UNIVERSITA <
DEGLI STUDI TE c N I CO
Jxx ./ DI PADOVA |_ | S B O A

n “““\\50

Universita degli Studi di Padova

Centro interdipartimentale ACentro

Universidade de Lishoa

Instituto Superior Técnico (IST)

JOINT RESEARCH DOCTORATE IN FUSION SCIENCE ANENGINEERING

Cycle XXX

Advanced Thomson scattering tehniques

as diagnostics for fusion plasmas

Candidate: Oisin McCormack
Coordinator: Prof. Paolo Bettini

Supervisor:  Prof. Leonardo Giudicotti

Padova, October 2017


https://www.google.ie/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwiQnL_Ex9vUAhUkYZoKHVbmAF0QjRwIBw&url=https://www.is-link.org/network/europa/instituto-superior-tecnico&psig=AFQjCNGw2RKF8EzjiG_fe0vHMjKs4t_lWQ&ust=1498568149601260

ABSTRACT

The content of this thesis was carried out within the frameworthefglobalmagnetic
confinement fusion (MCF) effort. The flagship project for MCF is the International
Thermonuclear Experimental Reactor (ITER), currently under construction and due for
commissioning in 2025. ITER is an unprecedented device that pushes the fimits o
technology and physics across all sectors, and the field of plasma diagnostics is no

exception.

Thomson scattering (TS) is one of the most powerful diagnostics availalilesiom
devices, providindhigh resolution spatial and temporal profiles of th@sma electron
temperature and electron densiiyhich are measurements vital to the understanding of
the plasmaAlthough conventional TS is a well proven method and used in almost all
MCF devices in current operatioit too must advance and adapt to ttemanding
environment of ITER. In this thesis we explore two advanced Thomson scattering
techniques which aim to address some of the challenges of ITER TS, through three

independent experiments performed on three separate devices.

Chapter 1 provides a Lief introduction to MCF as part of the solution to the current

global energy crisis.

Chapter 2 introduces the general theooy Thomson scatteringnd a description of the

advanced techniques under investigation.

Chapter 3 describes the duddser TS expeiment performed in RF>Xnod, Padova,
duringthe first year ofthe PhD To t he aut hor 6s knowl edge,
practical testing of thiadvancedechnique.

Chapter 4 describes the polarimetric TS experiment performed in JET, Oxford, during
the secondy e a r of the PhD. To the authords kno

practical testing of thiadvancedechnique.

Chapter 5 describes the duddser TS experiment performed in LHD, Japan, during the
second year of t h &novitdude, thisTwas thehseconad sutcessful 6 s

practical testing of this technique.



The experiments performed and described in this thlesostratehe feasibility of these
two previously untested advanced TS techniques, which are both of great interest for

application in the next generation of fusion devices.



SOMMARIO

| contenuti di questa tesi sono stati svolti nella cornice della ricerca globale sulla Fusione
nucleare a Confinamento Magnetico (FCM). Il progetto guida per la FCM e ITER
(International Thenonuclear Experimental Reactor), in costruzione a Cadarache, nel sud
della Francia, e con messa in esercizio prevista per il 2025. ITER & una macchina senza
precedenti, che spinge all 6estremo i i mi t

eil campo della diagnostica di plasma non fa eccezione.

Lo scatteringThomson (ST) € una delle diagnostiche piu potenti tra quelle disponibili su

una macchina a fusione, ed € in grado di misurare con elevata risoluzione spaziale e
temporale la temperaturale densita degli elettroni, misure chiave per lo studio dei

plasmi. Sebbene lo ST sia una diagnostica gia collaudata e in uso su quasi tutte le
macchine a fusione esistenti, anchdesso de
requisiti di ITER. h questo lavoro di tesi sono state esplorate due tecniche di scattering
Thomson avanzato che hanno lo scopo di risolvere alcune delle sfide dello ST di ITER

attraverso tre esperimenti indipendenti svolti su tre macchine separate.

Capitolo 1 fornisce una k@ve introduzione alla FCM vista come parte della soluzione

all 6attuale crisi globale dell 6energi a.

Capitolo 2 introduce la teoria generale dello scattering di Thomson e una descrizione
delle tecniche avanzate trattate in questo lavoro di tesi.

Capitolo 3descr i ve | 0 e sqorlasermeale tswwlto du R, Padova,
durante il pri mo anno di dottorato. Questo

CON successo Su questa tecnica avanzata.

Capitolo4descr i ve | 0 e pomenretrionsvoltd su JET | Oxf&d, durante il
secondo anno di dottorato. Questo  stato

successo su questa tecnica avanzata.

Capitolo 5descri ve | 6 e scpnelaserdeale tswlto du LHIB TGiappone,
duranteilsecodo anno di dottorato. Questo  stat

svolto con successo su questa tecnica avanzata.



Gli esperimenti svolti, descritti in questo lavoro di tesi, dimostrano la fésiloli queste
due tecniche di Savanzato, mai ted&a prima, e che sono entrambe di grande interesse

per | 6applicazione sulla prossima generazi



RESUMO

O conteudo desta tese foi realizado dentro do programa de esforgo global para fusdo por
confinamato magnético (do inglésnagneic confinement fusion MCF). O projeto

embl ematico desse programa ® o fAlnternati
(ITER), atualmente em construcdo e com previsdo de comissionamento para 2025. O
ITER é um dispositivo sem precedentes que impulsienéndtes da tecnologia e da

fisica em todos os setores campo do diagndéstico de plasma néo é excecao.

O espalhamento Thomson € um dos mais poderosos diagnosticos disponiveis aos
dispositivos de fuséo, fornecendo perfis de temperatura e densidadeicdedi®d plasma

com alta resolugdo espacial e temporal, que sdo medidas vitais para sua melhor
compreensdao. Embora o espalhamento Thomson convencional seja um método bem
testado e usado em quase todos os dispositivos de confinamento magnético atualmente
em operacao, avancos devem ser feitos para agapthambiente exigido pelo ITER.

Nessa tese, exploramos duas tecnicas avancadas de espalhamento Thomson que visam
abordar alguns dos desafios desse diagnostico para o ITER, através de trés experimentos

indepenlentes realizados em trés dispositivos distintos.

Capitulo 1 fornece uma breve introdugdo ao MCF como parte da solucéo atual da crise

energética global.

Capitulo 2 introduz a teoria geral do espalhamento Thomson e fornece uma discricdo das

técnicas avancadas sob investigacao.

Capitulo 3 descreve o experimento de laser duplo realizado no-R6& Padova,
durante o primeiro ano do doutorado. Pelo conhecimento do autor, esse foi o primeiro

teste pratico bem sucedido desta técnica avancada.

Capitulo 4 descreve o experimento de espalhamento Thomson polarimétrico realizado no
JET, Oxford, durante o segundo ano do doutorado. Pelo conhecimento do autor, esse foi

0 primeiro teste pratico bem sucedido desta técnica avancada.

Capitulo 5 descreve o exgrimento de espalhamento Thomsom com laser duplo
realizado no LHD, Japao, durante o segundo ano do doutorado. Pelo contecimen

autor, esse foi 0 seguntieste pratico bem sucedido desta técnica avancgada.

Vi



Os experimentos realizados e descritos nessademonstram a viabilidade dessas duas
técnicas avancadas, e nado testadas anteriormente, de espalhamento Thomson, ambas de

grande interesse para a proxima geracao de dispositivos de fuséo.
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CHAPTERNTIRODUCTI ON

This chapter discusses the global energy scenario and the need for a clean, reliable, large

scale energy source. We introduce fusion energy epaisible solubin t o

energy needs, and briefly review the history and development of fusion devices.

1.1 The energy €enario

hsu ma n i

The world consumption of energy continues to rise alongside global population and

standard of liing. This booming requiremeid particulrly evident in Asian countries

and developing natior{4]. This coincides with the increasingly visible effects of climate

change, with for example the U.S. seeing record longakurricanes and wildfires in

2017.
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Figure 1 The increasing world energy consumptjah

Coalremains a very cheap and reliable source of large scale erspggially evident in

Asia which accounts farround 75% of the world consumption of cfg.

t
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Figure 2 The world fuel consumption by regi¢].

Large populations demand energy growth, which leads to using fossil fuel natural
resources as a proven and stakhergy supplyThis however has leads to further

increases in fossil fuel greenhouse gasssions, causing increasing global temperature.

Global Carbon Emissions from Fossil Fuels, 1900-2014
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Figure 3 Historic global carbon emissions from fossil fugk



The 2015 Paris Climate Agreement is an historic international accord to tackle climate
change. Supported by 194 countries and the European Uh@agreement recognizes

the importance of severely reducing greenhouse gas emissions with an amt tbdi
global temperature increase to less than 2 °C abovimgustrial leveld3]. To achieve

this, a great shift away from fossil fuel usage towards cleaner energy is needed.

Low emission energy technologies include reakle energies such as sohlaind, and
hydroelectric, along with nuclear energy. Although the uptake in renewable technologies
is increasing, they have several drawbacks regarding limited production locations,
reliability and low energy densit\uclear fssion is the only current available energy
source that is both low in carbon emission and reliable enough to provide the same type
of large scale energy baseline that fossil fuels produce. It is limited however by the
relatively rareuranium and plutoniunfuel source,the dangers of fission waste and

potential nuclear accidents, anglexy poor general public opinion

Nuclear fusion appears as the perfect solution to all of these problems. The fueisource

clean andoractically limitless, with deuteriurbeing extracted from seawater and tritium
produced in situ from common | ithium. Ther
fusion reaction is harmless helium, and the fusion process cannot produce runaway chain
reactions that lead tisastelin fission. Fusionis energydense, with no issues regarding

fuel supply or production location. If successfully harnessed and controlled, fusion could
directly replace fossil fuels as the primary source of electricity generation globally.

1.2 The development bfusion energy

In 1939, Hans Bethe verified the theory of proton fusion being the primary heating
process in the Sun, through his work on beta decay and quamtasling[4]. This idea

of obtaining massive amounts of energgnfr fusion was quickly picked up by the
Manhattan Project in the search for a more powerful nuclear bomb, or Hydrogen Bomb
as it would later be known. Although the firstddmb would not see testing until the

e ar | 5], h@irdnsediate postWWII-era began the hunt to control marade fusion

as an energy source.



The first attempts at reactor design were based on a cylindrical linear pinch setup, which
sought to squeeze a column of plastoafusion conditions using curregeneated
magnetic fieldsA fusion plasma is essentially a suberated electrified gas, where the
electrons are not bound to the gaseous partileis. design was presented with many
problems however, the principal one being end lospésma escaping froeach end of

the cylinder. And so scientists across the globe started to come up with varying
approaches and designs for harnessing this holy grail of energy generation. The desire
and need to solve this problem even generated of the most famous caseof

pat hol ogical science through the Adiscover

After years of frustrating technol ogi cal
pursuing two methods: Inertial Confinement Fusion (ICF) and Magnetic Confinement
Fusion (MCF). ICF uss high powered lasers to rapidly ignite very small fusion fuel
pellets, creating mini fusion explosions. MCF uses strong magnets to confine a large
heated plasma over a much longer period. Within MCF are two major design types that

provide the most promasfor controlled fusion: stellarators and tokamaks.

1.3 Tokamaks

I n the early 1950606s, behind the veil of
Andrei Sakharov came up with a solution to avoid the end losses seen in the standard
linear pinchi get rid of the ends by bending the cylindeoia circle and joining them
They decided upon this O6doughnutdé shaped
from the Rus s itaoidal cthamben withrmagnetceco i 6 560 usi ng
and toradal magnetic fields to confine and shape the plasma. However a curved plasma
path presented its own problem in the form of particle drift away from the core. To
correct for this, the Russians induced an electric field in the plasma which in turn
producesa transient poloidal field. These fields then all act together to create a twisting
magnetic field which counteracts charged particle drift, as the particles are confined to
gyrate tightly along thee helical field lines. Figure gdhows us the various magjrc

forces involved in a tokamak and the resulting helical magnetic field produced.

h
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Figure 4 (Left) The standard tokamak desigf], and (right) how the different
components shape the overall helicalgnetic field7].

The first tokamaks boasted a confinement much greaaer dther designs of the time

and so after general declassification of fusion research a team of British scientists tested
the Soviet device and oveght the plans for new tokamak projects were drafted all over
the world. Many technological and engineering mountains would have to be scaled to
reach a usable end product. These included requiring reactor wall material that could
withstand a massive helaiad, eradicating plasma impurities, and managing a swathe of
instabilities arising from inside the plasfi&i.

Unfortunately, the method of using an induced electric field to help contain the plasma is
also one of the primargources of instability in a tokamak, and the pulsed nature of this
current means that the tokamak design with induced field can never be operated in a
steady state mode.

Despite this, tokamaks are the most developed of all MCF reactor designs. Frola humb

beginnings with reactor major radii on the scale of 1 metre, and a far cry from usable
fusion, the global scientific community has now come together to create the impressive
International Thermonuclear Experimental Reactor (ITER) project. ITER is expart

be the first MCF reactor to not only breakeven, but will produce 10 times more energy

5



output than input required for approximately 500MW capacity, comparable to large fossil

fuel power stationf9].

1.4 Stellarators

In paallel with the Russians, Lyman Spitzer had a truly unique idea at his Princeton
laboratoryi t he stell arator. Spitzeros first dev
doughnu design, stretch it, and fold it into a figueeght. This in theory would pride

the same helical path necessary to counteract particle drift that is provided by the
tokamak, but importantly without the need to induce a plasma current, giving for an all
magnetic design. This vital difference provided the possibility of steatlygparation as

well as avoiding the host of major instabilities caused by current induction.

These advantages came at a price, namely that stellarators are not azimuthally symmetric
like the tokamak. This then brings design from essentially 2D intoly 30l process,
giving a plasma with up to 50 degrees of f
[10]. This gave a level of complexity to the design process that was far beyond the ability

of computers and machining techogy of the era. Thus despite increasing effectiveness

with varying design concepts, stellarators quickly became overshadowed by their
relatively less complicated tokamak cousins for several decades.

Helicol Field Coil

Figure 5 Early stellarator dagnsi Sp i t z e r-81d] amdithg first orsatrond 2] i
could not provide the precision required for plasma confinement iranomuthally
symmetric systems.



Il tds not unt i Imputadona aesign wnel anansifacturimg have camught up
with the heavy design requirements of stellarators. Modern day stellarators, like the
German Wendelstein-X, make full use of current 3D design technology, pushing it to
its limits.

The W ZX T commissoned in 2015 employs a series of 50 modular aplanar and 20
planer superconducting magnetic cdids contain a stable plasmAlthough not large
enough to obtain ITER power outputs, by 2021 WX &ims to produce a 30 minute
thermal plasma discharge,daration only limited by theooling power of the system

[13]. This is a marketed advantage over the expected ITER pulse durations of 8 minutes.

Figure 6 (Left) The nonplaner coils will produce a cqpticatedbut stable plasma for W
7-X [14]. (Right) The otherworldly insidesf Japandés D stell arato

1.5 Plasma heating

The ultimate goal for commercial MCF is to reach ignition and generdtebair ni n g
pl asmad. This is where a portion of the n
plasma at fusion temperatures, essentially beconeifgsigstaining. Howeverto reach

these high temperatures (~150 millit@) in the first place, we need taitially provide

the heating energy from other sources.

As mentioned previously, in a tokamak an electric current is induced in the plasma via
the central solenoidal transformer. This current serves a dual purpose; it creates the
poloidal magnetic field Wwich helps to shape and confine the plasma, while also

generating heat vimhmic heating Ohmic heating is the standard form of resistive



electric heating we see every day in electric kettles and filament light bulbs. This turned
out to be very efficienttdower temperatures but once past temperatures in the range of
50 million °C the plasma resistivity drops and the current simphnot heat it past this
point[16].

The ultimate limitations of ohmic heating led to the creatmf two new heating
techniques totally independent of the current. The first method, known as Radio
Frequency (RF) heating, uses higaquency electromagnetic waves generated in an
oscillator situated outside of the torus. This acts to heat the plasarammlar way that a
microwave oven heats food. Different RF heating machines can be targeted to heat either
the ions or the electrons inside the plasma by using an appropriate emission frequency for

the radiation.

The second method, called Neutral Be@iB) heating is essentially neutral deuterium
atoms that are injected into the tokamak plasma at high speeds. These atoms have large
kinetic energies, which they share with the plasma via collisions with the already present
particles, hence increasing tloerall energy and temperature. Ohmic, NB, and RF
heating are all used in heating a tokamak plasma, while the latter two are the primary
sources of heating for a stellarator setigecording and analyzing these extreme

temperatures is vital for almost &lision plasma experiments.

1.6 Fusion diagnostics

Plasma physics has been established as a relatively new major area of research.
Understanding plasma behavior is key to developing successful fusion scenarios, and in
order to do this we rely on compagipractical measurements of plasma propestiis

our adaptingheoretical modelsThese measurements must necessarily be as accurate as
possible and so developing and employing plasma diagnostiegade doranchingrea of
research. Fusion plasmas prdsanparticularity unique challenge due to the extreme
temperatures involved and many novel techniques have been invented and see continued

development.



Plasma diagnostics usually measure a particular plasma property or process, such as the
plasma particldélux, refractive index, line radiation, plasma magnetic fietdeemission

and scattering oflectranagnetic wavesEach measured property can give us information

on more than one plasma parametehich include the electron and ion velocity
distributions, densities, temperatures, plasma pressure and the electric and magnetic field
strengths[17]. ITER will employ about 50 individual diagnostic systemshich all

provide data on one or more plasma pararsef@oviding overlaping data sets that
togetherwill feed into the working models, giving us the ability to control and predict

plasma behavior to enable fusidr3].

IncoherentThomson scatterindTS), which utilizes electranagnetic waves thaare
scattered by the plasmia, one of the most reliable and acater diagnostic methods for
determining both the electroarperature and electron densiiynd is used in practically
all fusion experimentevices.In ITER there will be 3 independent Thomssrattering
systems providing spatiand temporalprofiles of the electron temperatur€y) and
density(¢ ) in the edge, the core, and the divertor regions of the pla@meacore plasma
Thomson scattering (AF5) system is particularly challenging due to thexy high
plasmaconditions("Y  40ke\) and the gesses on thexperimentakquipment due to

the nuclear environment.

For this reason, advanced Thomssrattering technigesmust be explored toncrease
the accuracy and performance of do@ventionall S setup

Duallaser Thomson scatterindgs a method thatitilizes a secondarycalibration laser,

which could allow for the continuous satflibrationof the CPTS system, increasing the
accuracy at high tempewsés andavoiding the challengingroblem of access fothe
cumbersoméraditiond calibrationmethod

Polarimetric Thomson scatteringeasures theelativistic depolarizationof Thomson

scatering, providing a uniqgue measurement ofY independent of wavelengtihich

couldsignificantly increasthe accuracy of the system at very high temipess.

This thesis presentihree experimentsvhich, to thea u t hkmowtedge,are the first
practicalinvestigationof these twadvancededniques.



CHAPTER THOMSON SCATTERI NG T&F

This chapter lays out the foundational theory of Thomson scatt@®)gWe look at the
conventional TS method before describing the theory of the two advanced TS techniques,
duatlaser TS and polarimetric TSyhich are the &sis for the threeexperiments

described in this thesis.

2.1 Thomson scattering

One of the most powkd methodsof plasma diagnostics is the use of electromagneti
radiation, usually a laser, to Beatteed by the plasma. This observed scattering licgut

give us detailed information on the plasma electron (or ion) density and electron (or ion)
temperature, producing high resolution profiles of the plasma. In practice this is a non
perturbingmethod which only requires access via vacuum windows fointhdent and
scattered light, although the collection and measurement requires high accuracy and is
technically difficult.

The scattering of electromagtic waves by electrortan be described in two ways. From

a classical mechanics standpoihie electrt field of the incident radiation accelerages

free charged particle in our case aelectron-, causing it in turn t@mit radiationin all
directions (Figure 7) This radiation is the scattered wawehich has been Doppler
shifted due tahe motion ofthe electronThis Doppler broadening of trecattered wave
frequencydepends on the velocity distribution (temperature) of the eleckigure 8
shows thatwe can measurthe electron temperature from the width of the frequency
broadening, with higher teperatures giving for wider profiles. We can also measure the
electron density of the plasma from the amount of scattering light received, i.e. the area
under the curvéWe measure electron scattering because ions are so much heavier that
they are not acterated by the electric field to the same extent, so thesaattering
radiation is nominal and can usudltlg neglectegl7].

10
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Looking from quantum mechanics we can otherwise describe it as the incident photons
colliding with the electrons and being feted away in various directions. This
viewpoint would lead to the same mathematical description as the classical version,
provided that the photon mass is much smaller than the electrongnass & & . This
classical limit is known as Thomson sesithg, with most Thomson scattering systems
using incident photas of 9] p'Q czompared to the rest mass of an electiom

L p ®'Q WWhen the photons have enough energy that their collision has an effect on the
electron momentum, this is kwa as Compton scattering which will not be discussed

here.

2.2 Scattering theory
2.2.1 Satteringfrom a single electron

We first consider an incident electromagnetic wianvihe direction, scattered by a
single free electrom an unperturbed pi®n given by» 0 . The incident wave
accelerates the electron which emnédiation in all directions, witthe scattered

radiation wavehat is observed beirig the"l direction of observatiorkrom[17], we
havewith anelectron with velocityl @ moving in time varying electric and magnetic

fields E andB. The equation afnotionis thus

! a -l o w
S QA 1T A (1)
rop 1 !
This can be calculated to give
. . o~ P "
ar [ a 0 Q=A A (2)
w
where| p T I is the relativistic factor, 'Q j'Qdandd is the electron rest

mass. In the nonrelativistic limit, the initial velocity of the electron rygenall, L p

and’ p, so we can simplify the equation of motion to

12



o
e (3)

where’A is the incident transverse plane wave in tbgection.

Particle

Observation
Point
Figure 9. Vector diagran scattering geometijsL7].

The radiated scattered electric fighdthe"l directioncan be showfil7] as

Q p . .
'l'"—- Vv I [ (4)

A

where'Yis the distance from the particle to the observation pbotking atFigure9,

Y w “l13Jlwhere’lis the position of the electron relative to an origin in the scattering
volume, which is much smaller than thistdncewfrom the origin to the observation
point. So we can approximatg 'Y k ofwwhich is equal tdl. Inserting the value for

from equation(3) gives

>~l

T A (5)

<
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wherei Qj1“-a @ c&c p 1 a isthe classical electron raditghe power

per unit solid anglem scattered by a single electron in théirection is given by

~

'Y - GEAS (6)

5|2

Substituting in for’A results in

90 Ed s (1)
—— | o0~
am
where%.is the angle betweeA and’l. We define the differential cross sectid®, as
the ratio ofQ § ‘Qm) to the incident power per unit areassAS , giving
2 oEk (8)
—_ 00
Qm
Given thatQm  ¢* O B&Q %dhe total Thomson scattering cross sectighésintegral
of equation(8) over all sold angles, giving simply

, %‘l oHU pT QA (9)

This Thomson scattering cross sectisnpurely proportional to the classical electron
radius. Itcan be thought of in simple terms as Hrea that theelectronpresentsfor
scattering purposeB general terms the scattering power and scattering cross section are
inversely proportional to the mass of the particle squared, which is why we focus on
electron scattering as scattering thg ions in a plasma is negible due to their much

greater masg0].

To define thancident and scattered wavegnsider the electromagnetic wave incident

on the electron to be monochromatic, of the form

Al AQt D (10)
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This accelerated electron produces a scattered wave at a distant observatian point

whose Fourier spectral component at scattered frequencgn be given bj17]

i of 9

2

lee 22AQ IS eY: ) (11)

where] ] 1 is the scattering frequency and @ T is the scattering wave
vector. Primes signify evaluation at the retarded time 0 - @ “lt"leeand |l

Q pQ apelates normal to retarded time is a tensor polarization operator that transforms

the input wave polarizatiofid Aj %, into scattered ave polarization wher 7]

fH ————1 " H o t'H tH  fH (12)

2.2.2 Satteringin a plasma

Until this point we have discussed amcident wave scattering from a single electron.
Now we need to consider a plasma consisting of many scattering electrons, all of which
contribute to the overall scattered powEne total scattered fiel@ is given by the sum

of the individual electsn contributiong20]

A A (13)

where’A refers to the individual scattering fields of @humber of electrons in the

scattering volume. The average scattered power is givenuayie(6)

0o Y - GgAS
Qm
Y- @ AtA (14)
Y- A Y-® ATA
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The first term inthe final line of equation(14) is simply the summation of the power
scattered by each electron independently. The second term represents a contribution due
to the collective effect caused by correlations in the electron positions and motions that
can be foundn a plasmalf the electrons are distributed randomly and thus the phases of

all contributions completely uncorrelated, then the second term would be zero.

In a plasma, the Debye shielding effects cause awithgil test chargéo be surrounded
by a cloul of oppositeshielding chargeg¢seeFigure 10), and so theypical correlation
length is the characteristic Debye length From equatiorf11) we see that the phase of
the scattering wave contains the tér®l and sahe correlation depends on the quantity
Q_38

Figure 10 Representatn of Debye shielding clouds witiadiusy .
If 'Q_1 p, then the phase difference between the scattering from an electdon a
subsequent scattegrfrom electronsat the distance dafs shielding cloud is large, with
the phase changing rapidly between scatterihgshis case the scattered fields of the
first electron and those in trshield cloud have no correlation, and the second term in
equatian (14) is negligible. This is calledhcoherent Thomson scattering, and the total

scattered power is a simple sum of the contribution of each individual electron.

On the other handvhen™Q_ L p, then there is negligible phase difference between
scattering electrons, so the correlations between the electrons affect tlegingcatt

spectrum. This is called coherent (ailective) Thomson scattering, which depends on
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the thermodynamic edibrium of the plasma and requires the use of plasma kinetic
theory to evaluateéAs thecollectivescattering ismainly done bythese electron shielding
clouds which have a dependence on the ion velocity distribution, the scattered spectra
will have an im feature. This ion feature can be fitted to give us information on the bulk
properties of the ions, such as ion temperature and rot@ignCollective Thomson
scattering is a useful but very separate technique from incohEnentson scattering.

The experiments described within this thesis are all based on incoherent scattering
systems, so we will not discuss collective scattering further here.

2.2.3 Incoherent Thomson scattering

For the following we take the standard assunmptiat the incident wave electric fielkd
is perpendicular to the scattering plane, and furthermore there is a linear polariser
installedbetween the plasma and the collection fibre optics so that we measure only the
scattered field component parallel’#g which reduces the signalise by blocking half
of the randomly polarized plasma light this case, forincoherent scatteringthe
scattered power per unit solid angle per unit angular frequéooy a volume of

electrons of density and velocitydistribution”@ can beshown[18] to be

Q0 ‘ o S
,QT]'Qb | 6Y® Q7 b_
Iop It T (15)
5T o1 P

where8YO - G8AS] ¢ is the timeaveraged Poynting vector of the incident field, and

I t "Hwith similar expressions for andf . Here theDirac delta finction is given
by
P : i~ .
15 N C_ Q Qo1 13l 1 p 1 (16)
withd k 5 —— as the Doppler shifted frequency.
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Equation(15) is the formuldor determiningthe scattered spectrum. The tebmj 5

accounts for the Doppler shift in the spectrum. The second term in the curly brackets
describes the depolarization of the scattered .ligtg it is dependent oh , the
depolarization is a rel@istic effect which only becomes signiint in very hot plasmas

[22]. This is a very important &fct which is the basis of theolarimetric Thomson

scattering techniqui3], which will be discussklater.
2.24 Practical analyticalformulaefor the relativistic TS spectrum

For very high temperatures, the higher orbléerms inequation(15) must be included.

In this case the velocity integral can be calculated analytically, but only by simplifying
and approximating the depolarization term as a constant. With this simplification the
scattering can be evaluated witifudly relativistic expressiordescribed by Zhuraviev

and Petrovf24]. The velocity integralcalled the spectral density functidmecomes a
function of [h4g , where —is the scattering angle, & @j QY, andf

p is the normalized shift in the wavelength of the scattered light,_witis the

S -

incident wavelength and the scattered wavelength. Equat{db) then becomes:

Q0

— i dYQ 1Y § h-h (17)
ana i h-h
"Y R 20nd @ cp GéEip-f F (18)
GO ¢ p T
j
Wherew p ———— andvu is the modifiedBessel function of the second

kind. The subscripto on "Y 1 h-h  denotes that this is the spectral density function

obtained by Zhuravlev.

This expression was then converted into a simple practical formula by $2&ethat
when calculated agrees with an exact numerical integrZi®phto a high degree for
practical usesSelden shows thalhe scattered power per unit wavelength can be written
as the simple product of one function dfi— with the exponential of anothefhe

Selden spectral density functidviT h-A is given by
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"YiRA @ & Th—Qwng 6f h— (19)

where
0Th— p 7 ¢p Q&tp T T (20)
6fh— p T Tgp wéd+p 7T 1 p (21)
. S pu oT U .
%) jel p = — E (22)
PO VPG

when| | p, where®| is a normalising constantgHation(19) can be used to

determine the relativistic blue shift of the scattering spectrum as a functigniofa

practical sense, this can be made into a fitting routine, where the width of the measured
scattering spectrum gives us the electemperature.

2 keV

20
50

0 1 2 W/ W

Figure 11. Thomson scattering spectral shapes at var%km@?].

This expression agrees with the computational integration and is accurate for practical
use up to @OkeV, although there is a disparity between the values at the higher
temperatures (>20keV). This can be fixed by using a correction factor, tabulated by
Selden for 90° scattering. However, if a diagnostic system has multiple scattering angles,
the corredbn factor must be calculated for each angle. This is the case in the Thomson
scattering system of RFMiod, which uses the Selden formula with multiple correction
factors.
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For ITER it is expected that the Thomson scattering analysis will use a more @emplet
analytical formula described by Naitg27]. This hasthe inclusionof a depolarization
term T h-A  onto the Zhuravlev equatiofil7), giving the Naito spectral density
function"Y T h-A as

YTRA YTHRA nThRA (23)

The termni 7 h-A is calculated by considering an incident wairearly polarized
perpendicular to the scattering plaseattered by single electromnd transformed ta
scattering wavevia the tensor polarization operator of equation(12), andintegrating
this single electron scatteringver therelativistic Maxwell velocity distribution.The
formulae and expansion foyf 7 h-A  are quite involved andcan be found in27],

howeverfinal practical form of this depolarization term is given by

N1 hA p T-— 0 -

n N T OF ULBb,

n —C¢T VLTV XxXc¢ath

N (OO0 PO ¢T1aT pTath (24)

~

N C¢B CcwTe h
n vpyYyoe oIt YTmv,
- — . - 0,0 © o6 I 6 —

The Naito expression corrects for énZhurzvlevdepolarizationsimplification and is
accurate to less than 0.1% relative error at 100keV without the need of the Selden
corrective factorsand additionally is valid for arbitrary scattering angle. The complete
formula requires just simple comations and so is a useful practical tool for Thomson
scattering analysis, and accurate in the high temperature range in which ITER will
operatd27].
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2.3 Conventional Thomson scattering

The most challenging practical aspeaft incoherent Thomson scattering is the low
amount of collected scattered photons. The fraabbmcident lightthat getsscattered
depends on the Thomson cross section Y i jo @& v p T & , the electron
density¢ , and the legth 0 of plasma that the light passes throulyha typical fusion
plasma,&¢ 0 p 1 of the incident photons. An even smaller fraction of the scattered
photons are actually detected as the individual collection optics usually focus on a small
portion of the plasma length (about 1cm) and have a relatively small solid angle of
collection. In the end only abopttt of the input photons will be collected as scattered
photong17]. In this manner we require to use gthienergy and high power light source,

which is why energetic laser pulses are used.

FIBER

SPECTROMETER OpTIC
BUNDLE
COLLECTION
OPTICS
FOCUSING
OPTICS )
i ‘ OuTPUT / LASER
LASER .. %i WlNDOW/ DUMP
INPUT :
N WINDOW
DATA
AQUISITION
SYSTEM

Figure 12. A typical incoherent Thomson scattering experiment setup with 90°
scattering.

Although the lasers are powerful enough so that sscdmall fraction of scattered
photons are detectable, further challenges are found in the form of signal noise. The
biggest source of noise is stray light, mainly from the powerful laser being scattered by
the input vacuum windowwhere it enters the chamband bounces arourss well as

reflections from the output window / beam dump. This no&e be orders of magnitude
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greater than the Thomson scattering light. Severalhamber components such as
baffles, a viewing dump, and recessed windows can retligcecatteringalthough in all

cases we must also use wavelength filters inside the spectrometers. As this stray light is
not undergoing the Doppler shifting effect of the Thomson scattered light, these filters
have high rejection in and around the lasarelength which cut out the stray light but

leave the Thomson scattering spectra relatively untouched.

Detector lens

Input collimator J Image of input
lens . fibre bundle

Scattering signal from plasma .\,57». ;:1_4 -": * 1)l ~ - \_\, =
X ) it _if — — 1' ‘.‘)
6 fibre optics Ul ——h =
(3 spatial points) = - /| I/\' I
+ 1 calibration fibre ‘ ’\5! N P

™ Spectral filters

Detector lens Detector lens

Figure 13. A 4 channel spectral polychromatafrRFX-mod Scattering signal from three
spatial points are fed via bundle ©6 fibre optics into the polychromator, which has 4
detector lenses behind 4 different spectral filters to give 4 spectral channel output.
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Polychromator 2B spectral sensitivity
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Figure 14. Transmission curves of BFX-mods pect r omet er @hmnnedspect r a
desgned to have rejection at tiNg:YLF andNd:YAG laser lines.

Another urce of noise is plasntadiation and particularly spectral line emission. The
line radiation can be rejected in the same way as the laser line, whilash@aradiation

can be condered as a background level which can be subtracted from the signal, thus
only fluctuations in thelasma lightand not the total power is what causes signal noise,

although usually at an acceptable level.

The ruby laser wathefirst type of lasewsedfor incoherent Thomson scatterisigce it
became avail abdueto itsnhight goveer, High @fey and good beam
guality. Its wavelength of 694.3nm also matches well with standard sensitive detector
wavelengths, and ruby lasers are still uselhyoas a well proven and standard system for
these reason3.he major limitingfactor of the ruby laser issitlow repetition capability

(up to about 1Hz)Subsequent advances in laser technolbgye produced theow
primarily usedheodymium lasers, pactilarly whenyttrium duminium garnet (Nd:YAG)

is employedas the solid state laser medium. The major advantage of these lasers over the
ruby is the ability to fire rapidly at up to 100Hzhich enablesigh resolutiontemporal

evolution of theslectron tenperature and density.

23



2.4 Dual-Laser Thomson scattering

Thomson scatteringTS) systems require an initial calibration of the polychromator
spectral sensitivitiesyhich is done by illuminating the entire collection optics system
with a broadband lightasirce inserted into the vacuum chamberobtain a set of
calibration coefficient® for each spectrometer over all spectral chanrfelshallenge

of this is thatregular recalibration is required as these sensitivities may change over time.
Thisis especially true for largmachines such as ITER, where the sensitivifesptical
components exposed to a nuclear environment chapge more rapidly and access for
recalibration requires remote handling and inconvenient shut doherefore a self
cdibrating TS technique that can continuously produce updated correction factors as the

original calibration coefficients change is highly desird&].

Self-calibrating TS is a technique for measuring the relative calibratefficients of the
polychromator spectral channels sensitivity based on analysing two different spectra
scattered by the same plasma volume at the samé¢2@he his ensures that both spectra
refer to the same eldémn temperaturéY and densitye . The two spectra mugie
distinguishable, for example having different scattering angles or different incident
wavelengths. In this way, two unique spectra@aucel from the saméY ande¢ . If

the original sensitivity coefficient® are still accurate hen the fit of both spectra will

give the saméy. If the temperatures differ however, then the origimais no longer

valid and must be adjusted withset ofcorrection factor®"Oto make the two spectra
agree Two main methods have been proposed for producing these two simultaneous

spectra: the dudhser method and the deahgle method.

The dualangle method uses a single laser where the scattering volume is observed
throughtwo different scattering angles as showrrigure15. The same temperature and
density volume thus produces two unique spectra with different scattering angles. The
dualangle technique has been experimenialgstigated30-33], but so far is limited in
accuracy due to the very small @ifénce in the scattered specitas also not practical

to obtain two scattering angles over all the standard scattering volumes.
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SPECTROMETER

Nd:YAG laser

(1064nm)

LSe N

84 scatter volumes on equatorial
diameter (-0.95<r/a<0.85)

Figure 15. Simple schematic of RFxod multipleangle Thomson scattering setup.

The duallaser calibration techniquevestigated in this thesi84] uses two lasers of
different wavelengthsn our case thavailableNd : Y A G ( am) laserlafdéd4yLF

( & = nm) 0a5eB These lasers are combined on the same path with the same
polarization, and fire in synchronisation so that they can be said to pass through the same
plasma volume. The two scattered spectra are observed througimeharsgle but they

are unique due to their different laser wavegtés. The laser wavelengths ideally should

be chosen so that they are close enough for their scattered spectra to overlap, but far apart

enough so that the difference between the two spscaiccurately measureable.

From[34], let0 0 and0 6 be the main { ) and the calibrationd&) laser TS signals
respectively in photoelectrons, detected from the same plasma volume ircithe
detection spectral channel of the polychromator. The expected values of these signals are

00 O 06"band0O 6 0O O07Ya&
0 E OJ"® QJQ "YO w (25)

~

YO "Q_¢& _0"YhrA hLQ_ (26)
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with similar equations for the calibration lager and™ . O is the energy of the main
laser pulse;® is the energy of the incident photons from the main |a%&s the
transmission of the collection optids,is the lengthof the scattering volumé j Q is
the TS differential cross section, _ is the spectral quantum efficiency (QE) of t&ih
detector is the solid angle of the collection optiQ,_ is the transmission function
of the "@h wectral channel, and "Yh-h_ h_ is the spectral density function of the
scattered photon$24] where _ is the detection wavelength and is the laser
wavelength (in this case the main laser). The methodrfalysis is based daking the

data from both spectra together inta.afunction and minimizing if34]:

=60 b5 6YO —006 606V (27)

Where,  and, j are the variances of the measured sigdals and0 0 respectively.
These arecalculated from the noise due tlee stray light the background plasma light
andphaoelectron statisticsTo carry out the minimization we define 0 jo .In an
ideal case wheithe main and calibration lasers are well aligned along the same path
through the plasma volume, we can gay _ ‘O j _ 'O which is simplythe ratio of the
number of incident photons tfie main and calibratiolaser pulse Practical alignments
are rarely ideal however so thiigerm also describes any difference in the signal due to
small diferencesin alignment between the twader beamsand so must be determined
from the dataln this casehe ... becomes a function dfyfithe unknowr? , and the
values © 0, which are all determined at the same timehwa N+2 parameter
minimisation[34]:

p L

— 00 10 067Y0
” F] "ﬁ

00 O 0"YO (28)

The expected signals from 0 have a linear dependence, and so.theminimisation

with respect to them is easily evaluated by solving the N equdfidhs
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0 (29)
— 00 0076 0Y6 ™
” F]

giving an expression fay 0 :
. 00"YD 0066 YO YO
00 I [ ¥ — — (30)
” F] ” F] " F] ” F\

This value is substituted back into equati(®8) which then becomes an easier two
parameter... minimisation of"Y and[ , solved by a twalimensionalnumerical search.

This dualfit determines a singlévand[ from the two sets of TS signals, given by the
two different lasers. The values 6f 6 are found bysubstituthg “Yand[ back into
equation (30). These spectral sensitivities are generally compared to the original
calibration coefficient® to produce a set of correction fact@rsQvhich are applied to

the 0 coefficients. These correction factors can be recalculated at any time to keep the

coefficients accurate and up to dEg4).
2.5Polarimetric Thomson scattering

The second advanced TS technique presented in this thesargmetric Thomson
scattering In contrast with conventional TS which determifi¥sbasel on the @ppler
broadaing of the scattered spectraglagwrimetric TSis based on the depolarization of
Thomson scattering radiation. The amount of depolarization is directly proportional to the
electron temperatureand so the depolarized signal and thus sigmabise ratio
increases and the technique becomes more decuravery hot plasma$35]. This
technique is of interest for ITER where the high temperatud@&el/) make the
technique competitive in accuracy with conventional TS for determitinigrom Figure

16 we can seehis depolarization has a negligible effect on the shape of the TS spectrum

for the purposes ofY measurements, however it does reduce the number of polarized
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scattered photons in the obsatien direction. This can be up to a 20% reduction at

40keV which must be taken into account for electron density measurgB@nts

Let 6s r e c(d5)fiom segim 2.23)the scattered power per unit solid angle per

unit angular frequencgiven by:

Q0 ‘ o 5
’QT]'Qb | GYQQl \I)—
Top It T (15)
o1 p 1 P

Thetem T p It j p T p T describes the depolarization of the scattered
radiation. t is dependent oh TOHA |, so we see that is a relativistic effect

which only becomes signif@nt at very high electron heities/temperatures.

The deptarization effect can be described ashange in orientation of tha field in
respect to the electron rest framéth a fractiorf  of the scattered lightA appearing in

the orthogonal directiofi25]. In other words,A has a component dependentfon

which is different for each scattering elect. The incoherentsummation over all the
scattering volume ofhese individual components produces unpolarized radi§3io|.
Therefore in high temperature plasmas, the TS radiation can be described as composed
of an incoherent sum of a completely polarised component and an unpolarized
component.n this manner we can write théo®es vectoiYof the scattering radiation as
[37,38]

0Y 0 (31)

BB
Zilo
4 3430©°

Here"Y, "Yhand"Y represent the scattered radiation, ameltivo matrices in thequare

bracketsare unit Stokes vectors representing completely polarized and unpolarized light
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respectively. The degree of polarizationis related to thecoefficientsé and 6

which are proportional to the interisg of the two components, where

0 6 j 6 0 ."Y is the first element of the Stokes vector of the incident wave

andV is a normalization constaf®@ p Oistheso cal |l ed fAde[BD | ari za
whichis a representation tieternf p "It j p T p T fromequation(15).

The polarization state of theequency integratedhomson scattering radiation can be

described by &tokes vectogiven by[37]
"Y-AY 0 -HY OY (32)

Where—is the scattering angl€Y is the Stokes vector of the incident radiafiand
0 —RY is the Thomson scatterifdueller matrix[40]. This expression will be the basis

of the simple depolarization model employed in the experiment described in chapter 4.

Figure 16. Depolarization effect for a laser with 8 = [Oand scattering angle
P Z [36]. {, is the scattered spectrum ignoring depolarization effects{ard|f
includes the degree of polarization.
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