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Abstract
Understanding plasma edge turbulence is key to explaining the anomalous
radial transport of plasma particles in magnetic confinement devices. This
requires experimental results obtained through diagnostics with the ability to
perform reliable measurements of the plasma turbulence with minimal interference to the plasma with sufficient time and spatial resolution. In the work
presented a technique for 2D imaging of edge plasma density turbulence in the
TJ-II stellarator has been investigated.
The technique is based on the assertion that Li I emission fluctuations are
equivalent to the relative plasma density fluctuations in the temperature range
of the plasma edge. By extracting Li I filtered emission fluctuations from raw
fast camera videos of discharges operating with a lithium evaporating limiter
it is possible to directly visualise the plasma density turbulence, in a 2D radial
and poloidal plane.
Processed fast camera videos show intermittent blob-like structures. These
are considered to be the 2D cross-sections of field line extended filaments. An
algorithm to count these structures collecting their basic properties for both
ECRH and NBI heated plasmas has been developed. From this it is possible to
statistically characterise the blobs counted. Preliminary analysis suggest positive blobs outnumber negative holes, especially those with large cross-sections.
Fluctuation distributions show that for small magnitude structures with densities roughly less than 20% of the mean, negative holes outweigh positive
blobs, this is reversed specifically for larger positive magnitudes. Fluctuation
distributions of regimes of higher confinement such as during NBI compared
to ECRH or L-mode compared to H-mode show reduced positive shoulders.
Additionally an algorithm for cross-correlating the ion saturation current
measured by a Langmuir probe on the limiter, with the Li I emission of the
probe region, as measured by the camera, has been developed. Maximum correlation coefficients of between ∼ 0.7 and 0.85 are found for various discharges.
Correlation of the emission in the 2D plane around the Langmuir probe reveals information on the average fluctuation dimensions. The average poloidal
correlation length, |λpol | ∼ 4 cm, being about a factor 2 larger than the radial
length, |λ| ∼ 2 cm.
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Chapter 1
Introduction
1.1

Energy Status Quo

It is apparent that our modern society is highly dependant on energy. Appreciably in the usable form of electricity. This should be self-evident to anyone
reading this document in digital format. Energy satisfies our residential needs
for heating, lighting, and the use of electronic appliances and other systems
we have become so accustomed to and dependant on. Energy is essential for
transportation as well as the production of goods and the provision of many
forms of services by the industrial and commercial sectors.
From the start of the industrial revolution the demand for energy has increased at an unprecedented rate in human history. This development has lead
to increased economic prosperity and a higher standard of living. Our need
for energy has become insatiable, with current forecasts, as seen in graph 1.1,
showing an ever increasing demand for energy for the period between 2014 to
2040.
It is expected that the majority of our energy needs will continue to be met
by fossil fuels specifically oil, natural gas and coal. The estimated reserves at
current production rates are around 50 years for oil and natural gas and 110
years for coal according to British Petroleum, [1]. More alarmingly is the
severe effects their use has had on the environment. The increased amount
of carbon dioxide (CO2 ) released into the atmosphere by the burning of fossil
fuels has caused a greenhouse effect, raising the average global temperature.
A strong public awareness of the impact this has had and a realization to
reduce greenhouse gas output has been experienced in recent years. This has
resulted in increased regulations surrounding especially CO2 emissions. During
a conference on climate change held by the United Nations in December of
2015 a global agreement was reached to restrict the production of CO2 . This
is in an attempt to limit the change in average global temperature to below 2
degrees Celsius, [2]. According to the International Energy Agency for this to
be achieved total CO2 emissions will have to decrease by as much as 60% by
2035, [3].
With an ever increasing demand for energy, a limited supply of fossil fuels,
5
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Figure 1.1: World total primary energy supply history (in quadrillion British thermal
units) and forecast up to 2040, [4].

and a growing concern of their environmental impact, the world faces an enormous energy challenge. A solution is needed and there are many alternative
methods to the production of sustainable and environmentally friendly energy
to consider. Many of these however face problems in terms of matching current
demand, source intermittency, storage and most importantly economic viability. Controlled thermonuclear fusion energy is one of the proposed alternatives
that could potentially overcome these issues and become a staple of our energy
consumption. It promises to deliver a steady and virtually unlimited supply
of clean electricity. However it is not without difficulties and the challenges in
achieving this is yet to be overcome.

1.2

Nuclear Fusion

Nuclear fusion refers to the merging of two lighter nuclei into a more heavy
nucleus. This is in contrast to nuclear fission where a heavier nucleus is split
into smaller nuclei. Nuclear fusion occurs naturally in the sun where the
fusion of hydrogen into helium occurs in what is known as a proton chain.
This process is self sustaining and is the source of the sun’s heat and light.
For most fusion reactions between nuclei, of which the final fused product
has a mass less than about 56 atomic mass units, the product has a lighter
weight than the sum of the initial nuclei. This difference in mass, called the
mass defect, is due to a reduced binding energy. During a fusion reaction this
results in a net release of energy (which is released in the form of kinetic energy

1.2 Nuclear Fusion
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Figure 1.2: Nuclear binding energy as a function of mass number ([5], data from
[6]).

of the products), through Einstein’s famous energy mass equivalence relation:
E = ∆mc2 . The same effect also occurs during nuclear fission of heavy nuclei.
As it turns out iron and nickel are the most stable elements, thus the
fusion of lighter elements or the fission of heavier elements lead to a release
of energy. Looking at graph 1.2 of the binding energy versus mass number
it is clear that nuclear fusion reactions offer far larger gains in energy than
fission reactions. To give a quantitative appreciation of the amount of energy
on offer, the fusion of 140 kg of deuterium would be equivalent to the energy
released by the fission of 800 kg of uranium or the burning of a billion (109 )
kilograms of oil. Additionally fusion fuels such as deuterium are plentiful and
well distributed on earth in the form of water.
A great advantage of nuclear fusion is that the reactions produce stable,
non radioactive by-products such as helium. However many reactions of interest do produce high energy neutrons, that need to be shielded. This introduces
significant challenges because of the material damage and activation the neutrons induce. Sustaining continuous nuclear reactions turns out to be very
hard, since the conditions required for fusion to occur are difficult to maintain.
Reducing the probability for uncontrolled run away phenomena to occur. Additionally the high energy yields mean extremely small amounts of fuel will
be used during operations thus limiting the magnitude of any potential run
away phenomena. Safety has certainly been one of the greatest concerns of the
general public when it comes to nuclear energy. With the poor public image
of nuclear fission due to a fear of nuclear disasters, along with the disposal
of radioactive waste, fusion still needs to go some way to win public support.

8
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The historical development of fusion for the use of atomic bombs has also understandably left a lingering paranoia surrounding the development of nuclear
technology.
Compared to the use of fossil fuels for energy nuclear fusion produces vastly
more energy without the production of greenhouse gasses, with an unlimited
cheap fuel supply. Fusion surpasses nuclear fission in terms of energy production, fuel availability and very importantly safety, while both produce no green
house gasses. Unfortunately controlled nuclear fusion has yet to be realized
but the basic properties and benefits it offers provide clear incentive to pursue
the development of nuclear fusion as a primary energy source.

1.3

Achieving Nuclear Fusion

For two nuclei to fuse they need to be close enough for the attractive nuclear
force to overcome the repulsive Coulomb force, and act to bind them. The
nuclear force has a very short range of a few atomic radii while the Coulomb
force has a long range that increases in magnitude with proximity. Nuclei
need to overcome this Coulomb barrier to fuse. To accomplish this during
a collision the two nuclei need to approach each other with sufficient energy.
Fortunately nuclei have quantum properties and therefore the ability to tunnel
through classical potential barriers, increasing the probability of fusion at any
given energy. The probability of a fusion event to occur during a collisional
interaction depends on this energy and is known as the reaction cross-section,
σ(E).
The product of the reaction cross-section with the target velocity provides
what is known as the the fusion reactivity. Since the target particles usually
have a spread of velocities an average is made over the distribution of velocities
of the nuclei and presents the probability of fusion events per unit volume
and per unit time, hσvi. The reaction rate times the reactant densities f =
n1 n2 hσvi determines the number of fusion events per unit volume and time.
The reactivity between various nuclei have been determined experimentally,
and the fusion of deuterium (D) and tritium (T) found to have the highest
values. Deuterium fuses with tritium to create helium in the form of an alpha
(α) particle with an energy of 3, 5 MeV and a very energetic neutron of 14 MeV:
D + T → α(3.5 MeV) + n(14.1 MeV)
What makes the reaction so useful is that it has the highest reactivity at low
energies compared to other reactions, with a peak at 70 keV (roughly equivalent
to 800 million degrees Kelvin). Therefore D-T fusion is intended to be used
for the first generation of reactors. Aneutronic reactions such as D-He3 would
be preferable since it would not be necessary for specialised neutron resistant
materials, however the temperature required for this is much more demanding.
Further more since these reactions would produce only charged products direct
energy conversion from the kinetic energy of these particles would be possible,

1.4 Fusion Reactor Concepts
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increasing efficiency significantly. That is since the envisaged technique for DT reactors is to transform the heat deposited on the reactor walls to electricity
by heating water and driving a turbine, which is much less efficient.
Besides the production of high energy neutrons another drawback of the
D-T reaction is the fact that tritium does not occur naturally on earth, due
to its short half life. Tritium therefore needs to be breed for continuous fusion
reactions. The idea is to do so using lithium (Li) breeding blankets surrounding
the device. Nuclear fission of lithium then produces tritium along with an alpha
particle. In the case of Li7 an extra neutron is produced leading to a chain
event increasing the overall efficiency of the process.
Li63 + n → α + T + 4.8 MeV
Li73 + n → α + T + n + 2.467 MeV
Unfortunately tritium is extremely difficult to work with because it is very
easily absorbed by many materials. Tritium retention in materials present a
hazard due to spontaneous radioactive decay. Strict safety regulations set a
limit to the maximum allowable amount of tritium in a device.

1.4

Fusion Reactor Concepts

For a fusion power concept to be viable as a power source the process would
need to be able to produce more energy than it consumes. Performing an
energy balance between the fusion energy produced and the losses as well as
including for efficiency, provides the minimum parameter values required for a
device to achieve fusion. This is known as the ignition condition. The Lawson
criteria requires the product of the density (n), temperature (T ) and energy
confinement time (τE ), called the triple product, to be larger than the ignition
condition for self sustained fusion to be possible. With τE = W/Plosses , where
W is the energy content of the plasma. The parameters constituting the triple
product each present technological restraints. Temperature and confinement
time being the most severe.
n · τE · T =

12kT 2
hσvi · Eα · (1 + 5/Q)

(1.1)

Q refers to the ratio of output power to input power from external energy
or heating sources. For self sustaining fusion Q → ∞. As yet Q = 1, known
as the break even condition, has not been attained.
Most fusion concepts attempt to achieve fusion by raising the temperature
of the fuel in order to reach the ignition condition and are therefore referred
to as thermonuclear. At the extreme temperatures required atoms become
ionized and the fuel becomes a plasma. The extremely hot plasma needs to
be isolated as much as possible since contact with material walls would not
only damage the material but cool down the plasma and also contaminate
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it with wall impurities. These impurities would dilute the fuel and produce
increased radiation that could lead to the plasma collapsing. Although there
are many concepts being researched it seems that there are currently three
leading contenders.
The first concept is known as inertial confinement fusion. The idea is to
inject tiny pellets of frozen fusionable fuel into a chamber, where it will be
bombarded from various angles with extremely powerful lasers. The lasers
will heat the pellets intensely and cause the outer shell to ablate creating a inward force compressing the fuel to enormous densities, creating the conditions
necessary for fusion to occur. Currently the largest facility is the National Ignition Facility in the USA while a similarly sized facility is being constructed
in France called the Laser Megajoule. Inertial confinement as an energy source
still faces many technical but mostly practical and economic problems to be
viable, and magnetic plasma confinement devices specifically tokamaks and
stellarators appear to be the most promising for eventual commercial use.
Both tokamaks and stellarators attempt to confine the charged particles of
the plasma using magnetic fields. Both types of devices are toroidal and achieve
a strong toroidal magnetic field using poloidal coils. However the toroidal
curve of the field requires an additional poloidal component to compensate for
particle drifts it causes. It is the generation of this component that the two
concepts differ.
Tokamaks create their poloidal component, or what is often called rotational transform, by inducing a current in the plasma. This is achieved by
taking advantage of the transformer effect, where the plasma acts as the secondary coil to a primary coil placed through the center of the device. To induce
a plasma current an alternating field is required thus causing tokamaks to be
intrinsically pulsed devices. Steady state operation is desirable and could be
attainable if large enough bootstrap currents can be generated by the plasma,
assisted with external current drive systems.
Stellarators obtain their rotational transform by shaping the poloidal coils
three dimensionally. The advantage being that magnetic fields can be sustained
for much longer allowing steady state operation. Since stellarators do not have
large plasma currents they are able to avoid current driven instabilities. Stellarators do not suffer from large disruptions where partial or complete confinement of the plasma is lost rapidly. Design and construction of stellarators
are more complicated however. As they are not axially symmetric, ensuring
the closure of magnetic field lines that form internal flux surfaces can only be
done numerically. Building and installing these coils also present a significant
challenge. Due to the initial unfavourable confinement of stellarators and the
successes of tokamaks, stellarators were not pursued as vigorously. Therefore
stellarators are a generation behind tokamaks in terms of their confinement.
Stellarators generally have worse confinement times (compared to similarly
sized tokamaks) but are able to operate at higher densities, since they are not
affected by the Greenwald density limit as tokamaks. Therefore stellarators
are able to obtain a similar triple product but with lower temperature and

1.5 Description and Outline of Work
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confinement time. Confinement time has presented a significant challenge to
all devices. Original expectations based on collisional and neoclassical models
suggested slow diffusion of confined plasmas. However what have been observed is much higher material fluxes. This is often referred to as anomalous
transport. Turbulence of the fluid like medium is suspected to be the strongest
contributor of anomalous transport and put a damper on the expectations of
magnetic confinement devices when it was first observed.
Fortunately in 1982 Fritz Wagner found that increasing power input to
a device leads to a higher confinement regime characterised by suppressed
turbulence and what are known as transport barriers, especially at the edge
of the plasmas, [7]. These operations are referred to as H-modes or high
confinement modes, as opposed to L(ow)-modes. H-mode confinement has
kept magnetic confinement devices in contention and will be the operating
regime for future reactors. Turbulence is a very complex topic and an active
field of research.
Through the study of parameters of multiple devices scaling laws have
lead to the conclusion that confinement times can further be improved with
increased device size. The next generation of tokamaks and stellarators will
therefore be much larger. In fact the most recent addition for stellarators is
the Wendelstein 7-X which is currently the largest stellarator in the world.
The next step for tokamaks and a major step closer to commercial fusion
is the construction of the International Thermonuclear Experimental Reactor
(ITER). ITER will have a major radius of 6 meters and a minor radius of 2
meters the largest magnetic fusion device by far. Many of the problems facing
fusion will be addressed using this device. These include the types materials
and design of the plasma facing components, the viability and testing of tritium
breeding concepts as well as plasma control. Management especially of edge
localised modes (ELM’s) is critical. These modes occur in the H-mode and
are large amplitude periodic expulsions of plasma material and pose a serious
threat to machine safety.

1.5

Description and Outline of Work

Effective methods for measuring plasma parameters to study physical phenomena such as turbulence is very important. These diagnostic tools should be able
to perform measurements reliably with the optimal time and spatial resolution
to be able to observe the phenomena of interest. The large order of magnitude
plasma parameters take on from the core to the plasma edge, and the different
time scales of physical effects means that often many different diagnostics are
required. A special region of interest for especially turbulence effects is the
edge of the plasma with substantially lower temperature and density.
During the study of a liquid lithium limiter concept in the TJ-II stellerator
at CIEMAT in Madrid, Spain it was found that a significant portion of lithium
enters the plasma. The neutral lithium interacts with the plasma becoming

12
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excited emitting light. This light was observed on a fast camera. The properties of lithium makes it especially useful for emission spectroscopy and from
the light intensity fluctuations turbulence could be viewed using a fast camera
with the necessary time resolution.
The thesis is divided in several chapters:
In the following chapter (chapter 2) a theoretical background regarding
edge plasma physics is provided. Various important concepts are introduced
and explained here.
In chapter 3 visual spectroscopy is discussed in more detail, specifically
concerning lithium emission and its application as a spectroscopic technique.
Chapter 4 gives a description of the experimental set-up and work performed. Technical details of fast cameras are also explained here.
Chapter 5 explains the data processing methods applied while the last
chapters present the experimental results and their interpretation, followed by
a short conclusion.

Chapter 2
The Plasma Edge
The plasma edge is the outer transition region from the dense hot plasma
core to the boundary where the magnetic flux surfaces are no longer closed.
It is the outer fraction of the plasma minor radius (ρ & 0.95) characterized
by strong gradients, where temperature and densities decline to significantly
lower values, as seen in figure (2.1). Edge temperatures can vary from 103
to 1 eV. In H-mode operations the edge is the region starting from the base of
the density pedestal. The plasma edge exhibits quite different behaviour form
the internal plasma, where physical phenomena and processes are governed by
a distinctly different environment.
The typical edge density in the TJ-II stellarator is around 1 · 1018 m−3 and
temperature can be between 30 and 50 eV compared to densities of 10·1018 m−3
range and temperatures in the 300 eV range in the center.
The edge is of interest for various reasons. It is the region where the influence of plasma contact with the wall material is most immediate. Additionally
radial transport across and due to the edge plays a significant role in the particle and energy confinement times. The edge defines the boundary conditions
for the bulk plasma and it is therefore necessary to control.

2.1

Plasma Particle Control

The edge is defined by the magnetic configuration or topology. As the magnetic
fields are not able to confine the plasma completely, an attempt has to be
made to control the escaping plasma particles as much as possible. Especially
important is to control the interaction of the plasma with the wall. For many
reasons it is undesirable to have extensive contact between the plasma and wall
of the device. Therefore concepts establishing the bulk plasma at a reasonable
distance from the walls have been created. The first is a method limiting the
plasma via contact with a material surface inside the device called a limiter,
see figure 2.2. The limiter provides a contact point for the magnetic field
lines where the flux surface immediately radially adjacent is known as the last
closed flux surface (LCFS). Strong parallel field diffusion in the shadow of
13
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(a)

(b)

Figure 2.1: Thompson scattering profiles for the TJ-II stellarator for (a) ECRH and
(b) NBI plasmas.

the limiter quickly diminishes the plasma radially beyond this position and is
known as the scrape-off layer (SOL).
Limiter shapes can vary and because of the rotational transform of the
magnetic field lines it is sufficient to place the limiter in either a poloidal or
toroidal plane. The high flux of particles and heat incident on the limiter causes
wall erosion, leading to impurity fluxes entering the plasma. In an attempt to
minimize this the divertor concept was developed. In the divertor configuration
the magnetic field lines are manipulated to create a last closed flux surface not
in contact with a material surface referred to as the separatrix. The open field
lines beyond the separatrix are directed and concentrated on divertor plates
located radially far from the bulk plasma. High neutral densities above the
divertor plates cool the incident plasma and reduces sputtering, additionally
the large distance from the plasma reduces the probability for re-entering.
Materials with good thermo-mechanical properties are required for these
plates. Good candidate materials can be low atomic number (Z) materials
such as carbon and beryllium or high Z materials such as tungsten and molybdenum. High and low Z materials have somewhat conflicting advantages and
disadvantages. Low Z impurities for example are more easily fully ionized
within the plasma and therefore radiate much less strongly than high Z impurities which can emit strong line radiation. On the other hand low Z materials
have larger sputtering yields (Y) compared to high Z materials and are more
prone to surface erosion and impurity generation. There is unfortunately currently no one material that ideally satisfies all requirements and any design
has to make a compromise.

2.2 Scrape-off Layer
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Figure 2.2: Poloidal cut of magnetic flux surfaces with limiter (left) and divertor
(right) configuration. The SOL is marked in yellow, [8].

2.2

Scrape-off Layer

The scrape-off layer (SOL) is the region of open magnetic field lines beyond the
LCFS that intersect the plasma facing components. The SOL absorbs most
of the exhaust particles and heat from the plasma and transports it to limiter
and divertor plates. It is there that the plasma comes in direct contact with
a solid material surfaces. The material surface acts as a strong particle sink
creating a density gradient along the magnetic field line, [9].
When a plasma comes into contact with a solid material surface, the surface
very quickly develops an electric potential lower than that of the plasma body.
Crossing from the plasma to the solid surface a sudden potential drop from
the plasmappotential to −3kTe /e is observed on the scale of the Debeye length
(λDebye = 0 kTe /ne e2 ). This interface region is know as the plasma sheath.
The sheath develops as a result of electrons being more mobile due to their
lower inertia and are faster to collect on the material. The slower ions remain
behind and shield the inner plasma from the potential difference of the solid
body known as Debye shielding. The shielding is not exact and a pre-sheath
region exists extending several Debye lengths into the plasma. The pre-sheath
is able to accelerate ions towards the solid surface. At the sheath the ion drift
velocity is equal to the ion acoustic speed (Bohm criterion):
v|| = cs =

p
k(Te + Ti )/mi

(2.1)

Consequently ions impact the solid surface with energies higher than the ion
temperature Ti . Leading to increased ion sputtering yields.
The distance the magnetic field lines span in the SOL without intersecting
a surface is known as the connection length LC . The connection length is

16
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(a)

(b)

Figure 2.3: (a) Straightened out representation of SOL. (b) SOL parameter profiles,
[9]

typically on the order of tens of meters such as in JET where LC = 40 m, or TJII where LC = 15 m with a single poloidal limiter. Considering that particles
are strongly bounded to the magnetic flux surfaces and parallel transport is
dominant, one can simplify the geometry by only considering motion along a
single field line. The SOL can be treated as straightened out magnetic field
line in contact at both ends with the limiter. This is visually presented in
figure 2.3.
Using this simplified model the thickness of the SOL can be estimated
considering Fick’s law Γ = −D⊥ dn/dx. Where D⊥ is the cross-field diffusion
2
coefficient with
p a typically value around 1 m /s. The thickness is then given
by λSOL = 2D⊥ Lc /cs . Substituting the values the SOL width is found to be
in the millimetre range. This is very thin compared to the bulk plasma and is
due to the strong parallel flow. The small area covered by the SOL results in
large heat and and particle loads on the limiter and divertor components.
This simple SOL model is useful to obtain basic estimations, but to better
capture the physics of the SOL a more rigorous model is required. One which
takes into account atomic collisional processes in the SOL. Doing so reveals
a radiative layer developing at the plasma boundary that extends into the
SOL. The radiation layer determines the maximum plasma density at which
the machine can operate. The amount of radiated power from the plasma
increases with average electron density, and can reach input power levels. At
this point the plasma shrinks and detaches from the limiter. When the edge
radiation dominates the plasma experiences a radiative collapse.
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Figure 2.4: A depiction of the various plasma wall interaction processes that occur
in fusion devices, [10].

2.3

Plasma Wall Interactions

Various interaction processes occur when the plasma comes into contact with
the limiter, divertor or other plasma facing components (PFC’s) as can be seen
in figure 2.4. This is due to ions and electrons impacting on these surfaces.
Material and energy fluxes incident on the vessel components can erode the
surfaces and release particles. Plasma wall interaction is the cause of wall
material entering the edge of the plasma. Surface modification further occurs
due to deposition and implantation of material as well as sublimation of the
surface or even melting and evaporation due to extreme heat loads.

2.3.1

Fuel Recycling

At the typical ion temperature regimes present at the edge a large fraction of
impinging ions are reflected. The incoming ions are neutralised at the material surface and are backscattered as energetic neutral atoms. The remaining
fraction of ions can be adsorbed or implanted again depending on their energy.
The plasma edge environment re-ionizes the returning atoms through electron
collisions thus recycling ions.
Absorbed atoms can diffuse and also form chemical reactions. These molecules
can migrate back to the surface and be desorbed. This is the case of hydrogen,
that binds with other hydrogen atoms to form molecular hydrogen (H2 ) within
the solid material. The H2 is then desorbed from the surface with thermal wall
energy. What is problematic is the high affinity of tritium to be absorbed and
retained in materials.
Before saturation, sorption by the wall can act as a strong plasma particle
sink. To compensate often time fuelling by gas puffing or pellet injection is
required to maintain fuel densities during discharges. Since most discharges
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are short wall saturation does not occur within one discharge. For longer
discharges saturation occurs and wall cleaning is required.
The release of particles from components is problematic to plasma operations. In an attempt to control or limit the these processes, wall conditioning is
performed. Materials such as beryllium or lithium are evaporated to coat the
interior of the device. The sticking coefficients of these materials are superior
to the underlying structural metals used. To further decrease wall contamination wall cleaning is performed by low temperature glow discharges of usually
helium plasmas in an attempt to remove impurities from the PFC surfaces,
that could be desorbed or sputtered by the plasma.

2.3.2

Impurity Generation

Ions with sufficiently high energy, higher than the binding energy of the target,
can knock of target material during collisions with the PFC’s, called sputtering.
The amount of material ejected is quantified by the sputtering yield Y which
is a function of incident particle energy, and is highly dependant on the type of
incident and target materials. The material released into the plasma increases
the average effective atomic number (Zef f ) leading to increased power radiation
losses.
Low energy incident particles on the other hand are deposited on to the
surfaces. These can react with materials such as carbon producing volatile
hydrocarbons such as methane in a process is known as chemical sputtering.
Chemical sputtering can lead to co-deposition of the material as seen on the
right of figure 2.4. It is especially undesirable in tritium plasmas as tritium
easily replaces hydrogen to bind with carbon and can thus trapped on the
material surfaces.
Another especially dangerous scenario leading to surface erosion is populations of supra-thermal particles such as run away electrons that can cause
gross melting and evaporation of the surfaces.

2.4

Edge Atomic Processes

The edge of the confined plasma experiences various material fluxes such as
impurities entering the plasma as well as fuel recycling. These fluxes present
the constituents of the atomic process that occur in the edge during atomic
collisions with the plasma electrons and ions. Atomic processes often result
in radiation which can be measured and used to infer plasma conditions, such
as temperature, densities and fluxes. Atomic processes further present energy transfer mechanisms as well as power radiation sources, and therefore are
important to understand.
As with fusion collision events, the probability of atomic collisions, or more
appropriately rate coefficient, is also determined by the product of the collisional cross-section between species(σ(E = 1/2mv 2 )) and the velocity of the
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(a)

(b)

Figure 2.5: (a) Visual representation of rate coefficient (hσvi) obtained from the
product of the collisional cross-section with the velocity averaged over a Maxwell
distribution, [11]. (b) Rate coefficients for hydrogen atoms and molecules for a
number of common reactions, [12].
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reactive species averaged over a Maxwell distribution. This is visually shown
by figure 2.5(a). The rate coefficient of a reaction is the probability of events
in a unit volume per time [(c)m/s] and is given by :
Z
hσvi =
f (E)Eσ(E) dE
(2.2)
E

The significance of a process in a plasma is dependant on its rate coefficient
at the specific temperature and densities the process occurs. Hydrogen for example can undergo a number of processes in the edge, as can be seen in figure
2.5(b). These are collisions with electrons, charge transfer with protons and
impurities and collisions with impurities. Hydrogen ionization and excitation
by electron collisions turn out to be the most relevant processes.
During a collision with an electron an atom or ion can undergo an internal
change. Atoms are quantum mechanically described by their orbital energy
levels. Each level is determined by four quantum numbers: the principle number n (which can take any value), the azimuthal number l (with values n-1, n-2,
... 0 ), the magnetic number m (l, l-1,...-l) and the spin state s (±1/2) of the
occupying electron, [13]. Electrons are able to transition between levels given
a sufficient amount of energy is transferred. When al the electrons of an atom
fill the levels from the lowest energy up (according to the Pauli-Exclusion principle) the atom is said to be in its ground state. A transition of an electron to
a higher level implies the atom is in an excited state. Electrons can transition
to any level n (even the same n) but only to states where ∆l = ±1. This can
lead to the existence of metastable states with long life times. Electrons can
also be completely removed from an atom (n → ∞) referred to as ionization.
Electrons decaying emit an photon with energy equivalent to the difference in
energy (hν = E2 − E1 ) between the two levels. Edge processes include atomic
and molecular excitation and de-excitation, ionization, charge exchange and
scattering.
Neutral hydrogen and molecular hydrogen are the two dominant species
entering the edge region, in typical hydrogen plasma discharges. Of particular
interest is the excitation of H from n = 2 to n = 3. Since the photon released
during the relaxation of this state is in the visible range (656 nm) and is known
as the Hα line. The alpha referring to the the first line of the Balmer series,
the series of emission lines due to relaxations to the n=2 state. This is in fact
the dominate plasma emission in the visible range and therefore important to
understand when employing visible cameras.
Hα radiation indicates populations of neutral H atoms and is strongest
at the edge of the plasma where neutrals enter due to recycling. [14] found
that molecular hydrogen also contributes to the Hα emission at the edge. H2
experiences a multitude of collisional processes. Several possible reactions
can occur when an electron impacts with H2 . Importantly at least from the
viewpoint of visible emission are those that result creation of neutral H.
Impurities also undergo collisions with electrons and be excited or partially
ionized. Studying the intensity of the light produced by these processes infor-
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mation on populations and plasma conditions can be inferred. Lithium can
be very useful since it has a visible emission line and the reactivity does not
depend on temperature in the edge range. Li can therefore be used to infer
plasma density.
Conditions at the plasma edge are similar to the solar corona, the aura
surrounding the sun, a very high temperature low density region. Where excitation is due to electron impact and de-excitation by spontaneous emission,
and absorption of radiation and other excitation events are negligible. Thus a
simple two level excitation model can be made to estimate population values
of the ground and excited states, [15].
The corona model can be applied to the plasma edge under normal conditions, but becomes invalid entering the core. In this case a more rigorous
model taking more transition possibilities into account needs to be applied.
This is done in the form of the collisional radiative model (CR). The CR
model attempts to estimate populations by solving a set of dependant differential equations with source and sink terms for each level. These sets of
equations typically need to be solved numerically.
It is worth mentioning again that atomic processes in the edge serve as
plasma energy transfer mechanisms. Electron energy losses by excitation and
ionization of recycled hydrogen and impurities is one of the consequences of
atomic processes in plasmas. Ion energy on the other hand is also transferred
by charge exchange of energetic ions with slow neutrals. Radiative losses also
occur due to atomic collisions as well as by spontaneous decay of excited states.

2.5

Edge Turbulence

The strong magnetic fields in stellarators and tokamaks attempt to confine
the plasma particles by the Lorentz force, keeping them in circular orbits
perpendicular to the field, free to move parallel to the field lines. However due
to collisions, profile gradients, inhomogeneities in the fields (such as magnetic
islands and ripples at the edges) and most importantly turbulent flows; radial
cross field transport still occurs. Turbulent transport is suspected to be the
largest contributor of the anomalous transport observed, that classical and
neo-classical models have been unable to account for.
Turbulence is the high Reynolds number behaviour of fluid flows resulting
in strong perpendicular motion (due to vorticity) as compared to laminar flow.
It is characterized by a distribution of incoherent fluctuations (vortices) where
non-linear dynamics dominate linear dynamics and produce an exchange of
fluctuation energy over many spatial scales. Turbulence acts to dissipate energy by exchanging or transferring energy along a spatial cascade of fluctuation
scales to the lowest dissipation scales.
In plasmas these fluctuations can be of the electron density ne , plasma potential φ, electron temperature Te and the magnetic field B. These parameters
can be separated into their static background and fluctuating components as
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for example ne = hne i + n˜e . Where the fluctuations are considered to consist
of a spectrum of oscillating functions that can be constructed in Fourier space:
X
ñ(r, t) =
ñk,ω exp[i(k · r − ωt)]
(2.3)
k,ω

These fluctuations need not necessarily be small compared to the average
background values. In fact at the plasma edge and SOL electron density fluctuations can vary from 5 to more than 100%, with the associated temperature
and potential fluctuations having similar relative magnitude, and the magnetic
fluctuations being considerably smaller. Typically these fluctuations increase
significantly towards the vessel wall.
Scaling laws testify to a universality in turbulence properties found in magnetic confined devices. As explained in [16] the frequency spectrum of edge
turbulence is quite standard being typically in the range f ∼ 10 kHz −1 MHz.
Therefore the auto correlation time (τC = 1/f ), that is the time scale of the
oscillating fluctuations vary between a few microseconds to hundreds of microseconds. The correlation length λc , referring to the size of fluctuations,
perpendicular to the magnetic field is within the range ∼ 0.1 − 10 cm. While
the size along the magnetic field directions is typically tens of meters. These
structures can be described as two dimensional elongated filament structures
as seen in figure 2.6. When viewed in the poloidal plane they appear to be
blob shaped and are hence named.
These filaments have densities on the order of the plasma at the LCFS
which is much higher than the ambient plasma density in the SOL. The origin
of these blobs in the far SOL can be rather strong turbulence at the LCFS
causing detachment from the bulk plasma, [17]. A simple model given by [18]
(and described in much more depth in [19]) explains that blobs are polarised
due to the magnetic field gradient ∇B. The resulting charge separation causes
an electric field that leads to a strong E × B drift. Up to several kilometres
per second. In fact in the DIII-D and Alcator C-Mod tokamaks blobs have
radial velocities of around ∼ 1 km/s and 0.5 km/s respectively. Blobs are
thought to be one of the dominate radial transport mechanisms and are therefore important to study and gain understanding. Visible fast cameras and
Langmuir probe arrays provide a means of detecting these rapid structures
two-dimensionally and study there dynamics.
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Figure 2.6: ∇B plasma polarization and associated E × B drift result in outward
motion of plasma blob in tokamak far scrape off layer, [18]
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Chapter 3
Visible Emission Spectroscopy
Spectroscopy is a common tool used in many fields of physics to characterise
materials and substances. The spectrum and intensity of electromagnetic radiation emitted by the plasma contains valuable information of key plasma
parameters. This is because the light emitted due to internal atomic processes
depend on the local plasma conditions. Emission spectroscopy is a powerful
diagnostic tool that aims to extract this information.
Of specific use is atomic line emission where the plasma density and temperature is inferred from the light intensity based on the knowledge of the
emission rates and their dependence on these parameters. With a multitude of
processes emitting in the visible range relatively simple experimental set-ups
are sufficient for powerful and flexible characterisation of the plasma.

3.1

Sources of Visible Light

Since excitation by photon collision is negligible, the plasma is essentially transparent for light and therefore internal measurements of the plasma is possible.
Line emission is the dominant visible radiation but not the only source of visible
light. Blackbody radiation and even bremsstrahlung can emit in the visible
range. Blackbody radiation in the visible spectrum becomes relevant when
PFC’s close to and especially in direct contact with the plasma are heated to
T & 1000 ◦ C. For instance Langmuir probes entered into the plasma emit very
strongly in the visible range.
Blackbody radiation presents a complication for spectroscopy since it has a
continuous spectrum. Line emission spectroscopy aims to collect light from deexcitation processes emitting with a very narrow band (virtually single wavelength) using narrow band filters. However these filters are not able to omit
the blackbody radiation that overlaps with the specific band, cloaking the
information in the light collected.
25
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Active Spectroscopy

To increase emission and thus signal strength (for a better signal to noise ratio
or to localise the signal) active spectroscopic techniques have been developed,
as opposed to passive spectroscopy techniques where no external stimulation
or interference by the diagnostic is carried out. Commonly fast cameras are
used in combination with gas puffing systems to increase neutral populations
and thus emission intensity in the region of interest, see for example [20]. This
has two practical benefits. Firstly the short exposure times of fast cameras
require more light to be incident on the sensor to obtain images with sufficient
and comparable light levels. This is because for shorter exposure times less
photons are able to fall onto the detector given the same incident light intensity.
Stronger signals are also required to distinguish from noise inherent to the
system. Secondly it reduces the error due to line integrated measurements
along the line of sight through the plasma. By increasing the local emission
to the point where it overwhelmingly dominates any other emission along the
line, the information acquired can confidently be considered from the local
region. This greatly increases the reliability of the measurement.
Atomic beam emission is another common active spectroscopic technique
used on fusion devices to obtain especially boundary parameters. By injecting
a beam of particles into the plasma the local emission of the beam can be detected and parameters determined from the intensity. A neutral particle beam
penetrating the plasma will undergo atomic processes causing the attenuation
of the beam. The rates of these processes along the beam depends on the local
plasma conditions. Beams are generally configured so as to fall perpendicular
to the internal magnetic flux surfaces and are therefore oriented to the plasma
center. In this way information obtained from the emission along the path can
be used to construct plasma parameter profiles. Strong diffusion of the plasma
parallel to the flux surfaces generally lead to identical plasma parameters on
the same flux surface. It is therefore often assumed that plasma parameters
are equal on the same flux surfaces. Plasma profiles perpendicular to these
flux surfaces offer good characterisation of plasma body.

3.3

Lithium Beam Emission Technique

The choice in beam species is based on the knowledge of the collisional crosssection of excitations and their dependence on temperature. Generally the
reactivity is strongly dependant on the energy of the interacting particles or
the system temperature. Fortunately it is known that alkali metals such as
lithium (Li) and sodium (Na) have certain excitation states as well as ionization
cross-sections that have a nearly constant value in the temperature range of 10
to 100 eV. This independence of Te is extremely useful, since the light intensity
emitted then only depends on ne . To take advantage of this various lithium
beam diagnostics have been developed. The first work performed on this was

3.3 Lithium Beam Emission Technique

27

by the team working on the TEXTOR tokamak in Germany, [21].

3.3.1

Basic Description

The following describes the basis on which lithium- and beam emission in
general is built, as presented by [22]. Additional sources can also be found in
[21, 23]. To start consider the light produced per unit volume and solid angle
from an atomic transition from the excited state i to any lower state j. The
emission coefficient is determined by the population density of the state i, ni ,
and the transition probability for spontaneous emission from state i to j the
so called the Einstein coefficient Aij :
ij =

hνij
ni Aij
4π

,

(3.1)

where νij is the frequency of the radiated photons. The energy of these photons
of course being ∆Eij = hνij . Integration along the line of sight then provides
the measured intensity I:
1
I=
4π

Z
hνij ni Aij dl

(3.2)

As mentioned in chapter 2, the low electron densities present in the edge
plasma assures the corona model can be applied. Hereby it is taken that
excitations are caused exclusively by electron collision and de-excitations by
spontaneous emission. The population density of the i’th state is then determined by the equation:
X
dni
= ne n1 hσEx νe i −
ni Aij
dt
j<i

(3.3)

Where n1 is the ground state (since n0 is reserved to denote the neutral density,
all excited states included). In the stationary case the density is then given
by:
hσEx νe i
ni = ne n1 P
j<i ni Aij

(3.4)

Substituting this expression for the density into equation (3.2), it is evident
that intensity, I, is proportional to the product of the ground state, n1 and
electron, ne , densities:
hνij
A
P ij
n1 ne hσEx νe i · d ,
(3.5)
4π
j<i ni Aij
P
where d is the diameter of the beam. Aij / j<i ni Aij is the branching ratio
of the specific observed line emission, which for the 2p to 2s transition for Li
I=
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Figure 3.1: Energy level diagram of Li atom indicating possible excitations. The
next excited state of Li above the ground state is the 2p level (with a branching ratio
of 1). The associated de-excitation produces the Li I line at λ = 671 nm.

is 1, as can be seen in figure 3.1. This corresponds to the Li I line with a
wavelength of 671 nm. Equation (3.5) can therefore be simplified to:
I = cn1 hσEx νe i · ne

,

(3.6)

hν

where c = 4πij d is constant. As mentioned in section 2.5 ne can be decomposed into its mean and fluctuating components ne = hne i + n˜e .
Figure 3.2 shows that the 2s to 2p transition has another important feature, it along with ionisation have nearly constant reaction rates, in the temperature range 10 to 100 eV. This advantage of lithium becomes appreciable
here, since it implies the emitted intensity does not depend on temperature
fluctuations. Substituting the decomposed density into equation (3.6), as well
as assuming that the neutral Li density n1 does not vary in time, the only
fluctuating quantity left is ne , therefore:
hIi = cn1 hσEx νe i · hne i

(3.7)

If the emission intensity is then also be decomposed into its average and
˜ substituting equations (3.6) and (3.7)
fluctuating components: I = hIi + I,
leads to:
I˜ = cn1 hσEx νe i n˜e

(3.8)

Therefore any fluctuations in intensity are also directly proportional to fluctuations in electron density ne . More conveniently dividing by the average
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Figure 3.2: Li reaction rates of ionisation and excitation from 2s to 2p state, [22].

intensity one obtains:
n˜e
I˜
=
hIi
hne i

(3.9)

The fluctuations of intensity relative to its mean is thus equivalent to the
fluctuations in ne relative to the mean. This makes Li an excellent marker
for turbulence, since turbulence is directly associated with fluctuations of the
plasma parameters. It should be noted that other species have also been
used to investigate turbulence in many other studies. However in these cases
the conversion from light intensity (usually Hα ) fluctuations to fluctuations
of electron density and importantly temperature is not as trivial. Turbulence
studies in the TJ-II stellarator for example have been done using the intensity
ratio technique with He.

3.3.2

Density profiles

The above is valid for light emission of lithium with any distribution within the
plasma, however the following is dedicated to the use of Li beams. Consider a
source of lithium producing a beam of particles entering the from the plasma
from outside. This particles constitute a flux entering the plasma from the
periphery. The particle density is governed by the continuity equation:
∂n0 (ν, r, t)
∂n0 (ν, r, t)
+ν
= − hσ1 νe i ne (r, t)n0 (ν, r, t) ,
∂t
∂r

(3.10)
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where hσ1 νe i is the rate coefficient for ionisation and ne (r) the electron density
at position r. If the neutral density n0 is time independent and have a narrow
velocity distribution, f (ν), then this can be simplified to:
∂n0 (r)
hσ1 νe i
= −ne (r)n0 (r)
∂r
ν̄

,

(3.11)

where ν̄ is the mean velocity of the beam. With the beam directed to the
plasma center the neutral particle density can be obtained by integration:
Z r
0
0 hσ1 νe i
0
ne (r )n0 (r )
n0 (r) =
dr
(3.12)
ν̄
0
Based on the radial intensity profile of the line emission, I(r), the radial
profile of the electron density can be derived by combining equations (3.5) and
(3.12) and assuming n1 (r) ≈ n0 (r):
ne (r) =

ν̄I(r)
hσEx νe i 0 (hσ1 νe i / hσEx νe i)I(r0 ) dr0
Rr

(3.13)

Since the ratio hσ1 νe i / hσEx νe i can be considered constant in the temperature
range (10 - 100 eV), this equation can be simplified to:
ne (r) =

ν̄I(r)
Rr
hσ1 νe i 0 I(r0 ) dr0

(3.14)

Equation (3.14) presents a simple means of determining the radial electron
density profile. The equation also does not require an absolute calibration of
the intensity, and is not dependant on the neutral flux. Greatly simplifying
system configuration. An important requirement is that the full radial intensity
profile be considered, an estimation of the beam penetration depth is therefore
necessary.
This technique first used by the team at Textor has now been used on many
other devices for electron density profiles. Future work to be considered is
using this technique to obtain similar profiles. However instead of line profiles
it is hoped to create two-dimensional ne images, by injecting a sheet of Li,
similar to the method used by [24]. However in this case with a poloidally
extended source instead of a multitude of narrow lines, as well as a fast camera
system instead of linear detectors. Figure 3.3 shows typical intensity profiles
measured for discharges during this thesis work. Using equation (3.14) these
profiles can be converted to density profiles.

3.3.3

Measurement constraints

It is important to be aware of the various limitations of the technique due
to assumptions made. When Li-atoms are penetrating into the plasma, their
density decreases due to ionization processes. The population densities does
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Figure 3.3: Light intensity along the coordinate (a-r) shown with an arrow in the
image (a) during ECRH (red) and (b) NBI (blue) of discharge 42263. During NBI
light emission decreases dramatically.
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Figure 3.4: Neutral lithium population ratios as a function of time for two different
initial densities, [22].

however reach stationary conditions (as assumed in equation (3.4)) after a relaxation period. Quite important is the time required to reached steady state,
since this determines the maximum time resolution of the technique. The
relaxation time was calculated in [22] by applying the CR model. A set of
equations taking into account depopulation by excitation, de-excitation, ionization by electron collisions, as well as depopulation by spontaneous emission
was solved using fourth order Runga Kuta methods.
Starting from a state where all atoms are in the ground state for two largely
varying initial densities the solution to the CR model is shown in figure 3.4. It
is clear that steady state is reached within 0.2 µs in both cases. Therefore the
technique has an upper limit of 2.5 MHz (5/2 MHz according to the Nyquist
criterion) which is more than sufficient for measurements performed for this
work at a rate of 20 kHz.
Another limitation is that the local displacement of the excited atoms during the relaxation time must be smaller than the correlation length (Lr ) of
the fluctuations along the beam axis. As a consequence, the beam velocity,
ν, must be smaller than the ratio ν < λr /trel . Fortunately for the Li beams
used in this work the maximum thermal velocity (at 300 ◦ C) of the heated Li
beam equated to a displacement of ≈ 0.5 mm. This is much smaller than the
correlation lengths observed and far lower than the spatial resolution of the
system used.
Lastly only considering transitions between the 2s and 2p state are found
by [22] only valid for ne lower than about 1 × 1019 m−3 . At larger electron
densities, the model with two states overestimates the population densities.
This is due to the fact that the losses by ionization processes from the excited
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states begin to play an essential role. The method is thus applicable up to an
electron density of 0.5 × 1018 m−3 .

34

3. Visible Emission Spectroscopy

Chapter 4
Experimental Setup
4.1

The TJ-II Stellarator

Experiments were carried out on the TJ-II stellarator located in Madrid, Spain
at the Spanish National Fusion Laboratory (CIEMAT). TJ-II is a mediumsized helical axis or heliac stellarator with four periods as seen in figure 4.1.
It was designed in collaboration with the Oak Ridge National Laboratory in the
USA as well as the Institute for Plasma Physics in Garching, Germany. The
design and construction was financially supported by the European Atomic
Energy Community (EURATOM) and the device produced its first plasma in
1997, [25].
The device generates its magnetic trap by various sets of actively cooled
copper coils. The toroidal component is created by 32 poloidal coils. The
rotational transform is achieved by two coils following the toroidal axis. One
circular coil following the axis, and the other helically wrapped around the
first. Vertical field coils are also present to control the horizontal position of the
plasma. The combined field results in bean-shaped nested magnetic surfaces
that helically wrap around the toroidal axis with four periods as shown in
figure 4.2.
Major radius

1.5 m

Average Minor Radius

0.22 m

B

1T

ι
2π

1.6

Pulse length
NBI Power
ECRH Power

< 0.3 s
< 1 MW
< 0.7 MW

Table 4.1: TJ-II main parameters.

A helical limiter runs along the magnetic axis covering the central helical
coil separating the plasma from the stainless steal vacuum vessel walls. For
35
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Figure 4.1: CAD model of the TJ-II stellerator, [25].

Figure 4.2: Poloidal cut of bean-shaped flux surfaces and the coils of the heliac TJ-II
stellarator at four toroidal positions of one period, [11].

Parameter during...

ECRH

NBI

Te (0)

≈ 1 keV

≈ 300 eV

Ti (0)

≈ 150 eV

hne i
τE

≈ 300 eV
19

. 1.5 × 10
. 5 ms

m

−3

. 6 × 1019 m−3
. 20 ms

Table 4.2: TJ-II plasma parameters as a result of the heating system used.
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(a)

Figure 4.3: Time traces of various diagnostic systems during a typical discharge
used to monitor plasma parameters. See text for explanation.

impurity control the walls have been coated with Li, although boron coatings
were performed in the past. Helium glow discharges are performed before
start of operation each day. Up to two additional poloidal limiters can be
installed, however for this work a single Li limiter was installed. Discharges last
0.25 s while the system requires around 7 minutes to prepare for the following
discharge.
Plasmas are created by electron cyclotron resonance heating (ECRH) with
up to 300 kW of nominal power. Two neutral beam injectors (NBI) are also
available for pulses of up to 300 ms with beam powers of 40 keV to provide
1.3 MW of power to the plasma. See figure 2.1 for typical radial ne and Te
profiles of TJ-II.
Figure 4.3 shows time traces of various plasma parameters during a discharge. The top graph displays the diamagnetic energy content of the plasma
in blue [104 kJ] along with the power input to the ECRH (black) and NBI (light
blue) heating systems. The center graph shows hne i [1018 m−3 ] (red) and soft
X-ray emission [a.u.] (blue) relating to the plasma temperature. The bottom
graph shows the Hα emission signals from different toroidal positions in device
during NBI heating.

4.2

Spectroscopic Fast Camera System

The fast camera system used for spectroscopic purposes consists of a Photron
SA1 high speed camera connected via relay lenses to a Hamamatsu image
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Figure 4.4: The camera viewing geometry and the magnetic field lines near the
limiter. The view provided a cross-section of the plasma perpendicular to the field
lines. The spatial scale is in meters.

intensifier (I.I.). This intensified fast camera combination allowed for high
speed videos with exposure times down to the 100 ns range, without filtering.
At high speeds the amount of photons entering the fast camera system would
be below the detectable threshold of the camera sensor if not for the intensifier.
When atomic filters are used even less light is transmitted and the I.I. becomes
indispensable. The I.I. is connected via a second relay lens to a cable containing
two coherent fibre optic bundles. At the other end of the cable each of the
bundles were connected to an objective lens with the desired focal length. The
objective lenses were fixed to a mount in such a manner that the lenses had
the same field of view. To exclusively measure Li emission from the plasma
narrow band interference filters were used. Two filters band centred around
the neutral Li I line (λ = 760.8 nm) were fixed in front of both objective lenses.
The objective mount was placed in front of a window of the device so as to have
a front view of a Li limiter. The Li limiter containing the source of Li entering
the plasma. The chosen port presented a tangential view of the device, with
the line of sight nearly parallel to the magnetic field lines as seen in figure
4.4.
From the videos obtained with this system spectroscopic study of the
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Figure 4.5: Schematic diagram of TJ II fast camera system, [26].

plasma could be made. This process is discussed in the following chapter.
Because the nature of the work had a strong experimental aspect the following
sections are dedicated to an in depth description of the individual components
of the system.

4.2.1

Camera

The Photron SA1 camera is a visible high speed digital camera with a maximum resolution of 1024 × 1024 pixels at frame rates up to 5000 frames per
second (fps). For higher frame rates the active area of the CMOS detector must
be reduced. The camera can record up to 675 000 fps at a pixel resolution of
64 × 16. The camera has a 12 bit pixel depth and an internal memory of 8 GB.
Nonetheless videos were downloaded via a ethernet-fibre optic connection with
a remote computer in the control room between discharges, to clear memory
for the next recording and to inspect image quality. This allows the user to
adjust the necessary camera parameters for the following discharge.
The camera parameters of importance are the frame rate (in other words
the frame time τf rame ), exposure time (τexp ) and frame resolution. The frame
rate referring to the number of frames taken per second. This is an important
parameter since it determines the time resolution of the system. The exposure
time is the time that the digital shutter is open exposing the detector to the
incident light. The exposure time limits the fastest event that can be captured.
Events faster appear as blurred structures on the images since images are time
integrated to the exposure time. Blobs can travel up to speeds of 1 km/s or
1 mm/µs. For a good image the exposure time must be set such that 1/τexp is
always greater than or equal to the speed of the moving object else the image
will be blurred. The exposure time need not be the entire frame, and in this
set-up generally is much shorter than the frame time. This leaves a dead time
between frames where information especially on the dynamics of structures are
lost.
The spatial resolution is intrinsically determined by the optics and the size
of the image that falls on the detector and the number of pixels within this
area. By imaging a target, seen in figure 4.6, with patterns of known size at
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(a)

(b)

Figure 4.6: (a) Test target images without image intensifier (left), and with intensfer
at 700 V (centre) and 800 V (right). (b) Intensity profiles along the vertical arrows
crossing the three horizontal stripes of the upper images, [26].

the viewing distance of the limiter the relation between pixel and length could
be determined. The conversion was found to be ≈ 0.7 mm/pixel for the 35 mm
lens and ≈ 1.4 mm/pixel for the 16 mm lens. From the pattern it was found
the minimum pattern clearly distinguishable border was 8 mm for the 16 mm
lens and 3 mm for the 35 mm lens. For this reason only the region produced
by the 35 mm lens was used in analysis.

4.2.2

Image Intensifier I.I.

For ultra high speed videos the lower photon flux due to lower integration time,
atomic line filters or low emission regions requires an I.I. The Hamamatsu
model C9548-03BL intensifier used is a two stage I.I. The first module is a
generation (GEN) II adjustable intensifier that is coupled via a fibre optic
plate to the second module, a GEN I intensifier acting as a booster with a fixed
gain. This configuration is recommended by Hamamatsu to optimise linearity
and sensitivity. Intensifiers and photo-multipliers are sensitive to high photon
fluxes as well as high time integrated fluxes due to continuous operation and
can easily be damage if operated incorrectly. The two module configuration
ensures the safety of the system, since the GEN I has a lower saturation level
at higher brightness than the GEN II and can be placed in series behind the
GEN II. The GEN II can then be operated at lower currents. Additionally
the intensifier system has built in protections first an input limit for excessive
light levels and second an auto-shut down function that prevents too high time
integrated light intensity operation. An important property of the system is
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Figure 4.7: Diagram of the two stage Hamamatsu C9548-03 image intensifier, [27].

its linear response which is guaranteed up to 200 000 fps, [27].
A typical I.I consists of a photo-cathode that converts incident photons into
electrons, a micro-channel plate (MCP) or other mechanism that multiplies the
electrons and a phosphor screen that reconverts the electrons into light. The
GEN II intensifier has a 25 mm diameter multi-alkali photo-cathode coupled
to a MCP that exits onto a phosphor screen. The second GEN I intensifier is
coupled by fibre optic plate to the first module and also has multi-alkali photocathode, however it does not have a MCP but instead an electron accelerating
tube that outputs onto a P-24 phosphor screen, see figure 4.7. Because of
this the GEN I module has a fixed amplification of 50 while the GEN II can
be adjusted by varying the voltage applied to the MPC to between 600 and
800 V. An amplification of up to 100 is attainable in this manner. A drawback
of this system is however the introduction of noise by the intensifier. This
manifests as a random distribution of bright spots on the images. At voltages
above 700 V this becomes noticeable and increases for higher voltages.
The intensifier plays an additional role as the shutter for the fast camera
system. The intensifier shutter or gate time can be set much lower than the
camera exposure time. The camera is synchronized with the intensifier via
an output signal from the camera. The intensifier is also controlled remotely.
Exposure time and voltage can be set as required.
Triggering of the system was done via an input signal to the fast camera at
a set time after the start of the discharge. The start of discharge was taken as
the ramp up of the magnetic field coils. Plasma ignition was obtained roughly
1070 ms after the start of the discharge by ECRH heating. The camera is
constantly capturing frames while it is switched on. However the video is
only recorded once an trigger input is received. The camera has a selection of
triggering modes, and was set to START MODE. In this mode the camera will
take the frame within which the trigger signal is received as the first frame and
start recording. A time schematic of the camera system is given in figure 4.8.
To determine the time of an event captured one simply needs to multiply the
frame time with the frame number and add to the triggering time. However
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Figure 4.8: Time diagram depicting triggering of the fast camera, [28].

since the exact time the triggering signal occurred within in the first frame is
unknown there is an uncertainty of up to one frame time. This is important
when comparing with other diagnostics.

4.2.3

Other Components

The bifurcated coherent fibre optic bundle is 4.5 m long, with each branch having a square cross section of 6 mm × 6 mm with 50 lines/mm corresponding to
300 × 300 fibres. The bundles are flexible with a 10 cm bend radius and have a
maximum operating temperature of 120 ◦ C. Each end comprises of a rotatable
C-mounting. The transmission of the bundle is 20% − 30% for wavelengths
higher than 500 nm and drops sharply for shorter wavelengths. The low transmission being the price of a relatively simple and flexible transmission system.
Bundles of 1 m can have transmission of around 40%.
The purpose of the relay-lens optics are to transfer the image of the dimensions of common end of the branches onto the photo-cathode of the camera.
Therefore a lens system with a magnification of 1.7 was constructed using two
50 mm diameter lenses with focal lengths of 150 and 100 mm respectively. The
choice of magnification factor was based on the fact that with the difference in
aspect ration of the fibre bundles with the sensor. Either the complete image
could be fit onto the sensor with the edges of the sensor not used or the only
the region of interest in the image could be placed on the sensor. Although this
would provide better spatial resolution the low light condition necessitated the
the image be focussed onto a smaller region increasing the photon flux. Photon
flux being inversely proportional to the magnification factor.
The capturing optics i.e. objective lenses with interference filters were fixed
to a support structure. The structure was built so as to place both objectives
nearly parallel with a small tilting angle capability of both optical axes in
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(b)

Figure 4.9: (a) Picture of the Photron fast camera with Hamamatsu image intensifier
attached and relay optics. (b) Picture of objective mount with lenses.
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Figure 4.10: Diagram of LL as installed in TJ-II

order to obtain the same field of view. A tilting angle of 1◦ was required for
a distance of 130 cm. Two 50 mm lenses with focal lengths of 16 and 35 mm
were used. The 16 mm lens provided an image of the complete limiter the
35 mm lens a close up image of the limiter, with higher spatial resolution. For
maximum light levels the irises of the lenses were set to their maximum value,
corresponding to f stops of 2.8. See figure 4.9 for pictures of the camera
attached to the I.I and the objective lenses connected to the bifurcated fibre
optic bundle.
For Li atomic line measurements 10 nm FWHM interference filters where
used.

4.2.4

Li Limiter

As Li injection system a poloidal limiter with liquid lithium was used. The
original purpose of the limiter was to serve as Li coating system. However it
was realized the emission from the injected Li viewed using the fast camera
system could be useful for studying especially turbulence. The limiter was
designed to be movable in the radial direction. With a basin of Li that could be
heated up to 400 ◦ Cand be transported to the plasma facing edge by thin tubes
through capillary force. The leading form consisted of four shaped wedges that
very roughly conform to the shape of the LCFS at the port. In the middle of
the two central wedges a Langmuir probe was installed. See figures 4.10 and
4.11.
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Figure 4.11: Image showing front view of LL taken from objective window. The
Langmuir probe is visible in the center of the limiter. The helical hard core limiter
is also visible at the top of the image. Photo by Yangyang Zhang.
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Figure 4.12: Typical current versus voltage curve measured by a Langmuir probe,
[11].

Langmuir Probe
Langmuir probes (LP’s) are one of the most simple and widely used diagnostic
tools for plasmas. A single probe consists merely of an electrode (metal wire)
entered into the plasma to obtain a point measurement. This does however
mean that LP’s are intrusive, and are also at risk of damage from the plasma,
possibly affecting its measurements as the probe surface degrades. LP’s are
used to measure ne , Te and the plasma potential (φp ), which are inferred from
the current-potential (I-V) characteristics of the probe.
The I-V curve of a probe is obtained by applying a bias voltage VB , and
sweeping from a negative to a positive potential, as explained by [29]. When
the VB , on the probe is sufficiently negative with respect to the plasma potential φP , the probe collects the ion saturation current Isat . Positive ions continue
to be collected by the probe until the bias voltage reaches φP , at which point
ions begin to be repelled by the probe. At VB >> φP , Isat vanishes and the
the current collected by the probe is completely due to the electron saturation
current. See figure 4.12 for a typical curve of the IV characteristics of a LP.
The ion saturation current measured by the probe is directly proportional
to the plasma density in the vicinity of the probe and is given by:
Isat = αne qA · cs ≈ αne q ·

p
k(Te )/mi

(4.1)

Where α ≈ 0.5, A is the exposed area of the probe and cs is the ion acoustic
speed given by equation (2.1). Neglecting temperature fluctuations, fluctuations of IS are proportional to n˜e . This is useful to be able to compare the
results obtained from the fast camera system with that of the ion saturation
current measured by the probe. Graph 4.13 shows the typical ion saturation
signal measured during a discharge.
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Figure 4.13: Typical time trace of ion saturation current measured by Langmuir
probe. The NBI and ECRH phases have distinctly different character.
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Chapter 5
Data Processing
Post experiment processing of raw fast camera videos was performed using
ImageJ 1.50g, an open source image processing and analysis software package
written with Java. With a simple user interface, large selection of preprogrammed image processing operations and a large support community ImageJ
is a robust and powerful analysis tool. Particularly useful is the macro language
and other plug in capabilities that allow the user to create custom algorithms
that can execute large sets of operations. Macros allowed for the automation
of many tasks and were written for extracting turbulence, blob detection as
well as retrieving time profiles for cross correlation purposes.

5.1

Extracting Blob Characteristics

One of the core objectives of the thesis was to observe edge turbulence by
˜ of the Li I emission from the
extracting the image intensity fluctuations, I,
raw intensity videos. This is because as explained in chapter 3 the relative
intensity fluctuations are equivalent to the relative electron density fluctuations
as given by equation (3.9). To determine I˜ it is simply necessary to subtract
the non fluctuating, or mean intensity, from the raw intensity, I, as described
in [30]:
I˜ = I − hIi

,

(5.1)

where hIi is the mean image intensity over a set time interval (i.e. several
frames). It is important that hIi is taken over a time interval where global
plasma parameters do not change. Typically a time interval of only a few
milliseconds (∼ 40 − 100 frames) is chosen. Fluctuations slower than the time
interval of the mean as well as static radiation is removed from the intensity
and only faster fluctuations will remain. It is important to note here that the
frame rate and exposure time, τexp , of the camera sets an upper frequency limit
on the observed turbulence. The camera recorded at a frequency of 20 kHz but
since τexp was set down to 5 µs turbulent structures up to 200 kHz could be
captured.
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Equation (3.9) requires the relative fluctuations be measured that is to say
the intensity fluctuation values normalised with respect to the mean. Since different discharges record with different absolute intensity values, due to varying
Li densities or intensifier settings, the method turns out to be a very practical
since it does not rely on absolute intensities. The normalized intensity I˜N is
calculated by dividing the fluctuating intensity by the mean value, hIi:
I˜
I˜N =
hIi

(5.2)

To extract I˜ from the the raw AVI videos they need to be converted to
a set of TIFF images, each frame being one image. Generally an averaging
interval up to a hundred images is used. These images are then loaded into
ImageJ in what is know as a stack. This is a three dimensional array object
where the pixel values of each image are stored in the x and y coordinates
and each image stored sequentially along the z (or simply time) axis. Each
frame of the stack is filtered using what is known as a Gaussian filter. This
is to compensate for the noise introduced by I.I. as well as the discrete size
of the pixel sensors (see appendix A). The Gaussian filter averages a pixel’s
value by its own value and the value of its neighbours weighted according to a
Gaussian kernel of desired size.
A macro was written that applies both equations (5.1) and (5.2) to the
images in the stack as seen in figure 5.1. It works by iterating through the
stack along the time axis i.e. frame by frame. At each frame the average (of
the pixel values) of the frames in the stack centred around the current frame
was compiled. Therefore a running mean was achieved. The resulting averaged
image was then subtracted form the current image in the stack. Normalisation
was achieved by dividing (each pixel of) the current frame with the aforementioned averaged frame. Figure 5.1 shows the various steps explained above.
The camera recorded in grey scale and images were saved as 8 bit TIFF files
thus intensity values ranged between 0 (black) and 255 (white). However larger
precision was required during processing and the images were converted to 32
bit precision. To improve visualization of the fluctuations a false colour scale
was used where blue signifies negative values and red positive. The darker the
shade the larger the magnitude.
Figures 5.3 and 5.4 show the comparison between raw images measured
by the fast camera with the final processed de-averaged and normalised images.

5.1.1

Blob Detection

Another important objective was to characterise the turbulence observed statistically. A feature of edge turbulence is blobs that appear as circular (blob
shaped) structures on the processed de-averaged and normalised videos. By
counting the blobs along with their properties such as size, mean intensity,
centre of mass and more distribution functions could be composed.
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Figure 5.1: Image processing steps: de-averaging and normalisation of a sequence
of video images called a stack.

Figure 5.2: Five consecutive frames of the de-averaged and normalised light fluctuations for discharge 42290 during the ECRH phase. The lower frames present the
blobs detected using the threshold condition 0.25. The black areas are the masked
regions where light levels are too low for a proper signal to noise ratio (see appendix
A).
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A macro was written that can detect each blob and present information on
its properties. To do so the algorithm needs to be able to distinguish the blobs
from the background of the images. Therefore a threshold condition is applied
to the images to discriminate between structures with significant fluctuation
and background fluctuations. Only pixels whose values are above the threshold value are selected to be considered for further processing. In the case of
holes the threshold condition is an upper limit. Next using ImageJ’s particle detection function and only looking at pixels with a minimum fluctuation
intensity above the threshold, the algorithm searches for circular structures.
The function can be set to detect structures between a desired range of sizes.
To avoid counting small strong peaks due to noise, as described in the appendix, only structures with sizes larger than 25 pixels are examined. The
macro produces a second stack with the blob structures highlighted as shown
at the bottom of figure 5.2. It also outputs a table listing the properties
such as area, mean intensity, center of gravity and more of the blobs counted,
which is saved to a text file that can be imported by a data analysis program.
An example output of the blob detection is shown by figure 5.2. The black
portions are regions where intensity levels are too low for a proper signal to
noise ratio. As explained in the appendix the dominant noise in the system
causes an uncertainty of ±3.3 (out of a possible 255) in the intensity values
measured. Only areas where the signal is five times stronger than the noise is
considered sufficient to acquire credible results and the rest is masked out.
An example showing a raw and processed video is available on the Ciemat
web page: http://www-fusion.ciemat.es/camaras/Anton/42263.mp4

5.2

Camera and Probe Cross-Correlation

To provide some validation to the fluctuations and blobs obtained from the
camera videos it is useful to cross-correlate the results with the ion saturation
current measured by the LP installed on the Li limiter. The ion saturation
current is proportional to the electron density as well as ion speed as expressed
in equation (4.1). Therefore the cross-correlation of the intensity time series of
a pixel where the probe is visible with the ion saturation current would provide
some credibility to the camera fluctuation results.
Cross-correlation offers a quantitative comparison between signals. The
cross-correlation of two signals is defined as the integral of their product along
their full time domain:
Z
C(τd ) = Is (t) · IC (t + τd )dt ,
(5.3)
where τ is the lag time between the signals, in this case Is (t), the ion saturation
time series, and IC , the intensity time series of a pixel where the probe is visible.
A delay time between the signals is expected because of the manner in which
the camera processes the trigger signal. The trigger signal is synchronised
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to the probe signal, but as displayed in figure 4.8 the frame in which the
triggering occurs is taken as the first image, therefore a lag time of up to 50 µs
(1 frame time) can be expected.
Before comparison the average values of Is and IC are subtracted from each
time series. Further more the difference in absolute magnitude of the signals
requires normalisation of the signals. This was carried out by dividing each
signal with its standard deviation as was done in [31]:
C(τ ) =

hIs (t)IC (t + τ )i
p
hIs2 i hIC2 i

(5.4)

Once again ImageJ proved useful to retrieve the time profiles of the intensity
of a pixel chosen close to the know position of the probe (ILP ).
A python program was written to calculate the cross correlation according
to equation (5.4) of Is with IC . From this the delay in the camera signal with
respect to the probe signal could be found. However instead of comparing the
full time signals an arbitrary sub interval of 5 ms (= 100 frames) within the
ECRH phase of the discharges is used to determine the cross-correlation. This
is done for convenience sake since working with full videos is memory intensive.
Also generally light conditions in the NBI phase is much lower than the ECRH
phase and thus more susceptible to noise, see figure 3.3.
To be able to cross correlate the two time signals Is and IC both need to be
of equal length. It is therefore necessary to de-sample Is to the same sampling
frequency of IC , since the probe records at 2 MHz and the camera only at
20 kHz. Furthermore to account for the fact that the camera sensor integrates
light over the exposure time the data points for Is over the equivalent exposure
time of the camera is summed. Therefore for exposure times of 5 µs after every
100 Is data points the 10 following points are summed.
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(a) ECRH

(b) NBI

Figure 5.3: Sequence of 4 consecutive images of a stack and below the average intensity image over the whole stack for an (a) ECRH and (b) NBI plasma. Schematically
shown is the LCFS, Li limiter (LL) and Langmuir probe (LP).
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(b) NBI

Figure 5.4: Sequence of 4 consecutive de-averaged normalised videos of the images
of a stacks in figure 5.3. Schematically shown is the LCFS, Li limiter (LL) and
Langmuir probe (LP).
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Chapter 6
Results
From one experimental day 48 successful discharges were performed observing
the Li limiter with the fast camera as explained in section 4.2. The majority
of discharges were created and sustained by ECRH heating transitioning into
purely NBI heated plasmas (see figure 4.3). An attempt was made to perform
a density scan so as to be able to examine turbulence characteristics under
varying plasma conditions. For certain discharges the transition from L to
H-mode was spontaneously initiated during NBI.
Since the Li emission technique as presented in this work had not been
performed up to now in TJ-II different configurations of the LL were tested.
Both the limiter position and temperature were varied. The limiter was moved
from 5 to 0 cm outside the LCFS. This affected the homogeneity of the Li
sheet entering the plasma, with the sheet being more homogeneous the further
away the limiter was from the LCFS. The temperature was varied between
200 − 320 ◦ C, with stronger temperatures leading to increased evaporation and
stronger Li emission.
The fast camera and I.I. parameters were also varied to obtain optimal
intensity in videos for discharges with varying emission intensities. Discharges
were selected to examine the fluctuation characteristics during both the ECRH
and NBI phases. Confinement characteristics are know to be very different in
these regimes. This is reflected in the radial profile of light emission during the
two phases, as seen in figure 3.3, where it shows that the emission drastically
decreases during NBI due to improved confinements. From the collection of
discharges a few discharges with excellent light levels were chosen and analysed,
as given in table 6.2.

6.1

Camera-Probe Correlation

To be able to have some confirmation that the relative light fluctuations obtained from the fast camera videos is in fact equivalent to the relative density
fluctuations, the light from a pixel where the probe is visible is cross-correlated
with the the ion saturation current measured by the LP. The delay time of the
57
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Figure 6.1: Correlation coefficient as a function of delay time between intensity
fluctuation of a pixel close to the Langmuir probe position and the ion saturation
current measured by the probe itself. Solid blue lines are spaced a frame time apart.

camera with respect to the probe can be obtained from the maximum correlation coefficient as a function of delay time.
Correlation peaks between ∼ 0.7 and 0.85 were found for various discharges,
with camera delay times, τd , of between 50 and 100 µs, as can be seen in table
6.1. As an example graph 6.1 shows the correlation coefficient, C(τ ), for
discharge 42263, with a correlation peak of 0.77 and delay time τd = 54 µs.
The close correlation between the signals is very clear when the de-sampled
ion saturation signal is overlain with the camera’s signal, time adjusted according to the delay time of the correlation peak. With positive peaks and negative
troughs overlapping very closely, as can be seen in graph 6.2 where the two
processed signals for discharge 42263 has been overlain.
Further more by overlaying the full probe signal (I˜sN ) to both the camera
N
(I˜C ) and de-sampled exposure time integrated probe signal (I˜sN ∗ ), the effect
of the exposure time and long dead times can be seen. The full probe signal
often captures many fluctuations between frames leading to consecutive frames
appearing to be uncorrelated. Some information on fluctuation dynamics is
certainly missed by the camera during the relatively large dead time of up to
45 µs depending on the discharge. On certain occasions large fluctuations of
more than twice the mean are captured by the probe but not captured by the
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Discharge
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τd [µs]

C(τdelay )

42254

75

0.77

42260

61.5

0.69

42262

62

0.76

42263

54

0.78

42264

49

0.84

42266

71

0.8

42273

89

0.76

42288

62.5

0.71

Table 6.1: Delay times obtained from correlation peak positions along with correlation maximums of several discharges.

Figure 6.2: Time series of normalised emission fluctuations of a pixel close to LP
adjusted according to the estimated delay time (τd = 45 µs) overlain with the desampled and exposure time integrated ion saturation current data for the same time
interval.
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Figure 6.3: Sub-interval of camera fluctuations ( I˜CN ), de-sampled ion saturation
fluctuations (I˜sN ∗ ) and full probe fluctuation signal (I˜sN )) overlain, for discharge
42263.

camera as can be seen in graph 6.3.
Graph 6.4 shows a 200 µs sub-interval of graph 6.3. The graph very
clearly shows the advantage of the high sampling rate of the probe capturing
many fluctuations missed by the camera.
The correlation within a 100 by 100 pixel (= 70 × 70 mm) area around the
probe for discharge 42263 is shown in graph 6.5. The correlation coefficient,
at the known delay time, for the time series of each pixel within this area
with the probe signal was calculated and used to plot a contour map. The
map shows there is strong correlation of more than 0.8 with the LP data
within a small region in the center where the probe is roughly at x = y = 50.
Moving further away from the probe the correlation decreases somewhat anisotropically. Since the correlation coefficients are obtained from the time series
of emission the graph presents the average spatial correlation dimensions over
the time interval. The an-isotropic decay implies that the poloidal correlation
length λx ≈ 40 mm is slightly larger than that of the radial correlation length
λr ≈ 20 mm, assuming good correlation to be C(τd ) & 0.6.
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Figure 6.4: 200 µs interval of camera fluctuations ( I˜CN ), de-sampled ion saturation
fluctuations (I˜sN ∗ ) and full probe fluctuation signal (I˜sN )) overlain, for discharge
42263.
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Figure 6.5: Correlation coefficient C(τd ) as a function of radial (r) and poloidal (x)
coordinate, of the area around the LP, between light fluctuations with respect to the
ion saturation current fluctuations measured by the probe.
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Blob Characterisation

From the de-averaged and normalised fast camera videos the plasma density
fluctuations in the 2D poloidal versus radial plane above the LL limiter could
be visualised. All videos show strong, highly intermittent fluctuations at the
edge with fluctuation levels decreasing towards the center of the plasma as seen
in figure 5.4. The plasma shows blob like structures of strong local maxima
and holes of local minima as seen in figure figure 5.2. These structures are
identified and counted along with their properties such as area, average intensity, min intensity and maximum intensity using ImageJ. Only blob and hole
structures with absolute intensities of more than 0.25 of the mean and areas
larger than 25 pixels, roughly 3 × 3 mm, are considered to exclude counting
background fluctuations and small peaks due to photon noise, see appendix
A.
Discharge #

Heating

hne i [1019 m−3 ]

zLL [cm]

τexp [µs]

TLL [◦ C]

42263

ECRH

0.4

3

8

300

42263

NBI

1.6

3

8

300

42263

NBI

3

3

8

300

42275

ECRH

0.7

0

10

250

42288

NBI

1.7

5

7

350

42290

ECRH

0.4

5

10

350

Table 6.2: Experimental parameters of discharges inspected. Discharges were chosen
with varying densities. zLL refers to the LL position w.r.t the LCFS

Graph 6.6 displays the minimum and maximum fluctuation values of pixels along a radial profile from the LP to the center of the plasma. The minimum
and maximum of each pixel is obtained from its series of values in a 5 ms time
interval. The graph shows small absolute values in the inner plasma which
increase at the plasma edge reaching a maximum in the SOL region. The
absolute magnitude of the maximum fluctuations is larger than that of the
minimum fluctuations.
Graph 6.7 shows the histogram of both blob and hole areas during an
ECRH interval of 42263. For all discharges where ECRH intervals are examined it is found that the number of both blobs and holes decrease as a function
of their size, following a power law f (A) ∝ A−p . The total number of blobs are
also generally higher than holes, notably for structure sizes larger than 2000
pixels.
Graph 6.8 shows structure average absolute intensities as a function of
area. From the graph it is clear that increasing structure sizes have larger
average intensities. For average intensities larger than 0.35 only blobs are
counted.
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Figure 6.6: Radial profile of maximum and minimum intensity fluctuations for discharge 42290.
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Figure 6.7: Overlain histograms of blobs (red) and holes (holes) as a function of area
for threshold |I˜N | > 0.25 for an ECRH interval of discharge 42263.
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Figure 6.8: Average intensity of blobs and holes as a function of area detected for
|I˜N | > 0.25 presented by the green line.
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Figure 6.9: PDF’s of the pixel values of 100 I˜N frames, of discharge 42290, separating the image in two regions, up (blue) and down (red), as shown with rectangles
in the picture.

Decreased blob counts during NBI (explained in chapter 7) requires an
alternative analysis method to increase statistics. The distribution of all pixel
values is therefore compiled. The large number of individual pixels is sufficient
to be able to consider the distributions as probability functions (PDF’s). In
the fast camera videos the field of view of the 35 mm lens projected the core
region of the plasma roughly in the upper half of the frames and the edge and
SOL regions in the lower half. At first inspection the upper region displays
very isotropic fluctuations with fluctuation levels generally less than 0.15, as
seen in graph 6.9. This region produces a distribution that roughly fits a
Gaussian function. The PDF’s for the lower portion of the frame produces a
curve with extended shoulders as compared to only the upper portion PDF.
The shoulders are not symmetric and the curve is skewed positively.
A number of discharges were processed to compare NBI intervals with
ECRH. The lower pixel count in the NBI intervals requires the distributions
be normalised for comparison sake. The skewness (S) and kurtosis (K) of
these distributions are presented in table 6.3. Skewness is is defined as
3/2
S = h(x − hxi)3 i / h(x − hxi)2 i and is a measure of the symmetry of a dis2
tribution. The kurtosis is defined as K = h(x − hxi)4 i / h(x − hxi)2 i and is a
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measure of whether a distribution is heavy or light-tailed, relative to a normal
distribution. Data sets with high kurtosis have heavy tails.
Discharge

Heating

Skewness (S)

Kurtosis (K)

42263

ECRH

1.28

10.67

42263 (Low n)

NBI

1.8

7.72

42263 (High n)

NBI

0.75

6.48

42288

NBI

1.01

7.65

42290

ECRH

1.07

10.62

42290

NBI

0.81

6.69

Table 6.3: Skewness and kurtosis of the de-averaged and normalised videos’ pixel
distributions with different plasma conditions and experimental configuration.

Graph 6.10 shows the PDF of an interval during ECRH heating compared
to the PDF’s of two intervals during the NBI heating in discharge 42263. The
first NBI interval has a relatively low average plasma density of 1.6 × 1019 m−3
and the second has a substantially higher density of 3 × 1019 m−3 . From the
graph it is seen that the distributions are very similar for |I˜N | < 0.2. Longer
positive tails are observed for the ECRH distribution compared with the NBI
distributions. The NBI distributions are virtually identical with the lower
density distribution having a slightly more pronounced positive shoulder.
The top of figure 6.11 shows the time traces of the density and soft Xray emission, related to the electron temperature, during the NBI assisted
transition from L to H-mode for discharge 42271. During the transition both
signals begin to increase indicating improved confinement. The lower graph
shows the Hα emission which decreases during H-mode as a consequence of
the decrease in plasma flux to the walls, [32]. The Hα emission also displays
large bursts during the H-mode due to ELM like events. Graph 6.12 shows
the PDF’s of a L-mode interval compared to a short H-mode interval taken
between ELM’s, during the NBI stage of discharge 42271. From the PDF it is
obvious that the L-mode distribution has much stronger positive tails and as
a consequence also more skewed. This is a clear consequence of the change in
confinement.
Lastly a power spectrum, graph 6.13, of the ions saturation current reveals
a flat profile for frequencies up to about 100 kHz. A power spectrum of the light
fluctuations at a pixel close to the reveals a similar profile however because of
the frame rate is cut of at 20 kHz.

6.2 Blob Characterisation

69

Figure 6.10: Intensity fluctuation PDF’s of several intervals of discharge 42263,
comparing ECRH and NBI at various densities.

Figure 6.11: Time trace of density (top red), soft X-ray emission (top blue), Hα
emission (bottom red and blue) at two toroidal positions during NBI for discharge
42271. Hα signals capture ELM’s during H-mode.
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Figure 6.12: Intensity fluctuation PDF’s of an interval in L-mode compared with
H-mode of discharge 42271.
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Figure 6.13: Frequency power spectrum of ion saturation fluctuations and camera
light fluctuations at the LP position.

Chapter 7
Discussion and Future Work
The Li emission technique has yielded promising results. Interpretation and
comparison of the results with existing knowledge will prove the success of this
new method. Combined measurements of the LP ion saturation current and
camera emission have proved useful in determining the delay time of the two
systems used, as well as providing confidence in the relative density fluctuations
inferred from the camera measurements. With this assurance an effort into
characterising the blob turbulence in discharges with various plasma conditions
is made. A large body of experimental results exist on plasma turbulence which
can be used to compare results to.

7.1

Camera-Probe Correlation

All processed discharge videos display clear cross-correlation peaks when compared to the LP data. The delay times in all discharges are between 50 and
100 µs. This is somewhat unexpected since it was thought the camera delay
time should only be up to 50 µs with respect to the probe signal. This is what
is suggested by the camera operation manual explaining the delay time compared to trigger signal can be up to one frame, as shown in figure 4.8 and
should be investigated further. The camera offers another triggering mode
called RANDOM RESET MODE. In this mode the camera will start each
frame immediately after the trigger signal is received. However a small delay
time on the order of 10 µs is still expected. This mode can be tested in future
to determine if it is superior.
In graph 6.3 the amplitude of I˜sN ∗ is much smaller than I˜sN . This is due to
the strong smoothing of the probe signal due to de-sampling. The smoothing
reduces the amplitude of the smoothed signal. Both graphs 6.2 and 6.3 also
show that |I˜sN ∗ | > |I˜CN |. This is again a result of the smoothing however not
temporal but spatial. The camera signal has a lower spatial resolution due to
the optics and also as a result of being subject to line integrated measurements
over the width of the Li beam. The curve in the magnetic field lines over this
distance slightly distorts
the filament cross sections seen. Additionally it is
√
known that Is ∝ Te and that Te also fluctuates in phase with ne . The
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emission is independent of these fluctuations which will cause Is to fluctuate
more strongly than the light emission.
Correlation between 0.75 and 0.85 is significant and indicates close similarity in the signals. This is also higher than was found in [31] using the
same method, however in a linear device and comparing over the full discharge
times. Exact correlation is not possible since the quantities measured by the
two systems are not exactly equivalent. Ion saturation current has a dependance on electron temperature, Te , as opposed to the camera. It is known
that Te also experiences fluctuations with ne . [31] further argues that differing
spatial resolution between the systems is the reason for decreased correlation
magnitudes. The probe dimensions set the spatial resolution for the LP while
the camera spatial resolution is set not only by the pixel size and the area it is
viewing but also some additional effects. Smearing of images due to the larger
exposure time as well as line integration of light decreases the resolution in
a complicated manner. Comparatively the probe measures much faster and
much more locally.
Taking these factors into consideration the cross-correlation magnitudes are
large enough that it can confidently be said the relative density fluctuations
obtained by the camera, at the very least in the vicinity of the probe, are due
to real relative density fluctuations. This is partially supported by what is
seen in the two dimensional correlation map shown in figure 6.5 where the
correlation with the camera pixels around the position of the probe decreases
with distance from probe. This is expected and the decay length is comparable
to the known scale of the turbulence correlation lengths of a few centimetres.
Plotting these two dimensional maps can prove to be useful in future since
it can provide a simple means of determining the average fluctuation spatial
scales.
Cross-correlation between camera and probe systems can in future be used
to compliment one another. Graph 6.3 for example shows the effect of the
lower frame rate. It should be noted the camera can record faster in fact up
to 100 kHz while the probe is still much faster at 2 MHz. The LP has a higher
temporal resolution but only allows point measurements. The advantage of
the camera lies in its ability to perform two dimensional measurements.

7.2

Plasma Turbulence

The radial profile of fluctuations measured by the camera in graph 6.6 is
consistent with turbulence measurements in various devices. This is summed
up in [16] saying that the relative electron density fluctuations at the outboard
mid plane generally increase from δn/n ∼ 5% a few cm inside the separatrix
to δn/n ∼ 100% in the far SOL, and generally increase monotonically with
radius and vary smoothly across the last closed magnetic surface. Graph 6.6
shows a similar trend.
The frequency spectrum shown in graph 6.13 also very closely resem-
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Figure 7.1: Time trace of Hα emission at two toroidal positions during NBI for
discharge 42288. Global sporadic bursts of emission occur during NBI.

bles frequency spectrums measured on various devices where a flat profile is
generaly observed up to 100 kHz decreasing at higher frequencies, [16]. The
slower speed of the camera limits the comparison, however at low frequencies
it follows the LP spectrum closely.
An algorithm for detecting blobs has been develop but the results obtained
require larger statistics for NBI plasmas. This is because of global modes
during NBI manifesting as strong bursts of emission, as seen in graph 7.1
where Hα signals from two toroidal separated positions show sporadic peaks.
The de-averaging process requires the plasma not to be varying strongly within
the averaging frame time therefore it is necessary to find time intervals between
modes. The short time interval between events, 1 − 3 ms, can be examined but
means that shorter videos of 20 − 60 frames has to be used for NBI compared
to larger sizes for ECRH. Lower light levels for NBI also increase the area
being masked for noise as compared to ECRH, reducing the total number of
pixels even more. Necessarily less blobs and holes are counted reducing the
statistical significance. Alternatively probability distributions of the collection
individual pixel values are made from the NBI videos. More experiments and
analysis is still required.
Graph 6.7 shows a power law dependance of the number of blobs as a
function of area. This has been predicted by [33]. Graph 6.8 shows that positive coherent structure are more intense. This is also seen in the distributions
of individual pixels that have heavy positive tails.
The PDF’s acquired from the NBI videos are overlain and compared to
ECRH plasmas. All discharges show positively skewed distributions, quantified by the skewness S, with varying positive tails. The ECRH discharges
have heavier positive tails compared to the NBI discharges. However only
considering fluctuations in the region |I˜N | < 0.2 the PDF’s are slightly more
negatively skewed. This is especially visible in graph 6.12 for the L-mode
distribution. This implies larger quantity of holes and negative fluctuations
with small amplitudes compared to positive blobs. This has been found for
LP measurements of turbulence, where this effect is more evident because of
the high sampling rates. For I˜N > 0.2 more positive fluctuations are seen.
The extended positive tails suggest large blobs occur although they are highly
intermittent, a fundamental aspect of turbulence.
NBI distributions show less extended tails compared to ECRH. H-mode
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also shows significantly reduced tails, quantified by lower kurtosis, than the Lmode distribution. The reduced tails are due to decreased turbulence especially
of large coherent fluctuations which result in increased particle confinement
regimes in both cases. The increased confinement is indicated by a reduction
in Hα and Li I emission.

7.3

Future Work

Immediate future work is to continue with the characterisation of blob turbulence in various plasma conditions attempting to increase statistics by finding
mode or ELM free intervals. One way would be to string together multiple individual short intervals between ELM’s. The statistical results obtained
from this can then in the more distant future be compared to results from
computational modelling.
Because of an unexpected shut down of TJ-II during the period this work
was performed only one experimental day with the technique was possible.
This afforded little chance to determine the optimal limiter configurations.
After processing the videos acquired it has been seen that the limiter produces
more uniform Li injection further away from the plasma. Larger Li temperatures are also more effective increasing emission intensities. Low emission conditions proved especially difficult for measuring NBI plasmas where emission
levels were significantly reduced. Furthermore during the single experimental
day camera configurations had also not been optimised. From the comparison
of camera with probe it is seen that the camera looses information on blob
dynamics because of the relatively large dead time. In future the camera can
be set to record much faster and using objective lenses with larger focusing
lengths better spatially resolved images of the LP can be obtained.
Ultimately to fully exploit the two-dimensional measurements of the camera
is the goal. As described in section 3.3.2 Li emission beam spectroscopy is
a well established diagnostic tool to obtain one dimensional plasma density
profiles. Building from the fundamentals for this technique it could be possible
to obtain two dimensional images of the plasma density from the sheet of Li
injected into the plasma.

Chapter 8
Conclusion
In the present work a technique for 2D imaging of edge plasma density turbulence in the TJ-II stellarator has been investigated. The technique relies
on the premise that Li I emission fluctuations are equivalent to the relative
plasma density fluctuations in the temperature range of the plasma edge, as
was first shown in [22].
In this work a method for extracting and characterising Li I emission fluctuations from raw fast camera videos in the TJ-II stellarator operating with a
lithium evaporating limiter was developed. This allowed to directly visualise
the plasma density turbulence, in the 2D radial and poloidal plane above the
limiter.
Processed fast camera videos show intermittent blob structures with relative ne fluctuations of up to 100%. An algorithm for detecting and describing
basic properties of these structures was created. From this it was possible to
statistically characterise the blobs counted. Preliminary analysis from the statistical characterisation of blobs show non-symmetric distributions of positive
blobs compared to negative holes.
Fluctuation distributions show that negative coherent structures with magnitudes roughly less than 20% of the mean outweigh the positive. But for larger
magnitudes the positive structures outnumber the negative. Fluctuation distributions seem to reflect the character of the turbulence during regimes with
varying confinement qualities in the weight of their positive tails. Regimes of
higher confinement show reduced positive shoulders.
An algorithm for cross-correlating ion saturation current measured by a
Langmuir probe on the limiter, with the Li I emission of the probe region as
measured by the camera was also created. Good correlation between signals are
found for all discharges analysed and the expected delay between camera and
probe time could be determined. Correlation of the emission in the plane with
the Langmuir probe was found to reveal information on the average fluctuation
dimensions. From this work it is expected that the fast camera and limiter
Langmuir probe systems can in future be used to compliment one another.
In conclusion a technique to measure spectroscopically the electron density
structure of the edge plasma turbulence two-dimensionally has been investi75

76

8. Conclusion

gated. Tools to detect and characterise plasma blobs have been developed,
together with a technique for correlating Langmuir probe measurements with
its emission, as as measured by a fast camera. Preliminary results have been
presented here.

Appendices
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Appendix A
Noise
Image noise refers to random variations of brightness in images not present
in the object imaged, [34]. Camera systems are subject to various sources of
unwanted signal, or noise, produced by the sensor and circuitry of the camera.
The magnitude of the noise introduced varies for these sources but in the low
light conditions videos were captured during this work the dominating noise is
an unavoidable form of noise inherent to photon detection called shot noise.

A.1

Shot Noise

Shot noise is due to random statistical fluctuations when collecting photons.
For example when detecting photons from an unvarying source over a set
amount of time intervals it is highly unlikely that same amount of photons
will be collected every single time, [35]. This unavoidable noise is due to the
discrete nature of photons as well as the independence of their random arrival,
as explained in [36]. It is further amplified by the I.I. and detector due to the
random conversion of photons into photo-electrons. As described in section
4.2.2 the I.I. is required to increase the low photon fluxes to detectable levels
during recording. This is extremely useful but comes at a cost since, as can
be seen in figure 4.6, the stronger the applied amplification voltage the more
grainy video images become.
Shot noise is also known as photon- or Poisson noise since it is modelled by a
Poisson distribution, although it can usually very accurately be approximated
by a Gaussian distribution:
1 (x−µ)
1
(A.1)
f (x) = √ exp− 2 ( σ ) ,
σ 2π
where f is the distribution of signal strength and the magnitude of the noise is
proportional to the variance σ.
To determine the noise introduced by the I.I. a target image of 3 varying
shades of gray, homogeneously illuminated with a halogen lamp, was recorded
for a small time interval to produce 130 frames. The exposure time was set to
15 µs with the amplification voltage at 750 V. These values are slightly larger
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Figure A.1: Intensity counts from dark grey target compared to Gaussian filtered
versions. The uncertainty in light measurements is proportional to the variance (σ).

than the typical values used for most discharges, as can be seen in table 6.2,
hence the noise established is a conservative estimate. Since the noise is signal
dependant the region of the darkest shade was chosen. A histogram was made
of the region for all frames and can be seen in graph A.1. Two additional
cases were examined where a Gaussian spatial filtering of 5 pixels and 10 pixels
was applied to the videos respectively. As can be seen in the graph the variance
of the raw unfiltered signal is 7.8 (out of a possible 255). With 5 pixel filtering
the variance is reduced to 3.5 and with 10 pixel filtering it is further reduced
to 2.5. The Gaussian filter softens the image smoothing out the noise. As can
be seen in graph A.1 the reduction in variance of the intensity between the 5
and 10 pixel filtering is small. Therefore all discharges were processed with a
5 pixel filter since it sufficiently reduces the noise, without compromising the
spatial resolution (≈ 3 mm) of the images.
For a reasonable signal to noise ratio (SNR= I/σ) of at least 5, chosen
somewhat arbitrarily, images were processed so that only regions with intensities of at least 15 in the greyscale range 0-255 were considered. This is roughly
five times the variance of the data filtered using a 5 pixel Gaussian filtering.
The rest of the image in each frame was masked out to be disregarded. This
can be seen in figure 5.2, where the bottom portion below the limiter has
been masked out as depicted in black.
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