WT dz
and eventuallyto a radiational plasmacollapse To reduce tlese effects, internal
components of a plasma vessgk made ofcarbon orcan becovered with thin layers
of low-Z elements such asg.,boron or beryllium In modern fusion experiments, the
first wall or some componentsare usually metallic €.g., tungsten) reducing carbon
level significantly, but its spectral linesin still be observedAnother light element
constantly present iMCFplasmas is oxygen, wiids absorbed on the surfaces of the
inner walls of the vessehs water moleculesduring i KS Y | Odfting. 3t Osa
afterwards consistently released during the operation of the dewwsgogen, together
with oxygen may be an indicator of a leakage imetvacuum systemNeverthelessit

can be also introduced intentionally durisgme experiments

TheWendelstein 2X(W7-X)[1] is thelargestand the mostadvancedstellaratorwhich
was construced to demonstrate high power and high performance quesintinuous
operation There are several diagnostic systems dedicated to observation of
Wendelstein 7- LJ | éomtdmdn&ion e.g, HEXOS(high efficiency extreme
ultraviolet overviewspectrometej [2], PHA(pulse height analysi$}], [4], XICSthe x
ray imaging crystal spectromeldi5], [6] or HRXIS(the highresolutionx-ray imaging
spectromete) [6]. One of them, the C/O monitor, is aew dedicated XUV

spectrometer degjned for monitoring of four, main lox impurities: B, C, N and O.
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These measurements will be performed blgservationLymanh transitions of their
hydrogenlike ions.lt is a crystal spectrometevhoseconstruction is based on Johann
geometry with cylindricaly curved dispersive elemerithe ultimate puporse of the
system is to provideontinuousinformation about the line intensities of theespective
hydrogenlike ions without study of the line shapdsis a high time resolution (1 ms)
and a high throughput system with large acceptance anfie commissioning is

planned for the next Operational Phase 2.1 (OP2.1)

Since the system witheasure volume integratechdiated photon intensity originating
from a large plasma volume, thanalysis and proper interpretation of obtained
experimentaldatamay becomevery difficult, especially under rapidly ctging plasma
conditions.Beside the potential change of impuritensityin the plasmathere are
other factorssuch ashanges of th&inetic parameters and radial impurity distribution
that may affect the measured signat significantly. For example the impurity
accumulationin the WX plasmasan occurresulting in a shift of their signficant
fraction towards the plasma centerSincestellarators are characterized with their
complex helicatlike plasmashapes, the impurity profiles may also affect obtained
signals significantlfEspeciallyifficult case for analysisiay arisewhen several factors
occur simultaneouslye.g, changein the totalimpurity content its radial profile shape

as well as fluctuations @lectron temperaturg(Te) and electron/plasmalensity (12).

Therefore it isessentiako check how each of these factors affect the output signal i.e.
intensity of a specific spectral lind.was presumed that some of those factorayn
compensateeach other (e.g, decrease of electron temperature and reduced
impurity conten), thus makiwg it difficult to draw decisive conclusions. For that reason,
it was essential toamplement techniques to simulate possible reactions of the system

undervarious plasma conditions.

The work presented in this thesis aims to develop the C/O monitor spectroscopic
system andapply a modelling approach to predictuture signals based orthe

aforementioned factorsHence the maintasksrelated to this topiovereto:

1. Desigthe key componets of theC/O monitor system for WX;

12



2. Developa comprehensivecodefor the detailed representation of the syste@
geometryenablingsimulationsof a potential signals withespectto a geometry
of observed plasma volume, kinetmlasmaparametes (Te, ne), as well as
spatial impurity distribution. The codeassumesa corona model andwas
integrated with external package pySTRAHLused for modelling of impurity

transport in a plasma.

3. Performqualitative investigatiorof the influence of theelectron temperature

electron densityand impurity profile shapegassuminghheir constantlevelin

VVVVVV

the plasmaon the radiated photoninteda A 1 A Sa | (i pasiides RS G SOG 2 N

4. Perform @ase study fothe sample oplasma discharge, where accumulation of
C in the plasma center was observed. The obtained outcomes toelze
O2YLJI NBR 6AGK dzyAT2N)Y OheFaime dperoachiwisLIdzNR U

appliedfor the O line investigation.

Someresearch results that arelasely related to the topic of this dissertation have

already been described in the following scientfapers

1. T. Fornaba® Ydzo{(2¢6all>X L® YaANdS1=Z 5@ {dl 7
Gaz2zRSttAy3d 2F SELISONSRAYS AYyiByBYRABA]
W7-X plasmas and measured by means of the Wight impurity monitor
& & 4 ( STHié >European Physical Journal PI({@®021) volume 136,
Articlenumber:659;

2. T.FornalL ® Y & AKUBk&Aska, RaBurherin,9 3 G A YIF A2y 2F t K2
the Oxygen Lymaft [ Ay S 9 YA (G SR tHNPAwA @HgSca 2 1
Polonica A2020) No. 4 Vol. 138;

3. T.FornalL® Y&aANdS|1I ad Ydzol26apli X2WOSYRGI Yi
detectors for light impurities plasma studies at WX using "CO Monitor"
& @ & ( Bu¥ién Engineering and Des{g019) 146, X;

4. T. FornalL @ Y &AKAcxrBatczyk, W. Figacz, M. Kuigka, R. Burhenn, F.
Ydzy 1 St 2 wo [ Xdeod&ghosficdo mertef HiReFRMmissian from
B, C,N,and O forthe W7 & ( St Révisd ofl Sciedific Instruments (2019)
90, 18.
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1 Introduction

Ensuringaccess to the reliable energpurcefor the society living in the 2lcentury is
currently one of the largest issues to taclded it will become even more serious in
the next decadesA stable source of energy essential foa proper functioning ofall
branches of everyday life such a#ealth care, watersupply sewage system,
transportation and theglobaltelecommunicatiometwork being the foundation of the
current, technical civilizationBasically, each aspect of our daily existence is strongly
dependent onenergy supplyThe energydemandper person is constantly increasing
and the trend continues in developed countries of Europe, North America and Asia
what is correlated with the livigp standard. Other developing countriés.g., India or
China with population above 1 billioaye in pursuit of better living standards, hence
their energy consumption is constantly increasimigile worsening the global climate
related situation.The clim&e crisis we are facing requseontinuous carbon footprint
reduction thusproviding clean, reliable energy systenm@vadaysa crucialfactor.

TKS OdzNNBy Ul ¢2NI RQa SySNHe aeadSy xgas, ol AaSR Y
and oil. Their combstion lead to abruptreleaseof significant amounts of carbon
dioxide as well as othepollutants into the atmosphere, increasing the greenhouse
effect. There alsoexist renewable energy sourcesuch ase.g., solar panels, wind
turbinesand hydropower, but they still play a minorole in the global energy market.
They are considered WOt S y Q Swith &lfFostzeto 2rd@snS¥Yreenhouse
gaseausing¥tee(resourcesat the same timeTheir common adgtion, however, is far
more difficultthan those based on fossil figallue to certain conditions thamust be

met (e.g., sunny or windy terrains This lead to a situation where the renewable
energycamot sustain the energy neswf i 2 R Isdci®tywith its current shape (due

to the lack of thestabilityin energy supply as well as the enekgyality.

Ly FTEGSNYIFGAGS az2fdziAz2zy LINPOGARAYy3I aidlotS
energy source might be nuclear fission which in the curaays plays recognizable
role for the electricity productionThe nuclear energy is clean and reliable, therefore

the energy system of many developed countngbased on the energy from nuclear

fission.Moreover, spent fuel iso longer a serious isswincegoodsolutions related to

14



its storage exist on a market for many yed83. After five ¢ six years of operation in
nuclear reactorwhich is thetypicallength of thereactor fuel cycle), more than 90% of
its potentialenergyremains in the fue[9], which canbe reused in the I generation

of reactors e.g, very high temperature nuclear reacto(¢HTR]10]. However on a
global scale this would not h@acticabledue tolow acceptance level from the society
driven bythe fear resulted from several major failures of nuclear fission power plants

that occurred in the past.

An alternative mightbe energy from nuclearfusion - the process similar tahis
powering theSun based on energyeleased whertwo nucleiof e.g.,deuterium and
tritium combine SinceMelsQrequired to perform the desired reactignare easily
accessiblein the world (deuteriumcan be derivedrom water while tritium can be
produced by reactions of neutron witithium from common Earth rocRsthere would

be virtually no limiations to the energy production arfdel supply.

Nuclear fusion emits no greenhse gasses and provisl@ccess to the unlimited
source of clean energyMoreover, in contrast to nuclear fission, there is no chain
reaction, hence its safety is ingistably higher.The fusion technology is not yéilly
developed as abovdescribed fission tehnology, butis under intense research phase,
and might become a&olid candidate for the energy resource of the futufidiismay
happenaround 2050 when the first commercial fusion power plant is planned to be

brought into operation.

To achieve this goal, the research on high temperature plasma (occurring in the
thermonuclear reactors as tokamskor stellaratos), which could bring the
thermonuclear reactors to the operations highly prioritizd. It is also essential to
emphasize thefact that the measurement ofthe plasma parameters (electron
temperature density, magnetohydrodynamicsMHD), confinement etq. are the key
elementsfor the long pulse operationSincethe plasmais not free from impurities,
their measurement isalso of crucial importance becausethey strongly affect the

plasma stability ang@laykeyrole in theenergy balance.

For those reasons, the constant work related to the plasma research is one of the
priorities of the modern science. It Bspecially important for the development of

technology ensuring the application of the fusion to deliver clean enendych
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nowadays becomes one of the largest prioritieBhis will help to reduce the
greenhouse emission while providing the inexhaustibleergy for mankindof XXit

centuryand the next millennia
1.1 General plasma description

Plasmaafter solids, liquid and gas; is considered as fourth state of matter. It
resembles gas but due to the fact that its properttiffer significantly, itdeserved to

be named as fourth stat®f matter [11]. The plasma isn ionized gas containing
electrons and ions coexisting together, created by providing energy freeing the

electrons from atomsin which a significant part of particleselectrically charged.

Plasma is typically an electrically quasutral, which means that on the large scale

the number of positive and negative charges is the same. By sd§igg scal@it

means distances larger then Debye length ¢ KA OK RSGSNXYAYy S&a GKS
electric field intensity decrease depending on the distance fromhis is described by

equation(1)[12]:

. -T'QUY
' Qf Brac (1)

where¢ - electron densityg ¢ density of®particles withthe ionization state, "Y¢
plasma temperaturge - electron mass andp an k are the well-known constants.
Charged particles generate electric currents, therefore any movement of the plasma is
affected by the field generated by the other charged particlEsis influencestheir

collective behavior.

Pasma is mostly associated with stsaandcan bealsofound inthe interstellar space
between galaxiedt is very denseand hotin the core of the starswhile in the stellar
atmospheres as well as interstellar space it is rare and characiemath lower

temperatures Considering the starshé further fromthe core, the lower density and
temperature of the plasmawhat is associated witlits different properties. The solar
corona isa dilute magnetized plasma witthe temperature of several milon degrees.

Pasma is then emitted into outer space apthnetary system in a form of solar wind.

When solar wind reaches the Earth, its interaction witie upper part of the
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atmospherepartially ionizesits upper layerswhichis called ionospherdlasma is also
very common in our everyday liféVe can obsee it during gas discharges.g.,
lightnings)as well as its use ithe modern technologiese(g.,plasma welding, plasma

tv, fluorescent lamps, etc.).

The term Plasmddin general describes the state of matter witkery different
properties. Depending onits type, the differences between their densities and
temperatures nay be in the range of several orders of megde. Figure1.1. [13]

presentsthe variety of plasma typeslepending on their temperature and electron
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Figurel.l. Variety of plasmas characterized by electron density and temperatures

There is a popular division into low and higlemperature plasma The low
temperature plasnma is the plasma withnuclei temperature (both - heavy ions and
electrons) fromthe room temperature up to severghousandKelving[11]. This range
corresponds to the average kinetic energy of the particles from fractions of an
electronvolt(eV)to a few electronvolts. Such plasma canédg, aurora, ionosphere,

fluorescent lamps, or flame. The high temperature plasmahowever, is usually
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reserved for thermonuclear plasmayith temperatures order of millions of K (with
correspondingenergy of several keV)An examplecan bee.g., core of the3un or

magnetic fusion.
1.1.1 NuclearFusiong physical reactions

Fusion is the procegbat powers thestars so also th&un.It takesplace when two
light atoms combindor $usetogether into heavierne. As a resultthe products in
the form of neutrons, protonsphotons andalphaparticles are createavhile emitting

a large amount of energy.

Synthesisreactions are characteristimainly for light nucle{such as.g.,hydrogen and
helium), but they also occur for heavier particlddowever, in the case of light nuclei,
these reactions are exothermic and above a certain limit of atomic mass (itmy),
become endabermic requiring an input of energy to proceed and are signified by a
positive change in enthalpyrhis dependence is explainedkigurel.2 presentingthe
binding energyer nuclen (MeV),whichis energy requiredo decompose the nucleus

of a given atonper nuclideqprotons and neutrons).

i Fe
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T o 58 :
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Figurel.2. Bindingenergyper nucleon versus atomic mass numpiet].
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On the other hand, thdinding energys equal to the amount of energy released in the
process of thermonuclear fusion. Thus, the difference in masses of substrates and
products multiplied by the square of thepeed of lightresult in an energy releadss

[15]:

0O 0a B 4 @ (2)
where0 ¢ number of neutrons¢¢ atomic number@ ¢ rest mass of protond ¢

rest mass of neutrorg - nuclear massndacg speed oflight.

According to therigurel.2, hydrogen nucleubasthe lowest binding energy level. By
the process of synthesis of two hydrogeswotopesnuclei(ase.g.,.D + D or D + Th
helium nucleus will be formed, and the differ@in their masses will be the amount

of emitted energy On the other hand, iron has the highest binding eneagydis also

the most stable element. For nuclei with higher atomic masses, from the energetic
point of view, the nuclear fission reaction wik much more profitable (breaking into

lighter nuclei with simultaneous emission of excess energy).

The abovedescribed reactions are the basis for the existence of all stars which, by
synthesizing hydrogen atoms into heavier nuclei, emit significant amotienergy.
Each star, depending on its mass and temperatifarn<Qts fuel in a slow process
that takes billions of years (in the case of tBen it is several billionyears). The
formation of helium from hydrogemuclei can be accomplished by various nuclear
reactions. Depending on the mass of the star, these reactions can occur through two
main cycles.The cycle which powers smaller stars (such as the Sun) with their
temperatures reaching up to several million Kelvisghe protonproton chain (p-p
chain resulting in releasa netenergyof E=26.7 MeV[16]. For more massive stars

the fusion reactions take place via the carbaitrogen-oxygen(CNOXycle.
1.1.2 Fusion on earth

To perform thenuclear fusion of twauclei, it is necessary to providan amount of
energy sufficient to overcome the Coulomb barrier. This means that thermonuclear
synthesis regires an ignition temperature usually exceeding eV, in which the

matter is in the form of plasmadn terrestral conditions ach temperaturesdo not
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exist naturallyand are very difficult to obtainThere are several reaction channels that
may be crucial for the future fusion reactors. They are presented below together with

energieseleases in those reactiof$7]:

O 0O0°Y O 18dQ® (3)
0O 0O°0Q & 08 )YQ0 (4)
O YOOQ ¢ p@Q® (5)
O '0Q00Q O p@WA® (6)

Theenergy efficiency of the aboveentioned reactions can also be assessed on the

basis of the probability of their occuran@ee. reaction crassection)c seeFigurel.3.
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Figure 1.3. Fusion reaction rate coefficients for theTD DD and BHe® as a function of electron

temperature[15].

Due to the aforementioned nudléinding energes and the crosssections of those
reactions,the most promising channel is theDreaction(4), whichnot only has the
highest crossection of the reaction butlsorequires relativelyow initial energy while
releasing 16 MeV. Takingthis into accounttogether with almostten times lower
requirements for the initiatemperaturelevel than thosdor the DD reaction, it is the

main candidate for fusions in terrestrial conditions. Nevertheless, given the high
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temperaturesrequired for fusion reactionsthe energy oftenth kilo electron volts

needsto be provided

In order to ensure the sebustainedsynthess reaction, three conditions must be met
at the same timetemperature,sufficiently highplasmadensity and confinementtime.
The above means, thdhe deuteriunitritium plasma must be sustained long enough
for the synthesis reaction to take place. Tisiso-called Lawson criterion (defined as a
triple product), fulfilment of which will release the reaction enerdygh enoughto
exceed theenergylosses thanks towhichthe positive energy balanceanbe achieved
In the case ofdeuterium and tritiumsynthesis the Lawson criterior[18] takes the

form described by the inequality7 ):
ETIYD v QQB I (7)
where& = plasma density,Y¢ temperature andd ¢ confinement time.

In order to ensure the higheseactionefficiency, it is ultimately necessary poovide
the properfuel density. Due to théBurningCof the fuelas well ascontamination by
other atoms and the accumulation of helium ions the power obtained dwsyrghesis
is reduced. Therefore fuel (deuterium and tritium) must be refilled and helfusign
WHsh) needs to beremoved. The confinement time increases significantly as the
plasma volume increases. Therefore, it is strongly desirable to create eger fasion
facilities to provide favourable conditions for the implementationtbérmonuclear

synthesis
1.1.3 Fusion confinement

Due toextremetemperatures requiredto initiate the thermonuclear reactiorgarrying
out a synthesis under terrestriaondition is quite a challengdirect contact of a
LIX I aYlF gAGK AyySNbuldRadidd iRriedidde2cyolidl) vrl lsoa
degradation ofthe plasma facing componentsTherefore, it is necessary to use
appropriate method of isolating the plasmas well as ensuring gechnique of its
maintenance that guarantees the safety of adjacent materials, aswhsequently,

createsappropriate conditions for the reaction
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There are threeknown ways of plasmaconfinement: gravitational, inertial and
magnetic.In stars, the confinement is achieved by their strong gravitational field that
creates sufficient pressure.hdse conditions are, however, not applicable on Earth.
Another approach is the inertial confinement, the idea of which is the significant
compresgon of the pellet with thermonuclear fuel by strong, wélcusal,
symmetricallaser pulses or iofbeams.There are two majomethods developed to
perform inertial fusion reactions. The simpleste, also called direct drive methow,

the conceptwhere the fuel is arranged as a sphemad alaser pulsesare being
focused directly on a capsuf{seeFigurel.4). The surface of the pellet evaporates to a
form of plasmacrown, and the expanding plasma creates a shock wave towards the

pellet, leading toits implosion. As a result, a sha@grm fusionreaction takes place.

4 . 4
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Figurel.4. The direcidrive lasetbased approach dhertial confinemenfusion[19].

Another approach is the indirect driveethod where thelaser or iorbearns are not
aimeddirectly at the capsule containing fuel, buimto a specialtarget containing fuel,
usuallysmall cylinder made ajold which is also called &#ohlraun)seeFigurel.5).

The ideais not to use beams to target fuel capsules but the interior of a cylinder
leading to its heating until it starts emittingrdy radiation. These-iays heat thefuel

capsule andegin the fusion reactiof20].
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incident laser beams

Figurel.5. The lohlraumtarget used inthe indirectdrive methodof inertial confinement fusiof21].

The most promising way @fplasma confinement in terms of its applicationexsergy
source of the future is magnetic confinement. Taking into account the fact that the
plasmaas acollection of charged particles can be controlled by magnetic and electric
fields, it is possible tose magnetic traps to keep the specific plasma volume away
from the wall of the vesselCharged particles placed in the magnetic field begin to

movehelicallyalong the magnetic fieltines

Some nitial research orfusion was carried out using the lineaonfiguration of the
magnetic field, characteristic for mirror reactof@so known as magnetic bottle). In a
cylindrical plasma chamber, a magnetic field parallel to its axis keeps particles along
the field lines(presentedin Figurel.6). Configuration of electromagnets in magnetic
mirror creates the area of increased density of magnetic field lines at eithepttick
confinement area. Particles approaching the ends experience an increasing opposing
force, causing them to reverse direction and reflect the certaimber of particles

back into the cylinder interior. This effect, however, occurs only forpidwicles with

limited approaching velocities and angles
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Figurel.6. Concept of the magnetic mirror including motion of charged parf2g

Since the particle losses in magnetic mirror trap nfegy substantial, they can be
eliminated by curving the cylinder into the form of closed ring (tousg¢eFigurel.7.
Then we deal with théoroidal magneticfield. However the early experiments showed
that plasma losits initial symmetricform anddeveloped & | A Y 1 ardésubt impligKdA a
that the plasma was unstahlé\s aconsequencein almost alsubsequent experiments
these instabilities limited achievable plasma conditi¢23]. Another disadvantage of
this solution is the heterogeneity of the magnetic field, which pushes the plasma

outwards,bringingit into contact with the wall of the vessel.

Toroidal plasma

AN

" Poloidal field due to
—
plasma current
Ve
~
~

Path of charged particles /
Plasma current L
within the plasma

Figurel.7. The magnetic field distribution of the toruiseft figurepresents thedirection of a plasma
current, poloidal and toroidal fields. Right side presentspiidn of charged particles within the toroidal

plasma[24].
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To reduce the impact of this effect, poloidal (perpendicular to the toroidal) magnetic
fields areapplied The resulting magnetic field not only have to enclose the lines into
rings, but also follow helical paths while creating closeagnetic flux surface. These
assumptions were implemented by two conceptual nedh ¢ tokamaks and
stellarators. Both concepts, together with their main features, similarities and

differencesare presented in the next section.
1.2 Nuclear fusion in magneticanfinement plasma deviceMCF)
1.2.1 Tokamaks and stellarators similarities and differences

The concept of magnetically confined fusion is nowadays realized by the two most
promising technologies: tokamaks and stellaratofsg(re 1.8). Their constructios
provide helicalpoloidal and toroidal) magnetic fields, producing toroidally nested and
closed magnetic surfacefs a resultthe similar stability and plasma confinemt is
achieved for both configurations. However, constructiasfthese technologiesdiffer
significantly which results in their different propertiesTherefore their characteristics

will be elaborated in more detail.

Figurel.8. Schematicepresentation of a tokamak (left) and stellarator (rigf%].

First of themtokamak (from Russia#oroidalnajakamiera s Magnitnymi Katuszkami

¢ toroidal chamberwith magnetic coils), is constructed as a vacuum chamber in the
shape of a torus containing the plasmihe toroidal magnetic field is created by the
applied set of outer coils surrounding its vacuum cham This acts as a primary
mechanism of plasma confinement. The poloidal magrfetld, however, is generated

by an electric current induced in the plasrog the use ofa transformer. Its primary

circuit is a set of ploidal coilsin its core, and the ssondary circuit is the plasma.
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Consequently the combination of both toroidal and poloidal magnetic feldesults

in field lines taking a helical path around the tof@8].

The second concejs a stellarator, whichforms the plasma shape adwisted Mobius
strip. Thisis achievedby the applicationof a specially designed magnetic coils
mounted outside thetoroidal vacuum chamber Moreover, stellarators to achieve
plasma stabilitydo not require currentinducedin the plasma.There are however,
plenty of other differences occurring duriniipeir operation, which together with

aforementioned features results in a different pros and cons of both technologies.

The main difference between tokamaknd stellaratos is the plasma confinement

mechanism. In tokamaks the toroidal set of coils produces the stabilizing toroidal field
componentand large toroidal current which is induced in the plasma prasgmost

of the confining poloidal fieldNevertheless, since the axisymmetric shape of the

tokamak plasmaesults in itsappropriateconfinement such induced current leads to
plasmainstabilities, obstructing its continuous operation. In stellarators, however,

current flowing in externahon-axisymmetrc coils solely creates both of the magnetic

field components, therefor¢he continuous work may be achieved. Nevertheless, due

G2 GKS KAIKSNI O2YLIX SEA ( ahere &e niofe Sincanfinédt £ I NI G 2 N

particleorbits, leading to a higtransportof ionized particles.

Both machines can be describagsing two coordinate systems; cylindrical and
magnetic flux The glindrical coordinge systemis defined by radial (Y), vertical ()
and toroidal £ ) components The majorradius (Y) is a distanceneasuredfrom the
center of a torus and vertical coordinate (&) is perpendicularto Y - see Figure 1.9.
Unlike cylindrical, the magnetic flux coordinagstemdepends on the flux surfaces
and is described by radiakf), toroidal ¢ ) and polodal < components Theres (also
called effective minor radius$ calculated from the minor radius @hich is adistance
from axis of aplasma (poloidal cross section of a toyts the last closed flux surface
(LCFYR6]. Its principle is based on assumption trety given point is the average
radius ofa specific flux surface passing through that powmhich results in & value
representing this flux surfac&uchtransformation isuseful forsimplificationsincethe

shape of magnetic fieltinesis nonsymmetical and for stellaators changes with a
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toroidal angle (non-axisymmetric)thereby hindering comparison afmeasurements

from different diagnostics and experimental machines.

Sincetokamaks and stellaratorsan be describedising abovedescribedcoordinate
systemshey differ in the ratio of their major (R) and minags) radii. In tokamaks this
aspect ratio is usually betwee5 (in JET) and 4 (in ASDEesuling in the larger
effective plasma volumg27]. In stellarators tis ratio varies in the range between(i
CHS) and 12 (in WWAS) [27]. Therefore,the device is constructed to have small

rotational transformation pegeometricalperiod.

Toroidal current - @ Poloidal current - @

Figurel.9. The relation between majgR)and minor radiugr) of a spherical fusion react§23].

Another importantaspectis the magnetohydrodynami¢MHD)instabilities. In fusion
plasmasthey play crucial role in determination of achieving stable plasma parameters,
advancedscenariosand operational limits. The source of the MHD instabilities arise
from pressure and current gradients as well as unfavorable curvatures of magnetic
field lines.In the case of tokamakthe current induced in the plasma becomesain
source of MHD instabilitiedMoreover, they also causeserious issues related to high
mechanical and heat loadsf YI OKA Yy SQa  Oleréthir sinSefisrapdions
(which are basically the most dangerous instabilibesurring duringplasma operation)
becamea serious issuéor (i 2 { | SOpetatibn, this topic is undetontinuousintense
study [23]. In contrast to tokamaks, almost no MHD instabilities abserved during

operation of stellarators due to absence of the net current in the plasma. In the
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stellarator plasmg, however, the two small plasma currents exiBfirschSchluter
current and bootstrap currenf28], nonetheless those are substantjasmallerand
cannot createMHD modesMarginal role of MHD instabilities in stellarators is a great

advantagejn consequence reducing the limitations of the reactor.

In the fusionexperiments the increase oplasmadensities leads predominantly to a
significant increase of impuritcontent what consequently results irenhanced
radiated power losgs. The highest emission originates framgherZ elementswhat
finally can case the plasma collapseln tokamaks the raj cooling of the outer
plasma boundary with accompanied MHD instabilities tgadhe plasma disruptios

This might occur when the Greenwald limé § [15] is exceeded.This limit is
especially important for the magnetically confined fusion reactors with net plasma
current induced, such as tokamaks, since maigiespresent, that rapid delivery of
fuel to the plasma can lead to disruptioris.stellarators the Greenwald libdoes not
existbecauseno toroidal current is inducedAs a resultstellarators usually operate at
higher density regimes than tokamakdowever, the density limit is dictated by the
absorbed power and enhanced impurity radiation leading to the tempggatollapse.
Another type ofedge phenomenon occurring in tokamaks is multifaceted asymmetric
radiation from edge (MARFE), which is characterized by a high radiation intensity from
the zone of the inner side of the torusesulting inthe plasmacooling Unlike in
tokamaks the transportin stellaratorsis significantlystronger, hena causing thedrift

of impurities towards the plasmand,in consequencgts cooling down.

Both devices have theprosandcons In principle they are based on helical magnetic
fields, which can resultin a similar plasma confinementJnlike tokamaks, the
stellarator plasma is neaxisymmetric, hence the shapes of poloidal cross sections
changewhen rotating around thetorus and magnetic axis.For that reasonthe
construction of tokamak is characterized by its simplicyd(lower cost3 andis less
affected bya neoclassical transportOn the other hand, stellarators are almost free
from MHD instabilitiesresulting in alonger, more stable plsma dischargeThe
absence of a net plasma current leads to a stestdye operation and its high

efficiency but its more complicated shape increase tlo®nstruction costs of the
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machire. Nevertheless, the stellarator méyrn out to be amuch better choice for the

future application agusionpower plants.
1.2.2 Wendelstein #X project

The W7-X stellaratoris locatedin the Max Planck Institute for Plasma Physics in
Greifswald (Germany)tis currently the largest and the most advanced fusion device
of a helical type in the worldThe second one ithe Large Helical Device (LHID)
National Institute for Fusion Science in JapBime purpose of WK is to demonstrate

the highperformance and continuous, long pulse operation, ensuring that the plasma
will be sustained for about 30 minutedloreover, it is essential tomanifest the
benefits of optimized magnetic field geometry resulting in neoclassical transport

reduction, good mgnetahydrodynamicstability,and fast particle confinement

The WX isconstructed as a fivold Ml bius strip.The whole stellaratois composed

of five identical sections, each divided into two symmetrical segments [Egare
1.10¢ a)). Its major radiuss RF 5.5 m minor radiusisr ¥ 0.5 m and te total plasma
volume equalsapprox. 30 M. The magnetic field igenerated by the set of 70
superconducting magnetic coilgith about 3.5 m height Each segment contains 2
planar and 5 nosplanar coils (sed-igure1.10 ¢ b) ). All superconducting coilgre
cooled down to the temperature approx. 3.4 K. This setup is able to generate the

magnetic field reaching its maximum levelfB.5T at theplasmamagnetic axis.
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Plasma surface

Plasma vessel

a) b)

Figure1.10. Left schematicrepresentation othe Wendelstein -X plasmaas afive-fold mobius strip
Right: outline ot he W7X stellarator. fnk cola representsthe plasmalocated in a vacuum vessé&0
superconductingnon-planar grey) and 20 planar (orangejoils are showed The cryostat covers the

external superconducting co[t9].

The outer part of the plasma vessel contains 253 ports, which are dedicated to
different diagnosticsand heating systems Poloidal cross sectiorof the W7-X is
characterizé by its different shape when rotating around the magnetic axis (see
Figure 1.11) which changes froma Wean shap€( = @) to a Wiangular shap@

( =360.

Figure1.11. Last closed flux surface shape of the-Mfflasma The bearshaped (I' 5),&he. =18and

the triangular ( =360) cross sectianare indicated29].
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Exploitation of the W4X was divided intseveraloperational phases depending on
whether a limiter or divertorwill be used. In fusion experimentsthese are
componentsplacedinside theplasma vessedllowing exhaust of energy and plasma
particdes during theoperaton. In limiter configuration, the magnetic field lines of a
plasma collide directly with the limitéar®alls [30]. Divertors on the dher hand are

the specially equipped platgsositioned atthe plasma edgevhere plasmasplit and

the energy and particles that moves to the restricted area of the vessel wall are
WapturedCby the divertor plate431]. Sincedivertors proved to bemore efficient for
good plasma confinementhey have becomé¢he mostimportant exhaust system in

fusion experiments
Operation of the Wendelstein-Xis plannedo be heldin four phaseq32]:

1. Setup for initial operationvith limiter ¢ OP1.1

2. Substantialextension of heating systems and the\iassel componentsvith
passively cooled divertay OP1.2a and OP1.2b

3. Subsequent operation of the machimeth actively cooled divertog OP2.0Q

4. Full performance of the device

During the commissioning plse ofthe W7-X, the energy to the plasma was provided
only by the electron cyclotron resonance heating (EC&tjemwhichplayedthe main
role for this task[33]. ECRH consist of0lgyrotrons (each of frequency 140 GHz)
serving as amicrowavesource¢ eachprovidingpower of 0.8 MW [32]. In the latter
phass (OP1.2a and OP1.2K)e set of two neutral beam injectors (NBI) wastalled
[34]. Moreover,an ion cyclotron resonance heating RIB)[35] system is plannetb be
used duringhe next operational phas€®P2.0foreseen at the end of 2022seeTable

1.1.
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Tablel.1. Major parameters of thaVendelstein 7Xstellarator[32].

Quantity Unit 5Stage 1 Stage 2 Stage 3 Stage d
Plasma volume m- 30

Major radius m 5.5

Minor radius m 0.5

Magnetic induction on axis T 2.5

Rotional transform 27 3/6...5/4

ECR heating power MW 4.3 8.5 10 10-15
ICR heating power MW 15 3.5

MBI heating power H/D MW 3.5 7710 14,20
Heating energy Ml 4 200 1000 18000
Pulse length typ. ] 1-2 10100 100-200 100-1800

r

Initially the stellarator was operated in the limiteonfiguration (OP1.1based on 5
different graphite limiters positioned inside the plasma vessel. This setup guaranteed
that the 99% of convective heat loads were deposited on the lifditsurfacs. The

rest of W#X inner surface was made sthinlesssteel and CuCrZr alloy.

In the next phasefOP1.2a and 1.2b) the divertor configuration with uncooled graphite
shields and graphite divertor was applidthe divertors were mounted in the positions
formerly occupied by limiters. According to theroadmap of bringing the WX
operation to the higher level, the active cooling of the divertars applied for the

comingoperational phas®©P2.0.

During the OP1.2the high-performancedischargeswere feasible only for a limited
time (10 ¢ 30 s). Longe pulses (~100 s)were performed for the lower plasma
temperatures, hencéts lower performance. Themaximumplasma density planned to

be obtainedisc p 1 &
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1.3 Impurities in stellarator plasmas

Continuousmonitoring of impurity level igritical to the proper operation of fusion
reactors.It delivers information aboué.g.,plasma composition, energy radiated from

the plasma ounwanted plasmawall interaction

ThehighZ impurities, which are not fullpmizedevenin the plasma core, significantly
affectthe power balancecausingstrong radiation losseBom line emissios The low

Z impurities however, play a crucial role during plasma stamp, when the
temperature is still quitdow, and their radiation may disturb the plasma formation.
Moreover, since high concentratioof the lowZ elementscan lead tounfavorable
dilution of the plasmafuelQ this may led to a consequent degradation of a fusion
power as theycan reduce the likelihood of a fusion reactiofror these reasons,
monitoring of impurities is a significant part of the proper operation of every fusion

device.
Impuritiescan be describedsing twoparameters:

a) Impurity density (¢ ) beingrepresented as a number of particles of a specific
atom perunit plasma volumed .
b) Impurity concentration defined as ratio of the impurity density to the

St S O denRityirtxaunit plasmaolume,—.

Thosenotations will be consequently used in the latter sections of this dissertation

where the numerical results are presented.

Impurities in the plasmgan most cases originates from the internal components of the
plasma vesselSuch impuritiesare observed in the plasma consistently and hence are
called intrinsic impuritiesEven though plasma is very well confined due to the
properly optimized magnetic field configurations, there is still a noticeable volume of a
plasma outside the LCFS in the S@gion[36]. This plasma interacts with the plasma
facing components what leads to the simultaneous occurrence of several effects:
chemical and physical sputtering, evaporation, desorption, erosion, evaporation,
melting/ sublimation or backscattering. These effects evdescribedin details in[37].

On the other hand impurities might also be injected on a special purpose (for impurity

transport studies), hence they are called extrir(sisually Ar, Ne, N or Fe)
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Examples ofight impuritiespresent in theW7-X are e.g, carbon,oxygen, boron and
nitrogen. Since they are o€/O monitor systeninterestthe role of their monitorings

presented below

Carbon is @lominant intrinsic impurity in the WK plasmas since thdivertor as well
astiles installed on the inner plasma vessel are made of grapBitelden increase of

its content in the plasma could be an indication of a plaswa#l interaction. Moreover,

its monitoring would be a good indicator of the local overload of the plasma divertor

plates.

Oxygen can be observed during every discharge, since its presence is associated with
the machine venting, when the humidity from the ailagsorbedon the surface bthe

inner wall of the plasma vessel. During operation, oxygen is slowly releasede,
penetrating into the plasma, and hence its content decreases the experimenal
campaign Therefore, its monitoring is an indication of thendition of themach y S Q &

inner wall.

In order to minimize impact of impurities on the plasma parameters, the innerandll
plasma facing components are covered byl6wlementse.g, by glow discharges. In
the case of WX such element will be boroits contentin the plasma is an indication
of the quality of its layer on thed S & & S t Syaificant-irficrease of a signal can be a
sign of a possible plasrsurface interactionlts low level however,may be a sign of a
proper W%X operation. On thetber hand thequality of the layerdecreases over time
andis associated witlsontinuous decrease of its signal. Therefore the B lageds to

be renewedperiodicallyand it is essential to monitats quality over time.

An increased level dfitrogen might be an indication of a possible malfunction or a
leakage in the vacuum system. Monitoring of its content may be l@seficial during
dedicatedexperiments, when the nitrogen is injected into the plasma vessg) in

order to cool down theplasma edge.
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1.4 Elementary processes ithe plasma

1.4.1 lonization and recombination

lonisation may bethe result of collision of an atom (iony Mith electron e. This

process may be described follows
O Q ¢Q (8)

Another way of ionising atom may occur in a tatep mechanism by capturing of
electrons. In this process an atom is excited above the limit potential, after which the
autoionization occurs in order to reach an equilibrium staffhis proces can be

described as follows
@ Q ®®° QO cQ (9)

The reverse to the ionizatiors the recombinationprocess.The reverse procegs this
is thethree-body recombination which involves ion and two electrons. In the case of
recombination, the continuum radiationis emitted, howeverfor the low-density

plasmas (as in stellarators or tokamaks) this effect is negligible.

Radiative recombination is the process, wharpositvely chargedon captures free
electron and radiates the excess energy as photon. Then the chargedlion the

excited state j is formed emittinghoton with energy® - O ®
® Q o Q (10)

Where® is an ion with charge Z in the ground state g capturing free electron with
energyC Radiative recombination with photon emission dominates for the relatively

low plasmatemperatures

Oneon the possible channelor the dielectronicrecombination processs capturing
of free electron provides energy whichsubsequently carried away by the promotion
of a bound electron to another bourgtate, emitting the characteristic photgmelated

to the double excited state (**).

d Q o 7 H 0 (11)
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The dielectric recombination is thprocessreverse to the autoionization, which
dominatesat the highertemperaturesabove the specific ionization levéls a result of

dielectric recombination, several photons might be emitted.

The Wharge exchand@ecombination is a result of capturing the free electron from

neutral atom by charged ion to the highly excited state according to the formula:
®w O @ O (12)

In magnetic confined plasma devices, it ocalugng plama heatup by Neutral Beam
Injection (NBI) from which the electrons are captured by the ions of plasma impurities.
This process is especially relevant for the-Z impurities such as C, B or th MCF
devices the total recombination coefficiemf an ion with charge® @ might be
expressed as a sum of albbovedescribedrecombination coefficients according to the
formula:

5

® O 0w W (13)

where¢ is the neutral beam density of hydrogen anglis the electron density.

1.5 Radiative processes in the plasma

To calculate the radiation spectrum emitted by the plasma, it is necess&ryoto the
concentration of all ionsand atoms together with electron temperature. There are
three main emission types occurring in the plasnfaee-free continuum radiation,

free-bound continuunradiation andoound-bound (ine) radiation.

1 Feefree or Bremsstrahlung(from bremsentb braketand Strahlung4adiation
continuumradiationis a result ofan electroninteraction with an ion via thelectric

field. This interaction isassociated withdeceleration of a charged particle when
deflected by another charged particle (electron or atomic nucleus). The loss of kinetic
energy of a moving particle subsequentlyconverted intoradiation {.e., photons)

The namé#tee-freeQefers to the fact, hat the radiation is generated by free electrons
(before)whichremain free(unbound)after the photon emissionand initial as well as

final state are notdiscrete statesEmitted spectrumis continuous sinceghe photon
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energymay be any part of the inai kinetic energy on electrohe described process
is the main component of theontinuous radiation sincethe ion-ion or electron
electroninteractions impactsare negligibleThe continuum radiatioms emitted in very
wide spectral range fronmfrared region to Xay. The radiation loss powédfyemsdue

to electron collision with ion per unit voluni86] is given by equation

C

o (b
o pmed Y Q (14)
where the effective charge is defined ag:Z

B¢ @

: (15)

Energy losses caused by frieee radiation is proportional to%Z and hence the &
increases with impurity content in a plasma.

| Freeboundtransition (recombination)occurs when a free electron is captured
by an ion. The capture can be to the ground statel in this case a photon witan
energy higher than the ionization potential oha atom or ion is emitted, as a
consequence producing a band of continuamission.The recombination cateadto

an excited energy level with a photon emission, after which the electron cascades
down to the ground state through the excited states. Thisdoices emission lines
which are characteristic to that atom or i¢88].

1 Boundbound (line) radiation is a result of an electron transition from higher
energy stateof an ion or atomto the lower energy state. In consequence, a photon
with energyequal to the energy difference between these levels is emitted. Because of
the discrete character of atoranergy levels, the radiated spectrum is lineBinere are
many possible transitions of each electron. Eacthefn represents a specific line that

beames visible in the emitted spectrum.
1.6 lonization equlibrium models

In order to understand the emitted radiation, it is essential to know the excstates
population. To provide comprehensive description about the radiation emission, it is

necessary to ave the time dependent kinetic equations. There are three main
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approximations used forthe description of hese phenomena: thermodynamic
equilibrium model, corona equilibrium model and collisional radiative mod¥nse
plasma can be describagsingthermodynamic equilibrium model, whiléor the low-
pressureplasma i(e., MCF plasma) the collisionaddiative or corona model can be

applied.A short description of those models is presented.
1.6.1 Thermodynamic equilibrium

In a complete thermodynamic equilibrium state of plasmat any moment of time
each process is accompanied by the opposite process. The density of excited states is
proportional to the Boltzmann coefficiedt @ D ‘Oj (Y therefore simultaneously
the equilibrium distibution in the case of multiple ionizatiostates is described by the

Saha ionization equatiofwhich is also associated with Boltzmann equilibrif@d):

¢ Q ¢a Qv

j 16
T =5 a Aob (16)

where ¢? ¢ the partition function of an ion with charge z,i E ionization energy of an

ion with chargeZ Te ¢ electron temperature.TheSahaQa g A& O2NNBOG =
plasma is considered a gas and in which the simultaneous recombination and

ionization processestake place in the same way.Complete thermodynamic

equilibrium is never reacheith laboratoryplasmas butanexist in the interiorof stars

[40]. Radiation would easily escape thus leading to unbalanced photon emissions

absorptions. Inconsequenced KS tfyO01Qa flF¢ A& Ffyvyz2ad yS@S
plasma.Therefore,for these plasmashe Local Thermodynamic Equilibrium (LTE) or

partial Thermodynamic Equilibriurpl(TE) models angsed
1.6.2 Corona equilibrium

A simple approach is smlled coronamodel, which name refers to the solar corona.
This is applied for thibw-densityplasma (168 ¢ 10?1 m™3), e.g.,in MCF plasmas. In this
approach it is assumed that the balance between the recombination and ionization
processes determines the stationastate of ionization, and the rate of recombination
and ionization, as a result of collisions of electrons with ions is higher compared to

ionic collisions. In this model, recombination with radiation emission (radiative and di
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electron recombination) is # predominant recombination process. It is also assumed
that the stationary ionization state is not comparable with the thermodynamic
equilibrium state. What is also important, the plasma, assuming corona equilibrium, is
optically thin,i.e., transparent b radiation.The charge distribution is given byrmula

[11]:

(03
— &Y ¢ & "YE I 3 & | ¢ (17)
Qo0

Subsequentcomponentsof the given equationdescribe the increasing number of
particles in the Z state by ionization of particles from the lower ionization st#tes,
decrease of their population by their ionization intagher ionizationstate, again
increase of the population by the recombinatimom the excited state and decrease
by the recombination to théower energy stateTherefore,such equationseedto be

solved for each ionization stafé1].
1.6.3 Collisionatradiative modeland photon emissivity coefficient§PEC)

In order todescribelessdenseplasmas, the collisional radiative model (CR) is used. In
contrast to corona model, the populatiosf an excited state does not only depend on
electrontemperature butrequires also taking into accouttie processes of electron
collisims with atoms and higher charge statemns including threebody
recombination and excitation/ionizatiofrom highly excited bund-states.For electron
densitiest pp ma the processes involving electron collisions happen more
frequently than radiative process441]. The MCF plasma discharges exhibit electron
densities in the domain in the range up to f@@p & . In the electron density
rangeof pp 1 € pp ma it is required to take into account athe
populating processesThey can be describedn a system of differential equations
containing all(excitation as well as ionizatiorgtates of a given elementwhich
influence the population of theconsidered state.The collisionatadiative model
approachcan betherefore represented by a photon emissivity coefficient (PEG3h

includeall the abovementionedcomponenty 18):

00& RY T— (18)
€ &
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wheret ¢ emissivityand n. ¢ density of the considered charge state

The total emissiorf o R QAL G J [42] of a spectrumline consists ofthree
contributions ¢ excitation, recombination and chargeexchange Thisis given by

equation(19):

T e, 114 ”r r 5, 174 ”r I T oo, o . I
To VOO0 L U 00O0; UL L 00Oy L UL (19)

where00 6, corresponds to excitatio)O 6, ¢ recombination and)O 8,

charge exchangeAlthough PECs include alstharge exchangeomponent it is not
considered in this workbecause under these experimental conditidhe contribution
of CX processes igegligible Snce the PEC basedpproachprovide high precision
datasetcharacterized with ease of its applicatjom becamea powerful tool forthe
emissivity analysighePEC datdor transitions important for this work are available at
Atomic Data and Analysis Structure (ADde8abasd42].

1.7 Basis of impurity transporimodelling

In the confined regions th€oulomb collisions are thelementalinteractions between
the plasmaparticles.The radial displacememf colliding particles results in convective
(V) and diffusive (D) transporoefficients[43]. The characteristicstep sizewhich
results from the collisiors is thewidth of particle gyro orbis [44]. Along magnetic field
lines the diffusion is orders of magnitude higher tham the radial direction
perpendicular tahe magnetic field line¢D >>D ). As a consequencéhe density and
the temperature of a giverparticle populationin the plasmais equalizel on the
respective flux surfacesnd occurs on a significantly shorter time scale thiha other
components of particle transporSuchdescriptionof the colliding plasmaarticlesis

cdled classical transport.

Due to the toroidal geometry of th®ICF devicesthe OK I NI} OG SNR &G A O LI NI A Of
increases asa result of additiondy formeddrift forces[44]. Thismakes theirboune
orbit to reach further across the magnetic fluxeéduch a behavior ialso known as

neoclassical transportts characteristic features thedominatingradial (perpendicular)
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transpott, significantlyincreasing the Dabove the level characteristic for classical

approach.nthe toroidal plasmashe neoclassical transport is always present

To describenow strong theparticle transport in a plasmis, the perpendicular to the
magnetic field radial diffusion coefficientwas selected The change ofdiffusive
behavior with thecollisionality © w276, whereAis the moneenergetic pitchangle
scattering frequency, R is the major radius avids the speed of the particles

presentedin Figurel.12[45].

At a low collisional rate, when the size of the device is larger than the mean free path

of a particle,some populationfraction istrapped and move ona givenflux surface.

Since theratio of aperpendicular and parallel kinetic energgylow, the particles tend

to move around the closed magnetic flux surfacBsch aLJl NJi A Of SR &lsoo SKI @7
called the Banana regime, since therbit shaperesembles theshape of ebanana As

0KS LI NIAOfSaQ G4NrXra2SOi2NARSa aildNpy3dte RSLI
therefore in this transport regime a clear difference in a level of neoclassical diffusion

between tokamaks and stellarators is observed.

Due to asymmetric magnetic feeconfiguration in stellarators, thparticles can switch
between magnetic fluxes even when no collision occurredAs aconsequencea
significantly stronger neoclassidahnsport (up to 2 orders of magnitudé observed

in stellarators compared to tokamaks.
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Figurel.12. A diffusion coefficignperpendicular to the magnetic field linél3 ) versus collisionaljt (~*)

for W7-X stellarator (solid¢gurve and tokamaks (dashed curvidp].

At a high collisionality, the transit time of a trapped particle becotoagercompared
to the characteristic collision timelherefore,the kinetic energies of particles in a

perpendicular directionmay be high enougho escape its orbit becoming passing

particles.Aboved” X ~the meanfree paths as well as the collision timase too
short to allow particletransit its orbit undisturbed This leads to its increased radial
transport and is also called &irsch{ OK f N (i (i SKde B FkicteSDbitare no
longer fulfilled,the impact of magnetic field configuratioron a diffusion is strongly
reduced This results in the similar LJ- NIi Ar@hbpSrQtioth for tokamaks and
stellaratorsat this regime The transition between low and high collisionality reginges
called the Platea{45], [46].

Experiments performeat W7-X showed, thatin manycasesthe energy losses angp

to an order of magnitude higher tharts predictions derivedfrom the neoclassical
model [47]. Thissuggeststhat besides neoclassical transport there are additional
effects that play a significant rol&@heyare collectively named as anomalous transport
to which the turbulent flowsgive a large contribution Compared tothe neoclassical
model, the perpendicularcomponent corresponding to theturbulent transport is

generally much higherhence often dominating the radial impurity transport.
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Nevertheless,its basic mechanisms not yet fully understood and is stillunder

investigaton.

As theimpurities have thesignificant impact on power balancein the plasmatheir
behaviorneeds to bepreciselyexamined Asit is presented inthe Equation ( 20), the
simulation ofthe radialtransport and emission of impurities is done Isplving the
radial continuity equation which is based on the law of particle conservakon.a
given ionization stagethe transport equations are coupled with the ionization,
recombination as well as charge exchange rates from and into neighboring stage
consequence when all the impurity sources, sinks anitheir transport are well
balanced it means that the plasma is in steadtate form. Therefore, the transport
times (due to the impurity transport coefficient®, V)) parallel to the magnetiadid

are orders of magnitude higher than these perpendicutathe magnetic field. This
makes it possibléo assumethe density of considered impurity constant on a given
magneticflux surface As a consequencihe radial impurity transport is a dominating
factor when investigating the transport in the plasma. The reason for that are the
variation of temperature and density gradientich are strongly correlatedwith the
distance between the magnetic field sades.As a consequencealculations of the
radial impurity distribution based on the parallel transport with respect to the poloidal

assymetries of magnetic flux surfaces can be performed.

The possibility of a highly charged impurities concentration with their strong central
peakinginside the plasma coreasobserveda long time ago, at the early stage of the
research on plasmasvith magnetic confinement These were predicted both for
classcal and neoclassical transportSuch a central peaking (called also impurity
accumulation) refers to the situation when the amount of impurity ions in the specific
radial position of a plasm@isually in the plasmeentre) exceeds the number of ions in
the rest of the plasma regiorj44]. Thismay occur when the impurity sourcete in a
steady state plasmaperation is high enougheventually leading to a performance
problem Other scenaripwhen the impurity accumulation can be obseryésl when
steadystate plasma conditionsare not obtained €.g., by continuousincrease of
impurity density),hence the sourcaink balance cannot be reached within the given

plasma conditions. This topic ispeciallyimportant since the potential impurity
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accumulation leads to a plasma dilution and enhanced powerrkmgting in afusion
performance deterioration. Number of studies proved, that the impurity transport
depends strongly on a plasma parametei$erefore, to better understandhese
phenomenaand hence to investigate impact of radial impurity distribution on the

fusion plasma performancethe special mthodsneededto be included.

In this work the pySTRAHL codé] was used to investigate thenpact ofimpurity
transport in the plasmaon the signals obtainedn the C/Omonitor system The
pySTRAHtodeis aPython implementation of avell-known STRAHL codé8] devoted
to the calculation of radial transport of aselected plasma impurity. It includes
calculations othe collisional transport (referred to as neoclassical transport) as well as
anomaloustransport, in which additional effects €.g., turbulence) are taken into

account

The code solves theadial impurity transport equationas a functionof charge stage
and effective minor radiuef a given ionin 1 dimension (1Pbased on the law of

particle conservation

(20)

I
|
€
CA
=y
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The radial covariant of the of componemnt (impurity ion flux)is given byequation
(21), wherethe impurity transport is defined by two coefficiengsdiffusion ©O) and

convection velocityd)).

o O—¢& ¢ (21)

The source/sink of a given impurity stage couples the transport equation of each
ionization stage with the neighboring stages. This dependence is describetieby
equation ( 22 ). The"Y represents the rate coefficient for a given impuriiy
ionization state Z represents the recombination coefficient for-eliectronic and
radiative recombination anfl  corresponds to recombination coefficient from

charge exchange.

44



(o]
my
(et}
5
(et}
oy
-
<
[92]
m™m
—x
m

(22)
€Y £ € | €1 £

To runthe calculations pySTRAHtequires kinetic profiles (as spline functions of
experimental or heoretically established profiles atomic data (e.g.from ADAS
database[42]), the device geometryradial profiles of the transport coefficients
diffusion (D) andcconvection (V}ogether with edgeconditions (e.g.impurity source

rate from inner plasma vessel).

This approach enabled to determitige impact of various radial impurity distributions

on the emitted photon fluxes from the plasma. For that readbie codewas used to
investigate the impact of two radiampurity distributions on the photon intensities
observedby the C/O monitor systemThe first one considered impurity accumulation

(as observed in experimer20181009.01% In the further chaptersthis impurity
distribution is calledthe WLISI { SRQ LINR2FAf S® ¢KS &SO2YyR
distribution of impurities which in thefollowing chaptersis referred to as theW ¥t I (G Q
profile. In both cases the total amount of the impurity wiaed atthe samelevel The
experimentaly measuredmpurity profiles were provided by the Karge Exchange
Recombination Spectroscopy (CXR&)em a brief description of which is presented

in section3.2.4
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2 XUV spectrometer dedicated to lowZ elements
study in the Wendelstein #X plasmas

In order to provide high quality data about the impurity content in experimental

plasmasanideal diagnostic system should be characteribgd

- high energy resolutiorg to distinguish betweenonization states of considered
Impurity species

- high temporal resolutiong to provide information about the impurity content
in the veryshorttime scale

- high gatial resolutiong to studyradial impurityprofiles in the plasma

Information about the impuries in the W7X plasmas are delivered by a ssit
diagnostic systemsoveiing broad wavelength range$rom visible to soft Xay. The
core impurity content isneasured bythe HighEfficiencyeXtremeultraviolet Overview
Spectraneter systemalso called HEXQJ, [49]. It coverswvavelength range 2.§ 160
nm delivering informationwith hightime (1 ms) and higlspectralresolution. Shorter
wavelengths (4 0.06 nm)are measured by the Pulsdeight Analysis system (PHA),
[50] providing information about theimpurity concentrdion, average electron
temperature and Zs. There are also tw&-Ray imaging crystapectrometers called
HRXIS (High Resolution-rXy Imaging Spectrometerand X-ray Imaging Crystal
Spectrometer (XIC35p], [6]. HRXIS isintended for monitoring of spectrallines of
injected tracer impurities (e.gSi?*, Art6*, T Fe4, NP%%). The XICS, however, is
dedicated to measure A¥/Art’*as well as Fé/Mo3?* lines. It provides information
about ion and electron temperatures profilewith high energy resolution of 20 eV
together with a high precision information about poloidal plasma rotation
measurements (+/5 km/s).Both crystal spectrometers deliver information with about
5 ms time resolution and a spatial resolution of 2 cAdditional two diagnostic
systems such as softray Multi-cameraTomographySystem (XMCTdp1] and two
bolometer camerag52] observe plasma in awide anglecoveringa total plasma
poloidal cross sectiorSince theydo not have energy resolutigtheir main purpose is
to measureradiation asymmetriesin Figure 2.1 the energy ranges of the above

described impurity diagnostics #te W7-X are presented.
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Figure2.1. Energy rangegegisteredby the selecteddiagnostic systems at/7-X[53].

To provideprecise informatiorabout the light impurity content in the plasméhe XUV

spectrometer called C/@onitor was designed.

2.1 General characteristics of the C/@onitor system

C/Omonitor is a historical name, since the similar devices measuring the C and O lines
were already used in the past.g, at ASDEXJ [54]. However, in the case of the
dedicated XUV spectrometer for WK also the B and N line intensities will be

measured

The systemis characterized by its simple construction andaisledicated toolfor
monitoring ions ofselected light elements It will be a high throughputsystem
ensuring simultaneous measurement of all indicated elements witle resolution
approx.1l ms.Its purpose is to deliver information about the line intensities only, thus
every change of the signal corresponding to the specific impurity measurement will

suggest, that the total amount of hydrogédifke ion has evolved.

The system was constructed asiystal spectrometer, based on the Johann geometry
with cylindrically curved dispersive element§ince its purpose is to deliver
information about the line intensities and theontinuum radiation the application of
polychromator is more appropriate thamonochromator.This solutionensuresthe

simultaneous measurement not only the line intensity of the specific element but also
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its far wings (continuum). Such dispersive elements diffract selected wavelengths
I OO0O2NRAY 3 (2B5KS . NI 33Qa 1 g

_€& ¢d Qg7 (23)

where < - reflected wavelengthn ¢ order of diffractond¢a LJs OAy 3 2F (GKS ONE
layers * ¢ angle of reflection

¢KS . NX33IQa fl ¢ RSEAONAOS QisKustureRWhISW RSy Oe 2
wavelength of theincoming radiation andhe angle of its incidence. When radiation

interacts with crystalthe diffraction occurs at its every atofeeeFigure2.2). Knowing

the wavelength of the incoming radiation and the spacing between the interplanar

distance of the cryst@ structure, the Bragg law defines the impact angle of the

incoming radiatio (' ) at which the constructive interferenceccurs.

Figure22. { OKSYF GA O At f ddavii 8 NE2IKB Sy (i NI 8 HSidakgelory 61 65t Sy
reflection and d represents spagiof i KS ONRB &G f Q& f I @ SN&

The rays which on the entrance side of the Rowland ciralee common intersection
point, when reflected from the dispersive element asebsequentlyfocused on the

RSGSOG2NNAE aARS 2F (GKS w2gf IwiRlen@ts NE&E S 4 Iy

main principle of the Johann geometry is presenitethe schematid-igure2.3.
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Figure2.3. Johann geometry with Rowland circles r§6id].

The construction with polychromators (in contradiction to monochromators3
characterized by broad acceptance angind hence providing energy resolved
spectrum ensuring the measurement of the full spectral range including central line as
well as its backgrounddowever, theprice of sucha solution is low spatial resolution.
Adapting Johann geometry determines the dete®@oposition as tangential to the
Rowland circle In the case ofthe C/O monitor the detectorspositions are
perpendicular to the reflected beanthough This is norstandard solution resulting in
de-focusing which infers some degradation of the spectral resolution of the system.
An mportant advantage of this approach tise freedom of choiceof detectors the
designof some of them requirsrather small input angle)Neverthelesssince the lines
corresponding tdhe measuredelements are clearly separated their spectraranges
andincluding the fact thathe discussed diagnostits not going to investigate the line

shapes, theassumedspectral resolution is sufficient for this purpose.

The system consists of two suspectrometer chambers, which are positioned one
over another at nearly horizontal positicat a distance approx..3 m from the W#X
magnetic axisEach chamber contains two independent energy channels deditated

measurement of twdons upper chambewwill measureH-like carbon and oxygen line
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intensities, while bottom onevill measureboron and nitrogenThe linesof sight (LOS)

of both sub-spectrometerscrosses at the WX magnetic axislhe specific wavelength
ranges of photons emitted from the plasma are reflected from the dispersive elements
(depending on their incidence angle) towards the surface of the detectors active area.
In order to avoidsaturation andattenuate the intensity of the incoming light, the
aperture system with vertically adjusted shutteisapplied. The description of given
requirements forthis diagnosticand its detailed description is presented in thext

sections.
2.2 TheW?7-X requirements for the C/Omonitor system

Several requirements wergefined at the start othe design process-irst of alla high
magnetic field level reaching up to&2T at W#X magnetic axis needed to beken into
account Its level decreases approximately exponentially with the distance from the
magnetic axisand above 3 m from the plasma center is reduced to appf&xnT.For

that reason the magnetic permeability of the material that the diagnostic is made of
should be asow as possible in order not to perturb the stellarator magnetic fiélde
candidates for such materialgere twotypes of steel: 316L and 316LMoreover, all

the electronic components as well as the piezoelectrical drives used for shutters and

crystalsadjustment need to bable to withstandsuch conditions.

Since the absorption of the radiation is very high in the XUV range, the whole
spectrometerneeds to be operated in high vacuur(l0’ mbar) and be connected
directly to the W#X plasma vessel withonintermediate window thatcould absorb
some of the incoming radiatio:his, howeverrequires very efficient pumping system
that meets substantial challenges. The turbomolecular psmged to be grease free
system, in order to avoid a possible hazard of sucking the grease into the vacuum
chamber in case of the pumps failur€he solutionis to use thevacuumpumping
system with magnetibearing.However, the high magnetic field level in the area of
the spectrometer chambers magsult inserious issues with its proper operation and
even its potential damage.In order to avoid such hazardhe pumping system is
shifted several meters from the spectrometers area, where the magretid is

acceptable for this equipmenk® mT)¢ seeFigure2.4.
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Figure2.4. W7-X magnetic field distribution schemth indicated position of the C/@onitor system
[57].

Currently, there are several heating systems operating abd®%.,Electron Cyclotron
Resonance Heating (ECHBB], lon Cyclotron Resonance Heatiggh i K F NB lj dzSy O
and power(ICRH]35] as well as Neutral Beam InjectigNBI)[34]. TheECRH heatg

systemis the basic heating sysetem.uses higkintensity microwave beams (with up

to 10 MW power)of frequency of 140GHz. The generatecdiation, however, is not

fully absorbed by the plasma, thus can be easily reflected by the inner walls of the
plasmavessel,and hence mayenetrate the diagnostic systems. This might be the

reason of an uncontrolled heating of internal componeatsl, consequentlyleads to

their damage.To protect the spectroscopic equipment fromhis kind of hazardthe

dedicated shielding against ECRH stray radiation eeexlbe applied.

The detection system should be characterized by several features. Most impeitant
should be sensite in the energy range of intere@nergy range from approx. 250 up
to 500 eV) Moreover, they should characterize with the ability for fast photon
measurement wif time resolution on the order of 1 mdrinally,its detection area
should be largeenough to include the measw the spectral line with its far
wings/associateccontinuum As the requirements for the detection system are crucial,

they will be discussed in more detailstive further section(2.4.1).
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2.3 Detailed description of theC/O monitorand itssubcomponents

The systemwill be attached horizontally to the AEK30 port of the W &tellarator.

Both of itsvacuum chambersire positioned one over another in a nearly horizontal

LI2aAdGA2Y O0p ndpx0I GKFEG AYLIEASE GKSANI NBf I

crossing of tkir LOS at the WX magnetic axisThe whole system is supported by
dedicated support structure with adjustment systgseeFigure2.5) ensuring precise
angular positioning of both chambers independently as well as their relative linear

position withrespectto the W7X port.

subflange of the
AEK 30 port crystal chamber vacuum line

l
EEIE - L - I"'l
input arm . L g L

support structure of
spectrometer  vacuum system

Figure2.5. Assembly model dhe C/O monitor system together with vacuum line, support structure and
AEK 30 port flanggs6].

The aiter diameterof each chambeis 510 mm and heighs 440 mm. Total weight of
the single vacuum chamber is expected to be approx. 20E#&gh of them contains
set of two dispersive elementsith rotational piezoelectrical drives dedicated the
independent measurement of selectespectral line collimator and two sets of
adjustment units with variable apertures containing linear piezoelectrical difses

Figure2.6).
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Figure2.6. Subspectrometer with iténternal component$56].

Connection of both vacuum chambers with ¥{7entrance port is provided liie use

2F 3L GS QrtogSa yR o0Stf2ax aASLI NI GAY3
LI FayYl @SaaSto ! LIXASR o60Stf2ga SyadaNBa
Inside them, the two sets of microwave shields against ECRH stray radiatiom hav
positioned Thissolution prevents the unwanted radiation from penetrating into the
spectrometers sections, thus avoiding from damaging of internal comporaritst

the cost ofattenuatingof incoming light byabout 75%.

To obtain the strongest signabrresponding to themeasured linesappropriate type

of dispersive elements need to be applied. Since their reflectivity strongly depends

on the reflected wavelength (according to the Br@gipw), the choice had to be
performed for each energy channstparately Forthe energy ranges corresponding to
B,Cand NLyman f Ay Saz GKS Ydztf GAf &SN YANNENA
since the OLyman" f AyS A& OKI N} OGSNR&AaSR o0& (KS
contemporary MLMs production technologyannot provide high quality solution like

in case of longer wavelengths. For that reason, it was decided to use TIAP crystal for O

channel, which ensuresufficient reflectivity factor(see Table 2.1). All indicated
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dispersive elements are cylindrically curved, in order to provide information not only

about the respective line core, but also continuum radiation

Table2.1. Detailed opticaparametersof the individualdispersive elements.

Channel ovill N VIl C Vi BV
Line wavelength 1.89 2.48 3.37 4.86
[nm]
Wavelength range | 1.8672.00 | 2.257 2.66 3.0873.50 4.6575.19
[nm]
Radius of curvature 680 880 1720 1419
[mm]
Bragg angle 48.05 29.71 24.94 29.07
[degree]
Linewave - TIAP MLM MLM MLM
length[nm]
Reflectivity [%6] F5.7 6.3 F25.7 F25.5

Each dispersive element is 8 cm length and 2 cm height. They are positioned one over
another by means of dedicated crystal holder presented irFigure2.7. The rotation

axes of both crystals are collinear with axis of spectrometer chamber. Since the
reflectivity strongly depends on the angle of incide(@©l)of incoming radiation, it is

esserial to precisely set their positionsvith precision ofn ®H x 0 @ C2 NJ G K {

rotational piezoelectrical drives are used.
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rotational piezodrives
self-locking, resol. 14 prad (approx. */1000°)

crystal/mlm
holders

‘ﬂ\>

20mm

Figure2.7. The desigmof the crystal holder with dispersiedements and rotational piezoelectrical drives.

Red arrows indicatthe direction of the incoming lighHt6].

Ther purpose is the finetuning of the MLMs/crystal angular position with high
resolution (14>rad), which is sufficient in the C/@onitor ca®. Once theircorrect

angular position is found, they remain fixed until the end of experimental campaign.

Depending on the energy channel, the observed plasma region in a horizontal/toroidal
direction (parallel to the W#X magnetic axigp slightly different and varies from 0.3

up to 0.5 m in the plasma center. The reason for the limitations referringhéo
different energy channels is the curvature of respective dispersive elements,
dimensions of d&ectors activeareasas well as the AEK30 port size. This is valid
especially for the case of’Oline observation due to themallestcurvature radius of
dedicated crystal[However in the vertical directionthe observed plasma volume is
defined by multgrid collimator, designed as a set of horizontal slits with 1 mm spacing
(seeFigure2.8) [56]. Applied solution allows for reduction of incoming radiation in a

vertical direction down to acceptance angibhichequasm ®nox @ ! a | N adzf U

of observed plasma volume dhe W7-X magnetic axis equals approx. 10. &fachset
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of two collimatorsis dedicatedo two energy channels and is positioned in front of the

crystal holder

shutter
movement
25mm

shutter
movement piezoelectrical
25mm drive
(350 mm/s,
resol. 0.1um)

Incoming beam

Figure2.8. The design ahe dedicatedyrid collimator[56].

Application of such solution will reduce impact of a stray light to the negligible level,
while providing the strong intensity of the measured liboreover, toattenuate the
intensity of the incoming radiation and in consequence extend the dynamic range,
independent vertical shutters for each energy channel are u$éé. applied solution
uses the set of two linear piezoelectrical drivies shutter control, ensuring partial

coverage of the slits anth some casegven cutoff the entire radiation.

Thedetectors are positioned at the output arms corresponding to the specific energy
channes via bellows. Length of each output arfand hencebellows depends on the
curvature of the respective dispersive elemerfach detector is supported by
dedicated supprting arms carrying the loads generated by their own weights and
vacuum forcegseeFigure2.9). Moreover, thisdesignallowsfor precise positioning of

~ A LA = T

advantages the freedom of choice of thigpe ofdetector.
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For the first C/Omonitor operation several types of detection systems were under
consideration. In the next sectionhe¢ detailed description ofeach solutionis

presented

2.4 Choi@ of the detectors for observation of H-ike ions

of B, C, and O

In order to obtain high quality data, the proper detection system needs to be applied.
For that reasonseveral detector types were taken under consideration. Since each
detection system needs to fulfil specific requirements given by the wavelength ranges
of interest, as well as withstand the harsh environmental conditions of theX\Whe
whole procedure dserved special attention and is presented in the following-sub

section.
2.4.1 General requirenents for the detector

A proper detection system for the C/@onitor needs to meet several conditions. First
of all, since the investigated lines are in the range oVMUWYV (1.9%¢ 4.9 nm), the
detection system should be characterized by relatively high sensitivity in that
wavelengthrange On the other hand, such detectors should be insensitive to other

energy ranges (especially in the visildgion).

Due to the intenal parameters of the specific detection system and external
distortions (originatinge.g.,from ECRH system), it mighirn out, that electronic noise

will be relatively highreducing the signal to noise ratio (SNR) significantly. In order to
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counteract this phenomenon, and to ensure relatively high SNR level (not less than 10),

the quantum efficiency should kes high as possihle

The purpose of the diagnosticsasast measirement of the plasma contentherefore

the detectors should have a high time resoluti@bout 1 ms) Sincea highquantum
flux that reachthe detector€photosensitive areas is expectedhe dynamic range
should also be as high as possible. To avodal ribcessity of performing frequent
calibration ¢ its sensitivity should not change over time. Otherwise, to provide
qualitative information about the plasma content such system would reqoéeodic

cross calibration with other absolutely calibrated syste

Size of photosensitive area is rather crucwhen applying polychromatolas a
dispersive element. Thereforeto cover the line of interest together with its
backgroundfar wings),ts length shouldnot be shorter than 20 mm (recommended

40 mm). Moreover, it would be beneficial if its height would cover the height of
respective dispersive element (20 mrbyt this is notcrucial requirement Since the

line shapes are not of interest, the spectral and spatial resolution does not need to be
high.

Since the C/O monitor will be positioned close to the-¥WVessel, where the magnetic
field level reaches up to 100 mT, it is essential for the detectors to withstand such
conditions. Usually this is not an issue, howewaestrong magnetic field might disrt

the work of the cooling fas Therefore, if external coolingystemis required,a water-

coolingsystemor other, more sophisticated cooling method need to be applied

Finallyg from the point of view of its future operation during experimental campaigns
with deuterium as a working gasjgnificantneutron yield may occur. The detector
should be able to withstand the neutroffux without affecting the measured signal
when interacting of neutrons with photosensitive area, what in more serious case may

evenresult inits damaging.

Taking all the aforementioned factors, it was essential to find the most suitable
detection system.These considerations includedicro Channel Rtes (MCPs), gas
detectors (MSGC, GEM) and CCD cameras. All of éhercharaterised byspecific

properties, which are presented in the next ssiéctions.
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2.4.2 Considered detection systems

The first option underconsideration vere Micro Channel Plates MCB [58] ¢
commonly used on other machines.g.,HEXO&t W7-X[49] and K# atJET59]). The
micro channel plates are connected to a phosphor screen image intensifier. The
general principle of its operation is multiplication of photoelectrgmieducedby the

incomingradiation

Once a photon reaches MCP channel, it produces the photoelectrons which are
subsequently multiplied in the microchannelsAn amplification of emitted
photoelectrons depends on the voltage applied to MCPs, which might increase even by
a factor of 16. An output electrons aresubsequently accelerated and focused on the
phosphor plate (luminofor) by additional voltag&pplied volage is also responsible

for the increase of energy conversion on the phosphor p{ageFigure2.10). Its time
resolution strongly depends oother subcomponentsuchas fluorescence lifetime of

the luminofor or readout electronic.

~_CHANNEL DIA.: d
¢=2-100pm

JLENGTH: L
80pum-2mm

OUTPUT SIDE
CHANNEL WALL ELECTRODE

o

ELECTRON

INCIDENT ¥ ’
- ' 7 OUTPUT

¥ ELECTRONS

4

/N N N\
INPUT SIDE
m STRIP CURRENT

1F--4}

Vo

Figure2.10. Design of the mukchannel plate detect{60].
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The detection system based on the MCPs might be a good choice sincprtivide
high photoelectron multiplication factor, guaranteeing high leveladafignal to noise
ratio. Another advantage would be its high sensitivity in the energy ranges of the

diagnostics interest.

MCPs however,have several drawbacks that need to bensidered First the MCPs
sensitivity is high at their commissioning phasewever, decreases over time.
Therefore to provide reliablequantitative informationabout theimpurity content,it is
required to periodicallycalibratethem. Moreover, when operatinghe MCP degéctors
the systemneeds to beconstantlyunder low pressure (f®mbar). The sudden loss of
vacuum may lead to detector damage. For that reasbns required to apply an
additional safety systemensuring higtvoltage cutoff when the sudden pressure
increase will be detectedand/or the use ofdedicated efficient pumping system
ensuring proper pressure level for thaetectors [49], [61]. Moreover, the neutron
yield associated with deuterium plasmas may have an impact on the signals and even
destroy the detectors.Therefore, an additional neutron shielding (made @.g.,

polystyrene) need to be applied.

An altenative forthe forementionedsolution based on MCPs could agas detector

in a type of proportional counterg Multi Strip Gaseous Chambers (MSGC). Such
solution is successfully applied at e.g, ASDEX tokamak
(Axially Synmetric Divertor Exgeriment) [62], [63] as well as similar diagnostic system
KS6 atJET Joint European Torus)Yhe principle ofits operation is based on the
ionization of a gas the chamber(usually Argon with small admixtures of quenching
gas) by incident photons. Due to their small structures, they can provide a high rate

capability as well as very good spatial resolution.

The primary electrons are accelerated in high voltage electrid &abtl then generate
the electrical signal which is proportional to the deposited photon energyth®@mmne
hand, the low energy photons does not transfer enough energy to ionize thelgas.
the other, the high energy photons can pass through the gas dukedower cross
section for any collisionin unlike to XUV photons.This allows to construct the

detectors ensuring higlsensitivitylevel in the selected energy rang®loreover, in
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contrastto MCPs, the sensitivity of gas detectors does not decrease towerand

they are also insensitive to neutron yield

Detectoi®@ dficiency depends strongly on the transmission of its entrance winaogy, (

Op XY GKAOlyYySaa ae tlumidurfcaaling separalirtg thavacuuny' Y 2 F
area inside theét LISOUGNB YSGSNI TNRBY (KS RéwaverQhietonna 3
the significant pressure gradient (~ 1 ajrhetween the vacuum area and gas chamber

¢ there is a meaningful ristéf possible leakage of a gas or even rapture of a window.

This might leadto an dzy O2 Yy G NP f f SR LINF&aadz2NS Ay ONBI as$s
chambes and leakage of a gas into the plasma vesBeérefore to avoid such hazard,

an additional safety system witleedbackbetween the vacuum gauges and the main

gate valveshould be usd. Moreover, the MSGC are characterized by relatively low
amplification factor (approx. 100), as well as dynamic rarigas would require

frequent radiation influx adjustmenisingvariable aperture.

The partial solution of theforementioned drawbacks would be application of the gas
electron multiplier (GEM)64], [65] detectors as they offer much higher amplification
factor as well as dynamic range. Alike MSG@GEM detectors do not suffer from
neutron impact what is an advantage tifeir application.However, similar to typical
proportional counters, the problem with working gas in GEM detectors, and hence its
possible leakage into the vacuum chamber remains unsolVed#ling all those into
account, the GEM detectors are considered for the latter phase of theXWgeration

when deuterium plasmas are going to be investigated.

Another considered detector typesvere the commercidly available CCD camera
successfully applied in other plasmaginostic systems (e,g/UV spectrometer atHD
[66]. One of the consideredCCD camera modelsas provided by theGreateyes
company(model ALEXs 1k256[67]), ensuringlinear response ketter than 99% as
well as sensitivity in the energy range inferest increasing from 60 up to 900ee

Figure2.11).
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Figure2.11. Quantum efficiency of the Greateyes CCD cameras different models as a function of photon

energy[67].

Thedescribed model has maximum full spectrum readout abok&i4, corresponding
to the time resolution~1 ms. Another important aspect is itdetection area with a size
of 26.6 mm x 67 mm(resulting in its active area df78.22 mm?), which issufficientto

cover the line of interestogether with itsbackground.

However, the considere€CD cameraas relatively high sensitivity in the range of

visible light.In extreme cases this may resultfnS G SOG 2 NRa al Gdz2N> §A2y 02
the system) if some heat load would occur on the inner walthef plasma vessel

leading to the increase of a background lewdbreover,alike MCPs, the CCD cameras

are vulnerable to neutrorflux which may appear in the latter phase of operation when

investigating the deuterium plasmaSinceit is difficult to predict their resistivity and

lifetime when working under such conditiorthe implementation of neutron shielding

housing for each detector might be a solution.

Taking into account the features of described detector types it was decided that the
CCD cameras will be applied for the initial phase of ther@d@itor, due to theirhigh
sensitivity in the energy ranges of interembhd commercial @ailibility. Nonetheless, for

the future experimental campaigns with deuterium plasnzssa working gasother

detector types will also be considered.
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3 Numerical ode for modelling of the C/O monitor
signab

C/O monitor is a high throughput system with large acceptanceangle in
poloidalhorizontaldirection6 S @Sy I ot Shsawmtion ofO Lymar" line -
according to the Johann optical sgp) and approximately ®in radial (verticglplane
for all channelsThe W7-X is constructed as complex fit@d symmetric devicgsee
Figurel.10) with poloidal cross sections changing from shape simildoento close
to triangle (see Figure 1.11). For that reasonthe observation of different poloidal
regionscontributesto a different wavelength of the obtained signal§his impliesa
wide range of the observed plasnrecludingthe W7-X magnetiaxis as well as broad
range ofedge plasma regionsbut at a cost of a poor spatial resolutiofi.top view
alongwith anisometric viewof the observed plasma volun{éor C and O channels

shownin Figure3.1.

7 -,

Al A5

A2

\~ A3 /

C/O Monitor

Figure3.1. Topdown view on the last closdtiix-surface of the W=X with the C/Qnonitor included. The
zoomed part presents isometrprojection of he uppersubspectrometer chamberas well as its

acceptance angle anthe observed plasma volume.

The implication of thebove fact is the origin of the radiation emitted by significantly

different plasma regionsvith various range of temperatures and densiti&oreover,
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the observed plasmaolume for each channel is slightly differemthat may result in

differences of thaotal radiated photon intensities between them.

Since the emissivity of Io®& elements strongly depends on th@asma kinetic
parameters especially at lowelranges (closer to thedgeplasmg, where maximum
emissionsof these lines are observedt is essential to compare experimental results
with simulations Moreover, it is also important to understand impact ofsystems
geometry on the obtained signalg.g, shutters, collimatorsor dispersive elements
angular positiong. Therefore,to better understand the experimental resultsthe
dedicatedsimulation code in Pythonwas developedFor the emissivity calculations
the codeimplicitly assumes corona equilibrium mibut impurity transport. However, i

is possibleto includeimpurity transport byusing thepySTRAHL cogeith which it is
integrated The results provided by the code can be regarded rather as qualitative. In
order to obtain precise quantitativenformation, the systen needs tobe calibrated
(e.g., cross calibrated withother systems afCXRSor HEXOS What was already
mentioned the systemis going to measure not only the intensity of tiparticular
Lymanh lines but also their background. Nevertheless due to the qualitative
character of performed investigations, the code is focusectalaulations of thdine

intensitiesonly.
3.1 Descriptionof the code

The main purpose of the code to compareexperimental results withtheoretical
assumptions, and defer resultsbased on the given experimental conditionBhe
calculated results will beross checked with other diagnostic systeresg{ CXRS,
HEXOSJo provide highquality information abouthe impurity contentin the plasma

In order toefficiently handle this taskthe codeshouldcharacterizeby a relativelyfast
computing timeand the highest possible precision of the performed calculations
Thoserequirementsare not easy to be fully guaranteed when operating on a relatively
limited computing power, ther®re the compromise between its speed and precision
needed to be foundMoreover, from the development point of viewthe code should
be easy to maintain in order to quickly implement significemprovements/changes
and shold be easy to operatdéy aregularuser. In the nexpart of this sectionits

detailed descriptions presented
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The code is divided into three maimodules

1 Geometry and ray tracing, representsthe basic geometry of the system and
performs the ray tracingalculations

1 rett readout ¢ calculates effective radius (using VMEC code) of each discree
point representingconsideredolasma volume;

1 Emissivityg calculates the emissivity of eadiscred plasma point represented

by rert values and integrates the signaler the observed volume bgach energy

channel separately;

Eachof these pointss dedicated to solve different tasthereforein order to perform
thorough numerical investigatignthey should be used in the presented sequence.
However it is possible toperform specified operationsndependentlyif appropriate

input datais provided

3.1.1 Geometry calculation

In order to precisely investigate thebtained experimental resultsit is essential to

provide y dzY SNA O € & LISOG NP Y Sand pgfarm ocoBpaniBes Sy G I
calculations also taking into account the geometry of the system and enataing
tracingoperation It is especially important since theonstruction of theC/O monitor

system is based on Johann geometvith large observed plasma voluen For that

reason the geometrical module which thoroughtgflects thedesign of the devicevas

created Its development and precisénput parameters describing the internal

diagnostics suttomponentsensures the way to calculate very subtle differences in the

observed plasma volumes byl energy channalseparately

In general; the main task of this module is to perform the ray tracing of the radiation
emitted by the givenplasma volume and examineyhether each ofinvestigated
radiation beamsds reflected by the specific dispersive elemehencereflecting the

beam towards the detectors active area.

To represent particular component of the diagnostics it needed to be defined in the
cartesiancoordinate system using the CAGphputer Aided Design) modelThebase
point of the considered coordinate systesefinesits origin[0, 0, OJandrefers to the X,

y and zdimensions It is positioned in the central point of the W-X torus The z
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coordinae representsvertical direction perpendicular tahe toroidal planeof the W7-
X while x represents the horizontal Eaatest direction and y representsorizontal

direction perpendicular to.x

Each componenas well as observepglasmavolumehas its numerical representation
and is used in the latter phase foay-tracing calculatioa Therdore, several main
numericalsections representin@® A | 3y 2 acGnmpanends esietti@ifrom the point

of view of theobservedplasmaregionsare included. The indicated components are:
AEK30 port, ECRptotection shields, collimators with shutterglispersive elements
and detectors.Numerical model of each part requiredifferent approach andis

described together with the step by step calcidat procedure.

3.1.2 Plasma volumealetermination

The first step is to determine the plasma volumegestigatedin the subsequent pars,
defined by the input solid angléorthis purpose,the general volume of the plasma
will be described byequally spaced points. The distance between poicés be
varied/modified butby defaultit is assumed to b& cm, hence each point dhis mesh
represents the Tm? volume. At the initial calculation phase euboid volume much
larger than observed plasma onsidered In the next step the mvestigatedvolume is
trimmed to reduce thenumber of points by cuttingoff the regions thatare definitely
not in the area of observationAs a result, theconsidered bulk is significantly
decreasedreducing the number oinput points required for theurther calculations
This step (reduction of th® dzo 2vbl&@Ris not strictly required from theumerical

point of view butis essential tsignificantlyspeed up thecomputing process
313 bdzYSNAOI T NBLINBaSyidalidAzy 2F aeaidisSyvyQa
3.1.3.1W7-X port and ECRH shield

Representation of the AEK30 port is described as a setadesian coordinates and
even though the LOS of theystemis not Wuttinglthe edge of the port, it is included
for the initial reduction of the calculate volume. This step acceleratessequent
calculations by reduction of the point cloud investigated whesrforming final ray

tracing procedure.
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Asan ECRH protection shield agst stray radiationtwo gridsare mounted irsidethe
entrancearm/bellow which connecs diagnosticgo the W7-Xvacuum vessebince the
ECRH shields will reduce the incoming signal by approx.ifg#ementation of their
numerical representation is importanSuch reduction factor could be assumed as
fixed value, howeverdue to the large acceptance angle of O anddi¥persive
elements thereis a risk, that part othe incoming radiation goes beyond the area of
ECRH grids, thus might be blocked, leading to the attenuation of incoming radiation.
For thatreason,it was essential toncludeA Y F 2 NY' I G A 2y | dindgions i K S

in the model
3.1.3.2Collimators with shutters

Thevertical (not a dispersion) angle is definedégrid collimatomwith 10 gridplanes

and 1 mm grid spacing(presented in chapte 2.3). Its appropriate modelling was
essential not only from the operational point of vielay(defining theobserved plasma
region as well as provide information about the light flux reduction when using the
particular shutter positiohy but alsois necessary fothe estimation of intensity signal
collecied by the detectors{ K dzii it SN & OdroRidesinfoRAnatlal? abdutithe? y
percentage of incoming radiation reduction, and hence currently observed plasma

volume, thus increasing the precision of calculations.

The procedure of transmission checkout is similar toE@RH protection shield case

each of 10cuboids (yellow parts ¢ Figure3.2) represens the vacuum volumevhere

the radiation transmission ipossible(y 2 4 f AYA G SR 0 8. Ti@2réyt A Y I ( 2

crossing front plane of single cuboid representing thaforementioned vacuum
volume must leave it atits backsideplane Each of 10cuboids are considered
separately.This approach allowed to simulate the transmission of radiation through
the collimator and reduce the number of points representing the voluniethe

observed plasma.
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Figure3.2. A scheme of theumerical representation gfhotontransmission through a grid collimatoe)

showsfully openedapertures b)apertures 70%losed.

Thisis an ideal situation assumirthe highest possiblenanufacturing precisionln
reality, however, the collimatoris affected bysmall deviations of the gt resulting in
unintended transmission of a light reaching the surface of detectors at the angle
different than °1 degreein the vertical direction This implies rather different
observedplasma volumébut not significantlyand hence might havanimpacton the

output signals.
3.1.3.3Dispersive elements

Further step was t@reatea numericakepresenation ofthe dispersive elementsThe
model includes basic parametersin cartesian coordinate system containing
coordinates ofcrystal€vertices, radius of cylindritig curvedsurface coordinates of

the circle cengr tangential to the crystaf3surfaces and the orientation vectors. With

this set ofinformation, it is possible tareatetheir discrete representatiorfseeFigure

3.3). All the required data are stored in a separate file, being also a coordinates
database of other subcomponent§he only thing that needs to be specified dyser

is the implementation of e measuringchannel as well as accuracy of the crystal's
surface grid. This is done ke implementation of points number representing

crystals height and length. Since too high precision results in a significant (exponential)
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increase of computing timeap perform calculations with reasonable precision and in
possibly shortest period, the optimal grid accuracy step adequate to the computing
power needs to be foundNumerous calculationshowed that the most optimal setup

in order to enable relatively shib computing time and high precision is to define

crystal€lengthup to maximum 200 (but not less than 100) dreightup to 80 points.

Crystal

/ surface

Incoming /

radiation

Reflected /
radiation
. Crystal
‘ Crystal axis

radius [R = 680 mm]

Figure3.3. Numerical representation of the cylindrically cureegstal dedicated to theneasurement of
Oline (R = 680 mm)

Each dispersive elemems associated withits unique rocking curve in the shape of
gaussian profilas presented irfFigure3.4. Theseare included in the dataset andre
appliedfor calculating the fraction of reflected incidence photoB8#ce the reflectivity

strongly depends on thAOI (angle of incidentit needs to be included into the modte
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Figure3.4. Rocking curves dll dispersive elements reflecting B (red), C (black), N (blue) and O (green)

Lymanh transitions.

When theAOlis calculated, the reflectivity is automatically checkeithis isdescribed

in details in the latter section.

3.1.3.4Detectors

¢CKS f1Fad RAFIy2ai0A0Qa a dzoddetyctde WsSwhiericdl y Of dzRS R
representation is important since thebservedplasma region depends strongly on its
relative position towards the respective dispersive elemedince theheight of the
selecteddetectorLactive areas are significantly lower than the height of tngstals
(6,7 mm compared to 20nm of the crysta® height) means thatnot the whole plasma
radiation reflected by the respective dispersive element will cmvered by the
detectors Therefore, it is essential to investigattiow much of the emitted light
reflected by the crystal is visible anlgdbw even a smabhift in its positioncan affect
the output signal Forthese reasons the geometricrepresentationof the detectors
was introduced The approach adapted here igke the one used in previously

RSAONAOSR Y2Rdz S&4% FyR Aad o0l aSscalghull KS RS&A
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volume (volume in spaceand gathering information about the rays crossing the plane
inside that hul(respective plasma coordinate&Qltowards the crystal, plasmerystal

distance etc.).
3.1.4 Ray tracing calculation

The main module isthe WimulatiorQpart. Its purpose is to create the numerical
representation of all the components.e. plasma volume, dispersive elements,
detectors and components of the optical system as detector, collimator, aperture etc
The way, that final data array (matrix containingaddtainedinformation)calculationis

performed is presented in this section.

The code initiallydefines numerical description ofepresented plasma volume (as it

was indicated in theection3.1.2. Table3.1 presents the exemplarglata arrayformat

with plasma points in cartesian coordinate systemThe W REpa St wLX | & LI
represents thecorresponding inderumbersof a plasmaEachndex of a plasma point

refers to the unigue plasmaolumerepresentedby a set of 3 float numbes describing

its locationin 3D spacéx=WJX I & YW=WERNE darid zpWIQf | .Y I ¢l Q

Table 3.1. Schematic of the data array with plasma coordinate in thde@eensional space with

corresponding index column assignments.

e sl s pis PLASMA COORDINATES
- -~ plasma_xmm] plasma_ymm] plasma_Zmm]
pp_1 0 0 0
pp_2 1 1 1

In the next step, the code calculates coordinateshs selecteddispersive element
corresponding to a specifgpectral linechanneland returns the data in a similar form

Table 3.2 presentsschematicdata array containingA Y RSE ydzYo SNJ 2F S| C
point (#ix_crys_pointQ¢ 1%t column) and corresponding three columnigrystal xQ

Wrystal ¥ erystal_£p. Alike in data array with plasma point cloud representation,

each index'fgc_1Xx Yc_ Xp corresponds to a different crystal point represented by a

set of 3 floating numbers referring to its position in space.
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Table3.2. Schematic of the data array containitite coordinates of the crystal points.

pc_1 1 1 1
2 2

pc 2 2

Next,the code combinegach of the plasméocationswith all the points representing

the surface of selected dispersive elemehrt.the Table 3.3 exemplarycombination

dataarrayproduct is presented.

Table3.3. Schematic of the data array containimgmbination of all plasmaoordinates of the plasma

(yellowcolumns) andrystal pointgblue columns)

PLASMA COORDINATES
. plasma_x| plasma_y| plasma_z
idx
[mm] [mm] [mm]
pc_1

Nr

1 0 0 0 2 1 1 1
2 0 0 0 pc_2 2 2 2
3 (pp_1 0 0 0

4 0 0 0

5 0 0 0

6 1 1 1 pc_1 1 1 1
7 1 1 1 pc_2 2 2 2
8 |pp_2 1 1 1

9 1 1 1

10 1 1 1

Such combined data array serves as a basic input for the nexmedble of this

executive code section. Each combination of plasmystal point represents single ray

transmission which in order to be detected cannot to be blocked by components of the
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sydem as port liner, both ECRH shields and collimator (with selected shutter position).
All the calculations are performed based on the numerical representations of
diagnostic's components (created by the modules previously described) and the
W NJ y & Yof @athh geghtray is determined independently. An example of such
matrix data is presented ithe Table 3.4 ¢ the transmission of each ray through
individual obstacles Wransmission checkdtis implemented as a Boolean value
representing possible transfer of plasma radiatiofrgeQin the green cell) and
indicating components that blocked the transmissidfa(s€ln the red cells)Finally,it

is assumed, that if any of those components blocked the incoming ray, the indicated

plasmacrystal transmission is not investigated and removed fromahalyzeddataset.

Table 3.4. Schematic of the data array showing photon transmission betwakeplasma pointsand
crystals points.Green cells represent photons whose transmission was not blockedybgbatacle

(collimator, ECRH shield etahile red cells ("False") represent blocked photons.

PLASMA DISRNCE
COORD [mm] ANGLEA
idx idx plasma_crys plasma_cryg

After determination of the set of plasma volumes (plasma coordinates), which are
WA & mral finSufblocked way associated with set of defined fragments of cfystal

surface (cryst& &oordinates),the distances between thosepoints are calculated.
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Snce the dispersive elements are cylindrically curved and the reflectivity depends
strongly on theAOIl of the incoming light for each of the correspondintdexes

referring to the calculated distanceshe angle of inciden2 y G KS ONBadl f Q&
(& ! b B)[isealculated It is defined as angle between the incident beam and normal

G2 U K Sssubfack Assuimihgphoton emissianf the plasmato be isotropicto the

full solid angle(see Figure3.5), the respective radiation fractioneachingindividual

points on thecrystal® surface is calculate@q—). This, strongly depends on the

ONEB A Gl f Q& hoddvd R auRBafically Gafculated and included in the formula

calculating registered radiance flux.

Figure3.5. Isotropic adiationemissioninto a solid angles) passing through area (a).

Calculated information are then stored in one large data array includindg¥iaibleQ
plasma points witha set of related parameters (described abov&yom this,the
photon flux emitted bya givenplasma region antiencereflected byrespectivecrystal
point is calculatedThis operation is performed simply by multiplication of radiation
fraction taction and reflectivity of the crystaMalc_reflec what is presentedin

the Table3.5 as thelhtensity fractiofrolumn.
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Table3.5. Data array containing set of calculated parameters required for emissivity calculation

idx plasma_x plasma_y plasma_z DIST| ANGLE fraction| calc_reflect intensity_fraction
[mm] [mm] [mm] |[[mm]| [X [%] [%] [%]
pp_1 0 0 0 ab | h f5 r5 55 =int5
pp_2 1 1 1 a9 | h | f9 r9 f9 9 =int9
pp_2 1 1 1 alo [h '] f10 r10 f10 10 =int10

Nevertheless,such large dataset when assuming point cloud represented he/g,
15,000 points and higttevel discreet crystals surface gudth, e.g.,16,000 (200 x 80)
points, results ina combination of upto 240 million of rows (assuming 100%
transmission through collimator and other mechanical obstacles). Such large dataset is
no longer handy in operation antbnsumeshuge amount of memaor (approximately

25 @) and time required for itsprocessing Therefore for a high precision
computation an intermediatestep of a datasetcompression was implemente(tee

Table3.6).

Table 3.6. Compressed dataset containing coordinates within the observable plasma vicinity with

intensity fraction emitted

ldx plasma_x plasma_y plasma_z total_intensity_fraction
[mm] [mm] [mm] [%]
pp_1 0 0 0 int5
pp_2 1 1 1 int9 + int10

This final dataset contains only plasma coordinates with their initially assigned indexes
and the total intensity fractionemitted by the selected plasma poinThe column
Yotal_intensity fractiofXepresents the sum of the radiation emitted by the seéstt
plasmapoint and reflected by dispersive elemeimtegratedalong the crystal surface

into one value The presented solution allows to significantly reduce the memory
requirement flown to dozens of NB) what is extremely valuable from the point of
view of regular working station with limited computing resources. On the other hand,
some information are irretrievably lost and cannot be recovered until the next

computing session. For that reastire possibé calculationgequiring those dataneed
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to be performed separatelyrinallyc since the described code simulates the emissivity
of the selected Lymah line transitionsonly ¢ it is important toemphasize that the
continuum radiationmodeling is currently notincluded The calculated poimstclouds

representing registered plasma reg®of all considered ions presentedn Figure3.6.

Figure3.6. Graphical representation dhe observed plasma volumes all investigatedions red color
represents the plasma volume observed by the B chabhed, by channeC green refers to the N

channel and O is represented by orange.

To process all theabovedescribed operations with relatively high precisign a
significant computing powersawell asof available RAM memory is required. Since
Python programming language nominally works using 1 thredde dedicated tool
supporting multiprocessing and distributed computingeded to be applied A tool
that meets these requirementss DASK[68] ¢ the convenient framework ensuring

parallel computations using availalB® Upotential.
3.1.5 reft calculation

In order to compare parameters from different regions the W7-X plasmasit is

necessary to standardize the position of selected mim reference to the
A0SEEINIG2NDRE YI3IYySGADO EA&AD C2N) GKA& NBI &;
A0Sttt NFG2NRA L2t 2ARE € ONRP&aa aSoOiuazya | NB
sectiors (Figure 3.7), thus providinga way to compare results from different

diagnostics systems at differeltcations
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The matrix of observed plasma coordinates (obtained by sofigga § SYQ&a ¢ 3S2 Y S
see Table 3.6), serves as an input for the effective radius calculations. In order to
proceed, the VMEC (Variational Moments Equilibrium Code) which is dedicated tool to

solve the magnetohydrodynamics (MHD) force balance equations in a three
dimensional spacevas used[69]. This code became a standard code for solving 3D
equilibria in computing the MHD problem3herefore the specific magnetic field
configuration needs to be chosefor which theres values of theobserved plasma

volume will be determinedThe final output datarray containing plasma coordinates

with correspondinges values and emitted radiation fraction is presentedtie Table

3.7.

Table3.7. Final data arragontainingall the information requiredo calculatethe line emissivity

idx plasma_x plasma_y plasma_z Reff |total_intensity_ fraction
[mm] [mm] [mm] | [m] [%]
pp_1 0 0 0 NaNQ int5
pp_2 1 1 1 leff1 int9 + int10
pp_3 2 2 2 leff2 int14 + int15

If the given point is outside the LCE®ie WaNJ'Hot a numbefvalue is returned and
consequently removed from the dataset. Therefore only the points positioned within

the plasma region areonsidered
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3.2 Emissivitycalculation

The last module is developed for calculation of emissivity radiatedby all the
considered plasmaoints and, finally, a fully volume integrated emissivity for the
respectiveenergychannel For that reasonthe essential input such gdasma electron
temperature and density profiles, fractional abundancegespective ions as well as
PEG (Photo Emissivity Coefficientaye required. Below, the methodology of data

processing as well as specific parametaiculationis described.
3.2.1 Temperature and density profiles

In order to representifferent kinetic profiles onemay use rawexperimentaldata
from the WX databasend apply them as input for further calculatior&uchprofiles,
however,usuallycan beeasilyapproximated by a simple analytical functigm sum of
two Gaussiag(24):
W S i i 5 iy i w (24)
i 0 wn —— 0 wn —————

L ¢ J0 d ¢ JU
Parametersfor the exemplary temperature and density profilealculatiors (fitted to
the profiles from discharg20181011 012, see alsdrigure4.4) are listed in the Table
3.8

Table3.8. Parameters used to determine approximate temperature and density profiles

Approx. Function A/A2
parameters As WX A W2 X2 ratio
Electron

1.87 | 0.155| O 0.21 0.07 0.38 8.9
temperature

T

Electron density

o T ®n'¥| 0.37 0 |poy®| 011 0.5 7.1

whered ¢ maximum of a Gaussian distributiain,; ¢ width, @y ¢ cener position

ando 70 ¢ratio of Gaussian distributions.
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To investigate intensity changes as a function of differkimietic plasmaparameters
(ne, Te), this module provideseasy and quickrocedure forprofiles calculations which

serves as input for themissivitycalculations
3.2.2 Fractional abundance

Since the impurity transporin the MCF plasmas is always presentéiie corona
equilibrium cannot be considered as a basic theoretical model for stellardboes.to
that fact, it is necessary to implement approach based on the impurity transport
occurring in the WX plasmasFor this purpose,the pySTRAHL codé&] was used to
calculate the fractional abundancesf respectiveionization statesof considered

elements

Using an information about the electron temperature distributionthe plasmathe
respective frattonal abundance (FA) values for the specifitikel ions based on the
coronal balance model were calculateBigure 3.8 presentsexample offractional
abundances ofcarbon assuming coronaquilibrium (left) and including impurity

transport(right).

Electron Temperature [Kev] Electron Temperature [Kev]
104 096 078 054 029 0.02 104 096 078 054 029 0.02
1.0

0.8
0.6

0.4

Fractional Abundance

0.2 jm 0 + 4 4]
[ 14+ w54
2+ W 64

- 3+

Fractional Abundance

0.0

0.0 0.2 0.4 0.6 0.8 1
p

Figure3.8. Fractional abundance of diffat ionization states of carbon lines as a function of electron

temperature assumingcoronaequilibrium(left) andincludingimpurity transport fight) [70].

3.2.3 Photon emissivitycoefficients

The last part required for the calculation pplication of Photon Emissivity
Coefficients (PEC) provided by the ADAS datalpé2e Based on the information
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about the local temperatureit is possible to calculate the PEC values both for

excitation and recombination radiation.

Sincethe structure of PEC files is rather complire data is stored as a.hnTe nodes
(with fairly poor‘tesolutiorQp Therefore,it was essentialto develop fully automated
way of its readout andinterpolation. Since the data is represented as a three
dimensional matrix(ne - Te - PEC), the step by step 2@.- PEC and T¢ PEC)
interpolation was implemented. The interpolation step may be specified by user,

however, it is nominally seip for the highest optimal precision/calculation time.

EachPECQvalue corresponds tahe respective plasmaegion (determinedby a given
kinetic parametes) and needs to becalculatedfor all plasma pointsAn array of
designatedplasma coordinates and corresponding, ne, Te, PEC and FA values serves

as an inpufor emissivity calculatiomassuming corona model.
3.2.4 Impurity profiles shapesand CXRS system

Last but not least, in order to calculate the totaldiated emissivity it is crucial to
determine theradial impurity distribution along the minor radiss) of the plasma.ln

the presented numerical codé¢he linear impuity distribution is set by default.
Nevertheless, during former experiments in MCF plasmas itpraged that under
specific conditionsome impurity fractionrbecomes accumulateth a specific plasma
region leading to their nodinear radial distribution this processwas already
explained in sectiori.6). Toaccommodatethis, the codeprovidesa wayto usetheir
different shapes. Thesare derived fromthe Charge Exchange Recombination System
(CXRSWhich was set up at WX as an active spectroscopy diagnoskire principle of

its operation is based on the NB4] heating system as the neutrals injected by this
system state as a neutral source for the charge exchamgeesses.The CXRS
diagnostic provides spatially resolved information about the impurity content in the
plasma. Thiss obtainedfrom the intersection of NBI beam line and CXRS-ifisight
and derivesspatially resolvedinformation about the profiles of the intrinsic fully
stripped lowZ impurity densities¢( ) andion temperature (Y). It provides alsoadial
electric field measurementd) and toroidal flow velocity profiles from the edge to

the plasma core. The active beam spectroscopy is the only system -& pv@viding
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information about the lowZ impurity distribution in the central plasma regioiihe

detailed characteristic of this systeis presentedn [71].

The radial impurity shapes are of great importance since the total emitted radiation
from plasma depends strongly on their radial position in the confined plasma region.
This impact is presented in more details in faether section 8.2.5. Moreover,these

datacamalso6 S | LILX ASR F2NJ GKS /kh Y2yAG2N) aeads
3.2.5 Average impurity density calculation

Snce theW7-X plasma is in theylindricalshape(after normalization to %), the radial
impurity distribution will play aignificant role in the final photon intengsmeasured
by the systemWhen comparing different plasma scenariegth an assumption of
equal impurity content in the plasmaheir average values had to be considered
Becausdhe W7-X plasma is characterized by a Aegular shape, it is alsaontrivial
task and could generate some issue® reliably calculate average.g., densities
However its normalizationto the cylindrical shapausingVMEC coddres) simplified
this procedurdeading to astraigttforward volume integrabver cylindricalshape The
method to calculate any average values irc@nsidered plasma shaps presented

below.

Considering N as a number of particles as concentration of partelgsiéns)and V

as considered plasma volume in a cylindrical (normalized) shape:

0
3 5 (25)
W “ta i (26)

Mean

. 0 0

& e B | (27)

Hence
O &ttt i (28)
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and averag@ayg

3 0 29
= (29)
") “1TXi (30)
0 0 “ 1T ¢ ti i (31)
Therefore
“tQXB & t i i B ¢ ti i
3 (32)

“ 1 i

In order to simplify performed analyses (presented in further sections)o@m¢hmark
results of calculations under differeplasma parametergwhile not exceeding 23%
of total impurity concentrations), theaverage impurity density in the plasmaas

assumect C pTLAQ
3.2.6 Radiation intensitycalculation

Finally, the emitted radiation is calculatethe corresponding spectral emissisom a

unit plasma volumej( i ) can be obtainedising theformula(33) [41]:

i 0061 & 1 & 1 700 i é(n—i (33)
where r is the minor plasmaadius,e 1 andé¢ i & ¢ impurity and electron
densifes 0 061 NQ & { ¢ Photon BmissivityCoefficient for a given spectral

line (from ADAS databasahd™O0 1 [a.u.]- fractional abundancef a givenion at a
minor plasma radius.rNominally he code assume$tatQmpurity distributiors along
the r, however,there is also a possibility to implement pro8ldefined by a usee.g.,
with the peakon the axis of theplasma ih the latter sectionscalled asBeaked?
profiles). To increase the relbility of the performed modelling, an absolutely

calibratedradialimpurity distributions(provided by the CXRS systemn®re used
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4  Study ofthe impact ofkinetic and impurity profiles
on the photon intensitiesmeasured bythe use of the
C/Omonitor system

Experimental datameasured bythe QO monitor systemwill not be easy for

interpretationin real time It will be associated with:

integration ofthe signal from a large and unique geometry of observed plasma
volume;

- monitoring only one spectral line per channel;

- impact of kinetic (d; ne) parameterson emissivity profile;

- impact of impurity level as well as its radial distributios @ consequence of

impurity transport) on the obtainedutput signals

Suchconditionscan make the measured data difficult to analyzmd thusto draw
some reliable conclusions. Therefore it is crucial to thoroughly undergtamdnpact
of different plasma and geometrical parametens the output intensitiesin order to
estimate the signal provided by the system, evaluate its capabilitiesiantztions, a
complex numerical procedure was developed. Since the main goal of the system is to
monitor the level of light impurities antheir changes during the dischargenly the
linear radiation will be calculated arithe shape (which result from ther factors)will

be neglected.
4.1 Description ofthe calculationprocedure

To studythe impact of theaforementionedfactors on the output signals obtained by
each energy channel, number of simulatiomsre performed.To achieve this goal the
pySTRAHL and the recently developed C/O monitor codes were used. The entire

procedure is divided into two maj@rocedures

a) pySTRAHL code
- calculation of the radial ionic distributiorslong the minor radius. Required

inputsare:
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o kinetic (n, Te) profiles,
o diffusion (D) and convection velocity (V) profiles;
calculationof fractional abundancesf considered impurityseeFigure4.1):
Electron Temperature [Kev]

104 0.96 0.78 054 029 0.02
1.0

0.8
L1}
2
o
Z 06
=
2
g 0.4
©
o
w
0.2 EE
54
- 64
0.0

Figure4.1 Example ofonic distribution of C along thglasma minor radius calculated using pySTRAHL

[70].

b)

84

calculation othe total impurity density profildeinga sum ofits all ions.

C/O monitor code procedure:

calculation ofresr assuming standard magnetic field configuration by the use of
VMEC code (via the dedicated API);

az2zt gAy3 GKS aeadsSyQa 3IS2YSGNEB ood
assignmentof rerr values to the corresponding point of a meshed plasma
volume observed by each energy channel;

calculation of the fraction of the emitted radiation reaching thespective
detectors,

assignment of kinetic parametei@nd impurity concentrations value® the

considered elementary plasma volurata giverres location

LIS NJF 2



- such dataset (kinetic profiles, FA) together with PECs from ADAS database serve
as input for theradial emissivity calculations of each ion from a plasgrased
on equation( 33). As a resulthe radial photon emissivity [JK 31 “]\as a

function ofreff is determined:

119 Emissivity radial distribution (O - Z7)
— . —

5 E T T

| — Excit |
| — RECOM
TOTAL

L | | i
| | | | | |

L = L., I B
L i 1 1 1 1

!____'____'___1___'___ -—- S

Emissivity [ph/m3/s]

0.0 0.1 0.2 0.3 0.4
Reff [m]

Figure4.2 An example ofcalculated adial emissivity distributioof O'*as a function of & [m]. LCFS is

located at Rf= 0.53 m.

- peraparation of the inputs for the calculation of the total radiation fauxthe
detectors based on the radial emigsii @ RA&AUNAOdzAA2Y | YR (K.
ORSTAYAY3I GKS @2ftdzySa FyR O2NNBAaLR2YRA
detectors). Thus, a map TotaWintensity _fraction§ls built

- calculation of the total radiation flux by a numerical integration of all
Yotal_intensity fraction® L2 Ay da NBLINBaSylGAy3a St SYS
defined by thei spatial coordinates rerr, kinetic parameters (g, Te) and
impurity density(nz). This approach is equivalent to the volume integral over

the radial emissivity distributioin carthesian coordinate system)

All calculations were carried out the confined plasma regigirom the axis upo the
last closed flux surfacen XK . Whe  is a radial coordinate defined as 0 at the
magnetic axis and 1 at the LCFS as an alternative average faliygasma locatedt

" >1 the modelcannot perform eliable calculations
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The main purpose of this work was to get qualitative rather than quantitative
information about the volumentegrated signals and to prove, that the system will be
reliable for the measurements it was designed for. Therefore in order to investigate
impact of diffeent parameters on the C/O monitor signals, two magtudieswere

performed namely:

- Study ofTe,neandA Y LIJdZNA G& LINRPFAE S& AYLI OG0 2y GKS
- Case studyof radiated photon intensitieswith respecti2 GKS &aeaidsSy

efficiencyg simulation approach.

The description of the aforementioneghalyses is in the scope séctions4.2and4.3

respectively

4.2 Study of kinetic and impurity profiles impact on the C/O monitor
aeaidsSyQ araylta

The first analysis examines impact of kinetic profiles & and radial impurity
distributions on the output photon flux intensities. Here, two different impurity profile
distributions were considered (so calléatQand Peakeddg explained in the next
paragraph). Their shapes reflect different impurity transp@gimes énomalousand
neoclassical, respectively) that were observed at the-XV'However, it needs to be
stressed, that within this work the impurity transport itself is not investigated, but
rather its impact on the obtained photon intensitieSherefae, it is important to
investigate how sensitive aimat phenomenorthe system will beSecondly, it is worth
to check if the diagnosticould serve asa straightforward toolproviding fast,high-
guality information about the impurity content in the plasm&ositive verification of
the issue motivatespplicationof C/O monitor as a reliable diagnostic systdaring

the W7-X operation

For all the considered examples the average impurity densig established at

¢ p ma . The magnetic field configuration used in these considerations is standard
magnetic configuratiorf72]. In the analysis, two radial impurity distribution profiles
were considered assumingtheir equal averagecontent in a plasma The impurity
profile labeled asflatQrepresents uniform distribution of impurities along the minor

radius of the plasmaF{gure4.3 ¢ areaunder orange line). This is the basic example
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commonlyobservedat the W7-X plasmas. However, in some specific conditions, when
neoclassical impurity transport becomes dominant, the enhanced impurity
confinement in a plasma may be observédthis work adial impurity profile shape is
O2yaARSNBR | a Figurdd3$ largaSuRder bludNRe)Thi$ Say occur
under somespecific plasma conditions (such as high electron density, negative radial
electric field (ion root confinement IRC)).It was alsonoticed that the impurity
accumulation was more likely to be observddring NBI heating or strong pellet

fueling (with frozen hydrogen) in theore[73].
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Figure 4.3. Example of¥ LJS {1 SRQ 60t dzS | NEadiab impugtyRdisttithitionsiti the 6 2 NI y 3

observed plasma volunsssumingheir equal average densities

This analysis was performed using the set of various range afhd n. parameters
The basis for kinetic profiledetermination were two experimental resultseasured
during the OP1.2b: first dischar@®181011_01Zharacterized by high value of @xis
electron density (7 10" m3) and low central electron temperature (1.87 keV) while
the second discharge0180816_022vas characterized by low central electron density

(ne = 2i 10*° m®) and high central electron temperature.F 8 keVY; seeFigure4.4.
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Figure 4.4. Examples ofexperimentally measureglasma kinetic profiles for low Te ¢ high re case
(20181011012 ¢ left) and high ¥¢ low ne case (20180816 _02@ right). Te profilesare indicated with

red color anche with blue.

The interpolation between the respective density and temperature profiles was
performed using analytical method based on the sum of two Gaussian profiles that
was alreadydescribed using equatiof24 ). The interpolation step forelprofiles was

set to 1 keV and 2dm3for ne profiles.

However, since the strongest line emissions of considered Lymiaansitions are
observed in the low temperature ranges, the interpolation interval for laIIq
2.5keV) was assumed to be mofréensdin this range. Finally, the set of 14 @nd 10

ne profiles wasdetermined and used in further analygseeFigure4.5).

: Electro:w temperature Iproflles 120 Electron density profiles
T T

Te [keV]

Figure4.5. Interpolated set offe (red - left) and ne (blue - right) profilesusedfor the analysis.Dashed
lines representalculated profiles while solid lines represent experimentally measured profiteduced

in theFigure4.4.
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The presented analysis @ivided into four parts eachfocused on understanding of
impact of kinetic parameteron the emitted photon fluxes(related to different
elementy. Furthermore two radial impurity distributions HatQand Heaked2 were
also taken into consideration¥hese combinations of plasma conditions (presented in

Table4.1) were thoroughly investigated and are described in et sections

Table4.1. Summary of consideredlasma scenarios depending on kinetic parameters and impurity

profiles shapes.

Impurity profile/

e . O0&1 AOB O0AAEAAGS
kinetic profile

a) O & 1inpGridy profile A @ AQ@ E ikpudty profile
Z density dependence Z density dependence
b) O & 1imAplrily profile | A @ AQ\ E ikpuéty profile
Ztemperature dependence | ztemperature dependence

Electron density

Electron temperature

4.2.1 Photon intensity dependencesfor HatCQmpurity profiles
4.2.1.1 Dependence of the kectron density

First, the photon intensities for different energy channels (B, C, N and O), as a
dependence of electron density, was considered. Each poiRigure4.6 represents
the radiated photon flux intensity being a result @blumeintegrated emissivity

radiated towards the detectors, while the solid line represents their interpolation.

Mapping of all 8 profiles assunmg low Te case (central = 1 keV) shows thahe
increase of electron densitis positively correlatedvith the photon intensities. The
dependence is almost lineanowever, for the heaviest elemenbxygen the intensity
increase approdmately 4 timeswhereasfor the lightestelement (boron)t doubles It
can also be noticed that the total intengiassociated with nitrogen line is the lowest,
even though this spectral line is emitted in thebaderrangeof electron temperatures
(above 600 eV) compared to the B and C lifdte reason isthe reflectivity of the
MLM appliedfor this channel whichis very poor. Its reflectivity (declared by the
manufacturer) is approx. € 3 times lowercompared tothe MLMs applied for B and C

energychannels.
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Ne [1019m—3]

Figure4.6. Splinefit of radiated photonintensitiesof selectedions as a functionof electron density
assumingthe maximum electron temperature ale=1keV and W T firhpiir®y profile. Each point

represents ONL&fraction ofthe radiationreaching the surface representitite respective detector.

To illustrate gradientf this dependence as a function of electron densities, the
radiation intensities were normalized to their maxima. As the atomic humber increases
(Bs -> G-> Ny -> @), so does the gradient of the photon flux intensities as a function of
Ne (seeFigure4.7). The strongest impact of electron density is observed sequentially
F2NJ h | ¥y RPincreabeioff sSphotoa ftpnsity in thgiven r range) and the
weakestF 2 NJ . Pf Thig &anmple shows, thédr plasma with low central o] the

impact of electron density increaseavith theZ number.
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Figure4.7. Spline fit of radiated photon intensities (normalized to 1) of selectedéasre function of

electron density assuming the maximum electron temperatur® atl keVand ¥ F finlpuiri§ profile.

In Figure4.8 the radial emissivity distributions of all considered Lyfan 4 NI Yy aA G A 2y
a function of p are presentedn a form ofcolormap. X axis represents the increase of
electron density a from 10" m3 to 10?° m3 while Y axis represents the radial
emissivity distribution alonghe radiusO <” < 1. Color scale is associated with
emissivity intensity along the minor radius of the plasma. Analysis of obtained results
assuming fixed low ¥ profile (1 keV oraxis), clearly shows that total radial emissions

of all elementsare located within the plasma region< 1. The heavier element, the

broader emissivity area in the plasma atite closerits maximumemissionto the

central plasma region. FéHatQmpurity profile the emissivity isnainly distributed in

the areaclose the plasma edge’ (> 0.4). For the higher electron densities some
noticeable part/component of radiation of O Lyman G N} yaA (A 2lgsethd 20 a

the plasma core.

91



le20 1e20

1.0 1.0 1
_ 0.8 0.8
_ 0.6 0.6

. Q
: 6" 0.4 0.4
: 0.2 0.2
: 0.0
1 2 3 4 5 6 7 8 9 10
e

ne [10%9]

Emissivity [ph m~3 s71]
Emissivity [ph m=3 s71]

o
©®
o ~ ™

o
o
v

S

o
>
Emissivity [ph m=3 s71]

w

Emissivity [ph m=3 s71]

o
[N}
N

=

Ne [1019] Ne [1019]

Figure4.8. Colormap representing radial emissivity distributions of all considered ions (from top*)eft B
C*, N°*, O™ as a function oglectron densitgssuminghe maximum electron temperature @ = 1 keV
andd ¥F finlpufi§ profile.

When considering radiation intensity changes as a functior: af high central Jand
WatCmpurity profile it can be noticed, that these trends are similathose observed
for the low E case (sedrigure4.9). For oxygen anditrogen lines, trends are very
similar to the low central dcase especially forer» 410'° m3. For C line the intensity
remairs almost unchanged above:.» 510%° m3. However, one may notice thdior
boron line consequently decreases over the entigerange. Again, thdine intensity

for nitrogen is the lowesof allelements for the same reason as explained before.
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Figure4.9. Spline fit of radiated photon intensities of selected ions as a function of electron density
assumingthe maximum electron temperature a-=10keV and W ¥ firpiir@® profile. Each point

represents ONLY a fraction of the radiation reaching the surgmesentinghe respective detector.

Figure4.10 presents the normalized radiated photon flux intensities of all ions and
illustrates their gradient as a function of electron density. Although an increasgiof n
general leads to the photo flux intensity increase, here the B line signal drops by
approximately 50%Also, with increase of m the intensity gradient of C line is
continuously reduced. Aboveer» 6 ¢ T T %3 the increase ofthe total photon
intensity does not exceed 4%hese resultsndicate that plasma behaves differently

than for low Te case.
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Figure4.10. Spline fit of radiated photon intensities (normalized to 1) of selectedasre function of

electron density assumirthe maximum electron temperature @t = 10keVandW ¥ finlpuiri® profile.

The reason for such a behavior of the B line intensities is, that most of the B {hyman
line radiationis partially emitted from the entral plasma entering into the scrajudf
layer region (SOL) which is not taken into account in the simulatcegFigure4.11.

Due to lack of the normalizeds data above the LCFS (represented by 1), it is very

difficult to provide reliable information about radiation emitted from this region.

Similar behavior may be observed when analyzing C emissivity. Abb\& KeV the
signalYsQcaused by the shift of its radial emissivity outside tbh@FS leads to a
situation when the increase of emitted radiation along the minor radiudagatively
compensatedby the amount of¢hissing radiatiofbutside LCFS. Therefore one has to
be careful when drawing conclusions from examining these regionsembasis of a
simulated approach. This is a wklown issue which is planned to be solved in the
future (e.g, by the use of numerical codes dedicated to the SOL modellDg).
importance to our consideration here is the fact thdite plasma conditions ith
simultaneou$y high n. and & values, in which this behavior can be observed
(especially for the B and C Lyrdamrmissions)are rather specific and hence difficult

to maintain in the W7X case. Nevertheless, since the B and N related channels are not
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going to be commissioned during the forthcoming experimental campaign GR20

planned to work on that issue in the neatdve.
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Figure4.11. Colormap representing radial emissivity distributions of all considered ions (from tofy'eft B
C*, NP*, 0% as a function of electron density assumthg maximum electron temperature d = 10
keVandU ¥ fmpuiri§ profile.

4.2.1.2 Dependence on thelectron temperature

The goal of this analysis was to examine the dependedc 2F GKS &aLISOG N
intensities wth change of the dprofile assuming low (£@m=) and high (1&m3) ne

central values (sed-igure 4.12). In the first case, the lowenwas taken under
consideration. At such low electron temperatures one may notice that each element
behaves quite differery. A closer look on thénvestigated trends of O and N lines

shows, that with the increase of d between 1- 2 keV range, the signal increases so
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that after reaching its local maximum at 2 keV, it begins to drop until 6 keV, which is
followed again by a very slight rise of thgrel. The C line reaches its maximum
intensity at a lower temperature (approx. 1.25 keV). This is understandable since the
electron temperature requiredor the excitation of € ion islower than in the case of

N and O lines. After hitting the locdottom{Yat approx. 4- 5 keV)of the radiation

intensity profile dependence oneJ the intensity trendbegins to slightlyncreaseagain
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Figure 4.12. Spline fit of radiated photon intensities of selected ions as a function of electron
temperature assuminghe maximum electron density at =10"m3 and W ¥ finhpiiri§y profile. Each
point represents ONLY a fraction of the radiation reaching the sumgoessenting the respective

detector.

Relative changef normalized elemental line intensitiesre shown inFigure4.13

(max. value normalizate) ® C2NJ b yR h fAySa (KS aGdNRy3ISa
in the range between 1 2 keV and equals approx. 30% and 50% respectively. The
temperature rangebetween 1¢ 2.5 keV is characterized by a strengignal volatility

being a consequence of a high system sensitivity on the electron temperature. This is
associated with the highesemissionof consideredlines in the specific electron

temperatures increaing with the element's atomic number. Therefore the O Ly#han

line can be observedlsoin the plasma center while the B Lym&riine can beseen
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almost exclusivelat the plasma edge where the electron temperatures are the lowest

and does not fully ion&the atom.

After reaching themaximumintensity by C line at 1.25 ke\t, begins to drop and
reaches its local minimum at & range 4¢ 5 keV which islower by almost 20%A
similar behavior can be noticed for N and O linh® maximum intensitie®f which

are observed at 2 ke¥eing followed by a signal drop atrange 6 7 keV. These
intensity levels are lower by almost 20% and 10% for N and O respectively compared
with their maxima.For all these elements hitting the lalcminima is followed by a re

rise of a signal untilO keV Slightly different behavior was observed frSince its line
intensity over the considered temperature range decreases from the very beginning,
its maximum would be observed below ¥ 1 keV.The initial intensity drop equals
approx.30%until it reachests local minimum at JF 3 keVwhich isfollowed bya re-
NAR&aS 2F GKS &A 3yAbbvathid lgvahe gigndl begins taydropiabainy | S +
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Figure4.13. Spline fit of radiated photon intensities (normalized to 1) of selecteddsres function of

electron temperature assumirtge maximum electron density at =10 m3and W F finipuiriQ profile.

Such a reise of a adiated intensity trends with the increase ot Tay appear
counterintuitive, since the furthereincreaseleads to a full ionization of an atom, and

hence should lead to eontinuousdrop of a signal. Nonethelesiirther investigation
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of radial impurity emission shows thatith increase of electron temperatura the
plasmathe emissivity distribution along minor radius shifts towards plasma edge (see
Figure4.14). The reason for thdtes in geometry of the WX plasma. When the rise of
electron temperature is observed (on the axis as well as closer to the edge), the radial
emission is being pushed otditom the central plasma region®wards the edge.
Because theW7-X plasma is in thehape of twisted mobius strip normalized &
cylindrical volume, the further from the plasma axis the larger plasma voloire
specificparameters (g, Te, impurity density). As a result, a shift of emission profile
(with its unchanged shapdowards pasma edgeleads toan increase of radiated
photon intensities beinga consequence of larger plasma volumemitting such
radiation (as described byquation ( 30)). As the C/O monitoobserves large semi
conical plasma volummtegrated along the cone of view, this effect ey crucial

role in analysis of a measured data.
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Figure4.14. Colormap representing radial emissivity distributions of all considered ions (from tofy)eft B
C*, N°*, 0% as a function of electron temperature assumitiee maximum electron density at

ne=10°m3and¥ t impudty profile.

On the other hand, @mparing the obtained results with the issue discussed in the
previous paragraph4(2.1) related to the photon intensity dependei®s on the
electron density- in case of B lineone may notice that at € 8 keV its emissivity
profile becomes pushed out of the simulation areanffarly to the n dependence at

high & case) This leads to 8ropCof the calculated photon intensitiesSuch a result,
however, is again misleading since the impurities can also be emitted outside the LCFS
(from the SOL region). Nevertheledsie to the lack of proper data, it is impossible to
perform reliable simulationsof the outside of LCFS plasmsing the presented

method.
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To sum up it is essential to notice, that assuming low electron density case, the level
of impurity changes within the.T= 3¢ 10 keV range is approximatelb % thus
probably itwill be difficult to measuraets fluctuations accuratelguring experimers.
Therefore one can assume, that for such plasma conditions siaiaér weakly
depends on the electron temperaturgespecially above 3 keV) As a consequenge
observed changes of photon intensities can be associated with the fluctuatiahg of

impurity level

For a higher density casé-igure 4.15) the points of maximum intensities for all
elementsare shifted into the lower ¥regions compared to the loweltase. For oxygen
Lymanh transition the strongest intensity is observed at=T1.5 keV, while for other
elements the maximum radiation seems to be emitted below the investigaiednbe.
Thus, the intensities of B, C and N lines drop fromhkbginof the presented trends
and Btabilizesat Te ¥ 3 keV. For O line intensity trenthe plateau shape is reached

aboveapprox.7 keV.
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Figure 4.15. Spline fit of radiated photon intensities of selected ions as a function of electron
temperature assuminghe maximum electron density a =10?°m3 and W ¥ finpiri§y profile. Each
point represents ONLY a fraction of the radiation reaching the surface representing the respective

detector.
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Study of the normalized dependees (illustrated inFigure4.16) presents, that with

the increase of dthe initial intensity drop exceeds 50%, which is much stronger effect
than in the low R case. Moreover, the lower,Zhe signal drop is more rapid and
occurs within the shorter temperature rangecR keV, @ 3 keV, N; 4 keV, Q; 6 keV.
SAYAEFNI 0SKI BA2NI ONBFSNNAYy A (2 adiKtBecase | YR
of trend of B line for the low dtase, where the further temperature increase leads to

a significant photon intensity drop.
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Figure4.16. Spline fit of radiated photon intensities (normalized to 1) of selecteddsres function of

electon temperature assuminthe maximum electron density at =10° m3and¥ ¥ finipuiri§ profile.

Figure4.17 shows, that the radial emissivity distribution of B line above the 5 keV and
C line above 8 keV, clearly coincides with the previous observations, where the radial
emission of B lindmostly) is shifted outside the simulation regionX 1). The total
emissivity profile of B Lymantransition is radiated only in the simulation range with

Te less than 4 keVWupper left inFigure4.17). Above this temperature, the emission is
dominant in the edge plasma region. Similarly, for @ (upper right inFigure4.17)

only for Te below 8 keVemitted radiation remains in the spatial rang&hat can be
included in the simulationThe N and O radial emission is fully covered by the

simulation rangelfottom in Figure4.17).
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Figure4.17. Colormap representing radial emissivity distributions of all considered ions (from tofy)eft B
C*, N°*, O as a function of electron temperature assumitiee maximum electron density at
ne=107"m3andy ¥ fmpuri@ profile.

To summarize:his analysis shows, th&br HatQmpurity profile the calculations of N

YR h fAySaQ relgvandgedsityiahdS @mpesatuie Kdnges provide

accurate resultsvith reliable data, while for C and especially B caseyg th@ become

imprecise due to lack of the data describing the radiation fraction emitted outside LCFS.

For high density case and fnge above &eV, the radiated intensities of C, N and O

almost do not depend on electron temperature. The photon flux istees varies by

B5% (similar to the lowdrase) within the givenefanges¢ KSNBEF2NB X AT | & & dzY A
radial impurity distribution it can be concluded, that above low temperature range

(Te>3 keV)¢ the change of a potential signal being largérah 10% could be an

indicator of increase of impurity content in the plasma
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4.2.2 Photon intensity dependen& & T2 NJ WLISI {1 SRQ A YLJIzNAR (i &
4.2.2.1 Dependence on thelectron density

During W#X operation plasmanay be characterized by a certain conditions under
which the impurity accumulation may occuihesewould bee.g.,high electron density,
negative radial electric field due to the IRC scen@ri). This could be a sign of a
transition from anomalousto neodassical impurity transport regime (more detailed
description was already presented in the sectidn7). Such phenomena are
characterized by a strong impurity confinement close to the plasma axis, and thus
more significant part of radiation of light impurity (B, C, N and O) originate from the
central plasma. The transition from and to neoclassical impurity transport (leadiag to
different radial impurity distributions) can take approx. 208 [74] and within the
given time the radial impurity distribution reshapes to t{geakedimpurity profile. In
contrast to the aforementioned study, here th@eakeddimpurity profile istaken
under consideration. The profile shape (radial impurity distribution) was based on
experimental results from the dischar@9181009.016 These results were obtained

by measuring the C line, howeveince all the elements are characterized by a low
atomic number (Z = § 8), it can be assumed, that thefgeakedXistribution shapes

will be similaff75]. To facilitate data analysis and enable their comparison, the average
value of RSy aaid e 27F 020K Hapiaddllimp&rily Qistribéons dv&ré | a

assumed to be the same and equali®*’ m=3,

When considering low electron temperature (1 ket O line intensity is significantly
stronger than assuminflatQimpurity profiles (seeFigure4.18). As with the results
obtained in the first analysis (whetfatQmpurity distribution was assumed), there is

a clear dependency of intensity radiated towards the detectors #mel electron
density. The most intense radiation corresponds to the heaviest element (O) and
decreases with atomic number. The N line, however, is still the weakest due to the
alaQa LI22N) NBTfSOGAGAGR ®
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Figure4.18. Spline fit of radiated photon intensities of selected ions as a function of eledémsity
assumingthe maximum electron temperature & =1 keV and Peakedimpurity profile. Each point

represents ONLY a fractiontb€ radiation reaching the surface representing the respective detector.

The strongest, linear gradient is observed for the heaviest element (O) and the lowest
for B line seeFigure4.19). Within the given density range the signal can increase c.a.
p Hor O and about 2 Hor B. It is essential to notice, that for these set of kinetic

profiles the G*Lymanh A y (i S yhifidarntly strdnger tlan f@r other elements.
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Figure4.19. Spline fit of radiated photon intensities (normalized to 1) of selectedasre function of
electron density assuminthe maximum electron temperature df.=1keV and WLJS | ImBURtR

profile.

The radial emissivity distributiong-iure4.20) for Peakedprofile under the given
plasma conditions again show that the larger electron density, the more radiation is
emitted from the plasma center. This effect is weakvhen considerig B Lymah
transition, but becomes substantial for heavier elements. The C line is emitted mostly
from the " = 0.6¢ 0.8 region, however some radiation fraction originates also from the
central plasma region at ¥ 0 ¢ 0.4. While for N the most intense radiation is
distributed both in the plasma axis and in the half radius at0.6, the O line emission
originates mostly from the plasma center. For B and C lines the central plasma
temperaturesare too high leadingo their full ionization. Therefore most of their

emission comes from the outer plasma regions.
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Figure4.20. Colormap representing radial emissivity distributions of all considered ionst(fpleft B*,
C*, Nf*, O™ as a function of electron density assumihg maximum electron temperature a =1 keV
andW LIS I im@uRyorofile.

Similar conclusions can be drawn when considering photon intensities of N and O lines
at the high temperture case (§= 10 keV} Figure4.21. Within the given density range

the maximum intensity of O line increases by app#X5R which is approxH Ress
significant tharfor the low temperature case ¢= 1 keV). However, wheamalyzing C

line intensity change, the intensity gradiemtas continuously decreasg with the
increasing of electron densityhat was not the case when assuming low profile
(Figure4.22). For T = 10 keV the B line photon intensity drops over the whole density

range by almost 50% compared to the lowcase.
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Similarly to the low dscenario- the reason for that is the radial emissivity of the B line
which is emitted from the very edge of a central plasma and SOL region. As far the C
the most intense radial emissivity within the density range=nl1¢ 2 1 10°® m3 is
emitted in the central plasma region. At higher densities the emissivity profile is
pushed out into the SOL region. These radial emisgingtyibutionsare presented in

Figure4.23.
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Figure4.23. Colormap representing radial emissivity distributions of all considered ions (from tofy)eft B
C* N, 0" as a function of electron density assumthg maximum electron temperature dt =10
keVandW LJS | im@uRprofile.

4.2.2.2 Dependence on thelectron temperature

The last part of this analysis was devoted to the dependencies of photon flux

intensities asa function of electron temperature assumingeakeddmpurity profile
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