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Abstract
Characterizing edge-plasma turbulence on the KSTAR tokamak with beam emission

spectroscopy

by Mate Lampert

For a future fusion energy production reactor it is important to minimize the energy
and particle losses through the plasma edge. In the first place, these losses hinder reach-
ing the sufficient condition for a fusion reactor, on the other hand, they lead to high heat
load on the vacuum vessel and other elements. Research showed that one of the dominant
loss mechanism in the plasma edge is plasma turbulence. Its fundamental processes are
known, however, some details need clarification. My thesis contributes to this field with the
construction of a plasma turbulence measurement device and measurements with it on the
KSTAR tokamak in South Korea.

The first part of the work in this thesis concerns the development of a Beam Emission
Spectroscopy (BES) diagnostic. Beam emission spectroscopy (BES) measurements can ob-
serve plasma turbulence without significantly perturbing the plasma. A neutral heating or
diagnostic beam is shot into the plasma of which atoms collide with the plasma particles.
The atoms get excited after the collision and emit photons during the de-excitation process.
The emitted photon flux is more or less a local function of electron density and its fluctua-
tions. It is possible to deduct the properties of plasma turbulence from the electron density
fluctuations, thus, one could determine the plasma flow velocity, the spectrum of fluctua-
tions, correlation lengths and the size of the turbulent structures.

After proving the feasibility of BES measurements on KSTAR with a trial BES system, a
final beam emission spectroscopy was designed and built on KSTAR in 2012. The diagnostic
was enhanced with further features between 2012 and 2015. A diagnostic lithium beam was
built in 2014 on KSTAR for radial electron density profile and Ohmic plasma electron density
fluctuation measurements. The BES system can measure the Deuterium heating beam and
the diagnostic Lithium beam simultaneously.

I studied edge-turbulence with the KSTAR BES diagnostic. I determined the main mea-
surement parameters of Deuterium and Lithium beam measurements, such as the signal-
to-background ratio, the signal-to-noise ratio and the turbulence detection limit. I studied
the edge turbulence on KSTAR by determining its spectra, correlation functions, correlation
lengths and its propagation in L-mode and H-Mode plasmas.

I also studied the turbulent phenomenon in the scrape-off layer. Earlier studies showed
that at the plasma edge, turbulence is the dominant mechanism of energy and particle loss
of the confined plasma. Outside the last closed flux surface, in the scrape-off layer (SOL),
turbulence is intermittent and it is characterized by filamentary structures. These filaments
are elongated along the magnetic field lines and by propagating outwards they could carry
enough energy to damage the vacuum vessel under certain circumstances. By analyzing
measurement data I showed the capability of the KSTAR BES diagnostic of measuring inter-
mittent structures in the scrape-off layer and in the confined region, as well. I determined
the main parameters of blobs and holes in an L-mode and in an H-mode plasma and com-
pared the results to probe measurements.
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Thesis statements

• I developed the measurement control hardware and software for the combined Deu-
terium and Lithium beam emission spectroscopy diagnostic on the KSTAR tokamak,
which made major contribution to the success of electron density fluctuation measure-
ments. During the commissioning of the diagnostic I developed a spatial calibration
method which made the determination of the size of turbulent structures, correlation
lengths and velocities possible. [1, 2]

– The corresponding results can be found in the thesis in Chapter 4.

• I compared the signal-to-background ratio, signal-to-noise ratio and the turbulence
detection limit between the Deuterium and Lithium beam measurements. I demon-
strated that the two methods provide complementary information: the Lithium BES
diagnostic can measure the radial electron density profile in the edge plasma while the
Deuterium BES diagnostic can measure two-dimensional electron density fluctuations
with higher signal-to-noise ratio. [1]

– The corresponding results can be found in the thesis in Section 5.1.

• I characterized the electron density fluctuations of the quasi-coherent mode of edge
plasma turbulence during different plasma regimes. I determined the spectrum, fre-
quency range and the poloidal propagation velocity of the turbulence. [1, 3]

– The corresponding results can be found in the thesis in Section 5.2.

• I demonstrated that Deuterium beam emission spectroscopy diagnostic is feasible for
measuring intermittent density fluctuations at the plasma edge and in the scrape-off
layer. By utilizing conditional averaging I determined the characteristic radial and
vertical size and velocity and the generation rate of blobs and holes in KSTAR L-mode
and H-mode plasmas. [4]

– The corresponding results can be found in the thesis in Section 6.1 and Section 6.2.

• I determined the turbulence spectrum and fluctuation amplitudes of an L-mode plasma
from Langmuir-probe ion-saturation current measurement. I compared the results
with the Deuterium beam emission spectroscopy diagnostic measurement in the same
plasma shot. According to the results, Langmuir-probe measurements are more ade-
quate to measure small scale events. However, it can only provide limited measure-
ment of the two-dimensional properties and it also perturbs the plasma. The DBES
measurement can however provide 2D fluctuation data for the whole plasma shot in
the edge and scrape-off layer, but only with lower spatial resolution. Considering
these limitations, the two measurements provide consistent results. [4]

– The corresponding results can be found in the thesis in Section 6.3.

.
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Chapter 1

Introduction

1.1 Introduction to fusion

1.1.1 Fusion energy production

The human population started to increase rapidly after the industrial revolution and the
growth hasn’t stopped ever since [5]. The need for energy production has been growing
with the population, therefore, people had to build more and more power plants to sat-
isfy the demand. Throughout history in the 19th and 20th century, people built fossil fuel
power plants which mainly produced energy from coal and oil. These power plants emit
large amounts of carbon-dioxide and other byproducts during the burning process. In 1954,
the first nuclear power plant started its operation in Obninsk, Russia. Ever since several
hundred nuclear power plants have been built around the world [6]. Nuclear power pro-
vides relatively clean energy compared to fossil fuel based power plants [7]. However, the
long term storage of the spent fuel cells is still a remaining problem and the trust in nuclear
power has decreased due to the two major accidents in the past (Chernobyl in 1986 [8] and
Fukushima in 2011 [9]). Renewable energy has gained a lot of attention due to its beneficial
properties such as clean operation and virtually inexhaustible fuel source. However, power
plants based on solar or wind energy cannot operate as a base power plant since the sun
is not shining and the wind is not blowing constantly. They would be useful solutions if
the produced energy could be stored efficiently for longer terms, but until now this issue
hasn’t been solved yet [10]. Thus, to satisfy the growing demand [11] for clean energy, a
new solution needs to be found.

One answer for the problem could be nuclear fusion based energy production. The idea
behind this type of power plant is to harvest the energy from the fusion reaction of Deu-
terium and Tritium. The former is present in nature in water and the latter can be produced
from Lithium, which is present in sea water and volcanic stones. The byproduct of the reac-
tion is only Helium, which doesn’t pollute the Earth and can be reused for other purposes.
The machine itself is going to be activated during its operation, however, unlike a nuclear
power plant, the materials can be reused after around one hundred years for another fu-
sion reactor. The advantages of a fusion reactor are promising, however, there are plenty of
technological and physics issues, which need to be solved until the first fusion based power
plant can be put into operation.

At the moment ITER (International Thermonuclear Experimental Reactor, ”the way” in
Latin) is the next step in achieving fusion energy production [12, 13, 14]. ITER is a tokamak
being built at the moment in Cadarache, France in a multi national collaboration between
China, EU, India, Japan, South Korea, Russia, and the USA. ITER is going to be an exper-
imental reactor capable of producing 500MW fusion power with only 50MW power used
for heating the Deuterium-Tritium mixture. This is going to be the first experiment where
positive energy balance will be achieved. However, ITER is not designed to produce elec-
tricity just to demonstrate the feasibility of the controlled fusion process. For that purpose,
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a demonstration reactor, called DEMO, will be built, which is going to be connected to the
power grid. According to the EU roadmap on fusion energy, there is going to be some elec-
tricity in the electrical grid in Europe produced by a fusion power plant in the 2050’s [15].

1.1.2 Fusion reactions

By measuring the binding energies per nucleon of nuclei, it was found that they are increas-
ing until iron and slowly decreasing towards heavier nuclei (see Fig. 1.1). Thus, in order
to harvest energy from the binding energy of nuclei either small nuclei need to be fused
or large ones split. The former is called nuclear fusion, while the latter is nuclear fission.
G. Gamow and E. Teller [17] found that the energy in stars were produced by fusion reac-
tions. By using particle accelerators it was found that the feasible reactions for fusion energy
production on Earth are the ones described in reactions 1.1-1.4 [18].

2D +2D → 3He (0.82MeV ) + n0 (2.45MeV ) (1.1)
2D +2D → 3T (1.01MeV ) + p+ (3.02MeV ) (1.2)
2D +3T → 4He (3.52MeV ) + n0 (14.1MeV ) (1.3)

2D +3He → 4He (3.6MeV ) + p+ (14.7MeV ) (1.4)

The energies in the parenthesis at the right side of each reaction show the kinetic energy
of the particles. In a fusion reactor, some type of coolant is going to be heated indirectly
with these particles and then the heat is going to be converted into electrical power with
conventional turbine generators.

In each of the above reactions the colliding nuclei repel each other due to their positive
electric charge. As the potential energy depends on the product of the two charges, the
easiest way to achieve fusion is by using low-Z nuclei. The reaction can occur with tunnel
effect if the nuclei can approach each other closely enough which for Hydrogen isotopes
happens at energies in the 10 keV range. From the above four reactions the most feasible for
energy production is 1.3 due to its lower input energy need and larger fusion cross section.

Reaction 1.3 utilizes Deuterium and Tritium as the fuel for the energy production. Deu-
terium is present in nature, as every 6400th Hydrogen nucleus is Deuterium [19]. However,
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Tritium isn’t present in nature, because it is a beta decaying radioactive isotope with a half-
life of 12.32 years, hence, it has to be produced artificially [20]. Nowadays, Tritium is pro-
duced in fission reactors, however, in a future fusion power plant, Tritium will be produced
by a Tritium breeding blanket module based on reaction 1.5 and 1.6.

6Li+ n0thermal → 4He+ 3T (1.5)
7Li+ n0fast → 4He+ 3T + n0 (1.6)

The neutrons for these reactions would be provided by neutrons coming from the fu-
sion reactions multiplied in a medium like Lead or Beryllium which are effective neutron
multipliers. Considering the above reactions as one system, the fuel for a fusion reactor
would only be Deuterium and Lithium. One can also see from these reactions, that fusion
energy production does not rely on a controlled chain reaction as fission does. Thus in fu-
sion, chain reaction cannot lead to a nuclear explosion. The only radioactive isotope in the
fuel cycle of a fusion power plant is Tritium which is only available in restricted amounts
inside the reactor and it doesn’t accumulate during the operation. During a major accident,
the release of this small amount of Tritium would not have catastrophic consequences. An
example closed fusion fuel cycle can be seen in Figure 1.2, which demonstrates the route of
Deuterium, Tritium and Helium in ITER.

1.1.3 Confinement and plasma ignition

In the fusion reaction the Coulomb-barrier needs to be overcome, which occurs due to the
positive charge of the reacting nuclei. The cross section of the reaction reaches its maximum
at around 100keV. However, in a thermal medium, fusion reactions can start at a lower av-
erage temperature at around 10keV (in fusion research, temperature is usually expressed
by the mean thermal energy of the particles in eV; 1eV ≈ 10000K), where enough particles
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are present at the high energy tail of the thermal energy distribution. At such a high tem-
perature gas becomes almost fully ionized and it reaches a state called plasma. Plasma is
a quasi-neutral mixture of electrons and ions and it is often referred to the fourth state of
matter [22].

Based on the following simplified calculation one can arrive at the condition for suc-
cessfully harnessing fusion power. A homogeneous plasma medium is taken with 50%-50%
Deuterium - Tritium mixture and the following quantities are defined: fusion power (see
Eqn. 1.7), energy confinement time (see Eqn. 1.8) and fusion reaction rate. The energy
confinement time shows the duration it takes a plasma to lose all its energy if all external
heating is turned off. In the above mentioned plasma medium with homogeneous temper-
ature distribution for both electrons and ions, the fusion power and the energy confinement
time can be written as 1.7 and 1.8, respectively.

Pf = V (
n

2
)2C(T ) (1.7)

Pl =
Wtot

τE
=
V 3

2nkBT

τE
· (1.8)

where Pf is the fusion power, n is the particle density, T is the temperature of the plasma,
Pl is the power with which the plasma is losing its energy, C(T ) =< σfv > is the fusion
reaction rate (σ is the fusion reaction cross-section) and τE is the energy confinement time.
C(T ) is zero at low temperatures, at around 10keV its value is rapidly growing and after a
maximum it is slowly decreasing. For fusion energy production the fusion power needs to
exceed the power losses of the plasma (positive power balance). By considering this, Eqn.
1.7 and Eqn. 1.8, one can arrive at criterion 1.9.

n · τE >
6kbT

C(T )
(1.9)

The right side of this inequality has a minimum at a certain temperature. By substituting
this temperature into the inequality, one arrives at the Lawson-criterion for the so called
break-even [23]. That shows at what circumstances is the fusion power the same as the
power losses. The Lawson-criterion is only valid around the optimal temperature. Around
that point C(T) can be estimated as a parabolic curve [18] and the Lawson-criterion can be
written as 1.10.

nτET > 5 · 1021[m−3keV s] (1.10)

The Lawson-criterion does not state how the loss power is balanced in the plasma. Under
certain conditions the high energy Helium nuclei (alpha particles) from the D-T reaction are
confined in the medium until they lose their energy. As the Helium nuclei carry about 20%
of the energy of the reaction, they can balance the loss power if the fusion power is at least 5
times the loss power. This state is called ignition, when the plasma becomes self-sustaining
provided its material composition is kept.

This criterion shows that to achieve fusion at a certain temperature one can either in-
crease the plasma density or the energy confinement time. This results in two very different
fusion energy production methods. The one, where the density is increased to a critical value
and then the medium is left to expand is called inertial fusion. This is done by compressing
a millimeter sized fuel capsule with lasers which then explodes. There are experiments in
the USA at NIF (National Ignition Facility) [24] and in France at LMJ (Laser Mega Joule)
[24]. Furthermore, the Hydrogen bomb also utilizes this method, where a fission bomb is
used to compress the D-T fuel to ignition [24].
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Magnetic field line Electron

FIGURE 1.3: Gyration motion of the electrons in magnetic field. The ions are
gyrating in the opposite direction [25].

The other method for successful fusion energy production is when the plasma density is
kept at a lower value, but the confinement time is increased. A possible method to confine
a plasma for long duration is magnetic confinement which is discussed in the following
section.

1.2 Magnetic plasma confinement

In magnetic plasma confinement the energy confinement time is increased in the Lawson-
criterion. Since the particles of the plasma are charged particles, they interact with magnetic
field. By controlling the magnetic field and the currents in the plasma, it is possible to isolate
the plasma from the environment to minimize losses in order to satisfy the Lawson-criterion.

The foundation of magnetic plasma confinement is that Lorentz-force affects charged
particles in the magnetic field. Ions and electrons gyrate in the opposite direction around
the magnetic field lines with their respective cyclotron frequency. The radius of the gyration
is called Larmor-radius, which is dependent on the magnetic field, the velocity, the mass
and the charge of the particle. The size of the gyro-radius in a typical fusion device with
magnetic field of 1 Tesla is around 0.1mm for the electron, 5mm for the proton and 30cm for
fusion-born alpha particle. The gyration motion is depicted in Figure 1.3. The magnetic field
impedes the free motion of the plasma particles and it prevents their motion perpendicularly
to the magnetic field lines. At first approximation the particles are strictly following the field
lines, but the behavior of a plasma in a magnetic field is more complex than that. Due to
the complex magnetic geometry of the machines particle drifts are also present. Collisions
of the particles also cause them to leave their original trajectory.

1.2.1 Debye-shielding and quasi-neutrality

One of the main properties of a plasma medium is its quasi-neutrality nature. If one intro-
duces a charged particle in the plasma, it will attract the oppositely charged plasma particles
and repulse the particles with the same charge. At zero temperature, reorganization of the
particles will continue until the electric field of the introduced charged particle is completely
shielded. At finite temperature, the shielding cannot be perfect due to thermal motion of the
charged particles. This effect is called Debye-shielding. The resulting electrostatic potential
around the shielded particle can be written as Eqn. 1.11.

φ(r) =
q

4πε0r
· exp(− r

λD
) (1.11)

λD =

√
ε0kBTe
nee2

(1.12)
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where r is the distance from the introduced charge particle with a charge of q, λD is the
Debye-length, Te is the electron temperature, ne is the electron density and e is the charge of
the electron.

At characteristic lengths over the Debye-length, a plasma can be considered as a neutral
medium. Since the Debye-length is magnitudes smaller than the size of a typical fusion
plasma, fusion plasmas can be considered as quasi-neutral.

1.2.2 Plasma drifts

Charged particles in a magnetic field are moving only with Larmor-motion if the magnetic
field is homogeneous and when the electric field doesn’t have a perpendicular component
to the magnetic field. It can be shown that inhomogeneous and curved magnetic fields and
static electric fields can introduce slow and constant drift of the center of the Larmor-orbit
[22]. The drift velocity, vD can be written as expression 1.13.

vd =
E ×B
B2

−
mv2⊥
2qB

· ∇ |B| ×B
B2

+
mv2‖

qR2
· R×B

B2
− ∇p×B

qnB2
(1.13)

where R is the curvature vector of the B(r) magnetic field and E is the electric field. The
first term is called E ×B drift, the second is the grad-B drift, the third is the curvature drift
while the fourth is the diamagnetic drift. E × B drift is independent of the of the particle
charge, thus, it moves the entire plasma, while other terms are charge dependent.

E ×B drift occurs when a finite poloidal or radial electric field is present in the plasma.
The gradient and curvature of the magnetic field can polarize the plasma which results in a
finite electric field. The resulting drift will drive the electrons and ions in the same direction,
because it is independent of the charge, thus, moving the entire plasma.

Grad-B drift and curvature drift are always present in a curved magnetic field configu-
ration and both are causing charge separation due to their dependence on q.

Diamagnetic drift occurs when a finite pressure gradient is present in the plasma. In case
of a pressure gradient perpendicular to the magnetic field the number of particles gyrating in
different directions is unbalanced. Particles tend to move from the denser area to the lower
density region which results in a charge dependent mean particle velocity. The resulting
current induces a magnetic field which reduces the magnetic field in the plasma, hence its
name, diamagnetic current.

There are other forces acting on the plasma which cause the polarization drift or the
gravitational drift etc. Their drift velocity is proportional to F × B where F is any kind of
force acting on the particles.

1.2.3 The tokamak and the stellarator concept

At the time when the magnetic confinement was first considered, researchers started build-
ing plasma devices with linear magnetic field configurations [26]. The idea was to bounce
the particles back at the ends of the device with a phenomenon called magnetic mirroring
where the B-parallel motion of particles is turned back from an area of higher magnetic field
strength. However, after numerous attempts to optimize the magnetic configuration the
end-losses could not be reduced sufficiently. The solution to that problem was to join the
two ends of the linear device to form a torus.

A toroidal device cannot have homogeneous magnetic field, which introduces the drifts
described in the previous section. With a strictly toroidal magnetic field configuration, ∇B
drift causes charge separation which results in a finite vertical electric field. Then the plasma
is driven to the wall of the device by the E × B drift. The formation of the perpendicular
electric field can be prevented by creating a helical magnetic field configuration, where the
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FIGURE 1.4: a) The schematic view of a tokamak device with the magnetic
coils and magnetic geometry [28]; b) The schematic view of the W7-X stellara-

tor with the planar and non-planar coils [29].

up-down charge separation can be neutralized along the field lines. There are two very
different methods to achieve such a configuration. In a concept called the stellarator [24,
27], the helical magnetic configuration is achieved with designated helical coils or three-
dimensional shaped coils (e.g. Wendestein-7X). The other concept is called the tokamak,
where the helical configuration is achieved by driving electrical current in the plasma which
induces an appropriate magnetic field to twist the field lines helically. The scheme of the
two concepts can be seen in Figure 1.4. Since my work contains measurements solely on a
tokamak device, the stellarator concept will not be discussed in more detail.

The tokamak concept [18] was invented in the Soviet Union. It is a torus shaped axi-
symmetric device with a strong toroidal magnetic field where the helical magnetic field
geometry is achieved by driving electrical current in the plasma. The electrical current is
induced in the plasma by a transformer of which primary solenoid coils are in the center
of the torus and the secondary coil is the plasma. To create plasma in the tokamak, the
fuel is injected into the vacuum chamber in gas state. An electron source supplies free-
electrons which are accelerated by an electric field induced by the central solenoid. These
fast electrons collide with the gas atoms which are ionized and thus, also accelerated. This
process causes an avalanche, which ionizes the majority of the fuel. This process is called
the breakdown during which the gaseous fuel changes its state of matter to plasma [22].
Constant plasma current can only be maintained with increasing primary coil current. Since
that cannot be increased infinitely, such a device can only operate in a pulsed mode. There
are certain methods to drive the current in the plasma non-inductively (electron cyclotron
current drive, lower-hybrid current drive etc. [30]), however, reactor relevant conditions
were not achieved yet by utilizing these methods.

The coils in a tokamak can be either standard copper coils or superconducting coils.
The copper coils produce a significant amount of heat and consume immense amounts of
power therefore they can only be operated in pulses of few tens of seconds. On the contrary,
superconducting coils do not require power for maintaining the magnetic field. However,
a cryo-facility needs to be built and operated in order to maintain the low temperature of
the superconducting coils. Since a future fusion reactor is planned to have steady-state or
at least a few hours long plasma discharge, thus, state-of-the-art fusion devices around the
world favor superconducting coils.
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The position and shape of the plasma needs to be under rigorous control which is achieved
with control and stabilizing coils around the plasma. Due to the finite tolerance during the
manufacturing of coils, the magnetic configuration is slightly non-axisymmetric, therefore,
error correction coils are also built in tokamaks.

1.2.4 Magnetic surfaces and configurations

The magnetic field in a tokamak is induced by external coils and by electrical current driven
in the plasma. The plasma current produces azimuthal magnetic fields which interacts
with the current itself resulting in compression in the radial direction perpendicular to the
plasma. This is called the pinch effect [31] and it partially balances the kinetic pressure of
the plasma. Alternatively, an azimuthal current interacting with the toroidal magnetic field
can also contribute to force balance. In each case in a static plasma with infinite conductivity,
this can be expressed by 1.14.

∇p = j ×B −→ ∇p · j = ∇p ·B = 0 (1.14)

where p = nkBT is the kinetic pressure of the plasma and j is the current density. It can
be seen that the current and the magnetic field are perpendicular to the pressure gradient,
as well. In an axially symmetric configuration this means that magnetic field lines follow
surfaces with torus topology. These are called magnetic surfaces [32] and they can be seen in
Fig. 1.5a. Magnetic surfaces covered ergodically by magnetic field lines are called irrational
surfaces. Several rational surfaces are also present in the tokamak configuration, which
are defined by field lines closing after a finite number of toroidal turns. In the vicinity
of these surfaces some instabilities are more likely to grow [33]. The innermost magnetic
surface is degenerated into a single magnetic field line and it is called the magnetic axis (see
Figure 1.5). Since the magnetic field lines are embedded in the magnetic surfaces, thus, the
magnetic flux is zero across them. Hence, they are usually called flux surfaces as the flux of
the poloidal field through any loop on a given magnetic surface is constant. This way e.g. the
poloidal flux can be used to index the flux surfaces. As the particle and heat transport is very
fast along magnetic field lines, flux surfaces are also characterized by constant temperature
and density and the tokamak equilibrium problem is reduced to one dimension. Since the
particle and heat transport is magnitudes larger parallel to the field lines than perpendicular,
the plasma parameters (e.g. temperature, density) on a flux surface become constant on the
time scale of the corresponding particle or heat diffusion times. In order to describe the
magnetic configuration, one can introduce the poloidal and toroidal directions, which can
be seen in Figure 1.5b.
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FIGURE 1.6: a) Example limiter plasma configuration at JET b) Example di-
vertor plasma configuration at JET [34].

1.2.5 Plasma facing components

The plasma is always in contact with some parts of the vacuum vessel. As the hot plasma
touches the wall of the device it can erode or even damage the plasma facing components.
Furthermore, during the interaction impurities (absorbed gases, wall material) are released
into the plasma which can increase radiation losses. To minimize the effects of the plasma -
wall interaction it is important to control it. For this aim, two main methods were developed
which inherently define the shape of the plasma, as well. In the first method, they use a
device called the limiter (see Fig. 1.6a). A piece of material is put in the volume of the plasma
which concentrates the plasma - wall interaction to a small surface. The other device, which
is used to control the plasma - wall interaction, is called the divertor (see Fig. 1.6b). In the
divertor configuration, the magnetic field is modified by divertor coils to drive the plasma
into a volume which is separated from the main plasma volume. During this method a
surface is created which is called the separatrix. This separates the confined region of the
plasma from the one where field lines intersect plasma facing components..

Outside the confined plasma region, magnetic field lines intersect the limiter and the di-
vertor, and the particles can freely move onto them. This usually introduces high heat loads
on the surfaces which need to be dealt with. Therefore, for longer plasma discharges the di-
vertor is actively cooled. The plasma volume outside the separatrix or limiter radius is called
scrape-off layer (SOL) [35]. This region is colder and less dense than the confined plasma.
Furthermore, the density and the temperature is decreasing approximately exponentially
with the minor radius in the SOL. Due to different electron and ion mobility electric fields
build up at the divertor and limiter surfaces which induce complicated E×B flow patterns.
Additionally, the low temperature SOL plasma contains neutral particles and partially ion-
ized ions, as well, therefore, atomic and material physics also play an important role in this
region.
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1.2.6 Plasma heating

The plasma needs to be heated up to several times 10keV temperature to achieve reactor
conditions in a fusion device. The plasma current Ohmically heats up the plasma to 0.1-
1keV temperature, but then the conductivity of the plasma decreases as the temperature
gets higher (η ∼ T

3/2
e ). To reach the 10keV optimal temperature additional heating tech-

niques need to be utilized. There are two types of external heating techniques, one uses
high energy neutral atoms and the other one utilizes electromagnetic waves. The different
types of heating can be seen in Figure 1.7.

Neutral beam heating

Most of the tokamak devices utilize neutral beam heating as the main source of plasma
heating besides Ohmic heating. This type of heating is called Neutral Beam Injection (NBI).
Its schematic drawing is depicted in Figure 1.8.

In a heating beam, the ion source is a low temperature plasma source. The ions are pulled
from the source with high voltage and then they are accelerated towards the neutralizer.
During this process the beam is divided into several beamlets by holes on the electrodes. The
size of these holes determine the size of the beam at the end of the beam creation process.
Usually Hydrogen, Deuterium or Helium gas is used in the ion source, but it is also possible
to inject Helium - Deuterium mixture [38] or Tritium at JET [39], as well.

The next step in the process is the beam neutralization which is done by charge exchange
between the neutralizer gas (Hydrogen) and the beam ions. The neutralization efficiency of
positive ions strongly depends on the beam energy [40]. For example while the neutral-
ization efficiency is around 60% at 100keV, at 200keV it is only 20%. As the large size and
dense ITER plasma necessitates 0.5-1 MeV beam energy, the ITER NBI source produces neg-
ative ions for which the neutralization efficiency is reasonable even at 1 MeV. The remaining
ions after neutralization are collected by the residual ion dump which is actively cooled
and pumped with high performance vacuum pumps. The total beam power and the beam
power density distribution (if available) are measured by the calorimeter at the end of the
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.

beam line. When the beam enters the plasma it gets ionized and then its energy is trans-
ferred to the plasma on 10ms timescale. Single beam-lines on modern tokamaks inject 1-2
MW power, while the full NBI heating power can reach up to 20-40 MW on large devices.

Electromagnetic heating

Another option for external heating of the plasma is the use of radio frequency or mi-
crowaves. High frequency electromagnetic waves are launched into the plasma from an
external source. The heating mechanism resembles the heating method in a microwave
oven. When the applied frequency is appropriately chosen to match a resonance frequency
(e.g. electron cyclotron resonance frequency) of the plasma, there is strong energy absorp-
tion which converts the power of the electromagnetic wave to kinetic particle energy. There
are several natural resonant frequencies of interest in a plasma: the cyclotron frequencies
of the electrons and ions, and their cyclotron harmonics. When the heating is at resonant
frequencies of the electrons, it is called electron cyclotron heating (ECH). The same method
for the ions is called ion cyclotron heating (ICH). For these methods the resonant absorp-
tion takes place by a mechanism called collisionless damping. Both methods are effective
types of heating, thus, they provide strong absorption of energy inside the plasma. How-
ever, they also face technological problems. For ECH the wavelength is in the millimeter
range therefore the microwave beams can be conveniently conducted into the plasma using
mirrors. The main difficulty is the availability of high-power, steady state gyrotron sources
at the required frequency of 100-170GHz. For ICH heating, the wavelength is larger than
the plasma size, therefore, the antenna has to be placed very close to the plasma surface to
provide good coupling of the wave energy to the plasma [31].

1.3 Plasma transport and turbulence

1.3.1 Classical and neoclassical transport

Charged particles in a linear plasma device would strictly follow the magnetic field lines and
their motion could be solely described by the Larmor-motion of no collisions were present.
However, collisions can move the center of gyration from a magnetic field line by a random
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FIGURE 1.9: a) Scheme of the driving terms of the Interchange instability; b)
Scheme of the source of drift-waves [43].

step where the mean of the step size equals the Larmor-radius. This leads to diffusion across
the magnetic field. Since this type of diffusion can be described with classical equations this
type of transport is called classical transport [41]. In a magnetically confined plasma, the
transport along the field lines is magnitudes larger than perpendicular to them. Hence,
the parameters along a magnetic surface are constant and thus, diffusion is reduced to a one
dimensional problem perpendicular to the magnetic field. If we take the drifts introduced by
the toroidal magnetic field into account, one can arrive at a more sophisticated description
of plasma diffusion. This is called neoclassical transport and it is still a one-dimensional
description [41].

1.3.2 Anomalous plasma transport

When researchers started experimenting with magnetized plasmas, they found out that the
neoclassical description does not reproduce the results of the experiments [18]. The dif-
fusion coefficient was measured to be larger than expected. Furthermore, the tendency of
the transport was also not described by neoclassical theory. David Bohm was the first re-
searcher who summarized the experimental results of the anomalous diffusion, hence it is
called Bohm-diffusion [42]. Equation 1.15 describes the Bohm diffusion coefficient.

DB =
1

16

kBTe
eB

(1.15)

Bohm diffusion was found to be approximately valid for many plasmas in strong mag-
netic fields. However, it still describes a classical diffusion process where particle flux de-
pends linearly on the local gradient. In detailed experiments it was often found that the
effective heat and particle diffusion coefficients dependent on the local gradients increase
abruptly above a certain gradient value [12]. This cannot be described by a classical diffu-
sion. According to recent research, anomalous transport is caused by micro scale turbulence.

1.3.3 Interchange instability and drift-waves

According to theory, there are two main mechanisms which can be accounted for the forma-
tion of micro-turbulence: drift-waves and curvature driven interchange instability. In a real
tokamak geometry the description of instabilities can be cumbersome, however, for mere
understanding of the phenomena a simple two-dimensional rectangular geometry is suffi-
cient. The following section relies on the model presented in [43], where a more detailed
description of the phenomena is given.
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For understanding interchange instability let’s perturb a magnetic surface of a plasma
with a sinusoidal wave (see Fig. 1.9 a)). This instability is analogous to the classical Rayleigh-
Taylor instability of fluids, but the role of gravity is played by the curvature of the magnetic
field. Due to the opposite vertical drift velocity of electrons and ions the wave structure
in electron and ion density shifts relative to each other and charge separation occurs. This
introduces an electric field perpendicular to the magnetic field. The corresponding E × B
drift makes the perturbation even larger, thus, creating an instability. If the gradient of the
magnetic field is parallel to the gradient of the kinetic pressure, then the instability is unsta-
ble. This region is called unfavorable or bad curvature region. Stability is achieved if the
two gradients are anti-parallel. This stability mechanism results in a phase shift between
the plasma potential fluctuations and the plasma pressure fluctuations. Curvature driven
modes are two dimensional and they are elongated along the magnetic field. In a tokamak
geometry, the outer low magnetic field side has the right geometry for the interchange insta-
bility to grow. Furthermore, in such a geometry the helical winding of the field lines connect
the stable inner high field side with the unstable low field side and the perturbation can be
stabilized unless field lines are cut by limiters or divertor plates. Thus, in the scrape-off
layer, where field lines cross the plasma facing components, the interchange instability is
the dominant mechanism.

Drift-waves can only exist in real three dimensional geometry because the dynamics
along the magnetic field lines play an important role. Let’s consider the same perturbation
as for the interchange instability, but with a finite extension along the field lines. These are
perpendicular to the plane of the figure, this way connecting the perturbation to the un-
perturbed plasma (see Fig. 1.9 b)). The background magnetic field is homogeneous and
the electrons are moving freely along the field lines. Accordingly, a net electron current is
generated from the high density region to the lower density region. This process introduces
charge separation and the corresponding potential gradient driven current balances the den-
sity gradient driven current. Thus, the density perturbation causes potential perturbation.
The resulting electric field is zero on the lowest and highest point of the density pertur-
bation, and thus, the perturbation is moved along the wave-vector. This is called the drift
wave. The perturbation in this simplified picture is marginally stable and the phase between
the density and the potential perturbation is zero. If this phase is perturbed, the wave can
be damped or become unstable. Both of these mechanisms create a potential perturbation
in the plasma, which create an E×B circular motion leading to eddy flows. Drift-waves are
believed to be the most important source of anomalous transport in the plasma core.

1.3.4 Fully developed turbulence

Instabilities caused by interchange and drift-waves create millimeter - centimeter wave-
length modes in the radial and poloidal direction, as well. Their toroidal extent can be
in the range of several meters. The linearly growing phase of drift-waves is followed by a
non-linear phase where the underlying structures interact with each other. In fusion exper-
iments fully developed turbulence can be observed where individual mode structures are
not present and the spectrum of the turbulence is broad. Inside the confined plasma region
it can be described with a statistical ensemble of interconnecting eddies on different spa-
tial and temporal scales. According to the Kolmogorov turbulence model [44], large eddies
brake up and the energy is transferred to smaller scale eddies until it is dissipated to heat at
the smallest scale. This process is called the direct energy cascade. At this point, the kinetic
energy of turbulence is converted into heat. The inverse process can also occur in a fusion
plasma, where energy is transferred from smaller scales to larger scales. This is called in-
verse energy cascade, where smaller structures build larger ones. As these large structures
also represent potential perturbations, they are related to large scale E×V flows, where the
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flow velocity changes the turbulence structures can be torn apart and the flows can reduce
turbulence. This way turbulence and flows form a self-regulating dynamical system.

Typical parameters of the fully developed turbulence in the confined region of fusion
plasmas are its frequency spectrum, correlation length and correlation time. The frequency
spectrum of the turbulence is usually between 1-100kHz in the confined region, while the
correlation length perpendicular to the magnetic field lines is in the range of mm-cm. These
properties of the turbulence are important to be measured in order to get more insight into
plasma transport. Turbulence in the scrape-off layer (SOL) is intermittent, it contains large,
individual events called filaments or blobs. This work partially focuses on the properties of
SOL turbulence, hence, a more detailed description is given in Chapter 2.

1.4 High confinement mode and edge localized modes

One of the main goals of fusion plasma physics research is to achieve high temperature
and high density plasmas at minimal energy investment. In 1982 researchers at ASDEX
observed that, by increasing the heating power over a certain threshold, the plasma con-
finement radically improved [45]. This plasma operation mode is called high-confinement
or H-mode. The plasma regime under the threshold was named low confinement mode or
L-mode. The transition between the two plasma states is called L-H transition. This plasma
state was later found on all major tokamak devices with diverted plasmas. The reason for
the L-H transition was found to be the excitation of a large scale sheared flow pattern which
reduces turbulence and forms a transport barrier at the edge of the plasma. This results in
increased local pressure and density gradient in the plasma edge. The transport barrier and
the resulting temperature profile can be seen in Fig. 1.10.

The high confinement operation mode is considered as the main plasma scenario at ITER
due to its beneficial properties to the plasma confinement. However, due to the increased
local pressure gradient in the edge plasma, instabilities occur in H-mode plasmas. These
instabilities are localized at the plasma edge, thus, they are called edge localized modes or
ELMs. These instabilities occur quasi-periodically which temporarily destroy the transport
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barrier and they cause significant particle and energy loss to the entire plasma. During an
ELM, large amount of particle and heat is deposited on the divertor plate which, in case
of a large ELM, could erode, and in the worst case, permanently damage them. However,
the occurrence of an ELM is beneficial, because it cleans the plasma of the accumulated
impurities which could eventually increase plasma radiation and dilute the working gas.
Thus, investigation and mitigation of ELMs is of great importance at fusion devices.

1.5 Plasma diagnostics

Due to the extreme parameters of fusion plasmas special measurement techniques were de-
veloped which are called plasma diagnostics. In this section the basic plasma diagnostics are
presented and those which are used in the analysis in my work. The principles of the plasma
diagnostics can be read in [47] in detail. This section is partially based on the description in
that book.

1.5.1 Magnetic diagnostics

The basic parameters of a fusion plasma include plasma current, toroidal and poloidal mag-
netic field and the electric field. The simplest way to measure the magnetic field is to use a
small coil somewhere around the plasma and measure the induced voltage in it. The geom-
etry of the coil determines the type of plasma property it can measure. The most commonly
used coil based magnetic diagnostics are the Rugowski-coil, the diamagnetic loop, the sad-
dle loop, the flux loop and the magnetic field probes or Mirnov-probes. The geometry and
the measurable plasma properties of these diagnostics are summarized in Figure 1.11.

1.5.2 Temperature and density measurements

Plasma ion and electron temperature and density are also important parameters of a fusion
plasma. Throughout the years of fusion plasma research, numerous techniques were devel-
oped to determine these quantities. The following paragraphs describe the most commonly
used diagnostics for measuring them.
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Interferometry

Interferometry measures the line integrated density along a line which goes through the
plasma. As a laser or microwave beam passes through the plasma, its phase changes relative
to a reference beam, which is proportional to the line integrated density of the plasma. In
a real plasma experiment, usually more lines are used and the plasma density distribution
can be reconstructed numerically. Due to the simplicity of this diagnostic, this measurement
technique is also used to control the plasma density. The drawback of this measurement is
that it relies on phase change and sudden changes in plasma density can cause 2π phase
shift in the results (fringe-jumps).

Thomson-scattering

Thomson scattering uses high intensity laser pulses (typically few Joules energy and few
nanoseconds duration) to measure electron density and temperature profiles. The laser
passes through the plasma while it is scattered on electrons by Thomson-scattering and
the scattered light is measured. The intensity of the measured light is proportional to the
local electron density, while from the Doppler broadening of the measured spectra one can
deduct the electron temperature. The position of the measurement is given by the intersec-
tion of the observation line of sight and the laser beam. The repetition frequency of the laser
pulse gives the temporal resolution of Thomson-scattering, which is usually 10-100Hz. By
utilizing multiple lasers, one can measure with higher frequency.

Reflectometry

Electromagnetic waves polarized parallel to the magnetic field cannot propagate in the
plasma if they have lower frequency than the plasma frequency, which is usually around
few 10 GHz. As the plasma frequency is proportional to the square root of the electron den-
sity (ωp =

√
nee2/(m∗ε0), where ne is the electron density and m* is the effective mass)) it

increases from the plasma edge towards the core. If a wave is launched into the plasma it
can penetrate until a position where its frequency matches the plasma frequency. The wave
is reflected back from that position, which can be measured with an antenna. By measur-
ing the phase between the original and the reflected wave, one can calculate the position
of the reflection. With this method, one can measure the movement of a constant density
surface. Reflectometry can provide density profile measurements if the frequency of the
wave is swept. Phase variations of a fixed frequency reflected wave are related to the lo-
cal density variation, therefore, reflectometry is a sensitive method for plasma turbulence
measurements. However, the wavelength of the electromagnetic wave is comparable to the
turbulence eddy sizes, therefore, the reflected waveform is distorted and the amplitude is
also modulated. With multiple antennae, one can measure the full wavefront and in theory
the spatial structure of turbulence on the reflection layer can be measured. This is called
Microwave Imaging Reflectometry [48].

1.5.3 Probes

Probes are one of the simplest and widely used diagnostics for measuring plasma fluc-
tuations. A small sized conductor is put in the edge of the plasma. By measuring the
current as a function of probe bias voltage, one can measure plasma density, tempera-
ture, and electric potential. By operating the probes at a certain point of the U-I charac-
teristic, one can do fast measurements of the local fluctuation of a certain plasma param-
eter. By biasing the probe with negative voltage (around -100V) one can measure the ion-
saturation current which is a function of the electron temperature and the electron density,
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FIGURE 1.12: Schematic drawing of the beam emission spectroscopy mea-
surement technique.

Iis = 0.6eZne
√
kBTe/miAProbe. By measuring voltage at zero current on a probe (floating

probe), one can get the plasma potential in case of low temperature fluctuations, if the elec-
tron temperature fluctuations are neglected. With multiple floating probes different com-
ponents of the electric field can be measured which is closely related to the plasma velocity
fluctuations through the v = E ×B/B2 relation.

On smaller devices, fixed probes are installed to measure the plasma edge and the scrape-
off layer. On larger devices, to prevent melting of the probes, they are movable and thus,
the duration of the plasma measurement is limited. These are called reciprocating probes.
Fixed probes can be installed in the tiles on the vacuum vessel and in the divertor, as well.

1.6 Beam emission spectroscopy

This thesis focuses on beam emission spectroscopy (BES) diagnostic development and anal-
ysis of the measured BES data, hence, a detailed description is given for this measurement
technique and its underlying physics. This section strongly relies on the paper which first
introduced the measurement technique [49].

1.6.1 Principles of the measurement technique

Beam emission spectroscopy utilizes a neutral beam in order to measure certain properties of
the plasma. During the collision of the beam atoms with the plasma ions and electrons light
is emitted due to excitation of the beam atoms. Collisions with the plasma can provide mea-
surement of plasma density fluctuations and plasma density profiles given the right mea-
surement geometry. The schematic measurement scheme of a beam emission spectroscopy
diagnostic can be seen in Fig. 1.12.

A neutral beam is injected into the plasma while a high throughput optical system col-
lects the light from a relatively small volume. The measurement position is defined by the
intersection of the beam and the line of sight of the detector (see Fig. 1.12). Usually some
type of detector array is utilized in the BES measurement in order to measure the radial (1D)
or radial-poloidal (2D) light emission distribution. For beams with large extent, like heating
beams, the line of sight of the observation has to be as tangential to the local magnetic field
lines as possible to allow high resolution measurements.

In most cases the light emission from the beam - plasma interaction has a wavelength
which is also present in the background radiation (e.g. Hydrogen’s Balmer-alpha line in
case of heating beams). Since only the light originating from the excited beam is a function
of the local plasma density, it is important to filter out the background light. For that aim
one can utilize the Doppler-shift in the wavelength of the emitted light due to the relatively
high velocity of the neutral beam. If the angle between the line of sight and the beam line is



18 Chapter 1. Introduction

sufficiently large (compared to the perpendicular direction), the Doppler-shifted spectrum
of the light emission will be separated from the unshifted background spectrum. With care-
ful optical filtering, the background light can be sufficiently suppressed. State-of-the-art
interference filters can provide adequate filtering in most scenarios (see 4.3.4 for the KSTAR
BES filter design). During the design of a BES system one can also assume that turbulence
has long wavelengths along the magnetic field lines. Therefore, the system only needs to be
optimized for radial and poloidal resolutions.

Beam emission spectroscopy measurement is strictly localized to the beam - plasma in-
teraction volume with only little ambiguity in the localization. Due to the nature of the
measurement, 2-3cm spatial smearing is introduced by the atomic physics and collisional
processes. This tampers the spatial resolution of the system, however, this effect can be
minimized with detailed modeling and planning. The sensitivity of the system to density
fluctuations can be relatively good, in case of an intense beam, ñ/n < 0.2% in the frequency
range of 0-1MHz. The local density can be reconstructed by utilizing detailed modeling of
the atomic physics. It is possible to measure two-dimensional profiles with beam emission
spectroscopy, thus, visualization of turbulent eddies and individual events like blobs in the
SOL is possible.

1.6.2 Noise sources in BES measurements

Beam emission spectroscopy measurements are limited in the measurable level of density
fluctuations due to several features of the measurement technique. The minimum detectable
fluctuation level is determined by the photon statistical noise and the electronic noise of the
measurement.

The source of the photon noise is the statistical nature of photon generation in the beam-
plasma interaction and the statistical nature of photoelectric effect in the detection process.
Furthermore, internal amplification of certain detectors (e.g. avalanche photo diode) can
contribute to the photon statistical noise. The photon statistical noise is white noise, uncor-
related between observation channels, and it basically adds a flat baseline to the measured
power spectrum. The photon noise level (σph) of the detected signal depends on the photon
flux and the bandwidth of the measurement: σph =

√
Φ/(2πfBW ), where Φ is the photon

flux and fBW is the analogue bandwidth of the detector. As the detected signal is pro-
portional to 1/2πfBW , one can see that the relative photon noise decreases with increasing
signal level, thus, it is important to design a BES system for the highest possible light level.

Another noise source is the electronic noise of the detector, which needs to be optimized
in beam emission spectroscopy measurements. Electronic noise originates from thermal
effects (Johnson-noise) and pick-up of electromagnetic disturbances. Johnson-noise and
power supply noise can be optimized by choosing optimized resistor values in the amplifier
stages. Environmental EM waves can be suppressed by Faraday shielding the detector and
the electronics and by careful RC filtering. The electronic noise is a constant noise source
which is independent of the signal level.

At high light intensity, the photon noise dominates the noise of the signal and the overall
electronic noise is below the photon noise. At low light levels (e.g. in the scrape-off layer)
the electronic noise can dominate the noise of the measurement.

It is important to note that the beam itself can also introduce noise into the measure-
ments. The beam is usually created from a radio frequency plasma source accelerated by
high voltage power supplies which are powered by the electrical grid. All of these sources
can introduce unwanted oscillations in the beam current itself. If their frequency is in the
range of the fluctuation of interest then these oscillations can mask over important infor-
mation. Special data conditioning methods can be used to subtract these noises from the
measurement data (see Sect. 4.5.4).



1.6. Beam emission spectroscopy 19

1.6.3 Optical access to the beam

Due to the low light levels during BES measurements, good optical access is crucial to the
measured beam. The line of sight of the observation should be aligned to the magnetic
field lines in case of broad beams. The angle between the beam line and the optical axis
should be far from perpendicular to have high enough Doppler-shift to distinguish between
the background plasma radiation and the beam emission. The window of the observation
should be as large as possible for higher light intensity, and thus, lower photon noise. These
design aspects can only be met when the observation port is designed for BES measurement.

1.6.4 Beam emission spectroscopy on Hydrogen beams

Hydrogen or Deuterium beams are present in medium and large sized fusion devices as
the main source of plasma heating. Although the main purpose of these beams is plasma
heating, they can also be used for diagnostic purposes, as well. However, since heating
beams have large toroidal extent, careful optical design is needed to maximize the spatial
resolution of the measurement. In order to find the optimal measurement configuration,
modeling of the beam-plasma interaction is also important.

Atomic physical considerations

Let’s consider the main atomic physical processes during the beam-plasma interaction. These
processes are the same for different beam species, but the excitation states and the wave-
length of the emission are different. These processes are described by expressions 1.16-1.21.

Electron impact excitation: e− +H0 −→ e− +H0∗ (1.16)
Proton impact excitation: p+ +H0 −→ p+ +H0∗ (1.17)

Impurity impact excitation: A+q +H0 −→ A+q +H0∗ (1.18)
Electron impact ionization: e− +H0 −→ e− +H+ + e− (1.19)

Proton impact ionization: p+ +H0 −→ p+ +H+ + e− (1.20)
Impurity impact ionization: e− +H0 −→ A+q +H+ + e− (1.21)

where H0 can be substituted by any other appropriate beam species like D0, He0, Li0

etc. The asterix denotes an excited atomic state.
Research was performed to find the population of excited states of a neutral hydrogen

beam traveling in a hot plasma [50, 51]. According to calculations several emission lines are
suitable for density measurements, because their intensities strongly depend on plasma den-
sity and weakly on other plasma parameters (e.g. plasma temperature). According to these
calculations the strongest light emission originates from the 2p-1s transition, the Lyman-
alpha line. However, its wavelength is 121.6nm which does not allow conventional optics to
be used. The Hydrogen-alpha line from the Balmer-series provides a magnitude less signal
level, however, its wavelength (656.1nm) allows relatively simple optics to be used. There-
fore, BES measurements are optimized for this line emission.

The fractional population of the n=3 state in measurements of the Balmer-alpha line is
not a linear function of the local density due to collisional ionization. Hence, it is cumber-
some to measure absolute density profiles with Hydrogen beams. However, for low level
density fluctuations the light intensity change can be estimated as Ĩ/I = (1/3) · ñ/n, where
I is the intensity [49]. As it can be seen the response to low fluctuations is linear, hence this
measurement method can mainly be used for fluctuation measurements.
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Another complication of the BES measurement technique is the finite lifetime of the exci-
tation states. As the beam penetrates the plasma with a relatively large velocity, the excited
beam atoms travel a certain distance before de-excitation. This effect causes the localization
of the measurement to be smeared in the direction of the beam-line. For a 50keV Hydrogen
beam the spatial smearing for the Balmer-alpha line can be as large as 2cm. As the den-
sity increases the lifetime of the excitation states decreases due to collisional de-excitation
lowering the spatial smearing.

Modeling the beam-plasma interaction

In order to design a BES diagnostic and to correctly interpret the measurement results, the
rate equations need to be solved for a given plasma scenario. Expression 1.22 describes the
rate equation in the collisional-radiative model for the population of the jth atomic level:

dNi

dt
=
∑
l

nl

[
−Ni

(
m∑

j=i+1

Rexcl (i→ j) +

i−1∑
j=1

Rdexcl (i→ j) +Rionl (i) +RCXl (i)

)
+

(
i−1∑
j=1

NjR
exc
l (j → i) +

m∑
j=i+1

NjR
dexc
l (j → i)

)]
−Ni

i−1∑
j=1

A(i→ j) +

i−1∑
j=1

NjA(j → i) (1.22)

where Ni is the population density of the ith atomic level (i=1 is the ground state), nl is
the density of plasma species l, R denotes the rate coefficients and A denotes the Einstein-
coefficients [52]. This rate equation can be used for all types of neutral beams, however, the
rate coefficients are different for each beam species.

The summation needs to be calculated for all species in the plasma including electrons,
ions and impurities. The first term describes the decrease of the population by excitation
(exc) to higher energy, de-excitation (dexc) to lower energy, ionization (ion) and charge ex-
change (CX), respectively. The second term describes the increase of the population by ex-
citation and de-excitation from other atomic levels, respectively. The third and fourth term
describe the spontaneous excitation and de-excitation into the ith atomic level. The recom-
bination of the ionized beam ions and the interaction with the background electromagnetic
radiation are neglected in these equations. During calculation of the actual density profile
for BES signals, one also needs to consider the presence of impurities and the temperature
profile, as well.

One of the first steps of designing a beam emission spectroscopy diagnostic is to create a
synthetic diagnostic to simulate the actual measurement circumstances. The beam and the
window geometry is usually fixed, but the line of sight and the expected wavelength spectra
for each channel need to be optimized. Furthermore, the success of a BES measurement
depends on the measured photon flux and the effective spatial resolution of the system,
which can be estimated by simulation.

During the development of BES systems several software were created in order to pre-
dict the properties of the diagnostic. One of these software, RENATE (Rate Equations for
Neutral Alkali-beam Technique), was developed by the Budapest University of Technology
and Economics [52]. Although, it was first developed for alkali beams, later it was extended
to Hydrogen beams, as well. One can build a complete synthetic BES diagnostic including
the observation, the beam spatial profile, the plasma parameters with the use of this com-
prehensive simulation code. The expected signal levels and spectra can be calculated, as
well.

RENATE is capable of calculating beam evolution by using the above collisional-radiative
model. These terms are considered in the time dependent rate equation which is solved by
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FIGURE 1.13: The scheme of the lithium beam at KSTAR.

RENATE to a finite number of atomic levels. The rate coefficients and cross-sections in the
rate equations are calculated from earlier atomic physics research. An example BES simula-
tion with the RENATE code can be seen in Section 4.2.1 for the KSTAR Hydrogen BES.

1.6.5 Beam emission spectroscopy on alkali beams

The electron excitation and ionization rate coefficients of alkali atoms depend weakly on
the electron temperature in the range of 10-100eV [53]. Since the edge of the plasma has a
temperature in this range, alkali beams are also adequate for measuring electron density and
its fluctuations. Lithium is the most common source of beam atoms in alkali beam emission
diagnostics, but a Sodium source can also be used. Since my work regarding alkali beam
emission spectroscopy only utilizes Lithium beam, thus, only that is discussed here.

Lithium BES measures the photon emission from the 2p-2s atomic transition, which has
a wavelength of 670.8nm. The measurement is usually restricted to the SOL and the edge
plasma due to low penetration, however, in a small device with low electron density, the core
plasma can also be measured (e.g. COMPASS [54]). A Lithium beam is typically operating in
the 20-100kV voltage range and its current is few milliampers. The deposited power in the
plasma is thus, around few 100W which is negligible in a fusion device. Hence, a diagnostic
Lithium beam can be considered as a non-perturbing means of density measurement. The
schematic view of the KSTAR Lithium beam [55] can be seen in Figure 1.13.

The ion source is the first element of the beam line. In the ion source a type of Lithium ce-
ramic is melted into a Tungsten mesh at high temperature ( > 1300◦C) [56]. If the ion source
is heated up to a temperature below the melting point of the Lithium ceramic, Lithium ions
can be pulled from the surface. The ion source is placed in the center line of the ion optics
which is built up from two stages. The first stage is the extraction stage while the sec-
ond one is called the acceleration stage. The first electrode around the ion source is called
the Pierce electrode. One can pull ions from the ion source by biasing the Pierce electrode
and the extractor electrode with few kilovolts. The acceleration stage accelerates the ions
with 20-100kV bias voltage between the extractor electrode and the accelerator electrode.
By maintaining the voltage ratio of the pulling and the acceleration stage at an appropriate
value one can create a well focused beam with 2-3cm diameter [56]. Since the beam itself is
positively charged it can attract electrons which can flow back into the ion source. Hence,
an electron suppression ring needs to be utilized. Such a system needs to be able to posi-
tion the beam, which is done by voltage biased deflection plates. Since the space charges
in the ion beam widen the beam itself and the magnetic field of the tokamak would deflect
the beam, it needs to be neutralized before it reaches the plasma. This process is done by a
heated sodium cell where relatively high pressure sodium vapor neutralizes the beam ions
by charge exchange [55].
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Alkali beam emission spectroscopy can provide measurement of the absolute electron
density profile. To achieve this, one has to measure the entire light profile including the
attenuated part of it. The beam attenuation is a function of the absolute plasma electron
density. To measure the attenuation correctly, the light profile needs to be relatively cali-
brated (sensitivity of each channel needs to be balanced) and the background light needs
to be measured simultaneously with the beam signal. Furthermore, the observation sys-
tem needs to be spatially calibrated, as well. The response function between the measured
Lithium 2s-2p line emission and the electron density is non-linear. Due to the finite life-
time of the excitation states in the Lithium beam, spatial smearing is also introduced in the
measurement. Thus, the reconstruction process of the local electron density from LiBES
measurements needs iterative numerical calculations [57, 58].

1.6.6 Types of detectors in BES

During the years of beam emission spectroscopy research mainly three types of detectors
were utilized for fast fluctuation measurements: photo-multiplier tubes (PMT), photo-diodes
and avalanche photo-diodes (APD). These three detector types are described in this subsec-
tion.

Photo-multiplier tubes

Photo-multiplier tubes have been utilized in BES measurements for the longest time. A
photo-cathode converts the incoming photons to photo-electrons. In the next step the photo-
electrons are accelerated with high voltage towards electron multiplier plates called dinodes.
Usually multiple amplification stages are used. This detector type can provide amplification
up to 107 and the amplification noise is low due to the highly similar electron avalanches
during the electron multiplication. At the end of the multiplication process, the output cur-
rent is in the range of µA - mA, thus, it can be either digitized directly or a simple amplifier
can be used before the digitization. The drawback of this detector type is its low quantum
efficiency, which is around 10% for the wavelength of the beam emission. This increases
the relative photon noise of the measurement by a factor of 3 compared to the theoretical
maximum. Due to the accelerated electrons inside the PMT, the detector is sensitive to en-
vironmental magnetic and electric fields. Hence, the detectors have to be located far away
from the tokamak, which necessitates the use of optical fibers, which is an additional source
of light loss and it also increases the cost of the diagnostic.

Photo-diodes

Photo-diodes are also possible candidates for beam emission spectroscopy detectors. They
utilize the process of photoelectric effect for the detection, where one incoming photon cre-
ates one photo-electron which can be measured as the photo-current. In average, one photon
approximately creates 0.85 electrons due to their quantum efficiency of 85%. At an incom-
ing photon flux of 1010photon/s, the resulting photo-current is 1.5nA. In order to detect
this low current, the detectors and the pre-amplifiers need to be cooled down to cryogenic
temperatures. Otherwise, the thermal excitation would impede the measurement and the
meaningful signal would be lost in the noise. To cool down the detectors to low tempera-
tures, they have to be located far away from the tokamak, which requires the use of optical
fibers. Along with the cryogenic cooling, the special low noise electronics and the optical
fibers, a photo-diode detector based BES diagnostic can be quite expensive. These type of
detectors are used for BES measurements at DIII-D [59].
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FIGURE 1.14: The Korea Superconducting Tokamak Advanced Research fu-
sion device in Daejeon, South Korea.

Avalanche photo-diodes

Avalanche photo-diodes (APD) use high voltage biased photo-diodes in order to provide
internal amplification. It combines the advantageous properties of PMTs and photo-diodes.
The diode is reverse biased with several hundred Volts to around the breakdown region. The
photo-electron created by the incoming photon is accelerated by the high voltage. During its
acceleration, it excites further electrons which are also accelerated. This process creates an
electron avalanche which results in an internal amplification of 50-100. One drawback of the
amplification process is its statistical nature. The created avalanche has a statistical distribu-
tion due to the changing penetration depth of photons and the collision of electrons during
the avalanche creation is also statistical. The statistics of this process is the same as of the
photon-noise, thus, these two cannot be distinguished from each other. This noise increase
can be interpreted as an effective lowering of the detectors original quantum efficiency of
85% to around 30-45% depending on the value of the bias voltage. An advantage of APD
detectors is that they do not necessarily need cooling and they are available in matrices, as
well, thus, direct imaging onto the detector is possible.

1.7 The KSTAR tokamak and its diagnostics

My work solely focused on measurements done on the KSTAR (Korea Superconducting
Tokamak Advanced Research) tokamak, which is a medium sized superconducting fusion
device in South Korea, Daejeon (see Fig. 1.14) [60]. It has a major radius of 1.8m while its
minor radius is 0.5m. The volume of the plasma is 17.8m3. Its maximum magnetic field is 3.5
Tesla, while the maximum plasma current is 1MA. At the moment there is one neutral beam
on KSTAR with three ion sources and a second NBI is under construction. The maximum
heating power is 5MW with the neutral beam. Additional heating is also available as a form
of ECH (1MW) and ICH (1.5MW).

KSTAR has several diagnostics for measuring the main parameters of the plasma. The
most important are the reflectometer, the interferometer, the Thomson-scattering and elec-
tron cyclotron emission measurement. It also has Electron Cyclotron Emission imaging [61]
at two different toroidal locations with which it is possible to measure two-dimensional tem-
perature distribution. Furthermore, there is a Magnetic Imaging Reflectometry to measure
density fluctuations in two dimensions [48]. Further description of KSTAR and its diagnos-
tics can be read in [62].
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1.8 Data analysis methods used in beam emission spectroscopy

Beam emission spectroscopy data analysis utilizes tools from statistics because the fully de-
veloped turbulence is non-deterministic and its properties can only be analyzed with sta-
tistical methods in time or Fourier-space. In the following subsections those statistical tools
are presented, which were used in the BES data analysis in this thesis.

During measurement of turbulence one can find phenomena which are limited to a cer-
tain frequency range. In order to analyze e.g. the correlation length, one has to filter the
signal for which finite-impulse response filtering is a useful method. This is also described
in one of the following subsections. The statistical data analysis techniques are described in
more detail in [63].

1.8.1 Power spectral density analysis in Fourier-space

During analysis of BES data, frequency spectra can reveal important information about the
fluctuations. In the first place, the frequency spectrum can show unwanted oscillations and
noise sources. On the other hand, different types of turbulence can be identified from the
power spectrum (e.g. broadband turbulence, quasi-coherent turbulence, SOL turbulence
etc.) [64].

Fourier transformation is a useful mathematical tool for calculation of signal power spec-
tral density and cross-power spectral density (see Eqn. 1.23 and Eqn. 1.24) [63].

Fm(ω) =
1

T

∫ T

0
fm(t)eiωtdt (1.23)

Gmn(ω) = Fm(ω)F ∗n(ω) (1.24)

where fm(t) is the original signal in time-space, Fm(ω) is the transformed signal in
Fourier-space and Fm and Fn are different signals if m 6= n. Gmn is the cross-power spec-
trum. Ifm = n then the result is called auto-power spectral density (APSD). APSD shows the
power of each frequency in the signal and doesn’t contain any information about the phase.
However, cross-power spectrum is a complex function, which contains information about
the cross-power spectral density (CPSD) and the cross-phase, as well. The cross-power spec-
trum shows the power of those components which are both represented in signal fm and fn,
while the cross-phase spectrum shows the phase between frequency components of these
signals. CPSD can be used to analyze phenomena which are spread through multiple mea-
surement channels. For example, if the phase delay is a linear function of the frequency,
there is a constant time delay between the two signals, which is an indication of propaga-
tion.

Another important measure of correlation between two signals is the coherency which
is the normalized version of the CPSD and it can be calculated using Eqn. 1.25.

Cmn(f) =
|Gmn(f)|√

Gmm(f)Gnn(f)
(1.25)

When calculating the CPSD or the coherency of a signal, it needs to be divided into
shorter intervals and the calculation needs to be done on those individually. At frequencies
where the signals are uncorrelated and the phase is random, the complex cross-power is
suppressed by the square root of the number of intervals. The correlated parts of the two
signals remain unchanged and thus, the cross-power spectrum adequately reflects the cross-
power and cross-phase between two signals.
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1.8.2 Finite impulse response filtering

In signal analysis it is often useful to filter the signal to a specific frequency range. The
most simple method is the moving average, which effectively smooths the signal and re-
moves high frequency components. By subtracting the moving average from the original
signal, high pass filtering can also be performed. However, the response function of such a
method has oscillations and the cutoff at the desired frequency is not sharp enough for most
applications.

Two major types of filtering methods were developed which can tackle the problem of
the sharp cutoff and the oscillations: infinite impulse response (IIR) and finite impulse re-
sponse (FIR) filtering [65]. IIR filters give an infinitely long response to a Dirac-delta ex-
citation. In analogue electronics, an RC filter is effectively an IIR filter. In digital signal
processing an IIR filter can be realized by introducing a feedback loop in the system.

Finite impulse response filtering gives finite response to Dirac-delta excitation. It is
widely used in digital signal processing due to its simplicity in design. For the filter de-
sign one has to find an appropriate filter kernel which realizes the desired cutoff frequencies
and cutoff sharpness. Then the original signal needs to be convoluted with the kernel to get
the filtered signal. This can be realized with the expression 1.26 in discreet signals.

yn =

{∑N
i=0 bi · xn−N+i if n > N

0 if n ≤ N
(1.26)

where yn is the nth sample of the filtered signal, N is the filter order, bi is the ith filter
coefficient and x is the signal to be filtered. One can see that such a filtering is causal since
the nth element of the filtered signal is only dependent on the samples before the nth sample
in the original signal.

Numerous FIR filter kernels and kernel generating methods were developed. In our data
processing tool the kernel function was the Kaiser-Bessel window which uses the zeroth-
order modified Bessel function [66]. The kernel coefficients can be calculated with the defi-
nition 1.27.

bi =


I0

(
πα
√

1−( 2i
N−1

−1)
2
)

I0(πα)
if 0 ≤ i ≤ N − 1,

0 otherwise
(1.27)

where α is a non-negative real number, which determines the shape of the function. An
example Kaiser-Bessel kernel can be seen in Figure 1.15.

If one uses the Kaiser-Bessel kernel with the 1.26 definition of the FIR filtering, it intro-
duces a constant time shift of N/2 · ∆t in the signal, where ∆t is the sampling time. This
can be seen from the fact, that the xn−N+N/2 has the highest weight in the yn filtered signal.
In this form this filtering method is causal, since the ith sample of the filtered signal only
depends on data points preceding it.

One method to overcome the constant time-shift (and keep the filtering method causal)
is to shift the maximum of the filter kernel to the origo in time and use only the positive
side of it. In this way the phase shift is going to be zero at the cutoff frequency and the
filtered signal still remains causal. However, the other frequency components will be phase
shifted from the original signal due to the lack of symmetry of the filter kernel. As one can
see, the FIR filter needs to be designed to its specific application, because either the filtering
offends causality or the filtered signal is out of phase compared to the original signal. Both
requirements cannot be satisfied simultaneously.
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FIGURE 1.15: Kaiser-Bessel FIR kernel for 1-10kHz band-pass filter with a
filter order of 3000.

1.8.3 Correlation analysis in time domain

In order to unfold the correlation lengths and times of a phenomenon from BES signals it is
often useful to utilize cross-correlation. Due to the nature of BES measurements noise can
be heavily present in the signal which can obscure important information. If the amplitude
of the phenomenon in the signal is below the noise level, direct observation is not possible.
However, by using cross-correlation techniques, one can find correlated information in mul-
tiple channels and the obscuring noise can be suppressed. To arrive at the definition of the
cross-correlation function one has to define the covariance first (see Eqn. 1.28).

covij(τ) = 〈si(t)sj(t+ τ)〉 =
1

T

∫ T

0
si(t)sj(t+ τ)dt. (1.28)

where T is the duration of the measurement, si and sj are the measured signals and τ is
the timelag. The covariance is called cross-covariance if i 6= j and auto-covariance if i = j.
The covariance functions in discreet time domain can be written as Eqn. 1.29 and Eqn. 1.30.

covij(k∆t) = 1
N−k

∑N−k
n=1 s

i
ns
j
n+k k = 0, 1, 2, ...,m (1.29)

covij(k∆t) = 1
N−|k|

∑N−|k|
n=1 sins

j
n−k k = 0,−1,−2, ...,−m (1.30)

where ∆t is the sampling time, τ = k∆t is the time lag, and m is the maximum number
of time shifts to be calculated.

The cross-correlation function for discreet signals can be calculated with Eqn. 1.31.

Cij(k∆t) =
1

N−k
∑N−k

n=1 s
i
ns
j
n+k√

1
N−k

∑N−k
n=1 (sin)2 1

N−k
∑N−k

n=1 (sjn+k)
2

(1.31)

If i = j then Cij(k∆t) is called auto-correlation function, if i 6= j then it is called cross-
correlation function. The above definition guarantees that the cross-correlation remains be-
tween ±1.

Cross-correlation functions can be directly calculated from the time series of the signal,
however, it can also be calculated from the inverse Fourier-transform of the aforementioned
power spectra. This latter method is numerically more effective as the number of operations
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in the direct case scales as N2, while Fast Fourier Transform (FFT) scales as N · log2N . For
long sample series it is practically impossible to use the direct method, thus, during BES
data analysis, the FFT based method is utilized due to the long sampling of the plasma.

It often occurs that the turbulent structures are propagating through our measurement
range. An important property of the propagation is its velocity which can be estimated with
cross-correlation techniques [67]. In the first step one needs to find the frequency range of
the fluctuations with power-spectral analysis. In the next step, the signal is filtered with fi-
nite impulse response filtering to the frequency range of the fluctuations. In the last step, the
cross correlation function is calculated between two measurement channels. The maximum
location of Cij(τ) is the propagation time. If one knows the distance between the channels,
the propagation velocity can be calculated.

1.8.4 Moments of fluctuating signals

A signal’s important properties include its moments such as the average, the variance, the
skewness and the kurtosis [63]. Let’s take a dataset, which is equidistantly sampled with ∆t
sampling time: xn = x(t0+n∆t), where t0 is the start of the measurement. The first moment
of the signal is called the average value and it can be written as Eqn. 1.32.

x =
1

N

N∑
n=1

xn (1.32)

The second moment of the signal is called the variance and it can be calculated using
expression 1.33.

σ2 =
1

N − 1

N∑
n=1

(x− xn)2 (1.33)

Variance describes the average deviation from the average of the signal. The relative
fluctuation amplitude of a signal can be calculated from the ratio of the square-root of the
variance to the average signal.

One can extract meaningful information from analyzing the probability distribution func-
tion (PDF) of a signal. The PDF shows the probability of a certain fluctuating quantity (x)
(e.g. electron density) to fall in the range of [x, x+ dx]. To quantify certain properties of the
PDF, such as its asymmetry and tailedness, one can calculate the skewness and the kurtosis
of the signal.

Skewness is the normalized third moment of a signal and it measures the asymmetry of
the signal amplitude distribution. If the skewness is negative, there are more negative out-
liers in the signal, if it is positive there are more positive ones. The skewness of a Gaussian
distribution is zero. This moment can be calculated with the definition 1.34.

sk =
1
N

∑N
n=1(x− xn)3

σ3
(1.34)

The fourth moment of a signal is called kurtosis and it measures the flatness of a distri-
bution. It is often advisable to subtract 3 from the kurtosis as the kurtosis of the Gaussian
distribution is 3. This quantity is called the modified kurtosis. If it is negative, there are less
frequent and smaller outliers in the signal, if it is positive, then the outliers are more extreme
and more frequent. The kurtosis can be calculated with expression 1.35.

k =
1
N

∑N
n=1(x− xn)4

σ4
(1.35)
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These two quantities are important during fluctuating data analysis, because they can
be easily used to describe the quality of the fluctuations. For example during intermittent
event analysis in the scrape-off layer plasma, the radial skewness profile can show the birth-
zone of positive and negative events. The radial kurtosis profile can show the area where
the more frequent and more extreme outliers are present (see Section 6.1.1).

1.8.5 Conditional averaging

In plasma physics it is often useful to analyze the average behavior of a certain set of events.
So far in time space the cross-correlation functions provided information on the average be-
havior of an event in a certain frequency range. However, the auto-correlation function is
inherently symmetric. Thus,it cannot resolve the non-symmetric properties of plasma phe-
nomenon and it cannot provide information on the amplitude distribution of the events,
either. Conditional averaging is a technique which can be used to analyze the average be-
havior of events without hindering the asymmetric temporal properties and the amplitude
distribution present in the fluctuating signal [68].

During conditional averaging two major calculation steps are performed. The first step
is to identify the events in the signal based on a pre-defined condition. This condition can
be as simple as an amplitude condition or it can be more complex like a shape condition.
Basically any type of condition can be defined with which one can find a certain time for
an individual event. During the run of the algorithm, the found event times are noted. In
the second step a time window is defined around the event times and the average signal is
calculated from all of the time windows around the event times. If the conditional averaged
signal is calculated from the same signal as the one from which the event times were found,
then the method is called auto-conditional averaging. If the event times were calculated
from a different signal, then it is called cross-conditional averaging. The calculation of the
conditional average is performed with Eqn. 1.36.

xcond(τ) =
1

N

N∑
i=1

x (ti − τmin, ti + τmax) (1.36)

where xcond is the conditionally averaged signal, N is the number of events, ti is the
event time of the ith event in signal x(t), τmin and τmax are the lower and upper boundary of
the time window, respectively. To demonstrate the method of conditional averaging a signal
was generated with Gaussian shaped events at random times and white noise was added to
the signal. The resulting signal can be seen in Figure 1.16a while the conditionally averaged
signal can be seen in Fig. 1.16b. The effective noise reduction can also be seen in the figure,
if one takes a look at the noise level of the original signal on the left and the conditional
averaged one on the right.
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Example conditional averaged signal
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FIGURE 1.16: Conditional average example calculated from Gaussian events
and white noise signal. The red curve on the right shows the original Gaussian
event, while the black depicts the conditional averaged event from the noisy

signal.

Conditional averaging is a useful tool for finding individual events, but less effective
when the events in the signal frequently overlap. Therefore, it is a widely used technique in
SOL turbulence measurements, where turbulence is intermittent (see Section 6.1).
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Chapter 2

Turbulence in the scrape-off layer

2.1 Introduction to intermittent events

Ever since the discovery of filamentary structures in the plasma scrape-off layer [69, 70]
rapidly growing computational and experimental effort was devoted to their research. These
coherent filamentary structures are called blob-filaments or simply blobs. They transport
particles, heat, momentum and parallel current across the scrape-off layer region of the
plasma and enhance the plasma interaction with the surrounding structures on the vac-
uum vessel. Experimental observations show, that these blobs are spatially localized in the
two-dimensional plane perpendicular to the magnetic field and their density is enhanced
against a lower density background. They spatially extend along the direction of the mag-
netic field and appear as field-aligned filaments in a three-dimensional view of the SOL (see
Fig. 2.1).

In recent years, the interest in SOL plasma transport has continued to grow due to its
effect on interactions with the first wall and the divertor. Blobs can increase unwanted heat
load on limiters, radio frequency antennae and the first wall. Furthermore, they carry sig-
nificant amount of heat and particles across the SOL possibly effecting the SOL width on
the divertor. Blob momentum could influence the edge velocity shear layer and thus, the
core plasma confinement, as well. Theory and simulation also suggests that blob momen-
tum transport provides a mechanism for spinning up the edge plasma [72]. As one can
see, blobs contribute significantly to the transport and confinement of the entire plasma and
hence their analysis is crucial for the sake of a future fusion reactor.

FIGURE 2.1: Sketch of a plasma blob along with the charge polarization mech-
anism which is responsible for the radial transport [71].
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FIGURE 2.2: The geometry of the probe array along with the direction of the
magnetic field and the location of the wall [70].

2.2 First observation of intermittent structures in the SOL

One of the first observation of intermittent structures in the scrape-off layer plasmas was
published by S. J. Zweben at the Caltech research tokamak in 1984 [70]. This section sum-
marizes the results of that research.

2.2.1 Experimental setup

Scrape-off layer turbulence was investigated on the Caltech research tokamak [73]. The
major radius of the plasma was R=45cm, the minor radius was a=16cm. The magnetic field
was BT = 3.5T , the plasma current was I = 20kA, the line average density was n = 5 ·
1012cm−3 and the pulse length was around 10-15msec. The probe data were gathered during
the steady-state phase of the discharge.

The measurements were performed with a 2D Langmuir probe array which had 8 × 8
pins radially and poloidally (see Fig. 2.2). The probe size was 1.5mm in diameter and the
separation between channels was 2.6mm. Since the gyro-orbit radius was R = 1.5mm, the
array was capable of resolving the smallest length scales of interest. The size of the array
is 18mm by 18mm which is around 1-2 correlation lengths of the density fluctuations. The
array was embedded in its supporting structure 6mm deeply, thus, the probes were in the
shadow of the support structure which acted as a small limiter in the machine. According
to earlier research, the presence of the limiter region did not modify the scrape-off layer
turbulence measurement.

The density fluctuations were measured using the ion saturation currents drawn by the
probe tips when they were biased to -100V DC. A specially built data acquisition system
was constructed which could acquire the data with 1.6MHz, although only 512 samples
were taken for each channel. This resulted in 0.3msec measurement for each discharge. The
analog signal bandwidth of this system was 200kHz.

2.2.2 Experimental results

Article [70] presents two examples of the 2D space - time patterns of density fluctuation
data. One of this can be seen in Fig. 2.3. Each of the frames contain 64 separate pixels,
one for each probe. The displayed raw data show the presence of localized density blobs,
which move through the radial poloidal plane of the measurement. These structures cannot



2.2. First observation of intermittent structures in the SOL 33

Electron diamagnetic direction
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Time slices of the ion-saturation current probe-array measurement showing a blob
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FIGURE 2.3: Time slices of one of the first observed blob moving radially in-
wards and poloidally in the electron diamagnetic direction. The red ellipse
shows the location of the blob in each frame. Each pixel in a time slice rep-
resents an ion saturation current sample measured with one probe, the time
between frames is 1.2µs [70]. (The figure was enhanced to provide better leg-

ibility.)

be seen from averaged cross-correlation functions. Other movies created from probe data
show a wide variety of blob sizes, shapes and motions.

For further analysis, the blobs were identified with a well defined algorithm. The center
of the blob is defined as the center of mass calculated from the ion saturation data of the
pins. To avoid summing two blobs, the separation time of the events were also defined.
Furthermore, to avoid possible discontinuities in the motion of center caused by unusually
shaped blobs, a maximum distance between successive centers was also specified.

The trajectories of the blobs were investigated and several properties of the blobs can be
seen from this analysis. Poloidally most of the blob centers are moving in the ion diamag-
netic direction while an outwards radial movement can be seen.

The lifetime of the blobs were also investigated by calculating the lifetime distribution
histogram. The lifetime of a blob is defined by the time during which a single blob can be
followed across the measurement array. This is due to the fact that blobs cannot be tracked
along their full lifetime, thus, the defined lifetime can also be interpreted as a residence
time. The observed lifetime of the blobs were between 5 − 18µs. The analysis also showed
that in around 17% of the time range, a blob can be seen in the measurement, thus, blobs
are a common feature of the SOL turbulence. It is possible that the observed lifetime is
significantly underestimated because the blobs enter or leave through the borders of the
probe array.

2.2.3 Summary of the first blob observation results

The most important conclusions of the experiments were the following:

• The 2D structure of the edge density turbulence contains localized blobs which moves
both radially and poloidally through the edge region

• The lifetime distribution is broad and comparable to the local auto-correlation time.
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• The area distribution of the blobs are also broad and consistent with the expected area
from the correlation lengths.

In this experiment no direct information about the particle transport was obtained based
on the blob trajectories. To achieve this a simultaneous density and potential measurement
should have been performed which was not available at the time of the experiment.

2.3 Recent experimental results on intermittent events

Part of this thesis focuses on experimental investigation of the scrape-off layer turbulence,
hence it is important to summarize the experimental results obtained from other devices.
This section concludes results from an extensive review paper [71] and several more focused
research papers [74, 75].

In the last two decades a wide variety of experiments clarified the intermittent property
of edge turbulence in fusion plasma experiments [76, 77]. In these experiments a blob was
qualitatively defined as a large localized positive density perturbation which passes through
the measurement location. The importance of understanding the underlying physics of such
intermittent events was confirmed by measurements, which showed that these blobs carry
enough particles and energy through the scrape-off layer to damage the plasma facing com-
ponents on the vacuum vessel [78, 79, 80, 81]. This section gives an insight into the experi-
mental findings of the blob research in the last two decades.

2.3.1 Basic theoretical blob and hole model

In order to make predictions about the dynamics and effects of scrape-off layer transport it is
important to build a model of the intermittent events. The following blob model description
was given by D. A. D’Ippolito in 2011 [71].

Numerical simulations provided evidence that the intermittent events in the SOL are
non-linearly saturated state of turbulence eddies. Both simulation and experimental data
show that the events are born on the bad curvature side inside the confined region close to
the last closed flux surface, where the gradients are high and the turbulence is strong. The
blobs carry significant amount of particles to the wall and they are the dominant source of
particle transport in the far-SOL.

Construction of a blob model starts with the observation that a blob filament of enhanced
density becomes charge polarized due to the gradient of the magnetic field, ∇B (see Fig.
2.3). This results in an E × B drift moving the blob radially outwards towards the wall
on the low field side of the torus. Further mechanisms can also produce blob convection
towards the wall, like centrifugal force in rapidly rotating plasmas.

From the theoretical picture of a blob one can define a blob which is general enough to
describe the intermittent events that arise in theory and experiments. A blob is a filament of
plasma which satisfies the following properties:

• Its density distribution has one density peak and its density is at least 2-3 times larger
than the background plasma.

• The filament is aligned parallel to the magnetic field and the parallel fluctuations are
much weaker than the perpendicular.

• It has a dominant convective E × B drift velocity component in the direction of the
magnetic field gradient and an associated potential and vorticity with a dipole struc-
ture in the direction perpendicular to its propagation.
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FIGURE 2.4: Example intermittent fluctuations in the HL-2A tokamak at dif-
ferent locations with regards to the separatrix. The PDFs of the signals are also

shown along with the Gaussian curve (red dots) [80].

In trying to connect the experiments with the theoretical models several obstacles appear
along the way. The first property in the blob definition is usually quantitatively made by
conditional averaging over many turbulent structures which satisfy a threshold in density
or ion saturation current [82, 83]. There are multiple ways of choosing the threshold and
the experimental results are sensitive to that choice. The second property is a consequence
of the magnetically confined plasmas where any perturbation along the magnetic field line
spreads with the ion sound speed, while transport through the magnetic flux surfaces is
weak. It is usually difficult to measure the poloidal velocity of the blobs throughout their
whole lifetime, but in theory it is easy to calculate it. Furthermore, these three properties are
not usually measured simultaneously.

2.3.2 Statistical evidence for blobs and holes

Theory predicts that blobs with higher density than the background SOL plasma will intro-
duce particle transport in the direction of the magnetic field gradient and curvature vector,
while holes with reduced density would travel in the opposite direction. Conditional av-
eraging measurement data revealed radially outwards particle transport by blobs in many
experiments [74, 78, 79, 80, 83, 84]. In experiments and simulations of edge turbulence, blobs
appear to be born near the edge of the confined plasma due to the non-linear saturation of
turbulent eddies or MHD instabilities. Many experiments also showed the inward move-
ment of density holes [74, 80, 84, 85]. Holes are also born near the last closed flux surface as a
result of the nonlinear saturation of the interchange instability: the density maxima become
blobs while the density minima become holes.

Statistical analysis of SOL fluctuations showed their intermittent and non-Gaussian char-
acter. These properties can be seen from the probability distribution functions (PDFs) of the
density fluctuations. Examples of intermittent fluctuations from a HL-2A experiment are
shown in Fig. 2.4 [80]. The PDFs of the fluctuations are also shown along with the Gaussian
curves (red dots).
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In Fig. 2.4 the ion saturation current fluctuations were measured at three radial positions:

• a) 15mm inside the separatrix (in the velocity shear layer) the signal is dominated by
negative bursts,

• b) at the separatrix it shows positive and negative bursts,

• c) 15mm outside the separatrix shows positive bursts.

In most of the experiments, the measured fluctuations in the SOL are large, around 100%
with significant correlation between density and potential fluctuations.

2.3.3 Diagnostics

In an ideal measurement of blobs the three dimensional space - time evolution of the lo-
cal density, temperature, potential, magnetic field and plasma velocity should be measured
with a time and space resolution higher than the characteristic parameters of the blob. Usu-
ally all of these parameters cannot be measured simultaneously, especially on high temper-
ature fusion devices.

Most of the blob measurements were performed with Langmuir-probes to measure the
ion saturation current and floating potential with sufficient space and time resolution. The
local radial blob speed is calculated from the poloidal electric field and the local magnetic
field: vr = Ep×B/B2, where Ep is calculated from the floating potential difference between
poloidally offset probes. The blob speed and average path can be measured with conditional
averaging by utilizing one fixed and one movable probe or by direct blob tracking with a 2D
probe array. The major issue with probe measurements is the qualitative interpretation of
the results due to the interaction between the probes and magnetic field. Furthermore, the
measurement perturbs the plasma.

Blobs can also be measured with optical diagnostics such as beam emission spectroscopy
[85, 86] and gas puff imaging [85, 87, 88, 89, 90] which use atomic line emission from injected
neutral atoms. These diagnostics can be used to measure the 2D structure of blobs on the
poloidal - radial plane with relatively good spatial and temporal resolution.

Gas puff imaging (GPI) utilizes a local neutral gas puff which is injected into the plasma.
Light is emitted during the collisions between the neutrals, the plasma electrons and ions
which is measured by fast cameras. GPI can provide information on blob detection rate, blob
size and velocity, as well [75]. This measurement technique suffers from spatial smearing
due to the large extent of the injected gas. It is not always possible to measure the gas puff
along the magnetic field lines which would provide optimal resolution. The GPI signal is
also a function of the plasma temperature, which can hinder the interpretation of the data.
Furthermore, gas puff imaging signal is strong enough only with local gas injection which
is often in conflict with plasma fueling. The measurement is strongly localized radially due
to the low penetration of the gas into the confined plasma and the GPI signal is weak in the
far SOL due to the low density in the region.

Beam emission spectroscopy is also used for characterizing scrape-off layer turbulence.
The measurement technique is described in detail in section 1.6. Few papers reported on
blob measurements utilizing Lithium beams [86, 91]. Lithium BES can provide fast mea-
surements of the SOL, however, only one dimensional measurements are realistic with this
technique. Furthermore, due to the spatial smearing of the atomic physic processes, mea-
surements of density holes are cumbersome inside the edge plasma. Hydrogen BES mea-
surement of intermittent SOL events was reported in [85] at DIII-D.

Other types of turbulence diagnostics showed limited capability in measuring intermit-
tent events in the SOL. Electromagnetic diagnostics such as microwave reflectometry [76],
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microwave scattering [92] or phase contrast imaging [93] do not have enough spatial reso-
lution to resolve the blob dimensions and to track the blob events.

2.3.4 Experimental blob definitions

In order to analyze blobs they need to be distinguished from background plasma in the
measurement. Depending on the available diagnostic information, the definition of a blob
in the experiments can be different. In the most general case it is enough to have positively
skewed density probability distribution to identify the presence of blobs in a single point
measurement. A positively skewed PDF indicates the presence of large positive density
perturbations passing through the measurement range. However, there is no quantitative
skewness threshold for the experimental definition of blobs.

Furthermore, there is also no clear definition based on other plasma parameters, the
choice of threshold is usually somewhat arbitrary, but a trend can definitely be seen in the
research. In most cases a plasma blob is identified by some threshold in the local plasma
density signal level or its proxy, however, the exact threshold value can vary from one ex-
periment to another. For example at DIII-D a blob event was identified when the ion satura-
tion current exceeded 2.5 times the standard deviation [78, 85]. Another article used several
amplitude threshold values (0.5-2.5 times the standard resolution in 0.5 increments), also for
ion saturation currents, in order to identify different blob sizes and analyze their properties
from a plasma shot on JET (Joint European Torus) [74].

When one tries to compare results from different devices it should be taken into account
that the definition of blobs can be different from one measurement to another. The calculated
blob properties, such as blob size, blob velocity, birth rate and lifetime, can depend greatly
on the blob definition. Thus, the most reliable results for scaling of blob parameters come
from a single device preferably measurements performed by a single diagnostic.

2.3.5 Analysis techniques

After gathering the diagnostic data and selecting the definition of a blob event, blob proper-
ties can be determined by utilizing data analysis techniques. During the analysis, the most
common determined properties are the blob speed, the radial and poloidal sizes, the blob
birth rate and the location of the birth zone. However, to determine these quantities, there
are no standard analysis techniques, so when one tries to compare results from different
machines the utilized analysis technique also needs to be considered.

As an example let’s take a look at the radial blob speed measurements at DIII-D where
the velocity was determined from the poloidal electric field and the magnetic field. The
poloidal electric field was measured by a pair of floating probes located close to the probe
used to identify a blob based on a threshold ion saturation current. The resulting radial
speed is a good approximation, however, the effect of electron temperature fluctuations on
the floating potential were neglected. Furthermore, the results are only valid if the probe
does not have any perturbing effect on the blob motion. The radial speed of the blobs can
also be determined from the ion saturation current using correlation analysis. However,
fundamental uncertainties arise from the theory of Langmuir probes in a magnetic field,
thus, the results cannot be evaluated better than a factor of two. [78, 85, 94]

Another important technique to analyze blob properties is conditional averaging (see
Sect. 1.8.5). In this technique a blob is detected by a fixed channel, while the average event
is calculated on all measurement channels based on the events found by the fixed channel.
If the probes are movable or multiple channels are available (e.g. in imaging techniques like
BES or GPI), then the space vs. time average motion of the blob can be calculated. Fur-
thermore, the reference channel for the conditional averaging technique can be located at
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a very different toroidal location, when the measurement positions are connected by mag-
netic field lines. By utilizing this technique one can calculate correlation between different
physical quantities of the blobs such as temperature and density. However, it needs to be
noted, that the conditional averaging technique assumes that the blob trajectory remains the
same in space and time in the found blob events. When the trajectories change significantly
from one event to another, the average does not provide meaningful information about the
blob ensemble. The limitations and variants of this method and comparisons with other
measurement techniques can be found in [82, 95, 96, 97, 98].

If two dimensional data are available, other types of conditions can be set for the con-
ditional averaging. These conditions can be based on the local density or directly on the
measured signal and they can be an area or a certain shape of elevated density, or even the
motion of a set of density perturbations. In these measurements the blob structure and its
trajectory can be directly measured. Thus, 2D measurements could fundamentally provide
a more detailed analysis of the blob properties than the 1D methods. For example, a de-
tailed analysis of the 2D structure of the blobs at TORPEX showed that the radial speed is
independent of the blob size [93]. The same result was gained from GPI measurements at
ASDEX [75].

It has to be noted, that all of these analysis techniques assumed that the blob structure
is two-dimensional, thus, its variations along the magnetic field line is negligible. If this
assumption is invalid, then the observed structures could appear or disappear along the
field line. In most of the cases this assumption holds, if the parallel correlation length of a
blob is comparable to the size of the device.

2.3.6 Structure and shape of intermittent events

Blob theory and simulations predict the characteristic structure of blobs and holes in time
and space which can be compared with experimental data. In order to understand the struc-
ture of blobs, the aforementioned blob model needs to be extended with the effect of the
background density. It can be assumed that a blob has monopole poloidal density distribu-
tion with Gaussian distribution over a constant background density. The charge polarization
process of the blob results in a dipole charge distribution. In a toroidal device, the driving
process for this effect is the curvature and the gradient of the magnetic field. The charge
polarization speed is inverse proportional to the absolute plasma density of the blob, thus,
the background density reduces the drive for the blob velocity and modifies the structure
of the blob. The interaction of the blob with the background density has been studied in
simulations [99, 100, 101, 102, 103]. This interaction produces a sheared flow pattern, which
leads to the formation of a steep leading edge and a weak trailing edge. Experimentally the
density and potential structure of blobs was verified using probe array in linear machines,
stellarators, tokamaks and other small toroidal machines.

The steep leading edge and weak trailing edge structure was confirmed by conditional
averaging analysis of measurements from Langmuir-probe data [82, 83, 95] (see Fig. 2.5b for
TCV data). The results are qualitatively consistent with the simulated blob shapes, however,
the exact blob shape depends on the density ratio between the blob density and the back-
ground plasma density. This asymmetric pulse shape was seen in a number of tokamak
experiments [79, 83, 85, 96, 104, 105, 106], stellarators [107] and linear machines [95, 108].

Research showed that blobs are large positive bursts in the particle density fluctuations,
while holes are negative density bursts on the background plasma. These bursts contribute
to the negative or the positive tail of the density PDF. Therefore, the skewness of the mea-
sured signal is going to be either positive or negative when blobs or holes are present, re-
spectively. The radial skewness profile was measured to be negative in the edge plasma
where holes are present and positive in the SOL where only blobs are present [74, 80, 85, 84].
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FIGURE 2.5: a) Conditionally averaged particle density fluctuations of blob
pulses at the wall of the TCV tokamak at different line averaged core plasma

densities. The density ne is given in units of 1019m−3 [109].
b) Skewness and kurtosis profiles at the HL-2A tokamak. The blob birth zone

is depicted with the green area [80].

The region of zero skewness is believed to be close to the birth-zone of the blobs and holes.
An example radial skewness profile and a kurtosis profile are plotted in Figure 2.5b from
the HL-2A tokamak [80].

The data supports the physical picture, thus, inside a critial radius of the birth zone,
negative density fluctuations (holes) dominate, while outside that radius, positive fluctua-
tions (blobs) dominate. Theoretical considerations as well as simulations predict, that the
birth-zone of blobs is located near the separatrix, which is indeed seen in the measurements
[74, 80, 110, 111]. The kurtosis also tends to be large in the far SOL and it also increases with
radius. This is a result of the parabolic relation between the skewness and the kurtosis in
such regimes [80, 112].
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Chapter 3

Aim of the doctoral thesis

The aim of the thesis is to contribute to the research of plasma turbulence, one of the most
important transport mechanisms in fusion plasmas. One of the main goals was to develop a
novel beam emission spectroscopy diagnostic which can measure electron density fluctua-
tions resulting from turbulence by either utilizing a Deuterium or a Lithium beam. Another
important goal was to utilize the measurement data gathered by this diagnostic and char-
acterize plasma turbulence in the plasma edge and the scrape-off layer in different plasma
scenarios. In order to achieve these goals, a combined beam emission spectroscopy diagnos-
tic was built on the KSTAR tokamak (see Chapter 4), the main parameters and edge turbu-
lence measurement capabilities of the system were investigated (see Chapter 5). At the end,
scrape-off layer turbulence was characterized in different plasma scenarios (see Chapter 7).
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Chapter 4

Development of the combined BES
observation system

During the design of KSTAR a port was designed for beam emission diagnostics such as
charge exchange spectroscopy, motional stark effect measurements and beam emission spec-
troscopy. During 2011 a trial beam emission spectroscopy was designed and installed on
KSTAR. The purpose of this trial diagnostic was to prove the feasibility of beam emission
spectroscopy measurements on KSTAR. Although, the trial diagnostic utilized simple optics
and non-optimized filtering, the measurements confirmed the expected capabilities of beam
emission spectroscopy on KSTAR. The details of the trial system can be seen in [2]. Based on
the experiences with the trial BES system, a final diagnostic was developed, designed and
installed on KSTAR. The following sections describe the work regarding design, build and
commissioning of the final KSTAR BES system. This section presents the effort carried out
in the Korean-Hungarian Joint Laboratory for Fusion Diagnostics cooperation which was
the main funding source of the project. The results presented in the first three sections of
this chapter were a group effort by the authors of Ref. [1] including the author of this the-
sis. The last section of this chapter presents results from solely the author’s work on testing
and calibration of the KSTAR BES system. At the end of the chapter a method is presented,
which was developed for subtracting spurious oscillations from BES data.

4.1 Observation geometry

During the initial diagnostic design of the KSTAR tokamak, a 6 inch diameter window was
allocated for the BES diagnostic at the lowermost position of the M-port. The geometry is
shown in Fig. 4.1. The window position allows imaging along field lines crossing the NBI
beam line in a typical plasma equilibrium, and a sufficient Doppler-shift is also expected.
The Neutral Beam Injection (NBI) system on the L port of KSTAR consists of 3 ion sources.
The beam cross-section from one source is about 24×60 cm (width×height) while the beam
energy is betweenEb = 70−100 keV. If more than one source is operated, the beam becomes
stronger, but the cross-section increases causing some reduction in the spatial resolution of
the BES diagnostic. Modeling with the comprehensive BES simulation tool (RENATE) [52]
indicated that in all cases, the radial spatial resolution of the DBES system is 1-3 cm, which
is suitable for plasma turbulence measurements.

A suitable location was found for the Lithium beam on port K, where the beam could be
injected into the same observation volume, where the NBI is observed with the BES optics
[55]. Crossing the two beams raises the question whether a substantial excitation or ioniza-
tion effect of the NBI on the Li-beam should be expected. The rates of these processes are
R = σΦ, where σ is the cross-section of the processes and Φ is the flux of exciting/ionizing
particles. In the plasma the dominant processes are via electron impact, therefore, the flux
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Observation geometry for Deuterium and Lithium beam
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FIGURE 4.1: KSTAR BES observation geometry (a) Toroidal view; b) Poloidal
view); 1) M-port window, 2) Field of view, 3) Deuterium beam (NBI), 4)

Lithium beam.

of thermal electrons (Φe) in a typical Te = 100 eV, ne = 1 ·1019 m−3 edge plasma is compared
to the flux of Deuterium atoms (ΦNBI ) in the heating:

ΦNBI =
Ib
Ae
≈ 5 · 1020 [s−1m−2] (4.1)

Φe = ne

√
eTe
me
≈ 4 · 1025 [s−1m−2]. (4.2)

For the Deuterium beam, the expected dominant process is charge-exchange. As the
charge-exchange cross sections do not differ from electron-impact cross section by more
than 2 orders of magnitudes [113, 114], the heating beam has no significant effect on the
Li-beam light emission profile.

According to modeling [52], the light intensity from the two beams is expected to be
comparable, but the wavelength differ by about 14 nm. As the typical Doppler-shifts are
only 2-5 nm for such beams, filtering of the LiBES and DBES light should not be a problem.
Closeness of the two line radiations simplifies the design of the optics, because they need to
be designed only for a narrow wavelength range.

4.2 Modeling of the expected photon flux and spatial resolution

Prior to the optical design of the final KSTAR BES system, an extensive modeling study was
conducted to prove its feasibility for KSTAR. The objective of the modeling study was to de-
termine the expected light intensity and signal-to-noise ratio for the Deuterium and Lithium
BES, as well as determining the effective spatial resolution achievable for turbulence mea-
surements. Beam emission calculations were done by RENATE.
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4.2.1 Deuterium beam calculations

Photon current calculations

RENATE required several input functions and parameters for its calculations, which were:
magnetic geometry, initial density profile (assumed profile), temperature profile, observa-
tion geometry, Zeff and impurity charge profile and the beam properties. The magnetic
geometry was obtained from the EFIT reconstruction, while the temperature profile was
measured by Electron Cyclotron Emission spectroscopy. However, to be able to represent
various situations parametric profiles were used in the form of

ne(r) = n0

[
1−

(r
a

)2]αn

, αn = 0.1 (4.3)

Te = Ti = T0

[
1−

(r
a

)2]αT

, αn = 0.5. (4.4)

For the impurity profile, C6+ impurities were assumed with a flat Zeff = 1.35. The ob-
servation geometry was given by the engineering design of KSTAR, which was modeled by
a simple camera obscura arrangement with the pinhole placed in the middle of the port win-
dow. The collection efficiency of the optics was modeled by assuming a 150 mm diaphragm
at the observation window and ≈ 50% efficiency of the optics. Beam properties, such as
its geometry, beam current and energy were given. The beam energy can be different from
shot to shot, thus, the calculation had to be extended for a range of values. For the detector
geometry, different pixel pitch sizes were assumed: 10, 15, 20 mm rectangular ones. For 10
mm pixel pitch, 50% fill factor and 50% optical system overall efficiency (detector quantum
efficiency and optical throughput) the calculations resulted in a maximum photon flux up
to Iphoton = 3 · 1010 s−1. The modeling results were validated by a trial measurement setup
which operated during the 2011 KSTAR campaign and showed the feasibility of the BES
diagnostic on KSTAR [2, 52].

At the expected photon flux, the noise in the APD detectors used for BES system is
dominated by photon statistical noise and excess noise and not by the electrical noise, which
would occur at lower photon flux. In that range the signal to noise ratio (SNR) is a linear
function of the intensity, while for photon statistical noise, it can be approximated as

SNRph =

√
Iphoton

2π · fBW
, fBW = 500 kHz, (4.5)

where fBW is the bandwidth of the analog amplifier. The peak SNR from photon statis-
tics was 100. For a realistic APD detector at the given photon flux one can expect SNR ≈ 50
[115].

It has to be noted, that the SNR increases approximately linearly with the size of the
rectangular spot image of one detector. However, a trial BES measurement (with 1 cm res-
olution) showed, that 2 cm resolution would integrate over a substantial part of turbulence
phenomena, therefore, the optical resolution was kept at 1 cm [2].

Spatial resolution and point spread function calculation

The geometrical point spread function (PSF) indicates the spatial smearing effect resulting
from the misalignment of lines of sight and magnetic field lines at the beam. The RENATE
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simulation tool can be used to determine the geometrical PSF for a given measurement con-
figuration. This was done by calculating the beam emission along a number of magnetic
field line segments in the heating beam and determining the part, where emission is above
half of the maximum. As the next step, these lines were projected onto a chosen poloidal
plane along the line of sight from the observation point as shown in Fig. 4.2. As turbulence
structures are known to extend along magnetic field lines, this plot gives an indication to
what extent the observation geometry mixes information from different spatial structures.
(It has to be noted that this PSF is different from the one in Ref. [116] where the locations
are indicated from which one detector pixel is collecting information, taking into account
smearing resulting from finite lifetime of the atomic physics processes in the beam.)

The observation geometry is ideal, where the extent of the PSF is smaller than the turbu-
lence eddy size in both radial and poloidal direction.

It could be seen, that the full width at half maximum (FWHM) of the geometrical PSFs
were significantly smaller at around the center of the beam compared to the lower and upper
parts of it. However, considering the core, the lower part gave lower FWHM, thus, higher
spatial resolution (see green area on Fig. 4.2). The projections of the magnetic field line
segments on the figure were shorter than 1 cm in the r/a = 0.2...1 radial range along the
beam. Based on the calculation, the optimal alignment occurred at r/a = 0.5...1 at the
center of the beam, while at the core region, 10 − 20 cm below the midplane gave the best
resolution. Based on the calculated PSF and the geometry of KSTAR, one can develop the
optical design for the BES system.

4.2.2 Lithium beam calculations

A similar investigation was conducted in order to prove the feasibility of a Lithium beam
measurement on KSTAR using RENATE. The process and observation parameters of the
simulation were the same as for the Deuterium beam. For the Lithium beam parameters,
2 mA ion equivalent current, 50 keV energy and 2 cm FWHM circular beam were assumed.
The calculations showed peak photon currents in the range of Iphoton = 1−4·1010 s−1, which
gave an SNR = 40, suitable for fluctuation measurements [117]. Given the small diameter
of the Lithium beam, the geometrical PSF calculation showed a spatial smearing of 4 mm
in the poloidal and 5 mm smearing in the radial direction. The effect is considered to be
negligible compared to the 10 mm optical resolution of the detector.
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According to the calculations, the Li-beam penetration into the plasma is expected to be
typically in the range of 5-15 cm, strongly depending on the electron density. For calcula-
tion of the electron density profile a considerable part of this should be observed [57, 58].
According to calculations, it is possible to measure a substantial part of the attenuated beam
with the 4x16 channel APDCAM with 1cm radial and poloidal spatial resolution.

4.3 System design

4.3.1 Optical concept

The above considerations set the necessary spatial resolution of the observation system to
1 cm, while turbulence measurements require about 1 MHz bandwidth. Due to the high
etendue optics, the maximum demagnification to the detectors is limited to about 10, this
way mm-size detectors must be used. To limit the number of these high-frequency measure-
ment channels and keep the cost of the optics at a reasonable level, only a restricted radial
range is covered by fast detectors. For calibration and beam monitoring purposes, a high-
resolution camera was considered to be necessary viewing the whole outer minor radius,
roughly from r/a = 0.3 to 1.1. The fast detector matrix measurement position is adjustable
in the radial, and poloidal direction, as well, within the area viewed by the camera.

To be able to cross-calibrate the spatial measurement locations of the two detectors, an
intermediate image was considered to be necessary, which is imaged by both detectors. The
concept of the system is shown in Fig. 4.3. During plasma measurements (Fig. 4.3a), the two
detectors operate in parallel. About 2% of the collected light is coupled into a slower camera,
while the larger part is captured by the fast detector array, as it needs good photon statistics
for high frequency measurements. The 2% of the light is coupled out with a small mirror in
a position, where it is only causing light intensity decrease on the fast detectors, but does not
effect the image quality. The light splitting is not done with a beam splitter because the small
area of the camera sensor needs strong demagnification, and it would anyway be able to
receive only a small fraction of the light from this high etendue system. The small Numerical
Aperture at the camera also has the advantage, that the field of depth is large in the plasma,
therefore structures (fiducial points) on the vacuum vessel wall can be discerned. Knowing
their positions from the engineering design of KSTAR, the view direction of each point on
the camera image can be calculated. Between plasma experiments (Fig. 4.3b), a calibration
screen can be put into the place of the intermediate image in the optical system, which is
located before the small mirror. By illuminating the detector array with a calibration light
inside the detector housing, the image of the detector matrix can be projected back onto
the calibration screen, which can be photographed by the camera. As the view direction of
each pixel in the camera image is known, the detector matrix can be projected onto the beam
lines, and the spatial calibration can be obtained for the detector array. The procedure can be
repeated at any time, thus, the spatial calibration can be checked even between two plasma
discharges. Detailed description of the spatial calibration process can be found in Sect. 4.5.2.

4.3.2 Detectors

For spatial calibration, and beam monitoring a CMOS based camera was chosen (PhotonFo-
cus MV1-D1312(IE)-G2). The frame rate of the camera is between 50-200 Hz depending on
the selected region of interest.

At the calculated light level (109 − 1010photons/s), APD detectors were considered to
give the best Signal-to-Noise Ratio (SNR) [115], hence for fast measurements, the KSTAR
BES system uses a 4 × 16 pixel avalanche photo-diode matrix (2pc. Hamamatsu S8550)
based camera (APDCAM-10G from Fusion Instruments Kft.). The detectors are equipped
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APD camera CMOS camera
Camera type APDCAM-10G 4x16 PhotonFocus

by Fusion Instruments Kft. MV1-D1312(IE)-G2
Pixel resolution 4× 16 1312× 1082

Sampling frequency 2MHz 50− 200Hz

Quantum efficiency 85% 50%
Pixel size 1.6× 1.6 mm2 10× 10 µm2

Data interface 10 Gbit Ethernet 1 Gbit Ethernet

TABLE 4.1: Properties of the APD and the CMOS based camera in the KSTAR
BES system.

with DC-500kHz band-pass pre-amplifiers. The detectors have a fill factor of 50%, which
halves the detected light intensity. To prevent this loss, the APDCAM is equipped with
micro-lens arrays which focus nearly all of the light into the detector pixels at the expense of
a few percent crosstalk between neighboring channels. The APDCAM samples the signals
with 2 MHz rate and 14bit resolution. Properties of the two detectors can be seen in Table.
4.1.

Both detectors are controlled via a Linux PC and the measurement can be operated
through the whole discharge up to 100 s. Timing is based on a 1MHz reference clock and
a trigger provided by the KSTAR control system, thus, correlation measurement with other
turbulence diagnostics around the tokamak is possible.

As both detectors are located close to the tokamak neutron and gamma induced effects
should be considered. For the CMOS camera a radiation shield from 4 cm Dehoplast PE55,
2 cm Mirrobor (Mirrotron Kft.) and 0.5 cm Lead was installed around the camera, which
has not suffered considerable damage since its installation. (In the 2012 experimental cam-
paign, A CCD-based camera without shielding placed at the same position suffered serious
radiation damage.) A first 4x8 pixel version of the APD camera was operated for 3 cam-
paigns without any observable radiation damage. Radiation induced pulses are observed
in NBI heated discharges with about 103s−1 per channel. Large ones can be removed by
post-processing the data with the following method. Neutron impact causes a peak in the
data on at most 5 data points, which is 2.5µs. On this scale, no such plasma phenomenon
is present which would cause a high peak. By calculating the finite difference of the signal,
one can define a threshold over which the peak is considered as a neutron peak. The data
at the peak is substituted with the average value of the surrounding data. The remaining
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smaller peaks represent only a marginal increase of the noise level.

4.3.3 Optical design and implementation

The final optical design was performed with the ZEMAX [118] program, and the setup is
shown in Fig. 4.4. Major challenges were to relay light through the approximately 2 m
long port of the cryostat of this superconducting machine and to provide a place for the
interference filters where light passes through them at a small angle. This latter point was
addressed iteratively together with the filter design, as described in the next section. An
additional issue was the small angle at the first mirror due to which the size of the mirror
would have exceeded the mechanical limitations of the port width, thus, a prism was used to
rotate the optical axis into the center of the periscope optics. Image distortions introduced by
the prism were compensated by shifting the optical axis of the back end optics after element
i. The intermediate image is formed just outside the port where a screen can be inserted
with a pneumatic drive into the optical axis for calibration purposes.

Step motor driven mirror k serves for adjusting the measurement location of the APD
camera radially from r/a = 0.30 (core plasma) to r/a = 1.1 (edge plasma and SOL) in
normalized minor radius. Furthermore, mirror k can also be used for vertical adjustment
of the measurement position from z = −20cm to z = +20cm. Additionally, the APDCAM
is mounted on a rotating stage, thus, the detector orientation can be aligned at any angle in
the radial-poloidal plane of the plasma.

Additional lenses form a telecentric region both in front of the APD, and CMOS cameras,
where the interference filters are placed. In both regions the light ray angle on the filters
are less than 5 degrees. In both branches, two filters can be moved into the optics with
pneumatic drives. This enables measurement on either the Deuterium, the Lithium beam or
without filter independently on both detectors.

The lenses were custom manufactured with anti-reflection coating for the 660-670 nm
range which results in a calculated transmission to the APD detector between 37 and 51%,
depending on the view location.

The optics can be separated into an in-port part, which is mounted on a 25 mm thick
black anodized Aluminum plate, and an ex-port part. In the latter, due to space limitations,
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the optical axis is turned by two additional mirrors not shown in Fig. 4.4. and the APD
branch is aligned vertically. The two parts were built up and tested in the laboratory, and
installed separately into the device. The optics and detectors are grounded to the tokamak
vessel, but all power and control connections are ground separated to avoid noises. A good
grounding scheme was found to be essential especially at the highly sensitive APD camera.

4.3.4 Filter design

In order to separate the Doppler-shifted BES light at ≈ 656.1 nm (Dα) or ≈ 670.8 nm (Li 2p-
2s transition) from other lines and continuum radiation, band-pass interference filters are
used. A fundamental feature of such filters is that the bandpass central wavelength shifts
towards smaller wavelengths with the light transmission angle [119].

Due to the large input window, the Numerical Aperture (NA) of the input light is about
0.037, meaning 2.2 degrees maximal angle. As a tendency, if the image is demagnified on
the filter, the angle divergence increases inversely, meaning large angle on a small filter. As
the angles on the filter change from 0◦ to a maximum, this angle shift effectively means a
smearing of the cut at the band pass edge. In order to keep the filter at a reasonable size,
the optical design had to be developed iteratively together with the filter design. Starting
from filtering requirements, the maximum tolerable angle on the filter can be determined,
which is the input to the optical design. The resulting filter size should be checked for
manufacturability. This process was followed for the DBES filter design, as requirements
are more demanding there.

For the DBES system, four background sources were considered: unshifted Deuterium
alpha line radiation, Carbon lines around 658.3 nm [120], Fast Ion D-alpha (FIDA) [121] and
continuum radiation. Analysis of the background (non-BES) light spectrum using a simple
trial BES system resulted in minimum suppression requirements (the ratio of filtered and
unfiltered light intensity at a given wavelength) for the 656.1 nm unshifted Dα (suppression
of 5000) and 658.3 nm CII line (suppression of 500), in order to keep the background be-
low 10% of the BES light. Continuum radiation proved to be insignificant, and FIDA was
expected to be low in these beam heated plasmas.

Around the separatrix, the Doppler shift is the lowest, and filtering cannot fulfill all re-
quirements. However, by adjusting the filter’s temperature, the transmission band can be
shifted up and a compromise can be made between background suppression and transmis-
sion of beam light. Temperature control was also found to be essential to compensate for the
manufacturing tolerances of the central wavelength and bandwidth of the filter, therefore
the filter was placed into a heater device which can control the temperature from ambient to
70C◦. As a result of the optimization process, a 2 nm bandwidth 3 cavity interference filter
was ordered from Andover corp. with central wavelength of 660.7 nm and 120mm diameter.
The same filter type was ordered with 50 mm diameter for the CMOS camera branch.

For the Li-beam the observation direction is nearly perpendicular, therefore Doppler-
shift is small, maximum −1 nm to the short wavelength side, and its variation along the
beam is about 0.5 nm. As the KSTAR plasma does not contain any Lithium contamination,
the Li-beam is the only source of the Lithium line radiation. From spectral measurements
on other machines (see e.g. Ref. [122]), nearby line radiation is only expected at 668 nm
(He I) and 672 nm (CII). Selecting a 1 nm bandwidth 2 cavity filter with central wavelength
of 669.6 nm from Andover Corp., the transmission of these impurity lines relative to the
Doppler-shifted Lithium line is about 1%, which was considered to be sufficiently low.
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4.3.5 Mechanics

The mechanical structure of the BES observation system was designed by Ákos Kovácsik. It
is built on several 25 mm thick black anodized Aluminum plates as shown in Fig. 4.5. Opti-
cal components are mounted in custom designed Aluminum holders and fixed by stainless
steel bolts. Due to space limitations, 3 mirrors had to be used of which the first is used for
horizontal and vertical adjustment of the APDCAM’s measurement position. No adjustable
components are present in the port, all adjustments for this part are made in the laboratory
prior to installation.

The APD system was designed to have the possibility of radial and vertical spatial po-
sition adjustment. Both use the same solution, where a mirror was mounted on a precise
optical rotation stage activated by a stepper motor. Two end-switches were used to deter-
mine the end positions in both direction.

The filter holder design required the implementation of filter rotation, changing and
heating. The filter changer can put in either the Lithium or the Deuterium filter in the optical
path by pneumatic linear actuators. The filter is heated by power resistors, which are driven
and monitored by a PID temperature controller connected to a platinum thermometer. The
filter rotation was implemented in order to be able to do some kind of spectral measurement,
as the filter transmission wavelength changes with the incident angle. This feature was not
usable, as the filter rotation was not synchronized to the measurement time. This feature
was removed from the system.

The APDCAM is mounted on a ball bearing supported rotating holder, which enables
continuous adjustment of the APD matrix image angle on the heating Deuterium and the
diagnostic Lithium beam, thus, horizontal (4×16), vertical (16×4) or arbitrary angled align-
ment can be used.

The CMOS camera is located in a separate structure directly attached to the system,
called the CMOS branch (see Fig. 4.6). A pneumatically driven three state filter changer was
designed, which has the following states: the Lithium filter is in, the Deuterium filter is in,
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era. (One leg of the support structure is removed for better view of the inner

parts.)

both filters are out. By using this mechanism, spatial calibration and unfiltered measure-
ment is also possible. A 2 cm diameter round mirror was utilized on the main motherboard
to couple out 2% of the light into the CMOS arm. A calibration screen was installed for
the spatial calibration, which can be moved in or out from the optical path by a pneumatic
rotator.

4.3.6 BES control system

The BES system utilizes 3 stepper motors to adjust the APD matrix measurement position
radially and vertically and its orientation. Power supplies and electrical driver cards for the
stepper motors and temperature controllers are mounted in an instrument box close to the
diagnostic in the tokamak hall. A Linux operating system based control computer is located
in the laboratory, which controls the diagnostic and the detectors through optically isolated
Ethernet connections.

Both the APDCAM’s and CMOS camera’s timing is based on a 1MHz reference clock
and a trigger provided as optical signals from the KSTAR control system. This provides
precise timing so as correlation measurement with other turbulence diagnostics around the
tokamak is possible. An Ethernet interface digital output unit is used as master power con-
troller for this system, enabling to switch power on/off on individual elements. This proved
to be useful especially when disruptions or other strong electric disturbances occasionally
stopped operation of some electronic components. A control software was written by the au-
thor in IDL language which enables setup, automatic measurement, initial data evaluation
and data archiving in the KSTAR shot cycle. This way the system can be operated by one
person. However, detailed data analysis is only possible after the measurement campaign.

4.4 Operation of the BES diagnostic

Since its installation in 2012 up to the writing of this thesis, the KSTAR BES diagnostic was
operated in 5 experimental campaigns comprising about 5000 plasma discharges. Opera-
tion, upgrades and improvements were done mostly by the author with contributions from
several colleagues. Operation of the diagnostic requires continuous care and communica-
tion with the KSTAR team as measurement settings need to be fit to the expected discharge
conditions and scientific aims. Data are checked for any disturbances or failures after the
discharge. Detailed analysis is done after the campaign.
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The following list summarizes the upgrades of the BES diagnostic in the 5 experimental
campaigns.

• 2011: The trial BES system was installed.

• 2012: The final BES system was installed with a 4x8 APDCAM and a CCD based cam-
era.

• 2013: The Lithium beam was installed on KSTAR; The APDCAM-1G-4x8 was re-
placed with the newer version, APDCAM-10G-4x16 along with the suitable optics.
The CMOS camera was installed along with new optics. A new filter heater was de-
signed for the larger 120mm filter which was installed in the new optics.

• 2014: A new control box was installed for the BES system; new interference filters
and filter changing mechanics were installed. The filter heater was redesigned as the
previous one didn’t give satisfying heating performance.

• 2015: New two-dimensional mirror rotation stage was designed and installed in the
BES system.

During the years of operation, the author of this thesis developed and maintained the
control software which ultimately made the diagnostic highly reliable. However, since that
development was solely programming related work, without any physics involved, this
thesis does not discuss the results of that effort.

4.5 Testing and calibration

4.5.1 Optical testing

The BES optical system was first set up on an optical table in the laboratory. A white board
was placed at the expected position and direction of the central plane of the heating beam
(NBI) relative to the BES diagnostic. The optical testing consisted of three parts: checking the
imaging from the calibration screen to the NBI plane (see. Fig. 4.7a), checking the imaging
from the NBI plane to the CMOS camera (see Fig. 4.7b), and checking the imaging from the
APD camera to the NBI measured by the CMOS camera. (see Fig. 4.7c).
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FIGURE 4.7: Scheme of the optical testing. a) Setup of the imaging test from
the calibration screen to the NBI plane; b) Setup of the imaging test from the
NBI plane to the CMOS camera; c) Setup of the imaging test from the APD

camera to the NBI plane measured by the CMOS camera.
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a) b)

c) d)

FIGURE 4.8: Images taken of the optical testing for image sharpness and spa-
tial calibration method validation using a single APD array (false coloring):

a) Illuminated detector mask imaged from the calibration screen to the NBI’s
theoretical position (taken with a DSLR camera);

b) Illuminated detector mask imaged from the position of the APD detector
to the theoretical position of the central plane of the NBI (taken with a DSLR

camera);
c) Illuminated APD detector imaged to the calibration screen (taken with the
CMOS camera in the CMOS branch). The detector pixels are dark, the frames

of the two 2x8 sub-arrays are visible;
d) Illuminated APD detector imaged to the NBI’s theoretical position (taken

with the CMOS camera in the CMOS branch).

Imaging from the calibration screen onto the white board was tested by projecting light
through a chemically etched Nickel layer mask at the calibration screen to the white board.
The mask was illuminated by a diffuse bright light source filtered close to 660 nm wave-
length because the optics were designed for only a narrow wavelength range. The imaging
quality was found to be in agreement with the optical modeling (see Fig. 4.8a). Imaging
from the white board to the CMOS camera branch was tested by taking images of the white
board with some marked points on it. As this is not possible for the APD branch, the etched
detector mask was installed at the place of the APD detector, and illuminated by a diffuse
filtered light. The detector pixels were clearly seen and well separated (see. Fig. 4.8b).

The spatial calibration concept was validated by back-illuminating the detector from the
position of the APD detector to both calibration screen (Fig. 4.8c) and NBI plane (Fig 4.8d),
and taking images at both place with the CMOS camera. The aim was to prove, that the
images on the calibration screen, and on the white board coincide, thus, back-illuminating
the detector to the calibration screen would always allow in-situ spatial calibration. Images
were taken both on the calibration screen, and the white board for ten different horizontal
mirror settings, and the position of the detector’s corners were recorded for each. The lo-
cation, and the size of the detector’s image on the white board, and the calibration screen
coincided within an average error of ±2 CMOS image pixels, corresponding to ±0.25 cm on
the NBI plane, much better than the 1 cm spatial resolution of the measurement.

4.5.2 Spatial calibration development and testing

During beam emission spectroscopy data analysis it is crucial to know the measurement
position for each detector pixel. Based on this information one can determine the size of
the structures, correlation lengths and velocities, as well. By following the theoretical back-
ground of the spatial calibration (described in Sec. 4.3.1) one can calculate the transforma-
tion between the CMOS image and the spatial coordinates of each detector’s measurement
position on the NBI beam plane.
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The steps of the spatial calibration are the following:

• 1.: Find the pixel coordinates of structures on the vacuum vessel’s wall in the CMOS
camera image of which spatial coordinates are known from the engineering design of
KSTAR.

• 2.: Determine the theoretical spatial coordinate of a pinhole with which the optics can
be substituted and calculate the intersection coordinates of the theoretical NBI beam
plane and the vectors between the fiducial points and the pinhole.

• 3.: Calculation of the transformation matrix.

• 4.: Calculation of the spatial position for each detector pixel by using the calibration
image and the transformation matrix.

• 5.: Cross-check the results with the EFIT magnetic field reconstruction.

Fiducial point determination

During the development of the spatial calibration method, four fiducial points were identi-
fied in the image of the vacuum vessel’s wall of which spatial coordinates are known. These
points are the lowermost, uppermost, right and left points of a window on the J port of
KSTAR. These points can be found by first finding an image in which this port is clearly vis-
ible and in focus. Such a case can be seen in Figure 4.9 which was taken during a disruption
in shot #9276. One can identify the window of the J-port in the picture along with the edges
of the tiles on the wall. The edges of the bricks are horizontal and vertical in spatial space.
For the calibration one has to assume that the horizontal and vertical lines of the edges re-
main horizontal and vertical. Thus, to arrive at the positions of the fiducial points, one has
to fit one line (see Fig. 4.9 1. red line) on one edge of the tile, one on the other (Fig. 4.9 2.
red line) and a circle on the window (Fig. 4.9 3.). In the next step, one needs to slide line 1.
and 2. parallel so their intersection point is at the center of the circle. The intersections of
the lines with the circle determine the coordinates of the fiducial points in pixel space. The
positions of these points are already known in real spatial space.

1.

2.

3.

FIGURE 4.9: The image of the vacuum vessel’s wall for spatial calibration
along with the steps for the fiducial point determination.
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Determining the projected fiducial points on the plane of the NBI

Figure 4.10 depicts the next problem which needs to be solved in order to arrive at the
transformation matrix for the spatial calibration. The coordinate of the pinhole can be found
in the optical design. The coordinates of the fiducial points are known. Only the theoretical
NBI plane needs to be found and then the intersection points can be calculated.

Pinhole

NBI plane
Vacuum
vessel’s
wall

FIGURE 4.10: The geometry of determining the projected fiducial points on
the plane of the NBI.

KSTAR has 3 NBI ion sources injected from the same beam. The beam injection is done
in a way where the 3 beam lines cross each other at a point with an angle of 4 degrees. The
beam lines are known in real space. Since the beam has a symmetrical rectangular cross-
section one can relatively easily define the NBI plane. The intersection point, one point
on one of the NBI beam lines and a point between these two with a different z coordinate
define one beam plane. For our spatial calibration one effective beam plane is needed which
is calculated from the weight averaged plane of the three beam plane. The weights for the
averaging are calculated from the beam currents of each operating source. Equation 4.6
shows the calculation of the effective beam plane.

rNBI,eff =
w1 · rNBI,1 + w2 · rNBI,2 + w3 · rNBI,3∑

wi
(4.6)

where rNBI,i (i = 1, 2, 3) are points on each NBI ion source’s beam plane and wi are
the weight factors. At this point all the information is known in order to determine the
transformation. The next step is to calculate the coordinates of the fiducial points on the
plane of the NBI. These points are determined by the intersection of the NBI plane and the
lines drawn between the pinhole position and the fiducial points.

Let’s denote three points on the NBI plane with rj = [xj , yj , zj ] (j = 1, 2, 3) which unam-
biguously define the NBI plane if they are not co-linear. The plane equations of the NBI are
the following.

ax+ by + cz + d = 0 (4.7)
ax1 + by1 + cz1 + d = 0 (4.8)
ax2 + by2 + cz2 + d = 0 (4.9)
ax3 + by3 + cz3 + d = 0 (4.10)

where a,b,c,d are coefficients which are going to be eliminated later.
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The equation of the line passing through the plane is defined by the position of the pin-
hole rpinhole = [x4, y4, z4] and the ith fiducial point rf,i = [xf,i, yf,i, zf,i]. The corresponding
line equations are the following.

rpinhole + (rf,i − rpinhole) · ti = r (4.11)
x4 + (xf,i − x4) · ti = x (4.12)
y4 + (yf,i − y4) · ti = y (4.13)
z4 + (zf,i − z4) · ti = z (4.14)

where ti is the parameter.
To arrive at the intersection coordinates on the NBI plane, one has to solve the above lin-

ear equation system for the ti parameter. By multiplying equations 4.7-4.10 with (1 + ti) and
substituting 4.11-4.14 equations in them, one can arrive at the following matrix equation.

A · a+Bi · a · ti = 0 (4.15)

where a = [a, b, c, d] and the A and Bi matrices are the following

A =


1 1 1 1
x1 x2 x3 x4
y1 y2 y3 y4
z1 z2 z3 z4

 (4.16)

Bi =


1 1 1 0
x1 x2 x3 xf,i − x4
y1 y2 y3 yf,i − y4
z1 z2 z3 zf,i − z4

 (4.17)

Equation 4.15 holds true if the determinant of the A + Bi · ti matrix is zero. This can be
reordered to arrive at the expression for ti (see Eqn. 4.18) which can be substituted into Eqn.
4.11 to arrive at the r′f,i intersection points on the NBI plane (see Eqn. 4.19).

ti = −

∣∣∣∣∣∣∣∣
1 1 1 1
x1 x2 x3 x4
y1 y2 y3 y4
z1 z2 z3 z4

∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣∣
1 1 1 0
x1 x2 x3 xf,i − x4
y1 y2 y3 yf,i − y4
z1 z2 z3 zf,i − z4

∣∣∣∣∣∣∣∣
(4.18)

r′f,i = rpinhole +
(
rf,i − rpinhole

)
· ti (4.19)
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Determining the transformation matrix between the pixel and spatial coordinates

One can assume that the real spatial coordinates are bilinear functions of the pixel coordi-
nates. Bilinear transformation can describe translation, rotation and trapezoidal distortion.
Higher order transformations could take other types of distortions into account, however,
no strong distortion was seen in the CMOS images. Equations 4.20-4.22 describe the trans-
formation between the pixel coordinates and the real spatial coordinate. Let’s denote the
pixel coordinates with pi,x and pi,y and the spatial coordinates with r′i,x,r′i,y,r′i,z . If we as-
sume bilinear connection between the two, then three equation can be formed:

r′i,x = c1 · pi,x + c2 · pi,x · pi,y + c3 · pi,y + c4 (4.20)
r′i,y = c5 · pi,x + c6 · pi,x · pi,y + c7 · pi,y + c8 (4.21)
r′i,z = c9 · pi,x + c10 · pi,x · pi,y + c11 · pi,z + c12 (4.22)

where pi,x and pi,y are the pixel coordinates of the ith fiducial point, r′i,x,r′i,y,r′i,z are the
spatial coordinates of the ith fiducial point and cj are the bilinear coefficients. Since there
are four fiducial r′ points, 12 equations can be written. There are also 12 unknown variables.
The resulting equation system can be solved by matrix algebra. One can rewrite the parts of
the equations into a matrix and two vectors as follows:

A =



p1,x p1,x · p1,y p1,y 1 0 0 0 0 0 0 0 0
0 0 0 0 p1,x p1,x · p1,y p1,y 1 0 0 0 0
0 0 0 0 0 0 0 0 p1,x p1,x · p1,y p1,y 1
p2,x p2,x · p2,y p2,y 1 0 0 0 0 0 0 0 0
0 0 0 0 p2,x p2,x · p2,y p2,y 1 0 0 0 0
0 0 0 0 0 0 0 0 p2,x p2,x · p2,y p2,y 1
p3,x p3,x · p3,y p3,y 1 0 0 0 0 0 0 0 0
0 0 0 0 p3,x p3,x · p3,y p3,y 1 0 0 0 0
0 0 0 0 0 0 0 0 p3,x p3,x · p3,y p3,y 1
p4,x p4,x · p4,y p4,y 1 0 0 0 0 0 0 0 0
0 0 0 0 p4,x p4,x · p4,y p4,y 1 0 0 0 0
0 0 0 0 0 0 0 0 p4,x p4,x · p4,y p4,y 1



c = [c1, c2, c3, c4, c5, c6, c7, c8, c9, c10, c11, c12]
′

r′ =
[
r′1,x, r

′
1,y, r

′
1,z, r

′
2,x, r

′
2,y, r

′
2,z, r

′
3,x, r

′
3,y, r

′
3,z, r

′
4,x, r

′
4,y, r

′
4,z

]′
The problem is then reduced to find the c constant vector in the Eqn. 4.23 matrix equa-

tion.

c = A−1r′ (4.23)

If more then four fiducial points are given, then the problem becomes over-defined. Such
a problem can be solved by the least square method. (see Eqn. 4.25)

c =
(
ATA

)−1
AT r′ (4.24)

e = r′ −Ac (4.25)
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FIGURE 4.11: The image of the calibration LEDs on the calibration screen
along with the interpolated detector centers.

where e is the error vector. The transformation can be calculated with equation 4.26.

r′ = Cp (4.26)

where C is the coefficient matrix and p is the pixel vector (see Eqn. 4.28 and 4.27).

C =

 c1 c2 c3 c4
c5 c6 c7 c8
c9 c10 c11 c12

 (4.27)

p =


px

px · py
py
1

 (4.28)

where [px, py] is the pixel coordinate of an arbitrary point in the image.
The resulting r′ vector can be easily transformed into cylindrical coordinates of r′a =

[R, z, θ].

Calculation of the spatial coordinates of the individual detector pixels

After calculation of the transformation matrix, one can calculate the spatial coordinates of
each detector pixel. The APDCAM-10G 4x16 has 5 calibration LEDs which surround the
detectors. One can take an image of the LEDs on the calibration screen (see Fig. 4.11). Since
the geometry of these LEDs and the detectors are known, one can calculate the position of
the detectors by interpolating the pixel positions of the detectors between the LEDs. The
calculated pixel positions of the detector centers can also be seen in Fig. 4.11.

From the pixel coordinates of each detector and the transformation matrix, one can cal-
culate the spatial coordinates of each detector pixel.
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FIGURE 4.12: a) Time lag profile calculated from the cross-correlation func-
tions (shot 14110); b) Spatial positions of the BES channels along with the EFIT

magnetic reconstruction.

Cross-checking the results with EFIT

With the analysis of BES signals one can identify the position of the separatrix from the
poloidal velocity profile. The poloidal velocity profile can be calculated with the method
described in Section 1.8.3. The position where the poloidal velocity profile changes sign due
to the edge shear layer shows the position of the separatrix.

The EFIT reconstruction provides the position of the last closed flux surface on the
poloidal plane with an accuracy of 1-2cm. By plotting the spatially calibrated BES posi-
tions on the EFIT reconstruction, one can check the validity of the spatial calibration. The
calculated time lag profile and the EFIT reconstruction can be seen in Fig. 4.12.

As one can see, the separatrix position calculated from the BES signal matches the results
from the EFIT reconstruction within the 10mm resolution of the BES measurement and the
1-2cm accuracy of the EFIT reconstruction.

4.5.3 Relative amplitude calibration

The optical transmission, the filter transmission, and the effective detector gain can change
from pixel to pixel in both the APD and the CMOS branch of the BES diagnostic. Addition-
ally, the NBI current density also changes perpendicular to the beam injection, which has to
be taken into account if one would like to determine the relative plasma density profile.

If the heating beam is injected into gas with pressure in the 10−4 mBar range, the beam
attenuation is negligible, therefore the detected light intensity should be proportional to the
product of the local beam current and the light detection efficiency. The standard calibration
procedure would be to shoot the NBI into gas, and measure light emission with the BES sys-
tem. Unfortunately, the non-attenuated beam might damage in-vessel components, there-
fore, it cannot be used on a regular basis. However, after a plasma disruption, the plasma
temperature decays on a ms timescale, while the beam is still injected into the recombined
gas for a few ms or 10 ms. This time slice can be used for calibration by calculating the
relative beam intensity on measurement channels. An offset needs to be subtracted, which
is determined from the signal after beam-off. To prove that plasma excitation or beam atten-
uation is not present, the calibration can be repeated at different times after the disruption,
and the time interval selected when the calibration factors do not change. The procedure
has to be repeated for different beam energies and optics settings. After the 2014 measure-
ment campaign, the KSTAR team modified the procedure for NBI shutdown which resulted
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in immediate stop of the beam at a disruption. Hence, no relative calibration was possible
after this by utilizing the short time range after a disruption. Thereafter, only dedicated gas
shots could be used for relative calibration.

The Li-beam has lower power, therefore, it can be injected before or after a discharge for
a long time, and the same calibration process can be applied. In this case, the light intensity
in the gas is much lower, thus, long (typically 1 s) integration time is needed. This cannot
be achieved after a disruption, but a suitable gas pressure can be observed after a discharge
or in dedicated calibration gas pulses. The beam can be modulated (chopped), thus, a stable
offset subtraction can be done even if the signal level is low.

The signals measured in a plasma discharge should be divided by the calibration factors
resulting from the above procedure. In the DBES measurement, when the beam attenuation
is small across the APD camera observation volume, the calibrated signals approximately
reflect density changes. In the case of the Li-beam, the distribution of the relatively cali-
brated signals along the beam path are the input to various density calculation procedures
[57, 123].

4.5.4 Correction for beam current oscillations

Deuterium BES measures the Balmer-alpha line radiation from beam atoms excited by the
plasma. Oscillations present in the beam current itself will be seen in the signal. Thus,
the signal has to be analyzed prior to any further analysis to identify any unwanted beam
oscillations. Two high amplitude peaks were found in the power spectra for every shot,
one at 120Hz and one at 5kHz. Several smaller amplitude peaks were found at the higher-
harmonics of the 5kHz oscillation. The 120Hz oscillation is coming from the rectifier of
the NBI high voltage power supply while the 5kHz one is an effect of the switching high
voltage power supply. A method was developed in order to subtract the oscillations from
the signals.

The first step of the method is the calculate the average of the signals of the 16 innermost
BES channels measured at the top of the pedestal where the presence of edge turbulence is
weak. At this location the density fluctuation amplitude is low and mostly uncorrelated or
out of phase between channels in a 4 × 4 cm area, therefore, the local turbulence effect is
averaged out by summing up the 16 channels. The beam current oscillations are in phase
between all channels, therefore they are present in the averaged signal. The presence of a
strong plasma MHD mode could hinder the subtraction, however, for the analyzed shots
there was no mode present in the subtraction frequency range. For the 5kHz subtraction the
resulting signal is filtered with a finite impulse response filter (described in Section 1.8.2)
between 4.5kHz and 5.5kHz. The beam oscillation amplitude is different from channel to
channel. Hence, the averaged signal is subtracted from each channel after dividing it with a
weighting factor, which is calculated from the power ratio of the 5kHz peak in the average
signal and the signal which needs to be corrected. The result of an oscillation subtraction for
the 5kHz oscillation can be seen in Figure 4.13 for a SOL and an edge BES channel for shot
14110 for time range [3.0s, 3.5s]. One can see that the peaks at 5kHz are removed while the
other parts of the spectra are not effected. The algorithm was tested against a large number
of data samples and it was proved to be usable at most circumstances. The only excep-
tion was when the electron density profile of the plasma changed its shape significantly in
the time range of the oscillation subtraction. In this case the amplitude correction cannot
provide an optimal result, because the amplitude correction coefficient changes its value.
Sudden changes in the light profile need to be checked before using the subtraction method,
and if present, the data need to be split into smaller data sets eliminating the time range of
the sudden change.
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FIGURE 4.13: Power spectra of BES signals for shot 14110 time range [3.0s,
3.5s] with (red) and without (black) the oscillation subtraction for a) edge and

b) scrape-off layer. The blue graphs depict the estimated noise spectra.

The estimated noise spectrum is also shown in the plots which is coming from photon
and electronic noise. Electronic noise dominates in the SOL channels where the signal am-
plitude is low, while deeper in the plasma at higher signal levels photon statistical noise has
a significant contribution [1].

Although this subtraction technique could be used for any frequencies it could become
cumbersome for lower frequencies, eg. for the 120Hz oscillation. Finite impulse response
filtering requires a kernel filter function several times longer than the period time of the
filtering frequency. The duration of the kernel for 120Hz is τkernel = 50ms if we choose the
multiplication factor as 3. During a plasma shot 50ms can be long enough to have transient
effects, which could significantly change the relative amplitude of the signal between the
inner and outer channels. Usually the investigated plasma phenomenon have characteristic
times in the range of 10µs− 1ms. In this case removal of the 120 Hz peak is possible with a
simple low cut filter, since no important information is filtered out from the signal.
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Chapter 5

First results with the combined
Deuterium and Lithium beam
emission spectroscopy on KSTAR

After installing and commissioning the KSTAR BES system, analysis of the first measure-
ment data was performed. The first task was to determine the signal-to-background ratio
(SBR) and signal-to-noise ratio (SNR). After calculating these, the turbulence detection limit
was investigated with calculation of the relative fluctuation and noise amplitudes. The fol-
lowing paragraphs describe the results of these calculations.

5.1 Determining the limits of the KSTAR BES system

5.1.1 Signal-to-background ratio

The background intensity level of the DBES measurement can be determined from plasma
discharges, where the NBI is switched off for a couple of milliseconds specifically for back-
ground measurement purposes. A typical example for a modulated beam signal is shown
in Fig. 5.1a where 2 beam sources were operating.

It can be seen at the modulation, that the background signal level is about 40mV, while
the maximum signal level is 800mV resulting in an SBR of 20 at r/a=0.95, which shows that
the filter design target is fulfilled in the DBES measurement.

A measured Li-beam signal is shown in Fig. 5.2a at r/a=0.91. In this measurement the
Li-beam was modulated with 400 ms period time. The beam current was 1.5 mA, and the
beam energy was 50 kV. The Li-beam focusing was not optimal in the measurements, the
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beam diameter at the observation position was 3-5 cm (measured by the CMOS camera). At
optimal circumstances, the beam diameter could have been 2cm, however, due to techni-
cal difficulties of the beam itself, this was not achieved at most of the measurements. The
Li-beam signal amplitude is around one tenth of the Deuterium BES signal, but this ratio
strongly depends on the measurement location and the number of operating NBI sources.

5.1.2 Signal-to-noise ratio

The SNR was determined the following way. Laboratory measurements with calibration
light show that the noise spectrum of the APD camera is flat with a cutoff at the bandwidth
fBW = 500kHz (see Fig. 5.1). The spectra were calculated by Fast Fourier Transform on long
(∼100 ms) signal pieces resulting in very fine (∼10 Hz) frequency resolution. After that, the
result was smoothed using frequency bins changing proportionally to the frequency. This
way in the plotted spectra, the density of points on the horizontal axis is constant, 100 Hz
resolution is obtained at 1 kHz and 100 kHz at 1 MHz. This ”logarithmic frequency resolu-
tion” optimally displays phenomena at different frequency scales. Examples are shown in
Fig. 5.3.

The upper frequency of the typical frequency range of the plasma density fluctuations
(≈ 0 − 200 kHz) is considerably lower than fBW , therefore the high frequency part of the
spectrum is dominated by noise (see Fig. 5.3). There are two components in this: amplifier
noise and photon statistical noise. The former is independent of signal level, while the
power of the latter is proportional to the signal amplitude. A time interval is selected in
a shot where the signal level changes from the noise level to a considerable fraction of the
maximum detected signal, and it is divided into 1 ms long sub-intervals. The mean signal
(〈S〉), and the fluctuation power (PHF ) of the signal bandpass filtered for the 200-400 kHz
range is calculated in each of the subintervals. The noise power is calculated as

Pn = C
fBW

2 · 105
PHF , (5.1)

where 2 · 105 stands for the bandwidth of PHF calculation and the C correction factor ac-
counts for the fact that the spectrum is not rectangularly cut at fBW . The correction factor
was determined by analyzing measurements without plasma signal, and setting Pn equal to
the total actual signal fluctuation power. An offset linear curve is fitted to Pn vs. 〈S〉. The
SNR as a function of the signal level is the square root of this function. Typical SNR curves
are shown in Figs. 5.1 and 5.2. For the DBES measurement SNR reaches 80, while for the



5.1. Determining the limits of the KSTAR BES system 65

Li-BES the maximum is around 10-20. At DBES measurements, it can be seen, that the curve
is close to square root, which occurs at higher signal levels, where photon statistical noise
dominates. For the Li-beam measurement, a deviation from linear is observed, but the role
of the electronic noise is still dominant.

5.1.3 Turbulence detection limit

Beam light fluctuations resulting from plasma turbulence can be directly detected if their
power density in is above the noise power density of the measurement. The bandwidth of
plasma fluctuations (usually 1-100khz) can be around an order of magnitude lower than the
bandwidth of the detection system (500kHz-1MHz), especially at the plasma edge. Turbu-
lence can be directly measured if the power of their fluctuations are higher than the noise
power in a certain frequency range. If this is not true, turbulence could still be detected, but
only with cross-correlation techniques, which suppresses the non-coherent noise between
channels.

To determine the turbulence detection limit of the Deuterium and Lithium beam mea-
surements the relative fluctuation amplitude, and the relative noise amplitude were calcu-
lated. The procedure is illustrated in Fig. 5.3. At about 5 kHz and at its harmonics, a narrow
peak is observed in the confined region with the DBES, which is caused by a modulation
of the NBI beam current due to the acceleration voltage ripple. This peak disappears in the
SOL as the beam light intensity drops there significantly. During the calculations, the peaks
were removed by substituting their values at 5kHz, 10kHz, and 15kHz with the average
power of the neighboring values in the spectra, because they are not results of turbulent
fluctuations.

The noise spectrum is determined by estimating the amplifier transfer function as an
RC filter T (f) = A · (1 + (f/fBW )2)−1, A is a constant. Such a curve was fitted onto the
BES spectra over 200kHz because no turbulence or MHD mode were observed in the given
discharge there. Since photon noise and amplifier noise can be modeled as white noise, the
same transfer function can be used below 200kHz to estimate the noise power spectrum.
After subtracting the fitted noise spectrum, the fluctuation amplitude can be calculated as

Afluct =

√
2 ·
∫ 200kHz

1kHz
P (f)df, (5.2)

where P (f) is the noise corrected power spectrum and the factor of two arises because
the power spectrum contains only positive frequencies. Fluctuations below 1 kHz were not
considered as they might be related to active plasma control and their power was negligible
according to the calculations. The relative fluctuation amplitude is the ratio of the fluc-
tuation amplitude, and the average background corrected signal level. The relative noise
amplitude is calculated similarly from the fitted noise spectrum.

The results of the calculation for the DBES measurement can be seen in Fig. 5.4. In the
range r/a = [0.95, 1.05], the fluctuation amplitude exceeds the noise amplitude, which al-
lows direct turbulence measurements in the scrape-off layer (SOL), and at the edge of the
plasma. Towards the core the relative fluctuation amplitude decreases but remains at 1%,
comparable to the noise level. This shows that turbulence measurement is possible towards
the core as well. Depending on plasma conditions and the number of heating beams used
turbulence detection can be limited. However, even in such cases cross-correlation or co-
herency analysis between poloidally adjacent channels can still reveal the turbulence spec-
trum where otherwise the auto-power spectrum wouldn’t.
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The result of the fluctuation amplitude calculation for the Lithium beam measurement
is shown in Fig. 5.5. Power spectra were calculated from beam-on times in a 3 second long
part of the signal, while beam-off times were used as background signal. One can see that
the relative noise amplitude is a magnitude higher than in case of the DBES measurement in
Fig. 5.4, caused by the much weaker Li-beam signal. In the Li-beam measurement the beam
light fluctuation amplitude is lower everywhere than the noise amplitude. However, at the
plasma edge turbulence amplitudes tend to be limited to below 100 kHz, therefore, direct
turbulence measurement is still possible, as shown in Fig. 5.2.

The beam light fluctuation amplitudes are somewhat different in the two measurements,
which are caused by different plasma conditions, better radial and poloidal resolution in the
Li-BES measurement and different atomic physics in the two beam species.
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2-8 signal for shot 9212.

5.2 Quasi-coherent mode of turbulence in Ohmic and L-mode plas-
mas

After determining the basic parameters of the KSTAR BES system an L-mode shot and an
Ohmic shot were analyzed in order to show the measurement capabilities of the system in
the plasma edge. In one of the L-mode shots the Deuterium BES system was operating,
while in the second shot the Lithium beam was measured by the BES.

5.2.1 Measurement of edge turbulence on KSTAR with the final combined BES
system

The BES system at KSTAR can be used to analyze turbulence at the plasma edge in two
dimensions, both in the radial and poloidal direction. The amplitude of edge turbulence
is higher in L-mode plasmas, where the broadband turbulence under 10kHz and quasi-
coherent (QC) mode of turbulence observed between 10-100kHz is not suppressed [124, 125].
QC modes have characteristics in between coherent and broad-band fluctuations as they
oscillate around a given frequency but have a wide spectrum [126]. A 6.9s long L-mode
plasma shot (#9212) was chosen to demonstrate the possibilities of DBES data analysis. The
plasma current, electron density, and the NBI power of the L-mode shot can be seen in Figure
5.6.

Signal power spectra were calculated by Fast Fourier Transform with the method de-
scribed in Sect. 1.8.1. Example results can be seen in Fig. 5.7a for four measurement channels
at r/a = 0.95. The four channels have 1cm offset poloidally.

In the SOL broadband fluctuations below 10 kHz dominate, while just inside the separa-
trix a higher frequency, roughly 80 kHz wide peak appears from 20 kHz to 100 kHz. This is
very similar to the QC mode observed on several experiments [124, 125]. Towards the core,
the amplitude of the QC mode decreases and a low frequency component (below 10 kHz,
resembling the SOL spectrum) remains significantly over the noise level. This is likely to be
caused by beam attenuation by density fluctuations in the SOL.

The turbulence propagation properties of the QC mode in the L-mode shot were an-
alyzed with cross-covariance analysis of the four measurement channels in Fig. 5.7a. A
stationary, 100 ms long time range of the plasma was analyzed ([2.0s, 2.1s]) by calculation of
the power spectra (a), cross-covariance (b), coherence (c) and cross-phase (d) (see Fig. 5.7).
The QC peak can be seen between 20 kHz and 100 kHz (see Fig. 5.7a). Therefore, the signal
was filtered for this frequency range with a digital FIR filter for the cross-covariance cal-
culation. The cross-covariance functions were calculated between channel BES-2-5 and the
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other three channels in that vertical detector array. 3 km/s poloidal propagation velocity
can be seen from the 10 µs time lag between BES-1-5 and BES-4-5 and their 3cm spatial sep-
aration. The cross-coherence calculation also supports the presence of a coherent turbulent
structure (see Fig. 5.7c), which can be seen from the coherence peak between 20 kHz and
100 kHz, which is significantly over the noise level. The cross-phase calculation also reveals
the propagation, which can be seen from the approximately linear relationship between the
frequency and the cross-phase of BES-1-5 and BES-3-5 (the reference channel was BES-2-5).
The method also shows the frequency range of the poloidally propagating structure, which
can be seen between 20kHz and 100kHz.

The turbulence propagation was analyzed in an Ohmic shot, as well. The measurement
was done with the Lithium BES, because the standard DBES techniques are not working
due to lack of Deuterium beam emission. For the analysis, the same 11404 Ohmic shot was
chosen as in the previous section, because it provided reasonably good statistics. The results
of the calculation can be seen in Fig. 5.8.

The analysis of the power spectra at r/a=1.00 did not reveal any sign of turbulence due
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to low statistics, thus the cross-coherence functions were calculated (see Fig. 5.8 a). One can
see, that the coherence between BES-2-7 and BES-3-7 is higher than the noise level between
10kHz and 360kHz, which is an indication of a coherent structure. The coherence is also
above the noise level in the frequency range of 1-10kHz, which is an indication of the radially
smeared scrape-off layer and background turbulence. In the next step the signal was filtered
to 10kHz-100kHz and the cross-covariance functions were calculated (see Fig. 5.8 b). As
one can see, there is time lag between the maximum of the BES-2-7 and the BES-4-7 cross-
covariance functions. The 10us time lag over a 2 cm poloidal distance is an indication of
propagation with a velocity of 2km/s. The results show, that turbulence propagation can be
analyzed on an Ohmic plasma with the Lithium beam.

5.2.2 Calculation of the electron density profile from Lithium BES data

As described in the introduction before, the plasma edge electron density profile can be
deduced from the radial light profile measurement with the Li-beam [58]. The density pro-
file calculation requires impurity profile, temperature profile and relatively calibrated light
profile to provide reliable reconstruction. The first two measurements were not available for
this shot, thus only estimated values were used for the calculation. The impurity profile was
estimated as Zeff = 1.35 (1% 6C impurity), while ion and electron temperatures were ap-
proximated with Ti = Te = 5keV ·

√
(1− (r/a)2). The density calculation is only marginally

sensitive to these parameters. Shot 11404 provided the best chance of deducing the profile,
because at the end of the shot, the gas pressure remained at a sufficient value for relative
calibration (dedicated gas shots were not available) and Lithium beam chopping was also
applied providing background light measurement, as well. Figure 5.9a shows the relatively
calibrated light profile after background light correction measured with the CMOS camera.
The depicted error bars are estimated errors from the electric and photon noise of the mea-
surement. The estimation resulted 5% of the average light profile for the entire measurement
range. For more accurate results a more detailed noise and error source analysis needs to
be done, however, the presented calculation was only done for proving the possibility of
absolute electron density profile measurement on KSTAR with Lithium beam.

As one can see, the measurement covers the increasing and the decaying part of the
Lithium beam, as well, which is necessary for absolute density profile reconstruction. The
absolute electron density reconstruction was performed with a Bayesian algorithm, similar
to the one used on ASDEX upgrade [123]. The algorithm utilizes the aforementioned RE-
NATE software for calculating the light profile from the electron density profile (backward
calculation), while it uses a Bayesian probabilistic algorithm for calculating the electron den-
sity profile (forward calculation). The results of the calculation can be seen in Fig. 5.9b.
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The probabilistic density profile calculation determines an error, which is also depicted
in Fig. 5.9b with blue dashed lines. The error is increasing towards the pedestal top as the
beam gets ionized and becomes less sensitive to the local density. At the time of the mea-
surement, there was no standard density profile measurement available on KSTAR, thus,
the only signal with which the measurement can be compared is the line integrated electron
density measurement. By assuming a flat profile towards the plasma core and integrat-
ing the reconstructed density profile, the Lithium beam density profile measurement agrees
with the line integrated density measurement.
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Chapter 6

Characterizing filamentary structures
in the scrape-off layer

After determining the measurement possibilities of the KSTAR BES system it was possible
to utilize the diagnostic for investigating scrape-off layer plasma dynamics. This chapter
presents the results of the author’s SOL research on KSTAR regarding intermittent blob
and hole dynamics. This chapter is mainly based on the published results of [4]. Section
6.1 shows the analysis of the SOL of an L-mode shot measured by the BES system, while
Section 6.2 shows the results of the same analysis but in an H-mode shot. The last section
describes the results of the comparison between the L-mode shot BES measurement and the
probe measurement.

6.1 Characterizing blobs in KSTAR L-mode plasmas

A stationary long L-mode shot (#14110) was selected for the L-mode blob analysis. The
plasma shot used BT = 2T toroidal magnetic field and the plasma current was Ip = 417kA
while the line integrated electron density was 2 · 1019m−2 (n/nGreenwald = 0.39). Only the
middle NBI (NBIA) ion source was operating with 0.9MW power and 70kV acceleration
voltage. A Deuterium BES signal measured by the APDCAM can be seen in Fig. 6.2a. The
signals were filtered for [1kHz, 50kHz] frequency range with FIR filtering (see Sect. 4.5.4)
and the 5kHz oscillation was subtracted with the oscillation subtraction method described
in 4.5.4. SOL fluctuations are only present in this frequency range, as one can see in Fig. 6.1a.
The power spectrum of the fluctuation in the plasma edge can be seen in Fig. 6.1b.

In order to determine the poloidal velocity of turbulence at different radial locations the
cross-correlation functions were calculated between each poloidally neighboring channels
(eg. between BES-2-8 and BES-3-8). The average correlation function is calculated from

Oscillation subtracted power spectra of shot 14110 at [3.0s,3.5s]
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The normalized minor radii were calculated from EFIT.

the resulting three cross-correlation functions. A parabolic function is fit on the largest 3
points of the average cross-correlation function and then the maximum location gives the
average time lag between poloidally neighboring channels. The time lag profile is inverse
proportional to the apparent poloidal velocity profile. Since a shear layer is expected to be
present at the separatrix, one can determine its position by finding the position of the time
lag sign change. The position can be seen in Fig. 6.2b and the result isRsep = 2230mm. From
the EFIT equilibrium reconstruction the separatrix is at Rsep,EFIT = 2238mm. This agrees
with the BES result within the spatial resolution (10mm) of the BES measurement. The result
shows that poloidal propagation is in the ion diamagnetic direction in the SOL and in the
electron diamagnetic direction in the plasma edge, as one would expect. By looking towards
the core, the BES measurement loses its sensitivity and the time lag is dominated by time
lags of the background signal. The position of the separatrix in the plots is shown from the
poloidal velocity profile change, however, the normalized minor radius scales of the plots
are calculated from the EFIT reconstruction. Hence, a slight discrepancy is present between
the radial axis and the separatrix position.

Fig. 6.2c shows the un-calibrated light profiles for each detector row. This means that
neither optical vignetting, nor filter transmission effects are corrected in the analysis. This is
due to lack of calibration gas shots on KSTAR for NBIs. Nevertheless, the data are usable for
fluctuation analysis, since optical vignetting and filter affect mostly the edges of the profiles
and the focus is on the relative fluctuations in the signals not their absolute amplitudes. The
fluctuation and noise amplitudes were calculated for this time range, as well (see Fig. 6.2d.
One can see that the relative fluctuation amplitude remains over the noise amplitude close
to the separatrix and it is in the range of 1-3%. Furthermore, one can see that the relative
fluctuation amplitude is significantly lower than in the case of probe measurements on other
machines [74, 109]. This behavior is discussed in Sec. 6.3.

6.1.1 Calculation of the skewness and kurtosis profiles

Earlier work on other plasma devices showed that by analyzing the moments of fluctuating
signals, one can determine the birth-zone of the blobs and holes [80, 85, 110, 127]. By follow-
ing this route, after the preliminary signal processing the skewness and the kurtosis profiles
were calculated (see Sect. 1.8.4). The results of the skewness and kurtosis calculation for
shot 14110 at time range [3.5s, 4.5s] can be seen in Figure 6.3.
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As one can see in Fig. 6.3a, the skewness is positive outside the separatrix and at the
edge of the plasma. By going towards the core, a steep drop can be seen in the skewness
at around r/a = 0.93. This region is believed to be the birth zone of blobs and holes [128].
Earlier research showed, that blobs and holes are born few centimeters inside the separatrix
[80]. The region of holes is expected to be few centimeters towards the core from the blob
birth zone. In Fig. 6.3a as one goes further inside, the skewness continues to be around zero
and for some channels it even drops below zero. Due to the finite lifetime of the atomic
states during the beam-plasma interaction the BES signal is smeared radially inwards. This
could cause masking of the holes by the larger blobs which can be one reason for the lack
of negative skewness. Furthermore, as one goes inwards, the noise starts to dominate the
signal (see Fig. 6.2) of which skewness is zero. Figure 6.3b depicts the kurtosis profiles for
shot 14110 and time range [3.5s, 4.5s]. The tendency of the kurtosis profile is contradictory.
One would expect higher kurtosis by going radially outwards as the lifetime of bigger blobs
are higher and there are more extreme outliers. This is not yet fully understood.

6.1.2 Conditional averaging used on L-mode BES data

One of the feasible methods for blob and hole analysis is conditional averaging (see Section
1.8.5). Our cross-conditional averaging analysis used Acond = +2.5 · σ amplitude threshold
as the condition for the blobs and the time window was chosen to be ±400µs around the
maximum of the signal. The chosen reference channel is located at R=2230mm (r/a=0.98,
close to the separatrix) because the blob birth zone is expected to be just inside the separatrix.
The signal was filtered for the frequency range of [1kHz, 50kHz] with FIR filtering. The
calculation results a 3D quantity and it depicts the average shape and time evolution of the
blobs for the given condition. Each time slice of the result depicts the shape of the blob at
different times relative to the reference time. Such frames can be seen in Figure 6.4.

As one can see in Fig. 6.4, a relatively large average blob event is captured by the condi-
tional averaging. The average blob is first seen at approximately r/a = 0.95, 25mm inside
the separatrix. Then it moves downwards in the ion diamagnetic direction and outwards in
the radial direction while its radial size increases. It is not clear whether this shape change
represents the blob dynamics or, to some extent, caused by radial smearing due to beam
atomic physics processes. The radial velocity of the blob is vrad ≈ 300m/s while its poloidal
velocity is vpol ≈ 225m/s. The poloidal size of the blob is around 20mm while its radial
size is changing from 20mm to 40mm whilst propagating radially outwards. The movement
probably continues in the far SOL, as well, however, our range of measurement is limited
and cannot observe the entire SOL. It has to be noted, that the determination of the blob size
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is limited by the 2-3cm effective radial and poloidal spatial resolution of the system. If a
dense, but relatively small (rblob < 2cm) blob is measured by the system, its measured size
will equal the effective optical resolution. In the analyzed time range, the blob generation
rate was 576s−1.

Conditional averaging was also performed with negative threshold in order to find the
holes in the signals. The reference channel was moved slightly inwards, to r/a = 0.93, where
holes are more likely to be found. The condition for finding the holes was Acond = −2.5 · σ
while the time window remained the same ±400µs around the peak of the signal. The data
was filtered for the same [1kHz, 50kHz] range as for the blobs. The results of the calculation
can be seen in Fig. 6.5.

As one can see, conditional averaging captured a relatively large average hole event
with radial and poloidal size of approximately 20mm. The hole is moving slightly radially
inwards and it propagates poloidally in the electron diamagnetic direction unlike the blob,
which propagates outwards in the radial direction and poloidally in the ion diamagnetic
direction. The lifetime of the average hole is much shorter than of the blob, it is in the range
of several 10µs while the blob lives longer than 100µs. The poloidal velocity of the hole is
vpol = 1km/s (e-diam) while its radial velocity is vrad = −400m/s. The average hole is born
approximately at the same position where the average blob is first seen. During the analysis
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of the 1 s long time window, the hole generation rate was 796s−1.
One can ask the question how does the conditional averaging technique depend on

the reference channel. Thorough analysis was performed in order to find the limitations
of the technique. Calculations were performed with different reference channel settings
from r/a=0.8 to r/a=1.03. No blob events were registered in the channels closer to the core
plasma. By setting the reference to different channels in the plasma edge and the SOL where
blobs are present the same conditional averaged signal was the result independent of the ref-
erence channel. The only difference was the shifted time lag due to the radial and poloidal
movement of blobs.

The reference channel of the conditional averaging was also set to different ones for hole
analysis. No clear indication was found for holes when the reference channel was set to
channels towards the core. However, apparent holes (artifacts) were found in the SOL re-
gion. These hole artifacts were shadows of large blobs in that region. The shadowing effect
was created by the FIR filtering, which caused negative peaks before and after the blobs due
to filtering oscillation. These were found to be holes by the conditional averaging. By set-
ting the reference channel to BES channels inside the blob birth place, the shadowing effect
became negligible. In conclusion the same blobs were seen outside r/a = 0.95 wherever the
reference channel was set, while real holes were detected only for 0.90 < r/a < 0.95.

6.2 Characterizing blobs and holes in a KSTAR H-mode plasma

A feasible plasma scenario for a future energy production plasma reactor could be the H-
mode. According to earlier research, H-mode plasmas have suppressed edge turbulence and
steep pressure gradient due to the presence of an edge transport barrier [45]. Intermittent
events were also observed in the SOL of H-mode plasmas and their dynamics were analyzed
on different fusion experiments [80, 129].

A relatively long H-mode shot (13788) was chosen for the H-mode analysis. The toroidal
magnetic field of the shot was BT = 1.8T , the plasma current was 639kA and the line inte-
grated density was 2.74 ·1019m−2. The shot utilized the first and the second NBI ion sources
which resulted in a neutral beam heating of 2.77MW. The energy of the first and second ion
source was 100keV and 60keV, respectively Both beams were modulated for background
light measurements. The raw signal of a BES channel can be seen in Fig. 6.6 a).
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The calculations presented hereafter were only performed for time slices between edge
localized mode (ELM) bursts, since ELMs represent a strong perturbation masking blobs.
The position of the separatrix was determined from the BES measurement with the same
method as for the L-mode shot (see Fig. 6.6b. The radial scale of the plots is calculated from
EFIT. The poloidal time-lag of turbulence is smaller, thus, the poloidal velocity is larger than
in the L-mode case (see Fig. 6.2). This is expected for an H-mode plasma where the velocity
shear is stronger in the plasma edge. The separatrix is depicted as a 5mm wide area due to
the curvature of the separatrix in the BES measurement range. As one can see, the resulting
separatrix position from the time lag profile coincides with the EFIT result within the 1cm
spatial resolution of the BES. Fig. 6.6c shows the uncalibrated light profiles for shot 13788
between [13s, 14s] while Fig. 6.6d shows the relative fluctuation and noise amplitudes for
the BES measurement filtered between [1kHz, 50kHz] for the same time interval. The results
of the calculation show that the fluctuation amplitude is 2% in the SOL. The fluctuation
amplitude exceeds the noise amplitude in the normalized minor radius range of [0.95, 1.05].
The relatively low relative fluctuation amplitude is a result of the low spatial resolution of
the BES measurement. This effect is discussed in Sec. 6.3 in more detail.

Skewness and kurtosis analysis were also performed for the H-mode measurement, as
for the L-mode shot. Fig. 6.7 depicts the results of the calculations. The skewness profile
shows similar tendency as for the L-mode shot. It is positive outside the separatrix and
drops down to zero just inside the separatrix. The birth-zone of the blobs is at the position
where the skewness is zero, which is approximately 1cm inside the separatrix. The skew-
ness drops to negative values for the H-mode shot. The presence of negative skewness is
expected at the position where holes are dominating, however, negative skewness was not
seen in the L-mode plasma. This could be elucidated by the lower spatial smearing of the
BES measurements in the higher density H-mode plasma, thus, the blobs are not smeared
into the region, where holes are present. The radially outwards increasing skewness is a
result of the longer lifetime of larger blobs. As one can see the skewness profiles are shifted
as one goes vertically upwards. That is due to the curvature of the last closed flux surface
in our measurement range. The kurtosis profile seen in Fig. 6.7b is different from the L-
mode shot result in Fig. 6.3d and the profile displays the expected tendency. Larger kurtosis
means that there are more extreme and more frequent outliers than the Gaussian distribu-
tion. Larger blobs have higher lifetime which could explain the elevated kurtosis outside
the separatrix.
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Analysis of conditional averaged signals for the H-mode shot

The same analysis was performed for the H-mode shot as for the L-mode shot in terms of
conditional averaging. The signal was filtered for the [1kHz, 50kHz] frequency range with
FIR filtering and a blob or a hole was registered when the signal exceeded (plus sign) or
dropped below (minus sign) the Athres = ±2.5 · σ amplitude threshold. The results of the
calculations for the blobs and holes can be seen in Fig. 6.8 and in Fig. 6.9, respectively.

As one can see, the average blob in an H-mode plasma behaves similarly to the L-mode
case. The blob is born just inside the separatrix, then it is propelled outwards by the E × B
force. When it reaches the separatrix it is sheared by the shear layer, then it leaves our
measurement range. The size of the average blob is 20mm poloidally and its radial size is
changing from 20mm to 40mm during propagation. Its radial velocity is vrad ≈ 200m/s
while its poloidal velocity is vpol ≈ 150m/s. During the analysis, 90 blob events were found
in the investigated time windows, which results in a blob generation rate of 318s−1.During
the analysis, 150 hole events were found in the investigated time windows, which results in
a hole generation rate of 530s−1. It has to be noted that the measurement of the blob and
hole sizes is limited by the 2–3 cm optical resolution of the BES system.

The average hole dynamics in the H-mode shot is depicted in Fig. 6.9. As it can be
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seen, the average hole is born at the same position where the blob is. Its size is 20mm
radially and 30mm vertically. The hole is propagating radially inwards with approximately
vrad = 175m/s while it is moving poloidally in the electron diamagnetic direction with
vpol = 166m/s.

6.3 Comparison of BES SOL measurement with probe measure-
ments

As the most established SOL blob measurement technique is based on Langmuir probes
we compare the L-mode BES results to the fast reciprocating Langmuir-probe assembly
(FRLPA) [130] measurements on KSTAR. The FRLPA contains three probe tips for triple
probe measurements and two tips for Mach probe measurements. Triple probe measure-
ments can provide ion saturation current and floating potential, while the parallel velocity
can be evaluated by analyzing the ion saturation currents measured by the Mach-probes.
Unfortunately the ion saturation probe failed in the analyzed L-mode discharge therefore
one of the Mach probe signals was analyzed and compared with the analysis of the BES data.
Since the FRLPA is moving during the discharge, a spatial calibration was provided which
returns the spatial position for all times during the measurement. The FRLPA was actuated
from from 3.71s to 4.36s in shot 14110, and the elapsed distance was fromRout = 2638mm to
Rin = 2240mm (r/a ≈ 1.00) in the inward movement. The innermost position (Rin) was still
in the SOL, where blobs could be measured by BES. The sampling frequency for the probe
measurements was 2MHz. The signal, measured with one probe tip of the FRLPA, corre-
sponding to ion saturation current and the elapsed distance in the reciprocating movement
can be seen in Fig. 6.10a and Fig. 6.10b, respectively.

During the analysis, the signal was split into equidistant time ranges, where the probe
was moving 20mm, approximately the expected radial size of an average blob. The power
spectrum, relative fluctuation amplitude, skewness and kurtosis were calculated for each
time range. Additionally, conditional averaging was performed withAcond = +2.5 ·σ condi-
tion. Since the FRLPA doesn’t extend into the confined plasma region, conditional averaging
with negative amplitude condition didn’t result any event: no holes were found.

A calculated power spectrum of the probe data in the time range of [3.996s, 4.090s] (R ≈
2256mm, r/a = 1.04) is depicted in Fig. 6.11a. The fluctuations extend to about 200 kHz
while a small increase is seen around 1 MHz. This latter is caused by electronic noise and
background fluctuations as it can be seen from the green plot in Fig. 6.11a. The fluctuations
extend to significantly higher frequencies than the BES spectrum for the same time range
(red curve). This is caused by both the larger spatial integration of the BES and by the higher
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noise level which masks the high frequency part of the BES spectrum. BES has worse spatial
resolution, approximately 30mm in the SOL (considering spatial smearing from beam effects
and optical imaging), while the probe size is only 3mm. The lower spatial resolution of the
BES measurement can be considered as a low-pass filtered version of the probe signal with
a filtering time constant of τ ≈ 100µs. The spectrum of the low pass filtered probe data is
depicted as a blue curve in Fig. 6.11a.

Fig. 6.11b shows the conditional averaged signal for the same time range. Since ion sat-
uration current measurements have low noise, low-pass filtering the signal is not necessary
unlike for the BES signal. In order to subtract the trend, a 500Hz high-pass FIR filter was uti-
lized. By fitting an exponential curve on the conditional averaged signal (see Fig. 6.11b pink
plots), one can find that the rising edge of the blob has τprobe,rising = 4µs, while the falling
edge has τprobe,falling = 6µs time constant. BES measurements at the same position for the
same time range show longer, τprobe,rising = 44µs and τprobe,falling = 128µs rising and falling
edge time constants, respectively. The longer time constant for BES measurement can be
qualitatively understood considering the different spatial resolution of the two diagnostics,
as described above. During the analysis the blob generation rate was 1050s−1 at r/a=1.03.
This value is around two times higher than the one measured by BES (576s−1), which is due
to the fact that FRLPA can capture smaller events, as well.

Skewness, kurtosis and the relative fluctuation amplitude as a function of radial position
were also calculated for each time frame during the inward movement. The results are
shown for the probe data (black curves), the low pass filtered probe data (blue curves) and
the BES data for the same time range (red curves) in Fig. 6.11. The probe data are meaningful
for r/a < 1.4, at larger radii the fluctuation amplitude becomes comparable to the electronic
noise and the background signal of the measurement. In the radial range, where the signal
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is meaningful, the skewness is always positive. The skewness profile of the low-pass filtered
probe data matches with the skewness profile of the BES data were the two measurements
overlap. The same can be said about the kurtosis. It can also be seen that the probes do
not extend into the confined plasma region, thus, measurement of holes is not possible.
The tendency of the kurtosis is in agreement with the expected behavior, thus, as one goes
radially outwards kurtosis is showing increasing tendency. This is a result of the longer
lifetime of larger events.

As one can see in Fig. 6.11e, another significant difference between the BES and probe
measurement is the much lower relative fluctuation amplitude in the BES signal. This can be
understood again considering the significantly different spatial resolution of the two mea-
surements. Using the reasoning described above at the comparison of power spectra, the
BES signal should be a low-pass filtered version of the probe signal. Therefore, the fluctu-
ation amplitude of the low-pass filtered probe data was also calculated (blue curve). These
values are indeed closer to the level indicated by the BES measurement, although, they do
not reach that low amplitude. This behavior was also found in numerical calculations [131].

Although the above comparison indicates that the BES diagnostic capabilities are limited
at small scales (and the resulting high frequencies) they offer advantages compared to probe
measurements in other aspect. Due to the nature of probe measurements, it is not possible
to measure the entire plasma shot at different radial positions as with the BES. On KSTAR
the number of reciprocating probes is 5 and hence the probe measurement lacks poloidal
resolution. Furthermore, especially in H-mode, the probes can only be pushed in to the
separatrix to prevent their meltdown due to high heat loads. Hence, the FRLPA cannot
measure in the edge plasma and cannot reveal the hole dynamics at all. This can be also
seen in Fig. 6.11c where one can see, that the skewness does not reach zero, which would
show the birth zone of the blobs and holes. Since there is no indication for the birth zone,
holes, which are even further inside, cannot be captured by KSTAR probe measurements.
Another important aspect of the two measurement techniques is, that while measurement
of the Deuterium beam emission does not perturb the plasma, probe measurements perturb
the plasma and thus interpretation of the measurement data can be cumbersome.

6.4 Discussion of the L-mode and H-mode blob and hole analysis

Conditional averaging was utilized in order to find the blobs and the holes in the plasma
edge of an L-mode and an H-mode KSTAR plasma. By analyzing the measurement data, it
was possible to determine the average poloidal and radial size of the events. The analysis
also showed that the structures are propagating both in the radial and the poloidal direction.
The velocities of the propagation were also calculated. Table 6.1 contains these information
for both the L-mode and the H-mode shot.

TABLE 6.1: Summary of the blob and hole analysis results for the L-mode and
the H-mode shots.

Parameter
L-mode
blobs

L-mode
holes

H-mode
blobs

H-mode
holes

Poloidal size 20 mm 20 mm 20 mm 30 mm
Radial size 20-40 mm 20 mm 20-40 mm 20 mm

Poloidal velocity
225m/s
ion diam.

1000 m/s
e− diam.

150m/s
ion diam.

166 m/s
e− diam

Radial velocity 300m/s -400m/s 200m/s -175m/s
Generation rate 576s−1 796s−1 318s−1 530s−1
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The L-mode and H-mode results cannot be directly compared in detail, since the shots
were completely different plasma regimes. However, the same tendency is seen, as it was
found on other machines. There is no significant difference in the radial and poloidal sizes
of intermittent events between L-mode and H-mode shots. The poloidal velocities of blobs
and holes have the same magnitude as on other machines and their direction also coincides
with earlier findings. The magnitudes of the radial velocities do not match earlier research,
because there, holes tend to have higher absolute radial velocity than blobs in all regimes.
However, that is not the case for the H-mode shot in the DBES measurement. Their direction
matches results on other machines: blobs are propagating radially outwards, while holes
show inwards movement. The event generation rates show the same tendency as on other
machines: the generation rate is generally higher for holes, than blobs. The comparison was
based on results from [74, 80, 109].
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Chapter 7

Summary and discussion

After an extensive feasibility study including beam modeling and trial measurements, a
combined Hydrogen and Lithium beam emission spectroscopy system was successfully put
in operation on KSTAR. For the heating beam BES, the first plasma measurements showed
the peak signal-to-noise ratio of the system to be approximately 80, while the signal-to-
background ratio was 20. For the diagnostic Lithium BES, the peak SNR was found to be
20, while the highest SBR ratio was around 10. The calculated SBR suggest, that the Lithium
filter design was also appropriate, and its lower value is a result of the non-optimal focusing
of the Li-beam.

The turbulence detection limit was investigated for the heating Hydrogen beam and the
diagnostic Lithium beam BES measurements, as well. An avalanche photo-diode detector
(4x16 channels) based camera provided fast (2MHz sampling) fluctuation measurements of
the beam line emission with 1cm radial and vertical optical resolution. For the HBES, the
highest relative fluctuation amplitude was 4% at the plasma edge (r/a = 1.0), which was
two times higher, than the noise level. This shows, that turbulence can be directly detected
at the plasma edge with spectral analysis. Towards the plasma core, the value of the relative
fluctuation amplitude decreased to 1%, which is the same level as the noise amplitude. This
result shows, that turbulence can only be detected towards the core with cross-correlation
methods. For the LiBES, the relative noise amplitude exceeds the relative fluctuation am-
plitude for all radial positions, but at the plasma edge, in the range of r/a = [0.95, 0.1], the
fluctuation amplitude is only 2-3 times lower than the noise amplitude, which allows turbu-
lence measurements, but only with cross-correlation methods. Turbulence detection is only
possible at the plasma edge due to the low penetration depth of the Lithium beam. Poloidal
propagation velocity of edge turbulence could also be detected in both LiBES and HBES
measurements. Lithium beam measurements can also provide measurement of the absolute
radial electron density profile.

Scrape-off layer and edge turbulence measurements were performed on KSTAR with
Deuterium beam emission spectroscopy in different plasma scenarios. The light signal fluc-
tuations are considered as a proxy to plasma electron density modulations. During initial
data analysis spurious oscillations were found in the BES signals originating from the NBI
high voltage power source. An oscillation subtraction method was developed in order to
remove these disadvantageous effects.

An L-mode and an H-mode shot were chosen for the aim of demonstrating the scrape-
off layer turbulence measurement capabilities of the KSTAR Deuterium BES system. The
main parameters of the measurements were determined such as the turbulence spectrum,
the poloidal time lag profiles (inverse poloidal velocity profiles) and the relative fluctuation
and noise amplitudes. Furthermore, the skewness and the kurtosis profiles of the shots were
also investigated. It was found that the skewness profile exhibits similar behavior as it was
found in other machines. The analysis showed that the birth zone of blobs and holes is
1-2cm inside the separatrix.
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In order to analyze the average behavior of blobs and holes, conditional averaging was
applied. By utilizing this method, blobs and holes were found in L-mode and H-mode
plasmas, as well. While blobs can be detected everywhere in the scrape-off layer, holes can
only be seen at the birth location of the blobs and 1-2cm radially inwards. The poloidal
and radial propagation direction of both the blobs and holes match the findings on other
plasma devices: the average blob is propagating radially outward and poloidally in the ion
diamagnetic drift direction, while holes are propagating radially inward and poloidally in
the electron diamagnetic drift direction. The two-dimensional BES measurement suggest
that the blobs change their shape as they propagate radially outward, but the contribution
of beam effects is at present unclear and needs further analysis. The analysis of conditional
averaging showed the generation rate of blobs and holes, as well. The hole generation rate
was found to be 50% higher than the blob generation rate in both L-mode and H-mode cases

Probe measurements were analyzed for the same L-mode shot in order to compare SOL
probe measurements to BES measurements. Probe measurements show higher relative fluc-
tuation amplitude and higher cutoff frequency than the BES measurement. This is consid-
ered to be at effect of the limited effective spatial resolution of the BES diagnostic. It causes
the smaller blobs to be averaged out and thus lowering the fluctuation amplitude and the
cutoff frequency. This effect can be addressed quantitatively by investigating synthetic diag-
nostic signals which will be a subject of a work in the future. Although density fluctuation
measurements of probes are superior to BES in respect to spatial resolution and dynamic
range, they lack full 2D resolution and they are limited in radial measurement range, dis-
charge conditions and operation time. Furthermore, probes perturb the plasma, as well,
which makes interpretation of the data difficult.

Based on the results, one can draw the conclusion that the Deuterium beam emission
spectroscopy diagnostic on KSTAR can provide two-dimensional scrape-off layer and edge
turbulence measurements in L-mode and H-mode plasmas for the entire plasma shot. Blob
and hole dynamics can be observed and the results compare well to the same aspects of the
dynamics on other machines [74, 80, 109]. This continuous two-dimensional measurement
capability provides an excellent possibility for detailed intermittent event dynamics studies.
However, the downside of the diagnostic is the limited spatial resolution which prevents
detection of small blob events (< 1 − 2cm) and impedes determining accurate blob size
scaling, which is an important aspect of blob theory. The effective resolution of the system
would improve if the effects of spatial smearing were minimized in the measurement. In
order to achieve that a deconvolution method is being developed, which could, to some
extent, correct for the effects of the smearing and extend the diagnostic capabilities towards
smaller blob events.

7.1 Outlook

This thesis showed various measurement capabilities of the KSTAR BES system. There are
numerous possibilities which are not discussed here in detail, for example the possibility
of local electron density fluctuation reconstruction in beam emission spectroscopy measure-
ments. A method is being developed to subtract the effect of spatial smearing from the BES
measurement data. This numerical tool could help characterizing the blobs and holes in
more detail and it could remove the spurious spatial smearing from the measurement. Fur-
thermore, a higher resolution APDCAM is planned to be installed on KSTAR which could
double the poloidal measurement range of the system. This could help the characterization
of the larger blobs and it could provide data for an interesting research in the future.
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