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2

Magnetic confinement of fusion-grade plasmas
Energy production by fusion

Several mathematical models are being developed to predict the energy needs in the
current century. They generally conclude that primary energy consumption will grow by
a factor of 3 - 5 [1] and the electric energy production will increase by a factor of 4.5 - 7.5
[2] until the end of this century. The models calculate with three types of energy sources,
these are the natural energy flows, combustion and sequestration and production of energy
in Generation IV nuclear power plants. However, an additional energy source would be
beneficial, the fuel of which is practically inexhaustible in the nature, which does not
produce significant radioactive waste or greenhouse gases and it can have limited impact
on the environment even in the worst-case scenario. The fusion energy production, which
could satisfy all of the four criteria, is based on the following nuclear reactions [3]:
 2

 1 H +31 H → 42 He + n + 17.6M eV 
6
2
→ 242 He + 20.4M eV.
3 Li +1 H →


n +63 Li → 42 He +31 H + 2.8M eV
Here the fusion of deuterium and tritium is responsible for the major part of the energy
release and lithium is irradiated in order to breed tritium. Considering the inclination of
nuclei to fuse as a function of temperature and the energy conversion eﬃciency of heat
engines it became soon obvious that positive energy balance can be achieved only in a
thermal medium in the 10 − 20 keV fuel temperature range.
(
)
The key figure of merit in fusion energy production is the triple product nT τE n, T, P̄
of (the fusing
) material [4], where n and T denote the density and temperature and
τE n, T, P̄ is the energy confinement time, i. e. the characteristic time during which
the hot fuel loses its thermal energy. This last quantity depends on several additional parameters denoted by P̄ . Self-sustaining fusion process (called ignition) is achieved when
(
)
nT τE n, T, P̄ > 5 − 8 × 1021 m−3 keV s
(1)
and thus the distance from this limit is an indicator for the performance of a fusion device
[3, 4]. The triple product has been growing up by more than five orders of magnitude in the
last sixty years and it will exceed the present one by a factor of 3 [5] in ITER (International
Thermonuclear Experimental Reactor [6]), which is around the aforementioned limit and
should be enough to demonstrate the feasibility of fusion energy production.

1.2

Plasma confinement

No structural material could tolerate the contact with a 10 − 20 keV hot fuel. Hence, two
fundamentally diﬀerent confinement methods have been being developed to separate the
plasma from the wall of the machine and to ensure fusion-relevant triple product values
[4]:
(
)
• Inertial confinement: density n is high, energy confinement time τE n, T, P̄ is low
and temperature T is in the optimally high range. The H-bomb [7] utilizes this
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method, high value of triple product is achieved during its explosion. Laser fusion
facilities (e. g. NIF [4], Laser Megajoule [4]) and pinches (e. g. Z-machine [4]) would
produce energy this manner.
(
)
• Magnetic confinement: density n is low, energy confinement time τE n, T, P̄ is
high and temperature T is in the optimally high range. This technique is applied
e. g. in tokamaks [3, 4] and stellarators [4, 8].
When these devices are in operation the thermal energy of the fuel significantly exceeds
the ionization energies of the atoms and after a transition (called breakdown [9]) the fuel
remains in plasma state.

1.3

The tokamak concept

The tokamak (toroidal’naya kamera s magnitnymi katushkami in Russian - toroidal chamber with magnetic coils) is a torus-shaped axisymmetric device, where a complex magnetic
field geometry confines the fusion-grade plasma.
The deuterium and the tritium are injected into the reaction chamber of this machine
in gas state. Free electrons are also supplied by a glowing filament. The current in the
central solenoid is increased in the simplest (called inductive [9]) case, which induces an
electric field along the torus accelerating the electrons. These fast particles collide and
ionize. The electric field acts on the generated ions and electrons, too, and accelerates
them until they ionize. This results in an avalanche-like process, at the end of which the
majority of the fuel is ionized and behaves like a collective medium.
This breakdown changes the state of the material from gas to plasma [10]. The dynamics and the governing equations of this fourth state of matter are fundamentally diﬀerent
from gas. Due to the electromagnetic forces between the electrons and the ions the plasma
behaves collectively, which results in quasineutrality, i. e. the long-range Coulomb forces
are shielded but the plasma can interact with electromagnetic fields. With the help of a
suitable structure of externally and internally produced magnetic fields the plasma is separated from the wall and confined in a finite volume. For the appropriate field structure
quite a few number of external coils are placed around the plasma. They are introduced
in more details later in Section 1.4.1.
Some of the global instabilities, which could arise in a magnetized fluid if the plasma
parameter range was selected improperly, could deteriorate the confinement on a 10 µsec
temporal scale. The decrease of plasma density by five orders of magnitude relative to
the density of the air (to n ≈ 1020 /m3 ) is essential to remain below the stability limits
(e. g. Greenwald [11] and β [12] limits) of these instabilities. The eﬀect of this drastical
reduction on the triple product is mitigated by the scaling of energy confinement time
with plasma electron density [6] and thus this criterium does not theoretically exclude the
possibility of ignition. However, its technical implementation has been being challenging,
since it implies that the reaction chamber must be kept under vacuum conditions.
It must be noted that not every such machine is called tokamak but only those the
mechanical and plasma parameters of which satisfy the tokamak ordering relations [13].

1
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The general considerations made in this thesis are not necessarily valid if these relations
are violated, e. g. in reserved field pinch configurations [12].

1.4

Aspects of plasma transport in a tokamak

The in- and outflow of particles and heat determine the profile of the density and temperature of the plasma, which are the key parameters in the fusion triple product. The
processes responsible for these flows are called transport. Some aspects of this extremely
complex subject, which indeed encapsulates all the knowledge about the physics of magnetically confined plasmas, are introduced here. Section 1.4.1 is devoted to describe the
magnetic field structure without which confinement does not exist. Considering this as
a skeleton, the volume is populated with the hot plasma material, the stationary distribution of which is described in Section 1.4.2. Particles and energy do not remain in
the plasma permanently but leave it on diﬀerent channels. Ways of their supply, i. e.
the sources, are introduced in Section 1.4.3 and the loss mechanisms are described in
Section 1.4.4.
1.4.1

Essential ingredient for confinement: magnetic field

⃗ in a tokamak is generated by external coils and by currents (with
The magnetic field B
density ⃗j) driven in the hot medium itself. These latter ones produce azimuthal fields
which interact with their sources. This results in a compressive Lorentz-force that is
radial to the plasma column and plays a major role in balancing the kinetic plasma
pressure. This is called pinch eﬀect [12]. A high magnetic field along the torus is required
to ensure stability. The resultant of these generated fields is a structure built up from
helical field lines forming nested magnetic flux surfaces in the confined region. This
is demonstrated in Fig. 1 (a). The radially separated surfaces are generally covered
ergodically with distinct single non-closing magnetic-field lines [14] and they are called
irrational surfaces. Some surfaces, called rational surfaces, are diﬀerent: they are covered
by several - infinite number of closing field lines. From the aspect of field line structure
they can be approximated well with irrational surfaces [14] but they have a special role
in stability analysis: some instabilities are more intense in their vicinity [15]. The lines
of currents flowing in the plasma are also contained by the magnetic surfaces as shown
in the figure. The innermost surface is degenerated into a simple line and it is called the
magnetic axis. The outermost surface is the Last Closed Flux Surface (LCFS). Outside
the LCFS nested surfaces are also present, but the field lines which construct them end
on wall elements. This region is called Scrape-Oﬀ Layer (SOL) [16].
The coordinate system practical to describe tokamak plasmas is generally fitted to
the aforementioned structure of the magnetic field [14]. An arbitrary vertical cut of the
plasma containing the symmetry axis of the torus is called poloidal plane. The practical
⃗ ⃗j)
spatial coordinates and the local coordinate system used for vector fields (e. g. B,
is depicted in Fig. 1 (b). The distance between the symmetry axis of the torus and
the magnetic axis is called major radius R0 . The unit vector pointing in the toroidal
direction ⃗eϕ is perpendicular to the poloidal plane. The radial unit vector ⃗eρ lies in the

5
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symmetry
axis

(b)

eϑ

dAr

magnetic
axis
eϱ
e

ϕ
magnetic
axis

ϱ

ϑ

R0

⃗ and the
Figure 1: (a) Nested flux surfaces containing the field lines of the magnetic field B
plasma current ⃗j. Copied from [17]. (b): Flux coordinate system often used in tokamak
physics. ⃗eρ , ⃗eθ , ⃗eϕ are the unit vectors in the radial, poloidal and toroidal directions
respectively, R0 is the major radius and the shaded area denoted by dAr is the ribbon on
which the poloidal magnetic flux is calculated. Copied from [14].

plane and directs perpendicularly to the magnetic surfaces. The poloidal unit vector
⃗eθ lies in the poloidal plane and on the flux surfaces. Considering the definition of the
spatial coordinates, ϕ is often used as the physical angle in the toroidal direction where
the equilibrium configuration is symmetric. ρ, which identifies the magnetic surfaces, is
called flux label. Several
definitions are in practice depending on the actual problem, such
√
as ρ =

r
ψpol
2π

or ρ =

r (0)
ψpol
r (LCF S)
ψpol

[18]. Here
∫
r
ψpol

=

⃗ · dA
⃗r
B

(2)

is the poloidal magnetic flux calculated on a ribbon-shaped area which spreads from the
magnetic axis to the labelled flux surface [14]. One possible integration area is demonstrated in Fig. 1 (b) by the shaded plane. Another, often selected choice for ρ is defined in
a poloidal plane on the horizontal line containing the magnetic axis (called midplane): it
is the distance between the magnetic axis and the outer cut of the flux surface, normalized
by its maximum i. e. by the distance between the magnetic axis and the outer cut of the
r
LCFS (called minor radius) ρ = midplane
. The physical angle relative to the midplane is
a
often used for θ. However, a coordinate system can be sometimes more practical, where
the field lines are straightened by an appropriate transformation θ → θ∗ .
Several external coils are also necessary to form the required structure of the magnetic
field. A schematic view of them is shown in Fig. 2, where the example is taken from the
Joint European Torus (JET) in Oxford, UK [19]. Additionally to the coils, the plasma
column and a part of a single helical magnetic field line is depicted in the figure.
The safety factor of a magnetic surface q (ρ) serves as a figure of merit in tokamak
physics. It is defined as
∑n
1
1
k=1 ∆θk
=
lim
,
(3)
q (ρ)
2π n→∞
n

1
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where ∆θk ’represents the rotation angle resulting from the k-th toroidal transit. n is
the product of the number of toroidal transits traced out by a single field line times the
number of independent field lines on that surface (for an irrational surface, the latter one
is obviously one)’ [14]. The definition is analogous to the reciprocal of winding number
often used in chaotic dynamics [20]. Indeed the naming of irrational and rational surfaces
is based on their q (ρ) values. The corresponding safety factor on a rational surface can
be interpreted as the ratio of toroidal and poloidal turns to return to the original location
travelling along a field line.
central solenoid
toroidal field coils

poloidal
field
coils

plasma

magnetic field lines

Figure 2: Magnetic coils of the JET tokamak. The contour of the plasma and a field line
are also shown. Copied from [21].

1.4.2

Dynamic equilibrium of transport processes: stationary profiles

In the parameter space where a tokamak is operated (high magnetic field and temperature, low density) the transport of plasma particles and energy is significantly larger along
the field lines than perpendicular to them [22]. Hence, most of the plasma parameters
(density, temperature) are equilibrated on the magnetic surfaces in the confined region.
Additionally, their profiles are peaked on the magnetic axis. Typical density and temperature distributions in a poloidal plane are shown in Fig. 3 (a) and (b). The magnetic
field structure is also depicted there, the flux surfaces are marked by white lines, the
LCFSs are by black ones and the magnetic axes are by black crosses. Since the machine
is regarded being toroidally symmetric, the equilibrium profiles are generally considered
identical in any other poloidal planes. The figure also demonstrates that the confined
plasma is separated from the wall.
The behaviour of the plasma in the SOL is diﬀerent. The particles which have crossed

1
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(a)

19

x 10
5
4.5
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(b)
Temperature (eV)

7

2000
1500
1000
500

Figure 3: (a) Density and (b) temperature distributions in a poloidal cross section of
the Tokamak à Configuration Variable (TCV) in Lausanne, Switzerland [23]. Magnetic
flux surfaces (white curves), LCFSs (black curves) and magnetic axes (black crosses) are
overlaid.

the LCFS are transported generally faster along the field lines to the plasma-wall contact
zones than perpendicularly to the surfaces [16] against the first wall. Hence, gradients
parallel to the magnetic field are usually formed.
If the input power of a plasma achieves a threshold level and an appropriate plasma
exhaust technique is used a transport barrier appears at the outer part of the confined
region, generally at ρ > 0.9, i. e. at the plasma edge. This manifests in the formation of
a pedestal in the density n, in the temperature T and thus in the pressure p = nT . The
originally existing profile sits on this jump increasing the pressure of the entire plasma
column, as demonstrated in Fig. 4. This operation regime is called high confinement
mode (H-mode) [24]. Despite its discovery 33 years ago its predictive modeling has not
been successful, it is considered being the biggest challenge in theoretical plasma physics.
Although internal transport barriers have been explored since then, the stability of the
edge barrier and its contribution to global confinement makes it the main candidate for
the standard operation scenario in ITER.
The profiles in high-performance H-mode cannot be regarded as stationar ones since
the edge of the plasma generally collapses with a frequency in the few Hz - few kHz range
and then it recovers. The crashes are called Edge Localized Modes (ELMs) [25]. The
transport from the confined region to the SOL is highly enhanced during these processes,
particle and heat packets are ejected and are distributed on wall elements. Although
ELMs are considered useful due to their capability to prevent impurity accumulation in
the core they can cause such intensive heat loads on the wall elements of future machines
which cannot be tolerated by presently available solid materials.
1.4.3

Sources

A lot of eﬀorts are made to compensate for the particle and energy losses, which are
caused by transport processes towards and then across the plasma boundaries. Aside
from some plausible mechanisms special equipments are developed to fuel the plasma or
heat it up to fusion-grade temperatures.
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Figure 4: A sketch of plasma profiles when the plasma is in L-mode (blue) and in H-mode
(red).

Particle sources The simplest way to supply the plasma with particles is the injection
of gas into the vacuum chamber from an outer reservoir. Fuelling valves generally let in
far subsonic beams from low-pressure bottles. The neutrals penetrate into the edge of
the plasma and get ionized there. Another source of neutral gas in the vacuum chamber
is prompt recycling: ions, which leave the plasma are recombined on the wall or in the
vicinity of the wall and behave similarly to the freshly injected gas. Additionally, the wall
itself is a significant reservoir, the recombined and trapped fuel is released during plasma
discharges due to the convected or conducted heat and due to the ultraviolet radiation
of the plasma. These recycling processes can be significant parts of the fuel supply in
certain operation regimes [16].
To sustain fusion-relevant densities, fuel deposition should also be ensured deep inside
the confined region. One method to do this is pellet injection. In this procedure deuterium
gas is frozen then the arising solid material is cut into some millimeter pieces. These pellets
are then accelerated by a centrifuge or pressurized gas and injected into the plasma with
a velocity of 200 − 1000 m/s and with a high repetition rate in some cases [26]. Although
complicated injectors are available for these purposes on some tokamaks, they are not
installed onto the machines, which are used in this thesis work. Moreover, some other
techniques, e. g. supersonic molecular beam injection [27], have also been tested but it is
not widely used.

Power sources - heating of the plasma A not ideally conductive material can be
heated up by the Ohmic method, where current is driven inside the material and the
arising heat
∫
POhmic = ηloc⃗j 2 dV
(4)
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increases the temperature of the medium. Here ⃗j is the current density, ηloc is the local
resistivity and the integral is carried out over the entire medium. In a metal ηloc increases
as the temperature is increased. Hence, if current is kept constant Ohmic heating will
further increase causing a positive feedback on the temperature. On the contrary, the
resistivity in a plasma decreases with increasing temperature [10], similarly to semiconductors. This moderates Ohmic heating and limits the temperature achievable by this
method to T ≤ 1 keV [28].
To increase plasma temperature from 1 keV to the 10 − 20 keV range, which is optimal for fusion reactions, auxiliary heating is necessary. One such method is based on
microwaves in the 50 - 170 GHz range [4]. This type of electromagnetic radiation can
be generated with high-power gyrotrons. The plasma absorbs these heating waves resonantly, i. e. when their frequency are equal or higher harmonics of the frequency the
electrons gyrate around the magnetic field lines. Hence, the procedure is called Electron
Cyclotron Resonance Heating. The gyrofrequency is proportional to the toroidal magnetic field, which decreases with increasing radius from the symmetry axis. This spatial
dependence assigns a resonance absorption cylinder for the injected wave. The vertical
localization of the heating is determined by the orientation of the injected rays which
is controlled by a steerable mirror in the ECRH launcher. The wave propagation and
absorption is demonstrated in Fig. 5. Additionally to the resonance location there are
two aspects, which should be taken into account during ECRH heating: absorption is not
only governed by the frequency of the injected wave but by its wavelength, too, and it
should not be totally reflected before reaching the resonance layer. These conditions are
fulfilled with the appropriate choice of absorption location, of harmonics (from 1st to 4th
order) and of polarization states (Ordinary or eXtraordinary).
Resonance plane (cylinder)

Launching

ECRH rays

Figure 5: Plasma heating by ECRH in the DIII-D tokamak in San Diego, USA. Copied
from [4].

The auxiliary heating of the ITER plasma will be realized by four main heating solutions exploiting diﬀerent physical principles [4, 28]. Additionally to ECRH, the ions will
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be heated by plasma waves in the radiofrequency range, which resonate with the ion gyration frequency, and thus the method is called ion cyclotron resonance heating (ICRH).
Other types of radiofrequency resonances exist in the plasma, too, and the lower hybrid
one (LH) will be highly utilized in ITER. Fast neutral particles will also be injected into
the fuel of that device, which transmit energy to the particles via collisions. This solution
is called neutral beam injection (NBI). The methods introduced in this paragraph have
already been used on certain currently operating machines but they were not exploited in
the thesis work. Some other procedures have also been developed but they are not widely
applied.
1.4.4

Sinks

As mentioned above, loss mechanisms are inevitable. Particle and energy losses due to
convection and conduction are coupled thus plasma exhaust technologies (sinks from the
aspect of plasma transport) should handle both of them. Plasma particles, which cross the
LCFS, are transported in the SOL along the magnetic field in a fast and perpendicularly
to it in a slower timescale. Hence, it is a crucial question whether the zone where the
field lines hit the wall can withstand these particle and heat fluxes. The handling of
particle fluxes is generally not a technical challenge for the currently available vacuum
technologies and solutions also exist to avoid damages due to heat loads in the current
devices. However, heat fluxes will be significantly higher in the future machines and the
development of special technologies to withstand them is needed.
Before the basic concepts of exhaust solutions are introduced another sink of energy,
namely the radiation, is remarked. The generating physical processes are detailed later in
Sec. 3.1 and here only its relevance is mentioned. Radiation is responsible for a significant
portion of the power losses, even exceeding the convected-conducted one in some special
cases [29]. However, it generally causes much lower heat loads on wall elements since it
is distributed on a larger area. High-Z impurities in the hot plasma are responsible for
the major part of this loss mechanism [30]. They are released from e. g. the wall, from
the structural materials or from evaporated layers on the surfaces due to heat deposition.
Hence, the reduction of impurity inflow is advantageous from the aspect of energy confinement. However, if impurities are located in the SOL they help mitigating conducted
heat loads by decreasing the energy of particles which have already been exhausted there.
The aforementioned aspects assign the way how exhaust solutions have been being
developed starting from a simple poloidal limiter to modern divertor technology.
Limiter solution At the beginning of fusion research the confined plasma region was
not separated from the solid surfaces of the machine, which bounded the plasma (called
first wall). This made plasma-wall interaction uncontrolled: small bulges on the first wall
were exposed to the majority of the outflowing power. Hence, elements were put into the
vacuum chamber deeper than the first wall to limit the plasma column [16]. They were
easily replaceable and were optimized to withstand extreme heat loads in a controlled
way. These limiters encircled the plasma in a poloidal or in a toroidal cross section. The
latter one is favorable since in this case the field lines which make contact with limiter
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elements can travel several times around the torus. And the longer the travel distance,
the higher the radiation losses of the parallel flowing plasma and thus the heat fluxes
against wall elements are reduced.
This type of solution has a significant drawback: a material heavier than the plasma
fuel is located just outside the confined region and act as a source of impurities contaminating the plasma. Hence, the method will be applied in ITER only during the initial
phase of the discharges [31].
Divertor solution In a divertor [16] the plasma-wall contact zone is located far from the
plasma column. This is conceptually established by the plasma current and an additional
current flowing in a coil below (or above) the plasma in the same direction. The arising
field has a location where the poloidal magnetic field becomes zero, this is called the null
point or X-point. The flux surface going through it separates the chamber volume to the
main plasma region, to the private flux region and to the scrape-oﬀ layer, as sketched in
Fig. 6 (a). The field lines in the SOL are directed against the divertor target plates far
from the plasma. The locations where the separatrix crosses these plates are called strike
points.

(b)

(a)

magnetic flux surfaces
separatrix (LCFS)

main
plasma

edge region

scrape-off layer
separatrix

scrape-off
layer

first wall
plasma core

Iplasma

separatrix (LCFS)
X-point

X-point
strike
points

private flux
region

divertor region

vertical divertor
target plate

private flux
region

Icoil

baffle

separatrix strike point

target
plates

pump

Figure 6: (a) Sketch of the divertor concept. (b) Detailed sketch of a baﬄed divertor,
copied from [32].

A more complex and realistic picture of a closed divertor is shown in Fig. 6 (b). Here
the shape of the plasma, the vacuum chamber, the narrow scrape-oﬀ layer and the closed
baﬄed divertor are depicted. The divertor baﬄe aims to shield the recycling neutrals from
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the plasma this way increasing their density in the divertor volume. Higher pressure there
is favorable for the pumps to remove the possibly arising helium ash and to establish the
demanded vacuum conditions. Some tokamaks, such as TCV, is designed with an open
divertor, where the baﬄe is omitted.
For completeness it is noted that the diverted magnetic field structure is generally not
formed with a simple divertor coil but arises as a superposition of fields created by several
poloidal coils. Hence, depending on the selected current lead (plasma or coil) secondary
separatrices are formed additionally to the primary one.

1.5

Magnetohydrodynamic model of the plasma

The magnetohydrodynamic (MHD) description is one of the simplest existing models used
for a hot magnetized plasma [13]. It aims to calculate the plasma density ρ, plasma
⃗ and electric field E
⃗
pressure p, flow velocity ⃗v , current density ⃗j, magnetic field B
self-consistently. These quantities are governed by fluid equations completed with the
Lorentzian force and by the Maxwell-equations for slow processes compared to the speed
of light.
The equations are suitable to determine the equilibrium properties of a tokamak
plasma. By assuming toroidal symmetry they are converted to a single partial diﬀerential equation. This so called Grad-Shafranov equation is used to design discharges and
to reconstruct equilibrium parameters from magnetic and auxiliary measurements. The
equation is automatically solved after each discharge with equilibrium codes such as EFIT
[33] and LIUQE [34].
In order to study magnetohydrodynamic stability of a discharge ideal MHD equations
are linearized around equilibrium quantities, transformed from temporal to frequency
domain and then spatial trial functions are substituted. For a circularly shaped toroidal
plasma these trial functions are typically in the form of
f˜m,n (ρ, θ∗ , ϕ) =

m+1
∑

∗
∗
f˜s,m,n (ρ) eisθ +inϕ ≈ f˜m,m,n (ρ) eimθ +inϕ ,

(5)

s=m−1

where m and n are the poloidal and toroidal mode numbers and the generally lowamplitude poloidal sidelobes are omitted, as denoted after the approx sign [35]. The
resulting equations indicate whether the mode with the calculated spatial structure explodes or decays exponentially or it has a constant amplitude in time [36].
The growup of some MHD modes can have detrimental consequences on plasma confinement resulting in the disruptive collapse of the discharge. Others saturate nonlinearly
and become part of the stationary equilibrium. Due to finite plasma resistivity some instabilities can develop also in a singular layer around a rational surface. After a growing
period they usually saturate forming magnetic islands. The shapes of the eigenfunctions
depicted in Eq. 5 do not rigorously satisfy the equations necessary to describe these processes (e. g. dissipative linear or nonlinear MHD equations [37]) but they approximate
the experimental results well and thus they are in use in these cases, too.
The deformations caused by growing or saturated MHD modes can cause periodic
oscillations in the nonglobal plasma parameters e. g. in the emitted light or in the local
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magnetic field. This is a consequence of the often dominant (10 - 40 km/s in order of
magnitude) toroidal rotation of the entire plasma column resulting in modulations with
typically few kHz frequency [38].
The spatial structure of MHD instabilities can be studied with a magnetic probe
system the elements of which are scattered around the torus on the vacuum vessel. Mode
number determination is relatively easy in the toroidal direction since the distance between
the vessel and the equilibrium flux surfaces is constant in this case. Calculation of m
is more complex because the plasma-probe distance varies in a poloidal cross section
depending on plasma shape.
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Heat and particle transport govern the plasma parameters in a magnetically confined
plasma device and thus they determine the distance to fusion-grade conditions. Although
stationary profiles are generally formed in machines which aim to sustain the necessary
conditions for fusion energy production, these equilibria are dynamic and they are the
consequences of fast processes on the microsecond-millisecond timescale. Additionally, the
crossing of stability boundaries of a tokamak plasma operation space can initiate transient
transport processes which result in global and local collapse in the profiles acting on the
machine or deteriorate confinement. My thesis work aimed to measure some of these
phenomena, i. e. to develop and to exploit experimental techniques which are suitable to
study these fast transient processes on timescales up to ten microseconds.
Approaching transient plasma transport events from the global perspective the most
grandiose one is the disruptive plasma termination. It is frequent in present-day devices
since even major stability limits are only partially understood and errors in plasma control are likely in non-industrial equipments. However, unmitigated disruptions would have
deleterious eﬀects already on ITER caused by the high heat loads due to sudden loss of
energy confinement and owing to localized impact of accelerated electron beams. Additionally, intolerable high mechanical forces would arise due to the interaction between the
magnetic field and the plasma current directed into the structural elements. Hence, the
physical phenomena initiating the collapse and the occurrence of this process must be
studied to accurately determine the stability limit and suggest techniques to mitigate the
damage the tokamak suﬀers. Since the termination implies intensive plasma-wall interaction and high energy losses, it can be studied e. g. with fast detectors the sensitivity
of which cover the majority of the total electromagnetic power loss spectrum of the hot
magnetized plasma.
Fast transport processes which cause quasiperiodic collapses of the plasma edge are
called Edge Localized Modes (ELMs). The stationary phases of the high confinement
mode (H-mode) operation are generally interrupted by these events with a repetition
frequency in the Hz - kHz range depending on plasma conditions. Although ELMs are
considered useful due to their capability to prevent impurity accumulation in the core,
they eject significant fraction of plasma energy outside the confined region on a short
timescale. This is conducted to the wall in a narrow Scrape-Oﬀ Layer (SOL) region
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causing such high heat loads which would exceed the tolerance limits of plasma facing
components (around 10 M W/m2 ) in future devices. Hence, new divertor solutions have
been being developed, which aim to repartition the conducted heat to a higher interaction
area and to dissipate the ejected energy by radiation. ELM radiation loss measurements in
these divertor configurations contribute to the optimization of these novel plasma exhaust
solutions.
A bolometer-type diagnostic system based on semiconductor detectors had been available on the Tokamak à Configuration Variable (TCV) in Lausanne, Switzerland, before
I began my thesis work. Although it had provided some scientific results, the quality of
radiation profile measurements had been below the expected level. This had hampered
the beginning of disruption studies on the machine. The problem with the system became
a crucial issue when the snowflake divertor configuration was established for the first time,
the study of which soon became the major objective of the device. Its assessment required
the knowledge of radiation profiles during ELMs. Hence, from the technical point of view
I aimed
• To study the detector system and identify which errors had hampered high-quality
profile reconstructions.
• To suggest and manage a major upgrade on the cameras, including spatial calibration and installation.
• To assess the data provided by the system. I intended to carry it out by comparing
the obtained distributions to data measured by other diagnostics, e. g. by the foil
bolometers. This required the recommissioning of the latter system, too.
Having finished the development of the diagnostic I intended to exploit its capabilities
and study the aforementioned transients, namely
• To compare the radiation properties of ELMs in standard and snowflake-diverted
configurations with the upgraded diagnostic. The studies focused on the following
questions: are the additional third and fourth strike points (called secondary ones
due to their relation to the secondary separatrix) activated, is the peaking of radiation mitigated in the vicinity of the original first and second (called primary) strike
points, does the radiation volume increase as ideal snowflake divertor is approached.
• To use the system in the investigation of plasma-wall interaction during disruptions
initiated by the excess of the density limit.
In Section 3 the theoretical background relevant for these investigations is provided.
Section 4 is devoted to show the experimental work I did on TCV including the development and operation experience related to radiation measurements and the observations I
made about ELMs in standard and snowflake-diverted configurations and about disruptions.
Another transport-related topic which was aimed to study in my thesis work is connected to turbulence, which determines the plasma transport and thus the plasma profiles
in the major part of the confined region. However, it does not form a static system, the
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small-scale eddies responsible for radial material propagation can unite into global structures existing on a millisecond timescale. The zonal flow, which is a modulation in the
plasma flow velocity, is uniform on the magnetic flux surfaces and changes radially on
a short spatial scale. This latter property is responsible for the shearing of small-scale
structures and thus for the regularization of transport. Hence, fast velocity profile measurement techniques play a crucial role in its understanding.
The velocity profiles of zonal flows in hot magnetized plasmas are often measured with
time delay estimation techniques. A simple implementation is based on the calculation
of the cross-correlation functions in short consecutive time periods, which are measured
with two slightly separated probes, and the determination of their maximum location.
Additionally, a modified version of this method exists, which can reveal velocity modulations from a signal recorded by only one probe. Several experiments had been done in
my department with fast probes measuring density fluctuations. However, for the correct
interpretation of the extracted flow velocities, the inherent noise of the calculation method
needed to be known. I aimed
• To analytically determine the standard deviation of these velocity estimation methods.
• To validate the calculations with numerical simulations and in a realistic environment.
• To utilize the obtained analytical formulas in the interpretation of velocity spectrum
measured in the Tokamak EXperiment for Technology Oriented Research (TEXTOR) in Jülich, Germany.
A brief introduction about plasma turbulence and about velocity measurement methods
in a turbulent medium is given Section 5. Additionally, experimental conditions including
the description of the tokamaks where the measurements were carried out and the applied diagnostics are depicted. My considerations about velocity measurements and their
application on the observed velocity spectrum are given in Section 6.
At the end of this thesis the conclusions are drawn (Section 7), the main results are
summarized, also in thesis points (Section 8), and my publications are listed (Section 9).
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Introduction to radiation measurements in the TCV
tokamak
Plasma radiation

Aspects of electromagnetic radiation emitted by the plasma are discussed in this section.
Fast transients on TCV are measured via the detection of this type of radiation in the
present thesis work. Hence, it is mandatory to introduce how, where and why the 0
originates and how it can be related to the physical processes which are aimed to be
studied.
Photon emission generally follows the interaction between particles in a hot medium.
This is also true for tokamak plasmas the peak temperature of which is in the 1 − 100 keV
range. The dominant part of the emission spectrum spreads from the visible light to
this maximum fuel temperature. Three physical processes are responsible for radiation:
acceleration of freely moving charged particles (Sec. 3.1.1), radiative transitions between
bounded electron states in an ion (Sec. 3.1.2) and the interaction between a free electron
and an ion, at the end of which the electron becomes bounded (Sec. 3.1.3). The photons
are generally emitted isotropically [39] and they usually leave the plasma i. e. the plasma
is transparent to its own radiation [39]. Modern wall conditioning methods (Sec. 3.2.3)
can limit the impurity content of the plasma as low as one percent. Despite this low level
the impurities establish the dominant radiative power loss channel [30].
Detailed discussion of the radiation processes with derivations can be found in [40],
and the conclusions are briefly summarized in [30, 39]. These papers do not only cover
the discussion of local emissivities when the ionization states are known but they also
discuss the spatial distributions of the states in the confined region thus making qualitative
statements about radiation profiles, too. This is introduced in Sec. 3.1.4. However, the
ionization state distribution is diﬀerent in the SOL-divertor region thus the emission
properties in these zones (Sec. 3.1.5) are discussed according to more specific literature
[16, 29].

3.1.1

Bremsstrahlung

If the origin of radiation is related to acceleration of freely moving charged particles
it is called Bremsstrahlung. The emission spectrum of the plasma due to this process
[40] is calculated from the fields of moving charges (Lienard-Wiechert formulas [41]) the
trajectories of which are prescribed by electromagnetic forces. Since long-range Coulomb
potentials are shielded by the plasma medium itself Bremsstrahlung is significant when two
particles approach each other closer than the characteristic length of this shielding (the
Debye-length), i. e. when they collide. The radiation is integrated over the Maxwellian
velocity distributions of the colliding particles. The emission is generally negligible in
collisions between identical particles, thus interactions between electrons and ions are
responsible for the major part of Bremsstrahlung in tokamak plasmas. The behaviour of

3

Introduction to radiation measurements in the TCV tokamak

18

this spectrum is formulated as
n2e Zef f − TE
d PBrems
(E) = 1.54 × 10−38 ḡf f (E, Te , Zi ) √
e e,
dV dE
Te

(6)

where E is the energy of the emitted photons, dV denotes that spatial density is considered, Zi refers to the ionization state, ne and Te are the electron density and temperature
(in 1/m3 and eV ) [30]. Zef f is the eﬀective atomic number defined as
∑
∑
ni Zi2
ni Zi2
i
Zef f = ∑
= i
,
(7)
ne
i ni Zi
where ni is the density of the ions in the ith ionization state [40]. Due to its squaredependence on the atomic number even a small amount of heavy impurities increases the
radiated power and thus the plasma energy loss significantly. ḡf f (E, Te , Zi ) is the Gauntfactor the value of which decreases linearly from 5 to 2 with increasing photon energy
in the visible range and ḡf f (10keV > E > 1keV, Te , Zi ) ≈ 1, i. e. it is approximately
constant in the soft X-ray (SXR) range [40, 30]. Indeed, its dependence on Zi is such
weak that it is often neglected.
As a rough estimate the deviation of the Gaunt factor from 1 is omitted and thus the
total Bremsstrahlung power density is estimated as
∫
√
d PBrems
d PBrems
=
dE ∝ Zef f n2e Te .
(8)
dV
dV dE
3.1.2

Line radiation

Line radiation is an attendant phenomenon of discrete electron jumps between atomic
levels thus its energy is observed as a line in the emission spectrum. In order to estimate
its intensity, the atomic transitions related to this type of radiation are described by their
rates, i. e. by their occurrence during unit time and volume. The main processes are
summarized here:
• The bounded electron of an ion is excited by another electron
i
Z Ak

+ e−
b →

i
Z Al

+ e−
a,

(9)

where Z Aik and Z Ail denote the partially ionized element with atomic number Z,
ionization state i, and the bounded electron of which is in the atomic state k and l.
−
e−
b and ea refer to the impacting electron with kinetic energy before and after the
collision. The rate of this process is
IZi k→l = ne niZk CZi k→l (Te ) ,

(10)

where niZ k is the density of the considered ion and CZi k→l (Te ) is the temperature
dependent electron impact excitation rate coeﬃcient of the process. Most of these
coeﬃcients have been measured and tabulated in the ADAS database [42].
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• The electron jumps to another bounded state by spontaneous radiative decay:
i
Z Al

→

i
Z Ak

+ ℏω,

(11)

where ℏω is the energy of the emitted photon. The rate of this process is
IZi l→k = niZl AiZ l→k (Te ) ,

(12)

where the spontaneous decay rate coeﬃcient AiZ l→k (Te ) can also be found in the
ADAS database [42].
The possible simplest, coronal model is built up from these reactions:
• Bounded electrons are excited via electron impact. The radiative excitation is neglected by assuming optically thin plasmas.
• The excitation process is balanced by spontaneous decay. Low plasma and neutral density is required to avoid electron impact deexcitation and charge exchange
reactions.
• A hierarchy is present in the timescales:
τion ≈ τrec ≈ τtransp ≫ τexc ≫ τdecay ,

(13)

where τion is the ionization, τrec is the recombination, τtransp is the transport, τexc
is the excitation and τdecay is the radiative decay timescale. τtransp is related to the
transport of the interacting particles, since their in- and outflow to and from the
infinitesimal volume around the considered location could modify the local intensity
of line emission [43, 30]. The hierarchy implies that
– most of the ions are in ground state due to the fast radiative decay. Hence,
niZ

≡

∞
∑

niZk ≈ niZ0

(14)

k=0

from the aspect of processes occurring in other timescales [30].
– the ionization processes can be discussed independently of the excitation processes.
These considerations about timescale separation are not valid if e. g. metastable
atomic energy levels exist [43], cascade decays are present or transitions between
excited states are under investigation [30].
In the coronal state, i. e. when the criteria listed above are valid, the relative abundances of the excited states are
niZl
CZi 0→l (Te )
=
n
e i
niZ
AZ l→0 (Te )

(15)
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[30] thus the photon emission density of the lth excited state is
d PZi 0→l
= niZl AiZ l→0 (Te ) ≈ ne niZ CZi 0→l (Te ) .
dV

(16)

Coronal model may be used as demonstration of line radiation in the core of the tokamak plasma. However, if collision rates are high because of e. g. high plasma density,
electron impact deexcitation has a high influence on emission rates. This situation can be
handled only numerically: a full collisional-radiative model described by time-dependent
linked diﬀerential equations should be solved. The method provides more accurate results in the core and it is essential in the edge-divertor region, since coronal model is
qualitatively wrong in the latter case due to high collisionality.
3.1.3

Radiative recombination

A free electron becomes bounded in a radiative recombination. Since the diﬀerence in the
kinetic energy of the participating ion and electron is not quantized, the release of this
energy (additionally to the bounding energy of the atomic state level) makes this type
of emission spectrum continuous. Its shape is similar to the spectrum of Bremsstrahlung
but shifted to higher energies with the level of the bounding energy of electron.
The recombination radiation is sometimes (mainly in the plasma core) estimated together with Bremsstrahlung by multiplying the latter one with an enhancement factor
d (PBrems + Prec )
d PBrems
(E) = γ (E, Te , Zi )
(E) ,
dV dE
dV dE

(17)

where Zi refers to the ionization state [30]. γ (E, Te , Zi ) can be taken from precalculated
tables or graphs, such as from Fig. 5 of [44].
3.1.4

Radiation in the confined region

Ion state distributions are required to estimate the contributions of the diﬀerent power loss
channels to the total radiate power loss. This dependence appears in the formulas directly
(niZ0 ) or as an average (Zef f ). The distributions are often regarded as flux functions. The
plasma parameters on a flux surface generally determine the typical ionization state and
these states overlap only slightly. The arising shell-like structure [30] is demonstrated in
Fig. 7 (a).
A coronal model can also provide some insight on ion state distributions. This is on
a diﬀerent, much longer timescale than the one applied for line radiation. Here niZ ≈ niZ0
is assumed and two atomic processes balance each other:
• The increase of ionization state is caused by electron impact
i
Z A0

+ e−
b →

i+1
Z A0

−
+ e−
a1 + ea2 ,

(18)

with the rate of
IZi→i+1 = ne niZ SZi (Te ) ,
as explained in [30].

(19)
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Figure 7: (a) Demonstration of the shell-like ionization state distribution. Copied from
[45]. (b) Fractional abundances of 6 C charge states in coronal equilibrium as a function
of temperature. Copied from [43].

• The ion is reduced via radiative recombination:
i
Z A0

+ e−
a →

i−1
Z A0

+ ℏω,

(20)

with the rate of
IZi→i−1 = ne niZ αZi (Te ) ,

(21)

as discussed in [30].
The ion state distributions are derived from the transition rates and depend only on the
rate coeﬃcients [30]:
ni−1
αZi (Te )
Z
=
.
(22)
niZ
SZi−1 (Te )
The application of this formula for 6 C results in the curves depicted in Fig. 7 (b), where
the fractional abundances are plotted as a function of temperature. Since the independent
variable, the electron temperature, is generally a monotonic function of the magnetic flux
label this relative distribution is related to the relative spatial distribution of the ionized
states, too. The figure suggests that carbon becomes fully ionized only above around
hundred eV . Hence, in low-temperature (around 500 eV ) magnetically confined plasmas
(such as in high density Ohmic plasmas in the TCV tokamak [46]), carbon is fully ionized
only in the core.
As an example, based on the coronal assumption carbon radiation is estimated in Fig. 8
as a function of electron temperature [47] in TCV. This machine has carbon walls and thus
6 C is responsible for the major part of radiation energy losses. The low-temperature peaks
in the graph are caused by highly radiating lines and they have much higher amplitudes
than the radiation level in the high temperature core. Since the x scale is logarithmic these
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peaks cover only a narrow temperature range and the low-level core radiation spreads
to a much wider one. A slight increase at the high-temperature end of the x axis is
a consequence of increased Bremsstrahlung radiation there (see Eq. 8). Considering a
typical temperature profile of the plasma (such as the one in Fig. 3 (b)), the volumetric
integral of the low-level core radiated power density covers a much higher volume, and
the peaks in the emission profile are localized close to the edge of the plasma. Hence, the
former one may dominate radiation losses.

10-31
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dV ne nCarbon

10-32
10-33
10-34
10-35
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100
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Figure 8: 6 C contribution to plasma radiation as a function of temperature in coronal
equilibrium. Copied from [47].

Fuel atoms cannot penetrate deeply inside the confinement region (except if they are
accelerated and injected as neutral beams), they lose their electrons in the vicinity of the
separatrix. Hence, radiation in the core is dominantly caused by impurity ions.
3.1.5

Edge radiation

The introduction of plasma radiation was started with the confined region since the processes there can be handled easier than the phenomena occurring in the SOL. However,
the region in the vicinity and outside the LCFS or separatrix has a dominant contribution
to the radiative power losses: it is responsible for one third - two third of them. Plasma
parameters and thus the emitted power have strong gradients in this region. The radiation distribution highly depends on the magnetic configuration and on the state of the
SOL in the diverted cases: the pattern is qualitatively diﬀerent at low density, when the
plasma is attached to the wall and its parallel transport is governed by a thin layer at
the boundary of the plasma and the wall (called the sheath), at medium density, when
the plasma is still attached but SOL transport is limited by finite thermal conductivity
and additionally recycling plays an important role in plasma fuelling, and at high density
in detached state, i. e. when a neutral gas layer separates the plasma from the wall.
An example for the first and last cases are depicted in Fig. 9 [29]. These profiles are
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calculated with the complex 2D numerical code SOLPS 5.0, which consists of two parts:
one module models the plasma with the Braginskii two-fluid equations (this part is called
B2.5) and it is attached to a Monte Carlo code (EIRENE) for proper handling of neutrals
[48]. The calculation boundary is extended inside the separatrix. Indeed, the regions
close outside and inside should not be separated during analysis of radiometer data since
highly emitting zones are typically peaked along the separatrix.

(a)

Run #8524 (b) Run #10841

W/m3
107
106
105
104
103

Figure 9: Radiation profiles modelled by SOLPS 5.0. (a) Low density case, run #8524,
(b) high density case, run #10841. The magnetic configuration is taken from discharge
#24532 at t = 1 s. Black lines: calculation boundaries. Radiation may be below the limit
of the color scale in the dark blue regions. Copied from [29].

6 C radiation is responsible for about seventy percent of total radiation on the simulation grid applied for Fig. 9. However, recombination and line radiation of atomic hydrogen
is also nonnegligible in the periphery of the plasma. Their contributions are included in
the figure.

3.2

The TCV tokamak

The TCV tokamak is the facility, where the majority of the experimental work for this
thesis was carried out. Hence, this section is devoted to introduce some of its properties,
such as the machine itself (Sec. 3.2.1), its auxiliary heating system (Sec. 3.2.2), issues
related to plasma boundary and plasma-surface interaction (Sec. 3.2.3) and some of its
basic diagnostics, which are also exploited in the data analysis (Sec. 3.2.4).
3.2.1

The tokamak

The Tokamak à Configuration Variable (TCV) [49, 23] is a mid-sized tokamak in Lausanne, Switzerland. Several magnetic configurations can be established in this machine,
some of them are depicted in Fig. 10. Its elongated vacuum vessel (1.54 m high and 0.56
m wide) allows the plasma column to be scanned from z = −0.23 m to z = 0.23 m, where
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Parameter name
Major radius
Minor radius
Max. plasma current
Max. discharge duration (Ohmic)
Max. discharge duration (ECCD)
Core electron density
Max. core electron temperature (Ohmic)
Max. core electron temperature (ECRH)
Max. core ion temperature
Max. toroidal field
Plasma elongation
Plasma triangularity
Vacuum vessel height
Vacuum vessel width
Plasma-wall contact
ECRH X2 heating
ECRH X3 heating

Value
0.89 m
0.25 m
1.2 MA
2.6 sec
4 sec
1 - 20 x 1019 m− 3
1 keV
15 keV
1 keV
1.54 T
0.9 - 2.8
+0.9 - -0.8
1.54 m
0.56 m
variable
6 x 0.5 MW
3 x 0.5 MW

Table 1: Main parameters of the TCV tokamak and its plasma. Reference [50].
the z vertical coordinate is calculated from the middle of the vessel. This is demonstrated
in the first row of Fig. 10. Hence, the detection ranges of diagnostics which observe the
plasma from definite vertical positions can be extended by moving the plasma column
up and down. With the implementation of diﬀerent solutions for plasma-wall interaction
(e. g. (d): limiter, (a) and (c): single null divertor, (e): snowflake-like single null divertor, (b): double null divertor, (f): snowflake divertor, (j): doublet in Fig. 10) the way
of plasma exhaust can be optimized. With wide range of elongation, triangularity and
squareness scans (bottom row of Fig. 10) the eﬀect of core shaping on plasma confinement
and on magnetohydrodynamic stability can be tested. This is the only tokamak where
negative triangularity plasmas can be formed and doublets could be established without
the mechanical modification of the coil system and the plasma-facing components.
The large variety of plasma configurations is created with the help of 16 independently
powered shaping coils located within the toroidal field coils. The main parameters of the
tokamak and achievable plasma parameters [50] are summarized in Table. 1.
3.2.2

Heating

The TCV tokamak has been playing a pioneering role in the application of electron cyclotron resonance heating (ECRH) [51, 52]. 6 gyrotrons can inject electromagnetic waves
at the 2nd harmonic of the resonance frequency. They are connected to the horizontal
launchers, 4 of them are mounted on top ports and 2 of them on equatorial ports. The
injected rays are generally polarized to X-mode and they are real-time controlled individually by steerable mirrors. This heating system is often called X2. The three gyrotrons
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#36151 - 0.457s

#10159 - 0.01s

(d)
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IP=115 kA

(g)

(h)

Lowest
Highest elongation
triangularity
κ=2.80
δ=-0.77

(i)
Highest
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λ=0.5

Figure 10: Feasible plasma shapes in TCV. (a) - (c): diﬀerent plasma positions, (a) (f): diﬀerent plasma exhaust techniques, (g) - (i): extremely shaped core plasmas, (j):
doublet (no stable configuration has been realized yet). Copied from [49].

which can inject microwaves at the 3rd harmonic of the resonance frequency are connected
to a common vertical launcher which polarize the waves to X-mode, too. This manner
the rays can travel along the resonance layer across the bulk plasma thus their absorption
is maximized. This system is called X3. Both of them are shown in Fig. 11.
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Figure 11: The ECRH launcher system of the TCV tokamak. The possible injection
ranges of the diﬀerent launchers are depicted, too. Copied from [53].

3.2.3

First wall and divertor

96 percent of the TCV vacuum vessel is covered by 1692 polycrystalline graphite tiles
[54]. They play the role of the protective first wall located in front of the metallic vacuum
vessel. When maintenance work is finished, the atmospheric pressure in the machine is
pumped down and the vessel is baked out till 10−8 mbar pressure is reached. This is
followed by wall conditioning, when a thin boron layer is deposited on the inner surface of
the chamber. The wall is conditioned in another way, too: it is cleaned after each plasma
discharge by a some minutes long glow discharge. Additionally, a half hour long cleaning
is carried out before the beginning of the session in the morning.
The tokamak has no closed divertor with for-this-purpose fabricated coils. The field of
the shaping coils forms this configuration i. e. the separatrices and the null-point geometry.
The field lines which are outside the primary separatrix target the tiles directly. Although
this divertor solution does not give the advantage of increased pressure and thus easier
pumping (hence, no separate divertor vacuum system is installed), it keeps away the
impurities and therefore it plays the role of a normal divertor from the aspect of pedestal
and edge localized mode (ELM) dynamics.
3.2.4

Diagnostics

Two basic measurement systems available on TCV are introduced in this section. The
plasma control system of the machine uses some of the signals which they measure thus
these diagnostics are essential for operation. Additionally, other time traces recorded by
them are used to determine plasma parameters, some of which are also used in this thesis
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work. Specific diagnostics are discussed in later sections.
FIR Far infrared interferometer (FIR) is used to measure the line averaged electron
density of the entire plasma column and as an observer for density feedback control on
TCV [55, 56]. This is a Mach-Zehnder type interferometer [57]. The laser light source
launches a continuous beam at λ = 214 µm. The beam is polarized in the ordinary
direction respect to the magnetic field and divided into two branches, one of them is
transmitted via a waveguide and the other one is vertically across the plasma. The
branches are reunited at the top of the machine and detected with InSb hot electron
bolometers [58]. The phase shift (∆Φ) between the two branches is related to the average
density of the plasma along the chord (n̄e )
λe2
∆Φ =
4πc2 ϵ0 me

∫

λe2
ne (l) dl =
Ln̄e ,
4πc2 ϵ0 me

(23)

where c is the speed of light, ϵ0 is the vacuum permittivity, me is the electron mass and
L is the chord length in the plasma [56].
The geometrical layout of the system is shown in Fig. 12. The installed diagnostic
can measure electron density integrated along 14 vertical lines. This manner, assuming
that electron density is constant on flux surfaces and changes smoothly, density profiles
and volume averaged density can be estimated. This procedure is called Abel-inversion
in mathematics. However, for basic estimations and for feedback control only the line
average density measured by the central (5th) chord is used.

Figure 12: Line-of-Sights of the FIR interferometer (blue). The central chord is highlighted by red. Magnetic geometry of a simple limited plasma is depicted by black curves.

The FIR data are generally recorded with f = 20 kHz sampling frequency, which is
enough to find the traces of some MHD modes having a few kHz characteristic frequency.
However, due to the line-integrated property and the poor spatial resolution, this is not
the main diagnostics to study these phenomena.
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Mirnov coils Mirnov coils are used to measure the arising magnetic field structure
during discharges in magnetic confinement devices. They are small coils typically located
between the vacuum vessel and the first wall tiles. Their axes are oriented in the poloidal
direction. According to Faraday’s law
Uind = −AN

∂Bθ
∂t

(24)

the induced voltage (Uind ) on their outputs depends on the change in the local poloidal
magnetic field. The proportionality factor is the number of turns (N ) multiplied by
the area of the coil cross section (A). The latter one is kept small to provide local
measurements and to fit to the available space.
TCV is equipped with more than 200 such coils having the size of 47 mm × 23 mm ×
10 mm. They are arranged into six toroidal and 4 poloidal arrays. Three of the toroidal
arrays are located on the high field side (consisting of 8 uniformly distributed coils) and
three on the low field side (consisting of 16 uniformly distributed coils and an additional
coil). The three-three arrays are shifted vertically to measure the magnetic field changes
in all available plasma positions. The poloidal Mirnov arrays are arranged in 4 poloidal
cross sections in an identical manner. Each array consists of 38 probes. The poloidal and
the toroidal locations of these coils on TCV are depicted in Fig. 13 (a) and (b) respectively.
Detailed discussion of the systems can be found in H. Reimerdes’ thesis [59] and J.-M.
Moret’s paper [60].
Considering the time resolution, the response of the coils to magnetic oscillations is
only moderately attenuated until 100 kHz. Hence, the cutoﬀ frequencies in the multi-stage
amplifier system are adjusted to keep the bandwidth of the entire system at 100 kHz. The
sampling frequency of the data acquisition system is adjustable up to 1 M Hz. Hence, the
power of the high frequency peaks, which may appear in certain plasma scenarios, can
be suﬃciently attenuated thus their artificial appearance in the low-frequency part of the
spectrum (called aliasing) can be avoided.
Additionally to local magnetic field measurements, total plasma current can be estimated from appropriately distributed Mirnov coils. A full poloidal array set is used on
TCV in this calculation, the recorded signals of which are properly integrated in space
and time [60].
The amplitude of magnetic modes having definite toroidal mode number can be deduced at a time instance t0 from the equally-spaced toroidal Mirnov arrays with the help
of spatial Fourier-transform
∑

Nprobe

Sn′ (t0 ) ∝

−2πn′ Nk−1
robe

fk (t0 ) e

p

,

(25)

k=1

where Sn′ (t0 ) is the amplitude of the n′ th spatial component, fk (t0 ) is the signal of the
kth Mirnov-coil and Nprobe is the number of equally spaced coils [59]. Nprobe = 8 on the
high field side and Nprobe = 16 on the low field side of the tokamak. The 17th extra
coil is omitted from the analysis in the latter case. According to the Nyquist rule the
probe distribution allows one to calculate spatial components up to 4 and 8. The spectral
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Figure 13: The poloidal (a) and the toroidal (b) Mirnov coil systems on TCV. Copied
from [38].

power of the mode labelled with n′ is estimated by the squared amplitude of the complex
Sn′ (t0 ). However, spatial aliasing occurs thus for example the power estimated for the
n′ = 1 mode is indeed the resultant of the n = 1 and the n = 7 mode on the high field
side and the resultant of the n = 1 and the n = 15 mode on the low field side [61]. Hence,
estimated mode numbers should always be handled with suﬃcient care.
If a mode follows the toroidally rotating plasma, its phase relative to an arbitrary coil
will oscillate. Hence, taking the real part of the nth mode oscillations are present with
frequency fvis = nfrot , where frot is the mode rotation frequency.

3.3

General properties of the AXUV detectors

Absolute eXtreme UltraViolet (AXUV) detectors are specially fabricated photodiodes
that are capable of detecting electromagnetic radiation in the spectral range relevant for
hot magnetized plasmas. The diagnostic which is built up from this type of detectors
is the main experimental equipment used in the thesis work. This section is devoted to
discuss the properties of the commercially available detectors and the system which was
built up from them before the beginning of this work (called ’original AXUV system’) is
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introduced in a later section (Sec. 3.4).
The detection of the ultraviolet radiation (UV, from 3.1 eV - 400 nm to 124 eV 10 nm), and especially the extreme ultraviolet radiation (XUV, from 10 eV - 124 nm to
124 eV - 10 nm) is a complicated issue since e. g. more than 70 percent of the XUV light
can be absorbed by a 8 nm thick glass layer [62]. This is illustrated in Fig. 14, where
the optical properties as a function of photon energy are shown for a 8 nm thick SiO2
entrance window on the Si detector. The curves are calculated according to thin layer
theory [62], where the used refractive indexes are taken from optical tables [63]. This
characteristic indicates why the absorption layer is minimized in the AXUV detectors.
The entrance window of these detectors is just 8 nm thick (instead of the 50 - 100 nm
thickness in a commonly used photodetector) and their surface dead layer (which is caused
by the interface traps on the surface of the insulator entrance window) is eliminated by
their structure itself: the substrate is a p-type layer and the thin n-type layer is located
between the entrance window and this substrate [64]. The glass entrance window cannot
be totally avoided since it does not only serve as an antireflection coating, protection and
chemical passivation layer but the insulator - n-type semiconductor junction also forms
an electric field which is responsible for the elimination of the dead layer [65].
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Figure 14: Calculated optical properties of a 8 nm thick SiO2 entrance window on the
Si detector as a function of incident photon energy in case of perpendicular incidence,
solid blue line (T): transmission coeﬃcient, dashed red line (A): absorption coeﬃcient,
dash-dotted green line (R): reflection coeﬃcient. The XUV range is marked by the gray
box. Copied with modifications from [[1]].
The low-energy spectral sensitivity of an AXUV detector is shown in Fig. 15. The
solid blue line denotes the measured values provided by the manufacturer, the dash-dotted
green and the dashed red lines are the calculated sensitivities in the visible and in the UV
ranges, respectively. The XUV spectral range is indicated by the shaded area. Sensitivities
are calculated following Saito’s procedure [66], which is briefly introduced here. The
photocurrent of the detector is mostly generated by the photons which are absorbed in the
semiconductor layers. The number of these photons is equal to the transmitted photons
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via the entrance window in the case of visible, UV and low-energy X-ray radiation. (Highenergy X-rays can pass through the detector without any interaction.) Additionally, the
model assumes that a minor part of the electrons which are released by photon absorption
in the entrance window leave this window and reach the sensitive volume of the detector
contributing to its photocurrent. This level is generally determined in the unit of photon
absorption in the window and experiments show that it is 20 percent [65] - 30 percent
[66]. The latter one is used below.
In the modelling the optical properties of the SiO2 film on a Si substrate are calculated
at first [62, 63] (see the transmission (T), reflection (R) and absorption (A) coeﬃcients
in Fig. 14) and then T + 0.3A is considered as the quantity that contributes to the
photocurrent. Then the generation mechanism is quantified by the internal quantum
eﬃciencies, which are obtained based on diﬀerent assumptions depending on the frequency
domain of interest: the creation of one hole-electron pair is assumed for every incident
photon in the visible range while the generation of more hole-electron pairs with 3.65 eV
energy is assumed by a high energy photon impact in the UV and SXR spectral ranges.
Additionally, hole-electron recombination is neglected because of the absence of dead
layer.
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Figure 15: AXUV detector sensitivity as a function of incident photon energy in case
of perpendicular incidence. Solid blue line: measured by the manufacturer, dash-dotted
green line: calculated with the internal quantum eﬃciency valid in the visible range,
dashed red line: calculated with the internal quantum eﬃciency valid in the UV range.
The XUV range is marked by the gray box. Copied with modifications from [[1]].

Summarizing the spectral features, the detector is often regarded as a device that is
approximately uniformly sensitive in the entire electromagnetic spectrum where radiation
energy losses are significant in tokamak environment, i. e. it is considered as a bolometer.
However, the spectral hole around the XUV range can lead to a factor of 4 discrepancy
between the spectrally averaged and the real radiated power and thus this uniformity
should be regarded as an order of magnitude estimation.
To avoid confusion some etymological considerations are done based on the statements
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in the previous paragraph. The ’Absolute’ word does not refer to the behaviour of the
detector in tokamak plasmas. Hence, the system built up from this type of devices on the
Axially Symmetric Divertor EXperiment (ASDEX) Upgrade in Garching, Germany [67] is
simply called XUV [68]. The system was named to AXUV in TCV when the eﬀect of this
nonuniformity was not realized and it has not been changed due to traditional reasons.
Indeed the word refers to the non-tunability of the detectors: every well-manufactured
one has quantitatively identical frequency-dependent sensitivity. This could be modified
by changing the thickness of the entrance window, which is a well-controllable parameter
in thin layer technology. However, its increase or decrease would have the disadvantage
of decreasing sensitivity without any advantages. Hence, it is practically never varied.
Despite the spectral hole in the extreme ultraviolet range the detector is called ’XUV’,
since it has outstanding sensitivity in this range compared to other commercially available
detectors. This is the consequence of the generally used 100 nm thick entrance windows
in photodetector technology which are applied to prevent mechanical damages.
One disadvantage of the AXUV detectors is their decreasing sensitivity with increasing
UV exposure. This degradation is caused by the radiation absorbed in the insulator
entrance window. Similar processes occur in MOS systems [69], e. g. the absorbed XUV
photons break the covalent bonds, creating crystal defects. The strain in the system
carries these defects up to the insulator-semiconductor junction where they operate as
interface traps, significantly reducing the collection eﬃciency. Although this strain is
decreased by nitridization [70], the problem remains an important issue in case of high
photon fluence [71], as shown in Fig. 16. This can explain an intriguing property of AXUV
detectors: the impact of a 10 eV photon is more deleterious than the impact of a 100 eV
photon because the 10 eV photon has a higher probability to be absorbed in the entrance
window, as shown in Fig. 14. It must be noted that this type of radiation damage is
fundamentally diﬀerent from the well-known displacement error caused by neutrons [72]:
it aﬀects only the detector sensitivity and it cannot be mitigated by detector biasing,
whereas neutron exposure has several other undesirable eﬀects e. g. it increases the noise
and the response time of the detector. However, the level of neutron damage is decreased
when biasing voltage is applied on the detectors.
Another drawback of AXUV detectors resides in the fact that their eﬃciency is also
governed by the angle dependence of the optical path length through the entrance window
and of the reflection properties on the detector surfaces. Repeating Saito’s calculations
[66] and averaging over the diﬀerent polarization states one can obtain the absolute sensitivities (Fig. 17 (a)) and the sensitivities relative to perpendicular (0◦ ) incidence (Fig. 17
(b)). Additionally to the sensitivity dependence, the angle dependence of the absorption
in the entrance window causes angle-dependent degradation in the sensitivity. Hence, the
cross-calibrated detectors do not remain cross-calibrated after exposure, which is probably
the most significant problem in a tomographical system.
AXUV detectors are also sensitive to low-energy ions [73] and electrons [74]. Moreover, fast neutrals can become simply ionized when they traverse across a stripping foil.
Although the latter method is exploited e. g. in AXUV-based neutral particle analyzers
[75], the sensitivity to charged particles can aﬀect the signals of the detectors which are
installed for the purpose of radiation measurement.
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Figure 16: Eﬃciency of an AXUV - 100 G (nitridized) detector relative to the unexposed
one as a function of the exposing photon fluence in the case of 100 eV (red + sign) and
of 10 eV (blue x sign) incident photon energy. Copied from [71].
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Figure 17: Sensitivity dependence of an AXUV detector on the incident angle as a function
of incident photon energy, averaged over the polarization states. Dotted red curve: 0◦
(perpendicular), dash-dotted green curve: 20◦ , dashed blue curve: 40◦ , solid cyan curve:
60◦ . (a): absolute sensitivity, (b): sensitivity relative to perpendicular incidence. The
XUV range is marked by the gray box. Copied with modifications from [[1]].
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The AXUV tomographical system on the TCV tokamak

This section is devoted to show how a measurement hardware is built up from the AXUV
detectors introduced above. After a brief general outlook (Sec. 3.4.1) the focus is on the
TCV AXUV system. Only the diagnostic, which was available at the beginning of this
thesis work (called ’original AXUV system’) is detailed here.
3.4.1

AXUV detectors in tokamak environment

Major tokamaks are generally equipped with AXUV detectors aiming to study the radiation dynamics of fast transients such as ELMs [76, 77, 78, 79] and disruptions [80, 81,
68, 82]. Due to the absorption tendency of XUV light these detectors are placed inside
the main vacuum of the tokamaks. Hence, their accessibility for maintenance is limited.
They can be operated as wide-angle detectors [83, 84] or can be located behind pinholes,
which tighten their field of views (FOVs). For a linear array that consists of 16-22 detectors this structure results in fan-shaped Line-of-Sight (LOS) arrangement which may
be oriented toroidally [85, 86] or poloidally. If toroidal symmetry is assumed the former
one allows the reconstruction of radiation along the plane of the fan and the latter one
is suitable for power loss estimation in the total volume in the case of proper coverage
[84, 87, 88]. Poloidal radiation profiles are generally calculated if cameras looking from
diﬀerent directions are available [89, 90, 68, 91, 92, 79].
The first, called ’prototype AXUV system’ on TCV was built up from 2 cameras,
which had a pinhole-type structure with linear arrays having 16 detectors each. Their
narrow FOVs were oriented poloidally [93]. They have not been dismounted from the
machine. However, the system was not used during the preparation of this thesis and it
is mentioned only in the introductory chapter.
Based on the experience gathered with the prototype cameras a system was designed
and manufactured in 2004. It is called ’original AXUV system’ below. This allowed the
tomographical reconstruction of radiation profiles in a full poloidal cross section [89]. The
current section is devoted to report on this system. Its modifications are integral elements
of the thesis work thus they are discussed in the chapter introducing the results (Sec. 4.4).
That diagnostic is called ’upgraded AXUV system’ or simple ’AXUV system’. To indicate
which parts are subjects to the subsequent modifications the following convention is used
in Sec. 3.4: the elements of the system which remain identical are discussed in present
simple tense and the parts which are varied during the upgrade are introduced in simple
past tense and highlighted by the ’former’ word. But before going into these details it is
noted that the poloidal coverage of the two systems are identical.
3.4.2

Design concept

The original AXUV system on TCV [89] consists of 7 pinhole cameras with 20 LOSs each
mounted in the same poloidal cross section. Their location on the vacuum vessel is shown
in Fig. 18 (a).
The 140 LOSs are arranged in such a way that the TCV poloidal cross section is densely
covered, enabling measurements for most of the plasma shapes achievable in TCV (Fig. 18
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Figure 18: (a) Layout of the original AXUV system on TCV. The figure was prepared by
D. Nagy. Copied with modifications from [[1]]. (b) Poloidal coverage of the original (and
the upgraded) AXUV system, chords are shown by thin gray lines. The separatrix of a
standard single null plasma is marked by dashed blue line and of a snowflake plasma by
solid red line. Camera numbers are also shown. Copied with modifications from [[1]] .

(b)).
Each camera is designed with a twin structure: it contains two arrays with the exact
same poloidal FOV but they are separated by 20 mm in the toroidal direction. Interference filters were formerly mounted in front of the second array set to measure Lymanα
radiation. However, this decision was not a deliberate one due to the high incident angles
up to 60◦ . Filters with a few tens of nanometers bandwidth would have been required
to cover the spectral range necessitated by the such high incident angles. However, this
width cannot correspond to a single spectral line measurement. The support structures
of the filters were neither proper since the filters became scratched due to mechanical
vibrations during experiments. Later the interference filters were removed and special
detectors were installed, the surface of which were covered by evaporated parylene. This
material was selected in order to limit the measured spectral range. The new detectors
did neither provide the expected results probably due to the same reason, the extremely
high incident angles. Hence, the application of any types of filters was ceased and the
second array set was discarded even in the original system.
3.4.3

Vacuum parts of the system

A section view of an original vertical camera is shown in Fig. 19. Its optical systems are
built up from rectangular-shaped pinholes and linear detector arrays of AXUV-20ELG
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type containing 20 detectors, 0.75 mm x 4 mm each. The former sizes of the pinholes were
0.5 mm (poloidal) x 5 mm (toroidal). The perpendicular distance between the detector
arrays and the pinholes vary from 8 mm to 15 mm and parallel shift change from -5 mm
to 5 mm in the diﬀerent cameras. The resulting incident angles vary from 0◦ to 60◦ (22◦
on average) and the corresponding etendues formerly ranged from E = 9 × 10−9 m2 sr to
1.1 × 10−7 m2 sr (4.3 × 10−8 m2 sr on average). This latter quantity aims to parametrize
the light collection capability of the camera chords and it is precisely defined in Sec. 3.5.2.
The 22 pins of a detector array (20 anodes and 2 common cathodes) are connected from
the vacuum to the atmospheric side of the camera by specially fabricated ceramic vacuum
feedthroughs.
Cable
connectors
Coolant
out
Vacuum
flange

Coolant
in
Cooling water
pipes
Ceramic
feedthroughs

Transimp
amplifiers

Detectors

vertical

Support
plate

l
da
oi
l
toroidal
po

Interference
filter holder
Pinholes

Figure 19: Section view of a former vertical AXUV camera which was part of the original
AXUV system. The figure was prepared by D. Nagy. Copied with modifications from
[[1]].

3.4.4

Atmospheric parts of the system

The atmospheric sides of the vacuum feedthroughs are directly connected to the printed
circuit boards of the transimpedance amplifiers. The camera bodies serve as Faraday
cages here.
A camera contains four identical printed boards with 10 inverting amplifier circuits
each. A circuit consists of an operational amplifier in OP467 type IC, a resistance and
a capacitor. The parameters of these electronic parts were formerly 20 kΩ and 80 pF
resulting 100 kHz analog bandwidth. The signals are transmitted from here to the data
acquisition system via shielded cables.
To decrease the noise level, all parts of the tomographical system are grounded directly to the TCV vacuum vessel. This includes the data acquisition cards, the ethernet
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connector, the linearly regularized power supplies and the control slave.
The data from the 280 channels are acquired by 3 DTACQ ACQ196CPCI motherboards, the sampling frequency of which can be increased up to 200 kHz. Although this
level is not too high compared to the analog bandwidth, it may result in only moderate
level of aliasing in the few kHz spectral range. Artificial peaks could be aliased from
around 200 kHz but these oscillations should be significantly attenuated by the finite
bandwidths of the amplifiers. Additionally, by investigating the signals recorded by faster
diagnostics, e. g. by the Mirnov coils the presence of dominant MHD modes around
200 kHz can be excluded. In conclusion, the problem of aliasing is small and can be
handled by suﬃcient care during the data evaluation process.
Data are digitized over a 16 bits dynamical range. This is necessary to ensure good
measurements over a wide range of radiation level, since light yield can exceed the stationary one by orders of magnitude during transients. The acquisition is synchronized
with the motherclock of the TCV discharge sequence and the acquisition starts generally
40 ms before the plasma breakdown. This period is enough to measure the oﬀsets in the
amplification chain before every plasma discharge. The recorded data are uploaded to the
central MDSPlus database of TCV after each measurement.

3.5

Tomographical reconstruction methodology

This section is devoted to introduce the concept of the data evaluation program which I
implemented to calculate radiation profiles from data measured by the AXUV system.
Tomographical reconstruction is a mathematical procedure to determine 2D distribution profiles from line integrated data measured in the corresponding cross section. It
is typically applied in medical imaging. Several hundreds of detectors are mounted in
the modern computer tomographs (CT) to provide data for high-quality image reconstruction describing material distributions in the patients. These detectors are rotated
around the center of the reconstruction area resulting line integrated data from several
hundred thousand locations distributed uniformly. However, geometrical constraints in
a tokamak limit the number of chords for tomography to few hundreds with a highly
nonuniform spatial distribution. The lack of suﬃcient coverage can be compensated by a
priori information to get meaningful emission profiles. This approach requires algorithms
which diﬀer significantly from the transform methods (e. g. Radon-transform), which are
generally applied in medicine [39]. The technique implemented during the preparation
of this thesis is originally used for the evaluation of soft X-ray measurements in plasma
environment [94, 95] and nowadays it is routinely used for bolometer tomography at JET
[96]. The mathematical details of the algorithm are discussed in a JET laboratory report
[97] and summarized here only briefly.
3.5.1

Principles of the inversion method

The radiation profile of a time instance is expanded to pixels in this algorithm [94, 95,
39, 97] the intensities of which are contained in the vector g. Another vector f is built up
from the chord brightnesses in the time instance, i. e. from the normalized measurement
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data. Here each element is normalized by the parameter describing the light collection
capability of the corresponding chord. f and g are linked via the transfer matrix T , which
contains information about the detector FOVs
T g = f.

(26)

Only the concept of f and T are necessary to depict the inversion problem and its solution
method, their precise definitions and the calculation methods are introduced separately
in the next session.
Alternatively to Eq. 26, the equation can be multiplied by T ′ , where the prime refers
to the transpose of the matrix. This way one needs to deal with square matrices
T ′ T g = T ′ f.

(27)

The tomographical problem is generally ill-posed and thus the inverse of T ′ T should
not be calculated directly, regularization is essential. Additionally, the typically poor
coverage of a cross section in tokamak environment manifests in large condition number
for T ′ T . Hence, an objective matrix O is added to the left-hand side of the equation,
which acts as regularizator and complements the measured data with a priori information.
This way the problem becomes not only well-posed but also well-conditioned and the
parameter-dependent pixel intensities are obtained by solving
(T ′ T + λO) g (λ) = T ′ f.

(28)

λ is the regularization parameter which is determined with another equation (see below).
Additionally, the positiveness of g is prescribed
g (λ) ≥ 0,

(29)

which allows the solution of Eq. 28 only in the least-square sense. These two equations
result in a parameter-dependent radiation profile g (λ).
The discrepancy principle states that the deviation between the measured and calculated chord brightnesses should be as large as the measurement errors on average. This
implies an equation for λ and thus for g (λ)
||T g (λ) − f || = ||df || ,

(30)

where ||·|| is the second-order norm. The λ that satisfies this equation is called λdisc and
g = g (λdisc ).
So far the contribution of the a priori information (e. g. flatness, smoothness, minimum diﬀusion) is only determined by a single parameter λ. Hence, problems arise if a
smooth profile contains some solitary sharp peaks. It is worth decreasing the regularization in these high intensity zones. Hence, the objective matrix is often weighted by
the inverse pixel intensities. This method is analog to the linearized minimization of the
Fisher information and thus it is often called minimum Fisher regularization [94].
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Etendue and transfer matrix

Etendue (throughput) of an optical system describes how much light is transferred to an
observation surface across the optical elements. If the system does not contain refracting
or diﬀusive parts etendue is a conserved quantity calculated with
∫ ∫
∫ ∫
∫ ∫
⃗ dΩ
⃗ ,
⃗
⃗
E=
dE =
dA · dΩ =
cos (θob ) dA
(31)
⃗ is the infinitesimal area normal of the observation surface, dΩ
⃗ is the infinitesimal
where dA
⃗
solid angle vector and θob is the angle of incidence, determined as the angle between dA
⃗
and dΩ. The integral is carried out in the FOV, i. e. in the directions which are not
obstructed by limiting apertures. Due to etendue conservation it results in identical
values not only on the observation surface but also on any planes which fully cross the
observation cone [98]. This implies that the collected light is independent of the surfacedetector distance in a pinhole camera for surfaces which are perpendicular to the LOS and
emit light uniformly. Hence, the concept of line integral measurement can be constructed
as
∫
dP (t)
4πPdet
dl ≈
,
(32)
dV
E
P (t)
where d dV
is the emitted power density (in W/m3 ), the dl integration is carried out
along the LOS of the chord and Pdet is the power measured by the detector [94]. The
main assumption in this statement is the constant brightness on a perpendicular surface,
which is approximately true if the FOVs are narrow. Hence, the definition of the chord
brightness f as
4πPdet
f≡
(33)
E
is a plausible choice[94, 98].
Considering the practical determination of the etendue Eq. 31 can be used in a direct
manner. Additionally, Ingesson developed a calculation process, which fits better to a
detector-pinhole system if radiation is toroidally symmetric and toroidal curvature is negligible compared to the extent of the FOVs [99]. As a first step this method determines
the so called ’geometric function in projection space’ k (p, ξ), which is the light collected
in a plane that is perpendicular to the poloidal one and it is characterized by two spatial
coordinates p and ξ. The former coordinate is the distance of the plane from an arbitrarily selected point (generally from the center of the pinhole) and the latter one is the
angle between the plane and the horizontal plane. In order to get the etendue k (p, ξ) is
integrated with an appropriate weighting
∫ π∫ ∞
k (p, ξ)
dpdξ,
(34)
E=
0
−∞ cos (ξ − ξLOS )

where ξLOS is the angle of the LOS relative to the horizontal plane [99]. Only those parts
of the geometrical function in projection space can contribute to the integral which belong
to planes that cross the pinhole and reach the detector.
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In a camera developed for tomographical purposes the detector-pinhole distance is
usually much higher than the poloidal size of these optical elements. Based on this
assumption a simple formula can be obtained with the Taylor-expansion of Eq. 34
E ≈ ALOS ΩLOS ,

(35)

where ALOS is the eﬀective detector area and ΩLOS is the eﬀective solid angle the pinhole
spans from the detector relative to the LOS [94, 98].
The geometric function of a 2D tomographical system K (r, z) is the solid angle
spanned by the entrance pupil of the detection system as seen from point (r, z), integrated over the third dimension [99]. A formula is derived in this article for K (r, z) in a
simple detector-pinhole system, which requires the accurate position of the detector and
the pinhole as input. This method calculates k (p, ξ) at first, then integrates it numerically to all possible planes which contain the (r, z) location, cross the pinhole and reach
the detector. This manner K (r, z) is obtained.
The elements of the transfer matrix are calculated by integrating K (r, z) over the
areas of the diﬀerent pixels and then, similarly to the calculation of the chord brightnesses,
dividing them by the etendues of the corresponding chords and multiplying them by 4π.
T contains the contributions of unit pixel intensities to chord brightnesses.
In the LOS approximation, the elements of T are equal to the lengths of the LOSs
inside the pixels [97]. As mentioned earlier this approximation can be used only in those
cases when uniformity of radiation over the surfaces perpendicular to the chord axes can
be assumed.
3.5.3

Regularization matrix

The regularization matrix O is generally created as a matrix of a quadratic functional,
which has a well-defined meaning such as
• it minimizes the total radiation in the reconstruction plane (0th order isotropic
regularization [94]). The corresponding functional is
L0i (g) = ||g||2 = g ′ Ig,

(36)

where I is the identity matrix.
• it assigns the flattest profile, i. e. it minimizes unflatness (1st order isotropic regularization [94]). The corresponding functional is
L1i (g) = ||∇r g||2 + ||∇z g||2
= g ′ (∇′r ∇r + ∇′z ∇z ) g,

(37)
(38)

where ∇r and ∇z are the diﬀerential matrices in the diﬀerent directions of the
poloidal plane.
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• it assigns the smoothest profile, i. e. it minimizes unsmoothness (2nd order isotropic
regularization [94]). The corresponding functional is
L2i (g) = ||∆g||2 = g ′ (∆′ ∆) g,

(39)

where ∆ is the Laplacian matrix in the reconstruction plane.
• it minimizes the diﬀusion in the radiation profiles (minimum diﬀusion anisotropic
regularization [100, 95, 97]). The corresponding functional is
∫ ∫
(
[
])2
LD (g) =
∇ · ⃗n′ D⊥⃗n · ∇g + ⃗t′ D∥⃗t · ∇g
dr dz = g ′ O g,
(40)
where ⃗n and ⃗t are the normal and the tangential vectors with respect to the magnetic
flux surfaces. The anisotropic diﬀusion coeﬃcients in both directions are D⊥ and
D∥ .
The anisotropic regularization model is based on the assumption that radiation is more
localized perpendicular to the magnetic flux surfaces than parallel to them. However, the
ratio of the coeﬃcients in these two relative directions are not derived from any physical
considerations. It is generally chosen in such a way that reconstructed profiles match
to predefined radiation profiles they obtained from (called phantoms hereafter). For
example, D∥ = 10D⊥ was found to be enough to guarantee the asymmetry in the SXR
system installed on JET [95].
In order to calculate the elements of O the 0th, 1st and 2nd order diﬀerential matrices
are constructed in both the r and z directions of the poloidal plane. When anisotropic
regularization is used the diﬀerential matrices are not only used as components for ∇
acting on g but they are necessary to extract ⃗n and ⃗t from the flux surface maps. These
latter ones are calculated with equilibrium reconstruction codes such as LIUQE in TCV
[34]. Isotropic regularization does not require the knowledge of magnetic geometry.
3.5.4

Numerical implementation

After the introduction of the inversion problem some considerations are done about its
practical implementation. This type of tomographical exercise has been approached in
diﬀerent numerical ways:
Ingesson‘s method In order to reconstruct radiation profiles Ingesson chooses an existing algorithm [101], which was originally developed to study processes in the
ionosphere. The method deals with standard numerical procedures those are linked
to each other with analytical calculations. In this approach a numerically timeconsuming generalized eigenvalue problem is solved at first. Then a basis is created
from the obtained eigenvectors, but the regularization parameter is undetermined in
this phase. The next step is devoted to calculate it by finding the root of a high-order
polynomial. It is an easy task since the polynomial is monotonic for all practically
possible cases. This also implies that it has only one root. Then iterations are done
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to get rid of the negative values in the radiation profile: the minima of the arising
negative clusters are searched in each iteration step and they are forced to be zero
by applying extra constraints during the least-square solution of Eq. 28. This may
decrease the sizes of the negative clusters or totally eliminate them but it can also
create new ones slowing down the convergence. These iterations for positivity, the
main parts of which are the root determinations of a polynomial similarly to the
initializing step, should be continued till all clusters disappear. Additionally, the
introduced procedure is embedded into an outermost loop where the regularization
matrix is weighted in a way similar to the minimum Fisher one [95].
Weisen’s method H. Weisen solves the problem with three embedded loops listed below
starting from the innermost [94]:
• Eq. 28 is solved in the least square sense with the basic matrix equation solver
R
of Matlab⃝
(matrix left division operator). Then the intensity of the possible
arising negative pixels are simply reseted to zero. This type of implementation
of the positivity constraint (Eq. 29) is highly questionable since Eq. 28 does
not remain valid even in the least square sense after the reseting operation.
• Eq. 30 is solved with a slightly modified iterative Newton-Raphson method.
The modification is introduced to keep λ always positive.
• The minimum Fisher regularization is performed within the outermost loop.
Here no convergence is prescribed, the iteration is performed arbitrary times.

3.6

Other tomographical diagnostics on TCV

TCV is well-equipped with multichord systems for radiation detection [102]. Some of
them cover a full poloidal cross section of the tokamak allowing reconstruction of plasma
radiation profiles in appropriate spectral ranges. Such systems are the original AXUV
system introduced in Sec. 3.4, the foil bolometer system [103] that consists of 64 chords
and the XTOMO system [94] having 200 chords. Their poloidal distributions are shown
in Fig. 20. The foil bolometer and the XTOMO systems are 180◦ and 270◦ apart from
the original (and thus the upgraded) AXUV system in the toroidal direction. A detailed
description of the former system is given in Sec. 3.6.1 since the diagnostic acts as a
standard in radiation detection and thus it is essential to assess the reliability of AXUV
measurements. Then XTOMO system, which is used to validate AXUV core radiation
profiles on a fast timescale, is introduced briefly in Sec. 3.6.2.
3.6.1

Foil bolometers

Foil bolometers are aimed to measure radiated power in the spectral range, which is
dominant from the aspect of power losses in fusion-grade plasmas. A sketch about this
detector type is depicted in Fig. 21 (a). It consists of an absorber foil, which is exposed
to radiation. The absorbed energy heats this foil up and the change in its temperature
is measured by a resistance meander. If the gain of energy was not conducted, the
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Figure 20: Poloidal coverage of the utilized multichord diagnostics on TCV. (a) Original
(and upgraded) AXUV, (b) foil bolometers, (c) XTOMO. Copied with modifications from
[[1]].

temperature and thus the recorded signal would increase even for constant illumination
and the detector would operate as an energymeter. Instead, the foil is connected to a
sink by a thin heat conduction layer. Hence, the diﬀerential equation for foil temperature
Ts (t), which is measured relative to the temperature of the heat sink, is
d Ts (t)
Pabs (t) Ts (t)
=
−
,
dt
C
τ

(41)

where C is the heat capacitance of the system (except for the heat sink), Pabs (t) is the
absorbed power and τ is the time constant of the absorber - heat conduction layer system
[39]. The first term on the right-hand side calculates the absorbed power and the second
one calculates the conducted heat.
Miniaturized detector modules containing four channels from these foils are used on
TCV [104]. They were developed in 1990 by Mast and they have become standards in
bolometer technology. During the years the concept has remained similar, although some
improvements have been achieved [105]. The modules are uniquely manufactured to fit the
R
requested sensitivity and time resolution. The detectors on TCV are rather old, Kapton⃝
is used as substrate there and gold is applied as absorber. The optical properties of the
latter one determine the spectral sensitivity of the detector. The reflection and the absorption coeﬃcients of a some µm thick gold foil is shown in Fig. 21 (b) for perpendicular
incidence [106]. Compared to the sensitivity dependence of AXUV detectors shown in
Fig. 15, the response of the foil bolometers is generally regarded to be independent of the
wavelength that characterizes the incident light in the relevant spectral range. Due to the
absorption-based operation principle unavoidable layer deposition during measurements
has lower influence on the signals obtained by this detector type. Their time constants are
around τav = 100 ms, which results in rather low time resolution. These coeﬃcients are
determined by fitting exponential functions to the decaying signals after plasma disrup-
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tions. Since the absorption is considered to be 100 percent, the conversion between the
heating power of the absorber and the change in the resistance should be determined for
absolute calibration. This is done in situ by connecting a special electronic device to the
meanders which heat them up and measure their resistances at the same time [104]. The
calibration results are found to be stable i. e. there is no need to repeat the procedure for
years.
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Figure 21: (a) Sketch of a foil bolometer. (b) Optical properties of a gold absorber foil.
(c) Electrical structure of a foil bolometer channel.
The simple measurement principle needs two additional supplements to become applicable [104]:
• The resistance of an absorber foil is measured with two meanders Rmeas . Additionally, an identical absorber foil shaded from radiation is also mounted and its
temperature is measured with two additional meanders Rblind . These four resistances form a Wheatstone-bridge, as shown in Fig. 21 (c). This is supplied by Uin
and the voltage between Ua and Ub is measured. This manner the possible drifts in
the temperature and thus in the resistance of the absorber are compensated. All of
these parts are placed in the modules.
• To eliminate pickup noises in the low frequency range up to some kHz (the currents in
the plasma control coils can change in this timescale) the frequency of the radiationinduced output voltage modulation is shifted. This is practically carried out by
peak
exciting the bridges with alternating voltage (f = 50 kHz and Uin
= 9.4 V on
TCV). The signal is then demodulated just before the digitization.
The TCV bolometer system contains some additional parts:
• The resistance of a bridge does not remain identical in a timescale of some days,
because of e. g. layer deposition. This should be compensated by adjusting variable
resistances connected parallel to the meanders. One of these additional resistances
is adjusted manually after each boronization and the other one is controlled electronically before daily operation.
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• Parallel resistances cannot balance the bridge to a such low level, where the signal
is close to zero without exposure. Hence, an active oﬀset compensator is also built
into the system.
• The signal is amplified with an amplifier chain, the gain of which is variable in the
last stage. This is adjusted by the operator of the diagnostic via the main TCV
control system.
• Although the Wheatstone-bridge makes the system resistant to small variations in
temperature, it cannot compensate for high changes. Hence, the inner parts of a
camera are isolated from the outer ones by a vacuum cave, which is prepumped and
R
closed by a HELICOFLEX⃝
. Due to this special vacuum seal the dismounting of a
camera is hampered even when it is removed from the tokamak.
• The temperature of the system is actively stabilized by a refrigerator independently
of the TCV cooling circuit.
• Protective shutter is mounted on each bolometer camera, which is actuated by a
pneumatic motor.
This description of the system shows its complexity and indicates the great eﬀorts
required for its operation and maintenance. An additional complication arises in data
evaluation: the recorded signals are proportional to Ts but the extraction of Pabs from Ts
is nontrivial. The calculation formulated in Eq. 41 contains diﬀerentiation which cannot be
straightforwardly executed. The manufacturer of the bolometer heads suggests a fourthorder diﬀerentiating Bessel-filter to do this deconvolution [104]. Newer research shows
that slight improvement can be achieved by applying a diﬀerentiating Savitsky-Golay
filter instead of the Bessel-type [105]. However, filtering out the high frequency parts of
the signals is improper during ELMs or disruptions. Hence, special techniques have been
developed which can provide more accurate results during these transients [107, 108].
The main disadvantage of the foil bolometer system on TCV is its incompatibility
with ECRH heating. The sizes of the applied pinholes are in the order of a mm which is
comparable to the length of the heating waves and thus even FOV assumptions are not
correct. Additionally, the vacuum chamber of TCV acts as a waveguide for non-absorbed
microwaves, which heat up the absorber foils independently of the plasma. Since no other
auxiliary heating is presently available on TCV, relevant ELM radiation measurements
cannot be performed there with foil bolometers.
Another drawback of this detector type is related to the neutral gas fuel [109] the
presence of which can modify the detector signal levels in several ways, listed in Table 2.
A widely discussed eﬀect is related to low-energy (some eV) neutrals, which are generated
via charge-exchange (CX) reactions between the room-temperature fuel and the plasma,
if hydrogen isotopes are used. In helium plasmas the cross sections of these reactions and
thus the quantity of the produced neutrals are such low that they do not have significant
influence on the detectors. The neutrals are typically present in the divertor. If they
hit the detector foil their kinetic energy heats up the absorber causing the increase in
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the recorded signal [39]. However, room temperature (25 meV) gas can have an opposite
eﬀect since it modifies heat transport and exerts mechanical forces on the detectors.
Eﬀect
Charge-exchange neutrals in the divertor
Charge-exchange neutrals from gas puﬀ
Release of warm gas from the wall after disruption
Convective heat transport
Strain gauge eﬀect

Sign
Increase
Increase
Increase

Citation
[109]
[110, 109]
[110, 109]

Decrease
Decrease

[111, 112, 109]
[113, 109]

Table 2: Eﬀects of neutral gas on foil bolometers. The second column shows whether the
concerned eﬀect has positive or negative contribution to the signal levels.
The influence of neutrals on foil bolometer measurements was investigated in TCV
[93]. In the paper the signals measured by AXUV prototype cameras were also involved
in the analysis with the assumption that they were insensitive to neutral gas. The ratios
of chord signals looking at the same volume were calculated for diﬀerent plasma states
and for diﬀerent chord locations, i. e. when foil bolometers looked across the divertor
from inside and from outside. The article concluded that the signal increase caused by
non-radiative processes was significant for the foils which were located in the divertor
region. The eﬀect was related to low energy neutrals originating from CX reactions.
Their contribution was higher than the level of measured radiation in diverted L-mode
discharges, but lower in ELMy H-mode and even lower but non-negligible in ELM-free
H-mode.
Another study was done in TCV with foil bolometers [114], where not only the chord
brightnesses but the reconstructed profiles and the total radiated power were also analyzed in L-mode standard SN discharges. At low density, good balance between the Ohmic
heating power and the sum of the conductive and radiative heat losses was obtained. Additionally, the radiated power in the edge and SOL matched the expected values obtained
from SOLPS 5.0 simulations [48, 29]. These facts argued about the lack of neutral impact at low densities. On the contrary, the reconstructed profiles indicated significant
neutral contribution on the horizontal camera signals, which manifested in patterns along
the low field side wall with especially high intensity in front of the middle camera. The
presence of these radiative zones in deuterium plasmas could have been explained without
the assumption of neutral contribution by identifying the patterns e. g. as artifacts of
the inversions due to the bad coverage there or as the signs of more intense plasma-wall
interaction due to enhanced level of particle transport in the outboard midplane. However, the decrease of intensity in these zones as the fuel was changed to helium revealed
the relationship of these patterns with neutrals. Considering power balance, the reliability of conducted heat measurements with Langmuir-probes was low. This was especially
highlighted at high densities, where the output power was fifty percent higher than the
input one in deuterium plasmas and thirty percent higher in helium plasmas. These
discrepancies were regarded as the cumulative eﬀect of improperly interpreted Langmuir
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data and the heating of bolometer absorber foils by CX neutrals. In the high density
case no match between measurements and code calculations was experienced, which was
attributed to the incorrect handling of impurity release in the simulations. In contrast to
the total power measurements the profiles indicated lower neutral pollution than in the
low-density case, since the patterns on the low field side had lower relative amplitudes
in high-density deuterium discharges and they were even less highlighted in high density
helium discharges.
Two additional disturbances have to be mentioned, when miniaturized foil bolometers
are discussed. Although the article which introduces this type of detector heads denies
the influence of magnetic field on the provided signal [104], strain gauge eﬀect caused
by the Lorentz-force is experienced at JET when the toroidal magnetic field is switched
on [115]. Additionally, part of the blackbody radiation spectrum emitted by the wall is
in the range where these detectors are sensitive. This can significantly contribute to the
signal levels on the channels which look directly at the surfaces where the wall is heated
up by the plasma, i. e. at the active strike points or at the active limiters [115].
3.6.2

XTOMO

The XTOMO system [94] is built up from 10 pinhole-type cameras the locations and
coverage of which are shown in Fig. 20 (c). The entrance windows of these cameras are
covered by 47 µm thick Be filter foils, and semiconductor detector arrays are located
behind the filters. The foils prevent the visible and UV ranges of the emitted plasma
spectrum passing through them and thus the diagnostics is only sensitive to soft Xray radiation. Although several detector types are suitable to detect this part of the
electromagnetic spectrum [39, 116], AXUV detectors are applied in the system, too. Since
soft X-rays are emitted mainly from the plasma core, the diagnostic is suitable to monitor
MHD activity for instance during disruptions.

3.7

Operation experience with AXUV systems in tokamak environment

Published operation experience gathered about the application of AXUV detectors on
other tokamaks is summarized in this section. These facts are found to be useful during
the upgrade of the AXUV system on TCV and in the interpretation of the experimental
data. Additionally, the lack of serious contradiction between these statements and the
results of my study may corroborate the latter ones.
3.7.1

Average detector sensitivity for absolute calibration

An essential parameter to relate the recorded AXUV signals to absolute power losses is
the detector sensitivity (η), which quantifies the photocurrent generated by illuminating
the detector surface with light having unit power. The absolute property of an AXUV
detector tells one that detector sensitivity is independent of the manufacturing parameters. (Except for the entrance window thickness, which is tunable, but only its optimal
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value, 8 nm, is applied in practice, as explained in Sec. 3.3.) However, it depends on
the wavelength of the incident light (see Fig. 15) thus on the spatio-dependent emissivity
of the plasma. The suitable sensitivity constant for an unexposed detector in a definite
plasma configuration should be somewhere between the minimum ηmin = 0.08 A/W and
maximum ηSXR = 0.27 A/W of the sensitivity curve and should be averaged properly over
the unknown spectrum of the incident light. This problem is overcome diﬀerently on the
diﬀerent machines:
• ηSXR was used in TEXT-U [84]. The chord brightnesses obtained according to this
constant deviated from foil bolometer measurement results by 20 percent. This was
inside the measurement uncertainty range of the two equipments used there.
Boivin
• Boivin suggested an ad hoc average coeﬃcient [83] in Alcator C-Mod ηav
=
0.24 A/W , the usage of which provided power loss values similar to foil bolometer
Boivin
results in helium plasmas. However, the application of ηav
resulted in diﬀerences
up to a factor of 2 - 3 in deuterium plasmas, which was explained by neutral impact
on the foils.

Boivin’s interpretation is refuted in a newer study [86]. This paper reports on the
reconstruction of one-dimensional radiation profiles in the midplane from tangentially viewing chords. Since these chords do not cross the divertor satisfactory bulk
profiles are obtained. Distributions measured in helium and deuterium plasmas are
depicted in Fig. 22, where ηSXR is used during AXUV data evaluation. The similarity between foil bolometer signal levels when diﬀerent fuels are applied indicate that
neutral impact on these foils has no significant influence. Similar radiated power
densities are observed in both cases with both diagnostics in the plasma core, where
radiation is dominated by soft X-rays. This corroborates the application of ηSXR in
the inner region of the plasma. However, the deviation is about a factor of 2 at the
edge, which refers to a shift in the emission spectrum to lower energies deep inside
the AXUV spectral hole. These experiments are carried out with Argon seeding
and in a chamber which is covered by Molybdenum tiles thus the results are not
necessarily applicable in a carbon wall machine.
new
The study also states that applying a new ηav
= 0.15 − 0.17 A/W coeﬃcient the
total radiated power levels provided by the two diagnostics are similar in several
plasma scenarios, e. g. in the case of Argon or Kripton seeding or without any seeding. However, the material of the tiles is not varied in these experiments, Molybdenum is permanently used in the machine.

• A diagnostic system called DISRAD is installed on the DIII-D tokamak to determine
the proper sensitivity constant ηav . It is built up from an AXUV array, which
looks across the core and it is equipped with diﬀerent spectral filters [117]. The
dis
= 0.18 A/W is appropriate in the current
experimental results indicate that ηav
quench phase of the disruption process, when the plasma has cooled down. Another
core
= 0.12A/W is defined for the stationary phases of the discharges but only
ηav
with high variance depending on plasma configuration. The application of the latter
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constant provides chord brightnesses which are 10 - 20 percent lower than the ones
measured with foil bolometry. The latter surplus is attributed to neutral impact
which increases the signal levels only on the foils.
In another paper [87] Gray argues about the application of diﬀerent sensitivity
constants for the chords which look across diﬀerent regions of the DIII-D plasma.
core
He uses the results of DISRAD, applies ηav
for the chords looking across the core
dis
and ηav for the chords looking across the divertor. The latter one is selected because
the temperature is low outside the bulk plasma, similarly to the current quench
phase of a disruption.
• Several sensitivity constants are used at the National Spherical Torus Experiment
(NSTX) in Princeton, USA. However, here the division to zones is done after the
edge
tomographic inversion. ηSXR is used for the core and ηav
= 0.1 A/W is applied for
the edge based on spectroscopic measurements [85].
• The total power losses obtained by direct integration of foil bolometer and AXUV
signals are compared at the Experimental Advanced Superconducting Tokamak
(EAST) in Heifei, China [79]. AXUV-based radiated power estimates are found
Boivin
to be lower than the ones obtained from foil bolometry by a factor of 2 - 4 if ηav
is applied. As a possible explanation, higher fraction of emitted power in the AXUV
spectral hole or significant sensitivity degradation is considered.
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• The improper ηav
is applied without any concerns at ASDEX Upgrade [68].
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Figure 22: Radiation profiles in the outer midplane of a D2 (dashed lines) and of a He
plasma (solid lines) reconstructed from foil bolometer data (red lines) and from AXUV
data (black lines). ηSXR = 0.27 A/W is applied in the latter case. Measured in Alcator
C-Mod, copied from [86].

The ratios of AXUV prototype and foil bolometer signals looking at the same volume
were calculated for diﬀerent plasma states in TCV [93], as has been mentioned in Sec. 3.6.1.
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However, the article did not aim to deduce an ηav suitable for the machine, it mainly
studied the eﬀect of low-energy neutrals on foil bolometers. It might have suggested
Boivin
in a not too convincing way that ηav
= 0.24 A/W was suitable for diverted H-mode
plasmas.
A study directly aimed to compare the total radiated power measured with the original
AXUV and with the foil bolometer systems was also carried out in TCV [114]. Here
deuterium and helium plasmas were formed in L-mode standard SN configurations at
diﬀerent densities. Since these experiments were scheduled for the end of the campaign
and protective shutters were not installed in that time AXUV detectors probably suﬀered
from significant sensitivity degradation. The deviation in the radiated power provided
by the two diagnostics was 2.5 - 3.5 for deuterium and 2 - 2.5 for helium plasmas. The
diﬀerent behaviour in the case of the diﬀerent fuels was attributed to the change in neutral
contribution on the foil bolometer signals, as has been detailed in Sec. 3.6.1, and to the
modified plasma emission spectrum due to the lack of chemical sputtering in the latter
case.
In a later TCV experimental mission [76] the investigation of fast ELM radiation
dynamics was intended thus the determination of absolute power losses was less important.
Boivin
Hence, ηav
was used without any concerns for the original AXUV system.
3.7.2

Sensitivity degradation

The deleterious eﬀect of UV radiation on AXUV detectors (see Fig. 16) implies constraints
on the usage of this detector type in tokamak environment. Low light exposure is a
design aspect, which compels the application of narrow pinholes. However, negligible
photon noise, wide dynamical range and simple electronics are also demanded. Hence,
the parameters in this type of systems are often selected to allow photocurrents in the
detectors even up to Iphoto = 1 − 10 µA, such as in C-Mod [83], in DIII-D [117, 87, 90], in
EAST [88]. Light exposure could be decreased by shading the detectors from cleaning glow
discharges and from the light of discharges where measurement is not intended. However,
AXUV cameras are equipped with protective movable shutters only in exceptional cases,
such as on the COMPact ASSembly tokamak (COMPASS) in Prague, Czech Republic
[91]. A sometimes applied shutter-like equipment is a filter wheel, which generally places
metal foils in front of the detectors shading them from UV and visible light thus converting
the systems to diagnostics which are sensitive only in the SXR range [90, 92].
Additionally to the UV-induced sensitivity degradation two other eﬀects can decrease
the detector response: deposition of thin layers on the active areas and neutron damage.
Considering the absorption tendency of XUV light (as an example, see Fig. 14), thin
layers on detector surfaces prevent radiation reaching the active areas. These layers are
generally deposited during boronization and during cleaning glow discharges. However,
their avoidance would be easy with closely placed metal plates i. e. with protective
movable shutters. Neutron damage is a general problem for every type of semiconductor
detectors when significant neutron yield is present. It is considered in the current magnetic
confinement devices when neutral beam injection (NBI) heated or deuterium-tritium (DT) experiments are carried out. However, this detector type will not be applied for burning
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plasmas [95].
Ex situ investigations into AXUV detectors show significant sensitivity degradation
after an experimental campaign. For example Boivin experienced 30 - 40 percent decrease
in the response of first-generation non-nitridized and thus less radiation-resistant detectors
[83]. The diﬀerent articles published by the DIII-D team make controversial statements
about sensitivity degradation measured on that tokamak [117, 87, 90]. The newest one
states that the decrease in sensitivity is 25 - 50 percent after a campaign, half of it is
caused by UV photons and the other half is by neutrons [90]. The eﬀect is found to be
negligible in measurements on EAST [88] but on the contrary the factor of 2 - 4 deviation
in radiated power measured by AXUV and by foil bolometers are explained partly by
degradation in the next publication [79]. Measurements in ASDEX Upgrade [68] show
that the decrease in response depends on the wavelength, as depicted in Fig. 23 (a): it is
approximately 50 percent in the visible and 70 - 80 percent in the UV range. Additionally,
time dynamics of degradation in the visible range is observed: sensitivity hardly changes
for the detectors which are kept in the machine for another experimental campaign, as
shown in Fig. 23 (b).
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Figure 23: Sensitivities of detectors relative to their unexposed values on an AXUV array
which is has been applied on ASDEX Upgrade. (a) Measurement with visible (red) and
UV (blue) light source after one experimental campaign. (b) Measurement with visible
light source after one (red) and two (blue) experimental campaigns. Copied from [68].
Due to the limited access the eﬀect of short-term (some discharge long) exposure on
detector sensitivity has not been reported in tokamak environment.
3.7.3

Calibration

Only limited literature about geometrical calibration of AXUV-type diagnostics has been
published. Sometimes it is just mentioned that the process is performed [87]. In other
cases it is described in a few sentences, which is not enough to recall the process. For
example, in C-Mod, the LOSs relative to the camera are determined with a benchtop
laser, the relative etendues are measured with a Labsphere and the camera orientation
is determined in situ with a laser beam [86]. In DIII-D, where the vacuum vessel is big
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enough to go inside the calibration is performed in situ with a flashlight moved vertically
and horizontally [90].
The most useful paragraphs about a calibration method for a multichord system may
be found in articles describing the JET foil bolometer system. Ex situ calibration used
to be done there with a 8 mW HeNe laser beam, which was expanded to 20 x and was
rotated around the center of the pinholes or collimators [99]. After significant hardware
upgrade this method is also changed: the light of an 1 kW Hg (Xe) lamp is coupled to
an optical fibre and the other end of this fibre is used as an isotropic light source. This
can illuminate the detectors from diﬀerent directions with the help of a 2 dimensional
linear actuator [111]. Additionally, the sizes and positions of the mechanical elements in
the cameras are measured accurately with a special dimensional verification system [118].
After calibrating the FOVs relative to the cameras, the positions and the orientations of
the cameras relative to the vacuum vessel are determined in situ. To do this, three laser
sources are mounted on the bolometer cameras and the locations where their beams hit
wall elements are registrated by a CCD camera. Additionally, the position of the interface
flange is recorded with the same camera. The bolometer camera parameters are extracted
from the CCD images with photogrammetry and then they are merged to CAD models
[118].
Ex situ calibration was performed on the original AXUV cameras on TCV [89], too.
The process is summarized in a detailed laboratory report. As point light source, an
integrating sphere was used, which was moved with an inhouse designed two-dimensional
actuator in front of the cameras. However, the measurement errors were not estimated
and they seem to be significant. Additionally, the contribution of this illumination to
the measured signals was in the same order of magnitude as the contribution of the
background light was. Moreover, the noise level originated from the actuator electronics
was in the same order of magnitude. This problem was overcome by the application of a
lock-in amplifier system, which resulted in an overcomplicated system. Hence, recalling
this measurement is not preferred.

3.8

Introduction to the physics of the investigated fast transients

The original (and the upgraded) AXUV system of TCV is developed to study radiation
dynamics during fast transient processes. Two of these events, namely the ELMs and the
disruptions, have significant impact on the profiles of radiated power since they highly enhance plasma-wall interaction. Before studying them some of their basic features available
in the literature are discussed. Considering the former ones, ELMs are not investigated
on their own in this thesis work but their variation caused by the change in the plasma
exhaust technology from standard to snowflake divertor is studied. Hence, this latter,
new method is also introduced (Sec. 3.8.2).

53
3.8.1

3 Introduction to radiation measurements in the TCV tokamak

Edge Localized Modes (ELMs)

Edge Localized Modes (ELMs) [25] are quasiperiodic collapses of the edge pressure pedestal,
followed by ejection of hot material into the SOL. When the plasma is in H-mode they
are able to prevent the accumulation of impurities inside the separatrix and thus they are
considered useful. However, the outflowing heat package may be as large as 10 - 15 %
of the plasma thermal energy impacting the divertor plates on a short, 100 µs timescale.
Although these plates can withstand the ELM-caused heat loads arising in nowadays devices, the plasma of a fusion-relevant facility will exhaust much more power resulting in
fluxes over 10 M W/m2 incident on the regions of the strike points. This latter level is
considered as an ultimate tolerance limit by material scientists. Hence, predictive modelling of ELMs and development of mitigation and control techniques are of high interest.
New measurements can contribute to the first object, since the obtained parameters can
be used as inputs or validation bases for numerical codes. Additionally, experiments are
essential to assess new divertor technology aiming to reduce the too high heat loads.
The ELM cycle is sketched in Fig. 24. The top row depicts the processes in a poloidal
cross section and the evolution of pedestal pressure profile versus minor radius is shown
in the bottom row. The noticeable evolution of the profile is regarded as a poloidally
symmetric one which implies its typical one-dimensional representation in a time instance.
After a quiet interELM phase (Fig. 24 (a)) pressure pedestal starts to build up (Fig. 24
(b)) and a magnetohydrodynamic stability limit is crossed at the edge. The arising
instability, which initiates the ELM cycle, occurs on a timescale which is much shorter than
the entire process. It used to be regarded as a peeling-ballooning one [119], which is more
intense on the low field side. However, the eﬀect of resonant magnetic perturbations on
ELMs cannot be explained with only that instability and thus a kinetic one is also included
in the recently developed EPED model [120]. The collapse of the pedestal encompassing
the outflow of hot material from the confined region to the SOL, is depicted in Fig. 24 (c).
Experimental [121] and numerical [122] studies show that this phase is highly nonlinear.
After its ejection the heat package propagates in the SOL along the field lines towards the
divertor and at the same time radially outward [78, 123]. Filamentation of the package
has been observed [124]. Its eﬀect is especially strong on the target plates exposing
them to high intensity particle fluxes, as measured with Langmuir probes, and to heat
fluxes, as measured with IR cameras [125]. Additionally, due to the intense plasma-wall
interaction there localized high-intensity radiative zones are formed, as observed with
AXUV detectors [76, 77].
ELM behaviour is not universal, it depends on the operation scenario and also on the
machine. Hence, a fenomenological parameter, namely the ELM type [25], are defined to
categorize the apparently similar ELMs. Based on the definition, ELM frequency increases
when the auxiliary heating power is increased in the type I regime and its frequency acts
oppositely in the type III regime. The former operation mode is generally present at high
auxiliary heating power, where ELMs are large and rare but their size slightly decreases
by further increasing the heating power. The pedestal gradient, which is a driving force of
edge instabilities, is close to the ballooning limit in this case. Type III ELMs are generally
present, when the plasma is slightly heated, maybe by Ohmic heating only. These ELMs
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Figure 24: Sketch of pedestal and SOL evolution during the ELM cycle. Top row: poloidal
cross section, bottom row: radial profile of pressure in the confined region. (a) The quiet
interELM phase between ELMs. (b) The buildup of pressure gradient at the edge. (c)
Collapse of the pedestal. (d) Plasma-wall interaction accompanied by intensive radiation
at the divertor strike points. Copied from [126].

are more frequent and smaller than the type I ELMs but a general parameter range where
they should appear cannot be defined. Rigorously, the two types can be separated only by
ramping the heating power up and determining the change in the ELM frequency. Some
other categories are also created, such as the type II ELMs in JET [127] and the large
ELMs in TCV [128].
3.8.2

The snowflake divertor

As explained in Sec. 3.8.1 the plasma-facing materials have a well-defined tolerance limit,
which will be exceeded in the next-generation fusion devices with the currently available
divertor technologies. Hence, new solutions for plasma exhaust are being developed. One
such method is the snowflake divertor [129, 130] the concept of which is sketched in Fig. 25
(a). With the help of two divertor coils a magnetic field structure is formed, where not
only the first diﬀerential of the magnetic flux (i. e. the poloidal magnetic field) but its
second diﬀerential is also zero. It is named after the shape of the separatrix, which forms
a snowflake-like pattern, around this second-order null point. The heat loads are aimed to
be divided to four strike points, as shown in the figure. This would halve the target heat
loads. Since the poloidal field is lower around the second-order null point, the resultant
field directs more toroidally there. Hence, the particles which follow the magnetic field
lines may spend more time there travelling around and thus they may radiate higher
parts of their energies than in the classical divertor. Hence, the increased radiation due
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to the longer connection length can decrease the conducted heat loads. Additionally,
the magnetic shear, which is the normalized radial diﬀerential of the q-profile (defined in
Eq. 3), is modified. This may have positive influence on pedestal properties and a heat
flux mitigating eﬀect may arise due to squeezing of blobs.
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Figure 25: (a) Separatrix of the exact SF configuration. (b) Primary (blue) and secondary
(red) separatrices of the SF+ configuration. Dark gray rectangles denote the possible
positions of the four divertor target plates. Copied from [131].
The ideal snowflake configuration is not stable. A primary separatrix is generally
formed between the plasma column and the resultant of the two divertor coils. At the
same time a secondary separatrix is created between the two coils. Both separatrices
have an independent X-point (first-order null point). If these two points are close to each
other, the configuration is called SF+. The distance is parametrized by
d
σ= ,
(42)
a
where d is the physical separation between the X-points and a is the minor radius of the
plasma [132], as shown in Fig. 25 (b). Due to stability considerations the ideal snowflake
is approached by decreasing σ to a low value but the proximity to zero is achieved with
only finite accuracy, generally remaining in the SF+ phase. Then the question arises,
how accurately should the exact snowflake be implemented to experience its advantages.
When σ > 0, the secondary separatrix isolates the bottom divertor legs from the SOL
around the confined plasma. It is not obvious how the SOL plasma reaches these legs and
whether repartitioning of output power to 4 target plates is even possible in SF+.
In practice, the snowflake configuration can be formed by the field of indeed two
divertor coils [133] or of the resultant of all the shaping coils [134]. However, none of
the presently available tokamaks is optimized for this magnetic field structure and thus
operation limits make snowflake divertor experiments diﬃcult, if even possible. Three
machines, namely TCV [131, 134, 135, 132, 136, 137], NSTX [137, 138, 133, 139] and
DIII-D [140] have been able to implement the configuration.
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Snowflake experiments in TCV [134, 131] show that repartitioning is very small in
L-mode even at σ = 0.1. However, it is more than calculated with cross-field transport
coeﬃcients generally applied for the SOL [141]. The deviation between diﬀusion-based
calculations and measurements suggests that another mechanism, namely the toroidalcurvature-driven instability [142], is responsible for the enhanced transport. Due to the
low poloidal magnetic field around the null-point βp is locally high there and this may
drive convective transport. In H-mode and especially during ELMs the process may be
even more intense and repartitioning may attain not only a theoretically interesting but
also a practically significant level [131, 143].
H-mode experiments in TCV [135, 132, 136] and in NSTX [133, 138, 139] confirm that
the snowflake configuration does not have deteriorating eﬀect on plasma confinement.
However, significant modifications in edge plasma behaviour is experienced. The standard
diverted operation scenario in NSTX is the ELM-free H-mode generated by Lithium
conditioning. Unexpectedly, the formation of snowflake initiates ELMs [133, 137, 139]
and partially detaches the plasma from the divertor plates. Earlier measurements in
TCV suggest that ELM frequency decreases and ELM size increases [135, 132], when
snowflake divertor is formed, but newer ones do not confirm these statements [136].
The influence of approaching the snowflake configuration on radiation profiles during
ELMs is introduced in the Results chapter (Sec. 4.8.2). But before that step some considerations are also done about stationary profiles in L-mode (Sec. 4.2.4) and in H-mode
(Sec. 4.8.2) snowflake-diverted plasmas.
3.8.3

Density limit disruptions

Disruptions are abrupt events which lead to the loss of confinement in a very fast timescale.
These frequently observed phenomena can be caused by e. g. too high density or plasma
current [144, 145], error in the vertical plasma position control, etc. In a disruption a
considerable amount of the plasma stored energy reaches the wall. This is not a threat
in small contemporary machines, but the consequences of unmitigated disruptions in the
future, larger devices such as ITER (and even in JET with the new Beryllium wall),
can be extremely severe for the plasma facing components. The undesired eﬀects are
the large heat loads [146], generation of halo and eddy currents [147] and generation of
so called runaway electrons [148, 149]. To activate the disruption mitigation protocol
the initializing sequence of this process must be known accurately. To intervent in an
appropriate way quantitative prediction of the threats is required. Hence, disruption
studies are in the focus of recent fusion-grade plasma research.
A commonly applied quantity in high-density tokamak plasma physics is the Greenwaldfraction
[
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where nav is the average plasma density, nG is the so called Greenwald-density, a is
the minor radius of the plasma, Iplasma is the plasma current and jav is the average
plasma current density [11, 16]. The square brackets indicate the dimensions of the
appropriate quantities. The maximum achievable density in a stable discharge is restricted
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by the Greenwald limit [11, 16], which prescribes for this fraction, as an empirical order
of magnitude rule, to remain below 1.
The disruptions which are triggered by increasing the density and thus exceeding this
limit are called density limit disruptions. Typical time traces of basic plasma parameters, measured during the collapse of a discharge in the JET tokamak, are depicted in
Fig. 26. Above the limit, the radiation losses highly influence the plasma temperature
profile and modify the current distribution. The shrinking current channel initializes large
MHD activity and occasionally some minor disruptions (not present in the figure). Then
a large flash in a wide electromagnetic spectral range occurs, when the thermal energy
of the plasma is emitted [150]. This is labelled by TQ (thermal quench) in Fig. 26 (a).
Consequently plasma temperature drops to very low values, as can be seen in Fig. 26
(b). Classical transport theory predicts high plasma resistivity due to the high collisional
cross sections at such low temperatures. Additionally, plasma current can change only in
transport timescale. These facts result in high Ohmic losses in the slow current quench
(CQ) phase, when magnetic energy is dissipated mainly by heat conduction, partly by
photon emission in the some eV range. In consequence, plasma current decreases, which
is shown in Fig. 26 (a). The most easy-to-measure plasma parameter, the induced voltage toroidally around the machine, is depicted in Fig. 26 (c). Its temporal evolution
corroborates the aforementioned statements, if Ohmic law is considered (Vloop = Ip Rp ).
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Figure 26: Temporal evolution of basic plasma parameters measured in a disruptive JET
discharge. (a) Plasma current. (b) Electron temperature, measured with ECE. Smoothed
data are shown. (c) Loop voltage. Discharge #13505. Copied from [144].

The radiation properties of a limited plasma are studied in this thesis work preceeding
the density limit (Sec. 4.2.3, Sec. 4.7.1) and in a later period of the same type of discharges
between two minor disruptions. In the latter case MHD modes have large eﬀect on the
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radiation profiles (Sec. 4.7.3, Sec. 4.8.1).
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Results of radiation measurements in the TCV tokamak
Tomographical reconstruction methodology

The theoretical basis of the reconstruction method which is often applied in plasma tomography has been introduced in Sec. 3.5. This section is devoted to discuss the problems
that arose during the practical implementation of the routines and the way I overcame
them. The program is currently able to provide appropriate results near the boundaries
and thus it is suitable to determine the distribution of the total plasma radiation in either attached or detached conditions on TCV. This achievement is summarized in the (a)
part of my first thesis point and published in [[1]]. The implementation of the routines
was essential to properly evaluate the data recorded by the AXUV diagnostic and their
application highly improved the quality of the profiles provided by the foil bolometer
system.
The program was written in a modular way and thus it can be easily fitted to any
poloidally arranged multichord diagnostic systems with proper coverage. It was tested on
AXUV and on foil bolometer LOS arrangements available on TCV.
4.1.1

Calculation of inversion matrices

Staring the discussion with the foil bolometer system the etendues Ei and the transfer matrix T were calculated in a straightforward manner explained in Sec. 3.5.2. The
determination was based on the geometrical parameters of the cameras (e. g. detector
and pinhole sizes, distances), which were taken from the manufacturing drawings. These
latter ones were borrowed from the drawing oﬃce of the institute. The calculation was
a CPU time consuming process thus the transfer matrix was precalculated and tabulated in a definite case, i. e. when the poloidal cross section of the tokamak was covered
with square-shaped pixels, 25 in the horizontal and 72 in the vertical direction. Similar
process was carried out to handle the AXUV system but in that case the geometrical
parameters were taken from measurements, which process is reported in a later section
(Sec. 4.5). Additionally, the AXUV optics is slightly diﬀerent which issue is detailed after
the introduction of the hardware in Sec. 4.4.3.
The regularization matrix O was calculated as it is discussed in Sec. 3.5.3. At first sight
the implementation seemed to be simple typing of long analytical formulas listed in [97].
However, the reconstructions were tested exploiting these matrices in phantom simulations
and appearance of artificial peaks were sometimes experienced in the tomograms at the
edges of the calculations domains. Hence, the formulas for the second derivatives on
the boundaries were modified: the outer pixel brightnesses were equalized to the pixel
brightnesses of their immediate neighboring ones inside. These values were substituted
into the second order diﬀerentiation formula originally used inside the calculation zone.
With this choice the amplitudes of the artificial edge peaks were significantly reduced
or the peaks were totally avoided. In conclusion, with numerical tests I justified an
unexpected result, namely that the application of diﬀerent extrapolation methods for the
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first and second derivatives at the calculation boundaries could improve the reconstruction
algorithm. In the anisotropic case O must follow the changes in the magnetic configuration
and it also changes in every step during the minimization of Fisher-information. Hence,
it cannot be precalculated.
4.1.2

Numerical implementation of the inversion

R
The standard data evaluation language is Matlab⃝
in TCV and thus I wrote the routines
in this environment. Ingesson’s and Weisen’s concepts, which have been introduced in
Sec. 3.5.4, were implemented with several modifications:

Modified Ingesson method Ingesson states that the most time-consuming part of his
algorithm is the solution of the generalized eigenvalue problem. However, I experienced that iteration for positivity took much more time, especially on a multicore
server where eigenvalue search has been highly parallelized in the recent Matlab versions. Hence, I carry out this procedure in the current implementation only once for
each frame, outside the minimum Fisher weighting loop. Interestingly, this fastens
the algorithm not only because steps are omitted but the iteration for positivity is
also faster when the regularization matrix is weighted by the Fisher information.
The deviation between the results obtained with the original and the modified loops
is negligible. Considering convergence of the numerical steps, the criteria for solving
a matrix equation and finding a root of a high-order polynomial is adjusted by basic
built-in routines, which leads to satisfactory solutions. Although convergence is not
guaranteed for positivity [97], it was achieved in all the tested cases. No convergence
is prescribed for the minimum Fisher loop, it is executed three times.
Modified Weisen method The innermost loop of Weisen’s algorithm was modified to
take the positivity constraint (Eq. 29) into account appropriately. For this purpose I
transformed the problem defined with Eq. 28 and Eq. 29 to a quadratic programming
exercise. This is a well-known problem in numerics and commercial solvers exist,
R
such as the ones available in the Optimization Toolbox of Matlab⃝
. However,
their default convergence criteria are too tough and resulted in unacceptable long
calculation times. Hence, I fitted them to the actual input data in some cases.
Considering the second loop, the method has a significant advantage compared to
Ingesson’s method: if the temporal evolution of the radiation profile is slow, the
regularization parameter calculated in the previous frame is a good initial guess for
this iteration loop in the actual frame. This manner the reconstruction of a recorded
profile series is highly accelerated. Despite this optimization the method is naturally
slower than Weisen’s original routine. However, the quadratic programming exercise
cannot be avoided if highly inconsistent data are expected such as for the AXUV
case due to detector sensitivity dependence on incident angle (Sec. 3.3) and due to
nonuniform sensitivity degradation (Sec. 4.6). The minimum Fisher loop is handled
similarly to the loop in Ingesson’s method: it is executed three times.
In summary, two methods were implemented: a faster one (modified Weisen method)
and a more reliable one (modified Ingesson method). These procedures diﬀer from each
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other only in the numerical scheme. Hence, the tomographical reconstruction procedure
provides the same result in both cases, if the convergence criteria are adjusted properly.
Since this cannot be problematic for the modified Ingesson method, I apply this one when
I am interested in the distribution of radiation, e. g. when radiation profiles appear in
this thesis. Due to its rapidity the modified Weisen method fits better to the exercise
of calculating the radiated power. However, some of its results should be checked even
in this case, e. g. every 1000th reconstructed frame should be also inverted with the
modified Ingesson method and the results should be compared. If they did not match,
the convergence would be adjusted and the procedure would be repeated with the new
parameters.
4.1.3

Assessment of the algorithm

This section is devoted to demonstrate the validity of the inversion program with the help
of two phantoms shown in Fig. 27 (a) and (c). They are indeed identical to the simulated
radiation profiles depicted in Fig. 9 (a) and (b) but plotted diﬀerently: their averages over
pixels are only shown in the locations where the radiation level is above 5 percent of the
peak intensity.
Synthetic signals were created from the phantoms as follows:
1. The radiation profiles were multiplied by the geometrical functions of each chord.
2. These products were summed over the poloidal cross section to obtain the error-free
part of the synthetic chord brightnesses.
3. Independent random noise considered as measurement uncertainty was added to the
results. The standard deviation of this noise was identical for all channels and it was
adjusted to 5 percent of the highest chord brightness that belongs to the phantom
profile.
The diagnostics were specified only by their geometrical optical properties i. e. the spectral
response and the angle-dependent properties of the detectors, the eﬀect of neutrals and
of the electronic implementation was ignored.
The synthetic signals were fed to the tomographical routine. D∥ /D⊥ = 5 was applied,
since the reconstructed profiles matched qualitatively the best in this case their phantoms.
However, the ratio dependence was not significant above this value even when it was
increased by an order of magnitude. The reconstructed profiles are shown in Fig. 27 (b)
and (e) for the AXUV case and in (c) and (f) for the foil bolo case. All of them are
depicted in a common logarithmic color scale the limits of which were assigned as follows:
the amplitudes of the highest peaks in all the six profiles were determined. The highest
one from this collection was selected for upper limit and 5 percent of the smallest one
was chosen as lower limit. The parts of the profiles which are below 5 percent of their
maximum intensity are masked by white color. This is the error level used when the
synthetic signals were created and inverted. It must be noted that although the patterns
below this limit are unreliable, the integral of radiation in these low-emissivity zones can
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phantom

AXUV

attached case

(a) 52.02 kW (b) 64.72 kW

foil
bolometers
(c) 52.08 kW

Wm-3

106

(d) 360.81 kW (e) 393.43 kW (f) 353.87 kW
detached case

105

Figure 27: Pixel-averaged radiation profiles (W/m3 ). (a) and (c): attached and detached
phantoms, (b) and (e): corresponding reconstructions for AXUV geometry, (c) and (f):
corresponding reconstructions for foil bolometer geometry. The radiation level is less than
5 percent of the maximum intensity in the white regions. Solid green lines: separatrices.
Radiated power in the total volume is indicated above the profiles. Phantoms are obtained
from [29]. Copied with modifications from [[1]].

be significant due to their high volume. For example approximately 50 percent of the
radiation originates from the white zones of the profile in Fig. 27 (a).
Assessing the inversions from qualitative point of view, the high intensity peaks were
reconstructed with both diagnostical arrangements. Their locations were correct when
the inversion was based on AXUV geometry but the reconstruction displaced the bottom strike point by half of the chord separation in the foil bolometer case. The peaks
were blurred and their amplitudes were attenuated. The elongated top radiation zone in
the detached phantom was reconstructed with both diagnostics but in better quality for
AXUV geometry. The inversions significantly widened this narrow radiation belt. Near
and below the midplane the low-intensity separatrix radiation was reconstructed by none
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of the two systems.
For quantitative comparison several additional numerical tests were done on a large
variety of artificial phantoms applying the AXUV chord coverage. Deviation between the
phantom and reconstructed total radiated power was observed up to 25 percent when a
sharp peak was located at the calculation boundary. However, if the peak was wide and it
was present inside the calculation zone, the accuracy of the inversion was as good as some
percents. The aforementioned detached case was in between the two extrema: radiation
was emitted near the tiles and far from the wall, too. Hence, the experienced 10 percent
deviation was as high as it could have been guessed.
In contrast to the poorer coverage and thus to the lower-quality reconstructions the
geometrical arrangement of the foil bolometer system provided more accurate results from
the aspect of total radiated power.

4.2

Investigations with foil bolometry

The coverage and the operation principle of the foil bolometer system available on TCV
has been introduced in Sec. 3.6.1. Although it is a slow diagnostic and thus it is not
suitable to investigate the fast transients of the hot magnetized plasma, the studies I did
on the system are included here because
• the implemented tomographical routines are suitable to evaluate foil bolometer measurements and
• crosscheck between the results of foil bolometer and AXUV systems was essential
to assess the latter one.
Although the foil bolometers had been mounted on TCV when the preparation of this
thesis work started, the system was not operational. Several technical challenges arose
which significantly hampered the progress in the measurements, such as the bad condition
of the electronics, the incorrect control of amplifier gains, faulty in the cooling system,
etc. Finally the hardware issues were solved with the assistance of the technical staﬀ of
TCV. From the point of data analysis methods I took care of the recommissioning by e. g.
implementing the diﬀerentiating Bessel filter-based deconvolution technique (Sec. 3.6.1),
verifying the measured data, etc. I realized that the influence of neutral gas detailed in
Table 2 cannot be avoided, the study about its eﬀect is introduced in Sec. 4.2.2.
The considerations done with the system about stationary radiation profiles in diﬀerent
operation scenarios are also included in this section. The study about high density limited
experiments is reported in Sec. 4.2.3. The achievements listed there were published in [[1]]
and in [[2]]. The discussion about high density L-mode snowflake-diverted plasmas are
detailed in Sec. 4.2.4. With that section I aim to corroborate the profiles I reconstructed
from the data of the original AXUV system in the first established snowflake divertor
configuration. This latter one was published in [[3]]. The observations listed here are also
encapsulated in my second thesis point.
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Calculation of chord brightnesses from measured signals

Preceeding any investigations a data evaluation method had to be implemented which
can prepare the recorded bolometer signals for tomographic inversion even during nonstationary conditions. The following formula is suitable to obtain the necessary chord
brightnesses:
)
(
4π
d Ui (t)
oﬀset
fi = f f f
Ui (t) + τi
− Ui
,
(44)
dt
Ei Ci Gi Upeak
where the coeﬃcients are
• Eif : precalculated etendue, obtained with Eq. 34.
Eif ∈ [7 × 10−8 − 1.4 × 10−7 ] m2 sr depending on chord number.
• Cif : calibration factor of the detector, measured with the in situ calibration device.
Cif ∈ [0.9 − 2.6] 1/W .
• Gfi : gain of the foil bolometer amplification chain. It is the resultant of the fixedgain and the variable-gain amplifiers. The latter one is adjusted via the main TCV
control system. Gfi ∈ [230 − 2078].
• Upeak : peak amplitude of the voltage that excites the detector bridge. Upeak = 9.4 V .
• τi : time constant of the detector obtained by fitting an exponential function to the
detector signal recorded after a disruption. τi ∈ [0.06 − 0.22] s.
• Uioﬀset : average of some (generally 80) recorded samples before breakdown.
To minimize numerical noises the diﬀerential in Eq. 44 was calculated with the commonly
applied digital fourth-order diﬀerentiating Bessel filter. Several tests were performed to
optimize its cutoﬀ frequency. 30 Hz was found to be a good compromise between time
response and noise level. This value is suggested by the literature, too [105].
4.2.2

Eﬀect of neutral gas on the detectors

Comparison of AXUV and foil bolometer chord brightnesses in a limited yoyo
discharge As a step of foil bolometer recommissioning, I studied the contribution of
neutrals to the measured signals in a simple limited discharge #44505, with plasma parameters Ip = 250 kA and nav = 6.4×1019 m−3 and without auxiliary heating. The plasma
was fuelled from the bottom and moved up and down around z = 0. This type of discharge
is called ’yoyo’. The LCFSs at the two extreme positions (at t = 0.625 s and t = 1.3 s)
and in the middle (t = 0.9 s) are shown in Fig. 28 (a). These time instances are also
marked by vertical black lines with corresponding linestyles in Fig. 28 (b). The AXUV
measurement and calibration shutters were opened for the first time in this discharge and
thus the sensitivity degradation of the AXUV detectors was negligible. The recorded data
are studied further in Sec. 4.6.
The method I applied to evaluate neutral influence followed Furno’s technique (Sec.
3.6.1): ratios of chord signals looking from the top (always in the numerator) and from the
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Figure 28: (a) LOSs of chords which are only slightly tilted relative to the vertical plane
and located close to the HFS (dashed lines) or to the LFS (solid lines). Blue: AXUV, red:
foil bolo. Large black arrow: location of gas injection. (b): Ratios of signals measured by
the top and bottom cameras with corresponding colors as a function of time. Black lines
with diﬀerent nonsolid linestyles: spatial (a) and temporal (b) locations of the plasma in
the extreme and middle positions. Discharge #44505.

bottom (always in the denominator) were calculated. The LOSs involved in this study are
depicted in Fig. 28 (a), where chord pairs marked by identical color and linestyle belong
to the same diagnostic and they cross each other at around z = 0. The ratios of the two
foil bolometer channel pairs are shown in Fig. 28 (b) by red curves. Ratios of AXUV
signal pairs which were selected to cover the same volume but from the opposite direction
are also shown by blue lines. Observing a plasma volume from the same direction with
the two diagnostics is not possible since the port allocation of the systems are diﬀerent,
as shown in Fig. 20.
The ratios were close to unity in the AXUV case, the deviation was less than 10
percent. Considering the five percent accuracy in the etendue calibration (Sec. 4.5.4) and
the slight misalignment in the LOS positions compared to the design values (Sec. 4.5.1),
the discrepancy was regarded to geometrical inaccuracies. However, the ratios in the
foil bolometer case were 10 - 20 percent less than one, which could not be explained by
misalignments in chord locations. The deviation could neither be attributed to geometrical
eﬀects such as slightly shifted plasma position or viewing from directions opposite to the
AXUV cameras since the plasma was moved up and down and this translation modified
the ratios by 10 percent at most. The up-down asymmetry in radiation profiles and
opacity was also excluded from the possible causes because it would have modified the
AXUV ratios, too. Additionally, the ratio changed as plasma density was ramped up
(this is detailed in the next paragraph) thus the discrepancy could not originate from
permanent problems such as inaccurately known pinhole sizes. In conclusion, the signs
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implied that the location of the fuelling valve was responsible for the deviation. The
signals of cameras near this valve were higher which referred to the impact of low-energy
neutrals generated in CX reactions between the plasma and the gas puﬀ.
Parameter-dependence of neutral influence on bolometer signals The discrepancy between signal levels of redundant bolometer chords provided information on the
disturbing eﬀect of neutrals. The channels which observe the same plasma volume but
from opposite directions can be regarded as redundant ones in line integrated measurements. Only a few channels of this kind are built into the foil bolometer system on TCV
having low spatial resolution. They observe the plasma vertically from the top (chord #4
and #5) and from the bottom (chord #61 and #60). Their LOSs are depicted in Fig. 29
(a) - (c) by solid black lines (top camera chords) and by dashed black lines (bottom camera chords). The signals of these top and bottom camera chords were averaged and their
ratio was used below.
Several discharges were involved in this analysis, the plasma current was kept constant
in all of them within a five percent range and most of them contained a ramp in plasma
density. The ratios were grouped based on the magnetic configurations and are plotted as
a function of density in the second row of Fig. 29: (d) displays information about limited,
(e) about standard single null and (f) about snowflake-like single null and snowflake
discharges. The LCFSs or separatrices of each discharge are depicted one row above.
Fig. 29 (a) - (c) show that the configurations are similar in each group (except for #44505
and #44786). The discharge numbers and the corresponding plasma currents are listed at
the bottom of the figure, where the negative signs indicate that the currents flow clockwise
as viewed from the top.
The signal levels measured by the bottom cameras were 10 - 20 percent higher in
limited discharges, as shown in Fig. 29 (d). The ratio between the signals of the redundant
channels depended only slightly on the density if nav < 6 × 1019 m−3 but it varied from
discharge to discharge. Additionally to the plasmas at z = 0.22 m, two yoyo discharges
around z = 0 (#44505, also discussed in the previous paragraph and #44786) are also
included in the figure. Both of them had constant density and thus they do not spread
along the x axis. Their LCFSs at the two extreme positions are plotted by dashed lines
in Fig. 29 (a). The measured ratios are also localized along the y axis in Fig. 29 (d), but
they are not separated from the bunch of values belonging to plasmas at higher locations.
Hence, the results of yoyo measurements indicated that the increase on bottom camera
signals was not caused by geometrical eﬀects. In conclusion, the additional contribution
to the bottom camera signals might be regarded to the impact of neutrals generated in
CX reactions between the plasma and the gas puﬀ, similarly to the case in the previous
paragraph. However, the eﬀect could not be related to measured plasma parameters, it
was influenced by the gas fuelling rate and maybe by the recycling conditions of the wall.
At high densities, the ratio suddenly jumped above one. Since more neutrals should be
generated at higher densities, the eﬀect which caused the increase in the bottom camera
signals at lower densities might have been still present but it might have been compensated
by gas cooling or strain gauge eﬀect.
In diverted discharges the bottom camera provided fifty percent higher signals at low
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Figure 29: (a) - (c) LOSs of chords which are close to vertical orientation and look from
the top (#4 and #5, solid black lines) and from the bottom (#61 and #60, dashed black
lines). (a) LCFSs of the involved limited plasmas at z = 0.22 m (solid lines) and of the
involved limited yoyos in the two extreme plasma positions around z = 0 (dashed lines).
(b) separatrices of the involved standard SN discharges. (c) separatrices of the involved
SF-like SN (#44703 and #44704) and SF (the remaining ones in the legend) discharges.
(d) - (f) ratios of the average top and bottom chord signals shown a row above as a
function of plasma density with corresponding colors. The discharge numbers and the
corresponding plasma currents are depicted at the bottom of the figure.
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densities, as shown in Fig. 29 (e) and (f). Hence, CX neutrals generated in the divertor
had a much higher impact than the ones originated from gas puﬀ - plasma interaction.
The ramp in the density mitigated this deviation and then reversed it: at high densities
the signals measured by the top camera were definitely higher than the ones measured
by the bottom camera. This might also refer to the increasing significance of neutral gas
transport from the absorber to the heat sink in the bottom detector and of the strain on
the foils of the bottom camera. However, the CX neutrals may have had impact on the
top camera chords at high densities, too. For standard single null discharges the plasma
parameters apparently determined the ratios, since their values followed the same curve
as a function of density, except for discharge #44697. This latter one was formed with
significantly lower plasma current. However, the statistics was not enough to make a
definite statement and the behaviour in the limited cases suggested the opposite. Similar
phenomena was observed for the snowflake-like single null cases (Fig. 29 (f)), although
the statistics was even worse (2 discharges) and the ramps spread only till the balance
between the top - bottom chord signals was attained. No ramp has been carried out
in snowflake configurations, the measurements at fixed densities showed that the signals
provided by the bottom camera were generally much higher. Additionally, a decrease in
the discrepancy was observed above nav > 6 × 1019 m−3 , similarly to the limited cases.
Completing the considerations in this paragraph it is noted that the presence of magnetic field might have also contributed to the discrepancy between the top and bottom
channels via the strain gauge eﬀect [115]. However, the toroidal field cannot have been responsible here for the entire deviation since TCV is generally operated with |Bϕ | = 1.45 T
constant inductance and the observed diﬀerence changed even during a discharge. Additionally, the shaping coils are rather far from the top and bottom detectors thus the
eﬀect of their field may not be significant. However, their influence cannot be excluded. A
detailed study of this subject would require new stray measurements which are currently
not possible due to the 2 years long shutdown of TCV. Estimating the eﬀect of the field
produced by the plasma current would be more challenging.
4.2.3

Radiation in limited TCV discharges

The possible simplest magnetic configuration was selected to test the implemented algorithm in a realistic environment and to demonstrate the capabilities of the foil bolometer system: a limited discharge #45181 was formed at the top of the vacuum vessel
(z = 0.22 m) with plasma current of Ip = 200 kA and with Ohmic heating only. Since radiation properties highly depend on density the profile was varied by ramping the density
up from nav = 3.1 × 1019 m−3 till the disruption limit was reached (nav = 6.5 × 1019 m−3 ).
TCV operation around this limit had not been studied in limited magnetic configuration.
The signals recorded with the foil bolometers were converted to chord brightnesses
with Eq. 44 and then they were fed to the tomographic routine. As shown in Fig. 29 the
discrepancy between redundant channels was small in this discharge and thus it did not
hamper the inversions. The reconstructed profiles at four time instances are shown in
foil
, the average plasma density nav and
Fig. 30. The time t, the total radiated power Ptotal
the Greenwald fraction G is listed below the contours.
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Figure 30: Reconstructed foil bolometer profiles at four time instances the parameters
foil
of which are listed at the bottom of the figure (t: time, Ptotal
: total radiated power,
nav : average plasma density, G: Greenwald fraction). Discharge #45181. Green curves:
LCFSs. The instances are marked in Fig. 31 by solid thick black lines. Copied with
modifications from [[1]].

Since TCV is not equipped with specially designed limiter modules, the tiles of the
central column act as a toroidal limiter in every cross section of the tokamak. In the
vicinity of the plasma-wall contact zone enhanced radiation is typically present. It is
caused by carbon impurities in low ionization states and by recycling neutrals, with an
emission spectrum dominated by the visible and UV ranges. Consistently with this theory
a high-intensity radiation zone was observed in the reconstructed profiles at any density.
Well below the density limit, the radiation level was smaller in the core than at the edge
but spread into a much larger volume. Hence, the power radiated in the inner region was
comparable to the one at the edge. The radiation in the core is attributed to the highly
ionized carbon impurities, dominantly in the soft X-ray spectral range. Additionally, the
Bremsstrahlung, which is proportional to the square of the density and square root of the
temperature (Eq. 8), has a significant contribution there.
Approaching the density limit, the central radiation grew up to levels similar to edge
radiation. This behaviour is uncommon, the high-intensity regions in the bolometric
profiles are typically located at the edge or in the divertor region. The presence of a
high-intensity radiation peak on the magnetic axis was confirmed by plotting the chord
brightness curves measured by the top camera as a function of time in Fig. 31 (b). The
data clearly showed enhanced radiation on chord #4 and #5, which channels collected
light from the vicinity of the magnetic axis. The geometry of this measurement is depicted
in Fig. 31 (a). N. Kirneva gave a likely explanation to this observation [46, 151]: the
increase in density modified the properties of core transport, which resulted in enhanced
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density peaking. This had an influence on the temperature profile and thus it redistributed
the plasma current. The new current profile implied attenuation in the sawtooth activity
and thus hampered the removal of impurities from the core. The high plasma density and
the accumulated impurities around the magnetic axis intensified plasma radiation, which
had a positive feedback on the described processes. The sawteeth were finally stabilized
and MHD modes appeared, which invoked the disruption process.

Discharge #45181
Chord brightness (W/m2)
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x 10
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Figure 31: (a) Red lines: LOSs of the top foil bolometer camera, chord #1 - #8. Green
curve: LCFS, green x: magnetic axis. (b) Chord brightnesses of the top foil bolometer
camera, chord #1 - #8. Discharge #45181. Solid thick black lines: time instances belong
to the profiles in Fig. 30.

Regarding the low-intensity parts of the radiation profiles blurred, irregular and unrealistic patterns were present inside the LCFS. Additionally, a low-intensity but well
identifiable zone was observed along the low field side wall in the vicinity of the plasma
midplane. As stated in Sec. 3.6.1 according to [114], the radiation was enhanced in this
region in other considered configurations, too. Additionally, parts of this pattern became
especially highlighted in front of the horizontal cameras in the currently studied high density case (4th column of Fig. 30). This suspected anomaly cannot have originated from
pure numerical errors since the algorithm was tested on similar phantoms and it did not
provide such artifacts. Instead, it was probably caused by inconsistencies between the
measured signals which are typically handled by the tomographic routine as follows: the
inversion procedure places artificial peaks in the reconstructed profile to areas which are
along the problematic chords and rarely covered (see Fig. 20). The origin of the parasitic
signal contribution may be identified in this case as CX neutral impact or blackbody radiation of the wall, as discussed in Sec. 3.6.1. The latter one is assumed to be significant
now, since the chords having provided too high signals looked at those segments of the
wall where it was hot due to the direct contact with the plasma. The presence of signal
contribution which is not related to plasma radiation is corroborated in Sec. 4.7.1 and
Sec. 4.7.2, where foil bolometer and AXUV profiles are compared.
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Radiation measurements in snowflake-diverted plasmas

As another example the radiation of a high density plasma was reconstructed in the
novel snowflake divertor configuration. The discharge #43421 with parameters |Ip | =
260kA, ne = 5.8 × 1019 1/m3 , Bϕ = 1.45 T was selected for this demonstration. The
plasma was free of ECRH heating which otherwise would have disturbed the foil bolometers. The state of the divertor was clearly SF+ with σ = 0.3. Isotropic second-order
regularization was used during the evaluation of foil bolometer data of this discharge.
The obtained radiation profile at t = 1 s is depicted in Fig. 32 (a). The separatrices
are also denoted there by green lines. The plasma radiation was represented by a welllocalized peak in the vicinity of the null-point region, which was slightly shifted in the
direction of the high-field side.

(a)
BOLO, #43421
t = 1.000000s
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Figure 32: Radiation profiles in high-density SF-diverted plasmas (W/m3 ). (a) Reconstructed from foil bolometer data, discharge #43421, t = 1 s. (b) Reconstructed from
the data of the original AXUV system, discharge #36151, t = 0.457 s. Calculated with
Boivin
ηav
= 0.24A/W . Copied with modifications from [[3]]. Separatrices are denoted by
green curves in both figures.

A radiation profile reconstructed from the data of the original AXUV system in another
discharge (# 36151) is shown Fig. 32 (b). Here the basic plasma parameters were similar
to the ones in the aforementioned discharge: |Ip | = 230kA and ne = 4.9 × 1019 1/m3 .
However, the plasma position was oscillated up and down with about f = 20 Hz frequency,
which implied changes in σ. The discharge was designed and programmed by F. Piras.
I reconstructed the radiation properties of this plasma at t = 0.457 s, where the exact
snowflake was approached at most. Comparing Fig. 32 (a) and (b) the profiles were
qualitatively similar: both of them contained only one localized high-intensity peak near
the second-order null point. Hence, the AXUV profile may be regarded as a corroboration
of the distribution obtained from foil bolometry. However, the AXUV measurement was
done before the major diagnostic upgrade and thus the location of this peak may have
been the only reliable part of the inversion, its amplitude and the low-intensity patterns
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were probably incorrectly reconstructed. Hence, the inclusion of this figure did not aim
to compare the results of the two diagnostics or to exploit the time resolution of the
AXUV system but due to a historical reason: this depicted profile belonged to the first
radiation measurement ever in snowflake configuration. When this experiment was done,
foil bolometers were not available due to electronic problems.

4.3

Motivation for the upgrade of the AXUV system

The AXUV diagnostic on TCV has a central role in my thesis work. Although the
original system had provided valuable information on radiation dynamics [114, 76], [[1]]
the quality of reconstructed profiles had been below the expected level. One of my first
research exercises was to consider the possible causes of this handicap. The absorption
tendency of XUV radiation even on nm thick layers implied the deleterious eﬀect of
contamination on detector surfaces. In this section I corroborate that this deposition
was partially responsible for the decrease in detector sensitivity and thus it aﬀected the
measurement quality. The (b) part of my first thesis point includes this statement and
this subject is also discussed shortly in [[1]].
The original AXUV system on TCV had been designed without any protective shutters. Hence, the appearance of thin layers was likely on the directly exposed active
detector areas during boron deposition. I corroborated this assumption by comparing
the chord brightnesses measured in three standard discharges. These only Ohmically
heated plasmas had similar shapes (standard SN), plasma currents (Ip = 270 − 275 kA at
t = 0.9 s) and densities (Ip = 6.4−6.7·1019 m−3 at t = 0.9 s). The chord brightnesses were
Boivin
calculated with ηav
= 0.24A/W and are plotted in Fig. 33 (a). The dashed vertical
cyan lines indicate the diﬀerent cameras. The detectors had been replaced during the
opening in 2007-2008. Hence, they had been exposed to only one boronization preceeding
discharge #35299 and #35302 and an additional conditioning occurred before discharge
#36491. The similarity in chord brightness levels in the formal two discharges suggested
only small changes in sensitivity after three discharge long exposure. On the contrary,
the brightnesses were much lower on some channels in discharge #36491. The suspected
cause of this observation was the nonuniform layer deposition even in the same camera.
This manner the measured signals became inconsistent, which resulted in the appearance
of artificially enhanced radiation zones in the tomograms. This is shown in Fig. 33 (b):
physically unrealistic radiation patterns were observed in the core and near the LFS wall
for discharge #36491. The observations confirmed that detector protection was essential.
Direct inspection of the detector surfaces was possible only after dismounting the
cameras from the tokamak. This justified the presence of layers on localized parts of the
arrays, as shown in Fig. 34.

4.4

Upgrade of the AXUV camera system

After I had demonstrated that the upgrade of the original AXUV system had been inevitable and the necessary funding had been obtained I became responsible for the diagnostic development, which is detailed in this section. The hardware modification was a
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Figure 33: (a) Chord brightness (W/m2 ) as a function of chord number at t = 0.9 s in
three standard discharges: #35299 (green), #35302 (blue) - 1 boronization exposure and
#36491 (red) - 2 boronization exposure. Dashed vertical cyan lines indicate the diﬀerent
cameras. (b) Radiation distributions calculated from data shown in (a). The radiation
is below five percent of maximum intensity in the white zones. Separatrices are overlaid
(green). ηav = 0.24A/W is assumed for both (a) and (b). The measurements were done
with the original AXUV system.

Figure 34: Photo of an original AXUV camera interior after a one-year-long campaign.
The pinholes have been dismounted and thus the detectors are visible. Copied with
modifications from [[1]].
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team work and only the major achievements are encapsulated here, namely the methods
for detector protection (Sec. 4.4.1) and small modifications to correct minor but critical
design errors (Sec. 4.4.2). As an example for the status after the upgrade, the section
view of the vertical camera that has been shown in Fig. 19 is depicted again in Fig. 35,
but now the newly installed parts are also included. Similarly, the layout of the entire
upgraded system mounted on the TCV vacuum vessel is shown in Fig. 36, the original
version of which has been depicted in Fig. 18. The aforementioned modifications are
discussed below and they can also be found in the literature [[1]].
Having finished reporting on the changes in the AXUV hardware software issues which
are strictly related to this diagnostic are discussed: finite beam width calculations for the
cameras including the newly installed slits are introduced in Sec. 4.4.3 and a simple data
handling interface is reported in Sec. 4.4.4.
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Figure 35: Section view of an upgraded vertical AXUV camera. The parts which were
elements of the original system are denoted by red-coloured labels and the new elements
are marked by blue-coloured labels. The rotatable shutter is shown separately in the right
side of the figure. The figure was prepared by D. Nagy. Copied with modifications from
[[1]].
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Figure 36: Layout of the upgraded AXUV tomographical system on TCV, the original
version of which can be found in Fig. 18. The figure was prepared by D. Nagy. Copied
with modifications from [[1]].

4.4.1

Detector protection

As protective shutters quickly movable mechanical metal plates were selected for installation just in front of the AXUV pinholes. They are not only suitable to avoid boron layer
deposition but they can also protect the active detector areas from the dust released during cleaning glow discharges. Additionally, they can decrease low energy photon fluence
by shading the detectors from the light of the glow and from the radiation of discharges
which are not intended to measure. If the radiative pulses during measurements were
small enough these clapets could ensure the required illumination-free periods for partial
recovery [117], too.
Although the shutters are able to avoid the aforementioned eﬀects when AXUV is not
in operation the influence of measurements on detector sensitivity remained in question.
The twin structure of the cameras was utilized to monitor the stability of detector response
during experiments. To do this identical detector arrays without any optical filters and
semi-independently openable shutters were installed. They can take three positions: 1)
both arrays are covered and protected from plasma radiation; 2) only a single array
(always the same, hereafter the measurement array) sees plasma radiation, the other array
(hereafter the calibration array) is still protected; 3) both arrays see plasma radiation.
The design and manufacturing of the shutters, which was done by a mechanical engineer (Daniel Nagy) in my department, was a high-level engineering challenge due to the
limited space and the fragile pre-welded ceramic vacuum feedthroughs. The implementation of this protection system is briefly summarized here. To avoid machining next to the
ceramic feedthrough an existing hole for a cooling water pipe (D8x1, i. e. outer diameter:
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8 mm, wall thickness: 1 mm) on the plate supporting the electric feedthrough (Fig. 35)
is exploited. A vacuum tube (D4x0.4) is installed in one of these pipes and the rotating
shaft (D3) of the shutter plate is mounted inside. The tube leads the main vacuum of
the tokamak to the back side of the camera where it is closed by a VG Scienta ZRD93P
rotary vacuum feedthrough. The backlash of this feedthrough is higher than the separation of the toroidally shifted slits. The problem is overcome with the help of a specially
tailored nimonic spring, which pulls the shutter to the available extreme positions. It is
installed on the plasma side of the camera. To actuate the shutter, a Kuroda pneumatic
motor is mounted on the atmospheric side of the feedthrough. It is connected to the Festo
magnetic control valves via tubes of 4 mm in outer diameter. These valves are governed
by the main VISTA control system of TCV through solid state relays. In order to avoid
accidental exposure due to some failure in the shaft control, the shutter position is read
back by proximity switches.
Additionally to shutter installation, the pinhole size was reduced from 5 mm to 1
mm in the toroidal direction in order to decrease the photon fluence thus mitigating
UV-induced radiation damage even when the shutters are open.
4.4.2

Minor corrections in the design

To avoid any toroidal curvature eﬀects the FOVs were tightened in this direction: the
pinhole sizes were decreased as mentioned in the previous section and 1 mm wide slits
were installed just before the detector arrays. These slits decrease the light yield and the
active area at the same time, hence they do not decrease the photon fluence and thus the
radiation damage [71]. However, covering the edge of the active area may have another
beneficial eﬀect regarding the detector properties since detector response can be diﬀerent
in its periphery. The modifications resulted in a reduction by a factor of about 20 in the
etendue and thus in the amount of collected photons. As a consequence we increased the
amplifier current-to-voltage conversion factor from 20 kΩ to 400 kΩ, while keeping the
bandwidth unchanged by decreasing the capacitances to 3.9 pF.
Unphysical signals were observed on some detector channels during calibration (see
Sec. 4.5), which were attributed to light reflections inside the camera. To avoid this probR
lem AQUADAG⃝
colloidal graphite coating is applied [118]. Its submicron sized particles
scatter the visible light radiation in a diﬀusive manner preventing direct crosstalks between detector channels.
4.4.3

Geometric function

The geometric function is necessary to determine the transfer matrix of a tomographic
system, if the widths of the FOVs are not negligible. The definition and the calculation method of this function in a simple pinhole-detector system has been introduced in
Sec. 3.5.2. Since the AXUV cameras contain additional slits to tighten the FOVs in the
toroidal direction these formulas had to be customized. This modification is explained
in Fig. 37 (a): since the slits are in the close vicinity of the detectors, they are always
the most limiting apertures in the toroidal direction. Hence, the toroidal detector edge
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locations were substituted by the edge positions of the slits and the small slit-detector
distances were neglected. This manner the problem remained analytically tractable.
In the geometric function calculations the parameters of the cameras were taken from
measurements: the positions of the pinholes relative to the detectors were determined from
the measured positions of the Line-of-Sights. This calibration procedure is introduced in
Sec. 4.5. The pinhole sizes were taken from microscopy measurements.

(a)

(b)
pinhole

K(r,z)
[msr]

slit detector

1 mm

10-7
4 mm

toroidal dir.

0.1 m

10-8

10-9
Figure 37: (a) Sketch of the pinhole - slit - detector system. (b) Geometric function
K (r, z) of AXUV chord #13 on logarithmic color scale, [m sr]. The detector does not
collect light from the white regions. Dash-dotted magenta line: LOS. Spatial scale is also
denoted.
Fig. 37 (b) shows the FOV of a chord, which expands significantly during its travel
across the vacuum vessel. Its 0.1 - 0.2 m perpendicular poloidal cross section is much
wider than the size of the possible radiation peaks (e. g. strike point peaks are typically
not larger than some centimeters) and thus the condition required for LOS approximation
is violated. I observed this FOV expansion for several chords which necessitated full FOV
calculations during AXUV data evaluation. This was done in the entire thesis.
4.4.4

Data handling

The recorded raw data is stored in 16 bit format in the central database of TCV. During
data processing it is downloaded to the main evaluation computer via MDSPlus connection
R
and loaded into Matlab⃝
environment. It is then converted to voltage by multiplicating
10×2
it with a factor of 216 . The acquisition channels are assigned to the physical chord
numbers, the results of oﬀset measurements are subtracted and finally the brightness of
the ith chord is
)
(
4π Ui (t) − Uioﬀset
,
(45)
fi =
Boivin
Ri EiAXU V ηav
where Uioﬀset is a 40 ms long average of the signal measured before breakdown, Ri ≈
400 kΩ is the accurately measured resistance in the transimpedance amplifier, EiAXU V ∈
Boivin
[5.3 × 10−10 − 5.7 × 10−9 ] m2 sr is the etendue calculated with Eq. 34, ηav
= 0.24 A/W
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is applied as average detector sensitivity. The measured etendues of the diﬀerent chords
relative to an arbitrarily selected one (chord #15) are depicted in a later section (Fig. 41
in Sec. 4.5.3), after the discussion of the calibration procedure and they are linked here
only for illustration purposes. The applied average sensitivity may diﬀer from the proper
one, which problem is discussed in Sec. 3.7.1 according to the literature and in Sec.4.7.2
based on the experiments done on TCV. Indeed data is currently accessed by calling a
R
Matlab⃝
routine, which executes this procedure and it is also included in the CRPP
toolbox.

4.5

Spatial calibration of the AXUV system

The geometrical parameters which characterize a tomographical system are the position
and the etendue of the chords in the LOS approximation. Since a good accuracy was
required, those parameters had to be gathered from ex situ calibration. The actual section
is devoted to introduce how I built up the necessary calibration setups and how I carried
out the procedure. This procedure is included in the (b) part of my first thesis point and
discussed in detail in [[1]].
The calibration steps were the following: the LOS positions were measured (Section 4.5.1), accurate detector and pinhole positions were reconstructed according to these
LOS measurements (Section 4.5.2), the relative etendues were measured (Section 4.5.3),
and finally the measured etendues were compared to the calculated ones according to the
reconstructed detector-pinhole positions and microscope measurements (Section 4.5.4).
The calibration setups for these measurements were built up mainly from commercially
available optical tools.
4.5.1

Line-of-Sight measurements

The optimal number of basis functions for the applied tomographical routine was determined according to two criteria: the software has to provide the best reconstructions
according to the hardware capabilities and the number of basis functions shall not be
larger than required to avoid unnecessary computational costs. The hardware parameters
limit the reconstruction quality via the chord coverage and via the LOS position accuracy.
The former one had been originally optimized for the reconstruction of typical diverted
plasma discharges [89] and was not modified. The eﬀect of LOS position accuracy is
determined by the deviation between the real and input positions for the reconstruction
routines rather than by the discrepancy between the real and the design positions. Hence,
the optimal pixels number was determined at first by the LOS coverage independently
of the chord position accuracy. Then, this number was used to prescribe the accuracy of
the chord position with the following condition: it should not aﬀect the reconstruction
quality in the case of the existing coverage.
According to the LOS coverage of the poloidal cross section, square-shaped pixels of
size 0.02 × 0.02 m (nr = 25 pixels in the radial direction, ntot = nr × nz = 1800 in total)
were found to be optimal since more than 90 percent of them was covered by at least two
LOSs in this case. The required accuracy of the LOS positions was fitted to this pixel
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size by the following rule: the LOSs should not be misaligned by more than one pixel in
the furthest position of the chamber in the same poloidal cross section. This prescribed
an accuracy of the order of one centimeter for the LOS position.
The two parameters defining a LOS are the spatial coordinates of an arbitrary point
along the LOS, e. g. the position of the pinhole, and its incident angle to the detector
surface (ϕm ). To fulfill the required accuracy, the pinhole position had to be determined
within few millimeters and the impinging angle within half a degree. The manufacturing
precision automatically satisfied the former condition.
The calibration method to measure the incident angle consisted of two steps: the axis
of rotation of an expanded laser beam was precisely aligned with the axis of the camera
pinhole perpendicularly to the camera plane. Then the beam was rotated around the axis
of the pinhole with a motorized rotation stage and at the same time the signals on each
detector were measured. The impinging angle of a LOS was identified as the actuator
angle position that belonged to the signal peak of the LOS.
A red laser at 658 nm wavelength was used as a light source to avoid any radiation
damage on the detectors. The beam was coupled to a single mode optical fibre to smoothen
the light profile. A large beam collimation package was connected to the other side of the
fibre. This package consisted of two 6.7 mm diameter aspheric lenses and was directly
tailored to the standard FC/PC plug of the fibre patch cable producing a wide enough
beam which illuminated approximately uniformly the 1 mm × 0.5 mm pinhole. For
positioning purposes an iris was also installed in front of the collimator package with the
help of an optical tube. The setup is shown in Fig. 38.
The laser power was adjusted in such a way to produce signals on the detectors of
about several volts, largely exceeding the values due to background light. The position of
the profile peak, which was identified as the incident angle of the LOS, was determined
by Gaussian fit.
The largest deviation between the planned and the measured incident angles was at
most equal to the separation between two chords. Considering the width of some FOVs
(e. g. chord #13 depicted in Fig. 37 (a)), the application of the design parameters
instead of the measured ones would have resulted in some pixels misalignment in certain
channels, which is higher than the prescribed one pixel accuracy. Hence, application of the
calibration results is desirable during the reconstruction process. However, the deviations
are small enough not to aﬀect the coverage and thus the reconstruction quality, if the
corrected values are used.
4.5.2

Position reconstruction

As explained in the previous section, the required accuracy imposed stringent restriction
on the incident angles of the chords. These angles depend on two parameters in a firstorder approximation: the detector-pinhole perpendicular distance (d) and the parallel shift
of the detector array with respect to the pinhole (a). Both parameters were calculated by
fitting the following function:
(
)
a + mh
ϕm = arctan
(46)
d
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Figure 38: Calibration setup for LOS position measurements. The actuators and the
outlet of the light source are in the foreground, the camera itself on a metal support
is in the background. The laser light illuminating the pinhole is visible. Copied with
modifications from [[1]].

where m is the detector number (from 1 to 20 for each camera) and h is the average
detector separation on the array provided by the manufacturer.
The results revealed some deviation from the design values of about hundreds of
microns, inline with the manufacturing tolerances. Such inaccuracies were not critical
compared to the approximately 10 mm detector-pinhole distance but were significant
compared to the parallel shifts of about few millimeters. The latter ones resulted in the
misalignments by half the chord separations.
In order to test the reliability of this LOS determination procedure measurements were
repeated several times on camera #5 with slightly diﬀerent adjustments. The deviations
from the design values measured in these experiments are plotted in Fig. 39, the parallel
ones ∆a in the top row and the perpendicular ones ∆d in the bottom row. In the first measurement series the rotation axis or the laser source was misaligned by 1 mm. The results,
which are depicted in Fig. 39 (a) and (c), demonstrated that the sensitivity of the setup
to these inaccuracies was less than 50 µm. This was inside the required range. Fig. 39 (b)
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and (e) show the cases when parts or the total calibration system was reassembled before
measurements or the camera support was slightly misaligned. The results corroborated
that correction factors were reproducible within a 50 µm accuracy range. In the last series
the reproducibility of the camera assembly was tested by removing and reinstalling the
pinholes between two scans. The obtained deviations, which are depicted in Fig. 39 (c)
and (f), indicated that ∆a can change even with 0.15 mm. This uncertainty is too high
and implies the necessity of calibration after each pinhole reinstallation (i. e. detector
replacement). However, it does not aﬀect the calibration accuracy.
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Figure 39: Deviations of detector-pinhole distances from the design values as a function
of attempt number. Top: parallel, bottom: perpendicular. Note the diﬀerent y scales in
the two rows. 1st column: laser is misaligned by 1 mm, 2nd column: calibration setup is
readjusted or support is misaligned, 3rd column: pinhole is reinstalled. Camera #5.

Additionally to the optical measurements, the detector-pinhole distances were crosschecked with measurements by a one micron accuracy mechanical gauge and a good
agreement was found.
To sum up, in contrast to the original calibration method the actual LOS calibration
process provided reliable measurements for the relative detector-pinhole position with 50
µm accuracy.
4.5.3

Etendue measurements

Consistent measurements are essential if one wants to reconstruct images based on measurements from diﬀerent directions. To ensure this consistency one needs to know accurately the relative response of the detectors to the same light source. This response
depends on the detector sensitivity and on the camera geometry. The latter property
can be quantified by the chord etendues. They were measured in two phases: the rela-
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tive chord etendues of each camera were determined at first and then the cameras were
cross-calibrated.
The relative etendues of a camera were measured as follows: the detector-slit-pinhole
optical system was illuminated by an homogenous Lambertian radiator and the signals
on the detectors were recorded. This way the signal ratio from diﬀerent channels is equal
to the etendue ratio if two conditions are satisfied:
• The total FOV of the array is illuminated. Hence, an integrating sphere with a
suﬃciently big port was used as light source and the camera was placed as close to
this sphere as possible.
• The detector responses are identical with respect to the illumination. The halogen
light bulb within the sphere ensured this requirement since it radiates dominantly
in the visible range where the angle dependence of the detectors is negligible. (See
Fig. 17.)
The sketch of the measurement setup is depicted in Fig. 40 (a).
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Figure 40: (a) Sketch of the setup used for relative etendue measurements. Geometry is
taken from camera #1. (b) Signal levels on camera #1 as a function of pinhole-detector
distance. The color lines refer to the chords marked by corresponding colors in (a).
The plateau level of the chord which has minimum declination to the detector normal
is calculated according to the values marked by blue crosses. Copied with modifications
from [[1]].
In order to cross-calibrate the diﬀerent cameras the chord signals were measured as
a function of pinhole-sphere distance for all cameras. As an example, the recorded data
from camera #1 are shown in Fig. 40 (b). The d = 0 origo indicates here the point,
where the sphere touched the camera. (The measurements in the previous paragraph
were carried out in this position.) The colors refer to the corresponding chords shown
in Fig. 40 (a). Three distance ranges can be observed in the graph, where the signals
behaved diﬀerently:
• Some centimeters far from the camera a plateau appeared and extended up to the
distance from which the FOV of the corresponding channel was totally covered. The
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chord which has minimum declination to the detector normal (marked by dark blue)
stayed the longest in the FOV, and thus it had the longest plateau.
• Beyond this plateau, i. e. when d was large, the signal was inversely proportional
to the square of the distance.
• At d = 0, signals larger than the plateau levels were measured on all chords. This
might be due to reflections from the camera front, despite the fact that the light
intensity was kept constant in the sphere during the calibration.
The crosscalibration coeﬃcients were obtained by calculating the ratio between the
plateau level of a reference chord (chord #15 in the measurement array of camera #1)
and the plateau levels of the chords which have minimum declinations to the detector
normals in all cameras.
The chord etendues relative to the reference channel were obtained by combining the
results of the two methods discussed above.
4.5.4

Comparison of the calculated and measured etendues

In order to crosscheck the LOS and the etendue calibration results the latter quantities
were determined from the former ones using Eq. 35. Additionally, the information obtained from microscope measurements aimed to determine the accurate pinhole sizes were
included in the calculations. The measured and the derived relative etendues are shown
in Fig. 41. For most of the cameras, less than five percent discrepancy was found between
the measured and calculated etendues which is satisfactory for tomography.

4.6

Measured UV sensitivity degradation of the AXUV detectors

In the second part of the AXUV commissioning process radiation data were recorded in
diﬀerent plasma discharges. These measurements aimed to provide operation experience
about the system and to study its ability. During the experiments I realized that sensitivity degradation induced by the plasma radiation itself was unexpectedly high but
its level did not contradict to the theoretical prediction about the worst-case scenario.
This observation is included in the (c) part of my first thesis point and it is the most
highlighted statement in [[1]].
Two dedicated plasma discharges were performed to test the sensitivity stability of the
AXUV detectors: #44505 and #44786. These were limited discharges in L-mode, with
Ohmic heating only. The plasmas were located in the middle of the vacuum chamber,
their currents were about Ip = 250 kA. The prescribed electron densities were identical for
= 6.4 × 1019 m−3 and
both plasmas and thus the achieved densities were similar (n#44505
av
= 6.6×1019 m−3 ). However, this small diﬀerence, and the changing wall conditions
n#44786
av
modified the radiation properties and therefore the total radiated power was diﬀerent in
#44505
#44786
the two discharges: Pfoil
= 136 kW and Pfoil
= 163 kW . These quantities were
measured with the foil bolometer system.
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Figure 41: Etendues as a function of chord number relative to the etendue of chord #15
of the measurement array set. Red + signs: calculated, blue x signs: measured. (a)
measurement arrays, (b) calibration arrays. The values of the channels which are on the
edges of the linear arrays are omitted. Copied with modifications from [[1]].

The shutters of the AXUV system were opened for the first time ever in discharge
#44505, in which both the measurement and the calibration arrays measured radiation.
Then for about 60 discharges, the shutters were partially closed and only the measurement
arrays saw the plasma. And finally, in discharge #44786, the shutters were entirely open
again and both arrays measured radiation.
The total radiated power was estimated from the AXUV signals for both cases asBoivin
suming ηav
average sensitivity. The calculation procedure consisted of profile reconstruction and the integration of the obtained distribution over the plasma volume. The
#44505
= 106 kW and
total radiated power given by the measurement arrays was about Pmeas
#44505
#44786
#44786
= 109 kW and Pcalib
=
Pmeas = 104 kW , while the calibration array gave Pcalib
128 kW . Therefore, the ratios of the total radiated power levels extracted from the different diagnostics were (foil bolometer : calibration arrays : measurement arrays) 1.25 :
1 : 0.97 in the former discharge and 1.27 : 1 : 0.81 in the latter discharge.
The 25 percent diﬀerence between the foil bolometer-based and AXUV-based radiation
Boivin
was improper for TCV discharges.
estimations in discharge #44505 indicated that ηav
A study aimed to determine a more appropriate constant is presented later in Sec. 4.7.2
and this section focuses on sensitivity degradation.
For the two considered discharges, the ratio of radiated power measured by the foil
bolometer system and by the calibration arrays did not change significantly. This referred
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to negligible sensitivity degradation. However, after an exposure during 60 plasma discharges, the ratio of the total radiated power measured by the foil bolometers and by the
AXUV measurement array set decreased significantly. This change could be explained
only by the degradation of detector sensitivity. This observation was unexpected since a
one year lifetime was assumed for this type of detectors in other machines (Sec. 3.7.2).
To explore the spatial structure of the reduction in sensitivity, the ratio of the signals
recorded by the measurement array and by the calibration array are depicted in Fig. 42.
Here the data were averaged over 20 ms around t = 0.9 s and a few channels were omitted
because they did not look across the plasma in this magnetic configuration.

t = 0.9 s

Ratio
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Figure 42: Ratio of the measurement and the calibration channel signal levels as a function
of chord number for the limited discharge #44505 (blue x) and for the limited discharge
#44786 (red +). Dashed vertical lines indicate the diﬀerent cameras and the solid horizontal black line marks the ratio of 1. Copied with modifications from [[1]].

According to Fig. 42 the ratios in discharge #44505 deviated from 1 by less than 5
percent. This is comparable to the accuracy of the ex situ etendue calibration and thus it
was regarded for geometrical inaccuracies. For discharge #44786, the signal ratios ranged
from 0.6 to 0.9. Since the degradation of the calibration detectors was negligible, this
decrease was attributed to a sensitivity degradation up to 40 percent.
The chords look across diﬀerent plasma volumes. The spectral emissivities of these
regions can be significantly diﬀerent. Therefore, the XUV exposure, which is the most
deleterious spectral range for this type of detectors, can change from channel to channel
even if the measured photocurrents are identical. Additionally, the photocurrent levels
vary between channels by orders of magnitude. In conclusion, diﬀerent degrees of radiation
damage were expected, which could explain the non-uniformity in the change of signal
ratios in Fig. 42.
Nevertheless, the measurement detector array in camera #6, which had been exposed
by accident for a week before discharge #44505, behaved diﬀerently: no remarkable further degradation was observed on its channels in the second calibration discharge #44786.
This observation might be an indication of diﬀerent degradation phases as explained in
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Sec. 3.7.2. Hence, the observed change in sensitivity reported in this article may be called
degradation caused by short-term exposure.
In order to corroborate the unexpected fast radiation damage the experimental degradation speed was compared to the theoretically expected one. For this purpose the photocurrents of the diﬀerent detectors were calculated. They are shown in Fig. 43 (a) for
the aforementioned limited discharge (#44505) and for a diverted discharge having approximately the same density (#44507). The photocurrent levels were in the same order
of magnitude in both cases. These values were converted to photon fluxes assuming the
worst possible scenario: the detectors were exposed to radiation from photons having an
energy of 13.5 eV. This value belongs to the deepest hole in the detector sensitivity since
more than 80 percent of the radiation is absorbed in the entrance window (see Sec. 3.3.)
The resulting photon fluxes are shown in Fig. 43 (b). Comparing these values to the radiation damage curve shown in Fig. 16, I came to the conclusion that 60 discharges could
cause 20 percent degradation on average. Additionally, the damage on some channels may
have even been out of the known degradation range. Hence, the observed fast decrease of
sensitivity did not contradict to the possible worst-case scenario predicted by theory.

(b)
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Figure 43: (a) Photocurrents by the AXUV detectors as a function of chord number. Blue
curve: discharge #44505 (limited, t = 0.8 s, nav = 6.2 · 1019 m−3 ), green curve: discharge
#44507 (diverted, t = 0.9 s, nav = 6.2·1019 m−3 ). (b) Photon flux on the AXUV detectors
calculated from (a) assuming 13.5 eV photon energy. Dashed vertical lines indicate the
diﬀerent cameras. Copied with modifications from [[1]].

A more significant problem from the tomographical point of view was the fact that the
sensitivity degradation changed not only from camera to camera but also from channel to
channel. The discrepancy between the measured signals results in inconsistencies which
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highly aﬀect the quality of the tomographic inversions and can cause artificial patterns.
Considering the level of typical photocurrents produced by AXUV detectors in tokamak environment (Sec. 3.7.2) similar problems may be present on other machines.

4.7

Reliability of the AXUV system

The observed sensitivity degradation, which was diﬀerent from channel to channel, implied
serious concerns about the reliability of the system. As a last step of AXUV commissioning I demonstrate here that despite this inconvenience the system provides data which
are consistent with other diagnostical observations. By introducing the results of the performed measurements I consider my first thesis point, which reports on the development
of the fast radiation diagnostic, complete. Major part of this section was included in [[1]].
The only exception is Sec. 4.7.2, the statements of which were made after the publication
of [[1]] thus this thesis work is aimed to present them oﬃcially.
For the demonstration of AXUV reliability several limited discharges were formed
where the density was ramped from nav = 3 × 1019 m−3 up to about nav = 7.5 × 1019 m−3
at which the plasma terminated in disruptions. These discharges were Ohmically heated
only (Te = 0.6 − 1 keV ) and little shaped (κ = 1.36, δ = 0.21) with plasma current of
Ip = 190 kA. The induced disruptions were triggered by exceeding a Greenwald-type
limit (see Sec. 3.8.3 for its definition).
The foil bolometers and the AXUV detectors have similar spectral sensitivities despite
their diﬀerent operating principles. Hence, qualitatively similar radiation profiles were
expected. Due to the slow time response of the foils (30 - 100 ms), the bolometer system
could be used as a standard powermeter only during the 500 ms long rampup phase of the
aforementioned discharges. The qualitative match between the results of the two systems
is demonstrated in Sec. 4.7.1 during this slowly evolving period. Sec. 4.7.2 is devoted to
the quantitative assessment of radiated power density and to the evaluation of the AXUV
average sensitivity constant. Here measurement data of some additional discharges were
also utilized such as of the ones used in Sec. 4.6.
Due to the exclusive sensitivity to soft X-rays the XTOMO system (Sec. 3.6.2) is
suitable to monitor the magnetohydrodynamic activity of the plasma core. Sec. 4.7.3 is
devoted to the study of relation between measurements with the AXUV and XTOMO
diagnostics during the sudden collapse of the plasma at the density limit. In this period
huge MHD modes were present in the plasma.
4.7.1

Radiation profiles during the density rampup phase

Examples of radiation distributions, which were taken from the rampup period of discharge #45181 at low, medium and high densities, are shown in Fig. 44. The profiles
reconstructed from the AXUV and from the foil bolometer data show similar features:
significant radiation was emitted around the plasma-wall contact zone at any density and
a peak was present on the plasma axis in the high density case. Considering the intensity
of these zones, the detected radiation level was similar in the core on both diagnostics
in the high density case and AXUV detected clearly less radiation along the wall at any
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density. (For quantitative comparison see Sec. 4.7.2.)
The low intensity parts of the radiation profiles inside the LCFS were reconstructed
properly neither by the AXUV nor by the foil bolometer system: blurred, irregular patterns were present there in both cases, especially at the top of the plasma. Additionally,
a physically unrealistic peak appeared in the AXUV profiles at the top of the vacuum
chamber close to the front plate of camera #2. This peak was observed in several other
plasma configurations such as in the ones depicted in the last column of Fig. 50. Hence,
its artificial origin is suspected. The lowest level of radiation damage is anticipated on
camera #2 since the detector-pinhole distance is the highest in this case resulting in the
lowest average etendues (see Fig. 41) thus the lowest average UV exposure. (Camera #6
is excluded from this consideration since its shutter had been left accidentally open for an
additional week thus its channels were much less sensitive.) The outstanding state of the
detectors in camera #2 may have resulted in inconsistently high signals there, the eﬀect
of which - the artificial peak - appeared in the vicinity of the camera, where the chord
coverage was the poorest. External reflections from the bottom camera houses may have
also contributed to the signal levels highlighting this artifact. The enhanced radiation
zone along the low field side wall, which was detected by the foil bolometers, was not
present in the AXUV profiles.
The soft X-ray profiles produced by the XTOMO system were peaked on the magnetic
axis, as expected.
4.7.2

Quantitative assessment of detector sensitivity

In order to compare the power levels detected by the two bolometer-like systems the
radiation distributions in Fig. 44 were cut horizontally at the height of the magnetic
axis (z = 0.22 m). The obtained curves for the high-density case are shown in Fig. 45
(a): the one based on foil bolometry is directly plotted and the function derived from
the AXUV profile is rescaled to fit to the detector sensitivity constant in the SXR range
ηSXR = 0.27 A/W . This way less than 5 percent diﬀerence was experienced in the peak
amplitudes on the magnetic axis (r = 0.88 m). Considering the radiation level near the
HFS wall, the AXUV system detected a significant peak there but with 40 percent lower
amplitude than the foils did. These observations may have been explained by assuming
that the radiation was dominated near the HFS wall by the UV spectral range around
the AXUV sensitivity hole, and on the plasma axis by the soft X-ray range, which was
not even involved in sensitivity degradation. Similar conclusions had been reached on
C-Mod as introduced in Sec. 3.7.1. The peak on the LFS was only present in the profile
provided by foil bolometry. As explained in Sec. 4.2.3, this peaking might have been the
consequence of processes which were not related to plasma radiation.
The agreement between the power densities calculated from the data of the two systems
on the magnetic axis and the deviation in the vicinity of the HFS wall suggests that
diﬀerent sensitivity constants should be used for diﬀerent plasma regions even in a time
instance. This implies that the concept of a spatio-independent average sensitivity may
be improper. However, the estimation of total radiated power on fast timescale is often
requested and no better candidate than the AXUV system exists for this purpose. Hence,
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Figure 44: Radiation profiles (W/m3 ) at diﬀerent densities (and G Greenwald fractions):
1st row - low density, 2nd - medium density, 3rd - high density case. 1st column: measured
Boivin
= 0.24 A/W is assumed), 2nd column: by foil bolometers, 3rd column:
by AXUV (ηav
by XTOMO. The same color scale is used in the 1st and 2nd column. Discharge #45181.
Green curves: LCFSs. Copied with modifications from [[1]].

I attempted to create a collection of average sensitivity constants which could be used
among diﬀerent circumstances for the entire plasma volume. An estimation of ηav for a
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limited plasma configuration (discharge #45181) is shown in Fig. 45 (b) as a function
of density. Here the average sensitivity was calculated by matching the reconstructed
and then volume-integrated AXUV data to the total radiated power calculated from
foil bolometer signals. This was a rough estimate since the latter ones may have been
compromised by processes not related to plasma radiation. The measurement showed
LIM
that ηav
= 0.14 A/W would have been appropriate for limited plasmas but with 20
percent uncertainty depending on plasma density. However, the estimations gathered
from discharge #44505 and #44786 (they have been used in Sec. 4.6) suggested that ηav
should have been fitted to the level of sensitivity degradation, too.
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Figure 45: (a) Horizontal cut of the bottom left (AXUV, solid blue line) and bottom
middle (foil bolometer, dashed red line) radiation profiles shown in Fig. 44. The absolute
power density is rescaled in the AXUV case to be compatible with ηSXR = 0.27 A/W .
(b) Estimated average sensitivity as a function of average density for limited discharges
(#45181 - solid thick black line, #44505 - black +, #44786 - black x) and for standard
SN discharges (dashed lines).

Similar sensitivity dependence on degradation level was observed for plasmas in standard single null configurations. L-mode discharges were formed with Ohmic heating only
and their density was ramped from ne = 3 · 1019 m−3 up to ne = 8 · 1019 m−3 and consequently the power radiated by them was increased from Ptot = 120 kW to Ptot = 310 kW
according to foil bolometer measurements. The estimated ηav -s in these plasmas are shown
in Fig. 45 (b) by dashed lines. In the investigated discharge range, while the measurement
shutters were open for only 60 successful plasmas, the density- and spatially averaged senSN
= 0.1 A/W , which corroborated that the
sitivity decreased from ηav = 0.14 A/W to ηav
SN
= 0.1 A/W was
η had to be fitted to the degree of radiation damage. Note that ηav
LIM
achieved earlier than ηav = 0.14 A/W in discharge number an thus in date. This fact
indicated that ηav highly depended on the magnetic configuration, too.
Between discharge #44564 and #44697 the detectors were exposed to the light of
only 2 successful discharges and additionally to the radiation of 12 disruptions and 3
blips. With the assumption of identical wall conditions these impacts caused a decrease
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of ∆η = 0.02 A/W which suggested that the disruptive flashes were extremely severe.
4.7.3

Core MHD activity during a density-limit disruption

Time traces of main plasma parameters during the disruption process terminating discharge #45186 is depicted in Fig. 46. The discharge was similar to #45181 analyzed in
Sec. 4.7.1 and in Sec. 4.7.2. It consisted of two parts: a slow density rampup period until
t = 1.16 s (not shown in the figure) and a sudden termination phase.
Figure 46 (a) shows the plasma density on the magnetic axis (ρ = 0) and in the outer
region of the core (ρ = 0.8). These data were calculated from the FIR interferometer
signals with Abel-inversion. Figure 46 (b) depicts the time evolution of the total plasma
current calculated by properly integrating the signals of a poloidal Mirnov array set. The
time trace in Fig. 46 (c) is the real part of the n=1 Fourier component extracted from
toroidally spaced Mirnov coils. The implementation of these three estimations have been
detailed in Sec. 3.2.4. Figure 46 (d) denotes the brightnesses recorded by an AXUV
and an XTOMO chord looking across the plasma core. They were normalized with their
maxima in the plotted time interval for better visibility. Vertical black lines mark some
important time instances of the disruption process.
The density time traces indicated the presence of several transient events during the
first period of the disruption, from 1.16 s to 1.21 s (in between the first and second vertical
lines). They manifested in bump-like density increases in the outer part and occasionally
crash-like decreases in the inner part of the core. The Mirnov signals showed significant
n=1 magnetic mode activity during these collapses. It is highlighted that these events
occurred in the disruptive phase of the plasma, far after the disappearance of classical
sawtooth activity. Hence, it is still undecided which category they fit in, and thus they
are simply called ’sawtooth-like crashes’ [46].
At t = 1.21 s highly enhanced radiation was measured on the AXUV channels (e. g.
on the one depicted Fig. 46 (d)). This event is marked by the second vertical line. At
the same time, the soft X-ray signals dropped drastically to very low values. Then, the
plasma current, the level of magnetic activity and the measured radiation decreased till
the end of the discharge at 1.23 s (third vertical line).
The fast radiating transient may have indicated the thermal quench phase, during
which the plasma lost its thermal energy in a very short timescale. Then, the following
long period bore the signs of the current quench. Here the temperature was apparently
such low that the plasma was not able to radiate in the soft X-ray range any more and it
lost its magnetic energy by conduction and by low-energy photon emission.
In certain time ranges a saturated MHD mode, with m = 1 as main poloidal mode
number, deformed the toroidally rotating plasma column and induced an apparent poloidal
rotation of the central radiation peak around the magnetic axis as a function of time. This
rotation is demonstrated for both diagnostics, AXUV and XTOMO, within a short time
period (1.194 s ≤ t ≤ 1.195 s, marked by a shaded grey area in Fig. 46) during the first
part of the disruption.
The radiation profiles were reconstructed in this short interval. Since the investigated
structure varied even in the poloidal direction, the tomographic inversions were carried
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Figure 46: Main plasma parameters during the disruption process at the end of discharge
#45186. (a) Electron density on the magnetic axis (blue) and in the outer core (red). (b)
n=1
Plasma current. (c) d Bpol
/dt from Mirnov coils associated with n = 1 toroidal mode
number. (d) Normalized signals of XTOMO (chord #12, red) and AXUV (chord #11,
blue) chords, which look across the plasma core. Solid black vertical lines denote the
diﬀerent phases of the disruption. The grey shaded area indicates the time range applied
in Fig. 47. Copied with modifications from [[1]].

out by applying second-order isotropic regularization. Then the position of the central
radiation peak was tracked as a function of time. The results are shown in Fig. 47 (a)
and (b). The position of the magnetic axis, which was calculated with the LIUQE 2D
equilibrium reconstruction program [34], is also depicted here. Additionally, the real part
of the n = 1 mode is shown in Fig. 47 (c).
For both diagnostics, the observed coherent oscillation in the peak position was a clear
evidence of a saturated m = 1 MHD mode. Moreover, the observed opposite phase provided by the two diagnostics, which were 180◦ apart in the toroidal direction, was a clear
signature of a toroidal mode number n = 1. This mode identification was corroborated
by the frequency of the observed oscillation which was in agreement with the frequency
of the n = 1 magnetic mode revealed from Mirnov coil data.
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Figure 47: Radial (a) and vertical (b) position of the central radiation peak reconstructed
from AXUV (solid blue curve) and from XTOMO (dashed red curve) data. Dash-dotted
n=1
green curves denote the position of the equilibrium magnetic axis. (c) d Bpol
/dt from
Mirnov coils associated with the n=1 toroidal mode number. The vertical black lines
denote the time instances of the contours depicted in Fig. 48. The presented time range is
marked by a gray shaded area in Fig. 46. Discharge #45186. Copied with modifications
from [[1]].

4.8

Exploiting the upgraded AXUV system: study of fast radiation dynamics

This section is devoted to two transient phenomena frequently occurring in fusion-grade
plasmas. The studies rely on the superior capability of the upgraded AXUV system.
The first part, Sec. 4.8.1, is a direct continuation of Sec. 4.7.3, where I demonstrate
that plasma-wall interaction is modulated by the aforementioned toroidally rotating core
mode. Additionally, a possible explanation is given. My third thesis point is devoted
to sum up this result, which was published in [[1]]. Then the subject is changed to the
snowflake divertor in Sec. 4.8.2. Here I show that radiation can be distributed among
the four divertor legs during ELMs if σ < 0.4. This statement and some additional
observations are encapsulated in my fourth thesis point. The resulting radiation profiles
and the conclusions are integral parts of [[4]], but here the discussion is more detailed and
additional verification of the statements are also included.
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Modulation of near-wall plasma radiation by core magnetic modes during disruptions

In this section the influence of a core mode on plasma-wall interaction during the disruptive termination of the plasma is introduced. As an example the discharge which was also
investigated in Sec. 4.7.3 is used. The period was selected when high amplitude MHD
activity was present having m = n = 1 mode number. The signs of this mode in the
core have already been depicted in Sec. 47. Two-dimensional radiation profiles associated
with diﬀerent phases of this mode rotation are shown in Fig. 48 for the AXUV and for
the XTOMO diagnostics. The time instances belonging to the diﬀerent columns are indicated by vertical lines in Fig. 47. Clear trace of poloidal rotation is present even in these
XTOMO tomograms depicted in the top row of the figure. Although the central plasma
radiation in less obvious in the AXUV tomograms (bottom row), the mode rotation can
also be noted in opposite phase respect to XTOMO.
Additionally to the modulation in core emissivity, the 2D profiles from AXUV showed
changes in the radiation pattern near the inner wall: when the poloidally rotating central
peak swept along the high field side a shiny peak propagated downward down to the lowest
position of the plasma column remaining inside the last closed flux surface. However, it
did not rigidly follow the rotating mode.
In an early explanation for this observation the pattern had been regarded as an artifact of the inversion due to an incorrect projection of the central radiation peak rotation,
caused by the inconsistency in the signals. However, this possibility was ruled out after
studying the chord brightnesses directly. For both diagnostics XTOMO and AXUV, each
signal X of the middle horizontal camera was normalized as follows: (X − X̄)/X̄. The
time traces, which are shifted below each other for better visibility, are shown in the left
column of Fig. 49. The physical positions of the corresponding chords are depicted in the
the right column of the same figure.
The m = 1 magnetic mode was clearly identified in the time traces since oscillations
having approximately f = 3500 Hz frequency were superimposed on the background
signals for chords looking across the plasma core. The observed oscillations on channels
looking above and below the magnetic axis were in opposite phase as expected for a MHD
mode with an odd poloidal mode number. The XTOMO channels which looked at the
plasma edge did not detect modulations associated with the core MHD mode. However,
modulations at the mode frequency were present in the AXUV signals looking at the
plasma bottom edge. The phase shift between these channels increased with the distance
from the core (indicated with a thick black line in Fig. 49 (c)). Considering the LOS
arrangement this referred to a poloidal propagation near the inner wall, confirming the
presence of the near-wall edge modulation.
Looking for a possible explanation for the observed phenomenon one could speculate as
follows: the poloidal rotation of the central emissivity peak around the magnetic axis was
caused by the toroidal rotation of a saturated MHD mode. This mode may have modulated the plasma edge, making the plasma-wall contact toroidally non-uniform. From that
toroidal zone of the plasma where this interaction was the most intensive the impurities
may have diﬀused far along the field lines illuminating a filament at the edge. The toroidal
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Figure 48: Radiation profiles reconstructed from XTOMO (top) and from AXUV (bottom) signals in diﬀerent rotation phases during one period of central emissivity peak
movement. White crosses: magnetic axes obtained from equilibrium calculations, white
curves: LCFSs. The time slices of the diﬀerent columns are marked by vertical lines in
Fig. 47. Discharge #45186. Copied with modifications from [[1]].

rotation of this structure could have been observed as a poloidally downward propagation
near the high field side wall. The direction of the toroidal field, the plasma current (both
point anticlockwise as viewed from the top) and the toroidal rotation (countercurrent)
were in agreement with this model. The propagation speed of the filament, which did
not follow the rigid rotation of the plasma column, might be explained by the diﬀerence
in the tilt of the magnetic field lines: the safety factor q was probably around one close
to the core mode and it was around 4 − 5 near the edge according to the equilibrium
reconstruction.
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Figure 49: Left: Normalized fluctuating chord brightnesses of XTOMO (a) and of AXUV
(c) channels as a function of time. The signals are vertically shifted for clearness. The
thick black oblique line marks the phase characteristics of the edge modulation on AXUV
signals. Right: poloidal location of the chords which are marked in the left column ((b)
and (d)). Thick black curves: LCFSs. Discharge #45186. Copied with modifications
from [[1]].

4.8.2

Radiation properties of ELMs in diﬀerent divertor configurations

The subject is changed now to another type of transient events, namely to the ELMs,
which highly enhance outward plasma transport on short timescales resulting in intense
plasma-wall interaction. This latter property has significant impact on the radiation
profiles allowing the AXUV system to reveal information from their dynamics. As it
has been mentioned, the conclusions of this section are integral parts of [[4]] and are
summarized in my fourth thesis point.
A discharge series in H-mode was performed to study plasma radiation behaviour as
snowflake configuration was approached. These measurements aimed to demonstrate the
activation of secondary strike points and thus the possible repartitioning of conducted heat
flux to the divertor. Typical discharge parameters were: Ip = 300 kA, Bϕ = 1.45 T, κ95 =
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1.7, δ95 = 0.2, q95 = 2.6, PX3 = 900 kW and PX2 = 650 kW in the stationary phases
⃗ × ∇B
⃗ drift directed towards the X-point in these dis(tstac = 0.7s − 1.1s). The ion B
charges, which is favorable to access H-mode. The currents in the shaping coils were varied
from measurement to measurement to form magnetic configurations with diﬀerent σ values. At the end of each discharge (t = 1.1s − 1.6s) the X2 heating power was ramped
up to 900 kW to assist the identification of ELM type. The magnetic configurations and
the heating scenarios were designed and executed by W. Vijvers.
The analysis of the recorded data showed that plasma behaviour was independent of
σ above 1.2. Hence, only the last three discharges of the scan (#45107, #45108, #45109)
were studied in details, where σ = [1.2 , 0.8 , 0.4] correspondingly. The rampup in heating
power resulted in an increasing ELM frequency for #45107 and a decreasing one for
#45108 and #45109, which implied the presence of Type-I ELMs in the former discharge
and Type-III ELMs in the latter two ones. This diﬀerence highly influences not only the
ELM frequency, but also the absolute value of ELM energy loss and also its partition to
conduction and radiation. Hence, no statements could be made about the σ-dependence
of these quantities. Carrying out similar measurements but in the Type-I ELM regime
would be beneficial. However, the available heating power on TCV is only marginally
enough to access this type of H-mode. Hence, the establishment of type-I ELMs in low σ
magnetic configurations has not been successful since AXUV is available.
Edge properties of the plasma are fundamentally diﬀerent in the interELM intervals of
H-mode and during ELMs. Additionally, both periods show statistical variations, because
of e. g. toroidal nonuniformities or changing wall conditions. These eﬀects were eliminated
in the AXUV data analysis by coherently averaging the ELMs in the time period tstac . To
do this the beginning of the ELMs were identified as the peaks in a signal measured by a
wide-angle photodiode observing the plasma from the top of the tokamak (alternatively
a signal measured by an arbitrary AXUV chord could have been used) then the 25-50
ELMs were ensemble averaged assigning t = 0 for each ELM peak. This resulted in an
average time series, the time period of which was from t = −0.5 ms to t = 2.5 ms and
t = 0 denoted the average ELM peak. In this range the average signals were typically
built up from a base level and an asymmetric ELM peak, the rise time of which was much
shorter than the decay time (see e. g. Fig. 51, Fig. 52 and Fig. 53) and the full period
of which was at least 0.1 ms long. The filamentary structure, which was present in the
individual ELM signals, was averaged out. The resulting mean signals allowed the study
of qualitative changes in the radiation profiles, especially of the relative onsets of high
intensity radiation zones, even if the onset determination had some uncertainty.
Spatial radiation distributions were reconstructed from the average time series. However, those chords of camera #5 (see Fig. 18 for camera numbering) which looked at the
bottom strike point were excluded from the inversion process because they provided sometimes inconsistently high signals. Light reflected on camera #7 or on oblique tiles near
the bottom-HFS corner of the vacuum vessel may have been responsible for this signal
increase. Alternatively, direct impact of fast particles released near the strike point could
have had an extra contribution to the signal levels, as mentioned in Sec. 3.3. The third
possible explanation might have related the surplus to the blackbody radiation of the wall
which was intensively heated by the plasma near the strike point. Profiles at t = −0.4 ms
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and at t = 0 are depicted for all the three magnetic configurations in Fig. 50. All contours
are on a common logarithmic color scale denoted on the right side of the figure. The level
Boivin
of radiation was calculated by assuming ηav
= 0.24 A/W thus the absolute values are
unreliable in the figure. The zones where the intensity was less than five percent of the
reconstructed peak radiation is masked by white, similarly to Fig. 27. This level was
identical to the applied error level during the inversions. However, for measured AXUV
data five percent is an underestimation and thus the low-intensity radiation patterns in
the tomograms may have been artificial. Hence, they were validated by omitting the tomographical reconstruction and analysing the chord brightness profiles. This is discussed
in the forthcoming paragraphs. The primary and secondary separatrices calculated by
the LIUQE equilibrium reconstruction program [34] are overlaid in the figures by black.
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Figure 50: Radiation profiles reconstructed from coherently averaged AXUV signals using
the ELM peak as reference. The common logarithmic color scale is shown on the right.
Low intensity zones are marked by white. Top row: t = 0.4 ms before the ELM (interELM
period), bottom row: at the ELM peak. The time instances are marked by dashed vertical
Boivin
= 0.24 A/W is applied. 1st column: #45107 - σ = 1.2,
black lines in Fig. 51-53. ηav
2nd column: #45108 - σ = 0.8, 3rd column: #45109 - σ = 0.4. Primary and secondary
separatrices are overlaid by black. Copied with modifications from [[4]].
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The contours in the first row of Fig. 50 were selected to show typical interELM radiation profiles i. e. their timing preceeded the ELM onsets in all the three cases. When σ
was high the radiation was peaked at strike point #1 and had a long tail extending even
into the confinement region. This peak migrated in the direction of the primary X-point
as σ decreased. At the minimum achieved σ (discharge #45109) the peak was located
in the close vicinity of the primary X-point, extended deep inside the core and along the
top part of the bottom divertor leg. The amplitude of the peak was independent of the
magnetic configuration but its volume increased in the smallest σ case. This may have
been caused by higher volumetric losses consistently with the expected behaviour of the
snowflake divertor. A pattern appeared at the top of the vacuum chamber. As discussed
in Sec. 4.7.1, a radiation zone at this place is typically present in the reconstructions, it is
considered as an artifact, it may have been caused by diﬀerences in the degradation levels
of the channels and located here because of the poor chord coverage in this region. The
low-amplitude peak on the magnetic axis was also artificial, as demonstrated in Fig. 51.
Here coherently averaged chord brightnesses are depicted in (b), (c) and (d) for the discussed discharges. The time instances belonging to the profiles in Fig. 50 are marked
by dashed vertical black lines in this figure. The geometric locations of the chords are
shown in (a) by cyan lines. Additionally, the magnetic configurations of the corresponding
discharges are overlaid. The chord that looked across the magnetic axis is highlighted by
black in all subplots. The radiation was not enhanced in this chord, which excluded the
occurrence of peaking in the central region at σ = 0.4.
Enhanced radiation along the full bottom divertor leg was not present in the tomograms but the chord brightnesses showed some signs of an arising radiation zone there
in discharge #45109 even during the interELM periods. This is shown in Fig. 52, where
the notations are similar to the ones used in Fig. 51 (except for the highlighted chords
which were looking at the strike points in this latter case). Here the chords which looked
across the divertor leg detected higher radiation levels in discharge #45109. The appearance of this zone may have indicated slightly enhanced transport across the null-point.
Measurements with Langmuir probes done by B. Labit corroborated this observation:
ion saturation current flowing at the bottom strike point was detected in the interELM
periods when σ < 1.
Considering radiation at the ELM crash, it was highly peaked at the primary strike
point on the high field side for all the three discharges. However, the amplitude of this
peak decreased by a factor of 5 as σ decreased from 0.8 (# 45108) to 0.4 (# 45109).
Since type-III ELMs were present in both discharges, this variation was regarded as the
eﬀect of transition towards snowflake configuration. A radiation peak was also present
at the LFS strike point on the tomograms in all the three cases. The existence of this
peak was corroborated by the chord brightnesses depicted in Fig. 53. Notations similar
to Fig. 51 are applied in this figure, except for the chord marked by black, which was
looking at the LFS strike point in this latter case. Indeed, these plots were created before
the reconstructions and the applied error level in the tomographic inversions was adjusted
to ensure the presence of this radiation peak. The routine would not have been able to
reconstruct the emission enhancement during ELMs in this zone for #45109 if the error
level had been increased from 5 percent to 6.5 percent. A radiation pattern that spread
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Figure 51: (b) - (d): Chord brightness contours by AXUV diagnostic averaged coherently
relative to the ELM peaks (denoted by t = 0) as a function of time and of chord number
Boivin
(#42 - #59). ηav
= 0.24 A/W is applied. Common logarithmic color scale is used
for Fig. 51 - 53, the white zone is out of the color limit. (b): #45107 - σ = 1.2, (c):
#45108 - σ = 0.8, (d): #45109 - σ = 0.4. Dashed vertical black lines: time instances
for Fig. 50. (a): Corresponding magnetic axis and separatrix locations (#45107 - blue,
#45108 - green, #45109 - red) and LOS positions (solid cyan lines). Chord #50 that
looks across the magnetic axis is highlighted by an oblique black line in (a) and by a
horizontal black line in (b) - (d).

along the full divertor leg was clearly present in discharge #45109 during ELMs. This
proved the activation of the bottom divertor leg and strike point when sigma was as low
as 0.4, which was the most important result that the AXUV system has provided so far.
Additionally to the real radiation peaks, artifacts were also present in the radiation
profiles at the ELM peaks. They were similar to the ones in the interELM periods but
more highlighted. Fig. 51 shows that the peak on the magnetic axis in the tomograms had
signs in the chord brightness profiles neither in the interELM phases nor during ELMs.
Hence, the artificial identity of this peak is verified. The origin of the top radiative zone
is again suspected to be artificial, similarly to the interELM and the limited cases.
Some supplementary statements could also be made based on the chord brightness
profiles shown in Fig. 52. The signs of ELM crashes were observed in all AXUV chords,
even on those ones which did not see the plasma column. The time evolution of these
latter signals was similar to the dynamics of the highest intensity peak at the high field
side strike point. Hence, these detectors may have collected light which was not emitted
directly by the plasma but it was reflected from the wall or inside the camera. This could
also explain the clear increase in signal levels on chord #82 - #89 during the ELM crash
in discharge #45107. On the contrary, the further increase in the next discharge should
be regarded as the consequence of the decrease in σ since it was much more intense and it
did not coincidence with the presence of the high intensity strike point peak. In discharge
#45109, when σ < 0.5, inconsistently high signal levels were recorded on AXUV chords
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Figure 52: (b) - (d): Chord brightness contours by AXUV diagnostic averaged coherently
relative to the ELM peaks (denoted by t = 0) as a function of time and of chord number
Boivin
(#82 - #99). ηav
= 0.24 A/W is applied. Common logarithmic color scale is used for
Fig. 51 - 53. (b): #45107 - σ = 1.2, (c): #45108 - σ = 0.8, (d): #45109 - σ = 0.4.
Dashed vertical black lines: time instances for Fig. 50. (a): Corresponding magnetic
axis and separatrix locations (#45107 - blue, #45108 - green, #45109 - red) and LOS
positions (solid cyan lines). The chords which are omitted from the reconstructions (#82
- #85) are marked by dashed cyan lines. Chord #82 (dashed black, bottom) and #94
(solid black, HFS) which look at the strike points are highlighted by oblique black lines
in (a) and by horizontal black lines in (b) - (d).

which looked at the bottom strike point. This enhancement proved the activation of
the bottom strike point even if part of it was caused by reflections or by direct particle
impact. Interestingly, the radiation did not spread from the null point to the strike
point: it appeared in these two zones at the same time then it spread upside from the
bottom and downside from the top along the divertor leg. Although the release of highly
radiating impurities at the strike points would explain this observation thus it could be a
plausible explanation, numerical simulations would be essential to confirm this idea. The
introduced σ-dependence of bottom strike point activation was consistent with Langmuir
probe measurements.

4.9

Summary

In order to study the radiative behaviour of fast transients the AXUV bolometer tomographical system on TCV was upgraded and commissioned. The unique capabilities of
the diagnostic were utilized in the measurement of plasma-wall interaction during density
limit disruptions and in the investigation of edge localized modes in the novel snowflake
divertor configuration.
The quality of radiation profiles obtained from the recorded AXUV data was increased
with implementing, improving and assessing a tomographical program [[1]]. As a reference
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Figure 53: (b) - (d): Chord brightness contours by AXUV diagnostic averaged coherently
relative to the ELM peaks (denoted by t = 0) as a function of time and of chord number
Boivin
(#131 - #139). ηav
= 0.24 A/W is applied. Common logarithmic color scale is used
for Fig. 51 - 53. (b): #45107 - σ = 1.2, (c): #45108 - σ = 0.8, (d): #45109 - σ = 0.4.
Dashed vertical black lines: time instances for Fig. 50. (a): Corresponding magnetic axis
and separatrix locations (#45107 - blue, #45108 - green, #45109 - red) and LOS positions
(solid cyan lines). Chord #136 that looks at the LFS strike point is highlighted by a solid
oblique black line in (a) and by a solid horizontal black line in (b) - (d).

the foil bolometer system was recommissioned and tested. Although the measurements
with this diagnostic were significantly disturbed, probably by the neutrals present in the
vacuum chamber, the system served as a standard for studying slow processes. Additionally, the diagnostic was utilized in the investigation of limited plasmas near the density
limit and when the novel snowflake divertor configuration was established. In the former
case the radiation was not only peaked in the plasma-wall contact zone but also on the
magnetic axis [[1]], [[2]]. Considering the latter case the radiation of the high-density
snowflake-diverted plasma was peaked in the vicinity of the magnetic null-point [[3]].
By comparing the signal levels measured with the original AXUV system among similar
plasma conditions the main drawback of the diagnostic was identified as the nonuniform
degradation of the sensitivity of its detectors [[1]]. This had probably been caused by
layer deposition on their active areas, which initiated a significant upgrade of the cameras
including the installation of movable protective shutters. Additionally, minor mistakes
in the design were corrected. In order to avoid any error sources related to geometrical
inaccuracies an ex situ spatial calibration procedure was designed and executed [[1]]. Then
the system was mounted on TCV.
The tests aimed to study the sensitivity stability of the deposition-free detectors indicated that the UV-radiation of the plasma caused significant and nonuniform degradation
in the response of the detectors [[1]]. Despite this fact the system was suitable to investigate certain processes, as demonstrated by comparing its results to the ones recorded
by other available measurement hardware on TCV. The diagnostic provided qualitatively
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similar profiles to the distributions calculated from foil bolometer data among stationary
conditions, i. e. in the high density limited [[1]] and snowflake-diverted cases mentioned
above. Additionally, the fast core MHD oscillation during the disruptive phase of the former plasma was revealed with the system, consistently with the results of the soft X-ray
diagnostic [[1]].
As a consequence of the upgrades discussed above the bolometric systems have become
available in the scientific missions of TCV, they are routinely operated now and contribute
to the scientific results. The reported experiences may help the fusion community design
high-quality fast bolometric systems in the near future and help properly interpret the
data measured with the currently available ones.
Modulations in the radiation pattern near the inner wall were observed with the AXUV
system. They were synchronized to the core MHD activity during the density-limit disruption mentioned above [[1]]: while the poloidally rotating central peak was sweeping
along the high field side a shiny peak was propagating downward till the lowest position
of the plasma column remaining inside the LCFS. As a possible explanation toroidally
localized plasma-wall contact was put forward. This might have illuminated a filament
at the edge which rotated toroidally with the plasma and thus its trace might have been
observed as an apparent poloidal rotation [[1]].
The eﬀect of approaching the snowflake divertor configuration on radiation profiles
was studied in H-mode at the ELM peaks and between the ELMs with the help of the
AXUV system. It was observed that radiation distributions were modified by decreasing
σ below 0.5 [[4]]. Then, at the ELM peaks the radiation at the primary high-field side
strike point was decreased by a factor of five, a high-intensity radiation zone appeared
along the bottom divertor leg and the AXUV chords looking at the bottom strike point
indicated the activation of this point [[4]]. On the contrary, only slight changes were
experienced in the radiation profiles at σ = 0.4 between ELMs [[4]].
The observations made about the snowflake divertor configuration contributed to the
assessment and optimization of a novel plasma exhaust technique and thus they were
related to one of the major concerns about fusion energy production.
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5.1

Turbulence in tokamaks

The first part of this thesis focuses on measurement techniques related to plasma exhaust. This is motivated by the major concern about ITER: whether the heat loads
caused by the enhanced transport of the transient events are below the tolerance limits
of the plasma-facing components. Besides these safety-related issues the proximity to
fusion-relevant conditions is also a question of high interest. This is quantified by the
density and temperature profiles via the fusion triple product. The shape and amplitude
of these profiles are not consistent with the calculations based on collisional transport theory in toroidal geometry (i. e. neoclassical transport) and thus the governing transport
processes are called anomalous [152]. The profiles are regulated by turbulence, which is
a quasi-stationary state where fluctuating flows are associated to the main flows causing
macroscopic particle and energy fluxes.
Electrostatic turbulent transport is driven by gradients in the equilibrium plasma
parameters, such as gradients in the ion temperature profile (ITG), in the temperature
profile of trapped electron population (TEM), in the density profile (drift wave) completed
with the curvature of the torus (drift ballooning wave) [152]. If profile gradients exceed the
stability limits of the corresponding instabilities turbulent flows arise. These flows tend
to decrease the gradients below the stability limits. This dynamic system will converge to
definite profile shapes. In the final state the particle and energy outflow is moderate and
can be compensated by particle (sonic, supersonic gas and pellet injection) and energy
injection (ohmic and auxiliary heating). The plasma column is built up from small-scale
structures (often called eddies, events, vortices) and from large-scale turbulent structures
(zonal flows and streamers).
From the aspect of turbulence the plasma column can be divided into diﬀerent regions,
as shown in Fig. 54. They are
• The inner region (0 ≤ ρ ≤ 0.3 − 0.5): here the gradients are below turbulent stability limits and thus no turbulence is driven. The plasma transport is governed by
neoclassical rules [153].
• The gradient region (0.3 − 0.5 ≤ ρ ≤ 0.6 − 0.8): this is the range of core turbulence,
where ITG or TEM modes may be destabilized, depending on the heating scenario
[154, 155].
• The edge region (0.6 − 0.8 ≤ ρ ≤ 0.9 − 0.95): here the main driving forces may be
the drift waves, possibly intensified by ballooning eﬀects [156].
• The velocity shear region (0.9 − 0.95 ≤ ρ ≤ 1): The confined plasma rotates poloidally
in the electron diamagnetic drift direction but the eddies move in the ion diamagnetic drift direction in the open field line region. The region where the direction of
poloidal flow velocity reverses is called the velocity shear region. Although it is a
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narrow layer, the L-H transition may be initiated here [157] and thus its investigation is of high priority. The properties of turbulence [158] diﬀer here from the ones
in the edge region [159].

velocity shear region
scrape-off layer

• The scrape-oﬀ layer (1 ≤ ρ): In the scrape-oﬀ layer global structures disappear,
filaments arise [160] and the plasma is exhausted via fast classical parallel and slow
anomalous perpendicular transport. The latter one may be driven by interchange
instabilities, which are stable in the core.

edge
region

neoclassical
transport
region

0
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ϱ

Figure 54: Regions of the plasma cross section classified from the aspect of turbulent
transport.

Small-scale structures in tokamaks spread along the field lines and can encompass
the plasma a few times toroidally [161, 162]. (This property is often called long-range
correlation.) In a poloidal plane, they are highly localized [163, 164, 165]. These eddies
are linked to the bulk plasma and rotate with its neoclassical poloidal velocity [166,
167]. Their lifetime τlif e [167] is longer than their transit time i.e. the time while they
travel a distance equal to their spatial extent. Several ad hoc models exist which can
describe their spatial shape. Sometimes they are regarded as Gaussian-shaped [168],
sinc-shaped [169], Lorentzian-shaped [170], decaying wave-like [171] events in the poloidal
plane. These structures can be observed as fluctuations in the plasma density with a level
of some percents compared to the local average density [163, 167, 172]. They also cause
temperature fluctuations but with lower amplitude [173, 174].
A typical temporal spectrum calculated from a density time trace, measured with a
correlation reflectometer is shown in Fig. 55 [168]. It consists of three parts phenomenologically:
• Quasicoherent mode (QC): it is a mode with broad (50-100 kHz) spectral peak
somewhere around 100-200 kHz. These oscillations in the signal may not be caused
by temporal changes in the vortices but by the wave-like spatial structure of the
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eddies which span across the measurement location together with the bulk plasma.
This movement manifests in an oscillating signal. Sometimes the QC mode dominates the turbulence [167, 175], sometimes its existence depends on the density of
the plasma [168, 176]. It can appear in any plasma regions which are governed by
anomalous transport inside the LCFS. Many instabilities can drive this mode but
the determination of its exact origin is hardly possible. For example, it is considered
to be ITG and TEM-driven in the T-10 tokamak in Moscow, Russia [168] and in
TEXTOR [177]. However, another article which reports on measurements with the
same reflectometer system on TEXTOR argues that ITG drives low-frequency turbulence in the core [178]. Auxiliary heating [168] and transition to H-mode [176, 167]
generally suppress the QC mode.
• Low-frequency (LF) mode: this is a mode centered at zero frequency and its amplitude decays as its frequency increases. It is well-separated from the quasicoherent
mode in frequency. Hence, the two phenomena can be investigated independently
if appropriate digital filters are applied during the data evaluation procedure.
• Broadband background (BB) turbulence: this type of turbulence is also centered
around zero frequency but it covers a much wider spectral range till some hundred
kHz and it overlaps in frequency with the LF and QC modes. Although BB turbulence is mentioned in many articles it may not exist. Its property is inconsistent
with the properties of turbulent structures introduced above, it is more similar to
measurement noise. The main, but questionable argument about its existence is
the fact that it is present on signals measured with diﬀerent types of diagnostics
[168, 177]. However, in an article the coherent property of the BB turbulence is not
observed with the correlation reflectometry system [179], which system had observed
this type of turbulence earlier [177]. Additionally, the spectrum can be described in
some cases without the assumption of existing BB turbulence [156].

Low-frequency
mode (LF)

Quasicoherent
mode (QC)

Broadband
background (BB)
-400

-200

0

200

40

Figure 55: Typical temporal spectrum of density fluctuations measured with reflectometry. Copied from [168].

Since most of the magnetically confined devices are approximately symmetric in one
direction (e. g. the tokamak is in the toroidal direction) they behave like quasi 2D systems
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from the aspect of several phenomena, such as of turbulence. Hence, global structures
[180] may be formed in them via an inverse cascade process, where energy is transmitted
from small-scale structures to large-scale structures. Although this process may sound
strange for the first time, several such systems exist in the nature e. g. the terrestial jet
streams and the Jovian belts.
Zonal flows are global structures in magnetically confined plasmas. The velocity in
these flows fluctuates on flux surfaces perpendicular to the magnetic field. The arising
velocity field is toroidally and poloidally symmetric (m = 0, n = 0) and it oscillates spa⃗ ×B
⃗
tially in the radial direction. This field is linked to the arising electric field via the E
drift velocity
⃗
⃗
⃗ṽ = Ẽ × B ,
(47)
B2
⃗ is the corresponding radial electric field.
where ⃗ṽ is the fluctuating flow velocity and Ẽ
These flows may have a regulation role in turbulent transport via velocity shear suppression [181]. The interaction between small-scale and large-scale structures are often
described by predator-prey models [157, 182].
Two major types of zonal flows exist in a tokamak: the zero mean frequency zonal flow
(ZMFZF) or residual zonal flow and the geodesic acoustic mode (GAM). The former one
is manifested in the frequency spectrum as a broad peak with low but non-zero frequency
and it may exist in the gradient region of the tokamak plasma. It has been observed only
in some machines in a not too convincing manner [183, 184, 185]. Hence, its detection in
more and more tokamaks is of high interest. The geodesic acoustic modes are driven by
electrostatic turbulence [182] but they are indeed MHD eigenmodes [186]. m = 1, n = 0
density perturbations are attached to their m = 0, n = 0 velocity perturbations in a
circularly shaped plasma, which results in fast oscillations with 5-15 kHz central frequency
and narrow spectral width (1-2 kHz). The central frequency is related to the plasma
parameters in a large aspect ratio circular plasma in a simple way:
(

ωGAM = 2 + q

)
−2 1/2

√
cs √ cs √
Te + γi Ti 1
≈ 2 = 2
,
R
R
mi
R

(48)

where cs is the sound speed, R is the major radius of the tokamak, Te and Ti are the
electron and ion temperatures, mi is the ion mass and γi is the ion specific heat ratio. 1
is typically used as the value of the last quantity [187]. The approximation in the formula
is based on the assumption q ≫ 0.7, which is typically true in a tokamak far from the
magnetic axis. Deviations from this formula have also been observed, such as appearance
of plateaus in the frequency characteristic, which may indicate the existence of radially
extended GAM eigenmodes [175, 188]. The mode is revealed and investigated in details
in the major tokamaks such as in TCV in the gradient region [175]; in TEXTOR in the
velocity shear region and in the edge [158], in the edge and in the gradient region [171];
in DIII-D in the gradient region [184], in the edge and in the velocity shear regions [189];
in ASDEX Upgrade in the velocity shear region [190] and in the edge region [187, 188];
in JET in the velocity shear region [191] and recently in the edge.
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Measurement of flow velocity

Since zonal flows regulate turbulent transport via radial velocity shear suppression, measuring the flow velocity in the diﬀerent radial layers is of major interest. Due to the small
tilt angle of the field lines relative to the poloidal plane the toroidal component of the
zonal flow velocity is often neglected and purely poloidal flow is assumed. This approach
is generally proper in Ohmic plasmas in conventional tokamaks, where the toroidal rotation is not much faster than the poloidal one. But it is definitely not acceptable for
NBI-heated discharges in compact tokamaks [192]. Measurement of the radial profile of
the poloidal velocity can be carried out with multichannel observation covering a radial
range, by scanning the measurement location or the plasma position. All of these methods require accurate determination of the local poloidal flow velocity the measurement
techniques of which are overviewed here.
5.2.1

Doppler-reflectometry

The diagnostic [166] can measure the velocity of the density perturbations perpendicular
to the magnetic field in a direct manner. The operation principle of this measurement is
simple: microwaves are launched into the plasma from a single horn in a poloidal plane
nonperpendicularly to the magnetic surfaces. When these waves reach the cutoﬀ layer,
they are reflected. However, this reflection is governed by physical optics: the turbulent
eddies on the flux surface act as crystallic planes and thus Bragg-diﬀraction occurs. Only
the -1st order is diﬀracted back to the launcher horn and detected there. However, the
perpendicular movement of the eddies (crystallic planes) modify the frequency of the
diﬀracted microwave beam (Doppler-shift). This shift is proportional to the velocity
of the eddies. The system measures only the velocity of perturbations with a definite
wavelength, which is determined by the tilt of the launching horn relatively to the flux
surfaces. This can be an advantage if one measures dispersion relation and a disadvantage
if one aims to measure average velocity. The main drawback of the system is related to
the interpretation of measured data: components of the signals are linked to velocity
fluctuations in a nontrivial way, which also depends on other plasma parameters.
5.2.2

Plasma potential measurement with heavy ion beam probe

The velocity fluctuations in zonal flows are related to the fluctuations of the radial electric
⃗ ×B
⃗ drift (Eq. 47). Hence, velocity measurement is possible by measuring
field by the E
the plasma potential on both sides of the flux surface under consideration then calculating
its gradient, the electric field. Only one method has been developed to measure plasma
potential and its temporal fluctuations in the core: the heavy ion beam probe technique.
The operation principle of this diagnostic is based on heavy ion injection into the core,
where these particles travel in curved orbits with ion Larmor radii comparable to the
minor radius of the tokamak. Somewhere inside the plasma they are further ionized and
then travel with ion radii half the original one and finally they hit the wall or the detector
without making a full circle. The injection energy and the detector position relative to
the original trajectory determines where the further ionization of particles which reached
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the detector happened. Radial scan is possible by varying the injection energy. The
information content about plasma potential is in the diﬀerence between the energy of the
incident and outgoing particles: the ionization does not change the kinetic energy of the
particle but it unbounds one electron from the original ion and from the plasma. This
manner the ion gains potential energy which is converted to kinetic energy during its
flight outside the plasma. This is measured with an energy analyser. The necessity of
heavy ion (Thallium, Caesium) acceleration to MeV range and the analysis of ion energy
fluctuations which are 5 orders of magnitude smaller than the incident ion energy makes
this diagnostic technically the most complex one applied in plasma physics. It can be
simply shown that the bigger the magnetic field and the minor radius of the tokamak
the higher the required ion energy. Hence, this technique has been applied only for small
tokamaks.
5.2.3

Time delay estimation

During its flow a fluctuating medium carries its fluctuation pattern. If these fluctuations
do not decay fast, similar but delayed pattern will be observed in the signals of two
probes which are placed into the medium and separated slightly in the flow direction, i. e.
poloidally. The probe distance divided by the delay time determines the flow velocity.
Several general methods have been developed to extract the delay from the two recorded
signals since bearing and range estimates in radar-sonar systems are also based on TDE
methods [193]. Review articles [194] and books [195, 196, 197] have been published in
this field. Despite this fact only the simplest algorithms are used in the fusion community
due to the extreme conditions the investigation of a fusion-grade plasma requires. The
velocity field must be calculated with some hundred kHz time resolution when the signals
are acquired with some MHz sampling frequency in an environment where the amplitude
of the additional uncorrelated measurement noise can be three times higher than the
amplitude of fluctuations [171]. And the more complex the method the less easy its
adaptation.
In this section those simple methods are summarized which have been applied in hot
magnetized plasma measurements.
CCF-max method method If an infinite long ergodic signal with zero mean f (t)
is recorded with the first probe and its exact but delayed replica g (t) = f (t − D) is
measured on the second probe the cross-correlation function (CCF)
∫ ∞
∫ ∞
CCF (τ ) ≡
f (t) g (t − τ ) dt =
f (t) f (t − τ − D) dt ≡ ACF (τ + D) (49)
−∞

−∞

will be equal to the autocorrelation function (ACF) shifted by the time delay D [198]. It
can be shown that the maximum location of the ACF is at τ = 0 in the case of random
signals. Hence, one can extract the delay between two signals by calculating their CCF
and determining its peak location. It must be noted that the calculation shown above is
just a demonstration, the applicability conditions of the method are much wider and it is
studied later in detail.
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If a time-resolved time delay measurement is necessary, the signals can be divided
into ∆T long segments, CCFs can be calculated in all segments and their maximum
locations can be determined. This process results in a time delay time series with ∆T
time resolution instead of the original ∆t sampling time, and the calculated delays can be
regarded as average delays in the ∆T intervals. This method is demonstrated in Fig. 56.
If there was no uncertainty in the maximum location of the CCF, the relative velocity
fluctuations would be linked to the relative time delay fluctuations by
∆v
∆D
=
,
v0
D0

(50)

where v0 and D0 are the average velocity and time delay, ∆v and ∆D are the deviations
from the average.
When the time delay is calculated in a finite time segment the integral in Eq. 49
can be performed only in a finite interval instead of the original one. This will result in
uncertainty (variance) in the maximum location of the CCF (denoted by D̂ below) even
if no velocity modulation is present.
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Figure 56: Application of the CCF-max method for time-dependent velocity field measurement. Copied with modifications from [[6]].

Generally, if a new diagnostic is installed on a tokamak which applies the CCF-max
method, a paper or a chapter of a paper is published on the assessment of the method
with parameters typical for the diagnostic and for the plasma. Such examples are the
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correlation reflectometry system on TEXTOR [156], the core BES system (Sec. 5.5.2)
on DIII-D [199], the Li-BES system on TEXTOR [171], the core-BES system on MAST
[192].
Crossphase method Here the signals f (t) and g (t) are Fourier-transformed
f (t) → f (ω)
g (t) = f (t − D) → g (ω) = e−iωD f (ω)

(51)
(52)

and their cross power spectral density (CPSD) is calculated
CP SD (ω) = f (ω) g ∗ (ω) = |f (ω)|2 eiωD = |f (ω)|2 eiϕ(ω) .

(53)

This manner the delay can be estimated from the phase characteristic of the CPSD
D = ϕ(ω)
[198]. However, some minor issues should be taken into account:
ω
• Since the phase is indefinite by a factor of 2πk, k ∈ Z, the diﬀerential of the phase
should be calculated instead of the quotient of ϕ and ω.
characteristic D = ∂ϕ(ω)
∂ω
• Phase characteristic refers to the time delay only in the case when the coherence of
the two signals (normalized and ensemble-averaged CPSD) is above a significancelevel.
The crossphase method is often applied for the evaluation of signals recorded with
correlation reflectometry, where the measured signals are complex [177, 178].
Wavelet-based method This method is based on the determination of a phase between
the signals f (t) and g (t), similarly to the crossphase method. However, the two signals
are decomposed here into wavelet-based eigenfunctions instead of trigonometric functions.
[200] introduces the method and its preliminary assessment which highlights its superior
time resolution. However it is admitted in [201] that the transfer function of a velocity
perturbation is lower in the case of the wavelet-based method than in the case of CCFmax method. Additionally, it highly depends on the spectrum of the turbulence, on the
spectrum of the velocity perturbation itself and on the additive noise. Hence, it is only
used as a supplement for the CCF-max method.
5.2.4

ACF methods

These methods are developed from TDE methods for fast relative velocity fluctuation
measurements in hot magnetized plasmas. They are based on the main assumption that
the spatial size of the turbulent structures does not change during the time while they
cross the detection volume. If this is true, the changes in the ACF properties can be
regarded as fluctuations originate purely from velocity changes. Since the main concern
about zonal flows is their relative velocity fluctuation amplitude, the lack of absolute velocity measurement capability is not a significant drawback of these methods. In these
measurements only one signal recorded with a single probe is required, which is a significant advantage if one considers the limited space available for a diagnostic on a tokamak.
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ACF-width method The turbulent flow is modelled with the sum of independent,
purely propagating Gaussian-shaped events
si (t, tmi ) = e

−

(t−tmi )2
2
2( wvx )
,

(54)

FWHM

where wx = 2√2 lneddy
is the spatial extent of the event along the flow, v is the flow
2
velocity and tm is the time instance when the center of the event is in the position
where the probe is located [202]. This latter quantity is distributed randomly in the
model. If the signal
√ is built up from similar events, the mean value of the ACF will have
FWHMACF = 4 ln 2 wvx , so it is inversely proportional to the velocity. Assuming constant
spatial extent, the relative velocity fluctuation amplitude is
∆v
∆FWHMACF
≈
,
v0
FWHMACF0

(55)

where v0 is the average velocity which could be obtained from another but slow diagnostics
[202]. The applied event shape can be a mathematical model of the LF turbulence.
Although Eq. 55 is strictly derived to Gaussian-shaped events, it is probably true for
other peaked event shapes, such as for Lorentzian-shaped eddies.
When the uncertainty of the ACF is large, the determination of its FWHM is hard.
This problem is resolved by calculating the first moment of the ACF
∫ τ0
τ ACF (τ ) dτ
∫0 τ0
,
(56)
ACF (τ ) dτ
0
where the τ0 constant must be adjusted in a way to minimize the noise of the method
[185]. This integral quantity is also related to the FWHM and its relative fluctuation
amplitude results in the same relative velocity fluctuation amplitude.
ACF-min method The method [171] is developed for turbulent signals which are built
up from events having oscillating-decaying spatial and slowly developing temporal structure. Mathematically these eddies are modeled with
(
)
(t−t∗i )2
|x−x∗i −v(t−t∗i )|
−
2π
∗ ∗
∗
∗
2wt2
wx
cos
si (x, t, xi , ti ) = e
(x − xi − v (t − ti )) e−
,
(57)
λp
where wt is the lifetime or temporal extent of the events, wx is the spatial extent along
the flow, λp is the wavelength, t∗i is the time of its maximum amplitude, x∗i is the spatial
location
of) its maximum at t = t∗i [171]. Due to the slowly decaying property of the eddies
(w
x
≪ wt the shape of the signal ACF is determined by the spatial propagation of these
v
events across the measurement volume. Physically this signal model carries the properties
of the QC turbulence.
Since the events and thus the signal ACF oscillates, the ACF has a series of well-defined
extrema. Selecting the first minimum on the positive sides τmin
τmin ≈

λp
,
2v

(58)
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thus

∆v
∆τmin
≈
(59)
v0
τmin0
if λp is regarded to be constant [171]. It must be noted that Eq. 59 is only an illustration
for the method and the real velocity fluctuation amplitude can be determined only by
numerical modelling.
5.2.5

Orthogonal dynamic programming

This mathematical method is developed to extract the local flow velocity if the time series
of a fluctuation pattern is measured on a grid with e.g. 5 x 6 channels. It divides the
recorded images into a few strips and determines approximate flow velocities for these
strips. Then the strips are warped according to the velocities. This process is repeated
in smaller and smaller spatial scales till pixel-sized resolution is achieved. When the
total flow field is determined, it is averaged in the poloidal direction. The method can
increase the time resolution of the poloidal field velocity measurements by taking more
spatial information into account [203]. Unfortunately only a few measurement system
exists which can detect density fluctuations with a such high spatial resolution [164, 204,
176, 205].

5.3

Error estimates in flow velocity measurements

The diﬀerent concepts applied in fusion-grade plasma environment to estimate flow velocity have been summarized in Sec. 5.2. A comprehensive introduction would require the
discussion of the statistical properties (mean, variance, bias) of the methods, too. However, only the calculation procedure of the standard deviation is relevant in this thesis
work, and only for two cases: for the CCF-based TDE method (Sec. 5.3.2) and for the
ACF-min method (Sec. 5.3.3). Their detailed discussion is preceeded by the introduction
of the mathematical framework typically applied in these calculations (Sec. 5.3.1).
5.3.1

Mathematical framework in statistical calculations

Let Sa (t) and Sb (t) be signals describing stationary random processes or functions of
stationary random processes. The following quantities are defined:
• The ensemble average of Sa (t) [198]:
∫
⟨Sa ⟩ =

+∞

−∞

Sa P (Sa ) dSa

(60)

where P (Sa ) is the probability density function of Sa (t). The stationarity implies
that ⟨Sa ⟩ does not depend on time. Ensemble averaging is a linear operation.
• The expected value of a function of Sa denoted by j (Sa ) [198]:
∫ +∞
⟨j (Sa )⟩ =
j (Sa ) P (Sa ) dSa .
−∞

(61)
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• The variance of j (Sa ) :
⟨
⟩
σ 2 (j (Sa )) = j (Sa )2 − ⟨j (Sa )⟩2 .

(62)

Sometimes a simplified notation is applied to the variance of the simple signal:
σ 2 (Sa ) = σa2 .

(63)

• The standard deviation of j (Sa ):
σ (j (Sa )) =

√⟨

⟩
j (Sa )2 − ⟨j (Sa )⟩2 .

(64)

• The cross-correlation function of Sa (t) and Sb (t):
def
Ca,b
(τ ) ≡ ⟨(Sa (t) − ⟨Sa ⟩) (Sb (t + τ ) − ⟨Sb ⟩)⟩ .

(65)

• The normalized cross-correlation function of Sa (t) and Sb (t):
ρdef
a,b

def
Ca,b
(τ )
(τ ) ≡
.
σa σb

(66)

• Another function is sometimes defined, which does not contain the mean substraction:
def
Ra,b
(τ ) ≡ ⟨Sa (t) Sb (t + τ )⟩ .
(67)
One of the two functions defined above is sometimes called cross-correlation function,
the other one is called cross covariance function. Typically there is confusion in the
naming, i. e. which is called which. The two functions are related to each other as
follows
def
def
Ca,b
(τ ) = Ra,b
(τ ) − ⟨Sa ⟩ ⟨Sb ⟩ .
(68)
• The two-sided power spectral density function may be defined via the cross-correlation
function [198]:
∫
def
Kb,a
(f ) ≡

∞

−∞

def
Ra,b
(τ ) e−i2πf τ dτ,

(69)

where f is the independent variable in the expression, typically identified as the
frequency.
• The power spectral density function has a one-sided version, but it is defined only
for identical processes and called one-sided autopower spectral density [198]:

def

 2Ka,a (f ) if f > 0
def
(70)
Gdef
(f ) if f = 0
Ka,a
a,a (f ) ≡


0
if f < 0
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• The finite time average of Sa denoted by S a :
1
Sa =
∆T

∫

∆T
2

− ∆T
2

Sa (t) dt.

(71)

This is a function of Sa and it is a linear operation.
• Ca,b (τ ) using the definition of the finite-time average:
(
)(
)
Ca,b (τ ) = Sa (t) − Sa Sb (t + τ ) − Sb .

(72)

It does have expected value and standard deviation.
def
def
def
(τ ), ρdef
• Ra,b (τ ), ρa,b (τ ), Ka,b (f ), Ga,a (f ) are defined from Ra,b
a,b (τ ), Ka,b (f ), Ga,a (f )
def
similarly to the way Ca,b (τ ) has been defined from Ca,b
(τ ): finite time averages are
used in the formulas instead of infinite ones.

• The statistical bandwidth of Sa [198]:
(∫ ∞
Bs =

0
∫∞
0

)2
Gdef
a,a (f ) df
(
)2 .
Gdef
df
a,a (f )

(73)

Under certain conditions (e. g. ergodicity, stationarity, etc.) S a can provide ⟨Sa ⟩ in
the ∆T → ∞ limit, therefore it is called an estimate of ⟨Sa ⟩ [198]. The same may apply
for the derived quantities listed above.
5.3.2

Variance calculation for the CCF-based TDE method

Relative standard deviation of the CCF estimation This calculation is presented
in Bendat’s reference book for random data analysis [198]. The starting point of the calculation is the assumption that random processes Sa (t) and Sb (t) are recorded, which
are ergodic, stationary, correlated in time and their probability density functions P (Sa )
P (Sb ) are Gaussian in shape. They are parametrized by their general statistical properties, e. g. by their bandwidths and their spectral densities. In this case the relative
standard deviation of the CCF estimation reads
√[
(
)−2 ]
1
σ (Ra,b ) (τ )
=√
1 + ρdef
(τ
)
,
(74)
a,b
⟨Ra,b ⟩ (τ )
2Bs ∆T
where ρdef
a,b (τ ) is the normalized cross-correlation function (Eq. 66), ∆T is the length of
the regarded time window and Bs is the statistical bandwidth (Eq. 73). This formula can
be applied if Bs ∆T ≥ 5 and the time window is much greater than the width of the CCF.
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Variance of the CCF-maximum location
The variance of the cross-correlation
based TDE is calculated in Hahn’s PhD thesis in 1972 [206], where the fluctuating signals
measured by spatially separated detectors are modeled as
Sa (t) = L (t) + n1 (t) ,
Sb (t) = L (t − ⟨D⟩) + n2 (t) ,

(75)
(76)

where L (t), n1 (t), n2 (t) are mutually uncorrelated random processes with Gaussian probdef
ability density functions, the variances of n1 (t) and n2 (t) are identical Gdef
a,a (f ) = Gb,b (f ),
and the signal-to-noise ratios are high.
The calculated variance of the time delay estimation is
)
∫ ∞ 2 ( def
def
def
( )
(f
)
df
f
K
(f
)
+
2K
(f
)
K
1
nn
LL
LL
−∞
,
(77)
σ 2 D̂ = 2
)2
(∫
∞
4π ∆T
def
2
f KLL (f ) df
−∞
where K def (f ) is the two-sided power spectral density function (Eq. 69).
Later Gaussian shaped spectral density functions are substituted into Eq. 77 and the
following formula is derived:
)
((
)
( )
def 2
def
1
1
K
K
nn
σ 2 D̂ =
+ 2 nn
,
(78)
def
def
16π Bs3 ∆T
KLL
KLL
where the signal-to-noise ratios are independent of f [207].
It must be mentioned that these results are in contradiction with the conclusion of
Bendat’s book [198], where
( )
1
2
D̂ ∼ √
σBendat
.
(79)
∆T
Numerical simulations Numerical tests are usually performed when the TDE method
is assessed for a specific diagnostic on a given machine. These simulations create random
density perturbation signals, move them with a random velocity time series across the
probes, calculate synthetic time delay spectrum and compare it to the original velocity
spectrum. The model density signal is built up from the sum of independent individual
events [171, 192] with ad hoc defined shapes (see Sec. 5.1) or created from a signal spectrum by inverse Fourier-transformation [199, 200]. Since the results highly depend on
measurement conditions no general statements can be made, the analysis must be carried
out for each system. This often means execution of existing codes with input parameters
typical for the considered measurement.
5.3.3

Calculation of the relative variance of ACF

Independent event model The model of plasma turbulence introduced in [202] assumes that the fluctuating signals can be built up from randomly appearing and noninteracting events
N
∑
Sa (t) =
sai (t) ,
(80)
i=1
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where the ’a’ subscript stands for the probe [202]. Since ACF is calculated from one
signal, this notation is apparently meaningless and it is only kept to remain consistent
with the notations during the CCF-based TDE calculation in the Results chapter. A
typical example for an event shape is introduced in Eq. 54.
An estimate of the ACF is calculated according to Eq. 72
Ca,a (τ ) =

(

Sa (t) − S a

)(

Sa (t + τ ) − S a

≈ Sa (t) Sa (t + τ ) −

2
Sa

=

)

N ∑
N
∑

cai aj (τ ) −

i=1 j=1

( N
∑

)2
sai

,

(81)

i=1

where
cai aj (τ ) = sai (t) saj (t + τ )

(82)

is the pair ACF estimation [202].
The statistical moments (mean value ⟨Ca,a ⟩ (τ ) and variance σ 2 (Ca,a ) (τ )) of this estimate are determined. The results are expressions, which are built up from
⟨ diﬀerent
⟩
ensemble average moments of event time averages and pair ACFs, such as cai aj̸=i (τ ) ,
⟨cai ai (τ )⟩, ⟨sai ⟩. With keeping only the leading-order terms in the number of events
(N ≫ 1) and
) that the measurement interval is much longer than the width of
( assuming
wx
the ACF ∆T ≫ v the relative variance is [202]
σ (Ca,a ) (τ )
∝
⟨Ca,a ⟩ (τ )

√

wx
v

∆T

.

(83)

Gaussian-shaped events The event shape introduced in Eq. 54 is substituted into
the aforementioned general formula to get the proportionality factor between the relative
variance and the turbulence parameters. This is found to be in the order of one at τ = 0
[202]:
√ w
x
√
σ (Ca,a ) (τ )
4
v
= 2π
.
(84)
⟨Ca,a ⟩ (τ ) τ =0
∆T

5.4

The CASTOR tokamak and its rake probe system

Measurements were carried out in the Czech Academy of Sciences TORus (CASTOR) to
demonstrate the applicability of TDE variance calculations, which are discussed in this
thesis work (Sec. 6.4). The facility (Sec. 5.4.1), the theory of the utilized diagnostic,
namely the Langmuir probe (Sec. 5.4.2), and the implemented hardware (Sec. 5.4.3) is
introduced here.
5.4.1

The CASTOR tokamak

CASTOR is a small-sized tokamak operated in Prague, Czech Republic from 1977 to
2006. It had been one of the first tokamaks which had been developed and commissioned
originally in the USSR. Its main parameters are summarized in Table 3. The cross section
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Parameter name
Major radius
Minor radius
Max. plasma current
Max. discharge duration
Core electron density
Max. core electron temperature
Max. core ion temperature
Max. toroidal field
Plasma shape
Plasma-wall contact

Value
0.4 m
0.085 m
25 kA
5 x 10−2 sec
0.2-3 x 1019 m− 3
200 eV
100 keV
1.5 T
circular
limiter

Table 3: Main parameters of the CASTOR tokamak and its plasma. Reference [212].
of the tokamak was circular and its plasma was limited and purely Ohmically heated. It
was suitable for some basic research activities, since its low temperature plasma allowed
one to mount specially fabricated mechanical probes [208] deep inside the last closed
flux surface. These activities were focused on turbulence measurements [209] and plasma
manipulation experiments [210] and were often linked to educational events [209, 211].
5.4.2

Langmuir probes

The utilized diagnostic was built up from Langmuir probes, which are small metallic pins
typically immersed into low temperature plasmas. A sketch about a probe is shown in
Fig. 57 (a). If the pin is electrically insulated and its voltage relative to the ground is
measured, the operation mode is called floating. This type of electric circuit is denoted
by red in the figure. The plasma charges the pin in this case thus its potential (Uf loat )
diﬀers from the plasma potential. In a diﬀerent operation mode the pin is biased and the
current flowing from the plasma is measured (the green branch of the figure). Although
a Langmuir probe is technically the simplest possible diagnostic in plasma physics its
theoretical description and thus the interpretation of the measured data is complicated.
Langmuir-probe theory [16] is based on the fact that the electrons of the plasma move
much faster than the ions. When a floating metal is put inside the plasma the electrons
charge it immediately. This charge is partly shielded in a thin sheath layer (which is
10 µm thick in order of magnitude in the scrape-oﬀ layer of a tokamak plasma) where
ions are accumulated. It can be shown that the shielding is not perfect and the electric
field outside the sheath is such big to accelerate the ions to sonic speed cs . This is called
Bohm-criterium. Due to the electron accumulation the metal plate is negatively charged
and have a potential lower than the one in the plasma. After stationary conditions are
achieved, ions and electrons continuously bomb the plate and recombine there. The ion
collection is perfect but a part of the electrons is reflected. If the plate potential is
decreased by a power supply the plate will repel the electrons more and more and after a
certain threshold all of them will be reflected. Since the ions are always totally collected
and the electrons are totally reflected after this threshold, the current cannot be increased
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Figure 57: (a) Sketch of a Langmuir probe with floating electronics (red) and with biased
electronics (green). (b) The double rake probe.

any more. This regime is called ion saturation current mode. In this case the current is
equal to the particle flux that reaches the sheath entrance multiplied by the charge of the
incident ions and the eﬀective surface of the probe Aef f
√
Te + γi Ti
ion
Isat
= −eΓAef f = −ene cs Aef f = −ene
Aef f ,
(85)
mi
where e is the elementary charge and γi is the ion specific heat ratio, which is often
regarded to be 1 [16]. The Bohm-criterium and the quasineutrality outside the sheath is
exploited after the second equal sign in this equation.
When fats processes are studied with Langmuir probes the temperature fluctuations
are often neglected (although the legality of this step is recently under intensive investigation) and the measured fluctuations in the ion saturation current are regarded to be
density fluctuations
ion
δIsat
∝ δne
(86)
during data evaluation [16].
5.4.3

The double rake probe

The double rake probe [208] was one of the advanced mechanical probes in CASTOR.
It was an insulator rod which was immersed into the plasma radially three centimeter
deep inside the last closed flux surface. This was approximately one third of the minor
radius. 16 Langmuir probe pairs were located on the rod distributed radially to the
plasma column. The pairs were separated poloidally by 2.5 mm and thus they measured
the radial profile of poloidal velocity. Simple electronic circuits were connected to each
probe which either insulated the pins (floating mode) or biased them to -100 V with the
help of an external power supply in order to measure ion saturation current. The latter
method was used during the preparation of this thesis. The bandwidth of the system
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was restricted by the parasitic capacitances to approximately 500 kHz and the data were
recorded with a data acquisition system with maximum 5 MHz sampling frequency. A
photo of the probe is shown in Fig. 57 (b).

5.5

The TEXTOR tokamak and its beam emission spectroscopy
system

My department built up a diagnostic on the Tokamak EXperiment for Technology Oriented Research (TEXTOR) in order to measure the flow velocity fluctuations in the
plasma. In this thesis work I apply my calculations on the data measured with that system to support the interpretation of the calculated temporal velocity spectra. Before the
detailed discussion of these considerations, which are reported in the Results chapter, here
the machine (Sec. 5.5.1), the physical principles of the measurement method, namely the
Lithium beam emission spectroscopy (Sec. 5.5.2), and its implementation on the tokamak
(Sec. 5.5.3) are briefly introduced. In the last part (Sec. 5.5.4) the parameters describing
the turbulence of the TEXTOR plasma are discussed. These data are taken from the
literature and they are utilized in my calculations.
5.5.1

The TEXTOR tokamak

TEXTOR [213] was a medium-sized tokamak operated by Forschungszentrum Jülich,
Germany. It was originally designed to be a technological research machine in the field of
plasma-wall interaction and was operated from 1982 to the end of 2013. An objective of
the investigations which were carried out there was related to plasma exhaust: the particle
and energy fluxes on the first wall were studied, initially in limiter configurations then
in configurations with the Dynamic Ergodic Divertor [214]. The other field of plasmawall interaction, where TEXTOR provided valuable results for the fusion community,
was connected to the development and handling of the first wall, such as testing new
wall materials, first application of boronization, etc. Main parameters of the machine are
summarized in Table 4.
The tokamak was well equipped with diagnostics focusing on plasma-surface interaction even in the initial phase of its operation. Later additional systems were installed in
order to measure e. g. core transport [216] and turbulence [177] in the plasma edge.
5.5.2

Lithium beam emission spectroscopy (Li-BES)

Beam emission spectroscopy is an active spectroscopical method, which aims to measure
the stationary and the fluctuating density [217] of a hot magnetized plasma. Its operation principle is simple: a high energy (30 keV - 120 keV) neutral beam is injected into
the plasma. The particles of the beam do not get ionized immediately but travel several centimeters deep inside the confined region. During this flight the plasma electrons
bombard the neutral atoms and excite their bounded electrons. The nucleus - excited
electron system is metastable and the electrons start approaching their ground state by
spontaneous decay, during which photons are emitted. The emission spectrum of the
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Parameter name
Major radius
Minor radius
Max. plasma current
Max. discharge duration
Core electron density
Max. core electron temperature
Max. core ion temperature
Max. toroidal field
Plasma shape
Plasma-wall contact
ICRH heating
NBI heating
ECRH heating
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Value
1.75 m
0.47 m
0.8 MA
12 sec
1 - 5 x 1019 m− 3
3 keV
2.5 keV
3T
circular
limiter, DED
4.5 MW
2 x 2 MW
0.5 MW

Table 4: Main parameters of the TEXTOR tokamak and its plasma. Reference [215].
arising atomic transitions consists of lines. One line is selected with a narrow bandpass
interference filter and its intensity is measured with a detection system. The electron
density profile is typically reconstructed from this light profile. Alternatively, the relative
light fluctuations are related to the relative density fluctuations in certain cases. Hence,
this method is not a classical spectroscopical technique, where the light is decomposed
and the entire spectrum is utilized.
The frequency of reactions between the atoms of an accelerated beam and the plasma
electrons is
∫
R = na σ (|⃗va − ⃗ve |) |⃗va − ⃗ve | f (⃗ve , Te ) d⃗ve = ne na ⟨σv⟩ (Te ) ,
(87)
where f (⃗ve , Te ) is the assumed Maxwellian distribution of the plasma electrons, σ is
the cross section of the atomic reaction, the subscripts a and e refer to the atoms and
electrons, n is the density and ⃗v is the velocity [40]. In the case of fast alkali atoms, such
as of accelerated Lithium, the excitation rate coeﬃcient ⟨σexc v⟩ depends only slightly on
the temperature in the 10 eV - some hundred eV range. Hence, the excitation frequency
and thus the intensity of the emitted light is mainly determined by the density of the
plasma electrons making this method suitable to deduce this electron density.
A fast lithium beam is created in three steps: ions are extracted from a glowing
lithium source electrode with some kV extraction voltage. Then they are accelerated
with two cylindrical electrodes to the operational energy, which is in the range of 30 120 keV. Finally the ions travel across a chamber which is filled up with sodium vapour
and called the neutralizer. There they pick up electrons from the sodium atoms with
charge exchange reactions and the atomized particles continue their flight directly into
the plasma chamber.
A sketch of an observation system which detects the emitted photons of the excited
Lithium beam atoms is shown in Fig. 58 (a). Here the beam is injected horizontally and it
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is observed from the top. The lines of sights (LOSs) are depicted with thin black lines. The
field of views of these LOSs are simple pyramids or cones when pinhole cameras are used
or the observation may be focused on the beam. The optics that looks across the plasma
collects not only the light of the beam atoms but the radiation of the plasma itself and the
radiation originated or reflected on the walls. The eﬀect of this background radiation can
be minimized by optimizing the observation geometry (it should not look at the limiter
which is covered by Lithium layers), by monitorizing the background emission (the beam
is often chopped temporally and then the measured background emissivity is subtracted
from the signals measured during beam injection) and by digital data processing (if the
background fluctuations are on timescales which are well separated from the studied
phenomenon they can be removed with digital filters).
Multichannel
observation
(a)
Plasma

ne [1019m-3]

Light [a.u.]

Neutral
beam

2.0

(b)

1.5
1.0

periscope
part of the
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Excitation
dominated
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Figure 58: (a) Sketch of a Li-BES system. Light and electron density profiles are overlayed
[218]. (b) The Li-BES system on TEXTOR. The light profile shown with magenta is
simulated with the RENATE direct beam modeling code based on an earlier measured
density profile. [219].

As an example, a light and a plasma electron density profile along the sketched Lithium
beam is depicted in Fig. 58 (a) [218]. When the beam crosses the LCFS, the plasma
electron density and thus the light intensity starts to grow. In the first part of their
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travel the excitation of the beam atoms is significant and ionization is negligible. Hence,
the particle flux carried by the beam does not change and the measurements can be
regarded as localized measurements. This locality is restricted to few centimeters due
to the width of the beam and due to the smearing caused by the finite lifetime of the
excited states. Numerical simulations based on a collisional-radiative model [219] show
that light intensity fluctuations can be proportional to electron density fluctuations in
this spatial range far before the peak if their relative level is below ten percent [220] and
an integral condition is fulfilled [221]. The study introduced in this thesis is carried out in
the proportionality range. Going ahead the plasma electron density achieves a such high
level that ionization becomes significant, and the ionized part of the beam is deflected
by the magnetic field. Hence, beam particle flux and light intensity rolls over. In this
regime a density perturbation has a nonlocal eﬀect and results in radial light intensity
correlations [222].
A critical part of a BES diagnostic is the observation system due to the typically low
light yield. It is limited by the beam intensity and by the collection eﬃciency of the
photons. The former one is restricted by the extractable ion current, which is limited
by the space charge (Child-Langmuir law), and the latter one is by geometrical constraints. Additionally, the turbulent eddies cause only some percents of fluctuations in
the density and thus in the light level in a microsecond timescale. This can result in
such small changes in the intensities which are comparable to the changes caused by the
finite number of detected photons during microsecond long sampling times. Hence, high
throughput-optics and detectors with large active areas must be used to achieve the demanded 1010 − 1011 1/s light yield. Additionally, the detection noise originating from e. g.
the statistical processes in the detectors and from the noise in the electronics must also
be minimized [223]. Hence, the classical CCD and CMOS-based cameras are not suitable,
photomultiplier tubes (PMT), photodiodes (PD) or avalanche photodiodes (APD) are
applied with electronics in current-detection mode.
5.5.3

The Li-BES system on the TEXTOR tokamak

The system [224] the measurement data of which are used in this thesis is sketched in
Fig. 58 (b). Lithium atoms were used in this diagnostic, which were accelerated to 35
keV. Their beam was injected from the LFS horizontally in the equatorial plane. It
penetrated approximately 10 cm deep into the plasma which covered not only the SOL
but also the edge region. Zonal flows were expected in the latter location. The beam
was observed with 14 radial channels separated by about one cm each. This coverage was
selected to fit the one cm smearing caused by the finite lifetime of the excited states. The
optical system was focused on the beam and the collection volumes were also fitted to the
one cm smearing. Hence, small crosstalk was only possible for neighboring channels. The
applied 2 nm wide spectral filter was adjusted to the Li 2p − 2s transition (670.8 nm) with
appropriate Doppler-shift and viewing angle corrections i. e. it was centered to 671.8 nm.
Two methods were applied to reduce the eﬀect of the background: a periscope was used
to avoid direct view of the limiter. Although the light emitted by the evaporated Lithiumlayers was not Doppler-shifted and thus it was significantly attenuated by the filter, trial
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measurements had necessitated this solution. During fast density measurements the beam
was chopped with 400 kHz frequency. This way the intensity of the background light was
measured and subtracted from the entire light profile. APD detectors were used with
internal gains of 50 and their electronics were adjusted to 500 kHz bandwidth. To avoid
aliasing 2.5 MHz sampling frequency was used.
5.5.4

Turbulence measurements in the TEXTOR tokamak

Turbulence was one of the extensively investigated fields in TEXTOR. It was studied with
correlation reflectometry [156, 177, 178, 225], with Li-BES [171] and with Langmuir probes
[158]. Typical temporal spectra of light signals recorded with the Li-BES observation
system are shown in Fig. 59 [171], one is with operating Li-beam (solid blue line) and
one is when the beam was chopped (dashed red line). The injection of Lithium made
the QC mode in the frequency range of 30 kHz - 110 kHz detectable and it highlighted
the LF turbulence, too. This measurement was carried out in a radial position where the
light fluctuations were proportional to the local density fluctuations. The peak around
15 kHz originated purely from the background and not from the QC or LF turbulence
because beam chopping did not modulate its amplitude. It might have been the trace of
the GAM-induced background fluctuations with m = 1 spatial structure.
Beam on
Beam off

Figure 59: Power spectra of light signals measured with the Li-BES observation system
when beam emission occurred (solid blue line) and when the beam was chopped (dashed
red line). Copied from [171].
The properties of the QC mode were measured with correlation reflectometry. The
poloidal wavelength was found to be 2.5-5.5 cm in Ohmic L-mode plasmas [177]. In those
measurements a simple two-channel reflectometer was used. Later, when 2 additional
poloidally separated channels were installed, the measurement of the poloidal spatial
decay length and the lifetime of the turbulent events became possible. They were found
to be approximately 5 cm and 10-15 µs [178]. Considering plasma rotation velocity,
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its toroidal component was negligible in Ohmic plasmas [226] and the turbulent eddies
rotated together with the bulk plasma poloidally [178] with vpol = 3 − 4 km/s [177]. The
alleged anisotropy of the turbulent events along and perpendicular to the magnetic field
lines was also confirmed [179].
Additionally to the small-scale eddies globally extended geodesic acoustic modes were
clearly identified in Ohmically heated L-mode plasmas, with correlation reflectometry in
the gradient region [225], with Li-BES in the edge region [171] and with Langmuir probes
in the velocity shear region [158]. Their frequency dependence in the diﬀerent regions
[225, 159, 158] was found to be similar to the GAM characteristics observed in other
tokamaks: their observed frequency was generally in agreement with the prediction of
Eq. 48 but plateaus occasionally appeared in the characteristics.

127

6
6.1

6

Results of velocity measurements in turbulent plasmas

Results of velocity measurements in turbulent plasmas
Analytical statistics of the TDE method in turbulent media

This section is devoted to show how I derived the variance of the CCF-max based TDE
according to a model typically used for modelling fluctuating signals in magnetic confinement devices. The model dealt with individual turbulent eddies. This approach was
diﬀerent from the generally applied one in the engineering community, which determines
the TDE variance from general properties of random signals, although an analogy can be
drawn. The latter subject is discussed later in Sec. 6.2. The derivation method discussed
in this section is part of my fifth thesis point, it is available in a referred journal [[6]] and
the conclusions are reported in a conference proceeding [[5]], too.
6.1.1

The model of turbulent signals

The independent event-model (general considerations) The model was initiated
by the commonly used assumption that coherent structures (called vortices, eddies, density blobs etc. or simply events) are present in turbulent plasmas and they are convected
by the background flow. The calculation of ACF statistics (Sec. 5.3.3) and the assessment
of other TDE techniques used in hot magnetized plasma studies (Sec. 5.2.3) were typically based on these statements, too. Considering the validity of the second statement it
is generally assumed to be true (Sec. 5.1) and it was also justified for TEXTOR plasmas
(Sec. 5.5.4).
The spatial shape of the eddies was represented mathematically by a function which
translated along the flow direction. Beside this movement the event changed its amplitude,
too. Hence, the vortex was modeled as a product of its translating spatial function and its
temporal evolution function. Each event was parameterized by a set of random variables
and probability density functions: the lifetime or temporal extent (wti ), the spatial extent
along the flow (wxi ), the time of its maximum amplitude (t∗i ), and the spatial location of its
maximum at t = t∗i (x∗i ). This eddy-model can be a candidate to describe LF turbulence.
An example for a possible blob shape is shown in Fig. 60, which was created with Eq. 91.
Turbulent signals were built up from these independent, statistically identical, overlapping
events. This procedure manifested in the summation of the generated events, similarly to
the signal model for ACF statistics (See Eq. 80 in Sec. 5.3.3.).
Only one-dimensional flow measurements were considered which are thought to model
the poloidal (1D) flow. As explained in Sec. 5.5.4, this had been justified for Ohmic
plasmas in the TEXTOR tokamak, but it is generally incorrect in an NBI-heated plasma
of a compact tokamak (Sec. 5.2). It is noted that this model has been extended to two
dimensions from the publication time of [[6]] on by others [227].
The model assumed that coherent plasma structures travelled much longer distances
than their spatial extent in the poloidal direction during their lifetime. This was formulated as
wxi
≪ w ti ,
(88)
v
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x*i

sai(x,t=t1)
wx
sai(x,t=ti)*
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x

Figure 60: Sketch of spatiotemporal evolution of a Gaussian-shaped single model-event.
The location of the probe is not denoted in the figure. Copied with modifications from
[[6]].

where v is the velocity in the poloidal direction. This way wxi /v determined the FWHM
of the signal ACF and CCF thus it could be regarded as correlation time. Considering the
involved quantities in the TEXTOR plasma (Sec. 5.5.4) the assumption was marginally
true.
It was demanded in the calculations that the detectors should be located much closer
to each other than the distance the structures could travel during their lifetime
xb − xa ≪ vwti

(89)

where xb and xa are the positions of the probes. This condition is a restriction on the
diagnostic hardware and not an assumption based on plasma turbulence.
Cross-correlation based data evaluation methods require stationary signals. I also
made this assumption and approximated the time delay (and thus the velocity) with a
constant value during the time window ∆T .
The model was restricted to a time window, that was much longer than the time
needed for an event to pass across the detector
wxi
≪ ∆T.
v

(90)

This manner the time window became much longer than the correlation time i. e. the
width of the ACF or CCF. This was not really a restriction on the physical phenomena
but on an evaluation parameter.
In the framework discussed above Sa (t) and Sb (t) signals were considered as functions
of random variables t∗i , x∗i , wxi and wti . Selecting values for these variables a realization of
the signal could be constructed. Signal functions, such as the cross-correlation function,
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could be calculated and the statistical properties of them can be determined. This is
discussed in Sec. 6.1.2.
Model signal for Gaussian-shaped events A qualitative picture about signal properties has been sketched in the previous paragraph. In order to obtain explicit formulas
the discussed functions and variables were specified as follows:
• Identical and constant lifetime (wti ) and spatial extension along the flow (wxi ) was
assumed for the events. Hence, the event indices in the labels of these quantities
are skipped below.
• The spatiotemporal shape of the events was approximated by Gaussian functions
−

sai (t) = e

(xa −x∗i −v(t−t∗i ))2
2
2wx

−

(t−t∗i )2
2wt2

,

(91)

where the subscript a (and b below) indicates the measurement location. The shape
of this function type is shown in Fig. 60. It is one of the commonly used functions
to model LF events in simple simulations, as mentioned in Sec. 5.1.
• For simplicity uniform probability distributions were assumed for the variables t∗i
and x∗i . Their compact supports are denoted by ∆T and ∆L respectively. They
can be interpreted as the spatial size of the system and time window used for CCF
estimation (therefore it is marked by the same letters) respectively. This means
mathematically
{ 1
, if −∆T /2 ≤ t∗i ≤ ∆T /2,
∗
∆T
P (ti ) =
(92)
0, if t∗i < −∆T /2 or ∆T /2 < t∗i .
A similar formula was used for x∗i .
The calculation of the CCF estimation statistics based on these assumptions is introduced in Sec. 6.1.2.
Model signal in the high event density limit It is typical (but not exclusive) in
turbulent hot magnetized plasmas that probes detect signals which are the sums of high
number of events. Including this assumption into the model can highly simplify the
calculations.
The event density is generally defined as Ndetected /∆T . In my framework this definition
was problematic since not all events that were present in the system reached the probes.
This was overcome with the plausible assumption N ∼ Ndetected , where N is the number of
events in the system. As a consequence the limit was achieved by increasing N meanwhile
keeping the other parameters fixed
N ≫ 1.
(93)
Later, when longer measurements with identical event densities (so with similar physical properties) were simulated N was increased beside ∆T . Therefore the pseudo event
density was defined as
N
.
(94)
np =
∆T
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6.1.2

Relative standard deviation of the CCF estimation

This section is devoted to show how the mean value and the variance of the CCF estimate
were calculated according to the model signals described in Sec. 6.1.1. These signals and
their cross-correlation functions were regarded as functions of random variables (e. g.:
x∗i , t∗i ) and thus the classical formulas listed in Sec. 5.3.1 were used to calculate their
statistical moments.
Some basic simplifications The estimation of the CCF using finite-time averaging
was written as
)(
)
(
Ca,b (τ ) = Sa (t) − S a Sb (t + τ ) − S b
≈ Sa (t) Sb (t + τ ) − S a S b ,
where the approximation was based on the stationarity of the signals.
The expected value (defined in Eq. 60) of this estimation was calculated by
⟨
⟩ ⟨
⟩
⟨Ca,b ⟩ (τ ) = Sa (t) Sb (t + τ ) − S a S b .

(95)

(96)

Substituting Eq. 95 into Eq. 62, the variance of the CCF estimation read
⟨
⟩
σ 2 (Ca,b ) (τ ) = Ca,b (τ )2 − ⟨Ca,b (τ )⟩2
⟨
⟩ ⟨
⟩2 ⟨ 2 2 ⟩ ⟨
⟩2
2
= Sa (t) Sb (t + τ ) − Sa (t) Sb (t + τ ) + S a S b − S a S b
⟨
⟩
⟨
⟩⟨
⟩
−2 Sa (t) Sb (t + τ ) S a S b + 2 Sa (t) Sb (t + τ ) S a S b .
(97)
The case of independent events The assumptions and approximations which had
been formulated for the independent event model were applied to obtain formulas for
CCF estimation statistics.
According to the independent event model the signals consisted of events and thus the
CCF estimation was built up as a sum of so called event functions. These functions were
• the event finite time average function
1
sai =
∆T

∫

∆T
2

− ∆T
2

sai (t) dt,

(98)

• and the pair CCF estimation
cai bj (τ ) = sai (t) sbj (t + τ )
∫ ∆T
2
1
=
sai (t) sbj (t + τ ) dt.
∆T − ∆T
2

(99)
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In order to evaluate Eq. 96 and Eq. 97 S a and Sa (t) Sb (t + τ ) were built up from the
event functions according to Eq. 80 and using the linearity of the finite time-average:
Sa =

N
∑

sai ,

(100)

i=1

and
Sa (t) Sb (t + τ ) =

N ∑
N
∑

cai bj (τ ) .

(101)

i=1 j=1

The determination of the expected values belonging to the signal functions was started
by some consideration about the expected values of the event functions:
• The events are statistically identical. In consequence, ⟨sa ⟩ and ⟨sb ⟩ do not depend
on i.
• Two types of expected pair CCF estimations exist: the expected pair cross-correlation
estimation function of identical
⟨
⟩events (denoted below as ⟨cai bi ⟩ (τ )) and of diﬀerent
events (denoted below as cai bj (τ )).
Taking the ensemble averages of Eq. 100 and Eq. 101, then substituting them into
Eq. 96 resulted in
⟨
⟩
⟨Ca,b ⟩ (τ ) = N ⟨cai bi ⟩ (τ ) + N (N − 1) cai bj (τ )
−N ⟨sa sb ⟩ − N (N − 1) ⟨sa ⟩ ⟨sb ⟩ .
(102)
The calculation of the CCF variance (i. e. Eq. 97) was done similarly and the result
contained 35 terms including 3rd and 4th order moments. That formula played a major
role in the calculations below. However, its length did not allow to report its general
version in this thesis.
The case of Gaussian events To obtain an explicit formula valid for Gaussian-shaped
events the equations listed in the corresponding paragraph of Sec. 6.1.1 were substituted
into the results of the previous paragraph.
The event finite time average was calculated by substituting Eq. 91 into Eq. 98:
s ai

1
≈
∆T

∫

∞

e

−

(xa −x∗i −v(t−t∗i ))2
2
2wx

−

(t−t∗i )2
2wt2

dt

−∞
∗ 2

1 √ wx − 12 (xav2−xw2i )
t
2π e
.
≈
∆T
v

(103)

The integration was expanded to infinity after the first approximation sign because the
exponential function decreased fast enough, therefore this approximation did not introduce significant error in the calculation. The second approximation sign made use of
Eq. 88.
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The pair CCF estimation was expressed similarly, by substituting Eq. 91 into Eq. 99:
1 √ wx − 14 wv x2
cai bj (τ ) ≈
π e
∆T
v
2

(

τ +t∗i −t∗j +

∗
xa −x∗
i −xb +xj
v

)2

2

− 12

e

(xa −x∗i )2 +(xb −x∗j )
v 2 wt2

.

(104)

The formula for the expected CCF estimation (Eq. 102) demanded the 1st and 2nd
order moments of the event functions. The calculation of them involved simple algebra
and, as an example, the calculation of ⟨cai bi ⟩ (τ ) is only introduced here. This function
refers to the case when the same event (denoted by i) crosses both measurement volumes
(denoted by a and b). Hence, t∗i and x∗i were immediately substituted into the place of t∗j
and x∗j in Eq. 104:
∫
⟨cai bi ⟩ (τ ) =

∞

∫

−∞

∞

−∞

P (x∗i ) P (t∗i )

(xa −x∗i )2 +(xb −x∗i )2
− 12
v 2 wt2

·e
(

2
b
1 √ wx − 14 wv22 (τ + xa −x
)
v
x
π e
·
∆T
v

dx∗i dt∗i =

)2 (
)
2
b
1
1 √ wx − 14 wv22 (τ + xa −x
)
v
x
·
≈
π e
∆T
∆L
v
)
∫ ∆T (∫ ∞ 1 (xa −x∗i )2 +(xb −x∗i )2
2
−2
2
2
v wt
·
dx∗i dt∗i =
e
− ∆T
2

−∞

( w ) ( w ) − 1 v2 τ + xa −xb 2 − 1 (xa −xb )2
) 4 v2 wt2
(
x
t
v
= π
e
,
e 4 wx2
∆L
∆T

(105)

where P (t∗i ) and P (x∗i ) were taken from Eq. 92. The integration limit for t∗i ranges from
−∆T /2 to ∆T /2 after the approximation sign due to the compact support of P (t∗i ).
Considering the integration for x∗i , the range should have been spread from −∆L/2 to
∆L/2 after the substitution of its uniform distribution, too. However, x∗i was a variable
of an exponential function in the integral which allowed the extension of the integral limit
to infinity. This step was done to keep the calculation analytically tractable.
After the 1st and 2nd order moments had been determined they were substituted into
Eq. 102 and finally the expected CCF estimation was written in the form
( w ) ( w ) − 1 v2 τ − xb −xa 2 − 1 (xa −xb )2
) 4 v2 wt2
(
t
x
v
e 4 wx2
e
⟨Ca,b ⟩ (τ ) = πN
∆L
∆T
( w ) ( w ) ( wx ) − 1 (xa −xb )2
3
x
t
2
v
−2π 2 N
e 4 v 2 wt ,
∆L
∆T
∆T

(106)

where the second term was negligible compared to the first one according to Eq. 90. The
formula showed that the correlation time was determined by wx /v, which was indeed a
consequence of Eq. 88. The location of the peak (xb − xa ) /v assigned the expected time
delay.
The calculation for variance involved 3rd and 4th order ensemble averages of diﬀerent
events at diﬀerent spatial locations. Their calculation was straightforward and similar to
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the one shown in Eq. 105, but much more tedious. After that they were substituted into
the sum of the 35 terms mentioned in the previous paragraph. The majority of terms
dropped and finally the sum consisted of only 9 terms:
π 2 ( wx ) ( wt )
σ (Ca,b ) (τ ) = √
∆T
2 ∆L
3

(

2

( w )( w
x
t
−2 π
∆L
∆T
3
2

2

( w )( w
x
t
+2 π
∆L
∆T
3
2

5
2

wx
v

)

− 12

e
∆T
) ( wx )2
v

∆T
) ( wx )3
v

∆T

v2
2
wx

b
(τ + xa −x
)
v

− 41

e

e

− 12

2

v2
2
wx

− 12

(xa −xb )2
v 2 wt2

e

b
(τ + xa −x
)
v

2

− 12

e

N

(xa −xb )2
v 2 wt2

N

(xa −xb )2
v 2 wt2

N

( w )2 ( w )2 − 1 v2 τ + xa −xb 2 − 1 (xa −xb )2
(
) 2 v2 wt2
x
t
v
−π
e
N
e 2 wx2
∆L
∆T
(
)
2
2
2
x −x
1 (xa −xb )
√ 5 ( wx )2 ( wt )2 wvx
− 12 v 2 (τ + a v b ) − 2 v2 w2
w
x
t
+ 2π 2
e
e
N (N − 1)
∆L
∆T
∆T
(
)
√ 5 ( wx )2 ( wt )2 wvx
+ 2π 2
N (N − 1)
∆L
∆T
∆T
( w )2 ( w )2 ( wx ) − 1 v2 τ + xa −xb 2 − 1 (xa −xb )2
5
(
) 2 v2 wt2
x
t
v
v
N
e
+4π 2
e 4 wx2
∆L
∆T
∆T
( w )2 ( w )2 ( wx )2 − 1 (xa −xb )2
x
t
2
3
v
−4π
e 2 v 2 wt N 2
∆L
∆T
∆T
( w )2 ( w )2 ( wx )2
t
x
3
v
−4π
N (N − 1) .
(107)
∆L
∆T
∆T
2

The relative standard deviation of the CCF estimation was simply the square root of
Eq. 107 divided by Eq. 106.

The case of high event density This paragraph introduces how the limits of the
formulas discussed in the previous paragraph were found as event density was increased.
In the first step the aforementioned variance was simplified by neglecting the terms
proportional to N in Eq. 107 based on Eq. 93. Then 2 terms were dropped out with the
help of Eq. 90. Finally only 2 terms remained.
The expected CCF estimation was also simplified by neglecting the 2nd term in Eq. 106
according to Eq. 90.
As it has been mentioned, the relative standard deviation of the CCF estimation
was the square root of the variance divided by the expected value, which read after the

6

134

Results of velocity measurements in turbulent plasmas

simplifications as
σ (Ca,b ) (τ ) √
4
= 2π
⟨Ca,b ⟩ (τ )

√

√
wx
v

∆T

1+e

v2
2
2wx

a
(τ − xb −x
)
v

(xa −xb )2

2

e

2v 2 wt2

.

(108)

Fig. 61 (a) shows the relative standard deviation of the cross-correlation function
estimation as a function of pseudo event density defined in Eq. 94 (in the case of fixed
∆T = 10 ms) and Fig. 61 (b) does it as a function of time window (in the case of
fixed np = 1/µs). The graphs aimed to compare the results obtained from the diﬀerent
approximations. The solid blue lines followed the square root of Eq. 107 divided by
Eq. 106 evaluated at the time lag of maximum correlation. They fitted fairly good to
the direct simulation results of the model signals (red crosses). The dashed green lines
were calculated at the same time lags as before using the simple formula displayed under
Eq. 108. The conclusions drawn from Fig. 61 are listed as follows:
• The relative standard deviation saturated for high event densities and Eq. 108 could
be used. Hence, increasing the event density above a certain threshold did not
improve statistics. This was a consequence of neglecting the terms proportional to
N in Eq. 107. The reason behind such a saturation was the competition between the
increasing number of events (improved the statistics) and the increase of overlapping
between events (spoiled the statistics).
• In the saturated state the relative standard deviation was inversely proportional to
the square root of the time window
σ (Ca,b ) (τ )
1
∼√
.
⟨Ca,b ⟩ (τ )
∆T

(109)

This can be seen in Fig. 61 (b) on logarithmic scale.
6.1.3

Calculation of time delay estimation variance

Having established the relation between the CCF estimation statistics in a two-point fluctuation measurement and the properties of the physical processes, this section is devoted
to the derivation of a formula for the variance of the cross-correlation based TDE. In the
calculations discussed below all the assumptions and approximations introduced above
were utilized, which means Gaussian shaped independent events and high event densities.
Moreover, some reasonable consequences of the model were also exploited, which were
not strictly derived from the basic conditions. The justification of these assumptions by
numerical simulations are introduced in Sec. 6.3.
Mathematical formulation The mathematical framework, which was used to calculate the cross-correlation based TDE variance, is given in this paragraph.
As the model-signal of the fluctuation measurement depended on random variables,
the value of the CCF estimation at any given time lag was a random variable. This way the
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∆T = 10 ms
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Figure 61: Relative standard deviation of the cross-correlation function at τ = (xb − xa ) /v
as a function of pseudo event density (a) and of time window (b) determined according
to Eq. 107 and Eq. 106 (solid blue line) and calculated with the help of Eq. 108 (dashed
green line). Red crosses are numerical test results. Copied with modifications from [[6]].

location of the correlation peak value D̂ became a fluctuating quantity with well-defined
mean and variance.
According to Eq. 106 the expected value of the peak location was the time delay
⟨ ⟩ x −x
b
a
D̂ =
.
v
The variance of this estimation was formulated with
( ) ⟨(
⟨ ⟩)2 ⟩
2
σ D̂ =
D̂ − D̂
,

(110)

(111)

the evaluation of which is detailed in the remaining part of the section.
The base equation
This paragraph is devoted to present an initial equation the
solution of which lead to the determination of the requested TDE variance.
As a starting point a diﬀerence function was defined
Ka,b (τ ) = Ca,b (τ ) − ⟨Ca,b (τ )⟩ ,

(112)

which was indeed the diﬀerence of the signal CCF estimation in a given realization from
the expected one. The behaviour of the CCF estimation at its maximum was described
by
d
= 0.
(113)
Ca,b (τ )
dτ
τ =D̂
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Combining Eq. 112 and Eq. 113 resulted in
d
⟨Ca,b ⟩ (τ )
dτ

+
τ =D̂

d
Ka,b (τ )
dτ

= 0.

(114)

τ =D̂

In order to interpret this equation the CCF estimation, the expected CCF estimation
and the diﬀerence function were represented as a function of time lag. These curves are
plotted in Fig. 62 by solid red, dashed blue and dotted green lines respectively. The
diﬀerence function shifted the maximum location and thus the CCF estimation had a
maximum value where the diﬀerential of the expected estimation exactly compensated
the diﬀerential of the diﬀerence function.
The
of this equation resided in the fact that both sides were related to
⟨ importance
⟩
D̂ − D̂ , which was essential to evaluate Eq. 111. The explicit dependence, as well as
the solution and the substitution, is shown in the next paragraph.

Expected
Difference
Estimation

^

^

D-<D>

r
τ

Figure 62: Solid red line: CCF estimation, dashed blue line: ensemble average of CCF
estimation, dotted green line: diﬀerence function. The diﬀerentials are also plotted with
solid oblique lines at the location of CCF estimation peak. Copied with modifications
from [[6]].

Calculation of TDE variance The calculation steps for the TDE variance (Eq. 111)
are detailed in this paragraph, starting from the base equation.
The calculation was started with the determination of the first term in Eq. 114. The
expected CCF estimation was taken from Eq. 106, where the second term was neglected
and thus
⟨Ca,b ⟩ (τ ) ≈ He

− 12

(τ −⟨D̂⟩)2
s2

,

(115)
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(xa −xb )2
v 2 wt2

and s =

√
2wx /v. Diﬀerentiating this ex-

2
1 (τ −⟨D̂ ⟩)
d
He− 2 s2
dτ
τ =D̂
τ =D̂
⟨ ⟩) 1 (τ −⟨D̂⟩)2
H(
= − 2 τ − D̂ e− 2 s2
s
τ =D̂
⟨ ⟩)
H(
≈ − 2 D̂ − D̂ ,
(116)
s
where the last approximation held for
⟨ ⟩
wx
D̂ − D̂ ≪
,
(117)
v
namely the uncertainty of the time delay estimation had to be much lower than the
correlation time. This is justified a posteriori at the end of this paragraph.
The second term of Eq. 114 containing the diﬀerential of the diﬀerence function Ka,b (τ )
had to be modeled, too. This was done partially: the function type was prescribed but its
parameters were not. To make a guess on an appropriate function type the structure of
the CCF estimation was considered: it was built up as a sum of event finite time average
functions and pair CCF estimations. (See the substitution of Eq. 100 and Eq. 101 into
Eq. 95). The former ones did not depend on τ thus the peak locations were determined
purely by the latter ones. According to Eq. 104 the pair CCF estimations of identical
events had maxima at (xb − xa ) /v. Hence, they determined the expected time delay
and the shift was caused by the pair CCF estimations of diﬀerent events. As a first
approximation it was plausible to model the diﬀerence function similarly to the expected
f
CCF estimation (and to the individual events) taking an eﬀective Ka,b
(τ ) with Gaussian
shape parameterized with variables Z and r

d
⟨Ca,b ⟩ (τ )
dτ

=

f
Ka,b

(τ ) = Ze

− 12

(τ −⟨D̂⟩−r)2
s2

.

(118)

The obtained formulas for the first (Eq. 115 - Eq. 116) and second (Eq. 118) term of
Eq. 114 were substituted into the equation
⟨ ⟩
⟨ ⟩
) 1 (D̂−⟨D̂⟩−r)2
Z (
s2
D̂ − D̂ = −
D̂ − D̂ − r e− 2
.
(119)
H
⟨ ⟩
Based on Fig. 62 D̂− D̂ was be negligible compared to r in most of the cases. Physically
this could be interpreted as an approximation
⟨ ⟩ for the diﬀerential of the eﬀective diﬀerence
function at τ = D̂ by its value at τ = D̂ . Substituting this formula into Eq. 111 read
v⟨
⟩
( ) u
u ( Z )2
r2
−
f
σ D̂ = t
r 2 e s2 .
(120)
H
In order to evaluate the ensemble average in Eq. 120 analytically assumptions were
made for the Z and r variables:
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1. Z was supposed to be the standard deviation of the expected CCF estimation at
the peak value:
(⟨ ⟩)
Z = σ (Ca,b ) D̂ ,
(121)
2. r was characterized by a random variable uniformly distributed in [−s; s].
The evaluation of Eq. 120 based on these assumptions resulted in
√⟨
( )
2⟩
Z
− r2
f
2
s
σ D̂ =
r e
H
(⟨ ⟩) √
∫ 1
σ (Ca,b ) D̂ w
x
(⟨ ⟩)
=
b2 e−b2 db
v
−1
⟨Ca,b ⟩ D̂
(⟨ ⟩)
σ
(C
)
D̂ w
a,b
1
(⟨ ⟩) x .
≈
2 ⟨C ⟩ D̂
v

(122)

a,b

There was a serious deficiency in this simple approach. Considering the two pair
CCF estimations of diﬀerent events (cai bj (τ ) is depicted by solid blue line and caj bi (τ )
by dotted green line in Fig. 63) they always produced two peaks located symmetrically
around (xb − xa ) /v. Their resultant eﬀect had to be considered. Although their sum
(high cyan dash-dotted curve) was a complicated function, its eﬀect on the peak of the
CCF estimation was taken into account by a simple
⟨ ⟩ but significant correction. The pair
CCF estimation peaking at the left hand side of D̂ shifted the CCF estimation peak to
the left, contrary the peak on the right hand side shifted it to the right. It was explained
above that the size of a peak shift was approximately determined by its diﬀerential at
the expected peak location, and the diﬀerentiation is a linear operation, therefore the
following correction procedure was used in the amplitude estimation of⟨Eq.⟩ 122: the left
pair cross-correlation function was mirrored with respect to the τ = D̂ vertical line
(cM
ai bj (τ ) is depicted by dashed blue curve), then this was subtracted from the right pair
CCF estimation (dotted green curve), the result of subtraction is depicted as a small
dash-dotted
red peak in Fig. 63. This subtracted function had the same diﬀerential at
⟨
⟩
D̂ as caj bi (τ ) + cai bj (τ ) thus had the same eﬀect on the CCF estimation peak, but
it could be considered as a simple peak with a well-defined amplitude. Hence, instead
of using the amplitude (Z) of the diﬀerence function in Eq. 114, the amplitude of this
subtracted function (∆Z) was applied. As a linear estimation it was approximated as
∆Z
Z
= xb −xa .
wt
v

(123)

Replacing Z with ∆Z in Eq. 122

(⟨ ⟩)
( ) 1 σ (Ca,b ) D̂ w x − x
(⟨ ⟩) x b 2 a .
σ D̂ ≈
2 ⟨C ⟩ D̂
wt v
a,b

(124)
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Substituting Eq. 108 into Eq. 124 a formula for the standard deviation of the crosscorrelation based TDE was obtained
√√
( )
2π wx3 (xb − xa )2 1
σ D̂ =
.
(125)
2 wt2
v5
∆T
Finally the assumption under Eq. 117 was justified a posteriori using the basic model
conditions (Eq. 88, Eq. 89 and Eq. 90) for Eq. 125.
^
<D>
caibj(t)+cajbi(t)
cajbi(t)

caibj(t)

cM
aibj (t)

cajbi(t)-cM
aibj (t)

t

Figure 63: Illustration of the eﬀect of two symmetrically placed pair cross-correlation
functions on the shift of the time delay estimation. Copied with modifications from [[6]].

From Eq. 124 it is clear that the ∆T -dependence of σ(D̂) entered the formula only
through the relative standard deviation of the CCF estimation at the expected value of
the time delay.
As σ(D̂) was found linearly proportional to the probe distance the measurement points
should be placed as close as technically possible to each other.

6.2

Comparison to calculations available in the literature

In the previous section formulas were derived for the relative variance of the CCF estimation and for the TDE based on a simple model for turbulence in hot magnetized plasmas.
The relation between the results and formulas dealing with similar problems and available
in the literature is introduced here. Formulas had been derived for this purpose according
to signal models the statistical properties of which were prescribed. Hence, the analogy
between the initial assumptions of the diﬀerent models was also investigated. The results
of the comparison are included in my fifth thesis point and they were published in the
appendix of [[6]].
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6.2.1

Relative standard deviation of the CCF estimation

A formula for the variance of CCF estimation had been derived in Bendat’s book [198] and
has been introduced in Sec. 5.3.2. The applicability conditions of that formula (Eq. 74)
were satisfied by the model signals I used in this thesis in the high event density limit.
The latter criterium was necessary to ensure the Gaussian-shaped probability density
functions, since the sum of high number of events and thus random variables is generally
Gaussian due to the central limit theorem. The main diﬀerence between Bendat’s and my
detailed concept resided in the set of parameters describing the turbulent signal. While
his book dealt with general properties of an arbitrary signal such as its bandwidth or
its spectral density, here the signals were described in terms of physical parameters such
as the spatiotemporal sizes of the turbulent structures. Furthermore, the two derivations
followed a fundamentally diﬀerent way. The mathematical connection between the results
of the two approaches is discussed here.
As an initial step to link the two procedures ρa,b (τ ) and Bs were calculated. Here
the formula for the expected CCF estimate was supposed to be known but the formula
for the variance was not. After neglecting the second term in the mean (in Eq. 106) the
normalized cross-correlation function read
ρa,b (τ ) = e

− 41

v2
2
wx

a
(τ − xb −x
)
v

2

e

− 14

(xa −xb )2
v 2 wt2

.

(126)

For the calculation of the statistical bandwidth, the one-sided power spectral density
function was calculated at first
( w ) ( w ) 2w √π
2
wx
2 2
x
t
x
Ga,a (f ) = πN
2
(127)
e−4 v2 π f ,
∆L
∆T
v
which was Gaussian-shaped similarly to the spectral shape of the events. Then this was
integrated in a way described in Eq. 73 which resulted in the statistical bandwidth of
v
Bs = √
.
2 2πwx

(128)

Assuming that the formulas determined above were estimated the definitions properly, they were substituted into Bendat’s formula (Eq. 74), which then provided a result
identical to the one in this thesis (Eq. 125). This corroborated that the variance of the
CCF estimation was determined correctly in the high event density limit.
If xb = xa (i. e. when the autocorrelation limit was considered), the relative standard
deviation at τ = 0 lead to a formula
(⟨ ⟩)
(⟨ ⟩)
√ w
x
σ (Ca,a ) D̂
σ (Cb,b ) D̂
√ √
v
(⟨ ⟩) =
(⟨ ⟩) = 2 2π
,
(129)
∆T
⟨Ca,a ⟩ D̂
⟨Cb,b ⟩ D̂
which is in agreement with the one introduced in Sec. 5.3.3 for the relative standard
deviation of the ACF.
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Variance of the time delay estimation

Hahn’s signal model (Sec. 5.3.2) was analogous to the model this thesis dealt with. The
propagating part of the signals L (t) could be identified as the sum of those parts of the
events which did not change during their travel across the measurement volumes, i. e. to
cai bj (t) and cM
ai bj (t) in Fig. 63 from the aspect of pair CCFs. The additive uncorrelated
noise contributions n1 (t) and n1 (t) were analogous to the sum of the changes during the
transit of eddies across the measurement locations, i. e. to caj bi (t) − cM
ai bj (t). Hence, the
comparison between Eq. 125 and Hahn’s calculation was an important verification of the
formula I derived in this thesis.
Ianniello’s simplified formula (Eq. 78) was applicable in the calculation procedure since
the shape of the signal power density was Gaussian (Eq. 127). To find the quantities which
were required by this expression the normalized power belonged to L (t) was determined
based on the mean CCF (Eq. 106) and thus on the normalized CCF (Eq. 126):
Sc = ρa,b (τ )|τ =⟨D̂⟩ = e

− 14

(xa −xb )2
v 2 wt2

.

(130)

Then its complementary part was identified as the noise
N c = 1 − Sc = e

− 14

(xa −xb )2
v 2 wt2

.

(131)

Hence, the noise-to-signal ratio was
− 14

(xb −xa )2

v 2 wt
Nc
1−e
(xb − xa )2
=
≈
,
(132)
(x −xa )2
Sc
4v 2 wt2
− 14 b 2 2
v wt
e
where the approximation was based on Taylor-expansion. This operation was applicable
because the distance between the probes was assumed to be small (Eq. 89). The latter
condition had another consequence: any terms containing the square of the noise-to-signal
ratio became negligible, e. g.:
( )2
Nc
Nc
≫
≈ 0.
(133)
Sc
Sc
The statement about the smallness of noise-to-signal ratio could have been made based
on a pure physical consideration: if the noise was created by slow variation of rapidly
propagating structures, its level would be low.
As mentioned in the introduction, Ianniello showed that in the case of Gaussianshaped power spectral densities the signal-to-noise ratio is independent of the frequency.
Exploiting this resulted in
Knn
Nc
=
.
(134)
KLL
Sc
This ratio, the negligibility of the square of this ratio (Eq. 133), and the statistical bandwidth (Eq. 128) was substituted into the Ianniello’s formula (Eq. 78) establishing a relation between his model and the one introduced here (Eq. 125). The results showed that
the variance calculation in this thesis was in agreement with Ianniello’s result and it was
inconsistent with the formula in Bendat’s book (Eq. 79).
2
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Numerical simulations for time delay estimation variance

This section is devoted to the numerical studies of the cross-correlation based TDE. The
considerations discussed above consisted of a vast amount of analytical manipulations.
Moreover, in the calculation of the TDE variance simplifications were made which were
not strictly derived from the basic assumptions. Hence, additional to the comparison with
available literature (Sec. 6.2), the results were justified numerically. This is reported in
Sec. 6.3.1, and was published in [[5]] and [[6]]. Moreover, the performed simulations were
suitable to extend the validity range of the derived formulas to regimes, where the basic
assumptions were marginally true. Although the result of this study was exploited in [[6]]
it is oﬃcially reported in this thesis in Sec. 6.3.2. Similarly, the eﬀect of event shape on
TDE variance was briefly mentioned in that article but it is detailed here in Sec. 6.3.3.
The conclusions of this section are briefly included in my fifth thesis point.
6.3.1

Numerical verification of the analytical formulas

Direct numerical simulations were done to generate fluctuating signals based on the independent event model described in Sec. 6.1.1. They were performed in five parameter scans
showing the diﬀerence between the analytical (lines) and simulated (markers) statistical
parameters in Fig 64. The independent variables were
1. the distance of the two detectors (xb − xa ),
2. the time window for CCF estimation (∆T ),
3. the velocity of the flow (v),
4. the spatial extent of the turbulent structures (wx ),
5. the lifetime of the structures (wt ).
While the actual parameter was scanned, the others were kept constant at values shown in
Table 5. The parameters were selected to be compatible with typical contemporary fusion
plasma experiments. For simplicity, all realizations of time delay values were produced
independently.
The dependent variables were:
• relative standard deviation of the CCF estimation calculated by Eq. 108 (solid blue
line),
• standard deviation of the cross-correlation based TDE calculated by Eq. 125 (dashed
magenta line),
• simulated relative standard deviation of the CCF estimation (red rhombuses),
• simulated standard deviation of the cross-correlation based TDE (black + signs).
• cyan crosses were calculated from the red rhombuses by means of Eq. 124.
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Table 5: Simulation parameters belong to Fig. 64.
Parameter
wx
wt
xb − xa
v
∆T
∆L
np

Value
10 mm
30 µs
20 mm
3 mm/µs
1000 µs
1000 mm
1/µs

As a general conclusion, satisfactory agreement was obtained between the numerical
tests and simple formulas in the parameter ranges shown in Fig. 64. Considering the
time window the accuracy was high down to ∆T > 300 µs. Below this limit the deviation
increased up to a factor of 2. Hence, Eq. 125 should be considered as an order of magnitude
estimate in the range of ∆T = [150µs; 300µs]. Below 150 µs other problems arose, which
are discussed in the next section. Note that all the simulations were carried out in the high
event density case (Eq. 93), i. e. in the saturated regime (see Fig. 61 (a) for illustration).
6.3.2

Extension of TDE variance validity range to short time windows

GAM measurements do not allow to select evaluation time windows longer than 50 µs.
The shortest period where the CCF maximum remained the time delay peak and thus
the presented analytical calculations were appropriate was about 150 µs. Below this limit
uniformly distributed random peaks occasionally appeared in the CCF with amplitudes
higher than the real delay peak [207]. Their occurrence increased the TDE variance significantly. Hence, a procedure was used to deal with these peaks in the empirical variance
estimates: an interval was assigned where the CCF maximum location was searched for,
as suggested in [171]. The method is demonstrated in Fig. 65 (a), where the empirical
probability density function (PDF) of D̂ is shown for the case of a very narrow time window (∆T = 10 µs). The diﬀerent curves were calculated with diﬀerent interval lengths for
the allowed maximum location around the average TDE: the range spread from −3 µs to
3 µs for the green curve, from −6 µs to 6 µs for the red line and from −9 µs to 9 µs for
the blue one. Large spikes were observed in the PDFs at the edges of these ranges, which
were caused by randomly appearing peaks in the CCF outside but not too far from the
restriction intervals resulting in maxima at their limits.
Based on Fig. 65 (a) the following conclusions were drawn about the application of the
restriction procedure: D̂ had a well-defined probability distribution which was a resultant
of a highly peaked distribution, a uniform distribution and single peaks at the interval
limits. The FWHM of the first one was independent of the restriction window size. Two
questions had to be discussed at this point:
• The empirical estimation for the variance was related to the resultant of all the

6

144

Results of velocity measurements in turbulent plasmas

(a)

(b)

0.8

(c)

1

0.6

0.15

1

10

0.1

0.4
2

10

0.2
0

3

0

(d)

50
100
xb-xa (mm)

0.2

10
100

1000

(e)

10000
∆T (µs)

100000

0.15

0.15
0.1

0.1

0.05

0.05

0

0.05

5

10
wx (mm)

15

0
20

0

4

6
8
v (km/s)

10

Anal. Rel. STD of CCF Est.
Sim. Rel. STD of CCF Est.
Anal. STD of TDE
Sim. STD of TDE
Anal. and Sim. STD of TDE
30

40
wt (µs)

50

60

Figure 64: Comparison of simulated and analytic results.
Solid blue line:
σ (Ca,b ) (τ ) / ⟨Ca,b ⟩ (τ )|τ =⟨D̂⟩ calculated by Eq. 108 (dimensionless), red rhombuses: simu( )
lated values of σ (Ca,b ) (τ ) / ⟨Ca,b ⟩ (τ )|τ =⟨D̂⟩ (dimensionless), dashed magenta line: σ D̂
( )
calculated analytically by Eq. 125 (µs), black + signs: simulated values of σ Ŵ (µs).
Copied with modifications from [[6]].

three types of random distributions. How could one make it approach the variance
of the peaked one only, i. e. the FWHM of the delay peak?
• The analytically estimated variance was a parameter determining the FWHM of
the peaked distribution. Did the analytic formula determine the standard deviation
correctly even at such low time windows?
The former question is discussed in this paragraph and the latter one is considered 2
paragraphs below at the end of this section. The distribution highly decayed outside the
[−6 µs; 6 µs] interval, where only the oﬀset caused by the uniformly distributed random
peaks was observable. Hence, by forcing these values to appear inside the restriction
window reduced their contribution and thus the contribution of the uniform distribution
to the variance. However, the plateau was also present inside the allowed window, thus
its eﬀect could not be totally eliminated. By neglecting the points at the edges of the
window, the diﬀerence between the variance of the regarded distribution and the empirical
one was further reduced.
Another problem arose when the time window was decreased below 25 µs even if the
restriction method was used: Eq. 90 was violated and thus Eq. 107 stayed no longer valid.
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Figure 65: Properties of simulated D̂ (i) extracted from signals built up from Gaussian
events. (a) PDF, ∆T = 10 µs, calculated with ⟨diﬀerent
levels of allowed delay location
⟩
(blue: ±9 µs, red: ±6 µs, green: ±3 µs) around D̂ . The gray box is aimed to cover the
PDF peak up to its FWHM according to analytical calculations. (b) STD vs. ∆T , with
±6 µs restriction window. Blue line: from detailed analytical calculation, red line: from
Eq. 125, magenta x and cyan + signs: empirical STD with and without D̂ (i) at the edges
of the ±6 µs interval around the mean. Vertical black line: STD of uniform distribution
in a 12 µs long interval.

This problem was bypassed by using Eq. 125 instead of Eq. 107. If Eq. 107 was bad,
Eq. 125 should also be bad in this range. However, this method should be considered as
an extrapolation from the range, where both formulas provided reasonable data. Consequently, no better than order of magnitude estimation was hoped. To demonstrate the
outcome of this concept the TDE behaviour at even such low time windows was determined and it is depicted in Fig. 65 (b) versus ∆T . The blue curve shows that the long
formula provided positive, i. e. meaningful results only in the ∆T > 25 µs case. The
red line was calculated with Eq. 125. The empirical standard deviations are plotted with
magenta + signs. They were extracted from numerical simulations, when the peak locations were restricted to the [−6 µs; 6 µs] window around the mean time delay. The cyan
x signs depict the empirical standard deviations but without the points at the edges of
the ranges. This omission made the empirical variance approach the analytical one only
slightly. The diﬀerence between the analytic extrapolation and the empirical standard
deviation was almost a factor of five, i. e. order of magnitude accuracy was experienced.
The vertical black line marks the standard deviation of the uniform distribution in a 12 µs
wide interval.
Returning to Fig. 65 (a) the analytic extrapolation is depicted there by the gray√box the
width of which was calculated by multiplying the analytic standard deviation by 2 2 log 2.
This was a rough estimation for the FWHM since the applied factor is accurate only in
the case of Gaussian distribution and the PDF in the figure obviously had a diﬀerent
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shape. Nevertheless, the figure demonstrates the order of magnitude identity between the
analytic and numerical results.
6.3.3

Dependence of TDE variance on event shape

Approaching the conditions of a realistic plasma environment the sensitivity of TDE
variance on the possible event shapes became highlighted. Although the assumption of
Gaussian eddies was highly involved in the analytical derivation, it was an easily replaceable formula in computer modelling. This allowed one to study the eﬀect of diﬀerent
vortex shapes on the TDE variance numerically.
As it has been detailed in Sec. 6.1.1 the width of the correlation functions was determined in the applied framework by the transit time of the eddies via the sensitive volume
of one measurement probe, i. e. by the spatial extent of the event divided by its velocity.
This suggested that the spatial shape of the vortices may have higher influence on the
TDE variance than the temporal one. Hence, the study introduced here focused on the
spatial variety of the events which were modelled with the following functions:
• Gaussian function, as used earlier. LF turbulence model.
• Gaussian function with randomly selected positive or negative amplitude. LF turbulence model.
• Lorentzian function having the same FWHM as the Gaussian one. LF turbulence
model.
• Gaussian function modulated sinusoidally with λp wavelength.
model.

QC turbulence

Additionally, a simulation was run where the temporal evolution of the events was adjusted
to Lorentzian. The listed functions are commonly used to model small-scale turbulent
structures when synthetic signals are created, as it has been discussed in Sec. 5.1.
The main statistical features of the generated 1 second long signals are shown in
Fig. 66: the raw time traces in a short window are depicted in (a), the APSDs are plotted
in (b) and the ACFs are shown in (c). The input parameters in these simulations were
identical to the earlier applied ones listed in Table 5 (except for the time window). The
additional parameter for modulated signals was selected to be λp = 16.7 mm. This way the
FWHM of the Gaussian envelope became approximately twice as wide as the modulation
wavelength in the CCF, which can be noted in Fig. 66 (c).
The generated signals were cut into ∆T long pieces and the delay times were extracted
from the short signal pairs with the method illustrated in Fig. 56. Finally, the standard
deviation of the time delay time series was calculated. The results are summarized in
Table 6 for ∆T = 1000 µs (second column) and for ∆T = 150 µs (third column). In
the formal case the length of the time window was well within the validity range of the
analytical derivation for Gaussian-shaped events. This parameter value had been applied
earlier, when the calculations for Fig. 64 had been carried out. In the second example the
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Figure 66: Properties of simulated signals built up from spatial diﬀerent event shapes.
(a): raw signals in a short time window, (b): APSDs of the signals, (c): ACFs of the
signals. Dashed red line: Gaussian, dotted blue line: Gaussian with random event signs
(note the diﬀerence in the main level), dash-dotted black line: Lorentzian, solid green
line: modulated Gaussian.

possible shortest ∆T was selected when the amplitudes of the randomly appearing CCF
peaks did not exceed the amplitude of the CCF delay peak.
The selected parameters were not only applied as inputs for simulations but they were
also substituted into Eq. 125. The values provided by the formula were labeled in Table 6
as Analytic I. Another similarly denoted row is present there (Analytic II ), where the
standard deviations were obtained from a modified version of Eq. 125. This adjustment
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was connected to the modulation in the events (fifth case in Table 6). It took the change
in the FWHM of the CCF main peak into account as follows: the FWHM of the envelope
size was replaced in Eq. 125 by the width of half peak-to-peak amplitude belonging to
the sinusoidal modulation:
λp
wx → √
.
(135)
8 log 2
Table 6: Standard deviation of TDE in the case of diﬀerent event shapes.
( )
( )
Shape
σ D̂ (∆T = 1000µs) σ D̂ (∆T = 150µs)
Gaussian
Gaussian with random sign
Lorentzian (in space)
Lorentzian (in time)
Modulated Gaussian
Analytic I
Analytic II

0.054
0.055
0.059
0.048
0.009
0.048
0.006

µs
µs
µs
µs
µs
µs
µs

0.217
0.219
0.258
0.204
0.024
0.124
0.015

µs
µs
µs
µs
µs
µs
µs

Based on the numerical values listed in Table 6 the following statements were made:
• The variance of TDE did not depend significantly on the shape of the CCF peak.
• The standard deviation was determined by the FWHM of the main peak belonged
to the time delay.
• The identity between the numerically and analytically estimated values was not
accurate at ∆T = 150 µs but it was within a factor of 2, similarly to the case at the
end of Sec. 6.3.1.
In order to get further insight into the eﬀect of applying modulated events on TDE
statistics the PDF and the ∆T dependence of the variance was calculated for this type
of events, too. This is depicted in Fig. 67. The curves in both graphs were created similarly as in Fig. 65 and thus the notations are identical. Since the CCF peak width was
much smaller in the modulated case, the PDF was much narrower. The gray box, which
represented the modified analytical standard deviation, fitted well to this width from an
order of magnitude viewpoint. Interestingly, random CCF maximum peaks appeared only
about 4 µs far from the mean CCF peak, and thus their eﬀect was largely eliminated by
restricting the TDE interval to [−3 µs; 3 µs] around the average peak. This resulted in
better agreement between the analytic approximation and the empirical standard deviation at low ∆T , as shown in Fig. 67 (b).

6.4

Validation by measurements in the CASTOR tokamak

Poloidally separated two-point measurements were performed in the CASTOR tokamak
(Sec. 5.4.1) to test the formula for TDE variance in a realistic physical environment. As
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Figure 67: Properties of simulated D̂ (i) extracted from signals built up from modulated
events. (a) PDF, ∆T = 10 µs, calculated with diﬀerent
⟨ ⟩ levels of allowed delay location
(blue: ±9 µs, red: ±6 µs, green: ±3 µs) around D̂ . The gray box is aimed to cover
the PDF peak up to its FWHM according to analytical calculations. (b) STD vs. ∆T ,
with ±3 µs restriction window. Blue line: from detailed analytical calculation, red line:
from the combination of Eq. 125 and Eq. 135, magenta x and cyan + signs: empirical
STD with and without D̂ (i) at the edges of the ±3 µs interval around the mean. Vertical
black line: STD of uniform distribution in a 6 µs long interval.

it is detailed in this section statistical processing of the measured data corroborated the
concept of analytic TDE variance calculations. The analysis discussed here is published
in details in [[6]], and the conclusion is included in my fifth thesis point.
A discharge #32043 was carried out to study plasma turbulence with the double rake
probe (Sec. 5.4.3). The signals recorded at r = 66 mm radial position relative to the
magnetic axis were exploited in this analysis. The measurement pins were operated in
ion saturation current mode and were sampled with f = 5 M Hz frequency. A stationary
discharge period from 8 ms to 16 ms was used to compare the analytically and empirically
estimated variance of the time delay.
The data evaluation comprised the following steps:
1. The baselines were subtracted from the signals.
2. An elliptic low-pass filter with 400 kHz cutoﬀ frequency was used to remove the
high frequency broadband noise.
3. The one-sided power spectral density functions (Ga,a (f )) were estimated with Welch
technique [198], where the spectra were averaged over 50 periods. The results are
depicted in Fig. 68, the spectrum of the first pin is marked by a solid red line
and that of the second pin is denoted by a dashed blue curve. A detailed study
showed that the spectra were indeed Lorentzian in shape. However, it has been
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reported in Sec. 6.3.3 that formulas derived for the TDE variance approximated
well the empirical values independently of the exact shape of the spectra, if the
FWHMs were determined accurately. This was done in the current study by fitting
Gaussians. The result of one fit is plotted with dash-dotted green line in the same
figure.
4. The statistical bandwidths were calculated with Eq. 73. Similar values were obtained
in the case of the two signals, around 110 kHz, as expected. They are marked by
vertical lines in Fig. 68.
5. The noise-to-signal ratio was estimated from the signals with two procedures. One
of them was based on the maximum value of the normalized CCF, similarly to the
calculations in Sec. 6.2.2. More precisely, Eq. 17 in [228] was used for this purpose.
The other one estimated the NSR from the normalized cross power spectral density,
i. e. Eq. 39 in the same article was used. In the latter case the frequency-dependent
result was averaged over the statistical bandwidth. The first method resulted in a
value of 0.41 and the second one gave a value of 0.43, consistently with the first one.

Pin 1
Pin 2
Fit 2

Ga,a(f)

1.5

1

0.5

0

0

0.5

1

1.5
f (Hz)

2

2.5
x 105

Figure 68: Spectra of rake probe signals measured in CASTOR. Discharge #32043, radial
pos: 66 mm, poloidal separation: 2.5 mm, ion saturation current mode, t = 8ms −
16ms. Solid red line: first signal, dashed blue line: second signal, dash-dotted green line:
Gaussian fit to the second one. Vertical lines: statistical bandwidths of the corresponding
signals. Copied with modifications from [[6]].
( )
σ (Ca,b ) (τ ) / ⟨Ca,b ⟩ (τ ) and σ D̂ were estimated with Eq. 74 and Eq. 78, i. e. with the
formulas taken from the literature and introduced in Sec. 5.3.2. Since the equivalency of
these formulas and the presently derived ones has been confirmed both approaches could
have been used. The formula derived in this thesis fits better to problems where turbulence
is well-characterized and predictive calculations are necessary, such as for the TEXTOR
plasma. However, reliable parameters of this type were not available on CASTOR and
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the measurement data had been recorded. Hence, it was practical to apply formulas the
parameters of which could be deduced directly from the recorded signals.
The relative standard deviation of the CCF estimation maxima estimated empirically
(solid red line) and analytically with Eq. 74 (dashed blue line) are depicted in Fig. 69 (a).
The two results were in qualitative agreement from the aspect of ∆T -dependence and the
deviation between the two curves was smaller than a factor of two. This accuracy was
satisfactory from an order of magnitude estimate.
The standard deviation of the TDE estimated empirically (solid red line) and analytically with Eq. 78 (dashed blue line) are shown in Fig. 69 (b) versus ∆T . The situation
was similar to the maximum value case: good ∆T dependence and smaller than a factor
of 2 diﬀerence was experienced.
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Figure 69: (a) Relative standard deviation of the CCF estimation at its maximum value.
Solid red line: calculated directly, dashed blue line: calculated with Eq. 74. (b) Standard
deviation of TDE. Solid red line: calculated empirically, dashed blue line: calculated
analytically with Eq. 78. Copied with modifications from [[6]].
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Extension of calculations to the ACF-min technique

As introduced in Sec. 5.2.4 the ACF-min method is a recently developed technique for
flow velocity fluctuation measurements in hot magnetized plasmas. It requires only one
measurement channel but several assumptions must be fulfilled for its proper interpretation. It can be applied if the ACF of the signal contains a large negative peak, i. e.
it is built up from modulated events. The fluctuations in the minimum location of the
ACF are related to the velocity modulations via a simple division (Eq. 58), if the signal
is infinite long. However, for finite signals this location (denoted by Ŵ below) has an
uncertainty, similarly to D̂. Since my calculations for TDE variance had been generalized
to the modulated event type a question arose, if the theory could be extended to the
ACF-min method. An attempt was done to fit the formula for TDE variance to ACF-min
statistics in a way, all steps of which had mathematical basis. It is reported in Sec. 6.5.1.
However, the analytical extrapolation based on the result of this attempt provided 14
times lower value than the simulation did. Hence, a step was omitted from the derivation of TDE variance, which resulted in good agreement with numerics, as discussed in
Sec. 6.5.2. Although this apparently ad hoc exclusion of a step was a serious weakness
of the derivation, it provided a formula with great practical usability and the validity of
which was justified. The calculation was reported in [[6]] and it is mentioned in my sixth
thesis point.
6.5.1

An attempt to extend the TDE variance calculations to the ACF-min
method

The attempt which was done to relate the ACF-min statistics to TDE is presented in this
section. Although it did not provide proper results it is included here since it initiated
the considerations reported in Sec. 6.5.2.
In the first part of the calculation the signal of the second probe appearing in the TDE
method was modelled in a diﬀerent but equivalent manner as it had been done earlier:
)
(
xb − xa
Sb (t) = Sa t −
+ ∆S (t) ,
(136)
v
where ∆S (t) is the change in the signal while turbulent structures are moving from the
first (a) probe to the second (b) probe. This component could be neglected if the lifetime
of the quasi-coherent mode waves was substantially longer than the propagation time of
a full wave period:
λp
≪ wt .
(137)
v
This propagation time is twice as big as the time lag at the minimum of the autocorrelation
function. Exploiting the assumption the CCF estimate (Eq. 95) read
Ca,b (τ ) ≈ Sa (t)Sa (t −

xb − xa
xb − xa
+ τ ) − Sa Sa = Ca,a (τ −
).
v
v

(138)

Approaching the problem from another point of view the signal fluctuations were
generated by the poloidal movement of wave-like structures with λp . Hence, the ACF was
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approximated as follows:
λp
).
(139)
2v
This statement is generally true for a pure travelling wave and it was approximately
correct for slowly evolving (Eq. 137) QC structures.
A hypothetic situation was considered, where the distance between two probes was
equal to the half wavelength xb − xa = λp /2. In this case the substitution of Eq. 139 into
Eq. 138 resulted in
xb −xa =λp /2
− Ca,a (τ ) ≃ Ca,b (τ )|τ ≈
(140)
⟨Ŵ ⟩
⟨ ⟩
in the close vicinity of the ACF minimum τ ≈ Ŵ = 0.5λp /v.
Based on the latter approximation a relation was established between the correlation
function of a one-point measurement containing waves with half wavelength λp /2 and of
a two-point measurement with xb − xa probe distance. Hence, the standard deviation of
the ACF minimum read
( )
( )
λp
σ Ŵ = σ D̂
if xb − xa → λp /2 and wx → √
.
(141)
8 log 2
− Ca,a (τ ) ≈ Ca,a (τ −

The last step was performed to substitute the same spatial size into the formula as would
have been used for the peak(generated
by simply Gaussian-shaped events.
)
Using this assumption σ Ŵ = 2.5 ns was obtained analytically for parameter values
listed in Table 5 and λp = 16.7 mm. However, the standard deviation, obtained with
numerical simulations was 35.5 ns. This level of deviation was not acceptable even for an
order of magnitude estimate and thus the problem was investigated further.
6.5.2

A corrected formula for ACF-min statistics and its comparison to simulations

The factor of 14 diﬀerence between the analytical and numerical results was eliminated
by an ad hoc step: the last point in the analytical derivation of the TDE was omitted,
namely the correction for symmetrically appearing pair cross correlation peaks (Eq. 123).
With this step the agreement was acceptable.
In conclusion, the necessary steps to obtain a formula for the ACF-min variance were:
• Taking the TDE variance (Eq. 125).
• Removing the correction for symmetrically appearing pair cross correlation peaks
(Eq. 123) from the formula.
• Replacing the spatial size of Gaussian-shaped event by the modulation wavelength
(Eq. 135).
• Assuming that the probes are located half wavelength apart from each other (xb −
xa = λp /2, as written in Eq. 140). Indeed this assumption was not exploited since
without the correction for symmetrically appearing peaks xb − xa did not appear in
the formula.
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These considerations resulted in the following formula:
√( )
√( )
√
3
3
( )
1
π
λp
1
λp
1
4
σ Ŵ =
≈ 0.065
.
3
19
2 (log 2)
v
∆T
v
∆T

(142)

Eq. 142 was validated with numerical simulations the results of which are depicted
in Fig. 70. These graphs were depicted similarly to the ones in Fig. 64 were and the
parameter ranges were selected identically to that figure, too. The only exception was λp ,
which was substituted with xb − xa . Similarly to the earlier analysis, one parameter was
scanned in each graph, while the others were kept unchanged. These constants took the
values listed in Table 5, except for the probe distance, for which case λp = 16.7 mm was
used instead. In the applied parameter ranges the first minimum was always equal to Ŵ ,
i. e. no high-amplitude random minimum appeared.
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Figure 70: Comparison of simulation and analytical results.
Solid blue line:
σ (Ca,a ) (τ ) / ⟨Ca,a ⟩ (τ )|τ =⟨Ŵ ⟩ calculated analytically with Eq. 108 (dimensionless), red
rhombuses: simulated σ (Ca,a ) (τ ) / ⟨Ca,a ⟩ (τ )|τ =⟨Ŵ ⟩ (dimensionless), dashed magenta line:
( )
( )
σ Ŵ calculated analytically by Eq. 125 (µs), black + signs: simulated σ D̂ (µs).

The diﬀerence between the analytic and empirical standard deviation of the relative
ACF minimum value was a factor of 2-3 everywhere in the studied parameter range. (This
)
was considered as an acceptable order of magnitude estimate. The formula for σ Ŵ
provided correct results from the aspect of parameter dependence. The analytic and
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simulation results deviated in this case by less than a factor of 2. This was unexpectedly
low diﬀerence, since Eq. 142 was obtained by using the relative standard deviation of the
ACF-min value, where the deviations were higher.
An analysis, similar to the ones detailed in Fig. 65 and in Fig. 67, was carried out
to optimize the allowed minimum location window and to study the accuracy of Eq. 142
at very low ∆T s, which were relevant to GAM-measurements. The results are shown in
Fig. 71. The PDF of Ŵ , depicted in (a) for ∆T = 10 µs, was similar to the PDF of
D̂ when modulation was present in the events (Fig. 67): the random extrema did not
have a uniform distribution plateau but they appeared in a separated range far from the
peak of Ŵ . Hence, a restriction of [−3 µs; 3 µs] on the lag window around the mean of
Ŵ eliminated their eﬀect. Interestingly, the PDF was not symmetric,
the random peaks
⟨ ⟩
appeared mainly on the right side of the distribution peak. Hence, Ŵ was not directly
extracted from the series of Ŵ but from the ACF of the entire signal. The mean used in
the formula for empirical standard deviation was also taken from the entire signal.
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Figure 71: Properties of simulated Ŵ (i) extracted from signals built up from modulated
events. (a) PDF, ∆T = 10 µs, calculated with diﬀerent
⟨ ⟩levels of allowed minimum location
(blue: ±9 µs, red: ±6 µs, green: ±3 µs) around Ŵ . The gray box is aimed to cover
the PDF peak up to its FWHM according to analytical calculations. (b) STD vs. ∆T ,
with ±3 µs restriction window. Blue line: from detailed analytical calculation, red line:
from Eq. 142, magenta x and cyan + signs: empirical STD with and without Ŵ (i) at
the edges of the ±3 µs interval around the mean. Vertical black line: STD of uniform
distribution in a 6 µs long interval.

Considering the ∆T -dependence of the variance at low time windows (Fig. 71 (a)) the
role of the randomly appearing peaks was moderate even at ∆T = 10 µs. Comparing the
three cases depicted in Fig 65 (b), Fig 67 (b) and Fig 71 (b), these random peaks had
high influence only in the case of unmodulated signals. However, it has not been decided,
if this was a consequence of the narrowed peaks in the ACFs of the signals (see Fig. 66)
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or the change in signal polarity caused this eﬀect.
The standard deviation of the ACF-min technique was found to be higher than of the
TDE technique for identical input parameters. This can be observed by e. g. comparing
Fig. 67 and Fig. 71.

6.6

The TDE spectrum of signals measured in the TEXTOR
tokamak

The eﬀect of event statistical noise on the power spectrum of experimentally measured
ACF-min signals is demonstrated in this section using Li-BES fluctuation data recorded
in the TEXTOR tokamak (Sec. 5.5). The main conclusion, namely the identification
of the broadband part of the ACF-min spectrum as the inherent noise of the velocity
determination method, is encapsulated in my sixth thesis point and was published in [[6]].
6.6.1

Broadband phenomenon in the measured ACF-min spectrum

In order to study flow velocity modulations a discharge (#110283) was formed in the
TEXTOR tokamak. This was an L-mode plasma with Ohmic heating only and in a
classical limiter configuration. The basic plasma parameters were Ip = −355 kA, Bt =
1.9 T, nav = 1.9 × 1019 m−3 .
An oscillating autocorrelation function calculated from a signal measured with the
Li-BES system is shown in Fig. 72 (a). Its decaying wave-like structure was a clear
indication of the dominant QC mode. The presence of minima allowed the application of
the ACF-min method to determine flow velocity modulations but λp had to be regarded
as constant.
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Figure 72: (a) Normalized ACF of a measured Li-BES signal in the TEXTOR tokamak
(discharge #110283), (b) APSD of the ACF-min time series obtained from the same
signal. Copied with modifications from [[6]].

As a first step in data evaluation the signal was filtered to the frequency range
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where QC mode was present. Based on Fig. 59 a 4th order bandpass filter with 30 kHz
and 120 kHz cutoﬀ frequencies was used. Then the filtered signal was cut into small
(∆T = 10 µs) pieces. Based on the Nyquist-law this size was long enough to reveal velocity oscillations up to 50 kHz, i. e. in the typical GAM frequency range. The ACF
was calculated in each segment and the location of its smallest positive minimum was
determined in a [−3 µs; 3µs] range around its average minimum at 6 µs. This latter one
was taken from the minimum of the ACF of the entire signal. A second order polynomial
was fitted to the 3 points around the minimum sample. The spectrum of the obtained
ACF-min time series is shown in Fig. 72 (b).
The spectrum contained a clear peak at 15 kHz, which fitted to the frequency of GAMs
in TEXTOR measured towards the edge plasma with reflectometry. Detailed analysis had
demonstrated clear coherency between the Li-BES and correlation reflectometry measurements [171] which confirmed the GAM-origin of the spectral peak. Besides this relatively
weak peak the spectrum was dominated by a broadband background. The origin of this
part was not clear from the spectrum itself and further consideration was necessary.
As a step further the coherency between the ACF-min signals extracted from the
radially separated Li-BES channels was investigated. This is shown for three diﬀerent
oﬀsets (∆r = [1 cm, 2 cm, 3 cm]) in Fig. 73. The broadband part of the spectrum had
some radial coherency extending to 1-2 cm, which fitted to the size of small-scale structures
and to the BES radial smearing. Hence, its spatial structure could not reveal its origin,
statistical investigation was necessary.
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Figure 73: Coherency of ACF-min signals calculated from TEXTOR Li-BES measurements with diﬀerent radial oﬀsets. The dashed red horizontal lines indicate the unit
significance level. Copied with modifications from [[6]].
In order to exclude the role of detection noises in the broadband spectral part the
dominant noise source of this Li-BES measurement had to be determined. Here some
intrinsic amplifier and photon statistical noise was present but due to the high-throughput
optical design, the special detectors and amplifiers [223] the relative RMS noise level at
the plasma edge region was only 1 − 2% on 500 kHz bandwidth. Filtering the signals for
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the bandwidth of the QC mode in the 30-120 kHz range, this noise was reduced below
1% while the RMS relative beam light fluctuations were in the 2 − 5% range. Hence,
the fluctuations were dominated by the statistics of the QC mode and thus pickup noises
could not be responsible for the broadband spectral part of the ACF-min time series.
The question still remained whether the peaking of the spectrum around zero frequency
was caused by turbulent velocity fluctuations, or the event statistical noise could be
responsible for the entire broadband background. In the former case this would have been
the sign of a residual zonal flow. Researchers in DIII-D [184] preferred this interpretation
in their measurements. However, I demonstrate in the next two sections that, at least for
the TEXTOR signals, event statistical noise must provide a broadband background with
power comparable to the measured one.
6.6.2

Estimate of ACF-min variance in TEXTOR Li-BES measurements

The variance of the ACF-min time series is the integral of its one-sided power spectral
density
1
(
) ∫ 2∆T
2
GŴmeas ,Ŵmeas (f ) df,
(143)
σ Ŵmeas =
0

where the upper limit is equal to the Nyquist frequency of the series. Hence, the determination of this variance was an essential
( step in
) the interpretation of the spectrum.
2
For a physically measured signal, σ Ŵmeas is the resultant of the event statistical
(
)
( )
noise σ 2 Ŵevent , of the real velocity fluctuations σ 2 Ŵv̄ , of the variations in λp and of
the noises caused by the detection process. The third source was assumed to be negligible
when the ACF-min technique was used and the last one was also estimated to be negligible
in these measurements (see Sec. 6.6.1 for more details). Hence,
(
)
(
)
( )
2
2
2
σ Ŵmeas = σ Ŵevent + σ Ŵv̄
(
)
(
)
(
)
= σ 2 Ŵevent + σ 2 Ŵv̄GAM + σ 2 Ŵv̄B ,
(144)
(
)
(
)
where σ 2 Ŵv̄GAM and σ 2 Ŵv̄B refer to the power in the GAM peak and in the broadband velocity modulations respectively. Based on Fig. 72 (b)
)
(
)
(
(
)
(145)
σ 2 Ŵevent + σ 2 Ŵv̄B ≫ σ 2 Ŵv̄GAM ,
i. e. the broadband spectral part had much more(power than
the sharp GAM peak had.
)
2
The numerical and analytical modelling of σ Ŵevent and its comparison to the empirically estimated level based on the measured Li-BES signal is reported in the remainder
of this section. The modelling was carried out based on the theory introduced in Sec. 6.5.
As a first step a simulation was done without any velocity modulations, similarly to the
earlier introduced ones. Here the parameters were selected to be realistic in TEXTOR
environment (see Sec 5.5.4) and tuned to provide an ACF that was similar to the measured one. The input values are listed in Table 7. The ACFs of the simulated and the
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measured signal are depicted in Fig. 74 (a) with a solid and a dotted line respectively.
The latter one is identical to the curve in Fig. 72 (a). The similarity in the ACF shape
should be highlighted, since amplitude identity was only a consequence of normalization.
The probability density functions of the ACF-min time series are depicted in Fig. 74 (b).
Here, identically to (a), the solid curves denote the simulated data and the dotted ones
do the measurement results. The color code indicates the sizes of the allowed minimum
location windows, similarly to Fig. 71 (a). Varying this parameter did not significantly
modify the FWHMs of the peaks in the PDFs, which were indeed related to the analytic
calculation, but changed the empirical standard deviations by excluding the tails at high
time lags. The figure suggested the application of a [−3 µs; 3 µs] restriction window. The
gray box indicates the analytic result from Eq. 142, similarly to Fig. (
71 (a). It was
) cen√ √
tered to the minimum of the ACF and had the width of 2 2 log 2σ Ŵevent anal . As a
first conclusion, the analytic and the simulation methods provided similar results.
Table 7: Input parameters for synthetic signal generation, with values similar to TEXTOR
Li-BES measurement data used in Fig. 74, in Fig. 75 and in Table 8.
Parameter
wx
wt
λp
v
∆T
∆L
np

Value
12 mm
30 µs
35 mm
3 mm/µs
10 µs
1000 mm
1/µs

The numerical values of the standard deviation obtained for the TEXTOR Li-BES
measurements and modelling are summarized in Table 8. Here the with and wo symbols
denote, whether the locations at the edges of the [−3 µs; 3 µs] restriction windows were
accounted in the standard deviations. The latter method was closely related to the FWHM
of the peaks in the PDF and thus to the analytical calculations, and the former one had
to be used when Eq. 143 was studied, since points cannot be omitted in power spectral
density calculations.
The numerical and analytical results suggested that
)
(
(
)
(
)
(146)
σ 2 Ŵmeas ≈ σ 2 Ŵevent → σ 2 Ŵv̄B ≈ 0,
i. e. the ACF-min fluctuations were dominated by the event statistical noise.
6.6.3

Relation between the ACF-min spectrum and the ACF-min variance

So far the variance of the time delay or of the ACF-min time series has been discussed.
At the end of the thesis work this study was extended, involving the spectral properties
of the time series in order to answer the dilemma sketched in Sec. 6.6.1.
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Figure 74: (a) Normalized ACFs of 1 sec long signals. Copied with modifications from
[[6]]. (b) PDF of Ŵ , ∆T = 10 µs, calculated with diﬀerent
of allowed minimum
⟨ levels
⟩
location (blue: ±9 µs, red: ±6 µs, green: ±3 µs) around Ŵ . The gray box is aimed
to cover the PDF peak up to its FWHM according to analytical calculations. Solid lines:
simulated with parameters listed in Table 7, dotted lines: measured with the TEXTOR
Li-BES system (discharge #110283).

If ∆T is much longer than the decay time of the autocorrelation function the ACF-min
values calculated from consecutive ∆T signal segments will be statistically independent,
resulting in a flat spectral response. As a zeroth order approximation this was used in
the estimation of the spectra. The one-sided auto power density of Ŵ was related to the
variance with Eq. 143
σ

2

(

∫

)
Ŵ

=
0

1
2∆T

GŴ ,Ŵ (f ) df ≈

Gflat
Ŵ ,Ŵ
2∆T

,

(147)

where the flatness of the spectrum was utilized in the last step. Hence, the approximate
identity between the level of the measured ACF-min fluctuations and of the modelled
event statistical noise implied the equality in the power spectral density
(
)
(
)
≈ Gflat
.
(148)
σ 2 Ŵmeas ≈ σ 2 Ŵevent → Gflat
Ŵmeas ,Ŵmeas
Ŵevent ,Ŵevent
The measured ACF-min spectrum diﬀered from a flat one, as it has been shown in
Fig. 72 (b). This was explained as follows: the consecutive ACFs were dominantly based
on events which were present in more than one intervals resulting in correlation between
time instances. Mathematically, Eq. 90 was only marginally true or slightly violated
during data evaluation. However, the spectrum presented in Fig. 72 was created with the
purpose of detecting geodesic acoustic modes and thus the time resolution had to be chosen
shorter than the half period time of GAMs (20−50 µs). The correlation time of turbulence
was wx /v ≈ 10 − 15 µs, therefore extension of turbulent events between neighboring ∆T
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Table 8: Levels of the standard deviation Ŵ in TEXTOR Li-BES measurements (discharge #110283) and in simulations with parameters listed in Table 7.
Parameter
Value (µs)
(
)
with
σ Ŵmeas
1.74
(
)
wo
σ Ŵmeas
1.22
(
)
with
σ Ŵevent
1.47
sim
(
)
wo
σ Ŵevent
1.03
sim
(
)
σ Ŵevent anal
0.82

time segments could not be avoided. This introduced some level of correlation between
consecutive ACF-min values and deviation from a flat spectrum. Nevertheless, Eq. 143
was fulfilled independently of the spectral shape.
Although the explanation discussed above was correct, the importance of the ACF-min
restriction of [−3 µs; 3 µs] on the lag window around the mean had to be highlighted. The
large-amplitude outliers due to random ACF-min peaks could modify the spectral shape
providing an increasing spectral density with frequency. This is demonstrated in Fig. 75,
where both the simulated (solid) and measured (dotted) spectra are depicted. When a
restriction window size of ±9 µs was applied, the slope of power spectral density was
constant or slightly positive and it was significantly decreasing for ±3 µs. In conclusion,
the limitation of the random peak location to a ±3 µs wide window around the mean
restored the plausible spectral shape.
Fig. 75 was also suitable to demonstrate that simulations provided broadband spectra
similar to measurements in shape and in amplitude, too. The GAM peaks, which were
present in the measured spectra, were obviously missing from simulations, since velocity
modulations were totally omitted from the model. Interestingly, this peak was not present
even in the measured spectrum for the largest applied restriction window size (±9 µs).
This problem has been investigated in detail by S. Zoletnik et. al. [171].
These observations could give the explanation for the radial coherency shown in
Fig. 73, too. As the turbulent events had radial size of 1-2 measurement channels and
the detection method also caused such large spatial smearing the ACF-min calculations
in the diﬀerent chords used partly the same turbulent events to determine the flow velocity. As a consequence some coherency was expected at all frequencies due to the spatial
overlapping of the events.
In summary, these results demonstrated that the event statistical noise could explain
the broadband part of the measured ACF-min spectrum and the radial coherency in TEXTOR Li-BES measurements. Hence, the observed spectra did not indicate the presence
of residual zonal flows.
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Figure 75: One-sided auto power spectral densities of ACF-min time series. Solid lines:
extracted from a synthetic signal (input parameters are listed in Table 7), dotted lines:
measurement results (TEXTOR Li-BES, discharge #110283).
Color codes denote the
⟨ ⟩
window size of the allowed minimum location around Ŵ . Blue line: ±9 µs, red line:
±6 µs, green line: ±3 µs. Copied with modifications from [[6]].

6.7

Summary

The statistics of the cross-correlation based time delay estimation technique was investigated. The results of this study were utilized in the interpretation of the velocity spectrum
obtained from Lithium beam emission spectroscopy measurements in the TEXTOR tokamak.
Short periods of turbulent signals were simulated by summing independent events,
which evolved in time and propagated in the plane of two slightly separated probes. Using Gaussian shaped structures and exploiting several plausible assumptions a formula
was derived analytically for the relative variance of the cross-correlation function estimated from the two synthetic signals [[5]], [[6]]. A relation was established between this
derived relative standard deviation of the CCF and the standard deviation of the CCF
maximum location. The latter one was found to be inversely proportional to the square
root of the signal length in the limit of high event density [[5]], [[6]]. The results were
in agreement [[6]] with general derivations done in a fundamentally diﬀerent and nonexpressive manner and available in the literature. The obtained formulas were also verified
with simulations and in a realistic environment: they were tested on measurement data
recorded with Langmuir probes in the CASTOR tokamak [[5]], [[6]]. Additionally, the
computer calculations were used to show that the formulas provided order of magnitude
estimates for arbitrary decaying event shapes, and with slight modifications they were
applicable for eddies having oscillating spatial structure [[6]].
With a not strictly verified but plausible assumption the formula, which was valid for
the variance of TDE, was extended to the autocorrelation-minimum (ACF-min) method
[[6]].
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The resulting formulas can help experts of plasma turbulence extract information from
measured signals with an accuracy greater than it was earlier.
The temporal spectrum of velocity fluctuations, which were calculated with the ACFmin technique from a signal measured with the Lithium beam emission spectroscopy
system in the TEXTOR tokamak, was investigated. The noise source on the time series
was identified as the inherent contribution of the ACF-min method due to the finite
number of turbulent events [[6]]. Assuming approximately flat spectral distribution this
noise explained the observed broadband part of the measured velocity spectrum [[6]] i. e.
the measurement did not refer to the presence of broadband flow velocity fluctuations.
Hence, my consideration avoided the false confirmation of a widely known theoretical
prediction.

7
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This thesis work has dealt with several transient processes which are related to the transport in magnetically confined plasmas. It contains both diagnostic development and calibration, development of numerical and statistical analysis methods and physics studies
using the developed tools on various machines.
I started my thesis work with developing the tools required for the physical investigations. The study of disruptions and ELMs was approached from their eﬀect on radiation
dynamics. A diagnostic, namely the AXUV system, had already been available on the
TCV tokamak before I started my thesis work. However, it had not been able to provide
radiation profiles with the expected quality due to design failures. The software which
had been used to evaluate the data recorded by multichord diagnostics on the tokamak
had to be upgraded, too.
Considering the programming issues at first, I implemented a tomographical method
which had been used at the JET tokamak and I optimized it to the bolometer-type
diagnostics on TCV [[1]]. This code reconstructs radiation profiles from line-integrated
data measured from diﬀerent directions in a poloidal cross section. Due to the limited
available space for these types of systems in tokamak environment, the program extends
its inputs obtained from measurement data by a priori information, such as by the alleged
smoothness of the radiation profile. The code can handle diﬀerent smoothness levels along
and perpendicular to the magnetic surfaces resulting in elongated structures on the flux
surfaces. It provides appropriate results near the boundaries and thus it is suitable to
determine the distribution of the total plasma radiation in either attached or detached
conditions. Two numerical algorithms were implemented to solve the numerical exercise:
a faster one and a more reliable one.
In order to validate the results provided by the AXUV system, a diagnostic regarded as
reference in tokamak bolometry was essential. Hence, I recommissioned and tested the foil
bolometer system mounted on TCV. By comparing the signal levels of chords observing
the same radiation volume I concluded that disturbances were present on the recorded
signals, which were possibly caused by neutrals. Despite this problem and the age of
the diagnostic, the analysis of its data provided answers to some of the questions which
were arising during this thesis work. Measurements were carried out in limited plasma
configurations with Ohmic heating only to study plasma behaviour at high densities. I
experienced that near the density limit the radiation was peaked not only in the plasmalimiter wall contact zone but also on the magnetic axis [[1]], [[2]]. On the contrary, when
the exhaust method was changed to snowflake divertor, but also at high densities and
without any auxiliary heating one high intensity peak was observed. It was located in the
vicinity of the magnetic null-point, but slightly shifted in the direction of the high field
side. This observation corroborated the result I obtained with the original AXUV system
in the first established snowflake configuration [[3]].
Returning back to the main direction, I investigated why the quality of the plasma
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radiation profiles reconstructed from the data of the original AXUV system was below
expectations. By comparing the signal levels in similar plasma conditions I identified
the main drawback of the diagnostic as the decrease of sensitivity of its detectors at
diﬀerent degrees for diﬀerent channels [[1]]. This observation necessitated a significant
upgrade including the installation of protective shutters and of monitoring detectors for
the measurement of radiation damage [[1]]. Additionally, to exclude any problems caused
by geometrical inaccuracies an ex situ calibration procedure was applied and thus the
Line-of-Sights and the etendues were precisely determined [[1]].
Having finished with laboratory work the upgraded AXUV cameras were mounted on
the tokamak and commissioned in plasma environment. With the help of the monitoring
detectors I showed that UV-induced sensitivity degradation on the detectors caused by the
plasma itself was significant and non-uniform [[1]]. Despite this fact the system is suitable
to provide information on radiation distribution: the reconstructed profiles are similar to
the ones obtained from foil bolometry in stationary limited plasmas [[1]]. Additionally,
MHD modes were tracked during the disruptive termination of the plasma using the
AXUV system and the results were consistent with the ones gathered from the soft X-ray
diagnostic [[1]]. I realized that AXUV can extend our knowledge about these modes since
it is not only sensitive in the core but also in the outer volumes. Modulation of radiation
in the vicinity of the plasma-wall contact zone was revealed which was synchronized to
the core modes [[1]].
Since the upgrades discussed above were carried out the bolometric systems have
been being routinely operated in the TCV campaigns contributing to several parts of the
scientific program of the device. Moreover, the experiences I reported above can be useful
in the design of next-generation bolometric systems aiming to diagnose hot magnetized
plasmas.
I used the upgraded AXUV bolometer system to study phenomena occuring during
experiments with a new divertor concept. TCV was the first device where the snowflake
divertor configuration was established. A key question in its assessment was related to the
outward transport of energy in H-mode. These tests were carried out with the maximum
available auxiliary heating. Based on the data provided by the AXUV system I showed
that in the interELM phase approaching the snowflake configuration the radiation pattern
moved away from the wall in the direction of the null-point with increasing volume and
constant amplitude. The bottom strike point radiation was only slightly activated. On
the contrary, enhanced emission was detected around this secondary strike point at the
transient ELM peak and at the same time radiation was decreased by a factor of five in
the vicinity of the primary strike point [[1]]. These observations indicate repartitioning
of radiation among strike points during ELMs and suggest that transport properties are
highly and preferably influenced in athe SOL. With these conclusions I contributed to the
assessment and optimization of the novel snowflake configuration which is a candidate for
controlled plasma-wall interaction in the future fusion power plants.
Additionally to the experimental study of plasma transport phenomena in the TCV
tokamak I contributed to investigations of plasma turbulent transport by statistical analyses. Fluctuating sheared flow structures are considered to be one critical element in
plasma turbulence. A typical method to study these fields is the cross-correlation based
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time delay estimation (TDE) technique. To reveal small-amplitude velocity fluctuations
from these measurements, the uncertainty of the method has to be determined. Hence, I
investigated its statistics based on a plausible model of turbulent events. If the assumptions and approximations detailed in the thesis are satisfied, the standard deviation of
the TDE will be inversely proportional to the square root of the time window, proportional to the distance of the probes, higher in the case of larger structures and it will
decrease at higher velocities and for longer event lifetimes [[5]], [[6]]. These statements
were corroborated by numerical simulations [[5]], [[6]], by general analytic calculations
taken from the literature [[6]] and by data measured in the CASTOR tokamak [[5]], [[6]].
Additionally, numerical simulations were carried out to extend the validity range of the
formula. I found that after minor modifications the expression is also suitable to estimate
the standard deviation when the shape of the events which build up the model signals
diﬀers from the originally applied one [[6]]. Additionally, the results are accurate from an
order of magnitude viewpoint down to 25 µs, if the maximum location is restricted. By
deriving and highlighting a formula for the TDE variance I contributed to the improvement of a measurement technique typically utilized to study turbulence, which subject is
one of the most complex fields in plasma diagnostic.
The Lithium beam emission spectroscopy system on the TEXTOR tokamak, which
had been developed in my department, was able to measure density fluctuations at only
one poloidal location at a given radius. Hence, the autocorrelation function minimum
technique (ACF-min) was used to extract velocity modulations from those measurements.
In order to determine the variance of the measurements I adjusted the formula derived
for the TDE standard deviation to the ACF-min method [[6]]. Based on the obtained
variance level I concluded that the temporal spectrum of the ACF-min velocity time
series contains a wideband part having significant amplitude even when the velocity is
constant [[6]]. This part of the spectrum which had been considered earlier as a physical
eﬀect should be regarded as the inherent noise of the technique and should not be related
to transport-regulating zero mean frequency zonal flows. Hence, I prevented making false
statements about the justification of a widely known theoretical prediction related to
plasma transport in the confined region.

8

Thesis points

The main conclusions of my Ph.D. work are summarized in the following thesis points:
1. I have carried out the upgrade of the bolometer-type AXUV system on the TCV
tokamak with the following achievements [[1]]:
(a) I have implemented and optimized an existing reconstruction method, which
provides appropriate results near the boundaries and thus it is suitable to
determine the distribution of the total plasma radiation in either attached or
detached divertor conditions.
(b) I have identified the main drawback of the original AXUV diagnostic as the
decrease of sensitivity of its detectors at diﬀerent degrees for diﬀerent channels.
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This observation required a significant upgrade of the system including the
installation of protective shutters and of a twin detector array set in order to
monitor the radiation damage. With a calibration procedure I have reliably
determined the Line-of-Sights and the etendues of the cameras.
(c) I have proven that UV-induced sensitivity degradation of the detectors is
caused by the plasma radiation itself and it is significant and non-uniform.
I have demonstrated that despite this fact the system is suitable to provide
valuable information on radiation distribution on both slow and fast timescales.
2. I have shown that near the density limit the radiation of the TCV plasma is peaked
not only in the plasma-limiter wall contact zone but also on the magnetic axis.
However, only one high intensity peak exists in the high-density snowflake-diverted
case which is slightly shifted to the high field side from the magnetic null-point
[[1]],[[2]],[[3]].
3. I have revealed the eﬀect of core modes on plasma-wall interaction during the density
limit induced disruptive termination of the TCV plasma with the AXUV diagnostic
[[1]].
4. I have studied the radiation dynamics of snowflake-diverted H-mode discharges. I
have shown that in the interELM phase approaching the snowflake configuration the
radiation pattern moves away from the wall in the direction of the null-point with
increasing volume and constant amplitude. The bottom strike point radiation is only
slightly activated. On the contrary, I have observed enhanced emission around this
secondary strike point at the ELM peak and simultaneously radiation is decreased
by a factor of five in the vicinity of the primary strike point. These observations
refer to radiation repartitioning among strike points during ELMs [[4]].
5. I have analytically determined the variance of the crosscorrelation-based time delay
estimation (TDE) technique according to a plausible model of turbulent events.
I have confirmed the results of the provided formula with numerical simulations,
general analytic calculations and measurement in the CASTOR tokamak. [[5]],[[6]].
6. I have revealed that the wideband parts of the temporal spectra of the ACF-min
calculations, which are performed on Lithium beam emission spectroscopy signals
measured in the TEXTOR tokamak, are not caused by real fluctuations in the flow
velocity. They are indeed the consequences, i. e. the inherent noise, of the ACF-min
calculation method. This demonstration has been carried out by adjusting the TDE
variance formula to this latter technique [[6]].
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M Keilhacker, O Klüber, M Kornherr, K Lackner, G Lisitano, GG Lister,
HM Mayer, D Meisel, ER Müller, H Murmann, H Niedermeyer, W Poschenrieder,

173

References
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M Kantor, A Kappatou, O Kardaun, W Kasparek, M Kaufmann, A Kirk, H-J Klingshirn, M Kocan, G Kocsis, C Konz, R Koslowski, K Krieger, M Kubic, T KurkiSuonio, B Kurzan, K Lackner, PT Lang, P Lauber, M Laux, A Lazaros, F Leipold,
F Leuterer, S Lindig, S Lisgo, A Lohs, T Lunt, H Maier, T Makkonen, K Mank,
M-E Manso, M Maraschek, M Mayer, PJ McCarthy, R McDermott, F Mehlmann,
H Meister, L Menchero, F Meo, P Merkel, R Merkel, V Mertens, F Merz, A Mlynek,
F Monaco, S Müller, HW Müller, M Münich, G Neu, R Neu, D Neuwirth, M Nocente, B Nold, J-M Noterdaeme, G Pautasso, G Pereverzev, B Plöckl, Y Podoba,
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