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ABSTRACT 

The content of this thesis was carried out within the framework of the global magnetic 

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 limits of 

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 available to fusion 

devices, providing high resolution spatial and temporal profiles of the plasma electron 

temperature and electron density, which are measurements vital to the understanding of 

the plasma. Although conventional TS is a well proven method and used in almost all 

MCF devices in current operation, it too must advance and adapt to the demanding 

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 brief introduction to MCF as part of the solution to the current 

global energy crisis. 

Chapter 2 introduces the general theory of Thomson scattering and a description of the 

advanced techniques under investigation. 

Chapter 3 describes the dual-laser TS experiment performed in RFX-mod, Padova, 

during the first year of the PhD. To the authorôs knowledge, this was the first successful 

practical testing of this advanced technique. 

Chapter 4 describes the polarimetric TS experiment performed in JET, Oxford, during 

the second year of the PhD. To the authorôs knowledge, this was the first successful 

practical testing of this advanced technique. 

Chapter 5 describes the dual-laser TS experiment performed in LHD, Japan, during the 

second year of the PhD. To the authorôs knowledge, this was the second successful 

practical testing of this technique. 
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The experiments performed and described in this thesis demostrate the feasibility of these 

two previously untested advanced TS techniques, which are both of great interest for 

application in the next generation of fusion devices. 
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SOMMARIO  

I 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 è ITER 

(International Thermonuclear Experimental Reactor), in costruzione a Cadarache, nel sud 

della Francia, e con messa in esercizio prevista per il 2025. ITER è una macchina senza 

precedenti, che spinge allôestremo i limiti della tecnologia e della scienza in tutti i settori, 

e il campo della diagnostica di plasma non fa eccezione. 

Lo scattering Thomson (ST) è una delle diagnostiche più potenti tra quelle disponibili su 

una macchina a fusione, ed è in grado di misurare con elevata risoluzione spaziale e 

temporale la temperatura e la densità degli elettroni, misure chiave per lo studio dei 

plasmi. Sebbene lo ST sia una diagnostica già collaudata e in uso su quasi tutte le 

macchine a fusione esistenti, anchôesso deve essere migliorato e reso adatto agli esigenti 

requisiti di ITER. In 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 breve introduzione alla FCM vista come parte della soluzione 

allôattuale crisi globale dellôenergia. 

Capitolo 2 introduce la teoria generale dello scattering di Thomson e una descrizione 

delle tecniche avanzate trattate in questo lavoro di tesi. 

Capitolo 3 descrive lôesperimento di ST con laser duale svolto su RFX-mod, Padova, 

durante il primo anno di dottorato. Questo ¯ stato per lôautore il primo esperimento svolto 

con successo su questa tecnica avanzata. 

Capitolo 4 descrive lôesperimento di ST polarimetrico svolto su JET, Oxford, durante il 

secondo anno di dottorato. Questo ¯ stato per lôautore il primo esperimento svolto con 

successo su questa tecnica avanzata. 

Capitolo 5 descrive lôesperimento di ST con laser duale svolto su LHD, Giappone, 

durante il secondo anno di dottorato. Questo ¯ stato per lôautore il secondo esperimento 

svolto con successo su questa tecnica avanzata. 
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Gli esperimenti svolti, descritti in questo lavoro di tesi, dimostrano la fattibilità di queste 

due tecniche di ST avanzato, mai testate prima, e che sono entrambe di grande interesse 

per lôapplicazione sulla prossima generazione di macchine a fusione. 
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RESUMO 

O conteúdo desta tese foi realizado dentro do programa de esforço global para fusão por 

confinamento magnético (do inglês, magnetic confinement fusion - MCF). O projeto 

emblematico desse programa ® o ñInternational Thermonuclear Experimental Reactorò 

(ITER), atualmente em construção e com previsão de comissionamento para 2025. O 

ITER é um dispositivo sem precedentes que impulsiona os limites da tecnologia e da 

física em todos os setores - o campo do diagnóstico de plasma não é exceção. 

O espalhamento Thomson é um dos mais poderosos diagnósticos disponíveis aos 

dispositivos de fusão, fornecendo perfis de temperatura e densidade eletrônica do plasma 

com alta resolução espacial e temporal, que são medidas vitais para sua melhor 

compreensão. Embora o espalhamento Thomson convencional seja um método bem 

testado e usado em quase todos os dispositivos de confinamento magnético atualmente 

em operação, avanços devem ser feitos para adaptá-o ao ambiente exigido pelo ITER. 

Nessa tese, exploramos duas tecnicas avançadas de espalhamento Thomson que visam 

abordar alguns dos desafios desse diagnostico para o ITER, através de três experimentos 

independentes realizados em três dispositivos distintos.         

Capitulo 1 fornece uma breve introdução ao MCF como parte da solução atual da crise 

energética global.          

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

técnicas avançadas sob investigação.  

Capitulo 3 descreve o experimento de laser duplo realizado no RFX-mod, Padova, 

durante o primeiro ano do doutorado. Pelo conhecimento do autor, esse foi o primeiro 

teste prático bem sucedido desta técnica avançada. 

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 

o primeiro teste prático bem sucedido desta técnica avançada. 

Capitulo 5 descreve o experimento de espalhamento Thomsom com laser duplo 

realizado no LHD, Japão, durante o segundo ano do doutorado. Pelo conhecimento do 

autor, esse foi o segundo teste prático bem sucedido desta técnica avançada.  
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Os experimentos realizados e descritos nessa tese demonstram a viabilidade dessas duas 

técnicas avançadas, e não testadas anteriormente, de espalhamento Thomson, ambas de 

grande interesse para a próxima geração de dispositivos de fusão. 
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CHAPTER 1: INTRODUCTION 

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

scale energy source. We introduce fusion energy as the possible solution to humanityôs 

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

 

1.1 The energy scenario 

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

standard of living. This booming requirement is particularly evident in Asian countries 

and developing nations [1]. This coincides with the increasingly visible effects of climate 

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

2017.  

 

Figure 1 The increasing world energy consumption [1]. 

Coal remains a very cheap and reliable source of large scale energy, especially evident in 

Asia which accounts for around 75% of the world consumption of coal [1].  
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Figure 2 The world fuel consumption by region [1]. 

Large populations demand energy growth, which leads to using fossil fuel natural 

resources as a proven and stable energy supply. This however has leads to further 

increases in fossil fuel greenhouse gas emissions, causing increasing global temperature.  

 

Figure 3 Historic global carbon emissions from fossil fuels [2]. 
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The 2015 Paris Climate Agreement is an historic international accord to tackle climate 

change. Supported by 194 countries and the European Union, the agreement recognizes 

the importance of severely reducing greenhouse gas emissions with an aim to limit the 

global temperature increase to less than 2 °C above pre-industrial levels [3]. To achieve 

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

Low emission energy technologies include renewable energies such as solar, wind, 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 density. Nuclear fission 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 rare uranium and plutonium fuel source, the dangers of fission waste and 

potential nuclear accidents, and a very poor general public opinion.  

Nuclear fusion appears as the perfect solution to all of these problems. The fuel source is 

clean and practically limitless, with deuterium being extracted from seawater and tritium 

produced in situ from common lithium. There is no ñnuclear wasteò as the product of the 

fusion reaction is harmless helium, and the fusion process cannot produce runaway chain 

reactions that lead to disaster in fission. Fusion is energy-dense, 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 of fusion 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 quantum tunneling [4]. This idea 

of obtaining massive amounts of energy from 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 first H-bomb would not see testing until the 

early 50ôs [5], the immediate post-WWII-era began the hunt to control man-made fusion 

as an energy source.  
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The first attempts at reactor design were based on a cylindrical linear pinch setup, which 

sought to squeeze a column of plasma to fusion conditions using current-generated 

magnetic fields. A fusion plasma is essentially a super-heated electrified gas, where the 

electrons are not bound to the gaseous particles. This design was presented with many 

problems however, the principal one being end losses - plasma escaping from each 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 one of the most famous cases of 

pathological science through the ñdiscoveryò of Cold Fusion. 

After years of frustrating technological limitations, the worldôs scientists are currently 

pursuing two methods: Inertial Confinement Fusion (ICF) and Magnetic Confinement 

Fusion (MCF). ICF uses 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 promise for controlled fusion: stellarators and tokamaks. 

 

1.3 Tokamaks 

In the early 1950ôs, behind the veil of the Iron Curtain, Soviet scientists Igor Tamm and 

Andrei Sakharov came up with a solution to avoid the end losses seen in the standard 

linear pinch ï get rid of the ends by bending the cylinder into a circle and joining them. 

They decided upon this ódoughnutô shaped and called it a tokamak, an acronym derived 

from the Russian translation of ótoroidal chamber with magnetic coilsô, using poloidal 

and toroidal 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 

produces a 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 these helical field lines. Figure 4 shows us the various magnetic 

forces involved in a tokamak and the resulting helical magnetic field produced. 
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Figure 4 (Left) The standard tokamak design [6], and (right) how the different 

components shape the overall helical magnetic field [7]. 

 

The first tokamaks boasted a confinement much greater than other designs of the time, 

and so after general declassification of fusion research a team of British scientists tested 

the Soviet device and overnight 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 heat load, eradicating plasma impurities, and managing a swathe of 

instabilities arising from inside the plasma [8].  

Unfortunately, the method of using an induced electric field to help contain the plasma is 

also one of the primary sources 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. From humble 

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 expected to 

be the first MCF reactor to not only breakeven, but will produce 10 times more energy 
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output than input required for approximately 500MW capacity, comparable to large fossil 

fuel power stations [9]. 

 

1.4 Stellarators 

In parallel with the Russians, Lyman Spitzer had a truly unique idea at his Princeton 

laboratory ï the stellarator. Spitzerôs first device incarnation was to take the toroidal 

doughnut design, stretch it, and fold it into a figure-eight. This in theory would provide 

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 steady state operation 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 into a fully 3D process, 

giving a plasma with up to 50 degrees of freedom as opposed to the tokamakôs 4 degrees 

[10]. This gave a level of complexity to the design process that was far beyond the ability 

of computers and machining technology 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. 

 

Figure 5 Early stellarator designs ï Spitzerôs figure-8 [11] and the first torsatrons [12] ï 

could not provide the precision required for plasma confinement in non-azimuthally 

symmetric systems. 
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Itôs not until recent years that computational design and manufacturing have caught up 

with the heavy design requirements of stellarators. Modern day stellarators, like the 

German Wendelstein 7-X, make full use of current 3D design technology, pushing it to 

its limits.  

The W 7-X ï commissioned in 2015 ï employs a series of 50 modular non-planar and 20 

planer superconducting magnetic coils to contain a stable plasma. Although not large 

enough to obtain ITER power outputs, by 2021 W 7-X aims to produce a 30 minute 

thermal plasma discharge, a duration only limited by the cooling power of the system 

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

 

Figure 6 (Left) The non-planer coils will produce a complicated but stable plasma for W 

7-X [14]. (Right) The otherworldly insides of Japanôs LHD stellarator [15]. 

 

1.5 Plasma heating 

The ultimate goal for commercial MCF is to reach ignition and generate a óburning 

plasmaô. This is where a portion of the nuclear energy created is used to maintain the 

plasma at fusion temperatures, essentially becoming self-sustaining. However, to reach 

these high temperatures (~150 million °C) in the first place, we need to initially 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 which helps to shape and confine the plasma, while also 

generating heat via ohmic heating. Ohmic heating is the standard form of resistive 
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electric heating we see every day in electric kettles and filament light bulbs. This turned 

out to be very efficient at lower temperatures but once past temperatures in the range of 

50 million °C the plasma resistivity drops and the current simply cannot heat it past this 

point [16].  

The ultimate limitations of ohmic heating led to the creation of two new heating 

techniques totally independent of the current. The first method, known as Radio 

Frequency (RF) heating, uses high-frequency electromagnetic waves generated in an 

oscillator situated outside of the torus. This acts to heat the plasma in a similar 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 Beam (NB) 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 the overall 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 setup. Recording and analyzing these extreme 

temperatures is vital for almost all fusion 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 comparing practical measurements of plasma properties with 

our adapting theoretical models. These measurements must necessarily be as accurate as 

possible and so developing and employing plasma diagnostics is a wide branching area of 

research. Fusion plasmas present a particularity unique challenge due to the extreme 

temperatures involved and many novel techniques have been invented and see continued 

development.  



 9 

Plasma diagnostics usually measure a particular plasma property or process, such as the 

plasma particle flux, refractive index, line radiation, plasma magnetic fields, the emission 

and scattering of electromagnetic waves. Each measured property can give us information 

on more than one plasma parameter, which 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 systems which all 

provide data on one or more plasma parameters, providing overlapping data sets that 

together will  feed into the working models, giving us the ability to control and predict 

plasma behavior to enable fusion [13].  

Incoherent Thomson scattering (TS), which utilizes electromagnetic waves that are 

scattered by the plasma, is one of the most reliable and accurate diagnostic methods for 

determining both the electron temperature and electron density, and is used in practically 

all fusion experiment devices. In ITER there will be 3 independent Thomson scattering 

systems providing spatial and temporal profiles of the electron temperature (Ὕ) and 

density (ὲ) in the edge, the core, and the divertor regions of the plasma. The core plasma 

Thomson scattering (CPTS) system is particularly challenging due to the very high 

plasma conditions (Ὕ  40keV) and the stresses on the experimental equipment due to 

the nuclear environment. 

For this reason, advanced Thomson scattering techniques must be explored to increase 

the accuracy and performance of the conventional TS setup: 

Dual-laser Thomson scattering is a method that utilizes a secondary calibration laser, 

which could allow for the continuous self-calibration of the CPTS system, increasing the 

accuracy at high temperatures and avoiding the challenging problem of access for the 

cumbersome traditional calibration method. 

Polarimetric Thomson scattering measures the relativistic depolarization of Thomson 

scattering, providing a unique measurement of  Ὕ independent of wavelength, which 

could significantly increase the accuracy of the system at very high temperatures. 

This thesis presents three experiments which, to the authorôs knowledge, are the first 

practical investigations of these two advanced techniques. 
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CHAPTER 2: THOMSON SCATTERING THEORY 

This chapter lays out the foundational theory of Thomson scattering (TS). We look at the 

conventional TS method before describing the theory of the two advanced TS techniques, 

dual-laser TS and polarimetric TS, which are the basis for the three experiments 

described in this thesis. 

 

2.1 Thomson scattering 

One of the most powerful methods of plasma diagnostics is the use of electromagnetic 

radiation, usually a laser, to be scattered by the plasma. This observed scattering light can 

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-

perturbing method which only requires access via vacuum windows for the incident and 

scattered light, although the collection and measurement requires high accuracy and is 

technically difficult. 

The scattering of electromagnetic waves by electrons can be described in two ways. From 

a classical mechanics standpoint, the electric field of the incident radiation accelerates a 

free charged particle ï in our case an electron -, causing it in turn to emit radiation in all 

directions (Figure 7). This radiation is the scattered wave, which has been Doppler 

shifted due to the motion of the electron. This Doppler broadening of the scattered wave 

frequency depends on the velocity distribution (temperature) of the electron. Figure 8 

shows that we can measure the electron temperature from the width of the frequency 

broadening, with higher temperatures 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 curve. We measure electron scattering because ions are so much heavier that 

they are not accelerated by the electric field to the same extent, so the ion scattering 

radiation is nominal and can usually be neglected [17].  
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Figure 7 Illustration of the Thomson scattering sentence [18]. 

 

Figure 8 Comparison of input and scattered spectra [19]. 
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Looking from quantum mechanics we can otherwise describe it as the incident photons 

colliding with the electrons and being deflected 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 electron mass ᴐ‫Ḻάὧ . This 

classical limit is known as Thomson scattering, with most Thomson scattering systems 

using incident photons of ᴐ‫ ρ Ὡὠ compared to the rest mass of an electron άὧ

υρρ ὯὩὠ . When the photons have enough energy that their collision has an effect on the 

electron momentum, this is known as Compton scattering which will not be discussed 

here. 

 

2.2 Scattering theory 

2.2.1 Scattering from a single electron  

We first consider an incident electromagnetic wave in the  direction, scattered by a 

single free electron in an unperturbed position given by ►ὸ. The incident wave 

accelerates the electron which emits radiation in all directions, with the scattered 

radiation wave that is observed being in the Ἳ direction of observation. From [17], we 

have with an electron with velocity Ἶ ὧ moving in time varying electric and magnetic 

fields E and B. The equation of motion is thus 

 
‬

‬ὸ

άἾ

ρ ‍ ϳ
ὩἏ Ἶ Ἄ  ( 1 ) 

This can be calculated to give 

 ά‎  ‎ά Ͻ Ὡ
ρ

ὧ
Ἇ Ἄ  ( 2 ) 

where  ‎ ρ ‍ ϳ  is the relativistic factor, Ὠ Ὠὸϳ , and ά  is the electron rest 

mass.  In the nonrelativistic limit, the initial velocity of the electron is very small, Ḻρ 

and ‎ ρ , so we can simplify the equation of motion to 
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Ὡ

άὧ
Ἇ ( 3 ) 

where Ἇ is the incident transverse plane wave in the  direction.  

 

Figure 9. Vector diagram scattering geometry [17]. 

The radiated scattered electric field in the Ἳ direction can be shown [17] as 

 Ἇ
Ὡ

τ“‐

ρ

Ὑὧ
Ἳ Ἳ  ( 4 ) 

where Ὑ is the distance from the particle to the observation point. Looking at Figure 9, 

Ὑ ὼ ἻϽἺ where Ἲ is the position of the electron relative to an origin in the scattering 

volume, which is much smaller than the distance ὼ from the origin to the observation 

point. So we can approximate ἠὙϳ ḳὀȾὼ which is equal to Ἳ. Inserting the value for  

from equation (3) gives 

 Ἇ
ὶ

Ὑ
Ἳ Ἳ Ἇ  ( 5 ) 
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where ὶ Ὡ τ“‐άὧϳ ςȢψςρπ ά is the classical electron radius. The power 

per unit solid angle ɱ  scattered by a single electron in the Ἳ direction is given by 

 
Ὠὖ

Ὠɱ
Ὑ‐ὧȿἏȿ ( 6 ) 

Substituting in for Ἇ results in 

 
Ὠὖ

Ὠɱ
ὶ ÓÉÎ‰‐ὧȿἏȿ ( 7 ) 

where ‰ is the angle between Ἇ and Ἳ. We define the differential cross section Ὠ„ as 

the ratio of ὨὖὨɱϳ  to the incident power per unit area ‐ὧȿἏȿ, giving 

 
Ὠ„

Ὠɱ
ὶ ÓÉÎ‰ ( 8 ) 

Given that Ὠɱ ς“ÓÉÎ‰Ὠ‰, the total Thomson scattering cross section is the integral 

of equation (8) over all solid angles, giving simply 

 „
ψ“

σ
ὶ φȢφυρπ ά  ( 9 ) 

This Thomson scattering cross section is purely proportional to the classical electron 

radius. It can be thought of in simple terms as the area that the electron presents for 

scattering purposes. In 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 by the ions in a plasma is negligible due to their much 

greater mass [20]. 

To define the incident and scattered waves, consider the electromagnetic wave incident 

on the electron to be monochromatic, of the form 

 Ἇ Ἲȟὸ ἏὩἳϽἺ  ( 10 ) 
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This accelerated electron produces a scattered wave at a distant observation point ὀ 

whose Fourier spectral component at scattered frequency ‫  can be given by [17] 

 Ἇ ‫
ὶὩἳϽὀ

ὼ
‖ᴂᴂẗἏὩ ἳϽἺὨὸᴂ ( 11 ) 

where ‫ ‫ is the scattering frequency and ἳ ‫ ἳ ἳ is the scattering wave 

vector. Primes signify evaluation at the retarded time ὸ ὸ ὼ ἻẗἺᴂ and ‖

ὨὸὨὸᴂϳ  relates normal to retarded time.  is a tensor polarization operator that transforms 

the input wave polarization, Ἥ  Ἇ %ϳ , into scattered wave polarization where [17] 

 ẗἭ
ρ ‍ ϳ

‖
Ἳ Ἳ Ἥ ẗἭ ẗἭ ẗἭ  ( 12 ) 

2.2.2 Scattering in a plasma 

Until this point we have discussed an incident 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 power. The total scattered field Ἇ is given by the sum 

of the individual electron contributions [20] 

 Ἇ Ἇ ( 13 ) 

where Ἇ refers to the individual scattering fields of all Ὦ number of electrons in the 

scattering volume. The average scattered power is given by equation (6)  

 

Ὠὖ

Ὠɱ
Ὑ‐ὧȿἏȿ 

                 Ὑ‐ὧ ἏẗἏ  

         Ὑ‐ὧ Ἇ Ὑ‐ὧ ἏẗἏ  

( 14 ) 
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The first term in the 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 found in a plasma. If 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 an individual test charge to be surrounded 

by a cloud of opposite shielding charges (see Figure 10), and so the typical correlation 

length is the characteristic Debye length ‗. From equation (11) we see that the phase of 

the scattering wave contains the term ἳϽἺ and so the correlation depends on the quantity 

Ὧ‗Ȣ 

 

Figure 10 Representation of Debye shielding clouds with radius ⱦ╓. 

If Ὧ‗ḻρ, then the phase difference between the scattering from an electron and 

subsequent scattering from electrons at the distance of its shielding cloud is large, with 

the phase changing rapidly between scatterings. In this case the scattered fields of the 

first electron and those in the shield cloud have no correlation, and the second term in 

equation (14) is negligible. This is called incoherent Thomson scattering, and the total 

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

On the other hand, when Ὧ‗Ḻρ, then there is negligible phase difference between 

scattering electrons, so the correlations between the electrons affect the scattering 

spectrum. This is called coherent (or collective) Thomson scattering, which depends on 
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the thermodynamic equilibrium of the plasma and requires the use of plasma kinetic 

theory to evaluate. As the collective scattering is mainly done by these electron shielding 

clouds which have a dependence on the ion velocity distribution, the scattered spectra 

will have an ion feature. This ion feature can be fitted to give us information on the bulk 

properties of the ions, such as ion temperature and rotation [21]. Collective Thomson 

scattering is a useful but very separate technique from incoherent Thomson 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 assumption that the incident wave electric field Ἇ 

is perpendicular to the scattering plane, and furthermore there is a linear polariser 

installed between the plasma and the collection fibre optics so that we measure only the 

scattered field component parallel to Ἇ, which reduces the signal noise by blocking half 

of the randomly polarized plasma light. In this case, for incoherent scattering, the 

scattered power per unit solid angle per unit angular frequency from a volume of 

electrons of density ὲ and velocity distribution Ὢ  can be shown [18] to be 

 Ὠὖ

ὨɱὨʖ
ὶ ộὛỚὲὨἺ

ʖ

ʖ
 

                      ρ
‍ ρ Ἳẗ

ρ ‍ ρ ‍
ρ ‍  

                      Ὢ ἳϽἾ‏ ‫Ὠ  

( 15 ) 

where ộὛỚ ‐ὧȿἏȿ ςϳ  is the time-averaged Poynting vector of the incident field, and 

‍ ẗἭ with similar expressions for ‍ and ‍. Here the Dirac delta function is given 

by 

ʖ‏  ʖ
ρ

ς“
Ὡ Ὠὸ‏ἳϽἾ ‫ ρ ‍  ( 16 ) 

with ʖ ḳʖ  as the Doppler shifted frequency.  
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Equation (15) is the formula for determining the scattered spectrum. The termʖ ʖϳ  

accounts for the Doppler shift in the spectrum. The second term in the curly brackets 

describes the depolarization of the scattered light. As it is dependent on ‍ , the 

depolarization is a relativistic effect which only becomes significant in very hot plasmas 

[22]. This is a very important effect which is the basis of the polarimetric Thomson 

scattering technique [23], which will be discussed later. 

2.2.4 Practical analytical formulae for the relativistic TS spectrum  

For very high temperatures, the higher order ɓ terms in equation (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 with a fully relativistic expression described by Zhuravlev 

and Petrov [24]. The velocity integral, called the spectral density function, becomes a 

function of ‭ȟ—ȟς‌, where — is the scattering angle, ς‌ άὧ ὯὝϳ , and ‭

‗ ‗ϳ ρ is the normalized shift in the wavelength of the scattered light, with ‗ as the 

incident wavelength and ‗ the scattered wavelength. Equation (15) then becomes: 

 
Ὠὖ

ὨɱὨ‭
ὶ ộὛỚὨἺὛ ‭ȟ—ȟ‌ ( 17 ) 

 
Ὓ ‭ȟ—ȟ‌

Ὡὼὴς‌ὼ

ςὑ ς‌ ρ ‭
ςρ ὧέί—ρ ‭ ‭ ϳ  ( 18 ) 

Where ὼ ρ
ϳ

 and ὑ is the modified Bessel function of the second 

kind. The subscript ὤ on Ὓ ‭ȟ—ȟ‌ denotes that this is the spectral density function 

obtained by Zhuravlev.  

This expression was then converted into a simple practical formula by Selden [25], that 

when calculated agrees with an exact numerical integration [26] to a high degree for 

practical uses. Selden shows that the scattered power per unit wavelength can be written 

as the simple product of one function of ‭ȟ— with the exponential of another. The 

Selden spectral density function Ὓ ‭ȟ—ȟ‌ is given by 



 19 

 Ὓ ‭ȟ—ȟ‌ ὧ‌ὃ ‭ȟ—Ὡὼὴς‌ὄ‭ȟ—  ( 19 ) 

where 

 ὃ‭ȟ— ρ ‭ ςρ ὧέί— ρ ‭ ‭ ϳ  ( 20 ) 

 ὄ‭ȟ— ρ ‭Ⱦςρ ὧέί— ρ ‭ ϳ ρ ( 21 ) 

 ὧ‌ ‌“ϳ ϳ ρ
ρυ

ρφ
‌

στυ

υρς
‌ Ễ   ( 22 ) 

when ‌ḻρ, where ὧ‌ is a normalising constant. Equation (19) can be used to 

determine the relativistic blue shift of the scattering spectrum as a function of Ὕ. In a 

practical sense, this can be made into a fitting routine, where the width of the measured 

scattering spectrum gives us the electron temperature. 

 

Figure 11. Thomson scattering spectral shapes at varying ╣▄ [17]. 

This expression agrees with the computational integration and is accurate for practical 

use up to 100keV, 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 correction factor must be calculated for each angle. This is the case in the Thomson 

scattering system of RFX-mod, 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 complete 

analytical formula described by Naito [27]. This has the inclusion of a depolarization 

term ή‭ȟ—ȟ‌ onto the Zhuravlev equation (17), giving the Naito spectral density 

function Ὓ ‭ȟ—ȟ‌ as 

 Ὓ ‭ȟ—ȟ‌ Ὓ ‭ȟ—ȟ‌ή‭ȟ—ȟ‌  ( 23 ) 

The term ή‭ȟ—ȟ‌ is calculated by considering an incident wave linearly polarized 

perpendicular to the scattering plane, scattered by a single electron and transformed to a 

scattering wave via the tensor polarization operator  of equation (12), and integrating 

this single electron scattering over the relativistic Maxwell velocity distribution. The 

formulae and expansion for ή‭ȟ—ȟ‌ are quite involved and can be found in [27], 

however final practical form of this depolarization term is given by 

 

ή‭ȟ—ȟ‌ ρ τ–‒ ὕ–  , 

ὴ ή τ σπ‒ υυ‒, 

ὴ ‒ςτυτυ‒ χςπ‒ ȟ 

ὴ ςσσ ρφυ‒ ςτπ‒ ρππ‒ ȟ 

ή ςυ‒ ςω τς‒ ȟ 

ή υρψφφ‒ φσπ‒ ψπυ‒ , 

–    ,   ‒ ὼώ   ,   ώ ὼ ό ϳ    ,   ό  

( 24 ) 

The Naito expression corrects for the Zhurzvlev depolarization simplification and is 

accurate to less than 0.1% relative error at 100keV without the need of the Selden 

corrective factors, and additionally is valid for arbitrary scattering angle. The complete 

formula requires just simple computations and so is a useful practical tool for Thomson 

scattering analysis, and accurate in the high temperature range in which ITER will 

operate [27].  
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2.3 Conventional Thomson scattering 

The most challenging practical aspect of incoherent Thomson scattering is the low 

amount of collected scattered photons. The fraction of incident light that gets scattered 

depends on the Thomson cross section „ ψ“ὶ σϳ φȢφυρπ ά , the electron 

density ὲ, and the length ὒ of plasma that the light passes through. In a typical fusion 

plasma „ὲὒ ρπ 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 about ρπ  of the input photons will be collected as scattered 

photons [17]. In this manner we require to use a high energy and high power light source, 

which is why energetic laser pulses are used.  

 

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

scattering. 

 

Although the lasers are powerful enough so that such a small 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 window where it enters the chamber and bounces around as well as 

reflections from the output window / beam dump. This noise can be orders of magnitude 
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greater than the Thomson scattering light. Several in-chamber components such as 

baffles, a viewing dump, and recessed windows can reduce this scattering, although 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 laser wavelength which cut out the stray light but 

leave the Thomson scattering spectra relatively untouched. 

 

Figure 13. A 4 channel spectral polychromator of RFX-mod. Scattering signal from three 

spatial points are fed via a bundle of 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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Figure 14. Transmission curves of a RFX-mod spectrometerôs spectral filter channels, 

designed to have rejection at the Nd:YLF and Nd:YAG laser lines. 

 

Another source of noise is plasma radiation and particularly spectral line emission. The 

line radiation can be rejected in the same way as the laser line, while the plasma radiation 

can be considered as a background level which can be subtracted from the signal, thus 

only fluctuations in the plasma light and not the total power is what causes signal noise, 

although usually at an acceptable level. 

The ruby laser was the first type of laser used for incoherent Thomson scattering since it 

became available in the 1960ôs, due to its high power, high energy, and good beam 

quality. Its wavelength of 694.3nm also matches well with standard sensitive detector 

wavelengths, and ruby lasers are still used today as a well proven and standard system for 

these reasons. The major limiting factor of the ruby laser is its low repetition capability 

(up to about 1Hz). Subsequent advances in laser technology have produced the now 

primarily used neodymium lasers, particularly when yttrium aluminium garnet (Nd:YAG) 

is employed as the solid state laser medium. The major advantage of these lasers over the 

ruby is the ability to fire rapidly at up to 100Hz, which enables high resolution temporal 

evolution of the electron temperature and density. 
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2.4 Dual-Laser Thomson scattering 

Thomson scattering (TS) systems require an initial calibration of the polychromator 

spectral sensitivities, which is done by illuminating the entire collection optics system 

with a broadband light source inserted into the vacuum chamber to obtain a set of 

calibration coefficients ὅ  for each spectrometer over all spectral channels. A challenge 

of this is that regular recalibration is required as these sensitivities may change over time. 

This is especially true for large machines such as ITER, where the sensitivities of optical 

components exposed to a nuclear environment may change more rapidly and access for 

recalibration requires remote handling and inconvenient shut down. Therefore a self-

calibrating TS technique that can continuously produce updated correction factors as the 

original calibration coefficients change is highly desirable [28]. 

Self-calibrating TS is a technique for measuring the relative calibration coefficients of the 

polychromator spectral channels sensitivity ὅ, based on analysing two different spectra 

scattered by the same plasma volume at the same time [29]. This ensures that both spectra 

refer to the same electron temperature Ὕ and density ὲ. The two spectra must be 

distinguishable, for example having different scattering angles or different incident 

wavelengths. In this way, two unique spectra are produced from the same Ὕ and ὲ. If 

the original sensitivity coefficients ὅ are still accurate, then the fit of both spectra will 

give the same Ὕ. If the temperatures differ however, then the original ὅ is no longer 

valid and must be adjusted with a set of correction factors ὅὊ to make the two spectra 

agree. Two main methods have been proposed for producing these two simultaneous 

spectra: the dual-laser method and the dual-angle method. 

The dual-angle method uses a single laser where the scattering volume is observed 

through two different scattering angles as shown in Figure 15. The same temperature and 

density volume thus produces two unique spectra with different scattering angles. The 

dual-angle technique has been experimentally investigated [30-33], but so far is limited in 

accuracy due to the very small difference in the scattered spectra. It is also not practical 

to obtain two scattering angles over all the standard scattering volumes.      
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Figure 15. Simple schematic of RFX-mod multiple-angle Thomson scattering setup.  

The dual-laser calibration technique investigated in this thesis [34] uses two lasers of 

different wavelengths, in our case the available Nd:YAG (ɚ = 1064nm) laser and Nd:YLF 

(ɚ = 1053nm) laser. 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 through the same angle, but they 

are unique due to their different laser wavelengths. 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 spectra is accurately measureable. 

From [34], let ὔὓ and ὔὅ be the main (ὓ) and the calibration (ὅ) laser TS signals 

respectively, in photoelectrons, detected from the same plasma volume in the Ὥ-th 

detection spectral channel of the polychromator. The expected values of these signals are 

ὔὓ ὃ ὅὛὓ and  ὔὅ ὃὅὛὅ:  

 ὃ ὲ Ὁ Ὤὺϳ Ὠ„Ὠ ϳ Ὕὒῳ   ( 25 ) 

 Ὓὓ Ὢ‗ὲ‗ὖὝȟ—ȟ‗ȟ‗Ὠ‗  ( 26 ) 
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with similar equations for the calibration laser ὃ  and Ὓὅ. Ὁ  is the energy of the main 

laser pulse, Ὤὺ  is the energy of the incident photons from the main laser, Ὕ is the 

transmission of the collection optics, ὒ is the length of the scattering volume, Ὠ„Ὠ ϳ  is 

the TS differential cross section, –‗ is the spectral quantum efficiency (QE) of the Ὥ-th 

detector, ῳ  is the solid angle of the collection optics, Ὢ‗ is the transmission function 

of the Ὥ-th spectral channel, and ὖὝȟ—ȟ‗ȟ‗ is the spectral density function of the 

scattered photons [24] where ‗ is the detection wavelength and ‗  is the laser 

wavelength (in this case the main laser). The method for analysis is based on taking the 

data from both spectra together into a … function and minimizing it [34]: 

 …
ρ

„ȟ

ὔὓ ὃ ὅὛὓ
ρ

„ȟ
ὔὅ ὃὅὛὅ   ( 27 ) 

Where „ȟ and „ȟ are the variances of the measured signals ὔὓ and ὔὅ respectively. 

These are calculated from the noise due to the stray light, the background plasma light 

and photoelectron statistics. To carry out the minimization we define ‎ ὃ ὃϳ . In an 

ideal case when the main and calibration lasers are well aligned along the same path 

through the plasma volume, we can say ‎ ‗Ὁ ‗Ὁϳ  which is simply the ratio of the 

number of incident photons of the main and calibration laser pulses. Practical alignments 

are rarely ideal however so this ‎ term also describes any difference in the signal due to 

small differences in alignment between the two laser beams, and so must be determined 

from the data. In this case the … becomes a function of Ὕȟ the unknown ‎,  and the 

values ὃὅ, which are all determined at the same time with a N+2 parameter 

minimisation [34]:  

 …
ρ

„ȟ

ὔὓ ‎ὃὅὛὓ
ρ

„ȟ
ὔὅ ὃὅὛὅ   ( 28 ) 

The expected signals from ὃὅ have a linear dependence, and so the … minimisation 

with respect to them is easily evaluated by solving the N equations [34]: 
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‬…

‬ὅ
ς
ρ

„ȟ

ὔὓ ‎ὃὅὛὓ ‎ὃὛὓ

ρ

„ȟ
ὔὅ ὃὅὛὅὃὛὅ π 

( 29 ) 

giving an expression for ὃὅ: 

 ὃὅ ‎
ὔὓὛὓ

„ȟ

ὔὅὛὅ

„ȟ
‎
Ὓὓ

„ȟ

Ὓὅ

„ȟ
  ( 30 ) 

This value is substituted back into equation (28) which then becomes an easier two-

parameter … minimisation of Ὕ and ‎, solved by a two-dimensional numerical search. 

This dual-fit determines a single Ὕand ‎ from the two sets of TS signals, given by the 

two different lasers. The values of ὃὅ are found by substituting Ὕand ‎ back into 

equation (30). These spectral sensitivities are generally compared to the original 

calibration coefficients ὅ  to produce a set of correction factors ὅὊ which are applied to 

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

coefficients accurate and up to date [34]. 

2.5 Polarimetric Thomson scattering 

The second advanced TS technique presented in this thesis is polarimetric Thomson 

scattering. In contrast with conventional TS which determines Ὕ based on the Doppler 

broadening of the scattered spectra, polarimetric TS is based on the depolarization of 

Thomson scattering radiation. The amount of depolarization is directly proportional to the 

electron temperature, and so the depolarized signal and thus signal-to-noise ratio 

increases and the technique becomes more accurate in very hot plasmas [35]. This 

technique is of interest for ITER where the high temperatures (40keV) make the 

technique competitive in accuracy with conventional TS for determining Ὕ. From Figure 

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

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

40keV which must be taken into account for electron density measurements [36]. 

Letôs recall equation (15) from section 2.2.3, the scattered power per unit solid angle per 

unit angular frequency given by: 

 Ὠὖ

ὨɱὨʖ
ὶ ộὛỚὲὨἺ

ʖ

ʖ
 

                      ρ
‍ ρ Ἳẗ

ρ ‍ ρ ‍
ρ ‍  

                      Ὢ ἳϽἾ‏ ‫Ὠ  

( 15 ) 

The term  ‍ ρ Ἳẗ ρ ‍ ρ ‍ϳ  describes the depolarization of the scattered 

radiation. It is dependent on ‍ ἾϽἭȾÃ , so we see that it is a relativistic effect 

which only becomes significant at very high electron velocities/temperatures. 

The depolarization effect can be described as a change in orientation of the Ἇ field in 

respect to the electron rest frame, with a fraction ‍  of the scattered light  Ἇ appearing in 

the orthogonal direction [25]. In other words, Ἇ has a component dependent on ‍ , 

which is different for each scattering electron. The incoherent summation over all the 

scattering volume of these individual components produces unpolarized radiation [37]. 

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. In this manner we can write the Stokes vector Ὓ of the scattering radiation as 

[37,38] 

 Ὓ

Ὓ
Ὓ
Ὓ
Ὓ

ὑὛ ὅ

ρ
Ὓ
Ὓ
Ὓ

ὅ

ρ
π
π
π

  ( 31 ) 

 

Here Ὓ,  Ὓȟ and Ὓ represent the scattered radiation, and the two matrices in the square 

brackets are unit Stokes vectors representing completely polarized and unpolarized light 
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respectively. The degree of polarization ὖ is related to the coefficients ὅ  and ὅ  

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

ὖ ὅ ὅ ὅϳ . Ὓ is the first element of the Stokes vector of the incident wave 

and ὑ is a normalization constant. Ὀ ρ ὖ is the so called ñdepolarizationò term [39], 

which is a representation of the term ‍ ρ Ἳẗ ρ ‍ ρ ‍ϳ  from equation (15). 

The polarization state of the frequency integrated Thomson scattering radiation can be 

described by a Stokes vector given by [37]  

 Ὓ—ȟὝ ὓ—ȟὝ ϽὛ  ( 32 ) 

Where — is the scattering angle, Ὓ  is the Stokes vector of the incident radiation, and 

ὓ —ȟὝ  is the Thomson scattering Mueller 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 ⱦ Ȣ ▪□ and scattering angle 

Ᵽ Ⱬ [36]. ╢◑ is the scattered spectrum ignoring depolarization effects and ╢◑ ╟z 

includes the degree of polarization. 
































































































