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Limiting the heat load on the divertor during tokamak operations is one of the
major challenges in the field of fusion energy research. The detachment operational
regime has proven itself as a potential part of the solution but is not yet completely
understood. The MANTIS diagnostic is designed to investigate this 2D process
by imaging several line emission intensities. While major steps have been made on
inferring particle and energy losses, ion velocities in the divertor are not yet imaged.
Coherence Imaging Spectroscopy (CIS) can do this job.
In this research, a polarization camera based CIS (PCIS) setup for the MANTIS
diagnostic is designed and developed that is capable of retrieving the ion dynamics in terms of carbon ion flow with a higher spatial resolution and accuracy than
conventional CIS. By a newly designed calibration method based on isotope ratio
determination with the PCIS setup, a first proof of principle is gained as the retrieved ratio values fall within the theoretical values when only a 2% variation is
applied on the calibrated group delay, the main characteristic of a CIS system. This
calibrated group delay value is less than 10% off from the designed value.
The functionality of the setup was further explored by implementing it on the TCV
tokamak. Shots are performed in a reversed and forward field configuration. While
line integrated measurements showed the expected reversal in flow, the reversal was
not witnessed on the poloidal flow pattern. Although the decrease in velocity along
the leg is in the same order of magnitude as SOLPS simulations, strong evidence
of the correctness of these results is furthermore lacking as there were also no time
trends witnessed during nitrogen seeding and density ramp experiments especially
aimed at reducing the momentum. Therefore, although the calibrations in the lab
provide a proof of principle of the PCIS setup, further research is needed aiming at
benchmarking the system before a conclusion can be made if the designed system
can image the local momentum quantities within the TCV divertor.
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1. Introduction

1.1

Motivation

In the search for new green energy sources that can fulfill the worlds growing energy demands,
fusion energy is seen as one of the most promising technologies [1, 2]. Due to the physics
and technical challenges that are encountered while exploring the principle, many institutes are
doing research in the field. The main type of fusion reactors that are considered is the so-called
tokamak reactors. The biggest international fusion experiment which should provide a proof
of principle that the tokamak reactors could provide energy to mankind is the ITER project.
As ITER is still under construction, research is done on many smaller tokamaks. One of these
tokamaks is the tokamak à configuration variable (TCV) which is designed for investigating the
effects of the plasma shape on the performance of a fusion reactor in order to support the physics
behind the ITER project and beyond [3].
One of the technical challenges for fusion energy is the challenge of the power exhaust [4]. As the
fusion reaction could only happen under high heat and pressure conditions, the core plasma has
a high power density. Eventually, this power flows towards the reactor wall where the materials
could not withstand this high particle flux. In ITER, the wall material limit is set to a power
flux at a maximum of 10 MW/m2 [5], while steady-state heat loads of 10 MW/m2 are already
expected, not yet considering disruptions in the plasma causing a huge increase in power flux[6].
This is not only a financial problem as the damaged parts need to be replaced, but is also the
source of impurity content in the plasma which results from the melting and evaporation of the
wall materials which will result in a reduction of the reactor’s performance [6]. In order to allow
control of the power flux to the wall without highly affecting the conditions in the core plasma,
separation of the core plasma and the exhaust region is produced by plasma shaping [6]. The
region in which the exhaust happens is called the divertor region where the plasma conditions
and wall materials will be optimized to overcome the exhaust problem [4].
In an attempt to reduce the power flux to the wall, an operational regime within the divertor
region called divertor detachment is considered in which heat and particle fluxes to the divertor
wall are reduced [4]. This operational regime is operated by neutral gas seeding that cools down
the plasma which flows towards the divertor wall due to radiative reactions of the plasma with
the neutral gas [4]. As a result, the plasma front moves away from the wall, hence the name
detachment, towards the separation point between the exhaust region and the core plasma which
is called the X-point [7, 8]. While the detachment operational regime is favourable in terms of
power flux to the wall [9], this movement of the plasma front can be a precursor of plasma
disruptions by over cooling the plasma edge leading to a radiative collapse [8]. There is thus a
sweet spot such that the detachment operational regime asks for control to remain at this sweet
spot.
To perform control on the detachment, physical models are needed which allow extrapolation of
the control on current machines towards the ITER project and beyond. However, the physics
of detachment is not yet completely understood. Therefore, investigation on the dynamics and
physics of detachment under different plasma conditions and divertor region geometries are
performed on TCV [10]. For this purpose, several diagnostic systems are added around the
divertor region which lead to better insight into detachment. One of these diagnostic devices is
the Multi-spectral Advanced Narrowband Tokamak Imaging System (MANTIS) [11] developed
by DIFFER in close collaboration with EPFL and MIT which is currently installed on TCV.
MANTIS is designed to image 10 narrow bands of the visible spectrum providing spatially
resolved intensity of different emission lines in the divertor [11]. However, the dynamics of the
1
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ions are not yet measured while they are of great importance for divertor detachment, as the ion
flux to the wall was one of the reasons for the need of the detachment of the plasma [9].
While a grating spectrometer is capable of delivering the desired information about the ion flux
out of the Doppler shift phenomena [12–14], the received information will be 1D. A 2D timeresolved measurement is needed to measure the dynamics in the different 2D divertor geometries
that TCV is capable of produce during detachment studies. Coherence imaging spectroscopy
(CIS) can be used to passively measure the spectral profile as a 2D image by encoding the spectral
profile by means of an interferogram [14]. However, this encoding requires spatial averaging that
will reduce the spatial resolution and adds ambiguity to the measurements [14].
In this research, a polarization camera based coherence imaging spectroscopy (PCIS) diagnostic
device will be designed to fit within the MANTIS system. This system has the potential of
obtaining the 2D ion dynamics information with a higher spatial resolution than standard CIS,
needed for investigating the effects of the complex geometries that TCV is capable to produce,
and removes the ambiguity which decreases the acquisition time greatly. By adding this diagnostic setup within the MANTIS system, MANTIS could be able to measure and image the ion
dynamics during divertor detachment without losing its current capabilities. This addition on
MANTIS will extend its capabilities in the goal to gain more physical insight into the process of
divertor detachment. This gained insight can be used to validate and adapt the physical models
into computational codes like the EMC3-EIRENE [15] and SOLPS[16, 17]. With aid of these
codes, extrapolations of the detachment process towards other machines can be produced to design the geometry and the control systems favourable for the detachment process. Furthermore,
the ion flux received by the PCIS measurements is due to the faster acquisition time a direct
quantitative measurement that could possibly be used as input for real-time detachment control
[18]. As the setup developed here and reported in this thesis will be the first PCIS setup ever
implemented on a tokamak for the aid of flow measurements, this research could assist in the
development of the ITER flow monitor, which is currently designed and only takes PCIS into
consideration on a theoretical basis [19].

1.2

Research Goal

The goal of the research discussed in this thesis is:
Exploring the feasibility of modern polarization camera based coherence
imaging spectroscopy for ion dynamics measurements in terms of the ion
velocity as addition to the MANTIS system measurements during divertor
detachment studies on TCV
In order to reach this goal, the research is divided into several stages. In the first stage, a
theoretical research aimed at designing the diagnostic system for the relevant parameter ranges
of TCV under the constraints that it will fit in the current MANTIS system with the desired
resolutions is conducted. In the second stage, a one channel MANTIS setup was constructed in
the optics lab of DIFFER as proof of principle of the resulting design while also being able to
determine its specifications, uncertainties and calibration methods by means of a known source.
Once the design passed the proof of principle in the optic lab, the final stage of installing the
system in MANTIS on TCV can be conducted where first measurements on the TCV tokamak
with the PCIS system are gained. Analysing these measurements requires tomographic inversion
methods to go from a line integrated measurement to a local measurement, which were not yet
needed in the lab setup.
Based on the working plan, several sub questions where considered to guide the research towards
its final goal. The sub questions that were considered are:
• With the aim of measuring the ion velocity during divertor detachment studies on TCV,
how does the PCIS setup needs to be designed?
• What is the accuracy of the PCIS setup ion velocity measurements?
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• Do the ion dynamics as measured by the PCIS setup compare to the numerical models like
SOLPS?
In chapter 2, the introductory concepts that are needed for a better understanding of the motivation and theory discussed in this report will be introduced. Chapter 3 will briefly consider
the physics that happens in the plasma around the divertor region during divertor detachment
in terms of emissivity and flow of the ions. Chapter 4, will be dedicated to the PCIS setup. In
this chapter, the working principles and differences between a conventional and the new polarization camera based design will be given. Chapter 5 will zoom in on the design considerations
of the used coherence imaging spectroscopy setup. Once the calibration and uncertainties of the
coherence imaging spectroscopy setup are known and given in chapter 6, the data acquisition
system and tomographic inversions method will be discussed in chapter 7. With the results of
chapter 6 and 7 in mind, the coherence imaging spectroscopy setup is installed in the MANTIS
setup during divertor detachment studies on TCV, from which the results are shown in chapter
8. The conclusion and further opportunities of the PCIS setup in MANTIS will be given in
chapter 9.

2. Introductory Concepts

In this chapter, the fusion concepts that are needed for fully understanding the exhaust problem
that were just briefly described in chapter 1 are further explored. Beginning with the basic
concepts of a tokamak reactor like TCV, the concepts of the divertor region and the detachment
operational regime will be described which is the region and regime in which our diagnostic will
be operating. This chapter is concluded with a short description of the MANTIS system in
which the diagnostic will be implemented and why flow measurements in the form of Coherence
Imaging Spectroscopy are desired as addition to the current MANTIS system.

2.1

TCV: the Swiss tokamak for Fusion energy

2.1.1

Nuclear Fusion: The Energy Source of the Future?

Nuclear Fusion is the first form of energy that was provided to the earth. Already from the
existence of the earth, the sun provided energy to the earth due to nuclear fusion. This energy
made it possible to live and grow food. However, with the developments of the technical age,
this energy of the sun was not enough. In the need for more energy sources to fulfill the growing
energy demand, fossil fuels were utilized in gigantic amounts. While those provide a large amount
of energy, they polluted the earth and caused global warming [1]. To prevent further disastrous
climate changes, all nations agreed to aim for a more sustainable energy usage, which the EU
adopted as a strategy to be climate neutral by 2050 [20]. This led to a huge increase in research
on how the energy given by the earth in the form of wind, solar and water power, could be
harvest more efficient. However, as these so-called green energy sources are not enough to fulfil
the growing energy demand, mankind is looking back at their origin and is looking into fusion
energy [21]. Nuclear fusion could be an inexhaustible, high density and non-intermittent energy
source [22]. But, replicating the same effect that happens in the sun on earth to produce energy
for mankind has revealed itself as a difficult task.
The idea behind nuclear fusion energy is to fuse two light particles energetically together with an
exothermic reaction. For ITER, the largest international collaboration in researching the physics
and feasibility behind fusion energy known today [23], the aimed reaction is the DeuteriumTritium reaction given by [24]
2

D +3 T → 4 He + n + 17.6 MeV,

due to its high reaction rate at ”low” temperature. However, as Tritium makes the reactor
radioactive, fusion is first researched with only Deuterium which provide equivalent fusion reactions with lower resulting energy like the Deuterium-Tritium reaction but greatly lowers the
resulting radioactivity of the machine.
In order to gain net energy out of this reaction, the energy balance between the input and output
of the reactor needs to be satisfied. Within fusion research, this energy balance is given in the
form of the Lawson criterion as [25]
nτE ≥

12kB Tp
,
EF hσvi

(2.1)

where n is the particle density, τE the energy confinement time which is the rate at which the
plasma inside the reactor loses energy to the environment, kB the Boltzmann constant, Tp the
plasma temperature, EF the energy released per fusion reaction and hσvi the reaction rate of
the fusion reaction. A relatively high plasma temperature is needed for a favourable reaction
4
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Figure 2.1: Schematic drawing of the magnetic field lines in a tokamak. The toroidal field, in blue, is
created by the toroidal field coils while the poloidal field, in green, is created by the toroidal plasma electric
current that is initially started up by the inner poloidal field coils (central solenoid). The combination
results in the helical field, in black, which is further positioned and shaped by the outer poloidal field
coils. Image obtained from [26].

rate, as the particle has to overcome the repulsive Coulomb barrier before it can undergo the
fusion reaction. These high temperatures will ionize the gas so that a plasma with electrically
charged particles is created. To fulfill the Lawson criterion, the plasma needs to be confined
within a small region to create a high density and long confinement time [6].

2.1.2

The TCV tokamak: Magnetically Confining and Shaping the
Plasma

As the particles that need to be confined are electrically charged, electromagnetic forces can be
used for confinement [6]. By inducing a magnetic field, the particles will be confined due to
this magnetic force on a small 1D region which can be visualised as magnetic field lines. As
the particles are only confined perpendicular to these field lines, parallel transport along these
field lines still happens. By closing the magnetic field lines with each other, the end losses are
reduced. This is the idea of a tokamak configuration which is schematically shown in figure
2.1.
In figure 2.1, the two main magnetic fields that causes the confinement of the particles can clearly
be indicated. The first one is the toroidal magnetic field, created by the poloidal magnetic field
coils. This causes a magnetic field line that runs around the so called torus on which the particles
will gyrate. While the toroidal geometry was needed to reduce the end losses, it causes particle
drifts in the radial direction due to the curvature and gradient of the magnetic field. Those
radial particle drifts need to be suppressed. In tokamaks, this is done by creating a toroidal
current around the torus, which will create a poloidal magnetic field that is able to suppress
these effects. This toroidal plasma current is first initialized by a magnetic flux swing of the
central solenoid, but due to its limitations need to be maintained by various means, such as a
NBI beam [27], for continuous operation. As a result of those magnetic fields, a helical magnetic
field is induced that confines the plasma within the vessel. The inward side of the torus is called
the high field side (HFS) and the outward side the low field side (LFS) due to the fact that the
concentration of coils causes a higher magnetic field at the inward side of the torus.
Besides these essential types of coils to create the helical magnetic field within a tokamak for
confinement, several outer poloidal field coils are present to shape and position the plasma within
the vessel. While they are necessary to stabilize the plasma, TCV has exploited this principle
in order to investigate the effects of different plasma configurations [3]. Especially changing the
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geometry of the divertor region as indicated in figure 2.2 in order to solve the plasma exhaust
problem is one of the major research campaigns on the TCV tokamak.

2.2

The Divertor: Regulating the Plasma Exhaust

Due to cross field transport mechanisms such as collisions, the magnetic confinement is not
perfect. Although this is not preferable in terms of loss of thermal energy in the plasma, the
same mechanisms provide a solution in losing the helium ashes created by the fusion reactions.
If these helium ashes would be confined within the core plasma, the reaction rate would drop
due to the increasing amount of collisions with these impurities and the Lawson criterion will
not be reached as this reduces the energy and amount of particles inside the core plasma [6].
The ”escaping” high energetic particles due to the cross field transport will eventually hit the
plasma facing components (PFC) of the vessel, causing damage to the PFC’s which will act as a
source of impurities into the plasma. One of the main challenges for nuclear fusion is to regulate
this exhaust in such a way that the impurity concentration in the core plasma is reduced.
To divertor region is one of the most promising attempts to solve the plasma exhaust problem.
Due to the magnetic configuration of the plasma, the exhaust is geometrically separated from
the core plasma. By the cross field transport in the core plasma, the particles in the core will
cross the last closed flux surface (LCFS), also called the separatrix, where they will enter a thin
plasma layer with open field lines connected to the material strike points as indicated in figure
2.2. This layer is called the scrape of layer (SOL). In the SOL, the radial transport is dominated
by the along field line transport such that a majority of the particles end up at the strike points.
In a divertor configuration, these strike points are geometrically separated from the core plasma.
The region between the strike points and the x-point is called the divertor region. While such
a divertor region is profitable in terms of regulating the exhaust without influencing the core
plasma, the strike points are subject to a high particle flux and heat load, exceeding the 10
MW/m2 material limit during operations. In order to stay below this limit, the flow of heat,
particles and momentum needs to be reduced.

2.2.1

The Divertor Detachment Solution

One of the options to reduce the heat load to the divertor targets is the divertor detachment
operational regime. The detachment regime is characterised by a reduced heat and particle
flux to the target compared to the conduction limited regime in which present day tokamaks
operate. In the conduction limited regime, a temperature gradient exist along the divertor leg.
This gradient is caused by the power loss due to ionisation reactions. The ionisation reaction
are induced by a higher density causing ionisation reactions of the recycled neutrals before the
target. The plasma temperature and density along the divertor leg is given in figure 2.3 for both
the conduction limited and detached regime.
Detachment is often induced by impurity seeding. In the TCV detachment experiments, nitrogen
is puffed into the divertor region to cause impurity radiation which will drop the temperature
and cause the ionisation region to move closer to the x-point. As a result of this temperature
drop, charge exchange reactions will happen if the temperature drops below 5 eV [29]. Energy
and momentum to the PFC’s will be lost as a result of these charge exchange reactions which
will cool the plasma even further and reduce the particles temperature and power flux to the
wall. Below a temperature of 1 eV, volume recombination processes start to happen [29]. These
recombination reactions will remove the ions from the plasma, transforming them into neutrals
not bounded to the magnetic field line and thus increasing the interaction area with the wall
and removing momentum due to the friction between the ions and the neutrons that will slow
down the plasma. Due to this interactions, the pressure near the target will be reduced causing
a pressure gradient, which in combination with the momentum losses reduces the ion flux to the
wall.
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(a) Divertor thermology

(b) Divertor Geometries

Figure 2.2: (a) A schematic overview of a tokamak divertor in single null configuration with the thermology of different regions and components common in divertor physics indicated. (b) Magnetic field
reconstructions of different divertor geometries in TCV. In figure (b), the thermology indicated in figure
(a) can be recognised in all the geometries. Figure (a) is obtained from [28] and figure (b) from [8]

Figure 2.3: Illustration of typical electron temperature (red) and density (blue) profiles along the divertor
leg for (a) the conduction limited regime and (b) the detachment regime. It can be seen that compared to
conduction limited, a large decrease in pressure can be seen in the detached region in front of the target
due to the decrease in both temperature and density. Image obtained from [29]
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Importance of Flow in the Divertor Region

In the complex, interlinked processes in the divertor that leads to detachment, flow is one of
the key aspects. Plasma flows, and thus the particle momenta, play an important role in the
heat, particle and impurity transport within the divertor region, all which are influenced by
the detachment regime. Preventing the impurities from reaching the core plasma was one of
the major incentives for using a divertor region. Furthermore, it shows how the impurities are
deposited on the PFC’s influencing the life time of the PFC’s. Besides the impurity transport,
there is evidence that the flow in the SOL and divertor also influences the core plasma in terms
of toroidal rotation and H-mode power threshold. Measuring the flows for the different divertor
geometries will increase the understanding of these phenomena. Especially investigating the
sources, sinks and flow aspect dependence or independence of the different divertor geometries
can increase the understanding of the physics processes and its momentum distribution in the
divertor region aiding towards the solution of the power exhaust problem.

2.3

MANTIS: State of the Art Multi-Spectral Imaging Diagnostic

With the aim to investigate the dynamics of detachment under the different plasma conditions
and divertor geometries in which TCV can operate, several diagnostics are present around the
lower port of the tokamak. One of these diagnostics is a novel, 10 channel multispectral imaging (MSI) system with real-time capabilities called the Multispectral Advanced Narrowband
Tokamak Imaging System (MANTIS) [11]. MANTIS is developed by DIFFER in close collaboration with EPFL and MIT and is capable of imaging the emission of 10 different spectral lines
simultaneously over the cross section of the tokamak.
The basic setup is depicted in figure 2.4. The light emitted in the tokamak is guided to the light
entrance by an optical tube. At the light entrance, the optical bundle of light starts diverging
until it hits the first narrowband interference filter at the opposite site of the entrance. Only a
fraction of the light which falls within the narrowband filter regime will pass the filter into the
camera objective while the light not in the transmission range of the filter is reflected into a
converging beam towards the relay mirrors. Due to the reflection angle of the light, the process
can be repeated into a different interference filter, transmitting another wavelength than the
previous one. The result of this process are 10 2D images of the emission of the light in the
tokamak within 10 different narrowband wavelengths without the lose of throughput of the light
on the last channel as conventional multispectral imaging systems with beamsplitters would
cause.
By the use of collisional radiative models, local plasma parameters such as density and temperature can be received out of several measured line ratio’s. This will give information about the
particle and heat transport which needs to be reduced according to the power exhaust problem.
By the use of multi-spectral imaging and tomographic inversions, the plasma parameters can be
imaged into the poloidal cross section of the tokamak. This imaging could not be received by
conventional spectrometers as in the divertor region under detachment studies, steep gradients
are formed along the open field lines such that the 1D reconstruction techniques used in the core
of the plasma can not be executed into the region of interest. Besides an valuable diagnostic
into the physical understanding of divertor detachment, MANTIS has already proven itself as a
sensor for control of the detachment operations on TCV.

2.3.1

Coherence Imaging Spectroscopy, Extending MANTIS Capabilities into the Missing Momentum Parameter

MANTIS is already capable of measuring the heat and particle losses as a 2D image of the
divertor needed for solving the power exhaust problem. The momentum losses however, are not
yet measured. The information lost by using MSI over normal spectroscopy is the spectral line
shape of the plasma. This spectral line shape contains several information of the plasma such
as the ion velocity, ion temperature and magnetic field as will be explained in the next chapter.

9

Chapter 2. Introductory Concepts

Figure 2.4: A picture of the basic lay-out of the MANTIS system with the most important components
denoted (A) and a top view of the Zeemann ray tracing within the MANTIS system with different
wavelengths denoted by different colors (B). All wave lengths from the plasma enters the diagnostic system
at the entrance where by the use of reflection and a serie of narrowband filters, specific wavelengths are
imaged on the cameras. Image obtained from [30]

By the use of Coherence Imaging Spectroscopy (CIS), the spectral line shape information can
be retained into a 2D image as will be explained in chapter 4. By adding a CIS cell within the
MANTIS setup, information about the ion momenta of different species can be gained without
losing the current capabilities of the MANTIS system. In this way, MANTIS will be able to
measure all the tree quantities of particle, heat and momentum which where needed to solve the
exhaust problem. Combining MSI with CIS will allow for the different driving mechanisms of
the flow like electric field, thermal or friction forces due to the different charge/mass ratios of
the ion species [31]. Furthermore it gives a measurement of the momentum, which together with
the particle and energy conservation already measured with the MANTIS system will give a full
descriptions of the particle transport within the divertor. For this initial research, the system
will be optimized for poloidal reconstruction measurements of the flow, as those where important
to understand within the divertor region during detachment studies and easier to interpreted
than the other plasma parameters captured within a CIS image.
The advantages of CIS over more accessible flow measurements like Doppler Spectroscopy, Plume
Imaging, Interferometry, Mach Probes and Laser Induced Fluorescence is that a 2D image of the
flow can be obtained as a passive measurement without the loss of temporal resolution into one
diagnostic port. CIS setups have already proven itself as a valuable diagnostic in devices like
MAST [31, 32], DIII-D [33] and W7-X [34]. The CIS setup presented in this research will use the
latest technology of polarization camera’s with the goal of measuring the ion velocity with an
higher accuracy due to the lost of measurements ambiguity and higher spatial resolution, needed
for the complex geometries of TCV and resolving the small spatial flow phenomena which are
seen in the next chapter, than the CIS setup currently installed on those machines.

2.4

Chapter Summary: CIS as Diagnostic for Solving the
Exhaust Problem

The goal of the in this research designed CIS setup will be to aid towards the solution of the
power exhaust problem, caused by the evaporation and melting of the wall materials. For this
purpose, the CIS setup will image the ion momentum in the divertor region next to the particle
and heat losses already received by MANTIS, which where the three quantities that needs to be
reduced at the reactor wall in order to solve the exhaust problem. With these measurements,
steps are made towards a complete physics understanding of the physics processes happening
during divertor detachment, which was seen as the most promising solution of the power exhaust
problem. These understandings are needed in order to extrapolate the current research done on
smaller fusion reactors like the TCV tokamak to the planned bigger devices like ITER.

3. Physics Processes around the Divertor Region

To solve the power exhaust problem, the ion momentum towards the wall needs to be reduced.
In order to design a diagnostic for ion momentum measurements in the divertor region, it is
necessary to know the physics processes happening in the divertor region that could influence
our measurements in order to make a model for designing the diagnostic. With the desire
of passive measurements, a spectroscopic system is preferred which will make use of the light
emission. Therefore emission will be first briefly described before diving into the main source
of information within the emission that our CIS setup will measure, the spectral line shape.
The spectral line shape of the emission holds information about the desired ion velocity and
thus momentum. Besides velocity, the spectral line shape holds information about various other
plasma parameters which will influence our measurements as will be described in chapter 4. As
it is already known that the system will operate in the divertor detachment regime as described
in chapter 2, the magnitude of the physics effects in this regime could already be listed which
are needed for the design criteria in chapter 5. As flow was the main quantity of interest, an
estimated magnitude in terms of ion velocity and its direction is made in this chapter out of the
SOLPS models.

3.1

Plasma Emission inside the TCV divertor

The emission inside the TCV divertor consists of a continuous emission (e.g. brehmstraling)
and line emissions from different atomic species which are strongly present over the continuous
emission. MANTIS and our diagnostic will measure the emission of specific emission lines of the
ions and neutrals in the SOL and divertor region of TCV [11]. Those emission lines exist in the
SOL and divertor region due to the lower electron temperature than in the core plasma such that
the electrons are still bonded to one of the energy level shells of the ion. These electrons could
fall back to a lower energy level by various processes e.g. collisional de-excitation, radiative
recombination reactions and spontaneous emission [35, 36]. Once an electron falls back to a
lower energy level shell, it emits a photon of frequency ν according to
∆E = hν,

(3.1)

with ∆E the difference in energy level energy and h the Planck constant. The photon frequency
can be linked to the emitted wavelength of light λ with
λ=

c
,
ν

(3.2)

where c is the speed of light. The orientation of the emitted light wave’s amplitude is called the
polarisation. While the polarisation of the emission is often an uniform distribution, quantum
effects and reflections can cause a preference into the polarisation direction [37].
The intensity that will be measured of the photon emission Ipq from level p to q in photons
m−3 s−1 is related to the excited level density np by the Einstein coefficient Apq in the form of
Ipq = np Apq such that some lines are more present than others due to the difference in Einstein
coefficient and that the intensity can vary over different plasma parameters as those effect np .
The intensity spectrum I(ν) of the emission is given in the form I(ν) = I0 g(ν) with I0 the total
intensity given by intergrating over the frequency and g(ν) the normalised function representing
the shape of a spectrum which will be discussed in detail in the next section.
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Figure 3.1: The fractional abundance of the ionisation states of carbon as function of the electron
temperature calculated from CRM models based on ADAS data for divertor electron densities of 1018
and 1020 m−3 . Image obtained from [31]

The population density of the ionisation states of an ion np is determined by collisional radiative
models (CRM). Without going into detail as CRM’s are beyond the scope of this research, it
should be mentioned that the division of the ions between the different ionisation states, called
the fractional abundance, is a balance between excitation reactions and de-excitation reactions
like recombination. The fractional abundance according to a CRM for different carbon ions can
be seen in figure 3.1 as function of electron temperature. Figure 3.1 is made under the electron
density, ne , conditions of the divertor of TCV which lies in between 1018 and 1020 m−3 . In the
remainder of this thesis, the ions will be given in spectral notations such that CI equals the
carbon neutral and CII the carbon ion with charge one, CII the carbon ion with charge two etc.
We expect emission from the CI, CII and CIII lines present in the divertor region during the
detachment experiments as the fractional abundance of those lines is the highest in the expected
electron temperature regime of the divertor detachment experiments.
The intensity of line emission gives information about the amount of reactions happening in the
plasma [38, 39], and thus the plasma conditions in terms of electron density and temperature
[38, 39] by using CRM’s. This determination is done by comparing different line ratio’s. From
figure 3.1 it can already become clear that the ratio between emission lines for different ionisation states gives information about the fractional abundance and thus the electron temperature.
Furthermore, the CRM models depended on electron density such that by comparing the ratio in different species, the model can be fitted over the data with the electron density as fit
parameter.

3.2
3.2.1

The Spectral Line Shape
Individual Shifting, Broadening and Splitting Mechanisms

Besides the intensity of the line emission itself, the spectral shape of the emission line carries
information about the plasma conditions in various means from which one of them is the desired
ion flow. The ion flow is encoded into the spectral line shape as the main shifting mechanism
which is called the Doppler shift and is thus the desired property of the spectral line shape that
must be measured. As our diagnostic has to encode the spectral line shape into a 0D quantity
to make an image which includes the desired ion momentum quantity, it is important to make
a spectral line shape model. However, not only velocity is a parameter influencing the spectral
line shape, but there are various other shape effects that will influence our measurement of the
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ion velocity as will be shown in chapter 4 and are therefore worth considering.
Spectral line broadening is the most important spectral line shape property that will influence
the velocity measurement within a CIS setup. The most important broadening mechanisms in
a plasma are the Doppler Broadening [40], depending on the temperature of the particle T ,
pressure broadening [40] depending on the electron density ne and the Zeeman splitting [40]
and Motional Stark Effect [40] depending respectively on the magnetic field B and the electric
field E within the plasma. The later two will give a preference in polarization in the normally
unpolarized emission [41]. In the remainder of this subsection, the physics formulas that must
be used within a spectral line shape model needed for the design of a CIS setup are individually
described.
The Doppler Effect: Shifting and Broadening of Emission Lines
The central wave length, λc , of the line emission can shift due to the Doppler effect [42] given
by


~ˆ
~
v
·
l
+ 1 ,
(3.3)
λc = λ0 
c
where λ0 is the wavelength of the emission at zero velocity linked to the energy level difference
which can be found in the NIST database [43] and ~v · ~l the velocity ~v of the emitting particle in
~
the line of sight direction ˆl from the observer to the emitter. It can be convenient to introduce
the normalized frequency shift ξ as
ν − ν0
(3.4)
ξ=
ν0
where ν0 is the centre of mass frequency in the emitters rest frame. The quantity ν0 is linked to
λ0 by equation (3.1) and (3.2). By using the normalized frequency shift in the non-reletavistic
Doppler shift, equation (3.3) can be written as a observed Doppler normalized frequency shift
as
~
~v · ˆl
,
(3.5)
ξD = −
c
which is an encoding of the desired velocity quantity into a measurable spectral line shape
quantity.
Besides a shift in the central wavelength, a broadening of the line emission can be seen by the
doppler effect due to the ion velocity distribution function (IVDF). This broadening is often
one of the most dominating broadening mechanisms in a tokamak due to the high temperatures
of the particles. Doppler broadening on an isotropic Maxwellian IVDF, which is the case for
plasma’s in local thermal equilibrium (LTE), will cause a Gaussian line shape around its centre
of mass frequency, which could be shifted due to the Doppler shift. The full width half maximum
(FWHM) of the Doppler broadening is given by [40]
r
kB Ti
λ0 ,
(3.6)
F W HMλ,d = 2 2 ln 2
mi0 c2
with kB the Boltzmann constant, Ti the ion temperature and mi0 the mass of the emitting
particle at rest.
In terms of the introduced normalized frequency shift, the spectral line shape g(ν) of a Doppler
Broadened and shifted emission line in LTE as seen by a observer can be expressed as [14]
 

2
 2 −1/2
~ˆ
2
v
~v · l  c 

g(ξ) = π th
exp − ξ +
(3.7)
2 ,
c2
c
vth
where vth the characteristic thermal speed given by
r
2kB Ti
vth =
.
mi0

(3.8)
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Table 3.1: Equations for the relative intensities I of the π and σ Zeeman splitted line components for
different transition values ∆J. The MJ and J values listed are the ones from the upper energy level.
The equations depicted in the table are obtained from [45].

∆J
0
−1
+1

Iπ
MJ2
J 2 − MJ2
(J + 1)2 − MJ2

Iσ+
(J + MJ ) (J + 1 − MJ )
(J + MJ ) (J − 1 + MJ )
1
(J
+ 1 − MJ ) (J − MJ + 2)
4
1
4
1
4

Iσ−
(J − MJ ) (J + 1 + MJ )
(J − MJ ) (J − 1 − MJ )
1
(J
+ 1 + MJ ) (J + MJ + 2)
4
1
4
1
4

Lorentzian Broadening Mechanisms on the Line Emission
In the divertor and SOL of the plasma, Stark broadening can play a more significant roll than in
the core plasma due to the lower temperatures and higher densities. Stark broadening is a rather
complex phenomena that occurs due to the collisions and electrostatic forces that pertubate the
emitting ions energy levels. The resulting broadening due to the electrostatic forces causes the
line emission to have a Lorentzian shape which FWHM is approximated by
2/3

F W HMλ,S ∝ An20 nm,

(3.9)

in which n20 is the electron density in units of 1020 m−3 and A an empirical determined factor
which depends on the species, and in some extend also on the plasma conditions like Te . Only
for the hydrogen lines, detailed calculations for the empirical determined factor can be found in
many literatures.
Besides Stark broadening, other effects like the natural line broadening due to the Heisenberg’s
uncertainty principle, Resonance and Van der Waals broadening by interactions with neutral
particles and Opacity broadening due to the self-absorption of the emission. Under normal
divertor conditions, these effects are more than 4 orders of magnitude lower than the Stark or
Doppler Broadening effect and are therefore neglectable [8].
Spectral Line Splitting due to External Fields
Next to shifting and broadening, splitting of the energy level can occur. One of these splitting
mechanisms is the Zeeman effect which can becomes noticeable at the lower temperatures around
the divertor when an external magnetic field is present and can strongly effect our measurement
as will be shown in chapter 4. If the emitting atom is LS coupled, which is the case for the light
atoms [44], the lower and upper energy levels which determined the wavelength of the emission
is split into multiple levels which deviates from the original energy level without an external
magnetic field as [31]
∆EZ = µB gJ MJ B,
(3.10)
with B the magnetic field, µB the Bohr magneton constant, B the external magnetic field, MJ
the total angular momentum which ranges from [J, J − 1, ..., −J] and gJ the Lande factor given
by
J(J + 1) − L(L + 1) + S(S + 1)
,
(3.11)
gJ = 1 +
2J(J + 1)
where S denotes the total spin angular momentum, L the orbital angular momentum and J the
total angular momentum. The allowable energy transitions are the ones with ∆MJ = 0, +1, −1
which are respectively noticed by π, σ + , σ − . The π transitions are the closest to the original one
and are polarized parallel to the external magnetic field. The σ components lie equally further
away from the original one at both of its sides and are right and left handed circular polarized
around the magnetic field. The relative intensity of each line can be calculated out of table 3.1,
where the sum of the π components relative intensity is equal to the sum of both σ components
relative intensity.
As the Zeeman splitting is symmetrical in both the wavelengths as intensity around the original
wavelength, the centre of mass frequency ν0 of the emission does not change. The spectral line
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shape of a splitting can be given by a sum of delta peaks as

gM (ξ) =

n
X

Ii δ(ξ − ξi ),

(3.12)

i=1

for an induced multiplet structure due to the splitting consisting
Pn of n lines with rest frame centre
positions ξi and normalized relative intensities Ii such that i=1 Ii = 1.
An important remark should be made about the measured intensity of a Zeeman splitted line.
While the total intensity of the Iπ and combined Iσ components are the same, due to the
polarization, they are not equally measured. The measured intensity depends on the viewing
angle θ in between the line of sight and the magnetic field, which is used for magnetic pitch
angle measurements, as
Iπ,observed = Iπ sin2 (θ),
(3.13)
and

Iσ,observed = Iσ 1 + cos2 (θ) .

(3.14)

The measured centre of mass frequency does not change due to this effect, but the measured
relative intensities Ii , and thus the measured shape of equation (3.12) will be influenced by this
effect.
The same effect of splitting is seen in the presence of an electric field E in the form of the
motional stark effect in which the energy level splitting is given by
∆ES =

3
kna0 E,
2

(3.15)

where n is the principle quantum number and k ranges from [n − 1, n − 2, ..., −(n − 1) and a0
the Bohr radius. The central lines are now polarized circular around the electric field and the
side wings parallel to the electric field. The motional stark effect causes a symmetrical splitting
around the centre of mass frequency like the Zeeman effect. Due to this symmetry, the centre of
mass frequency doesn’t change and the spectral line shape due to the motional stark effect can
be expressed in the same form as equation (3.12).

3.2.2

Combining the Effects

Until now, only the individual spectral line shape effects are considered. In a fusion reactor, all
those individual effects happen simultaneously on the same line. When considering the same
emission species, the total shape g(ξ) is given by the convolution of each of the individual
broadening effects. When considering the convolution of only Gaussian broadening effects, the
resulting shape will also be a Gaussian with the FWHM given by the quadratic sums of the
individual Gaussians FWHM’s. For only Lorentzian broadening effects, a Lorentzian shape with
a FWHM equal to the sum of the Lorentzian FWHM’s is received. The convolution of the
Lorentzian and Gauss profile creates a Voight profile. If multiple splitting effects are happening
on the same line, the resulting frequencies and their relative intensities have to be determined
and the multiplet shape will be of the form of equation (3.12) with the corrected terms for
multiple splitting. The total shape is the convolution, denoted by ~, of the resulting Gaussian
shape gD , the resulting Lorentzian shape gL and the resulting multiplet shape gM of each of the
individual broadening mechanisms in the form of
g(ξ) = gG (ξ) ~ gL (ξ) ~ gM (ξ).

3.2.3

(3.16)

Broadening Effects in the TCV Divertor

As the possible line shape effects inside a divertor are now described, an estimate of the magnitude of these effects in the divertor detachment regime on TCV can be determined. This will give
information about the negligibility of these effect within our physics model of the spectral line
shape that will be used for the design of our diagnostic in chapter 5. TCV is a carbon wall fusion
reactor working with the deuterium-deuterium reaction. During detachment studies, nitrogen is
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often seeded to cause the recombination reactions needed for divertor detachment. As a result,
the species H, He, D, N and C are all present in the machine during operations. All these species
are LS coupled light atoms such that the Zeemann splitting as given in equation (3.10) holds for
all species. The plasma parameters in terms of electron density and temperature are expected
to lie in between ne = 1019 − 1020 m−3 and Te = 0.1 − 10 eV where below 5 eV, detachment
can be reached by charge exchange collisions [8]. Below 1 eV, recombination collisions will aid
to this goal. The magnetic field in this region lies in between 1.4 and 2.0 T, while there is no
explicit induced electric field [3]. The electric field present in the divertor region is created by
~ As the cross magnetic field velocities are neglectable, as will
the Lorentz effect as E = ~v × B.
be shown in the next section, and the magnetic field inducing the electric field for the MSE will
have already Zeemann splitted components, the splitting of the MSE can be ignored within the
TCV divertor.
Using the Doppler broadening of equation (3.6), it is seen that at the lower temperature regime
of 1 eV, for hydrogen lines around 400 nm, Doppler FWHM is given by 3 · 10−2 nm. For Carbon
lines in the same wavelength region, the FWHM goes as low as 9 · 10−3 nm for 1 eV and 3 · 10−3
nm√for 0.1 eV due to the higher ion mass. These values will scale with temperature in the form
of Ti .
Stark Broadening is for most species an ill-defined problem, and research into spectral line
shape modelling, like the PPP code, is a wide field of research within plasma physics. For the
Hydrogen lines, reasonable approximations exist giving for the upper divertor density limit of
a 1020 m−3 , a FWHM of approximately 4 · 10−2 nm for the Balmer-β transition. For Carbon,
listings are made showing FWHM’s in the same order of magnitude for densities of 1023 m−3 [46,
47]. It should be noticed that the exact FWHM of Stark broadening depends on many plasma
parameters and that giving exact calculations of the Stark FWHM are beyond the timeframe of
this research. As the Stark Broadening strongly scales with density, at modest TCV densities,
the Stark Broadening is mostly neglectable compared with the Doppler broadening, even at low
temperatures. For the carbon ions, this becomes evident out of the given values, however for
the hydrogen, some of the emission lines have significant Stark Broadening such that it can be
used as electron density measurement.
The maximum magnetic field of 2 T within the divertor region causes Zeemann splitting. For
the carbon line located at 426.726 nm with total angular momentum going from 7/2 to 5/2, the
widest value of the split corresponds to 2 · 10−2 nm, which is already as width as the Doppler
broadening of the same line for 5 eV. Therefore, unlike Stark Broadening, the Zeemann splitting
can be a significant mechanism within the TCV divertor for some of the lines and have to be
considered. The higher the Lande factor of the emission, the greater the effect of the Zeemann
splitting.

3.3

Fluxes in the Divertor

As flow is the quantity of interest, it is important to know something about the fluxes in the
divertor region such that the expected magnitudes and flow direction, as the Doppler shift
depends on viewing angle, could be taken into consideration within the diagnostic design model.
These fluxes are influenced by a lot of complex physical processes happening at the plasma
boundary where the SOL and the divertor are part of. A simplified description of the fluxes
in the SOL is given by the 1D two-point model. This two-point model uses the conservation
of energy, momentum and particles under constant pressure along a magnetic field line from
the core plasma to the wall to determine the evolution of these quantities along this leg. This
1D model can be used as the cross-field transports are under non-turbulent operations much
lower (around 3 to 4 orders of magnitude) than the parallel to the magnetic field transporting
mechanisms in the SOL [48]. However, strong modifications on this two-point model are needed
in case of detachment due to the induced pressure gradient driving a flow along the magnetic
field line [8]. Furthermore, recombination reactions and the presence of neutrals, from with
the later has an intrinsically 2D treatment, are not taken into account in the two point model
[8].
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Based on this two-point model, a first estimate for the expected velocities can be made out of
the fact that the PFC acts as a sink. At the PFC, a region highly effected by the plasma-wall
interactions is formed which is called the sheat. The Bohm criterion states that the velocity at
which the ions will enter this sheat is at least their soundspeed given by
r
kb Te + γkb Ti
,
(3.17)
cs =
mi
with Te the electron temperature and γ the adiabatic constant given by 1 for isothermal flows,
5/3 for adiabatic flows with isotropic pressure and 3 for 1D adiabatic flows[49]. In the divertor
region as described in section 3.2.3, CII-ions will have a sound speed of approximately 0.8-9
km/s in the electron temperature range from 0.1 -10 eV.
More accurate flow estimates are made by the usage of advanced divertor modelling codes like
SOLPS. SOLPS solves the system of 2D conservation equations for particles, momentum and
energy which are implemented in the form of the Braginskii fluid equations. The Braginskii
equations are the conservation equations for ion and electron fluids taken into account collisions
between ionized particles within the plasma but ignores the atomic processes. In SOLPS, a
Monte Carlo neutral code as model for the atomic processes is implemented as addition to the
Braginskii equations [8]. Drift processes as result of the electromagnetic forces and the creation
of potential wells in the plasma could also be implemented in SOLPS. Examples of processes
implemented in SOLPS are illustrated in figure 3.2 for the reversed field (RF) configuration where
the plasma current and applied magnetic field in the tokamak are in the opposite direction. In
perfect conditions, a charge particle will gyrate along a magnetic field line with a radius called
the gyroradius. The downward ∇B drift of particles in figure 3.2 is a result of the difference
in gyroradius of the particles following the magnetic field line as the gyroradius depends on
the magnetic field strength. A motion perpendicular on the magnetic field gradient and line is
expected. As electric fields are induced within the plasma, during the gyromotion of the particle,
it experiences acceleration and deacceleration if the magnetic field line and the electric field are
perpendicular to each other. As the gyroradius is proportional to the velocity of the particle due
to the centripetal force, difference in gyroradius within a gyration as was also seen by the ∇B
will cause a particle drift perpendicular on both the magnetic field and the electric field which is
called the E × B drift. The E × B drift is both radial and poloidal as there are multiple electric
fields as indicated in figure 3.2. The E × B drift causes the anomalous transport of particles
into the private flux region, the region in between the inner and outer leg of the divertor which
the open magnetic field lines along the seperatrix don’t reach and transport to this region is
thus limited. The opposite of the reversed field is the forward field (FF), aligning the external
magnetic field and plasma current resulting in an reversal of the toroidal plasma flow and the
by arrows depicted transport mechanisms shown in figure 3.2. A full and detailed description
of the transport mechanisms happening in the plasma boundary can be found in the book of
P.C.Stangeby [48].
A result of the parallel, along the magnetic field lines, impurity transport of CII in the reversed
field configuration out of a SOLPS-ITER simulation is shown in figure 3.3. In this figure, a
negative value responds to a flow along the field line from the LFS to the HFS, counter clockwise
in the poloidal plane, and a positive value from the HFS to the LFS, clockwise in the poloidal
plane. It is seen that the expected sound speeds at the sheath enterance are within the lower
bound of the expected flows along the divertor leg. Velocities up to 20 km/s are expected and
an average velocity of 10 km/s is seen which corresponds to the ion sound speed of CII at 15 eV,
which is the temperature at the edge of the core plasma /cite. The toroidal flow component of
the parallel flow is at least a order of magnitude larger than the poloidal flow components. Figure
3.4 shows the relative magnitudes of the different poloidal flow components. The simulations
of figure 3.4 indicates that the parallel component dominates poloidal particle transport in the
divertor region in forward field, whereas E × B adds a minor contribution in the classical drift
direction. In reversed field, this is only true for low density cases, while in high density cases,
potential wells close to the LCFS results in E × B dominated transports along the parallel flow
direction in this, approximately 1cm wide, layer along the LCFS [51]. Keeping this results in
mind and the fact that the toroidal along field components is at least a order of magnitude larger
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Figure 3.2: Cartoon showing some of the many transport mechanisms that drive ion flows in the SOL
and divertor for the given plasma current, magnetic field and electric field showing a reversed field
configuration. Image obtained from [50].

than the poloidal component, the assumption that the flow follows the magnetic field lines is
made plausible.

3.4

Chapter Summary: Physics Model for Designing the
Diagnostic

In this chapter, the physics processes that must be implemented in the physics model that will be
used for the designing the diagnostic are presented. Line emission which is present within specific
divertor regions depending on the plasma conditions can be used as passive flow measurement
as it carries information about the flow velocity of the ions within the spectral line shape. In
the divertor region during detachment regime, where the plasma parameters in terms of electron
density and temperature are expected to lie in between ne = 1019 − 1020 m−3 and Te = 0.1 − 10
eV and the external magnetic field has a maximum of 2 T, the Doppler effect and the Zeeman
splitting effects dominate. The physics properties and their formula’s of these two effects as
given in this chapter by the convolution of the spectral line shape models of equation (3.7) and
(3.12) have to be taken into account for designing the diagnostic.
As design model for the flow, numerical models will be used as divertor flow is a rather complex
2D problem as a result of various drift processes. Within the divertor region, ion velocities up
to 20 km/s are expected while the average velocity is estimated to lie around 10 km/s. The
direction of the flow can be very well estimated as parallel along the magnetic field lines and
will be the direction that is implemented within the flow models.
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Figure 3.3: The parallel velocity of CII in m/s in the divertor region as received by SOLPS run 143797
simulating a baffled reversed field case in TCV. Negative values respond to a flow along the field line
from the LFS to the HFS, counter clockwise in the poloidal plane, and positive values from the HFS to
the LFS, clockwise in the poloidal plane. The outer leg region of the left figure is enlarged in the right
figure to better show the velocity decay along the leg.

Figure 3.4: Relative contribution of parallel, E × B and diamagnetic fluxes to poloidal particle transport.
Red/blue indicate transport towards the LFS/HFS targets, respectively. The parallel component typically
dominates the poloidal transport, however a presence of a potential well as is created with high density
reversed field configurations causes a significantly E × B contribution to it. Image obtained from [51].

4. Working Principle of PCIS

The spectral line shape quantity of the Doppler shift which holds information about the ion
momentum as given in the previous chapter needs to be encoded into a 0D quantity in order to
make an image of the complex 2D divertor region. This can be done with the aid of interferometry
by making an interferogram. Interferometry works for a Quasi-monochromatic light source like
the broadened line emission of a plasma in the TCV divertor given by the spectral line shape
model described in the previous chapter. As CIS is a kind of interferometry diagnostic, it follows
the principles of the classical Fourier Transform Spectroscopy devices which therefore first needs
to be discussed and introduces the phase, φ, and the contrast ζ which are the encoded values
within the interferogram of respectively the central wave length and broadening effects.
With the spectral line shape models of chapter 3, a theoretical analysis of how the model parameters influences the interferometry signal is done to see how the desired ion velocity is encoded
into the signal and can eventually be extracted from this signal. With the physics behind the
interferometric signal and the encoding of the flow known, the way of how CIS is able to create
and measure the interferometric signal is described in section 4.3 together with how CIS is able
to decoded the interferometric signal into the desired flow quantity. While CIS already provides
a smart way for this encoding and eventually decoding of the flow, a polarization camera can
aid to the purpose of a simplified decoding of the signal into flow which will be explained at the
end of this chapter.

4.1
4.1.1

Fourier Transform Spectroscopy: the Basic Principle
of CIS
The Interferometric Signal for Quasi-Monochromatic Light

Consider a Quasi-monochromatic light source like a broadened line emission which emits light
with the complex electric field amplitude E(t). This light will enter an Michelson’s interferometer where by means of a beam splitter, two light waves immures with equal amplitude such
that E1 (t) = E2 (t) = 21 E(t). After inducing a time delay τ on one of the light waves, by
means of a physical path length difference, the resulting amplitude of the light wave exiting the
interferometer can be written as
u(t) = E1 (t) + E2 (t + τ ) =

1
(E(t) + E(t + τ )) .
2

(4.1)

The detected intensity of an light wave goes as the square root of the modulus of the complex
amplitude which is given by the product with its own complex conjugate [31] such that the
measured intensity signal is given by

S(τ ) = hu(t)u∗ (t)i =

1
hE(t)E ∗ (t) + E(t + τ )E ∗ (t + τ )
4
+ E(t)E ∗ (t + τ ) + E(t + τ )E ∗ (t)i

(4.2)

with hi the time averaged and ∗ indicating the complex conjugate. In the first two terms
of equation (4.2), the intensity I0 of the pre-interferomic signal can be noticed. As the time
average is taken, both the delayed and non delayed complex conjugate product will give the
original intensity I0 . It can be noticed that the fourth therm of equation (4.2) is the complex
19
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conjugate of the third therm. By using Γ(τ ) = hE(t)E ∗ (t + τ )i which is the self coherence of
light given by its autocorrolation function [31] and using the complex conjugate relation that
1
∗
2 (Γ(τ ) + Γ (τ )) = Re(Γ(τ )), equation (4.2) transforms to
S(τ ) =

1
[I0 + Re(Γ(τ ))] .
2

(4.3)

The degree of coherence is given by γ = IΓ0 from which the contrast ζ = |γ| and phase φ = arg (γ)
is defined [31]. By the Wiener-Khinchin theorem [52], the power spectrum of a random stationary
process is given by the Fourier transform of its autocorrolation function. In this case, this means
that the degree of coherence is thus given by the inverse Fourier transform of the lights spectral
shape g(ν) as
Z
γ(τ ) =

g(ν) exp(2πiντ )dν,

(4.4)

which, if the real part of the degree of coherence is taken, is just the inverse Fourier cosine
transform of the spectral line shape if g is an even function around its centre of mass frequency
[14]. This will transform equation (4.3) into the in the world of optics well known interferometric
signal equation for Fourier Transform Spectroscopy (FTS) given by [14, 31]
S(τ ) =

I0
(1 + ζ cos(φ)) .
2

(4.5)

From equation (4.5), three unknowns (I0 , ζ and φ) are Incorporated into one measurement signal
making it an ill defined problem. In order to get information about the unknowns, τ has to be
varied. This can be done with either temporal or spatial multiplexing techniques. A temporal
techniques varies τ in time losing temporal resolution while a spatial technique varies τ over one
dimension of the sensor, such that only 1D spectral information is remained.

4.1.2

Delay Dispersion

In many spatial multiplexing FTS systems, from which a CIS setup is one of them, a crystal
is used [31]. Ideal instruments will have a time delay independent of the wavelengths. The
crystals however, induce wavelength dependence on the time delay due to delay dispersion [31].
For quasi-monochromatic light with ∆ν/ν0 << 1, this dispersion can be approximated by a first
order Taylor approximation as [31]
τ (ν) = τ0 + (ν − ν0 )

∂τ
∂ν

,

(4.6)

ν0

with τ0 = τ (ν0 ) such that the phase delay can be written as
φ = 2πντ (ν) = 2π ν0 τ0 +

dτ
τ0 + ν0
dν

!

!
(ν − ν0 )

ν0

(4.7)

= φ0 + κφ0 ξ,
where φ0 = 2πν0 τ0 and κ the delay dispersion constant given by
κ=1+

ν0 ∂τ
τ0 ∂ν

.

(4.8)

ν0

It comes convienent to introduce the number of waves phase delay at frequency ν0 as N = ν0 τ0
and from that the interferometer group delay as N̂ = κN . Inducing the delay dispersion into
the degree of coherence as given by equation (4.4) and changing the intergration variable to the
normalized frequency shift ξ gives
Z

γ(N ) = exp(2πiN ) g(ξ) exp(2πiN̂ ξ) + O ξ 2 dξ,
(4.9)

where under the quasi-monochromatic approximation the term O ξ 2 can be neglected.
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Figure 4.1: The Doppler Broadening (left) and Zeeman splitting (right) contrast as function of group
delay (horizontal axis) and respectively the ion temperature and magnetic field strength (vertical axis).

4.2
4.2.1

Plasma Parameters encoded in the Interferometric Signal
Doppler FTS: The Simplest Spectral Line Shape Model

From the previous section, it became clear that the interferometric signal equation holds information about the spectral line shape g(ν) and thus the desired ion momentum in terms of Doppler
shift. Applying the FTS theory on a simplified spectral line shape model only describing an
isolated emission line with the spectral shape model given by equation (3.7) will give insight in
the propagation of the desired ion momentum into the measured signal. The degree of coherence
of the spectral line shape model of equation (3.7) for a FTS system with delay dispersion can
due to equation (4.9) be written as [31]



~ˆ

2 
~
v
·
l
2 vth


γ = exp(2πiN ) exp −2πiN̂
exp −(π N̂ )
.
(4.10)
c
c
Using the definition of degree of coherence γ = IΓ0 in combination with the general interferometric
signal equation (4.3) gives a doppler contrast of
ζD = exp (−Ti /TC ) ,

(4.11)

where Tc is the instrumental characteristic temperature given by
TC =

mi c2
2kB (π N̂ )2

,

(4.12)

and the measured phase is given by the sum of the rest frame phase φ0 = 2πN and the Doppler
phase
ˆ
~v · ~l
,
(4.13)
φD = −2π N̂
c
due to the product rule for exponentials. The Doppler phase is a linear function of velocity and
the Doppler contrast is a gaussian function which for illustrative purposes is given in figure 4.1
as function of N̂ and Ti .
From equation (4.11) and equation (4.13), it becomes clear that the contrast is determined by the
broadening effects due to the ion temperature, and the phase is determined by the velocity. This
decoupling of the shifting and broadening properties of the spectral line shape into respectively
the phase and contrast gives rise to the determination of ion temperature and velocity out of the
interferometric signal if the contrast and phase could be seperated and if Tc and φ0 are known.
Out of equation (4.5), it becomes clear that if the contrast term goes to zero, the phase effects
and thus the velocity effects are not well encoded into the interferometric signal as the amplitude
of the phase signal vanishes.
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Non Gaussian Line Shapes: Multiplets and Lorentzians

As shown in section 3.2.3, Doppler broadening and shifting where not the only effects happening
on the emission lines of the TCV divertor. While for most lines, the Doppler effect dominated
over the Lorentzian effects, there where emission lines like Hγ in which the Lorentzian profile
was highly pressent. Without going into mathematical details of the Fourier transform as these
are beyond the scope and need for this initial research into PCIS, it should be noticed that the
decoupling in shifting and broadening mechanisms can still be seen in a Lorentzian or even the
Voigt profile. The phase is still only a measurement for the ion velocities, while the contrast for
a Lorentzian contains information about the electron density and for a Voigt profile about both,
the electron temperature and density. As for a Voigt profile two plasma parameters are encoded
into one contrast value, measurements at at least 2 delay values in combination with spectral
shape models are needed in order to decode the contrast into valuable plasma parameters.
The multiplet shape caused by splitting of the emission lines or not perfectly isolated emission
lines due to a multiplet structure or contaminations causes the shape of the spectral line to look
like equation (3.12). The degree of coherence for this shape is given by [31]
γM =

n
X



Ii exp 2πiN̂ ξi ,

(4.14)

i=1

which will induce a multiplet phase, φM , and contrast, ζM , into the interferometric signal. Due
to the convolution theorem that the Fourier transform of a convolution is given by the product,
the degree of coherence for a Doppler broadened multiplet structure is given by γ = γD γM . This
same theorem holds for all broadening mechanisms convoluting with the spectral line shape,
causing simplified determinations of the degree of coherence for complex structures. Out of this
convolution theorem, it follows that the total contrast is given by the product of individual
contrast terms, and the total phase is given by the sum of individual phase terms. For a Doppler
broadened multiplet structure, the interferometric signal is then given by
S(Ip , ζ, φ) =

Ip
(1 + ζD ζM cos (φ0 + φD + φM )).
2

(4.15)

For a single species multiplet structure, in which the positions and relative intensities denoted
in equation (3.12) don’t change, calculations or calibrations can account for the multiplet effects
in the phase and contrast measurements. However, this is not possible when contaminations or
variating isotopes are present in the plasma as the scaling of these relative of the line emission
depend on variable plasma conditions during a shot and will not give a constant multiplet phase
and contrast value. From this condition, the importance of selecting an isolated emission line
for the interferometry becomes clear.
The Zeeman effect, also present on completely isolated lines will introduce a during shot variable
change in multiplet contrast, including an extra unknown variable into the contrast term. The
induced multiplet phase by Zeeman splitting is equal to zero due to the symmetry of the Zeeman
spliting around the centre of mass frequency [31]. Therefore, it is already eliminated into the
phase term and only the unknown variable of velocity influences the phase term during a shot.
For illustrative purposes, the Zeemann contrast as function of N̂ and B is given in figure 4.1. The
start of a beat pattern, which is typical for the multiplet contrast, can be seen at higher values
of the magnetic field. In order for the phase to have the greatest influence on the interferometric
signal, the multiplet contrast which acts as an amplitude of the phase needs to be maximized
by choosing the appropriate group delay.

4.2.3

Inhomogeneously

Until now, only emission from one point is taken into account. However in reality, the observed
signal will be given by a weighted line average over the 1D coordinate l of the line with total
length L . While running over the line coordinate l, several plasma positions determined by
the vector r are encountered. The observed spectral line shape ğ is an over local emissivity, 
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weighted integral given by [31]
ğ(ξ) =

1
I0

Z
(r)g(ξ, r)dl

(4.16)

(r)dl.

(4.17)

L

with the observed intensity I0 given by
Z
I0 =
L

The line averaged degree of coherence, γ̆ is as result of equation (4.16) given by
Z
1
γ̆(N ) =
(r)γ(r, N )dl.
I0 L

(4.18)

Using the polarform equation of the degree of coherence γ = ζ exp iφ in combination with the
mathematical Maclaurin series for the complex exponential to the third order, the real part, and
thus the contrast term of the line averaged measurement is given by
Z
h
i
1
(r)ζ(r) 1 − φ̃(r)2 /2 dl,
(4.19)
ζ̆ ≈
I0 L
where φ̃ is a local perturbation over the line averaged phase such that φ(r) = φ̆ + φ̃(r). Under
the assumption that φ̃ is small, the line averaged contrast can be given by
Z
1
(r)ζ(r)dl,
(4.20)
ζ̆ =
I0 L
which is the emissivity weighted integral. Using equation (4.20) based on the small phase
perturbation assumption and using the polar form for the degree of coherence with the third
order Maclaurin series [31] gives for the imaginary part and thus the phase
Z
h
i
1
φ̆ ≈
(r)ζ(r) φ(r) − φ̃3 (r)/6 dl
(4.21)
I0 ζ̆ L
where under the same assumption of small phase can be rewritten to
Z
1
φ̆ =
(r)ζ(r)φ(r)dl,
I0 ζ̆ L

(4.22)

which is a contrast and emissivity weighted integral.
To place the assumption of small perturbation in context with the plasma parameters, equation
(4.13) is used. It follows that for a modest group delay of N̂ = 2500, a local perturbation in
velocity of 5 km/s over the line averaged velocity, which is reasonable considering the SOLPS
simulations of section 3.3 and the fact that velocity is a continuous function influencing the line
averaged measurement too, will only cause an phase perturbation of approximately 0.26 which
when inserted into the Maclaurin series for the exponential is much smaller than 1.

4.3
4.3.1

CIS Setups: Being Smarter with Polarisation
Conventional CIS

In the interferometric signal, the desired ion velocity is encoded into the phase term as shown
in the previous section. However, there where three unknowns (I0 , ζ, φ) influencing the single
value of S according to equation (4.5). Therefore, the phase term can not be extracted out
of a single measurement value. A system has to be designed which first encodes the spectral
line shape into a 0D measurement by interferometry, but also allows extraction of the three
unknowns out of this measurement. In the field of FTS, extraction of the three unknowns was
done with temporal or spatial multiplexing techniques. One of these techniques is Coherence
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Imaging Spectroscopy which is a form of spatial multiplexing FTS. In CIS, the spectral line
shape is encoded into the interferometric signal by inducing a phase difference in an incoming
light wave by the usage of birefringent crystals. A birefringent crystal will induce a relative
phase delay in between the ordinary (O) and extraordinary (E) polarisation components of the
incoming light wave [12]. If the O and E components are spatially separated by the birefringent
crystal, the crystal is called a shearing plate, else it is called a wave- or delayplate. A typical
CIS setup is shown in figure 4.2. This setup will give each pixel on the CCD its own associated
fixed delay. The main advantage of a CIS setup over other spatial multiplexing FTS setups is
that by using two polarisation components, which have a common optical path, the setup is
less sensitive to misalignment, vibrations and thermal expansions while also making it a more
compact and robust design [31].
The first polarizer in figure 4.2 is used to ensure that the O and E component are of equal
importance to the interference signal. This is done by placing the polarizer under a 45 degree
angle to the optical axis of the birefringence crystal. The by the birefringent crystal induced O
and E, respectivily perpendiculair and parallel to the crystals optical axis, components amplitudes are then equal. Due to this property of the setup, the derived interferometric signal S of
section ?? for two equal amplitude lightwaves holds. In order to see this interferometric signal,
a second polarizer after the birefringence crystal acts as an analyzer, making sure that there
is interference between the two orthogonal polarized O and E components imaged on the CCD
sensor for the desired line emission selected by the filter to induce the quasi-monochromatic
approximation.
The phase delay induced by a field widened delay plate is a constant over the whole CCD sensor
given by [12]
2πLB
,
(4.23)
φw =
λc
with L the thickness of the plate and B the birefringent constant a property of the material
used [12] but will also depend slightly on the temperature of the crystal [12, 14, 53], magnetic
surroundings [54] and the incoming wavelength [55, 56]. Therefore, the determination of B asks
for frequent calibrations. In terms of the refractive indices of the crystal, the birefringence can
be seen as the difference in between the refractive index for the E component, nE and the O
component nO as B = nE − nO . The group delay induced by this plate is a constant over the
whole imaging plane given by
L|B0 |
N̂ = κ0
,
(4.24)
λ0
where the birefringence B0 and delay dispersion κ0 are the wavelength dependence material
properties of the birefringence crystal evaluated at the wavelenght λ0 . For the field widened
shearing plate, the induced delay is a linear ramp in the vertical direction y of the imaging plane
approximated by [14]
2π d(B, L)
φs =
y,
(4.25)
λc
f
where d(B, L) is the induced displacement.
The resulting signal on the CCD chip can be expressed as an interferogram of equation (4.5) as
[12]
Ip
S(Ip , ζ, φ) =
(1 + ζ cos (φ)) ,
(4.26)
2
where the phase φ = φw +φs , Ip is the intensity after the first polarizer, which for an unpolarized
emission source is I20 , and ζ the contrast term given by the modulus of the inverse Fourier cosine
transform [12] of the spectral line shape.
To solve the three unknowns of an interferometric signal like equation (4.26), multiple measurements at different known φ are needed. The shearing plate is capable of inducing these delay
differences over the vertical direction of the imaging plane as seen out of equation (4.25). By
Fourier demodulating the fringes, when satisfying the Nyquist criterium, over a fixed amount of
pixels in the vertical direction of the CCD sensor, the unknowns can be received [14]. However,
the greater the amount of pixels needed, the less the spatial resolution will be [14]. This can
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Figure 4.2: A schematic representation of a CIS setup with the resulting signal S on the CCD chip as
function of the total induced phase delay φ for an infinitely thin line emission (black) and a Gaussian
profile (orange) centered around the same wavelength which shows the contrast term ζ as envelope. Figure
modified from [14].

Figure 4.3: Schematic representation of the polarization camera sensor showing the structure of the pixel
array from which one unit cell consisting of four pixels is isolated to illustrate the four directions of the
polarization filters. Figure obtained from [57].

be understood as that φ is only known at 0 and π as this corresponds to the minimum and
maximum in the fringe pattern. If the gradient of φs is high to increase the spatial resolution,
these extreme values are less accurately received, which will lead to a less accurate determination
of ζ and Ip .

4.3.2

Polarization Camera based CIS

A polarization camera can be used to measure the three unknowns in equation (4.26) without
ambiguity and can replace the analyzer (second polarizer) in figure 4.2. This will eliminate
the need for the phase delay gradient and thus the shearing plate as multiple measurements
for different polarized analyzer states are taken which will increase the spatial resolution of the
system. The design of a polarization camera sensor is given in figure 4.3. Figure 4.4 shows the
resulting polarization for the interference of two light waves for different initial polarizations and
phase delays. As the O and E component out of the birefringence crystal are linear polarized and
orthogonal orientated to each other with an equal amplitude, the first row of figure 4.4 represents
the polarization state of the resulting signal after the birefringence crystal for a conventional
CIS setup. By the removed analyzer, the signal of the polarized pixels of the camera along the
O and E direction, α = 45 and α = 135 in figure 4.3 respectively, should be the same due to
their equal amplitude and these signals are not subject to interference due to the orthogonality
of the O and E components. Therefore, out of the vector sum or one of these two pixels, Ip can
be directly constructed.
From the fraction of the signal on the remaining two pixels, the shape of polarization and thus
the phase delay can be determined, as the polarisation shape depended on the delay as shown
in the rows of figure 4.4. However it is important to note that the difference between right
handed and left handed polarization can not be determined in this way, resulting in a maximum
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Figure 4.4: Schematic representation of the resulting polarisation shape for a given phase delay (column)
between different initial O and E component shapes (rows), from which the initial shapes are shown in
the first column. Figure modified from [58].

distinguishable phase delay range of π when considering linear O and E waves. Transforming
the linear polarized O and E waves into a circular one by adding a quarter wave plate after
the delay plate, will give a doubled maximum distinguishable phase delay range. This effect is
shown in the bottom row of figure 4.4 where distinguishable polarization shapes are seen over a
2π phase delay. By using this transformation to circular O and E waves, the resulting signal on
each of the polarisation pixels of the camera is than given by
 Ip

2 (1 − ζ cos(φ)), if α = 0


 Ip (1 − ζ sin(φ)), if α = 45
,
(4.27)
Sα (Ip , ζ, φ) = I2p


2 (1 + ζ cos(φ)), if α = 90

 Ip
if α = 135
2 (1 + ζ sin(φ)),
which are also received by applying Mueller Calculus on the optical system as done in appendix
A.
To determine Ip from one of the equations in (4.27), the sin or cos term has to be zero, for which
the phase has to be known. Without knowing the phase, Ip can still be determined with the
sum of two signals as
(
S0 + S90 ,
Ip =
(4.28)
S45 + S135 ,
giving two options of determining Ip out of a single measurement which can be used to reduce the
error in the measurements. In the same way, the phase can be determined out of a combination
of all four pixels in the unit cell which gives


S135 − S45
−1
φ = tan
,
(4.29)
S90 − S0
and allows for a simplified isolation of the phase and thus the velocity information out of the
measured singals.
To determine the contrast, the determined Ip and φ can be inserted in the equations of (4.27).
It can be noticed that the contrast can also be determined directly by making use of the relation

Ip2
2 + ζ2 ,
(4.30)
4
and dividing it by Ip2 which can be received by the product in between or with itself from the
equations of (4.28).
S0 S90 + S45 S135 =

A remark should be made about the determination of the phase out of equation (4.29). Due to
the tangens term induced by dividing the sine by the cosine, the phase is determined in only an
interval of π. If desired, corrections can be done to transfer the determined phase φtan in the
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discontinuous intervals of [−π/2, π/2] into
of


φtan ,
φ = φtan + π,


φtan − π,

the interval [−π, π] of the sine and cosine in the form
if S0 < S90
if S0 > S90 and φtan < 0 ,
if S0 > S90 and φtan > 0

(4.31)

to go to the continuous 2π interval.

4.3.3

Advantages of Polarisation Camera based CIS Setups

A great advantage over conventional CIS is that the measurements are without ambiguity as the
Fourier demodulation method is not needed and can create an spatial resolution of 2x2 px instead
of 1x10 px. Besides that it increases the spatial resolution, the loss of ambiguity and the Fourier
demodulation method allows for almost direct phase and thus velocity measurements which could
be used for control. This makes the approach using a polarisation camera worth exploring. While
not at influence for velocity measurements due to the decoupling of the shifting and broadening
effects of the spectral line shape into phase and contrast, PCIS allows determination of the
contrast at every point as ζ can be determined as the cos and sin term in equation (4.27) can
not be zero simultaneously. The closer the cos or sin term is to one, the more the ζ term will
influence the signal, making it easier to determine ζ more accurate.

4.4

Chapter Summary: PCIS as a Diagnostic to image the
Ion Momentum

A PCIS device can image the ion momentum by using the Doppler shift out of the spectral line
shape model of the previous chapter. Interferometry is applied within the setup by the use of
a birefringent crystal that induces a delay in between the two orthogonal polarisation components of the incoming light such that the ion momentum is encoded into the 0D interference
signal. This 0D quantity exist of three parameters which are the incoming light intensity, I0 ,
which holds information about the heat and particle balance together with the MANTIS camera
measurements, the contrast, ζ, which holds information about the spectral line shape broadening and the phase, φ which holds information about the central wavelength and thus the ion
momentum due to the Doppler shift effect. By using the four different polarisation directions
on a polarisation camera, four individual measurements are received which allows for individual
extraction of these three parameters.
In order to receive the ion velocity out of these measurement, it was noticed that only the
flow affects the phase during a measurement as long as the multiplet structure of the measured
emission line stays the same due to the symmetry of the Zeeman splitting effect. To transform
this line integrated velocity measurement into a local quantity, an intensity and contrast weighted
integral has to be solved. When designed correctly, the PCIS device implemented in the MANTIS
system is thus capable of imaging the local heat, particle and momentum balance which are all
needed to understand the divertor detachment problem.

5. PCIS Design for Divertor Detachment
Studies on TCV

With the theoretical advantages and capabilities of a PCIS setup to image the ion velocity
and thus the momentum in the TCV divertor during detachment studies, the properties of the
optical components that makes up a PCIS setup as shown in figure 5.1 for the most optimal
design needs to be determined. In order to do so assumptions, considerations and requirements
for the design have to be made. As momentum was the main quantity of interest, the system
will be optimized to measure the local velocity out of the line integrated measurement for TCV
divertor detachment conditions. For this purpose a suitable emission line must first be chosen
together with an camera sensor that is capable of measuring this emission line with the required
spatial and temporal resolutions. The noise on the camera sensor must be discussed as this will
be the main uncertainty within the velocity measurements and will effect the optimum of the
suitable group delay induced by the delay crystal.
Once the required group delay of the system is determined, the properties of the delay crystal needs to be designed such that it reduces the other effects of crystal temperature and ray
incident angle which influences the velocity measurements. Besides the delay crystal, all other
components given in figure 5.1 will influence the velocity measurements and their properties have
to be chosen such that the whole system will meet the requirements.

5.1

Initial Assumptions, Considerations and Requirements

5.1.1

Optimizing for Local Flow Measurements: a Trade off Problem

As shown in the previous chapter, CIS is able to encode the spectral line shape into the values
Ip , ζ and φ. The main quantity for divertor detachment studies was the ion momentum so
the design considerations for the PCIS setup are aimed at receiving the local flow and thus the
phase. This quantity is not yet passively obtained in the TCV divertor and CIS is one of the few
techniques capable of capturing this quantity in a 2D image [14]. Determining the local flow for

Figure 5.1: Schematic representation of the polarization camera based design for a field widened thermally
compensated delay plate. Grey is the linear polarizer; purple the Quarter wave plate and the other colors
form a field widened thermal delay plate in which red is a thermal compensating plate, turquoise a delay
plate and yellow a half wave plate needed for field widening. The orientation of the optical axis is depicted
with black indicators.
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the line averaged measurements asks for solving of equation (4.22) with tomographic inversion
techniques which will be discussed in chapter 7. The accuracy of the local phase determination,
and thus flow, depends on both the accuracy of the emissivity and the contrast inversion. As
the contrast inversion is also dependent on the emissivity inversion, the largest uncertainty in
the inversion of the flow is expected to come from the contrast term. From this, it can become
beneficial to ignore the contrast term completely by designing the CIS setup invariant for the
contrast. As due to this contrast invariance, the local contrast term is equal to the line integrated
contrast term, the contrast dependency is removed from equation (4.22) such that the phase is
only emissivity weighted. However due to this contrast invariance, it is impossible to measure
any broadening effects without changing the delay crystal in the PCIS setup.
The desired local velocity accuracy is 2 km/s as this is about 10% of the maximum velocities
expected according to the SOLPS simulations in section 3.3. In order to gain this accuracy,
a large group delay is preferable according to equation (4.13) as this will make the signals of
equation (4.27) more variant to velocity changes. This sensitivity will increase the determination
of the phase over the noise on the measurement. However, a high contrast term, acting as
amplitude of the velocity measurements, caused by a small N̂ will make the variations in the
signals larger for more accurate phase and thus velocity determinations out of equation (4.29). A
small group delay is also desired for an invariant contrast for most of the broadening mechanisms
like can be easily seen out of the Doppler contrast of equation (4.11) and the images of 4.1.
In this reasoning, contradictions can be seen in the preferences of the optimal group delay of the
PCIS setup for optimizing the local flow measurements. Determining a suitable group delay is
thus a trade off problem that needs to be solved when designing a CIS setup. The solution of this
problem will depend on the expected plasma parameters and the aim of the CIS setup.

5.1.2

List of Requirements

A list of requirements is given in table 5.1. This list of requirements is used to design the
components for the PCIS setup that fits within MANTIS with the aim of optimizing the local
flow measurements under the divertor detachment conditions of TCV in which Doppler shifting,
broadening and Zeeman splitting are present.

5.2

Narrowband Filters: Selecting an Emission Line

With the aim of accurate local velocity measurements, having an invariant large contrast term
for a Doppler Broadened line as given by equation (4.11) would be beneficial. In terms of possible
line emissions to use for the CIS setup, a large ion mass would be beneficial for this purpose
as this suppresses the Doppler broadening as given by equation (3.6) and thus increases the
contrast amplitude term. The species with the highest ion mass present in the TCV divertor is
carbon. Another advantage of Carbon is that its isotopes are neglectably present in the divertor
region, not influencing the multiplet phase by changing isotope ratio.
Based on the fractional abundance of figure 3.1, CII is present in our region of interest from 0.7
to 6 eV peaking at 3.5 eV. This regime covers the interesting region from < 1 eV to > 5 eV
interesting for the settling of divertor detachment. From theoretical data of the NIST database,
it is seen that the CII line at 426.7 nm is isolated from emission lines of other species and that
it is a low multiplet line such that the multiplet contrast would not decay quickly reducing
the phase sensitivity. Furthermore, spectroscopic experiments with the Divertor Spectroscopic
System on TCV shows that the background emission around this line lies mostly below 1% of
the line emission intenisty. Currently, MANTIS has already a CII filter for the CII emission
wavelengths of 426.7 nm centred at 426.8 nm with a FWHM of 0.9 nm that could be used for
the PCIS setup.

30

Chapter 5. PCIS Design for Divertor Detachment Studies on TCV

Table 5.1: List of requirements for the PCIS setup

Requirement
2 km/s accuracy on a range -20 to
20 km/s
Spatial resolution of <5 mm
Temporal resolution of >100 Hz
Max dimensions 40 mm long and 2”
in diameter
Minimum aperture of 30 mm
Removable setup

Could handle instrumental temperature variations of ±5 K
Could handle incident angle variations of ±2.3°.
Non-frequent calibrations, once a
month
Optimized for the Divertor detachment regime:
Ti = Te = 0.1 − 6 eV, avg 3.5 eV
B = 1.4 − 2 T, avg 1.65 T
ne = 1019 − 1020 m−3
|v| = 0 − 20 km/s, avg 10 km/s

5.3

Reason
Expected velocity dynamics during divertor detachment studies based on section 3.3
Expected spatial dynamics in the TCV divertor during detachment based on MANTIS values
Expected temporal dynamics in the TCV divertor
during detachment based on MANTIS values
Available dimensions within MANTIS
Minimize vignetting effects
Setup reduces light transmittance, certain experiments with large temporal resolution will not get
enough light throughput with this setup installed
Instrumental temperature variation within MANTIS
during uncontrolled operations
Incident angle variations on the camera sensor
Reduce downtime of the MANTIS system during experimental campaigns
Operating regime of experiments of interest, the
emission line must be present in this region and the
designed group delay must make the contrast invariant in this regime

Polarisation Camera: State of the Art Technology

The camera sensor is the main component within the setup that determines if the required spatial and temporal resolution can be reached. Furthermore, a large signal to noise ratio (SNR),
quantum efficiency and extinction ratio, the ratio between parallel and orthogonal polarisation
through a polarization filter, of the sensor will aid to the desired velocity resolution. Therefore, the camera sensor is an important component to consider within the design of the PCIS
setup.
The PCIS setup makes use of the latest development in imaging sensor technologies in the
form of on-chip micropolarizers. With this technique, images of polarization can be made on a
single sensor. The Sony Semiconductor Solution with the polarizer under the on-chip lens has
improved the extinction ratio of such sensors. The extinction ratio as quoted by the manufacturer
as function of wavelength for the Sony Polarized IMX250MZR sensors as function of wavelength
is given in figure 5.2. It is seen that the camera polarisation sensors perform best at the chosen
wavelength of 426.7 nm.
In the current MANTIS setup, XIMEA’s MX031MG-SY xiX PCIe camera’s with Sony IMX252
CMOS sensor are used. These sensors have a quantum efficiency above 45% in the wavelength
range of 400 to 700 nm, with a steep drop outside this range [60]. The selected emission lines
lies within this region and this high quantum efficiency. A prototype of the not yet commercially
available XIMEA MC050MG-SY camera with a Sony Polarized IMX250MZR sensor is offered to
aid to this research. Coming from the same manufacturer, the current data acquisition system
of MANTIS can be used taking into consideration that the basic IMX250 sensor is a higher
mega pixel variant to the IMX252 sensor. The change from the IMX252 sensor to the polarized
IMX250 sensor will thus satisfy the main MANTIS cameras. Those requirements are that the
camera gain and exposure time are changeable over the duration of the shot to match the
emission intensity and having an upper limit of 5mm in spatial resolution to resolve the steep
gradients in the emission profile [11]. The polarisation camera is capable of producing an 950
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Figure 5.2: The Sony IMX250MZR/IMX253MZR omnidirectional extinction ratio (min.) as function
of wavelength. Figure obtained from [59]

px by 450 px unit pixel image, which is about the same spatial resolution of the other MANTIS
cameras and thus fulfill the requirement. At this spatial resolution, the camera could deliver
the temporal resolution of more than 100 Hz. Due to these advantages, the polarisation camera
will be a fixed component within our system design. While the sensor itself still fulfills the data
transfer speed requirement for real time control, meaning a data transfer faster than 2 ms, the
needed signal alternations of equation (4.28), (4.29) and (4.30) will increase the computation
time for meaningful results. It can already be noticed that receiving the intensity data with a
PCIS device over a conventional CIS setup requires less computational time as Fourier Analysis
Demodulation Techniques over the fringes in the imaging plane are eliminated by the polarisation
camera.

5.3.1

Noise Effects on the Camera Sensor

In order to meet the velocity resolution requirement, the signal to noise ratio (SNR) has to be
maximized. As the velocity is determined out of the value on all four unit pixels, the required
velocity resolution should add an signal difference recognizable over the sensors noise. Therefore,
the sensor noise has to be taken into account for designing the instrinctive velocity resolution of
the system. During the time frame of developing the design of the PCIS setup, the characteristics
in terms of noise of the XIMEA MC050MG-SY camera with a Sony polarized IMX250MZR
sensor are not known as the cameras where still at the developer. For the design, the data for
the currently installed camera’s in the MANTIS system is taken due to the similarities between
the sensors. The signal noise Snoise for the IMX252 sensors in MANTIS is determined during
the initial MANTIS measurements as [61]

2

2
Snoise
= 0.82 · 100.81gain/20 + 0.38S + −9.73 · 10−8 gain2 + 1.52 · 10−7 gain + 1.25 · 10−4 S 2 ,
(5.1)
where offset levels are already accounted for in the measured signal S and the gain given in
dB related to the voltage amplification factor of the camera signals used to scale the measured
amounts of photons over the 12 bit output range of the camera without changing the exposure
time. The squared total noise given in equation (5.1) is the quadratic sum of respectively the
readout noise, shot noise and non-linear noise. The readout noise depends on the amplifying
system for the photo-generated electrons at the sensor and is expected to behave the same for
the IMX252 sensor and the IMX250 sensor. The shot noise is the result of the discrete nature of
the photons such that the
p detected photons per time interval follows a Poisson distribution with
standard deviation of Nph . Nph is the number of photo generated electrons per integration
time such that the signal is given by S = kgain Nph where kgain is the amount of electrons
generated per photon given by the term 0.38 for the IMX252 sensors. The non-linear term
takes into account the other effects not considered in the readout and shot noise. For the
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Figure 5.3: Relative uncertainty, based on 1-sigma intervals, in the camera sensor signal as a function
of non-amplified signal in raw counts (DN). The total relative uncertainty, as well as the contributions
of the readout-, shot- and non-linear noise are displayed. Figure A) shows the results for no signal
amplification and figure B) for a 16 db signal amplification. In both cases, the majority of the signal
values is seen to be dominated by the shot noise. Figure obtained from [30].

polarized IMX250 sensor, the non-linear effects are expected to highly differ from the IMX252
sensors.
The total noise effects in terms of the relative uncertainties in measured signal of the individual
components for the IMX252 sensor are shown in figure 5.3 for different values of the gain. The
upper bound of the horizontal axis matches the saturation level of the 12 bit sensor. From figure
5.3, it can be seen that the total noise is dominated by the shot noise. Only in the upper and
lower limit of the unamplified signal, a deviation in total noise from the shot noise is seen. The
lower limit point where the total noise starts to deviate from the shot noise depends highly on
the readout noise, and thus the gain while the upper level depends on the non-linear terms. The
data aquisition system of MANTIS is aimed to have its highest signal at 3000. In the remainder
of this chapter, only the shot noise will be considered which will eliminate the gain as parameter
in the design considerations.

5.4

The Optimal Group Delay: Solving the Trade off Problem

The goal of the PCIS setup is to solve for the local flow. The most optimal setup for this purpose,
will be optimized for the highest accuracy in this quantity to stay below the 2 km/s velocity
resolution. The main design parameter for the velocity resolution is the group delay induced by
the delay crystal. As shown in section 5.1.1, the group delay was a trade off problem between
flow sensitivity of the system and the contrast decrease and variance such that an optimum
must exist. To determine this optimum and from it the velocity resolution, two main aspects
are considered namely the uncertainty due to the noise in the signal and the uncertainty due to
the contrast invariant tomographic inversion algorithm.
For the noise, the approximation that the shot noise will dominate the total noise, as discussed
in section 5.3.1, is used such that the gain isn’t a parameter that influences the design. The
CII emission lines located at 426.7 nm are considered as those already minimized the Doppler
broadening effects and increases the contrast amplitude term. For the determination of the
contrast, a Doppler broadened line emission is considered with the Zeeman splitting effects

33

Chapter 5. PCIS Design for Divertor Detachment Studies on TCV

incorporated in the calculations. Other broadening effects are neglected into this calculation
as they where insignificant within the divertor region of TCV for the selected CII emission line
under divertor detachment regime. For determination of the contrast, the average values of
Ti = 3.5 eV and B = 1.65 T are used as standard values.

5.4.1

Sensitivity to the Shot noise

This signals of equation (4.27) will experience a noise dominated by the shot noise which
√by the
similarities between the IMX252 and Polarized IMX250 sensor was estimated as Sshot = 0.38S.
It is looked if the difference between the absolute value of increase or decrease in signal due to a
velocity difference vdif f and the signal noise is greater than 0. The phase is determined out of the
signals of equation (4.27), which all have their own signal to noise ratio (SNR) due to the signal
dependence of the shot noise. For each of the four signal, the velocity which causes the same
increase in signal as the shot noise is determined as function of N̂ . The average of these four
velocities for the different N̂ is taken to get an estimate for the velocity error, verror,s , induced
by the shotnoise. It should be noticed that due to the sinusoidal behaviour of the signals, a
periodic oscillation would be seen depending on the initial velocity from which we executed the
derivation. To make the result more general, the baseline of this periodic behaviour is taken
which is seen to descent as function of N̂ which is as expected due to the increasing sensitivity
for velocity on the signal. However, at larger values of N̂ the contrast amplitude starts to decay
strongly as seen in figure 4.1. This will decrease the sensitivity of the system for velocities such
that higher velocities are needed to equalize the noise.

5.4.2

Tomographic Variance in an Invariant System

For a more accurate and less computational heavy tomographic inversion of the flow, the contrast
was assumed to be invariant. The uncertainty of the tomographic inversion will be determined
out of the inverted velocity error induced by a variant contrast in an algorithm assuming an
invariant contrast. The resulting error will than be estimated by
vinv = v0

ζ̆
− v0 ,
ζ(r)

(5.2)

where v0 is the actual velocity.
For the determination of the contrast, a Doppler broadened line emission is considered with the
Zeeman splitting effects incorporated in the calculations. Other broadening effects are neglected
into this calculation as they where insignificant within the divertor region of TCV for the selected
CII emission lines located around 426.7 nm. For determination of the average contrast, Ti = 3.5
eV and B = 1.65 T is used as standard values with a 68% spread of 2 eV and 0.2 T respectively
on the local values. Based on the trends in figure 4.1, a low group delay is preferable. It is
important to notice that we don’t account for the error in the emissivity and the solver. The
error in the solver is expected to increase with increasing contrast error, accumulating to the
velocity error.

5.4.3

The Optimal Group Delay

To make the system invariant for the contrast, a low group delay is preferred while for a more
accurate measurement in terms of shot noise, a high group delay is preferred. Combining the
two errors given in the previous sections as a sum of two 68% errors gives
q
2
2 .
+ vinv
(5.3)
verror = vnoise
For different values of Ip and v0 , verror is plotted as function of N̂ in figure 5.4. For the
majority of the intensity values, a group delay of 2500 is preferable for the expected velocity
∼ 10 km/s. At low group delay values, the error is shot noise dominated as indicated by the
accumulation of the error graphs for different velocities. The decaying low velocity solid line
shows the most resemblance with the shot noise trends. With high N̂ values, the noise goes
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Figure 5.4: The verror as function of group delay for different intensities of 600 (red), 1000 (blue), 1500
(purple) and 3000 (green) and average velocities of 5 km/s (solid line), 10 km/s (dashed line), 15 km/s
(dot-dashed line) and 20 km/s (dotted line). The spreads used are 0.2 T and 2 eV. The gain is only on
influence for low intensities. For higher intensities and velocities, the minimum of the verror function is
shifted to lower group delays. At low group delays, the noise is sensor noise dominated while at higher
group delays a contrast spread dependent error due to the tomographic inversions completely dominates.

up again and differs for different velocities, indicating a domination by the to velocity relative
tomographic inversion noise. While it can be argued that a higher group delay than 2500 is
percentage wise more beneficial for lower velocities, when going to higher velocities, the absolute
error increases rapidly with group delay. Besides that, larger spreads cause the error to increase
more rapidly with higher group delays as this increase was caused by the tomographic variance
error. Therefore, the optimal group delay is determined to be 2500, but the exact value is not
of that great importance as within a width group delay range, the required velocity resolution
is already received. Using this value within equation (4.13), it is found that 1 rad corresponds
with a Doppler shift of 19 km/s along the line of sight.

5.5

The Birefringent Crystal: Constructing the Delay Plate

With the determined optimal group delay of 2500 to meet the velocity resolution requirement,
a delay plate has to be constructed that induces this group delay into the system. This delay
plate must induce the desired group delay while also fulfilling the dimension requirements. From
previous CIS setups, it was seen that the incident angle of the light rays and the crystal temperature influences the induced delay as well [14]. As shown in figure 5.1, in the most optimal
system, the delay plate is accompanied with so called field widening and thermal compensating
components to fulfil the incident angle and instrumental temperature requirements. In this section, it is looked from which birefringent material the delay plate needs to be constructed and
if the field widening and thermal compensating components are needed or even desired for our
setup to meet the requirements.

5.5.1

Birefringent Materials Properties

The delay plate materials properties of the most common materials are given in terms of birefrin0
gence B, the delay dispersion κ and the thermal delay coefficient T = φ10 dφ
dT in table 5.2 for the
selected 426.7 nm CII emission line. The value of the birefringence and delay dispersion in table
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Table 5.2: The material properties (Birefringence, Dispersion, Thermal Coefficient and Thermal Expansion respectively) of several birefringent crystal materials

Crystal
Material

B

κ

Y V O4
LiN bO3
CaCO3
α − BBO

0.26
-0.09
-0.18
-0.12

1.57
1.54
1.18
1.13

Birefringent Crystals
T (K −1 ) × Transmission
10−6
Range (nm)
-25.55
-386.22
-50.80
-56.47

400-5000
420-5200
350-2300
190-3500

Crystal
length
(mm)
2.66
7.7
4.76
7.12

Ref

[62,
[14,
[14,
[14,

63]
62]
62]
62]

Figure 5.5: The definition of the angle of incidence to the surface normal θ and the angle between the
plane of incidence and the optical axis ω. Image obtained from [14]

5.2 are calculated out of the Sellmeier equations, which determines the birefringence as function
of wavelength. In appendix B, the Sellmeier equations of YVO4 are given for illustration. The
transmittance range and the length needed for a group delay of 2500 for the different materials
are also given in table 5.2.

5.5.2

Angle of Incidence Dependence: Dispersion in the Delay

The PCIS setup has to be able to manage an incident angle variation of ±2.3° as stated by the
requirements. In a conventional CIS setup, the angle of incidence variation plays an important
role as a straight fringe pattern is desired for more accurate Fourier demodulation of the signal.
In PCIS, uniformity of the delay is only desired over the four polarisation directions within
the unit cell instead of the whole fringe pattern image to minimize the reconstruction error as
equation (4.29) only uses the value of the four pixels on the unit pixel to reconstruct the phase.
A phase difference of about 0.05 already corresponds with an velocity difference of 1 km/s at the
chosen group delay of 2500. The by a single delay plate induced phase delay for a given centre
of mass wavelength, λc , is determined by the Veiras equation given by [64]
φ(θ, ω) =

2πL
λc



n2O − sin2 θ

 21

−

 1
1  2 2
nE nO − sin2 θ n2E cos2 ω + n2O sin2 ω 2
nO


,

(5.4)

where θ is the angle of incidence to the normal of the surface and ω the angle between the plane
of incidence and the optical axis of the delay plate as indicated in figure 5.5. From equation
(5.4), it can be seen that the length of the crystal acts as amplitude in the angle range while the
refractive indexes can change the shape of the delay function in the angle space and reduces the
spread.
The induced delay for an α−BBO crystal with group delay of 2500 as function of θ and ω
according to the Veiras equation of equation (5.4) is given in figure 5.6. The axis limits are
chosen to match the incident angles expected due to the optical system design of MANTIS if
the surface normal of the camera sensor and crystal are perfectly aligned. This results in a θ
ranging from the absolute values of 0° to 2.3° and ω from 0° to 360°.
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(a) Single Delay

(b) Field Widened Delay

Figure 5.6: The induced phase delay in radians as function of θ (radial axis) and ω (circular axis) in
degrees for a single α−BBO birefringe crystal of group delay 2500

The by the crystal induced delay on a pixel will be an over the sight lines weighted integral. For
the centre pixels, the delay will lie close together. At the edge however, vignetting effects causes
a stronger variation in delay over the pixels. This variation will even become higher if the delay
plate is not perfectly aligned with the camera such that the central incident angle is unequal to
zero. Estimating the exact magnitude of this effect on the reconstructed phase and thus velocity
requires computational heavy ZEMAX ray-tracing averaging for all pixels on the CCD such that
an expected phase variation over the sensor pixels can not easily be given.
With field widening techniques [14], from which one is placing a half wave plate in between
two equal delay plates with optical axis relatively shifted with 90 degree, the phase distortion
as function of angle of incidence can almost be canceled as seen in figure 5.6. For a perfectly
aligned system with an exact half wave plate and two exactly equal delay plates, this will reduce
the possible phase spread over the pixels with 2 orders of magnitude. Even with imperfections
in the alignment and half wave plate, it is therefore expected that a meaningful reduction in
phase variation can be gained. Furthermore, the field widened delay plate will reduce the need
for accurate alignment with the camera. Therefore, it can be concluded that field widening
techniques are preferred as the possible benefits of implementing these techniques are large,
although the exact values are not known, compared to the cost of implementing.

5.5.3

The Thermal Delay Dependence of a Delay Plate

In an uncontrolled MANTIS environment, temperature variations of 5 K are expected during
operations. A birefringence crystal has a property called the thermal delay coefficient, T , which
states how the induced group delay of the crystal is a function of crystal temperature. As we
required non-frequent calibrations of the setup, the setup must be able to handle or compensate for these environmental temperature variations without external calibrations needed. In
this section, the magnitude of the effect on the measured velocity caused by the instrumental temperature variation is estimated and possible techniques that could be used such that
the requirements of velocity resolution, non-frequent calibrations and instrumental temperature
variation handling are met.
Magnitude of the Crystal Temperature Effect on the Velocity Measurement
The thermal delay coefficient is given by the sum of the thermal expansion coefficient 1/L(dL/dT )
which in some literature is denoted as α and the differences between the thermo-optic coefficients
dB/dT = dn0 /dT − dnE /dT as
T =

1 dφ0
1 dL
1 dB
=
+
.
φ0 dT
L dT
B dT

(5.5)
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As an birefringent crystal is an unaxial crystal, the thermal expansion coefficient differs along the
optical axis (c-axis) and perpendicular on this axis (a-axis). In the calculations of the thermal
expansion coefficient of a delay crystal, the thermal expansion coefficient along the a-axis is used
as light travels in this direction.
If the change in instrumental delay due to the temperature increase of the crystal is not accounted
for within the calibrations parameters φ0 and N̂ , the absolute offset in measured velocity is by
using equation (4.13) given by
∆v = c∆φ0 /(2π N̂ )
(5.6)
which, with help of equation (5.5) can be rewritten in the form of velocity per Kelvin as [31]
c
∆v
= T ,
(5.7)
∆T
κ
where the thermal effects on κ are considered neglectable. To justify this assumption, the
temperature derivative of the delay dispersion given by equation (4.8) is given by
dκ
λ0 (1 + T ) d(dφ/dλ)
=
.
dT
2πN
dT

(5.8)

As T << 1 and the considered phase delays are in the order of 103 and the considered wavelengths 10−7 m, the first fraction on the right hand side of equation (5.8) is already in the order
of 10−10 . To make a noticeable difference to the dispersion coefficients which are in the order of
100 , d(dφ/dλ)/dT has to be in the orders of > 108 , which are non-physical values if compared
to the thermal delay coefficients and dispersion values itself.
Besides an absolute offset in phase values, the slope of the linear Doppler shift equation of
equation (4.13) changes. The absolute velocity increase per radian in the calibrated system
corresponds to c/(2π N̂ ) as can be seen out of equation (4.13). By using the approximation of
constant κ, the change in N̂ can be written as
dN̂
= T N̂ ,
dT

(5.9)

where we see that the change in relative group delay is constant. As T is in the order of 10−5 ,
the change in group delay per K is in the order of 10−2 , which is neglectable on the scale of
N̂ of 103 . Especially when considering that the slope is given by c/(2π N̂ ), where c is in the
order of 108 while N̂ remains in the order of 103 , no noticeable difference in slope could be
seen. This means that relative measurements on the velocity within an image can be considered
independent of the crystals temperature and that the Doppler phase equation given by (4.13)
can be considered as independent of crystal temperature.
The absolute velocity offset can be received by filling in equation (5.6). For a low thermal
delay coefficient material, like YVO4, and a medium thermal coefficient material, like α-BBO,
an increase of 1 K can respectively cause an theoretical velocity offset of 5 and 15 km/s. This
highlights the need of thermal compensating techniques as this already greatly exceeds the
desired velocity resolution. Three main techniques exist for thermal compensating which are
discussed below.
Creating a Temperature Controlled Environment
The easiest thermal compensating technique is stabilizing the crystals temperature by means of
a temperature controlled environment. This technique is used within the MAST CIS setup [31].
The MAST CIS setup uses an Andover Corps Filter oven which can control the temperature
at a 0.25 K accuracy [31]. For the low thermal delay coefficient of YVO4, the offset at this
accuracy will be at maximum of 1.2 km/s. For the in the MAST CIS setup used α-BBO
crystal with a medium thermal delay coefficient, an offset of 3.75 km/s is received with the same
temperature control accuracy. However, these values still exceed the desired velocity resolution.
While the relative velocity measurements within a phase image are not effected, the absolute
velocity determination and comparisons in between shots will thus exceed the desired velocity
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uncertainty. By monitoring the crystal temperature, corrections in the absolute phase offset and
thus velocity could be accounted for.
A problem arises when using a temperature controlled environment for the CIS cell within MANTIS. For the Andover Corps filter oven, the diameter is around 5 inch due to the insulation layer
which would exceed the available dimensions for integration in the MANTIS system. As alternative, the whole environment can be controlled by using external heaters. As the camera’s inside
the MANTIS cavity are the main source of heat, the system can be preheated with the camera’s such that an initial equilibrium is reached before operations to minimize the temperature
variations within the cavity during operations.
Using Thermal Compensating Plates
The total thermal delay coefficient of a setup is given by the sum of individual components
thermal delay coefficients. By having the right orientation between the components optical
axes, a combination of components can cause a total thermal delay coefficient of zero. This can
be imagined by the idea that 1 degree kelvin increase in the first component will delay the E-ray
with a fraction A relative to the O-ray, while the other component delays the O-ray with the
same relative fraction A, causing a net thermal delay dependence of zero. As the delays also
subtract, a high temperature sensitive birefringe crystal material with smaller birefringence like
LiNbO3 is beneficial to lower the dimensions of the delay crystal setup.
As a remark on this method, it should be noticed that this method is theoretically capable of
removing the thermal delay coefficient completely, but is more strict to the crystals dimensions
and characteristics than a temperature controlled environment. As the thermal delay coefficients
are empirical determined and wavelength dependent values, errors are expected when designing
the compensating plates. Experiments have already showed that the actual values for the thermal
delay coefficient often don’t match the values given in different literature’s [14, 63]. The CIS
setup at the MAGPIE experiments for example which uses the thermal compensating plates
techniques, already showed an offset of 5% in the α-BBO crystal thermal delay coefficient which
would already cause an error of about 1 km/s per K. While this is lower than the original offset
for an α-BBO crystal, mismatches in the length ratio due to manufacturing, misalignment’s of
the components and derivations of the theoretical thermal compensating plates thermal delay
coefficient and birefringence are expected to accumulate even further on this effect.
In-shot Calibration
As shown in the beginning of this section, the change in slope due to the crystals temperature
in the relation between the Doppler phase and velocity is insignificant. Within an data set, the
induced relative difference in between the points due to the crystals temperature only causes
velocity errors much smaller than 0.005% per K for an α−BBO system with a group delay
of 2500. A general translation on all the measured phases due to the crystal temperature is
still seen which would cause an absolute difference in velocity measurements. However, this is
only an issue if absolute measurements and comparisons in between shots with different crystal
temperatures are needed. Knowing or estimating the exact value at one measurement point
gives rise to in-shot calibrations. If the exact values are not of interest but only the differences
in spatial velocities and its ranges (eg. comparison of a flow pattern and it’s variation with
the SOLPS-ITER simulation), no calibrations after the initial slope determination are even
needed.
As no measurements are done in TCV on the velocity, it is hard to say if a known and fixed
velocity measurement point exist and can be used for this method. In DIII-D, a startup flash
assuming a not yet rotating plasma is used as a calibration point [65]. As alternative, using the
approximation of section 3.3 that the ion flow is dominated by the toroidal flow, sight lines looking
approximately radial into the torus would not measure velocity due to their perpendicularity on
the flow. These lines could potentially act as in-shot calibration points. Another option would
be to use the chaotic reflection of the line on the surface, resulting in net non-Doppler shifted
light which could be used as calibration points for zero velocity. The disadvantage of such single
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Figure 5.7: The mean reconstruction phase variation error for a single delay plate (blue), a thermal
compensated (red), a field widenedind (yellow) and a field widened thermal compensated (purple) delay
plate as function of misalignment angle. 0.05 phase delay corresponds with 1 km/s error.

line calibration is that an non-uniform distribution of the thermal effects on the image due to
the fact that the crystal is more heated on the side, can not be accounted for.

5.5.4

Misalignment errors

Using the Mueller Calculus for a PCIS system introduced in appendix A, the effects of misalignment’s in the material components can be seen. For each component of an single, field widened,
thermal compensated and field widened thermal compensated delay plate setup, a random angle
misalignment within the determined interval is selected and the variation between the reconstructed phase and induced phase in the crystal within a 2π phase interval is determined. The
variation is used instead of the absolute value as this removes offset errors that can be corrected
for by calibration. Using the Monte Carlo style by taking the average variation, an estimate
of the misalignment phase reconstruction error for a maximum angle misalignment is received.
This phase delay variation is plotted as function of maximum misalignment angle in figure 5.7.
For the given group delay, a phase delay uncertainty of 0.05 already corresponded with an 1
km/s uncertainty. From figure 5.7, it is seen that by increasing the amount of components, the
error increases significantly, especially if the maximum alignment error angle becomes higher.
The axis indication by manufactures is given by 2 degrees accuracy, therefore, the misalignment
angle will be set to 2 degrees in further calculation.

5.5.5

Final Delay Plate Design

Now all the factors that could influence the velocity accuracy of the setup during operations in
MANTIS are known, it is time to chose the components that makes up the delay plate. The
delay plate of figure 5.1 shows a field widened thermal compensated delay plate. While this
can be the most accurate design, only a field widened YVO4 delay plate will be used in our
setup (not using the by red indicated delay plates for thermal compensation in figure 5.1). The
thermal compensating plates will not be used due to the expected decrease in accuracy due
to misalignment and their huge sensitivity to empirically determined values and manufacturing
dimensions. As crystal temperature effects still are the main source of measurement uncertainties
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in the absolute velocity, the design must handle the instrument temperature variation in another
way. Because of this reason, YVO4 is chosen as birefringent material as it has the highest
thermal stability on its own. Besides that YVO4 is the most thermal stable, it also requires
the smallest crystal length of all possible materials aiding towards the maximum dimension
requirement.
The thermal stability of the material is the most important quantity as a temperature controlled
CIS cell would not fit within the available dimensions. However, the environment of the setup
will be controlled by use of the already available camera’s as heat source to reduce the expected
temperature variation within the setup. As this setup requires an temperature sensor, the
absolute offset in velocity could already be corrected for by implementing the crystal temperature
value into the analysis. Alternatively, the offset due to crystal temperature can be corrected for
by in-shot calibrations under the assumption of an uniform distribution of the thermal effects in
the imaging plane. These two methods, together with the decreased environmental temperature
variation by applying preheating of the environments with the camera, are expected to reduce
the thermal effects on the velocity measurements towards the acceptable level.
The effects of field widening are more difficult to correct for by alternative methods as this would
require a redesign of the MANTIS optical system. As the increase in misalignment uncertainty at
2 degree misalignment error by applying field widening techniques is low, applying this technique
is worth the effort for the expected 2 order of magnitude increase in uniformity over the sensor.
Two YVO4 crystals with a length of 1.32mm and a diameter of 35 mm are chosen for the setup
which will induce the desired group delay of 2500. Although the crystal diameter is around
the minimum of the desired diameter for implementation in MANTIS and will therefore increase
vignetting effects on the measurements, larger crystal diameters would reduce the optical quality
in terms of transmittance and group delay according to non-uniform bulk materials available to
the manufacturers.

5.6

Other Interferometric Components: Polarizers, Waveplates and Mounts

With the delay plate constructed, the decision for using the already available CII narrowband
filter made and the polarization camera arranged, the other components that would make up
the PCIS design has to be decided on. This components could influence the velocity resolution
but will also aid towards the dimension requirements. The way in which the setup will be
mounted will determine if the setup could easily be removed from MANTIS which was one of
the requirements. In this section, the optical components not yet discussed and the mounting
of the system will be discussed.

5.6.1

First Polarization Filter

The main property of the first polarizer is its extinction ratio. The contrast term as function of
the total extinction ratio of n components is given out of the product of every i component as
[31]

n
Y
h2i − vi2
(5.10)
ζP =
(h2i + vi2 ) .
i
where h1 and v1 are the horizontal and vertical extinction ratios of the component. This can
cause an decrease in contrast, especially with increasing number of components due to the
product of equation (5.10). In our PCIS design, two extinction ratio’s are considered namely
the first polarizer and the analyzer which are the polarizers on chip of the polarisation camera.
Out of figure 5.2, an extinction ratio of 1:400 for the selected wavelength at 426.7 nm is claimed
by the manufacturer. The combined polarisation contrast as calculated by equation (5.10) for
these two polarizers is >0.999 and thus ignorable for extinction ratio’s of the first polarizer above
1:150. The THORLABS LPVISE200-A - Ø2” Linear Polarizer with N-BK7 Windows, 400-700
nm has an extinction ratio of 1:1000 for the desired wavelength, an transmittance of unpolarized
light of 36% and a thickness of 6.5 mm [66]. While the transmittance of unpolarized light can
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Figure 5.8: Delay variation error in radians as function of QWP and HWP induced delays for a misalignment error of 2 degrees for a field widened delay plate. A 1 km/s error corresponds with a 0.05
delay error for the desired group delay of our system.

be increased by more expensive polarizers, this polarizer already meets our criteria at a low
cost.

5.6.2

Waveplates

For the quarter wave plate and half wave plate accuracy need, the Mueller Calculus Monte Carlo
method used for determining the misalignment error is used again. As misalignment, an error of
2 degrees is used within the calculations. The result as contour plot on the error as function of
accuracy of the waveplate is given in figure 5.8. The THORLABS polymer zero order waveplates
WPQ20ME-405 with an delay of 0.23 at 426 nm and WPH20ME-405 with a delay of 0.45 [66]
will increase the error about 6 times from its perfect case of about 0.5 km/s error to an 3 km/s
error. Although this exceeds the desired velocity resolution, the advantage of these plates is that
they come at significantly lower costs than custom made 2 inch diameter waveplates for that
wavelength. As smaller diameter waveplates are not desirable as these increases the vignetting
effects, the standard polymer zero order waveplates our chosen for financial reasons for this
initial design.

5.6.3

Mounts and Stacking of the Components

While rotational mounts are preferred to lower the alignment errors, those mounts are as thick
as 20 mm such that placing each component in these mounts will not fit in MANTIS. Therefore,
closely packing of the components in a tube that could be connected to the camera objective
is done. While it would be preferable that the components remain into a fixed rotation when
stacked in the tube (e.g. gearwheel mounts with a rail at the inside of a tube), this would
increase the packing of the components and thus exceed the available dimensions. With the aid
of an linear polarizer and the polarisation camera, the components could be aligned within the
tube. If linear polarised light is aligned with the optical axis of a component, no influence of the
component would be measured. If this technique is used while stacking the components in the
cell together, comparing the signal before and after the addition of a component gives the needed
information about the relative rotation of the newly added component. While this makes the
setup less flexible and more time consuming to construct, this technique allows a closely packed
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Figure 5.9: A picture of the PCIS setup with the components and their optical axis orientation listed in
the table besides it.

cell that fits within the available dimensions. As the components are all stacked and aligned
together within a tube, the setup is easily removable and can be reinserted again without the
need of realigning the components.

5.7

Chapter Summary: The Final Design

This chapter designed the PCIS setup with the requirements of table 5.1 in mind. As an overview,
the design choices made in this chapter to meet these requirements are shown in table 5.3. With
these design choices, the setup is made from which a picture is shown in figure 5.9. This figure
also shows the components and the relative orientation of the components to each other. A more
detailed list of all the components and their specifications can be found in appendix C.
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Table 5.3: List of requirements for the PCIS setup with the design choice made in order to meet the
requirements.

Requirement
2 km/s accuracy on a
range -20 to 20 km/s

Spatial resolution of
<5 mm

Temporal resolution of
>100 Hz
Max dimensions 40
mm long and 2” in
diameter

Minimum aperture of
30 mm

Removable setup

Could handle instrumental
temperature
variations of ±5 K

Could handle incident
angle variations of
±2.3°.
Non-frequent calibrations, once a month
Optimized for the
Divertor detachment
regime:
Ti = Te = 0.1 − 6 eV,
avg 3.5 eV
B = 1.4−2 T, avg 1.65
T
ne = 1019 − 1020 m−3
|v| = 0 − 20 km/s, avg
10 km/s

Design choice to meet this requirement
The quantum efficiency and SNR of the sensor are high in order
to decrease the uncertainties within the measurements. The CII
emission lines located around 426.7 nm are chosen as the background and contamination effects are low. Furthermore, carbon
has the lowest broadening effects of all available species which increases the amplitude of the flow signal measurements and thus
the flow sensitivity. The system is made contrast invariant in order
to reduce the error in the local flow by minimizing the additional
uncertainty in the contrast weighting factor within the inversion
process. The group delay is chosen to be 2500 which minimizes
the uncertainty based on the shot noise estimation and the needed
invariance of the contrast.
The polarisation camera chosen can deliver a 950 px by 450 px
unit pixel image, which is about the same spatial resolution of the
other MANTIS camera’s that fulfil this requirement due to the
MANTIS optical system.
The polarisation camera chosen can deliver this temporal resolution at the desired spatial resolution.
The components chosen are small enough to fit within these dimensions due to the compact stacking of the components. No
precise temperature control of the PCIS, which would be desired
for thermal stability, is done as this would not fit within the available dimensions.
The aperture of the components is at least 35 mm. Reasonable
losses in accuracy of the QWP and HWP are a result of this
requirement as available accurate waveplates only comes in one
inch. Increasing the diameter requires custom made waveplates
driving the price of the system significantly up.
Removing can easily be done without misalignment of the components as it is mounted as a whole device without altering the
current MANTIS setup.
YVO4 is chosen as the delay plate material as it has the highest thermal stability of all available materials. Preheating of the
camera’s of the environment to reduce the temperature variation
and corrections with a temperature sensor together with in-shot
calibrations lines will be used to correct for the instrumental temperature variations within the measurements.
A field widened delay plate is used to reduce the incident angle
effects within the measurements.
In-shot corrections for the instrumental phase will be performed
and the environmental temperature is more stabilized by preheating the cavity.
The chosen CII line radiates in between 0.6 eV and 6 eV which
was the interesting temperature regime for detachment studies.
In the optimisation of the group delay takes into account Doppler
Broadened Zeeman splitted emission lines for expected velocities
of 10 km/s and average magnetic fields of 1.65 T and ion
temperatures of 3.5 eV with expected 68% spreads of respectively
0.2 T and 2 eV

6. Instrumental Characteristics and Calibrations on Lab scale

The PCIS system was desired to image the ion momentum besides the heat and particle distribution already received by the MANTIS intensity measurements. Therefore, the system has to be
calibrated both for the intensity and velocity measurements as will be done in this chapter. While
the intensity calibration measurements are based on the MANTIS system calibrations, a newly
developed interferometric calibration method to calibrate the velocity is applied which functions
as a cheaper alternative for the commonly used interferometric calibrations done for CIS setups.
While the system is designed to meet the desired velocity resolution of 2 km/s, the experimentally determined accuracy based on the sensor noise, calibration and other measurements done
in the lab will be listed to determine if our design fulfills the design requirements.

6.1

Sensor Noise Effects

In appendix D, the offset, noise and linearity of the polarisation camera sensor is determined.
Although linearity of the camera responds signal was seen in the measurements of appendix D,
it was found that each polarisation direction had its own conversion gain causing a difference
in signal on each polarisation direction for the same amount of incoming photons. The ratios
of the conversion gain to the mean conversion gain is given by 0.97,0.99,1.00 and 1.05, while
the ratio in slopes of the camera’s linearity response is given by 0.93, 1.00, 1.03 and 1.05. This
difference could be explained due to the fact that the conversion gain is only calculated out of
the low signal values needed to account for the non-linear effects in the noise while the linearity
uses a majority of the high signal values. Based on this effect, when comparing the different
polarisation direction signals to determine the phase, a correction has to be applied for this
difference in signal response. This needed correction can and will be calibrated for during the
intensity calibration and thus doesn’t provide any extra effort.
The noise on the camera sensor is dominated by the shotnoise term. Taking an uniform conversion gain over all polarisation directions of the camera given by the mean results in k = 0.417
DN/e. Assuming a measured contrast factor of unity, as our system was designed for, the
intensity and phase noise are given by
p
(6.1)
Inoise = kIp ,
and

s
φnoise = sin φ cos φ

k
Ip




1
1
+
,
(sin φ)2
(cos φ)2

(6.2)

where the absolute value of the phase noise was found to be phase independent. The sensor
noise is plotted in figure 6.1, which is the curve that will be used in the remainder of this thesis
when noise is considered.

6.2

Intensity Calibrations

In order to remain the absolute intensity measurement currently done with MANTIS needed for
the heat and particle distribution measurements, intensity calibrations for the PCIS setup must
be performed. While relative intensity calibrations could already fulfill the job if only momentum
measurements are of interest, absolute intensity calibrations are needed as the heat and particle
44
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Figure 6.1: The resulting noise on the determined phase as a function of raw intensity signal Ip . The
curve is calculated under the assumption that shot noise dominates with an uniform conversion gain of
k = 0.417 and that the contrast term is equal to 1.

distribution measurements required comparisons with other camera’s. The intensity calibrations
can be performed in the same way as is done for the MANTIS system where a labsphere with
known uniform unpolarized spectral radiance function, (λ), is placed in front of the optical
system. In MANTIS, these measurements account for the vignetting, the loss of light rays
mainly at the edges, and absorption effects due to the optical system in front of the camera
sensor on pixel basis. As addition to these main intensity calibrations, spectral lamps can be
used to account for the spectral vignetting effects, the variation in filter transmission due to the
variation in incident angles.
As MANTIS is in operation on TCV, one channel of MANTIS without the relay optic is duplicated in the lab of DIFFER for the initial proof of principle experiments as shown in figure
6.2. A light source (A), which can be either a spectral tube or an uniform lamp, illuminates the
interior of an integration sphere (B) such that the whole camera sensor will be illuminated and
the position of the light source is not of influence on the measured signal. The light out of the
integration sphere passes through the interference filter (C) into the PCIS cell (D) connected to
the polarization camera (E). The polarization camera is placed on a 5-axis stage (F) to align its
centre position with the straight central light ray. For the intensity calibrations, an uniform light
source is coupled to the integration sphere. For the further results presented in this chapter, it
is indicated if they are received by the one channel MANTIS lab setup at DIFFER or if they are
performed within MANTIS at TCV. This variation in setup is justified as similar kinds of results
where found for both setups, allowing MANTIS to remain in operation if the measurement is
not necessary for operational calibrations.
When performing an absolute intensity calibration with the PCIS cell in place, the measured
signal on pixel Sij has to be transformed to the absolute photon counts reaching the detector.
The intensity after the first polarizer was defined as Ip and is connected with the emissivity of
the uniform light source as
Z
(λ)Pr ((λ)Tr (λ)
Ip =
dλ,
(6.3)
hc
λ
where Tr is the interference filter transmission curve and Pr the first polarizers transmission
curve of unpolarized light.
The uniform light source coupled to the integration sphere illuminates the whole filter such that
the filter curve can be used as the emission shape. Plotting the contrast as function of group
delay for the CII filter with a central wavelength of 426.8 nm with a FWHM of 0.9 nm, the
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Figure 6.2: The setup of the lab experiments of the PCIS cell in the one-channel MANTIS setup. A light
source (A) emits light into the integration sphere (B). The light out of the integration sphere passes the
interchangeable interference filter within its clamp (C) before entering the PCIS cell (D). The polarization
camera (E) is mounted on a 5-axis stage (F) for better alignment with the straight centre light ray.

Balmer-gamma filter with a central wavelength of 434 nm and a FWHM of 1.3 nm and the
Balmer-delta filter with a central wavelength of 410 nm with a FWHM of 10 nm, figure 6.3 is
received. As expected, for filters with large FWHM’s, the contrast drops quicker than for filters
with smaller FWHM’s. From this figure, it becomes clear that within the expected region of the
group delay of the PCIS cell (>2000), the contrast term is approximately zero. When applying
this into the equations of (4.27), it is seen that the signals will all give Ip /2 such that each pixel
should have the same intensity value.
With this result, the relation in between Ip and the signal Sij is given by [30]
Ip = 2

Flab,corr,ij Sij aperture2
,
gain(t) exposure(t)

(6.4)

where for Ip the theoretical value of equation (6.3) can be used. What is left is the calibration
factor Flab,corr,ij . For simplicity the aperture, which does not change during experiments, will
be added into this factor to receive Flab,A,ij .
When adding the spectral vignetting effects, a factor 1/Tef f,ij is added to the calibration factor
Flab,A,ij . This spectral vignetting factor is often determined by measuring an image out of a
single spectral line emission from a spectral lamp. When no spectral vignetting and contrast
term effects occurs, the image would be uniform after correcting it with Flab,A,ij . However, due
to the finite emission width of the line emission, the contrast term is not equal to zero such that
each polarization image will have a different signal. In that case, the intensity value can only be
determined on unit pixel resolution. As the correction with Flab,A,ij is applied and the contrast
effects are ruled out by measuring on unit pixel basis, the non-uniformity of the intensity per
unit pixel would be due to the spectral vignetting effects. Out of this image, 1/Tef f,ij , can be
calculated by dividing every measured intensity on unit pixel basis by the maximum intensity
measured such that a map of intensity reduction is created. Unfortunately, no CII source is
available such that the spectral vignetting correction measurements can not be performed at the
desired wavelength. However, as the CII filter was chosen to be rather width, these effects where
small and already ignored within the MANTIS measurements itself.
Intensity measurements with an uniform source where performed at DIFFER and TCV from
which the results of the intensity measurement with the CII filter at TCV are shown in figure
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Figure 6.3: The contrast term as function of group delay for the fully illuminated CII (blue), D-γ (red)
and D-δ (yellow) filters. The broader the filter, the quicker the contrast drops. After a group delay of
2000, the contrast for every filter can be considered approximately zero.

6.4. In all cases, a degrading of the signal in a circular way towards the edges, which is a
characteristic of vignetting, is seen and was in line with our expectations. However, with the
small contrast term, each polarisation direction should receive the same amount of strength.
Unfortunately, this was not seen but an approximately constant ratio of the signal strengths of
each of the polarisation direction was seen. While this ratio could had several causes e.g. nonperfect polarisation effects in the CIS cell and a non-uniform source in terms of polarisation,
this difference was also seen during the photon transfer curve measurements on all possible
orientations of the polarisation camera. The ratio’s found during the intensity calibrations is
given by 0.95,1.00, 1.01 and 1.04 which due to their proximity with the linearity and conversion
gain measurements of section This leads to the conclusion that the difference is mainly caused
within the polarisation camera and should be corrected for. Therefore, a polarisation offset
image is created out of these measurements multiplying the different polarisation singles with a
factor such that each of the singles on the unit pixel corresponds with the mean of the raw signal.
However, when the contrast is unequal to zero for a specific filter, the intensity calibrations could
still be done on unit pixel level but can not correct the polarisation offset factor. In those cases,
camera sensor measurements must be applied to correct for the polarisation offset factor, not
taking into account the additional polarisation effects of the components.

6.3
6.3.1

Interferometric Calibrations
Thermal Stability of the Uncontrolled System

As noticed in section 5.5.3, our temperature uncontrolled PCIS-cell could experience a drift in
the absolute measured phases. As interferometric calibrations always require multiple points in
frequency space, a mismatch in setup temperature during these different measurements would
result in a calibration error. To measure the temperature, two Thorlabs TSP-H NTC sensors
connected to the Thorlabs TSP01 temperature and humidity logger are inserted in the PCIS cell.
The back sensor (T1) is located inside a hole in the objective clamp and the front sensor (T2)
is touching the half wave plate. The main source of heat is the camera as shown in figure 6.5.
After an hour of operations, the whole CIS cell is in equilibrium considering the temperature as
can be seen in figure 6.5 with the T1 temperature probe listing a temperature of 300.6 ± 0.2 K
and the T2 probe 298.4 ± 0.2 K.
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Figure 6.4: An intensity calibration measurement result as obtained with a labsphere with uniform source
for the CII filter. Vignetting effects are seen as a circular decay in measured signal. When zooming in,
the polarisation offset is seen.

Figure 6.5: An heat image taken with a fluke camera showing the temperature distribution in our setup.
The camera is the main source of heat while the setup reaches an equilibrium temperature. The low
temperature line within the cell is the non-radiative aluminium objective clamp.
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(a) Hydrogen

(b) Deuterium

Figure 6.6: The measured phase on the Balmer gamma emission of both an hydrogen lamp (left) and a
deuterium lamp (right) as function of setup temperature as measured with sensor T1. A linear fit is made
after 297.5 K as from this point on the rise in temperature went slower and the mismatch in temperature
and image acquisition gives lower temperature effects. The slopes are respectively 0.080 rad/K and 0.084
rad/K which are almost equal to each other

During two different warm ups of the system, the average temperature of every minute is logged
with the thermal probes while images are taken every minute. The resulting phase as function
of the temperature at the T1 sensor is plotted in figure 6.6 for both a run with the hydrogen
lamp and the deuterium lamp. After the first minutes of warm up, in which the temperature
raises strongly and the crystals temperature is not yet in equilibrium with the objective clamp,
a linear drift in phase is seen in both lamps. The gradient of this phase shifts are respectively
0.0799 ± 0.0001 rad/K and 0.0838 ± 0.0002 rad/K such that the average phase shift is about
0.082 ± 0.002 rad/K, which with the designed values of table 5.2 and the group delay of 2500
corresponds to a 1.5 km/s per K shift. This does not match the theoretically expected delay shift
of 5 km/s calculated from the thermal delay coefficient of YVO4 as listed in table 5.2.
By using the designed group delay, the values for Birefringence and delay dispersion and the
measured phase shift, a thermal delay coefficient of 8.0 · 10−6 per K which is about 4 times as low
as expected. At this point, it can not be made sure that the designed group delay is the received
group delay, however to achieve this shift with the literature value, the group delay should be
around 800, which is about 3 times as less as the designed value which seems unfeasible. In
various studies, it was already found that the empirical determined thermal delay coefficient
often gave a mismatch with the literature value [63]. Further research into this mismatch has
to be done which is not performed within this study as the exact value of the thermal delay
coefficient is only of interest when using passive thermal compensation plates, which are not
implemented in our designed setup and the experimental value found by this calibration can
simply be used as setup characteristic instead of using the literature value.
For the in-shot thermal calibration method, the assumption was made that the difference in
phase between two separate points was independent of temperature. The difference in measured
phase in between the H1 and D1 lamp as function of temperature T1 is plotted in figure 6.7.
Figure 6.7 shows that the phase difference in the initial warm up phase (between 295 K and 297
K) is only 0.01 rad K−1 , which corresponds to 0.2 km/s K−1 . In the initial warm up phase, the
temperature of the delay plate increases rapidly causing larger measurement errors due to the
difference in time between the phase and temperature measurement. Furthermore, the crystal is
heavily warming up and not yet in equilibrium such that the exact crystal conditions in between
the two seperate measurement experiences a larger mismatch. When the warming up of the
crystal goes slower, the phase slope is in the order of 10−3 K−1 such that the velocity error
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Figure 6.7: The difference in measured phase of the Balmer gamma hydrogen and deuterium spectral
lamp emission as shown in figure 6.6. An small rise in the order of 10−3 K−1 in phase difference as
function of temperature

will be in the order of 10−2 km/s which is indisguistable of the expected noise. Taking into
account that during callibrations, an temperature accuracy of 0.2 K could be achieved such that
the accuracy of phase difference determination is more effected by noise. During a whole day
of operations a 5K increase is expected which gives only a total error of 10−1 km/s after the
in shot thermal calibrations. Out of this data, it can be concluded that not having a thermal
stable cell will not give any measurement errors that are distinguishable over the noise.

6.3.2

The Multiplet Based Calibration Measurements

For the velocity measurements, the group delay for each 2x2 pixel clusters needs to be determined
and will be the most important calibration of our system. While a tunable laser would be an
easy solution by means of a wavelength scan [14, 31, 65], a new calibration method using a
Hydrogen and Deuterium spectral lamp was developed as an alternative cheaper calibration
method. The hydrogen Balmer delta and gamma lines located at 410.18 nm and 434.05 nm
respectively can be used as central wavelengths near the desired wavelength of 426.7 nm. For
both lines, a deuterium equivalent is present at respectively 410.05 nm and 433.94 nm. Both
lamps can be contaminated with the other isotope. By means of a high resolution spectrometer,
which are present at TCV and DIFFER, the relative abundance of the isotopes in the spectral
lamps can easily be determined. The resulting relative abundance of the deuterium isotope as
measured with the high resolution spectrometer consisting of a blazed grating with 1180 lines per
mm and a ’Photometrics Prime BSI’ CMOS camera performed on the spectral lamps available
at the DIFFER institute is shown in table 6.1. As the intensity of the Balmer gamma and delta
lines is low, the isotope measurement was performed on the Balmer alpha line which can safely
be done as the relative abundance of the isotope will not change with the emission line.
Using the argument of the degree of coherence of a multiplet as given in equation (4.14), the
multiplet phase can be determined. In the case of a hydrogen and deuterium spectral lamp, the
multiplet phase as determined at the hydrogen wavelength can be written as



1
A
φM = arg
+
exp 2πiN̂ ξD
,
(6.5)
A+1 A+1
where A is the D/H ratio as given in table 6.1 and ξD calculated out of the difference between
the hydrogen and deuterium spectral line. As follows out of equation (6.5), φM will be 0 if only
the hydrogen isotope is present as is the case with the hydrogen spectral lamps. Due to the
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Table 6.1: The average D/H ratio of the various spectral lamps as measured with a high resolution
spectrometer on the Balmer alpha emission lines. The given ratio values are the average over each fiber
coupled to the spectrometer and 10 different frames as determined by a fit over the data points. The
average phase for both Balmer gamma and delta emission as measured with the setup of figure 6.2 is
shown with its standard variation.

Spectral
Lamp
H1
H2
D1
D2
D3

D/H ratio

φγ (rad)

0
0
4.0711±0.0026
1.3084±0.0086
2.9494±0.0154

1.0646
1.0714
0.2284
1.2993
0.6066

±0.0002
±0.0001
±0.0016
±0.0010
±0.0021

φδ (rad)
-0.5475 ±0.0009
-0.6097 ±0.0027
0.6625 ±0.0025
0.3749 ±0.0041
0.6322 ±0.0023

convolution theorem, the total measured phase was given by the sum of every individual phase.
The phase measurement on the hydrogen spectral lamp will thus give φ0 under the consideration
that the other contributions to the phase are neglectable. Neglecting the Doppler phase for a
spectral tube as shown in the setup of figure 6.2 is reasonable as the field lines captured by the
integration sphere are mostly perpendicular on the flow and the flow is assumed to be much
smaller than the designed velocity resolutions.As a result, subtracting the measured hydrogen
phase from the measured deuterium phase will isolate the multiplet phase such that a fit with
equation (6.5) with the D/H ratio’s given in table 6.1 can be made to receive the desired value
on the Balmer gamma and delta wavelengths.
The measured phase of the available spectral lamps at DIFFER is listed in table 6.1 for both
the Balmer gamma and Balmer delta lines. The phase values are determined out of the average
phase per pixel over 10 frames from which the mean over the whole image is given in table 6.1.
The standard deviation in phase mentioned is the standard deviation over the mean value in the
10 different frames, not yet accounting for the thermal stability of 0.2K during the calibrations
causing an absolute phase increase or decrease of 0.016. For the H lamps, it is seen that the mean
value of both lamps fall within their standard variations indicating that other effects except for
the used lamps are neglectable during the measurements. Due to the large gain and exposure
time needed for the delta signal, the standard deviation of the measured phase is higher due to
the noise. Furthermore, each standard variation lies far within the 0.016 absolute phase error due
to the measured 0.2 K temperature fluctuation providing evidence that the crystal temperature
during a measurement with a single lamp can be considered uniform.
Plotting the difference in phase between the D lamps and the reference lamp H1 with their
standard variations, taking into account the modulus 2π nature of the measured phase, figure
6.8 is achieved where a point at the origin is added to represent the reference lamp. In these
figures, a fit according to equation (6.5) is added as the red line. The corresponding fit parameters
are N̂γ = 2173 ± 8 and N̂δ = 2606 ± 50. As expected and shown in figure 6.8, the group delay
for the Balmer gamma emission is lower than the group delay for the Balmer delta emission. As
fast calibrations are preferable, the fit by only using H1 and D1 is added in both figures as the
purple line. Close agreement with the fit by using all the data points is seen. The fit parameters
by this faster calibration method are N̂γ = 2170 and N̂δ = 2632, which differ only less than
1% when compared by the received values when using all the data points meaning that just two
spectral lamps could be sufficient for the calibration and will be used for the TCV system.
As the value of N̂ on the desired wavelength of 426.7 nm needs to be known, an interpolation in
between the results of the 410.18 nm and 434.05 nm line has to be made. When the Sellmeier
equation of YVO4 as given in appendix B is used as fit in between the gamma and delta points, it
is seen that a fit with a crystal length of 2.45 mm goes nicely through the points which is closely to
our designed value of 2.66 mm. Reading out the group delay in this fitted curve at a wavelength of
426.7 nm gives N̂ = 2298. To quicken the process and remove the dependency on the imperially
determined Sellmeier equations, a linear interpolation is used out of the data received by using
all four spectral lamps at DIFFER. This linear interpolation gives N̂ = 2306±22 at a wavelength
of 426.7 nm which is a less than 1% difference. The measured average group delay of around
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Figure 6.8: The calibration fits of both Balmer-gamma and Balmer-delta emission as received with the
multiplet calibration method (left) and the corresponding Sellmeier and linear interpolation fit trough
both points (right). From the calibration fits, it can be seen that the relative uncertainty for the group
delay is at maximum 2% for the Balmer-delta emission and even lower for the brighter Balmer-gamma
emission. The linear fit instead of the Sellmeier equation gives a derivation of only 1% and results in a
group delay of 2306.

2300 is within 10% of the designed group delay of 2500. Taking into account the imperfections
of the alignment and the wave plates, this correspondence to the designed value together with
the multiplet phase fits trough different points gives an indication that our calibration method
is feasible and our system is constructed correctly.
To determine the uniformity of the delay plate, the fitting procedure is done on unit pixel base.
Figure 6.9 shows the resulting group delay for every unit pixel fitted by using the data of only
the H1 and D1 lamp as done in TCV. In these figure, a cross structure is found. This cross
structure closely matches the phase of an non-field-widened delay plate as shown in figure 5.6,
giving evidence for imperfections in the rotational alignment, phase of the half wave plate and
the equal length of the two separate delay plates. Although this cross structure is seen, the
variation in group delay over the whole imaging plane is less than 10% of the average group
delay meaning that within a unit cell the difference in group delay is neglectable. Using the
linear interpolation on pixel base figure 6.9 is received where again the cross structure is still
seen and the variation is low. To reduce errors in the velocity determination, the group delay
per unit pixel will be used as calibration file so that the direction and positions of the incoming
light rays will be corrected for.
While this method seems promising for interferometric calibrations, there are some restrictions
on using this method in general which are fulfilled within our setup but do not necessarily will
be the case with every PCIS setup. As hydrogen and deuterium both have a different mass, the
degree of coherence for the Doppler broadened and shifted line is not equal as differences in the
thermal speed and flow velocity are expected. When the Doppler broadened degree of coherence
is not a common multiplication factor for both the hydrogen and Deuterium emission line, the
convolution theorem can not be used. The total phase will than depend on the unknowns of
Ti and ~v making it an ill posed problem for our measurements. While those quantities can
be measured by means of a high resolution spectrometer, our system will use the convolution
theorem as the difference in degree of coherence for a hydrogen and deuterium line is neglectably
small due to the invariance in contrast implemented in the design.

6.4

Chapter Summary: PCIS Characteristics and Measurement Uncertainties

In this chapter, several causes of uncertainty in the measured signal are introduced which could
not all be solved by calibration. For calibration, absolute intensity measurements are performed
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Figure 6.9: The received group delay calibration image for both Balmer-gamma and Balmer-delta emission together with the resulting group delay image of CII @ 426.7 nm as received by interpolation. A
uniform delay is seen within the images. The cross structure typical for a single delay plate is visible in
the Balmer-gamma calibration and the resulting CII interpolation. Due to the low emission of Balmerdelta, the calibration image for the Balmer-delta emission is more noisy which extrapolates to the CII
calibration.

together with interferometric calibrations of the group delay using a newly designed calibration
method using a hydrogen and deuterium spectral lamp. The characteristics of the system are
listed in table 6.2 from which the sensor characteristics are received from the measurements in
appendix D.
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Table 6.2: The characteristics of the PCIS setup as retrieved by the measurements in the lab

Property

Value

Sensor Characteristics
Signal strength
Bitdepth
Sensor offset
Conversion gain k

0-4096 DN
12
32.1 ± 0.58 DN
0.417 ± 0.014 DN/e

Intensity Characteristics
Polarisation factors
Signal to photon at the centre
Vignetting profile
Intensity uncertainty due to noise

0.95,1.00, 1.01 and 1.0
4.0 ·1013
11
±0.1
p · 10 sig2ph/px
kIp

Interferometry Characteristics
Group delay
Phase to velocity
Standard deviation group delay over
imaging plane
Absolute thermal drift
Relative thermal drift
Velocity uncertainty due to noise

2306 ± 22
1 rad = 20.7 km/s
18
0.082 ± 0.002 rad/K = 1.7 km/s / K
0.0039 ± 0.0001 rad/K
0.08 km/s /K
r =


φnoise = sin φ cos φ Ikp (sin1φ)2 + (cos1φ)2
intensity measurements in the range of 1000-7000 DN
gives velocity uncertainties of 0.1-0.4 km/s

7. Data acquisition, Image Processing and
the Vector Tomographic Inversions

With the characteristics of the diagnostics known, it is time to implement the system within
the MANTIS setup for measurements. In this chapter, the data acquisition process is described
together with the received thermal stability by preheating the cavity. The imaging process that
transforms the raw signal towards meaningful line integrated values on specific shot times is explained. With the aid of camera geometry calibrations, tomographic inversions can be performed
which translate the line integrated value into local quantities. This process is described in section
7.2. together with the uncertainties within the local quantity that this method induces.

7.1
7.1.1

Data acquisition and Image processing in TCV
The Raw Data Acquisition System

The data acquisition system for the PCIS device is similar to the MANTIS data acquisition
system comprehensively treated by Perek et al in [11]. All camera’s included the polarisation
camera are connected to a switch which receives a 5 V pulse train at the lowest frame rate to start
the acquisition of an individual frame. If desired, the frame rate of an individual camera can
be adjusted by applying a burst on that individual camera’s channel to the input voltage train.
The raw data of each individual camera is transferred through an optical cable directly to the
RAM of a separate motherboard without CPU involvement. The 14 cores on the motherboard
are divided such that each individual camera channel has its own core, one core is reserved
for communication to the camera, one core for real-time Linux kernel operations and two cores
for data aggregation, control algorithms and communications with external systems. An Auto
Exposure Auto Gain algorithm is applied on each individual camera to check if the maximum
high frequency noise filtered pixel value of the last five frames exceeds or fell below a desired
count value. For MANTIS, the desired count value is set to 3300 for a bit depth of 12. The
exposure time or gain of the camera will be adjusted if the maximum exceeds 500 on one of
both sides of the desired count value. The exposure time is adjusted first such that the desired
counts will be reached based on the previous measured value by the algorithm. If the limit on
the exposure time determined by the desired minimum frame rate is reached, the gain will be
adjusted. The used exposure time and gain of the camera are communicated and stored such
that they can be used for absolute calibrations of the intensity per frame. For our PCIS setup,
a bit depth of 12 with the desired count values of 3300 ± 500 at a minimum frame rate of 200
Hz is used.

7.1.2

Trigger Time Offset

In order to compare the acquired measurements with other diagnostics like the other camera’s
within the MANTIS system, time stamps are given to each measurement. However, the signal
response of the polarisation camera is not synchronised with the other camera’s in MANTIS
due to the unavailability of a trigger cable that the camera is software triggered after the first
frame of the normal camera’s arrived. As a result, the internal time vector of the polarisation
camera differs from the timestamps of the other camera’s on MANTIS and the diagnostics on
TCV. This time difference is found to vary per shot. To account for this, a time offset per shot
is determined by using the plasma disruption at the end of each shot. The end of the disruption
is determined by the last shot that has a median value of 20% above the median of the camera
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Figure 7.1: The median of the counts value of the sensor signal as function of time for shot 69637. The
thicker blue line represents the polarisation camera while the other thinner lines represent the normal
camera’s. The disruption can clearly be seen as a peak in the measured signals. The small circles at the
bottoms represent the automatically determined end of the disruption time. The median of the end of
the disruption time of the normal camera’s is plotted as blue dashed line and the end of the disruption
of the polarisation camera as a red dashed line. The time difference between these dashed lines is found
to be 0.056 s.

offset measured at the last 15 frames of a shot. The median of this time for the normal nine
camera’s is determined and aligned with the disruption end time of the polarisation camera. An
measurement example is found in figure 7.1.

7.1.3

Thermal Stability of the Setup

As noticed in the chapter 5 and 6, the measured phase of the PCIS setup was instrumental
temperature dependent. To minimize the temperature variation, preheating of the MANTIS
cavity with all of the available camera’s in the cavity is applied before the start of the day.
Unfortunately, automatic temperature measurements and control with our sensor could not
be performed and saved within the shot data as the temperature sensor did not work on the
LINUX systems within MANTIS and could therefore not be used as temperature control input.
However, with manual monitoring, the temperature could still be measured from which the
results of three operational days are shown in figure 7.2. From figure 7.2 it becomes clear
that a temperature stability of 1.5K is achieved during the day, corresponding to an 2 km/s
measurement stability due to thermal effects. In the future, a temperature sensor could be
implemented that saves the temperature per shot such that it could be used as correction factor
on the measured phase.

7.1.4

Camera Geometry Calibrations with Calcam

With the goal of tomographic inversions and in-shot crystal temperature corrections in mind,
the length and directions of the sight lines needs to be determined. Calcam is a Python package
for geometric calibrations of the camera positions and sight lines which can fulfill this job [67].
In the calibration process, a CAD model of TCV and an image of our PCIS setup in unit pixel
resolution is placed next to each other and the user is required to perform a point to point
matching procedure with characteristic points clearly visible in the PCIS image as shown in
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Figure 7.2: The temperature in C°as measured by the front (left) and back (right) sensor at the PCIS setup
during three operational days of TCV. The three days represented are 27 Jan (red), 28 Jan (green) and
29 Jan (blue). A temperature stability within 1.5 K could be assumed according to these measurements.

figure 7.3. This process will relate the object displayed on pixel position (xp , yp ) of the camera
to its position in the CAD models coordinate system (X,Y,Z) from which the origin is located
in the centre of the torus. The model that Calcam uses for this is given in appendix E. Based
on this calibration, the sight lines for each pixel on the camera are represented within the CAD
models coordinate system such that their length and position can be determined. In general,
the accuracy of the MANTIS and PCIS Calcam calibrations have an upper bound of around 2.0
pixels [30], which means that the by the calcam model computed sight lines could be placed on
the image correctly within 2 pixels.

7.1.5

Modifying the Raw Data with Calibration Results

Image Signal Modification
The obtained raw imaging data must be modified such that it represents the line integrated
values of the intensity and velocity. This can be done with the help of the calibrations of
chapter 6. Before any intensity or velocity calculation on unit pixel level are done, a correction
for the saturated pixels and background noise is needed. The saturated pixels have a value of
Ssat = 2bit depth , where the bit depth for the PCIS setup was 12 by default. When a pixel is
saturated, the value is set to NaN such that calculations on this unit pixel level results in a
value of NaN. As can be seen in the image of figure 7.3, dark edges as a result of the setup are
within the area of interest of the polarisation camera. From these edges, the background signal
for each polarisation direction is determined and subtracted from the polarisation signals. In
the rare case that such edges are not visible, the sensor offset as determined in appendix D is
subtracted. Finally, the polarisation offset and signal to photon calibration as determined in
section 6.2 are implemented on the signals by multiplication with both calibration images before
any calculations are performed.
Intensity and Velocity Modification
With the signal to photon calibration already implemented, line integrated measurements of the
intensity can easily be performed by taking the sum of the photon values on each polarisation
direction on the unit pixel and dividing it by two. A phase image is made with the signals
according to equation (4.29) and (4.31). However, the velocity calculation is not that easy as it
needs to be corrected for the base phase φB , which consists of the rest frame phase φ0 and fixed
multiplet phase φM as defined in chapter 4 and the modulus(2π) effect. The base phase could
not be calibrated for in the lab as no CII source is available. A theoretical estimate based on
the multiplet structure of the emission and the calibrations could be considered, however this
property calculated according to equation (4.23) and (4.14), is sensitive to the precise multiplet

58

Chapter 7. Data acquisition, Image Processing and the Vector Tomographic Inversions

Figure 7.3: Example of user input for point fitting camera position and distortion in Calcam. Points
in the CAD model of TCV (right) are linked to features in the image (left). The image on display is
an intensity image with unit pixel resolution taken on a TCV lower port using the PCIS setup for CII
during a disruption.

structure, birefringence and thickness of the crystal such that with the current certainty of all
these properties, the uncertainty of the base phase is in the same regime as the phase variation
expected due to the Doppler shift. Furthermore, the theoretical model must be corrected for with
temperature which is not yet done as in shot temperature measurements could not be performed.
Knowing that the temperature is stable within 1.5K, which with the average calibrated group
delay value of 2306 in section 6.3.2, results in a phase shift of maximum 0.123 rad.
Based on the camera geometry calibrations, a shot is performed which looks closely to the central
column where a complete radial sight line is present. It was seen that only during a disruption,
the sight lines close to the radial one measured some emission noticeable over the noise, probably
due to reflection. In figure 7.4, the measurement of phase calculated out of the raw signals is
displayed where unit pixels with at least one saturated pixel and unit pixels with raw intensity
values lower than half of the theoretical maximum are depicted with NaN’s. The resulting phase
is a spread around 2.6 rad, which is also the value at the most radial points (right side of the
image and around y position 450). As this shot is performed at 27th of January at 9:30, the
temperature of the crystal could be read of from figure 7.2. From this results, it is conducted
that the base phase lies around 2.6 rad.
When shots are performed, the radial line is not present in the area of interest. Therefore, chaotic
reflections in terms of Doppler phase are used as zero line. As the majority of the emission in
the image comes from reflections, the value that occurs the most is taken as base phase and set
as zero phase as this corresponds with a Doppler phase of zero. The signals are alternated such
that they all fall within the 2π interval around this value to get rid of any modulus effects as
the spread in velocity falls far within the resulting 2π modulus phase region. This step requires
some manual check if the Incorporated base phase seems plausible. Plausible in this case means
that the base phase lies around 2.6 ± 0.1 rad due to crystal temperature and based on the
radial line measurement. The base phase is assumed to not change during shot such that just
one time-independent value is taken for each shot. Furthermore, the resulting image has to be
manually analysed if the measured velocity distribution seems plausible. While the base phase
does not influence the relative measurements, absolute velocity values and values in between
shots are affected by it.
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Figure 7.4: A phase image with applied saturation mask for saturated and low intensity values that looks
at the centre column at the start of a disruption. The image is taken from shot 69602 at time 0.46 s.
The phase closest to the right side (radial lines) and in the middle of the image (no vertical sight lines)
is equal to 2.6 rad.
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When the modulus is corrected for in the image and the base phase is used as zero Doppler
phase benchmark, the phase image, which already used the intensity calibration, is divided by
the factor −2π N̂ /c from equation (4.13). For N̂ , the interferometric calibration image on unit
pixel basis is used. This division transforms the phase image into a line integrated velocity
image.

7.2
7.2.1

Tomographic inversion
The Geometry Matrix

Assuming toroidal symmetry, the calibrated line integrated measurements of the emissivity and
the phase can be inverted to a 2D poloidal (R,Z) cross-section of the tokamak. This poloidal
cross-section can easily be compared with modelled values like SOLPS and do not depend on
the camera specifications. One of the techniques to obtain the poloidal cross-section values is
tomographic inversion. Using the triangular poloidal cross section grid with Ng cells made for
the MANTIS divertor detachment measurements, the Ns line integrated PCIS measurements of
the emission and the phase of equations (4.17), (4.22) can be written as a linear matrix equation,
called the tomographic inversion problem, in the form of
Ng
X

Gij xj = bi ,

(7.1)

j=1

where xj is the local value in the j grid cell, bi the measured quantity on the camera image
position i and Gij determined out of the camera geometry calibrations with the ray-casting
ability of Calcam. As one value per unit cell of the polarisation camera is determined, the raycasting is done with a binning of 2 by 2 pixels, corresponding to an unit cell, to get the line of
sight in the centre of the unit pixel.
For the emissivity inversion, bi corresponds with the calibrated intensity measurement at unit
cell i and xj with the local plasma emissivity from the j th inversion grid cell. Based on equation
(4.17), the geometry matrix Gij contains the length of the sight line casted at the centre of
the ith unit cell on the camera that falls within the j th inversion grid cell. This geometry
matrix is only an function of the camera geometry and only needs to be redetermined when
the viewing geometry is changed. Writing equation (7.1) in the form of local emissivities j ,
measured intensities I0,i and the geometry matrix as lengths Lij gives
Ng
X

Lij j = I0,i .

(7.2)

j=1

The velocity inversions however, is far more complex as v is a vector quantity which can not
be written in the linear matrix equation form of equation (7.1). Using the approximation that
the velocity as parallel to the magnetic field lines as discussed in section 3.3, the velocity can be
~
written as ~v = v|| B̂, transforming the vector quantity into the scalar v|| which can be used in
the linear matrix equation (7.1). The geometry matrix for velocity measurements Vij , based on
equation (4.22), can than be written as
j X ~
B̂k,j · ~lk,i ,
(7.3)
Vij =
I0,i
k

where is the k th vector line segment of the ith sight line crossing the inversion grid cell j with
~
the magnetic field direction at the middle of the segment given by B̂k,j . If the ith sight line only
crosses grid cell j once, k = 1 by definition and the sum is just a single factor. The tomographic
inversion problem is than given by
Ng
X
j=1

Vij v||,j = v̆i ,

(7.4)
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with v̆i the determined calibrated average velocity on the image position i and v||,j the parallel
velocity along the magnetic field line in the j th inversion grid cell. As the magnetic field direction
and emissivity variate during a shot, each individual time-frame image has its separate flow
geometry matrix that needs to be constructed.
On TCV, the magnetic field is reconstructed with help of the equilibrium reconstruction code
LIUQE [68] where as boundary conditions, the data from the magnetic probes located at the
vessel boundary are used. While LIUQE accurately captures the structure of the magnetic field,
the precise location could variate due to noisy sensors. Translations of the LIUQE data based on
the received local emissivity profile by the PCIS setup are applied to get the legs of the emissivity
profile a fixed small distance at the outer side of the LCFS as determined by LIUQE.
By means of interpolation, the magnetic field vector in the centre of an inversion grid cell can
be determined out of the adjusted LIUQE data in terms of toroidal coordinates. Calcam’s ray
casting ability is adjusted such that the total radial component, dR, the vertical component dZ
and the toroidal component dφ of the length of the ray within a cell is calculated together with
its total lengths trough a cell as was done in the original Calcam code. With these components,
the inner product of the ray with the magnetic field vector at the centre of the inversion grid
P ~
cells is used to determine the factor
B̂k,j · ~lk,i of equation (7.3).
k

7.2.2

The SART Algorithm

Equation (7.2) and (7.3) are often over-determined as the number of measurements is larger
than the number of unknowns, the local values in this case, due to the fact that the same grid
cell is covered by multiple rays. In the general form of equation (7.1), this would allow for easy
determination of xj out of the measurements bi . However, due to noise in the measurements and
calibration errors in the geometry matrix, equation (7.1) becomes an ill-posed problem which
can not be solved absolutely and leads to large errors in the reconstructed local values. Algebraic Reconstruction Techniques are often used to solve such a problem by means of iteratively
minimising the residuals between the measurement bi and the reconstructed value Gij xj . Using
the Simultanous Algebraic Reconstruction Technique (SART) [69], the iterative approach for
solving xj for the next iterative step n + 1 can be written as
(n+1)

xj

(n)

= xj

λr
+ PNs
i=1

Ns
X

Gij

i=1



Gij
(n)
(n)
bi − Gij xj
− Oj ,
PNg
j=1 Gij

(7.5)

(n)

where λr is an empirically chosen relaxation parameter and Oj an operator for applying additional penalties like the smoothness of the reconstructed profile if appreciable. In our case, no
correction is used and the relaxation parameter is set to λr = 0.95. The iterations will stop if
(n+1)
(n)
(n)
the Euclidean norm of the relative error |xj
− xj |/|xj | is smaller than an set value, which
−2
in our case is set to 10 as trade of between accuracy and computation time. The start value of
(0)
(n+1)
the computation is set to xj = e−1 . For the emissivity, every resulting negative value of xj
is set to zero after each iteration.

7.2.3

Uncertainties in the Tomographic Inversion

Uncertainties in the Emissivity and Velocity
To determine the uncertainty propagation from line integrated measurements to local measurements, a statistical Monte Carlo method is applied within the inversion algorithm [30]. To every
raw pixel value of the image, a random value in between the negative and positive value of the
shot noise is added to the signal. This alternated image is inserted within the inversion algorithm to retrieve the local values of both intensity and phase. Doing this 100 times, the standard
variation on the local values is determined. For the emissivity, the standard deviation is an order
of 1011 lower than the local emissivity values and for the phase the standard deviation lies in
the order of 10−9 which is less than mm/s when transposed to velocity values. Therefore, the
uncertainty in the local values is dominated by the uncertainty in the line integrated value rather
than the iterative SART method within the inversion algorithm. However, it should be noticed

62

Chapter 7. Data acquisition, Image Processing and the Vector Tomographic Inversions

Figure 7.5: The standard deviation in the local values of the phase on the poloidal plane as function of
multiplications of the radial and vertical unit vector direction for the reversed field PEX shape configuration.

that in this case, both geometry matrices are assumed perfect although they heavily depend
on the camera calibrations and magnetic field determination with LIUQE and the uncertainty
listed is purely the uncertainty of the algorithm itself.
Uncertainties due to Cross Field Transport
In order to determine the geometry matrix for the phase inversions, it was assumed that the flow
follows the magnetic field lines as retrieved by LIUQE. However as a result of drifts, cross field
transport could be present. A simplified model for the drifts is applied by alternating the unit
vector of the magnetic field for the poloidal components by applying multiplication factors on
both the radial and vertical component. This newly gained unit vector will act as the direction
of the flow due to drift processes. The standard deviation of the difference between the local flow
following the original magnetic field line and the alternated flow directions is plotted in figure
7.5 for different magnification of the poloidal flow components of the unit vector for a reversed
field PEX (Plasma EXhaust) shape.
In figure 7.5, it is seen that the error increases if the poloidal components increases. As the
radial magnetic field component of the unit vector is stronger than the vertical field, the error
scales more heavily with the radial field multiplication. With the calibrated group delay, about
a 0.05 rad variation corresponded with 1 km/s such that for the PEX shape, the poloidal flow
components can be more than 5 times larger than is estimated by the magnetic field direction.
From this it can be concluded that the assumption that the flow follows the magnetic field line
is reasonable considering that only small variations due to drift are expected.

7.3

Chapter Summary: Acquiring Local Data with a PCIS
Setup

The PCIS setup is implemented within the MANTIS system using the same acquisition system
which meets the requirements of spatial and temporal resolution of the system. An offset in
internal camera time is corrected for by benchmarking the measurements with the other channels
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of the MANTIS system. By preheating the cavity with the camera’s, the temperature variation
of the system over an operational day is reduced to 1.5 K. By using a radial field of view the
base phase is calibrated as 2.6 rad, which is implemented in the imaging processing system which
makes uses of the calibrations of chapter 6.
In order to retrieve local values instead of line integrated values, tomographic inversions have to
be performed. As these tomographic inversions uses a scalar instead of a vector, the direction of
the flow is set to follow the magnetic field. As a result of drifts, this estimation is not fulfilled,
however as the drifts are expected small compared to the toroidal velocity, accurate inversions
within 2 km/s accuracy are expected.

8. PCIS measurements of divertor flow
profiles in TCV

Now that the diagnostic system is calibrated and implemented in the data acquisition system of
MANTIS, PCIS data can be acquired in TCV experiments. The purpose of these measurements
is to investigate if we can indeed track the evolution of the ion momentum within the divertor
region. If the diagnostic works as expected and the theory about fluxes within the divertor region
is correct, a reversal in ion flow in between the reversed and forward field configuration should be
witnessed by the diagnostic. This is discussed in the first section of this chapter. In the second
section, it is assessed if the measured ion velocity slows down as it theoretically should if the
density within the divertor is driven up by applying a density ramp or nitrogen seeding.

8.1
8.1.1

Reversed and Forward Field: Measuring a Flow Reversal
Line Integrated Results: Providing a Proof of Principle

With aid of the calibrations presented in chapter 6 and the image acquisition method as described in chapter 7, line integrated intensity and phase images are acquired in forward field and
reversed field conditions. The main difference in these shots is the toroidal flow direction flowing
respectively towards and away from the camera. Figure 8.1 shows the calibrated intensity and
phase image for both a reversed field shot and a forwards field shot in which the phase is not yet
corrected for with the base phase. In the phase image, the modulus effect can clearly be seen
by the clear abrupt transition from the maximum to the minimum value near the x point in
the forward field configuration and at the divertor walls in the reversed field configuration. As
long as these modulus effect are present within an image, the image is not suitable for inversion.
What can already be noticed, is that the phase increases along the outer leg for the reversed
field case and decreases along the same leg in the forward field case. This result is exactly what
we expect as a slow down in flow is expected along the leg. The reversal in phase derivative
sign along the leg is due to the fact that in forward field the flow is measured as negative with
respect to the camera and in reversed field as positive such that both images show a slow down
in velocity across the leg. That the flow reversal in toroidal direction due to the forward and
reversed field configuration is measured is a first evidence for the plausibility of our measurement
results.

8.1.2

Base phase Determination from Line Integrated Measurements

As stated in chapter 7, the base phase needs to be subtracted before inversions can be performed.
The forward field shot (69626) was performed on the 28th of January at 11:51 and the reversed
field shot (69637) at 14:56 on the same day. With the temperature measurements performed
on that day as shown in figure 7.2, a crystal temperature difference of about 0.7 K is expected
between the shots. This temperature difference would correspond with an absolute phase shift
of 0.057 rad. Using the base phase calibration of the radial line in chapter 7, the base phase
for both shots is expected to lie around 2.6 rad as this calibration shot is performed around the
same crystal temperatures. Based on the absolute phase drifts due to the crystal temperature,
variations smaller than 0.1 rad are expected. Looking at the figures, the reversed field case tends
to decay to a phase of around 2.6 rad along the leg, suggesting that the velocity at the target
is close to zero. This corresponds to the expectations that the velocity decreases along the leg.
64
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Figure 8.1: The intensity and phase image out of the reversed field shot 69637 at t=1.35 s (up) and
forward field shot 69626 at t=0.72 s (down). The phase images are not yet corrected for with the base
phase. The phase is seen to increase along the leg for the reversed field shot and decrease for the forward
field shot, both indicating a reduction in velocity along the leg due to the reversal in toroidal velocity
direction.
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However, when looking at the chaotic regions where emission is still present in the majority of
the phase image, it is seen that the majority of the unit pixels gives a phase of about 2.3 rad
which is significantly lower and suggest that zero velocity is not reached along the leg.
Comparing this to the forward field case, a similar value of about 2.3 is found in the majority
of the image where emission is still present. The doubtful situation by using this value as base
phase in the forward field image is that a point of zero velocity is expected off target such
that a flow reversal would be seen. Furthermore, the phase is eventually found to go up again
suggesting that there is a flow reversal in the leg. As line integrated values are difficult to
interpreted, the base phase of 2.6 rad is still used for the forward field case as the integrated
value tends to go to this value at the end of the leg and we do not have something better at the
moment to benchmark the base phase. Keeping in mind that the base phase do not influence
the relative differences within an image, the results could eventually be corrected for when the
inverted image gave strong evidence for the usage of another base phase as long as the modulus
effect is removed within the image as is done by using a base phase of 2.6 rad.

8.1.3

Inverted Results of the Forward and Reversed Field Shot

The intensity images of figure 8.1 are inverted using the procedure described in chapter 7. The
results for both the emissivity and velocity inversion are shown in figure 8.2. For the velocity
inversions of figure 8.2, a base phase of 2.6 is used. The sign of the flow is chosen such that it
corresponds with the definition of the SOLPS simulations in figure 3.3. This means that negative
values correspond to a flow along the field line from the LFS to the HFS, counter clockwise in
the poloidal plane, and positive values from the HFS to the LFS, clockwise in the poloidal plane.
This sign convention is performed by multiplying the retrieved along field parallel velocity with
the sign of the direction of the Bz field. With this sign convention, the direction of the toroidal
component can not be seen within figures 8.2. A mask is applied over the local velocity data such
that only regions with emissions significant over the noise level are displayed. The mask is set
to eliminate the regions with SNR lower than 10% of the maximum SNR in that image.
Looking at the emissivity images of figure 8.2, which are not effected by the base phase value,
the emission can be precisely located along the leg by the use of only a shifting LIUQE profile
without changing the geometry for both the forward field and reversed field as is the same with
previous MANTIS measurements. A so called limited angle tomographic artifact is clearly seen
in the forward field scenario. The cause of this artifact is that since a single camera system is
used for the reconstruction, strike like artefacts extend from the poloidal location of the camera
such that reflection light is than placed in regions of high sight line density near the camera.
Although this artifact is still present in the reversed field case, the reversed field has a strongly
radiating X-point such that the scaling of the contour profile makes the artifact less visible within
figure 8.2. Not only the visibility, but also the significance of this artifact on the inversion is
reduced due to the fact that the emissivity is about an order of magnitude larger in the reversed
field than forward field case. Other artifacts are induced due to the position of the leg in the
forward field case. The x point is at the upper side of the field of view in which the camera
calibration is more poorly defined due to the enlarged distortion at the sides. The leg is close to
the central column which induced less constraints within the geometry matrix.
Looking at the flow images, the limited angle tomographic artifact clearly seen in the forward
field case but less clear in the reversed field case. This effect is a result of the way the mask is
applied. The mask uses the maximum SNR for an image. In the reversed field case, where the
emissivity is stronger, the SNR is higher such that the lower bound of the mask is higher, filtering
out more regions in the image. Furthermore the line integrated forward field images had a lower
SNR, reducing the accuracy of the inversions. A weird phenomena is seen when comparing the
forward field shot with the reversed field shot. Following the same sign conventions, it looks
like the flow along the outer forward field leg is mainly flowing towards the core. While this is
not expected by theory, it could be possible as the wall acts as a source of carbon, the impurity
imaged with the designed PCIS system, which is seen near the x-point such that transporting
mechanisms towards the core must be present. Another possibility is that the flow flows into
the opposite direction of the toroidal field but still downwards to the divertor walls. If this is
the case, it means that the flow direction is not affected by the toroidal magnetic field direction,
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Figure 8.2: The local emissivity and velocity image out of the reversed field shot 69637 at t=1.35 s (up)
and forward field shot 69626 at t=0.72 s (down). The velocity images are received by using a base phase
of 2.6 rad. Negative values correspond to a flow along the field line from the LFS to the HFS, counter
clockwise in the poloidal plane, and positive values from the HFS to the LFS, clockwise in the poloidal
plane. A mask that eliminate the regions with SNR lower than 10% of the maximum SNR within the
image is applied over the local velocity data. The LCFS is plotted out of the LIUQE data translated to
fit the emissivity profile.
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something that is not expected from theory and CIS measurements on other reactors [70]. If the
flow from the reversed and forward field flows in the same direction, the reversal in phase gradient
sign along the leg in the line integrated images can than only be explained by an acceleration
in flow towards the target, something that is also not expected as no increase in absolute flow
velocity is seen within the local velocity image.
Another possibility for this measurement is that the base phase used for the inversion is not
correct and the zero velocity point lies much further down the line. However, the velocity along
this outer leg is about 20 km/s, asking for at least a base phase difference of 1 rad to bring the
velocity towards zero along the leg. Such large phase shifts for the base are not as expected out
of the temperature drifts, the noise and even the cross field effects. It is also unlikely that their
is a contrast variation within the measurements causing this effect as contrast is not taken into
consideration within the inversion algorithm. However, the reversed field flow case follows the
expected behaviour and is performed under the same operational conditions for which contrast
invariance was designed. Therefore contrast errors of this magnitude should also be expected
within the reversed field case.
As the forward field shot was noisy from itself and introduces inversion artifacts due to the
position of the leg and the x-point, the current hypothesis is that the flow can not accurately
be constructed within this shot by the current inversion algorithm. As no better performing
forward field shots where performed during the experimental campaign, this hypothesis can not
be tested and no conclusion can be made. Therefore, the forward field shots will not be further
considered within this chapter until further research is performed.
Looking at the flow images of the reversed field case, a flow reversal point is seen at the outer leg
which was not seen during the SOLPS simulations. This flow reversal point is rather far away
from the wall, making it unlikely to be a reconstruction error or the result of sputtering from
the wall. In order to remove this flow reversal point, about an additional 0.5 rad thus a shift of
10 km/s needs to be added to the base phase. This is far more than expected based on the base
phase calibration and the chaotic regions in the image taking into account the expected maximum
noise of 0.02 rad, temperature drifts effects of 0.12 rad and cross field transports.
Figure 8.3 shows the effect of using a base phase of 2.3 rad, the value as received by the chaotic
measurements, and 3.1 rad, the value needed for removing the flow reversal point. It is seen that
when the base phase is brought to 3.1 rad, the flow reversal is not yet entirely removed but is
already brought down towards the walls such that it can be real upward flow or is more likely
to be an error in the tomographic inversion. When increasing the base phase, the velocity in
the inner leg increases heavily as the particles passing the X-point after the SOL already come
in at higher velocities. When a lower base phase is used, a reversal in flow along the leg is seen.
These kind of flows are also seen in the theoretical figure 3.2 and simulations of figure 3.4 due
to respectively the Pfirsh-Schlüter current and the E × B drift, making a lower base phase still
plausible. However, no conclusion can be given on the correctness of the low base phase as we do
not have the faintest clue if these mechanisms are large enough within this specific shot.
Out of these results, no conclusion can be made on which is the correct base phase until the
diagnostic is benchmarked. However, relative data along the leg can still be used without an
absolute velocity point and is thus the only data that we are confident about. An absolute
velocity decrease along the outer leg with an magnitude of about 50 km/s is seen in all of the
inverted reversed field flow images. This 50 km/s velocity decrease along the leg is slightly
higher than the velocity decrease in the SOLPS simulation, which where about 20 km/s. The
decrease matches the qualitative behaviour and is in the same order of magnitude, making
the local velocity measurements of the reversed field shot convincing on first glance. Work on
the calibration and cross-validation is needed for a real confirmation off these local velocity
results.
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Figure 8.3: The local velocity image out of the reversed field shot 69637 at t=1.35 s. The velocity images
are received by using a base phase of 2.3 rad (left) and 3.1 rad (right). With the use of low base phases,
a reversal in flow is seen within the leg and also along the leg. By an increase in base phase, the reversal
in flow is limited in only within the leg, but the momentum at the inner target is increased.

8.1.4

Lessons Learned from the Reversed Field and Forward Field
Shot

While line integrated measurements tends to support the theoretically expected reversal in
toroidal flow direction, the by tomographic inversion received local values of the velocity implies otherwise. As the forward field shot was noisy and induces artefacts due to the position of
the leg, no conclusion can be made out of these measurements. The local values of the reversed
field shot showed a reduction in velocity along the leg in the same order of magnitude of the
SOLPS simulations. However, based on the base phase calibrations, a flow reversal point was
seen across the leg. Until the system is benchmarked with another diagnostic, the correctness
of the base phase calibration that induces this flow reversal point can not be checked. Even the
correct implementation of the tomographic inversion is still a question without benchmarking
the system although the general flow structure of the reversed field case is as expected with the
same order of magnitude providing evidence that the implementation of the inversion method is
applied correctly.

8.2

Density ramp and Nitrogen seeding: Reducing the Ion
Momentum?

During shot 69637, a density ramp by seeding deuterium in the core as function of time is
applied on the so called PEX shape configuration in reversed field. Shot 69645 uses the same
configuration but applied nitrogen seeding around the divertor region. The gas valve traces of
both shots inducing the ramp ups are shown in figure 8.4. The hypothesis behind the density
ramp and nitrogen seeding is that the increasing amount of densities inflicts radiation that
will drop the temperature and causes the ionisation front to move closer towards the x-point.
By means of this lower temperature and higher density, collisional reactions are more likely to
happen within the divertor region inducing the desired momentum losses.
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Figure 8.4: The valve traces of shot 69637 (left) and 69645 (right). The traces show that after the initial
Deuterium inlet, shot 69637 performs a density ramp up by adding Deuterium in the core while shot
69645 inserts Nitrogen within the divertor region.

8.2.1

Density Ramp Shot: Movement of Radiation Front but not of
Momentum

Starting with the density ramp shot 69637, the emissivity and relative phase profile along the
outer leg for different times is plotted in figure 8.5 where the error bars are calculated out of
the dominating noise equations of chapter 6. Looking at the emissivity profile, no trend in time
can be witnessed over the noise as function of the density ramp. Only the final time step differs
significantly over the others. This difference is investigated by applying smaller steps around the
final time step which is shown in figure 8.6 where a trend in time is seen showing the movement
of the radiation front of CII towards the core as the emissivity along closer to the wall tends to
decay while the maximum emission front is shifted towards the core.
Looking at the phase profiles of figure 8.5, no real difference between the curves can be seen
except for the first time step. It looks like their is a decrease in phase, however this decrease
is only seen by comparing the first time steps with the following. Decreasing the time steps in
between the first and second acquisition time of figure 8.5, it was found that only the first time
step showed a higher phase and all other phases immediately behaved like the majority of the
time steps. Looking into the time range where the emissivity was found to change in time in
figure 8.6, no trend in time was witnessed in the phase profile.
As both the emissivity and phase showed no trend in time until the end of the density ramp,
it can be argued that the density increase in the core does not significantly transport to the
divertor region to reach the regime where by means of collisions, the power and momentum of
the particles are lost early on in the shot. Although at the end of the shot, a movement in the
radiation front is witnessed, the regime at which momentum is lost by means of collisions is
not yet witnessed which makes sense as radiation losses are expected earlier than momentum
losses.

8.2.2

Nitrogen Seeding: Reduction in Emissivity but not in Momentum

As the nitrogen seeding valve is located along the divertor region, a look is taken at the nitrogen
seeded shot to see if this will induce the loss in momentum and power. The results are shown in
figure 8.7. In the emissivity profile, it is seen that the emissivity tends to decay in time due to
increasing nitrogen seeding as before the seeding, no difference in emissivity could be witnessed.
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Figure 8.5: The profile along the outer leg of density ramp shot 69637 in terms of emissivity and phase
for different times listed in the legend in seconds. For the phase profile, a base phase of 2.6 rad is used.
Within the emissivity only the last time step of t=1.4951 s shows an variation over the others while the
phase remains constant in time.
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Figure 8.6: The profile along the outer leg of density ramp shot 69637 in terms of emissivity and phase
for different times close to the disruption as listed in the legend in seconds. For the phase profile, a base
phase of 2.6 rad is used. The emissivity shows a trend in time by means of a movement of the radiation
front. The phase does not show a trend in time except for a sudden increase at the last two time steps.
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Figure 8.7: The profile along the outer leg of nitrogen seeded shot 69645 in terms of emissivity and phase
for different times listed in the legend in seconds. For the phase profile, a base phase of 2.6 rad is used.
Within the emissivity a trend in time is seen when the nitrogen is slowly started to be seeded at around
0.9 s. The phase remains constant in time.

However, again no trend is seen in the phase. Although the nitrogen seeding seems to reduce the
power by means of radiation, it does not induce the momentum losses as the collisional regime
is not reached or the effects are smaller than only a few km/s due to the noise and uncertainty
of the retrieved local values.
Comparing the relative trend in data for the density ramp and nitrogen seeded shot, both performed at the forward field PEX shape, the same relative trend along the leg is seen in the
emission and the phase suggesting that this is the flow profile along the leg for these configurations. That the same relative trend is seen in both shots, evidence is provided that the PCIS
setup measurements are consistent and not just randomized based on the emissivity. This conclusion is further supported by the fact that when the emissivity changes over time, the phase
did not such that there is no one on one correlation between emissivity and phase and the phase
acts as an independent measurement.

8.3

Chapter Summary: The Trustfulness of the Results

While calibrations in the lab of the PCIS system showed great correspondence with theory,
implementation on TCV induces a doubt about the local result gained with the PCIS system.
Although line integrated measurements showed the expected reversal in flow for forward and
reversed field in terms of the phase gradient along the leg, the local quantities as imaged on the
poloidal plane did not. Two reasons for this are that the inversion algorithm contains an error or
that the forward field image is too noisy and too sensitive for artifacts due to its location of the
leg close to the central column and at the edge of the field of view such that the inversion is less
constrained. As the reversed field shot showed an image where the flow is the highest along the leg
and decays towards the outer target with a value in the same order of magnitude as the SOLPS
simulations, the implementation of the inversion algorithm appears correct, although there is an
unexpected flow reversal point within the leg that can not be removed by reasonable base phase
alternations. In order to make completely sure that the inversion algorithm is implemented
correctly, comparison with another diagnostic is needed.
Assuming that the inversion algorithm is correctly implemented, a look is taken at the time
evolution of the phase and thus flow along a density and nitrogen seeded ramp. While there was
a clear trend in time for the emissivity in the nitrogen seeded shot, the phase was not alternated.
This could be that the losses of momentum are on a scale smaller than the resolution of our
setup, or that the nitrogen seeding is not big enough to induce momentum losses as the collisional
regime within the leg is not reached. For the density ramp, only a trend in time in the emissivity
data near the disruption time is witnessed. Again, no trend in momentum losses is witnessed.
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As both the nitrogen and density ramp uses the same configuration and the relative trends of
the phase are the same, evidence is provided that the the phase is measured independently of
the emission and its trend such that the phase effects are not just artifacts of the emissivity
measurements.
Having evidence that the results are plausible (e.g. lab calibrations, flow reversal in the line
integrated data, a decaying flow in the same order of magnitude for the reversed field case
as expected by SOLPS and consistent phase measurements over multiple shots for different
emissivity profiles), there are also features of the results which require further investigation (e.g.
a forward field case with upwards or toroidal flow in the opposite direction of the magnetic
field, a flow reversal point along the leg in the reversed field and the lack of time trend during
density and nitrogen seeding experiments in terms of momentum). While some of the arguments
against the reliability of the results can be countered (e.g. the momentum loss regime is not
met during the ramps and the flow reversal point is really there), it is too early to say if the
local measurements received with the PCIS setup and the inversion method can be trusted. To
gain the trust within the result, the setup must be benchmarked against more well established
diagnostics.

9. Conclusion and Outlook

On the basis of the knowledge obtained throughout the exploration of using an modern polarization camera based coherence imaging spectroscopy setup for ion velocity measurements during
divertor detachment studies on TCV, recommendations are made. These recommendations are
aimed at answering the question if it is worth to consider a PCIS setup in future tokamak devices for divertor detachment studies. In essence these summarize the conclusions drawn in the
chapters 3 until 8 of this thesis. Using the results presented in this work as a starting point, a
direction for future research is set out.

9.1

Conclusion: The Feasibility of Ion Flow Measurements
using the PCIS Concept

9.1.1

The Added Value of a PCIS setup for Divertor Detachment Studies

In this thesis, a Polarisation camera based Coherence Imaging Spectroscopy (PCIS) setup is
developed in order to measure the ion momentum losses within the divertor region. Measuring
these losses is required as during divertor detachment, which is seen as the most promising
solution for the power exhaust problem, particle, heat and momentum losses are induced within
the plasma flowing towards the reactor walls. These losses will prevent evaporation and melting
of the wall materials which eventually contaminate the core plasma and reduces the efficiency
of the fusion reactor. MANTIS already provides images of the particle and power losses of
the plasma within the 2D divertor region but was not yet capable of imaging the momentum,
the last quantity needed to asses the effectiveness of different divertor configurations using the
conservation laws. A diagnostic capable of measuring the momentum losses can aid towards
the understanding of the processes happening during divertor detachment, can act as a control
input value to regulate the power flux towards the wall and can be used as validation of the
numerical models needed for extrapolating the physics results gained on smaller fusion reactors
like TCV to bigger future devices. Based on these three aims, such a diagnostic that is capable
of measuring the momentum has a high potential for the research field looking into the power
exhaust problem.
Previously developed coherence imaging spectroscopy systems have already proved s as a diagnostic capable of imaging the momentum of a specific ion within the divertor region. This device
can be improved by using modern day polarization cameras. One of these improvements is that
there is a factor 4 increase of spatial resolution. Next to this spatial resolution improvement, the
velocity resolution is optimized over a wider field of view than in the conventional CIS systems.
PCIS systems are also capable of faster post-processing the data after the data acquisition to
retrieve the momentum, which is useful for control purposes. Lastly, the biggest improvement
gained by switching from a CIS to a PCIS setup is that the loss of ambiguity within the intensity,
broadening and velocity measurements which are simultaneously gained within conventional CIS
setups. Due to this loss, the accuracy of the individual quantities will be increased.

9.1.2

Design of the System and the First Proof of Concept

With all these theoretical advantages, a switch from conventional CIS systems to PCIS systems
for momentum imaging of the divertor seems worth wile, however a proof of principle for using
a PCIS system for momentum measurements was not yet given as the polarisation camera is
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a rather new development. For this purpose, a PCIS system was designed and constructed
in this research that is optimized for ion momentum measurements under divertor detachment
conditions on the TCV divertor. The optimization of the system was done by optimizing the
group delay, which determines the sensitivity of the system for velocity. A trade off is made
between the expected sensor noise effects on the velocity resolution and setup invariance for
the emission line broadening effects during divertor detachment conditions in TCV, causing
errors within the tomographic inversion of the system. For this purpose, CII was chosen as a
specie to investigate as this reduces the broadening effects and is present during the desired
conditions and the group delay was chosen to be around 2500, although variations of 20% are
still acceptable.
The first validation of the PCIS setup was given during the calibrations. During the calibrations,
a newly developed cheaper calibration method using predetermined deuterium/hydrogen ratio’s
within several spectral lamps is applied. A fit based on the theoretical model in which the
group delay is used as the fit parameter is applied, which resulted in a group delay of 2306 ± 22,
which is 10% of with the designed value. Although this seems a lot, this value is really sensitive
to empirically determined quantities and manufacturing errors. That the value is within the
same regime as the designed value, for a first concept setup, this is rather good taking into
account the acceptable variation around the designed group delay. What is more, is that this
calibration method used multiple points which all tends to lie within fitted curves where only a
2% variation of the group delay is applied. This variation drops below 1% if only high intensity
light is considered as the noise scales with intensity. Using the calibrations, the uncertainty in
terms of velocity of our measurement system is found to be around 0.2 km/s, which amounts to
a relative uncertainty near 1% for the expected velocity regime values of -20 to 20 km/s.
The fact that the measured group delay is around the designed value and the deuterium/hydrogen
ratio’s are received by the system with such great accuracy indicates that our design performed
as hoped, providing a proof of concept for the working principles and accurate design of the PCIS
setup. Extra evidence of the correct translation of theory to design is that the for CIS setups
characteristic spatial delay cross structure over the imaging plane as a result of the incident
angle variation of the light rays was clearly seen.

9.1.3

First Results of the PCIS Setup obtained on the TCV Tokamak

Calibration difficulties arrived when implementing the system within the MANTIS system. As
no CII source is available for calibrations, the zero velocity point could not be precisely achieved.
What is more is that this zero velocity point tends to shift with crystal temperature and is heavily
effected by empirically determined coefficients and manufacturing conditions making it difficult
to apply a correct theoretical model. As there are no constraints within the image for the
velocity set by other diagnostics or known physics, only an estimation of the absolute velocity
values can be made. This means that with the current setup, momentum can only be measured
relatively within an image and relative comparisons between images requires the need of crystal
temperature corrections.
The measurements retrieved during the calibration procedure provided a strong proof of concept
of the working principle and design specifications of the setup. Looking at the line integrated
results of the flow retrieved on TCV, the by theory expected reversal in flow in between a
reversed and forward field plasma configuration could be witnessed as a sign reversal of the
phase gradient along the outer divertor leg. However, after applying our inversion algorithm to
retrieve the local quantities of emission and velocity in the poloidal plane, results are received
which are both convincing and unconvincing towards the right implementation of the setup and
its inversion algorithm.
Convincing results within the local velocity quantity are that a decay in flow is seen along the leg
in the same order of magnitude as expected with SOLPS models. A consistent phase is measured
for shots performed on the same plasma configuration (PEX shape) not influenced by trends in
emissivity pointing towards the decoupling of the velocity and emissivity measurements as their
is no correlation with the simultaneously achieved intensity measurements.
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However, a surprising forward field local velocity reconstruction was found with the PCIS setup.
The by PCIS and its inversion algorithm retrieved local velocity structure suggested an flow that
is directed upwards to the core or has a toroidal flow in the opposite direction of the magnetic
field in the forward field configuration. More research is needed into what is happening during
the conducted forward field shot both into the validation of the PCIS setup and its inversion
algorithm and theoretically into what could be going on. As the forward field shot is noisy and
more subject to reconstruction errors due to the position of the x point and the leg close to
the central column, the current hypothesis is that something goes wrong within the inversion
algorithm as the line integrated results showed the expected flow reversal.
Besides this surprising forward field shot results, the reversed field case showed some surprising
results too. Those are the existence of a flow reversal point along the leg and the lack of a
time trend in terms of momentum during density and nitrogen seeding experiments. As our
knowledge about the momentum during seeding experiments is still limited, which started the
desire to develop a diagnostic that would measure it, it can be that the momentum loss regime is
not met during the ramps. On the flow reversal point, it can not be said certain that it is really
there as the zero velocity point could not be absolutely calibrated. Therefore, it is too early to
say if the local measurements received with the PCIS setup and the inversion method can be
trusted. To gain the trust within the result, the setup must be benchmarked against more well
established diagnostics.

9.1.4

The Value of the Designed PCIS Setup for Divertor Detachment
Studies on TCV

In this thesis, a PCIS setup is designed and realized. First measurements indicates that the
setup meets its design specifications. A proof of principle of a PCIS setup is provided by the
experiments conducted in the lab as they showed characteristic results of CIS measurements in
terms of a cross structure, retrieved the designed group delay value within 10% accuracy and
was capable of determining several deuterium/hydrogen ratio’s within only a 2% variation of the
empirically determined group delay. Line integrated measurements conducted on TCV showed
the expected reversal in flow during a forward and reversed field shot. The by the inversion
algorithm received local quantities, although showing a decay in the same order of magnitude
as expected from SOLPS simulations in the reversed field shot, asked for more investigation of
the system as the expected flow reversal and time trends during seeding experiments where not
found. Further research needs to be conducted into the correctness of the implementation of the
simplified inversion algorithm that assumes an invariant contrast and a flow direction completely
along the magnetic field lines. The theoretical advantages of a PCIS setup over a conventional
CIS setup makes these further investigations worth considering.

9.2
9.2.1

Outlook: Benchmarking the Results and Extending
the Capabilities of the PCIS Setup
Benchmarking the Momentum Measurements

The next step into research on the PCIS device for momentum measurements must aim towards
verifying the trustworthiness of the local velocity results. For this purpose, it is suggested that
forward field shots are performed where the x-point lies more into the center of the image such
that better reconstruction is possible. During these measurements, other diagnostics that are
capable of measuring the momentum must be installed to act as a benchmark. Preferably, a well
established conventional CIS setup from another fusion reactor is borrowed for this purpose, but
the Reciprocating Divertor Probe Array (RDPA) measurements or the divertor spectroscopy
system can also be used for this purpose. While the RDPA measurement already provide the
local quantities, the divertor spectroscopy system receives line integrated values. The data from
the divertor spectroscopy system can be used by measuring the Doppler shift of CII over its
line of sight. Using this line of sight and the local quantity image of the flow made under the
assumption that the flow follows the magnetic field line direction, an comparison of the by PCIS
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retrieved local quantities and the line integrated Doppler shift of the spectroscopy system can
be made. However, the viewing direction of the current divertor spectroscopy system needs
to be adjusted for these measurements as it currently views the plasma tangential such that
the toroidal component that is mainly measured by the PCIS system are not received and
comparisons between the two systems can not be made.
The same method of benchmarking the results can be applied for the validation of the newly
developed calibration method by the use of a tunable laser. This tunable laser will furthermore
receive a point much closer towards the CII line which already acts more as a calibration of the
base phase. By means of an translation based on the temperature measurements, the base phase
for each shot can more accurately be determined than is currently done.
Benchmarking the emissivity measurements can be done by installing the polarisation camera
without the PCIS cell. This measurement will show if the assumption that the incoming light
is unpolarized is correct. While the polarisation effects are canceled by the first polarizer, the
inversion algorithm could be effected by this assumption as the local values are now depending
on the incident angle both influencing the emissivity and phase measurements which is not taken
into account when applying a value on the grid cell.
All these measurements can show if the assumptions made within the inversion algorithm are
valid. Based on this results, improvements within the inversion algorithm can or need to be
made in which the contrast is taken into account or the inversion method is changed such that
not a scalar but a vector is received out of it. This last improvement must be done by using
constraints out of the sight lines with no vertical or toroidal component.
Once trust is gained in the retrieved local quantities, and methods for benchmarking the base
phase are established, the system can be applied towards other channels of the MANTIS setup.
In this way the first multi-spectral coherence imaging setup is received. This setup can aim
towards the question of what kind of forces drives the flow by measuring the velocity of different
species which each have different masses and charges.

9.2.2

Changing the Setup to gain other Parameters

From chapter 4 it becomes clear that a PCIS setup is capable of providing more than just
momentum measurements. As already shown by the multiplet calibration method applied in
section 6.3.2, a PCIS setup is capable of measuring isotope ratio’s. The problem however is
that this quantity is encoded within the phase, the same quantity as the velocity. During the
tokamak measurements presented in chapter 8, no isotope effects needed to be taken into account
as the CII isotopes are not abundant, however for the Balmer series, those effects needs to be
taken into account such that a single phase measurement gives an under determined problem.
One easy way to fix this is by using a wolfram prism as birefringent crystal which induces four
different delays in each quadrant of the sensor [71, 72]. While this reduces the spatial resolution,
it provides four different measurement for just two unknowns, making it a solvable determined
problem.
With the use of wolfram prisms, the contrast can be meaningfully measured as multiple contrast
measurements can be used to reconstruct the complete spectral line shape. This allows for
temperature, magnetic field and density imaging. Density imaging in the divertor region by use
of a PCIS setup is currently investigated by the MAST-U team [72], gaining expertise about
contrast measurements with PCIS setups. As those quantities can already be gained by other
diagnostics and research into this field is already conducted, the research into PCIS within
TCV must be focused on phase measurements. The efforts of both research teams can than
be combined into a recommendation towards a PCIS setup combining the phase and contrast
measurements for the ITER diagnostic if desirable.
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A. Mueller Calculus for PCIS

When working with polarisation, Mueller Calculus is a convenient mathematical tool to consider.
The incoming and outcoming light trough the PCIS device can be represented as a Stokes vector
in the form of
I
Q
(A.1)
S=
U
V
where I is the total light intensity, Q the intensity difference between horizontal and vertical
linearly polarized components, U the intensity difference between linearly polarized components
oriented at ±45° and V the intensity difference between right and left handed circular components. The optical components effecting the polarisation are given by its Mueller matrices which
are for respectivily the linear polarizer and a waveplate expressed by
R2
MP (R, θ) =
2

1
C2
S2
0
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and
MW (φ, θ) =

1
0
0
0

0
0
0
C22 + S22 cos φ S2 C2 (1 − cos φ) −S2 sin φ
S2 C2 (1 − cos φ) S22 + C22 cos φ
C2 sin φ
S2 sin φ
−C2 sin φ
cos φ

,

(A.3)

where C2 = cos(2θ) and S2 = sin(2θ) coming from the rotation Mueller matrix, R the attanuation
coefficient of the polarizer, θ the angel of the optical axis with the horizontal and φ the delay
induced by a waveplate which for respectively a zero order quarter waveplate (QWP) and half
wave plate (HWP) is given by π2 and π.
The PCIS setup of figure 5.1 consists of the perfect linear polarizer MP (1, 0), the field widened
delay plate, which for simplicity of the analysis
will be considered as the single

 waveplate under 45
degree with the horizontal as MW φ, π2 , the zero order QWP MW π4 , 0 , and the polarization
camera perfect linear polarizers MP (1, α) where α takes the discrete values of 0, π/4, π/2 and
3π/4. The Mueller matrix for the PCIS setup is then given by
π 
 π
MPCIS (φ, α) = MP (1, α) MW
, 0 MW φ,
MP (1, 0)
2
4
1 + C2,α cos φ + S2,α sin φ
1 + C2,α cos φ + S2,α sin φ
0 0
2
2
1 C2,α + C2,α
cos φ + C2,α S2,α sin φ C2,α + C2,α
cos φ + C2,α S2,α sin φ 0 0
=
,
2
2
sin φ S2,α + S2,α C2,α cos φ + S2,α
sin φ 0 0
4 S2,α + S2,α C2,α cos φ + S2,α
0
0
0 0
(A.4)
where C2,α and S2,α are the rotation terms for the different polarizers of the polarization camera under the angle α with the horizontal axis. With an unpolarized stokes vector input, the
outcoming stokes vector is given by

Sout

Iin
0
= MPCIS (φ, α)
0
0
81

,

(A.5)
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which gives the resulting measured intensity out of the first row as
Iout =

Iin
(1 + C2,α cos φ + S2,α sin φ),
4

(A.6)

where for the values of α = [0, π/4, π/2, 3π/4] and Iin = 2Ip the signals of equation (4.27) are
received with ζ = 1. To get the signals with contrast term, we notice that the measured signal
is an intergral over wavelength such that
Z
Z
Iin (λ)
S(φ) = Iout (λ)dλ =
(1 + C2,α cos φ(λ) + S2,α sin φ(λ))dλ,
(A.7)
4
which, depending on α, is the sine or cosine Fourier Transform of Iin (λ) which gave rise to the
contrast term as seen in section 4.1.

B. Sellmeier Equations

The refractive index of the E and O component of a birefringent crystal is given by the Sellmeier
equations and is a mainly a function of wavelength. For a YVO4 crystal, the Sellmeier equations
corresponds to [62]

n20 = 3.77834 + 0.069736/ λ2 − 0.04724 − 0.0108133λ2 ,
(B.1)
and

n2e = 4.59905 + 0.110534/ λ2 − 0.04813 − 0.0122676λ2 .

(B.2)

The birefringence, B, of the crystal can be calculated out of the difference of the two equations
for refractive index above. The delay dispersion, κ, is given by
κ=1−

λ dB
.
B dλ

(B.3)

An remark must be made about the use of the Sellmeier equations as they will slightly depend
on the temperature of the crystal [12, 14, 53] and the magnetic surroundings [54]. However, the
exact conditions at which the Sellmeier equations are determined are not listed in the literature
of manufactures.
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C. PCIS cell Hardware

Table C.1: Summary of the component specifications for the components in the TCV PCIS diagnostic
cell. Only components specific for the PCIS cell in MANTIS are listed. The specifications comes from
the manufactures.

Component
Polarisation
Camera

Manufacturer
Ximea

Delay Plates
2x

3photon

Polariser

Thorlabs

QWP

Thorlabs

HWP

Thorlabs

Interference
Filter

Chroma

Name and Specifications
MC050MG-SY with Sony Polarized IMX250MZR sensor
Resolution: 5 MP 2464 x 2056 pixels
Sensor active area: 8.5 x 7.1 (Diagonal 11.1 mm)
Dynamic Range: 70.8 dB
ADC -Bits per pixel: 8, 10, 12
35 mm YVO4 Delay Plate
Length: 1.33 mm
CA: 31.6 mm
Birefringence: 0.26 @ 427 nm
Dispersion: 1.57 @ 427 nm
AR <0.5% @ 395-435 nm, AOI = 0 deg
LPVISE200-A
CA: min: 45 mm max: 50.8 mm
AR coating: 350-700 nm
Unpolarized Transmission: 36.7% @ 426 nm
Extinction Ratio: 1039.17 @ 426 nm
Unmounted WPQ20ME-405
CA: 48.3 mm
AR coating: 350-700 nm
Delay: 0.2279 @ 426 nm
Unmounted WPH20ME-405
CA: 48.3 mm
AR coating: 350-700 nm
Delay: 0.4547 @ 426 nm
Interference Filter
CA: 50.4 mm
Central Wavelength: 426.8 nm
FWHM: 0.9 nm
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The Sony Polarized IMX250MZR sensor implemented in the XIMEA MC050M-SY polarization
camera used for the PCIS setup is a new product from the manufacturer which has not been used
before in the research field. In the design of the PCIS setup, the assumption was made that the
characteristics of the camera sensor where the same as the known XIMEA’s MX031M-SY xiX
PCIe camera’s with Sony IMX 252 CMOS sensor used in MANTIS. To check the validation of
this assumption and to correct for the possible non-linearity of the polarization camera’s sensor,
the camera characteristics will be determined in the lab before implementing the camera in the
PCIS setup. The characteristics are determined in the same way as done for MANTIS in terms
of the fixed pattern noise (FPN) and the photon transfer curve (PTC).

D.1

Fixed Pattern Noise

The fixed pattern noise is the result of the camera sensors non uniformity consisting of offset
and gain components on a pixel by pixel basis. It is measured by acquiring a large number of
frames (N = 300) for each gain setting (0-24 dB,∆1 dB) at minimum exposure time (1 µs) with
the camera sensor covered up. It was noticed that an error within the data acquisition of the
XIMEA Camtool occurred such that instead of 300 frames, only 40 good frames on average where
acquired. For the gain settings of 14, 16, 20 and 23 dB, only 10 good frames where acquired.
As the setup went into commission on TCV, no correction measurements could be made and
therefore the lower amount of good frames are used for the results. A representative frame for
each gain setting is made out of all the acquired good frames for that setting by averaging the
p
frames on pixel by pixel value giving the pixel offset value Sof
f for that specific gain. The
p
average of Sof f is taken to get the sensor offset Sof f . In figure D.1, the sensor offset for each
different gain value is plotted. The error bars in figure D.1, denotes the sensor readout noise
sr . The sensor readout noise is determined by taking the average of each standard derivative on
pixel basis, spr , for each specific gain.
Figure D.1 shows that Sof f can be considered independent of gain at a mean value of 32.1 DN
with a standard deviation of 0.58. This removes the gain dependence in the offset level such
that one sensor offset value can be used for every gain. However, the error bars denoting the
sensor readout noise is seen to increase with increasing gain. Plotting the sensors readout noise
as function of gain in figure D.1, a fit can be made in the form of the theoretical amplification
power gain law
B·gain
(D.1)
sr = A · 10 20 ,
where A and B are the fitting parameters on the data S for the different gains. This fit, shown
in figure D.1 gives a sensor readout noise of
sr = 0.80 · 10

0.80·gain
20

.

(D.2)

p
For each gain level, the standard deviation of Sof
f over all pixels, which is called the nonuniformity of the offset denoted as snu,of f is plotted in figure D.1. It is seen that this nonuniformity of the offset is almost an order of magnitude smaller than the sensor readout noise
such that the non-uniformity in the sensor on the offset can be neglected such that the sensor
offset value can be used as offset subtraction for every pixel. The same holds true for the readout
noise value as the non-uniformity of the readout noise, snu,r calculated by applying the standard
derivation of spr over all pixels is an order of magnitude lower than the sensor readout noise as
can be seen in figure D.1.
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(a) Offset

(b) Sensor Noise

Figure D.1: The Fixed Patern Noise measurements showing the offset measurements (left) and the sensor
noise and uniformity measurements (right). In image b), the sensor noise (blue), the sensor offset
uniformity (red) and the sensor noise uniformity (green) are plotted together with their fits according to
the gain scaling law.

D.2

Photon Transfer Curve

As a result of the FPN analysis, the sensor was found to be uniform with an gain independent
offset value of 32.1 ± 0.58 DN and an uniform gain dependent readout noise given by equation
(D.2). With this results, the photon transfer curve can be determined. The PTC measurements
will determine the total noise equation as introduced in equation (5.1) for the MANTIS camera’s
in its fullest for the polarization camera. The PTC measurements are performed by illuminating
the sensor evenly with an integration sphere. Before the measurements started, the integrating
sphere lamp is brought to equilibrium, where the photodiode current of the lamp is monitored
to determine of equilibrium is reached. Once equilibrium is reached, multiple frames at different
exposures and gains are performed. Normally a large number of frames is required as the PTC
is performed on pixel by pixel basis, however due to the by FPN analysis determined uniformity
of the sensor, the amount of frames needed for each exposure time and gain combination can be
set lower (N=10) as the signal averaging can be done over the uniform sensor.
When low signal values where considered, the non-linear noise term of equation (5.1) could be
neglected as shown in figure 5.3 receiving
s2noise = s2r + k(Stot − Sof f ).

(D.3)

A linear fit with equation (D.3) through the mean noise on the sensor for low signal values
(300) against Stot − Sof f for different gains can be made with s2r and k the fitting parameters.
Low signal values are chosen to surpress the non-linear effects, however these signal values are
already high enough to cause a difference in curves for each polarisation direction which was
not yet seen by the FPN measurements. The fitted parameter k is plotted for each gain and
polarisation direction in figure D.2 where a fit according to equation (D.1) is made. This fit gives
a conversion gain of k = 0.417 ± 0.014 for the whole sensor, but differences in conversion gain
for each polarisation directions are seen with respectively k0 = 0.402, k45 = 0.413, k90 = 0.437
and k135 = 0.4149.
Non-linear noise effects are already noticed within the conversion gain fit made out of the low
signal range as the fitting parameter B of equation (D.1) was around 0.92 ± 0.02 instead of
1. Adding a term cgain (S − Sof f ) at the right hand side of equation (D.3) and inserting the
found values for the conversion gain, the non-linear correction factor is received. A third order
polynomal fit as function of gain is made through the correction factor cgain to receive
cgain = 3.92 · 10−8 gain3 + −6.21 · 10−7 gain2 + 2.54 · 10−6 gain + 1.91 · 10−4 ,

(D.4)
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Figure D.2: The conversion gain of the sensor as a result of the PTC measurements for the different
polarisation directions. A fit according to the gain low is made through the data

such that the average total sensor noise is given by

2
2
Snoise
= 0.8 · 100.8gain/20 + 0.417(S − 32.1) + cgain (S − 32.1)2 ,

(D.5)

This difference in conversion gain can also be seen in the linearity curves as for the 7 dB gain
case is shown in figure D.3 where the measured signal is plotted against different exposure times.
Although a linear trend is seen for all gains and polarisation directions, the slopes are different.
The ratios of the conversion gain to the mean conversion gain is given by 0.97,0.99,1.00 and 1.05,
while the ratio in slopes of the camera’s linearity response is given by 0.93, 1.00, 1.03 and 1.05.
This difference could be explained due to the fact that the conversion gain is only calculated
out of the low signal values needed to account for the non-linear effects in the noise while the
linearity uses a majority of the high signal values.

D.3

Noise effects on the phase determination

Comparing the found noise equation (D.5) with the noise equation of the MANTIS camera on
which our design was based, small differences could be seen. The most important one is that the
shot noise term was found to even more dominate the noise on the polarisation camera sensor
than it did for the MANTIS camera’s. Using the shot noise term only to estimate the noise and
the signal alternation of equation (4.29) to transform the signal into a phase, the noise on the
phase is found to be given by
∆Z
φnoise =
,
(D.6)
1 + Z2
where
S135 − S45
Z=
,
(D.7)
S90 − S0
and
S135 − S45
∆Z =
S90 − S0

s 

S135 + S45
S90 + S0
k
+
(S135 − S45 )2
(S90 − S0 )2

(D.8)
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Figure D.3: The linearity curves for the different polarisation directions as received by a gain of 4 dB

which by substitution of the signals with the equations of equation (4.27) can be rewritten as
s 

k
1
1
∆Z = tan φ
+
,
(D.9)
Ip (ζ sin φ)2
(ζ cos φ)2
such that under the assumption that ζ is close to unity and using the geometric relation of
1 + tan2 (φ) = 1/ cos2 (φ), the noise in the phase is given by
s 

k
1
1
+
,
(D.10)
φnoise = sin φ cos φ
Ip (sin φ)2
(cos φ)2
which absolute value was found to be independent of phase.

E. Camera calibration theory

Consider the camera frame of reference (X’,Y’,Z’) from which the origin lies at the camera
pupil and Z’ points along the camera’s viewing direction. The relation between the CAD model
coordinates system (X,Y,Z) and the camera frame of reference is given by its translation vector T~
and rotation matrix R which are called the extrinsic parameters of the camera. This translation
is given by
 0 


X
X
 Y 0  = R  Y  + T~ .
(E.1)
Z0
Z
Introducing the normalized pixel coordinates as xn and yn as

  0 0 
xn
X /Z
=
,
yn
Y 0 /Z 0

(E.2)

the image distortion due to the optical system can be determined by the use of a perspective
distortion model. Due to the radial kn and tangential pn distortion coefficients of the perspective
projection lenses, the distorted normalised coordinates (xd , yd ) can be linked to the normalized
coordinates in the form of
 



 

 xn
xd
2p1 xn yn + p2 r2 + 2x2n
2
4
6
= 1 + k1 r + k2 r + k3 r
+
,
(E.3)
yd
yn
p1 r2 + 2y 2 + 2p2 xn yn
p
where r = x2n + yn2 . Using the effective focal lengths fx and fy of the imaging system in units
of detector pixels in respectively the horizontal and vertical directions and the pixel coordinates
(cx , cy ) denoting the centre of the perspective projection on the centre, the pixel coordinates
(xp , yp ) can be related to the distorted normalised coordinates by the camera matrix in the form
of

 


xp
f x 0 cx
xd
 yp  =  0 fy cy   yd  .
(E.4)
1
0 0 1
1
The focal lengths, centre of perspective and distrortion coefficients are called the intrinsic camera
parameters and does not depend on the placement of the camera within TCV.
In order to reduce the amount of matching points needed in the Calcam calibration, constraints
on the intrinsic parameters are induced. These constraints are determined by the usage of so
called chessboard images, where the amount and sizes of each square are given to the perspective
distortion model. While the instrinsic parameters are fixed, the extrinsic values can differ due
to vibrations or realignments of the system after calibration.
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