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Abstrakt
Zlepšené udržení je klíčové pro úspěšné operování budoucích fúzních elektráren. Tato práce
podává přehled stavu poznání škálování udržení v budoucích reaktorech typu tokamak
a známých režimů se zlepšeným udržením. Práce se zaměřuje především na tzv. H-mód
(mód vysokého udržení) a související úkazy jako např. limitní cyklové oscilace, studovány
především v tokamaku COMPASS. Výzkum těchto oscilací vedl k vytvoření a zobecnění
modelu založeného na prvních principech, který systematicky předpovídá pozorované
frekvence tlakem uvolněných limitních cyklových oscilací v blízkosti přechodu do H-módu
ve 4 tokamacích (JET, ASDEX Upgrade, COMPASS, Globus-M). Zobecnění tohoto
modelu také přispělo k rozšíření jiného, ale souvisejícího modelu vyvinutého pro tokamak
ASDEX Upgrade pro dosažení H-módu na libovolný druh iontů v plazmatu. Jsou také
ukázány příspěvky ke studiu alternativního režimu udržení I-módu v tokamaku ASDEX
Upgrade. Závěrem je robustně charakterizován vliv pozice X-bodu v oblasti divertoru
na přechod do H-módu v tokamaku COMPASS a je také ukázáno jak jeho vliv otevřel
cestu k režimu udržení bez okrajových nestabilit typu I s vlastnostmi H-módu i I-módu v
tokamaku ASDEX Upgrade.

Abstract
Enhanced confinement is a key ingredient for successfully operating future fusion power
plants. This thesis offers an overview of the current state of knowledge concerning scaling
laws predicting confinement in future tokamak reactors and known enhanced confinement
modes. The main focus of the thesis is the H-mode (high confinement mode) and
associated phenomena such as limit cycle oscillations, primarily studied in the COMPASS
tokamak. Studies of of these oscillations led to the development and generalization of
a first-principles-based model which systematically predicts the observed frequency of
pressure relaxation limit cycle oscillations in the vicinity of the transition to H-mode in
4 tokamaks (JET, ASDEX Upgrade, COMPASS, Globus-M). The generalization of the
model also contributed to the extension of different, but related model for the H-mode
access developed for the ASDEX Upgrade tokamak to arbitrary ion plasma species. The
contribution to the study of the alternative confinement regime I-mode in the ASDEX
Upgrade tokamak in are also reported. Finally, the impact of the X-point configuration
within the divertor region on the H-mode access is robustly characterized in the COMPASS
tokamak and is shown to open a path to an Type-I edge-localized-mode-free regime with
both H-mode and I-mode features in the ASDEX Upgrade tokamak.
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Introduction

The human-kind’s unending quest for ever-cleaner, cheaper, safer, denser and
abundant energy sources has been motivated in the past centuries by the
scarcity and finiteness of resources and an ever-increasing demand for en-
ergy [1]. This demand for environmentally clean energy has been accentuated
in the last decades by the impending climate change crisis. While renewable
energy sources such as wind turbines and solar panels can provide large
amounts of electric power, the current unavailability of batteries or capacitors
with sufficient storage capacity means that in many geographical locations
baseline power sources such as conventional coal, gas or nuclear fission power
plants are still required in a viable energy mix. However, the massive usage
of fossil-fuel-based conventional baseline sources presents significant risks to
the environment while political support for constructing new nuclear fission
plants is limited.

Future fusion power reactors may be able to replace such baseline power
sources in the second half of the 21. century according to the updated
EUROfusion roadmap [2]. Preliminary analysis suggests that they would be
an economically and environmentally viable alternative [3]. Achieving a ten-
fold net power gain in the ITER reactor after 2035 is one of the most important
milestones in the roadmap for fusion reactors to become a reality. The ITER
reactor being currently constructed in France will be the culmination of
an unprecedented international effort over the last three decades. Its size
is the result of intensive international research in many different machines.
In the past sixty years the steady progress towards achieving fusion power
thanks to better confinement went hand in hand with the machines becoming
larger as explained in section 1.1. Additionally, special regimes of enhanced
confinement were discovered which should make it possible to reach the target
with the proposed design.

In chapter 1 the current state of knowledge of enhanced confinement in
tokamaks is summarized. The aim of the thesis is not to become a general
tokamak physics textbook such as [4, 5] (which the reader likely knows well
already), therefore, only specific specialist topics relating directly to the thesis
are covered. Specifically, section 1.1 introduces issues with confinement in
tokamaks due to turbulent transport, describes scalings of confinement time
towards future reactors and discusses the issues of the currently employed
methodology for creating scaling laws, section 1.2 then describes the H-
mode (high confinement mode), currently the reference enhanced confinement
scenario for ITER, its power threshold scalings and associated phenomena
such as zonal flows an limit cycle oscillations. Finally, section 1.3 introduces
various other enhanced confinement regimes which could be an alternative to
the H-mode in the future.

The results obtained in the scope of this thesis by the author are shown
in chapter 3. The investigation of the transition to H-mode in the COMPASS
tokamak including the study of the associated limit cycle oscillations is
reported in section 3.1. The subsequent development of an extended model
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for such limit cycle oscillations in many different tokamaks is described
in section 3.2. The resulting generalization of a model for the separatrix
operational space in ASDEX Upgrade to Helium and other ion species is
covered by section 3.3. Finally, section 3.4 shows the author’s attempts to
investigate the intermediate confinement (I-mode) regime as an alternative
to H-mode in the ASDEX Upgrade tokamak.

Goals of the thesis

The primary goal of the thesis was to advance the understanding of the access
to enhanced confinement regimes in tokamaks. More specifically the goal
was to study the interaction between turbulence and flows in order to seek
mechanisms leading to the transition to enhanced confinement.
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Chapter 1
Enhanced confinement in tokamaks

1.1 Confinement and scalings

Future fusion tokamak reactors must operate in regimes with a characteristic
confinement time τE in the order of several seconds in order to achieve
sustainable thermonuclear fusion with net energy gain [5, 6]. The energy
confinement time τE represents the characteristic time scale with which the
plasma energy1 W would exponentially decrease if all input heating power
Pheat was turned off or lost and energy was being lost in the form of radiation
and particles losses at a rate quantified by the loss power Ploss assumed to
be proportional to W .

A large body of research [7] focuses on describing the energy losses due to
particles being transported across magnetic field-lines, because they typically
represent the dominant energy loss channel, since the hydrogen isotopes used
in current tokamak experiments and planned tokamak reactors are (or are
assumed to be) fully ionized throughout the majority of the plasma volume.
Therefore, line radiation, bremsstrahlung or synchrotron radiation are not
considered dominant energy loss channels. However, impurity accumulation
originating e.g. from plasma-wall interaction can also lead to excessive
radiation losses.

The particle transport has been historically described in the framework
of a Fickian diffusion model [8] where the particle flux Γ is driven by the
density gradient Γ = −D∇n with a proportionality coefficient D character-
izing the diffusion process. From a microscopic random walk argument the
diffusion coefficient is assumed to be given by D = (∆l)2/τc where ∆l is the
characteristic spatial step and τc the characteristic time between steps.

In the classical theory of tokamak plasma transport the characteristic time
was taken to be the time between collisions (meant in the statistical sense of
particle trajectories deviating beyond 90◦) and the characteristic spatial step
size as the (ion) gyroradius, because collisions cause particles to gyrate on
a different orbit. As theory progressed into what is now called neoclassical

1Various sources and articles use different definitions of the plasma energy depending on
the context and phenomena being discussed, e.g. the energy might be separated in that of
thermal particles and fast/supra-thermal particles, ions, different ion species and electrons,
etc.
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1. Enhanced confinement in tokamaks ................................
transport theory, additional effects were taken into account, making the
spatial step larger due to banana orbits of trapped particles and effective
collision frequencies. However, even such refinements couldn’t account for
the actual diffusion coefficients measured in the experiments in the order of
D ∼ 1 m2/s, several orders of magnitude beyond the most refined neoclassical
predictions.

Throughout most tokamak fusion-relevant experiments the effective diffu-
sion coefficient estimated from experimental measurements as D ≈ −Γ/∇n
is typically found to be in the same order of magnitude of D ∼ 1 m2/s [7].
Employing the simple random-walk argument of a core particle taking N
steps to escape (and equating particle with energy loss for simplicity) over
a characteristic time τE = Nτc, the escaping particle is displaced up to the
minor radius a ∼

√
〈(∆l)2〉/N . Therefore, the diffusion coefficient can be

expected to scale as D ≈ a2/τE . This scaling explains why progress in achiev-
ing greater confinement time on the road towards fusion has been mostly
due to the steady increase in machine size, because the effective diffusion
coefficient has remained mostly the same in all experiments.

The observations of the effective diffusion being several orders of magnitude
faster than predicted by theory were initially called “anomalous” diffusion,
but later were attributed to turbulent transport. This type of transport does
not fit into the Fickian diffusion framework anymore, because it features small
volumes of the plasma being transported in coherent structures due to their
internal fields. Therefore, this transport is nearly ballistic (displacement is
proportional to time of flight), non-markovian (structures carry information
from the past - their origin) and non-local (not dependent only on local
gradients).

These properties are all at odds with the simple Fickian diffusion model
and also contribute to this being a generally very complex problem with no
known general solution in the scope of classical physics. This motivates the
investigation of turbulent spectra and other statistical properties of turbulent
plasma time-series in the framework of multi-fractal analysis [9]. Such models
predict and explain several trends in observed fluctuation spectra and other
statistical properties. However, there are also much simpler models based on
uncorrelated stochastic processes of typically Lorentzian [10] of exponential
[11] pulses which can explain such spectral characteristics as well. The main
issue appears to be the difficulty in distinguishing exponential from powerlaw
trends in spectra in the log-log scale over a wide range of frequencies.

Nevertheless, it has been shown that even such ballistic transport can lead
to an effective diffusion constant which can be derived under assumptions of
exponentially correlated, ballistic blobs escaping with a typical velocity and
and correlation time [12]. This “diffusion limit” offers hope that simplified
transport modeling based on diffusion as used many codes such as SOLPS-
ITER [13] and EDGE2D [14] is still meaningful.

4



....................................1.1. Confinement and scalings

1.1.1 Scaling laws

The very basic arguments for τE scalings above could be refined by detailed
and complex simulations of the whole plasma volume. However, at the time of
the initial design of the ITER prototype reactor [15] even the largest available
simulations typically were not able to capture the full scope of plasma physics
throughout the whole plasma volume at sufficiently long time scales, mostly
due to limitations in processing and memory capacities. Furthermore, the
predictive power of the codes was limited. For these reasons the scientific
community chose to develop empirical prediction formulas called “scaling
laws”.

Their name stems from the fact that many equations in plasma physics
(especially magneto-hydrodynamics) are invariant to the change of (the com-
bination of) certain scales. For this reason certain phenomena have been
found to depend on non-dimensional parameters which may be invariant
to a change of specific (e.g. spatial) scales, or at least limits the number
and the kind of parameters that have an influence. This property of plasma
physics is assumed to be behind the existence of very similar observations of
various phenomena and behavior across a wide range of machine sizes and
even different equilibrium configurations.

The discovery of formulas relating special parameters to quantities of
interest then enables one to predict the values of sought quantities for larger
future devices by appropriately “scaling up” the parameters. This approach
is similar to the one used in wind tunnels where an appropriate ratio of wind
speed and the size of a reduced airplane model can simulate hydrodynamic
behavior at real, larger scales.

1.1.2 Confinement time scaling

One of the scaling laws sought in the past decades was that for the confine-
ment time τE in order to determine the scale and other global parameters
necessary for achieving τE sufficient for thermonuclear fusion power gener-
ation. On of the main drivers for the development of scaling laws was the
design phase of the ITER tokamak. Powerlaw regression was used for this
purpose as will be outlined in section 2.2. The regression was performed on
datasets gathered from many tokamaks within the world-wide community and
resulted in the notorious IPB98(y,2) [7] scaling for τE in the ELMy H-mode
regime, the reference ITER enhanced confinement regime further described
in section 1.2. This international effort continues to this day, adding data
from new experiments to the database and refining previous analyses [16, 17].
A similar endeavor was also undertaken for stellarators which resulted in the
ISS04 scaling [18] for τE in stellarators.

The IPB98(y,2) scaling predicts a trend of the form

τE,IPB98(y,2) = 0.0562I0.93B0.15P−0.69n0.41M0.19R1.97ε0.58κ0.78
a (1.1)

where the confinement time τE [s] increases with increasing plasma current
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1. Enhanced confinement in tokamaks ................................
I [MA], magnetic field B [T], plasma density n [1019m−3], main species mass
M [mu], major radius R [m], inverse aspect ratio ε and elongation κa. Only
the input power P [MW] leads to a decrease of the confinement time, implying
that the minimum possible power should be used in future reactors in order
to prevent confinement degradation. This scaling law predicts τE ≈ 4.9 s
for ITER. The strong, nearly quadratic scaling with the machine major
radius ∼ R2 is consistent with the simplified random walk notion discussed
in section 1.1.

Because the IPB98(y,2) scaling is considered the baseline scenario for
future reactors such as ITER, confinement is generally compared to it as
the H98 = τE/τE,98(y,2) confinement improvement factor. A standard H-
mode would achieve H98 ∼ 1 and a standard L-mode only H98 ∼ 0.5. This
confinement improvement factor appears to be critical for the design of
future reactors, because the fusion power gain Q is predicted to increase with
the third power of H98 in [19]. Therefore, even a slight increase of H98 by
optimizing the confinement regime could significantly reduce the input power
required in future reactors. Such improvements can be achieved for instance
by combining an H-mode regime with and internal transport barrier due to an
optimized current profile or by discovering and optimizing other confinement
regimes.

Recent progress in further analyzing the updated scaling datasets led to a
the Kardaun 06 scaling [20] which attempts to take into account confinement
time saturation at higher Greenwald fractions n̂ := ne/nGW [21] as the density
limit is approached. This is done by including a quadratic polynomial in the
logarithmic scale α log n̂+β log2 n̂. This corresponds to a term n̂α+β log n̂ which
is hard to explain from a physics standpoint. This scaling is now sometimes
used to define a H06 factor. Recent regression analysis using robust geodesic
distance regression on an updated and carefully selected dataset [17] resulted
in an updated scaling law which captures the confinement saturation with
n̂ for high, low and mixed proton number wall materials. Recently this
scaling was further refined and compared with regression on dimensionless
parameters [22]. This scaling demonstrated a clear increase of the confinement
time with effective ion species mass. The better confinement in Deuterium
with respect to Hydrogen has been seen already in early experiments [23] and
along with other physics influenced by the ion mass is often referred to as
the “isotope effect” [24].

1.2 L-H transition and H-mode

The H-mode (high confinement mode) was discovered nearly accidentally by
applying large amount of heating power in the form of neutral beam injection
(NBI) in the ASDEX tokamak [25], upon which the plasma suddenly and
unexpectedly transitioned to a different regime, where the confinement time
and confined energy doubled in comparison to the standard L-mode (low

6



................................... 1.2. L-H transition and H-mode

confinement mode) before the transition2. This regime underwent rigorous
and systematic research at the ASDEX and ASDEX Upgrade tokamaks [23]
and over time was achieved also in other tokamaks across the world. Over
time, it was established that the improved confinement is due to a transport
barrier at the edge of the plasma (ETB - edge transport barrier) just inside
the last closed flux surface (LCFS) in which the transport was reduced to
neoclassical levels. This barrier was found to be comprised of a layer of
sheared flows which shear turbulent structures apart, effectively stopping
them from contributing to transport.

It was established that the sheared flow layer is maintained by the steep
pressure gradient in the ETB through the radial force balance

Er = ∇rpi
Zeni

+ utBp − upBt (1.2)

which relates the radial electric field Er with the radial ion pressure pi gradient
and ion density ni of Z-charged ions with the additional terms representing
the cross product u×B of the poloidal and toroidal components of the ion
fluid velocity u and the magnetic field B. The radially localized pressure
gradient leads to a so-called “well’ in the radial profile of Er. This shape
of the profile in turn leads through the associated poloidal E × B velocity
to the shear layer. An example of such an Er profile measured by several
diagnostics in the JET tokamak is shown in Figure 1.1.

Figure 1.1: Example of the radial electric filed profile Er measured by charge
exchange recombination spectroscopy (CXRS) and Doppler back-scattering (DBS)
reflectometry. Reproduced from [26] according to the CC BY 3.0 license.

The relatively narrow gradient region effectively shifts the pressure profile
further inside upwards, as if placed on a “pedestal” as sketched in Figure 1.2
which has become the designation for this region and its properties. However,

2Up to this point standard L-mode scalings of τE predicted degradation with increasing
heating power, offering little hope of achieving fusion power at a power plant level.
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1. Enhanced confinement in tokamaks ................................

Figure 1.2: Sketch of a the pressure pedestal in the (normalized) radial profile
formed in the H-mode with respect to L-mode by the edge transport barrier.
Reproduced from [27].

to this day the origin and development of this sheared flow layer which then
leads to the formation of the pedestal is not fully understood. Some of
the most promising models which attempt to explain the observed the L-H
transition are described in later sections.

In a wide range of global parameters the H-mode is accompanied by plasma
instabilities called edge-localized modes (ELMs), which lead to periodic
collapses of the ETB and the pedestal and releases of edge plasma (often tens of
% of the stored thermal energy), presenting a danger of melting plasma facing
components in future reactors such as DEMO [28] or ITER [29] if they are
not suppressed or mitigated. The released edge plasma is typically observed
to break up into filaments [30]. In earlier phenomenological works ELMs were
categorized according to the change in their (quasi-periodic) frequency with
increasing heating/loss power [31]. Type-III ELMs are typically found at
marginal power and decrease their frequency, i.e typically start off as smaller,
fast bursts after the L-H transition and gradually become less frequent and
larger as the power increases. Type-I ELMs are comparatively even larger
and increase their frequency with increasing power.

However, this categorization is not experimentally very easy, because it
is often confounded by changes in other global parameters such as density
which also affect the frequency. It is now widely accepted that ELMs are
ideal magneto-hydrodynamic modes, driven unstable by pressure (ballooning
modes), current (peeling modes) or their combination (peeling-ballooning
modes) [32]. Due to these modes the pedestal (and thus the pressure gradient)
can grow until it hits the ideal MHD stability limit and collapses, setting the
maximum achievable pedestal parameters for a the given global conditions of
a particular H-mode. The pedestal parameters have been most successfully
predicted by the EPED stability code in a wide range of parameters for
Type-I ELMs [33].
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................................... 1.2. L-H transition and H-mode

1.2.1 L-H power threshold scaling laws

Early empirical evidence pointed to the existence of a threshold in the loss
power Ploss which when exceeded (i.e. for Ploss > PLH where PLH is the
threshold for the given plasma conditions) leads to a spontaneous transition
to the H-mode regime. From an experimental standpoint the loss power is
mostly controlled by the input heating power Pheat, because from the power
balance dW/dt = Pheat−Ploss rapid (compared to the τE time scale) changes
in the heating power will be balanced by similar changes in the loss power,
since the plasma energy W typically changes at slow time scales comparable
with τE . Here the loss power includes both radiation losses and escaping
thermal particles. Fast (i.e. supra-thermal) particle losses PFloss are not
included (i.e. are subtracted when their estimate is known), because such fast
particles lost for instance due to charge exchange processes do not contribute
towards the development of pressure gradients connected with the shearing
flows. Radiation losses also do not contribute, however, the limited availability
of a reliable radiation loss power Prad estimate meant they were included in
Ploss for this analysis. Some subsequent analyses such as [34] do subtract
Prad which is often called the power crossing the separatrix in particle losses
Psep.

One of the first attempt at creating a scaling law were done by Y. Martin
in [35] based on a large ITPA database gathered from many tokamaks capable
of achieving H-mode at that time. The resulting scaling law for the threshold
loss power

PLH [MW] = 0.0488n0.717
e B0.803S0.941 (1.3)

which predicts a rising tendency with the density n [1019m−3], magnetic
field strength B [T] and plasma boundary surface S [m2]. The nearly linear
scaling with the surface suggests that the actual quantity of interest is the
power normalized to the plasma surface, i.e. the average power flux PLH/S.
However, due to convenience for predictions towards future reactors, the
absolute required power was investigated which is more relevant from an
engineering standpoint. The scaling law predicts that the necessary heating
power will generally increase for future reactors which are expected to achieve
higher densities at high magnetic fields and generally larger plasma volume
(hence also surface). For the standard ITER scenario n ≈ 5 · 1019 m−3 in
deuterium this scaling predicts PLH ∈ (28, 96) MW, i.e. a necessary Pheat of
at least ∼ 50 MW, but with quite large uncertainty, which called for further
refinement. Furthermore, this basic scaling does not capture various other
factors influencing the threshold, such as the main ion species mass and
charge and the existence of a non-monotonic density dependence observed in
experiments covered in more detail in subsection 1.2.4 and subsection 1.2.2,
respectively. This study by Martin focused exclusively the “high-density
branch” of the power threshold dependence.
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Figure 1.3: Sketch of a the typical loss power Ploss at the L-H transition versus
the line-averaged electron density n̄e and the ion heat flux Qi component of
Ploss as described in the methodology of [36].

1.2.2 Ion heat flux and density dependence

In many tokamaks a U-shaped non-monotonic dependence of PLH on the
line averaged electron density n̄e was observed with a broad, yet distinct
minimum [36, 37, 34, 38] as sketched in Figure 1.3. A more detailed study
focusing on the power threshold with different heating systems and different
plasma densities obtained evidence for the ion heat flux Qi component of Ploss
across the plasma boundary being the actual controlling parameter [36]. The
study found that at low densities where the ion and electron heat fluxes are
effectively decoupled the heating systems heating dominantly the ions such as
NBI are more efficient. Conversely, systems dominantly heating the electrons
such as electron cyclotron resonance heating (ECRH) required higher levels of
heating power and thus resulted also in a higher total loss power, which lead
to a “low-density branch” dependence with PLH sharply increasing towards
lower densities while Qi depends on density linearly as sketched in Figure 1.3.
This explanation is also consistent with observations in other devices where
ECRH or purely ohmic heating was often used at lower densities, likely due
to the unavailability of NBI or excessive NBI shine-through losses at such
high densities.

The argument of the ion and electron heat channel coupling was also used
to determine a scaling law for the density ne,min at which the power threshold
minimum occurs. The scaling law was obtained by combining the L-mode
scaling of τE and the empirical knowledge that at the density minimum the
electron-to-ion energy transfer time is about 9 times larger than τE .

More detailed analysis of the profiles using transport codes and cross-
machine comparison of ASDEX Upgrade and Alcator C-mod discharges
resulted in a scaling law for the threshold ion heat flux required for the
transition to occur [39]. A nearly linear dependence on the plasma boundary
surface was found, indicating that the heat flux normalized to the surface is
the controlling parameter. The interpretation in terms of the transport model
is that the ion heat flux determines the ion pressure profile which in turn
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through its gradient at the edge determines the mean sheared flow which then
de-correlates turbulent structures and this forms a barrier for the turbulent
transport.

There is also a different theory for the minimum of the threshold density
dependence [40] which derives the existence of the minimum from the dif-
ferences in the edge temperature behavior between conduction-limited and
sheath-limited regimes in the SOL which are mostly determined by collision-
ality and in turn by the edge density. The theory is based in part on the
idea that the L-H transition is determined by the equivalence of the parallel
Alfvénic and perpendicular thermal transport time scales.

1.2.3 Divertor configuration and X-point dependence

Since the early experiments on the ASDEX tokamak [41] the divertor config-
uration has been considered nearly a necessity for entering the H-mode. This
configuration diverts edge field lines by a toroidal coil with a co-plasma-current
into a well controlled defined region of the first wall called the divertor which
is typically actively pumped and contains elements designed for withstanding
high heat loads at minimal material sputtering. The field lines are topologi-
cally separated into those closed within the chamber and open (i.e. closing
beyond the chamber) by a manifold called the separatrix which includes the
last closed flux surface (LCFS), the X-point singularity and divertor legs
stemming from the X-point to the strike lines on the divertor. The plasma
outside the LCFS is called the scrape-off layer (SOL).

The main benefit of the divertor configuration is the reduced contact of
the main confined plasma with the first wall, offering better control of the
plasma purity which turned out to have a significant impact on the L-H power
threshold. For instance, higher impurity concentrations and/or desorption of
particles from the first wall may increase radiation losses or provide additional
particle sources, respectively. These may in turns hinder the development
of the pedestal. Impurities such as carbon can also affect the electric field
profile through their radial force balance. A nearly 30% reduction in the
power threshold was observed when the ASDEX Upgrade tokamak moved
[42] from a carbon first wall to a tungsten one and the JET tokamak to a
Beryllium/Tungsten one [43].

The location of the X-point and divertor legs relative to the divertor
are known to significantly affect the power threshold. For instance, in the
JET tokamak different divertor leg configurations can change the threshold
by several MW [43]. In the DIII-D tokamak a decrease of the X-point
height above the divertor was seen to reduce PLH [37]. EDGE2D-EIRENE
simulations for such JET discharges [44] revealed that this behavior is likely
because of differences in SOL conditions as shown in Figure 1.4. Due to the
smoothness of the electric field and temperature profiles the SOL conditions
were found to also affect conditions inside the LCFS. Therefore, studying the
interplay between SOL and inner electric fields as the divertor configuration
is changed might shed light on this behavior.

11
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Figure 1.4: Comparison of the radial electric field Er profiles in the Vertical
and Horizontal Target configurations in JET simulated by EDGE2D-EIRENE.
Reproduced from [44] according to the CC BY NC ND 4.0 license.

1.2.4 Isotope dependence

Among the various “isotopic effects” often observed is the impact of the main
ion species on the L-H power threshold. It has been known since isotope
studies in ASDEX that the PLH is about double in Hydrogen in comparison
to Deuterium [23, 24]. similar studies in JET with Tritium and Deuterium-
Tritium mixtures confirmed a general inverse scaling ∼ 1/Ā with the average
ion mass number Ā [45]. Newer studies in ASDEX Upgrade reproduced the
difference between Hydrogen And Deuterium, and furthermore showed that
the density minimum ne,min and the ion heat flux is higher in Hydrogen as
well [46].

The unfavorable increase of PLH in Hydrogen posed an issue for the initial
non-nuclear (i.e. without Deuterium) pre-fusion power operation of the ITER
tokamak. Therefore, operation in Helium is planned as well [47], because
for instance in ASDEX Upgrade PLH was found to be nearly the same in
Helium as in Deuterium [48] and only ∼ 40% larger than in Deuterium in
JET [49], though DIII-D reported possibly even larger difference [37]. Some
uncertainty remains in terms of the non-linearity of the Hydrogen-Helium
mixture ratio observed in JET [50], where only 10% “doping” of Helium in
Hydrogen plasmas can strongly impact PLH . However, this effect was not
reproduced in a similar study in ASDEX Upgrade [51]. Resent experiments
in Helium in JET found that the whole PLH(n̄e) dependence appears to shift
to higher densities [52], though there the resulting slightly higher average
PLH is still comparable to the prediction by (1.3) at such densities.

1.2.5 Zonal flows and limit cycle oscillations

Another model for the formation of the edge shear flow layer is based on the
coupling of turbulence and so called zonal flows (ZF). Zonal flows are toroidally
and poloidally symmetric sheared flow bands/modes which are generated by

12

http://creativecommons.org/licenses/by-nc-nd/4.0/


................................... 1.2. L-H transition and H-mode

the transfer of momentum and energy [53] from the turbulence by the Reynolds
stress [54]. A radial gradient in the radial-poloidal component of the Reynolds
stress (RS) tensor −∇r〈ṽrṽp〉 acts like negative viscosity and can accelerate
the mean poloidal flow 〈vp〉, where the Reynolds stress decomposition assumes
a decomposition of the velocity field into its mean component 〈vi〉 balanced
by the pressure profile and the fluctuating component ṽi which represents
turbulent structures. The following turbulence suppression criterion was
formulated and verified in experiments [55]

P > γeffEt (1.4)

where P = 〈ṽrṽp〉∂p〈ṽp〉 is the energy transfer rate from the turbulence
into the mean flow [53] and γeff is an effective growth rate which includes
both gradient drive and non-linear effects and Et the turbulence energy. This
criterion essentially states that for turbulence to be suppressed, energy must
flow faster from turbulence into the mean flow than it is put into turbulence
by driving and other mechanisms.

An often employed assumption is that the edge turbulence is dominantly
electrostatic and the velocities are dominantly determined by the E×B drift.
Therefore, it is necessary to measure electric fields in the edge plasma. In many
tokamaks and in particular those of modest parameters such as COMPASS,
electrostatic probes can be used for measuring the electric fields directly.
However, Langmuir probes do not measure directly the plasma potential.
Because they are also strongly affected by electron temperature, they measure
a so-called floating potential Vfl offset from the true plasma potential φ by a
factor proportional to the electron temperature Te. Unfortunately, this can
strongly influence the estimation of the Reynolds stress [56]. The ball-pen
probe [57, 58], an alternative design, is affected by the electron temperature
much less in comparison.

One of the most promising models [59, 60] of the L-H transition predicts
that as the pressure gradient increases due to increased heating, turbulent
fluctuations intensity rises due to the free energy in the pressure gradient,
which through enhanced transport limits the pressure gradient from growing
further. The strong turbulent state generates ZF which act as harmless
energy sink and de-correlate the turbulent structures, reducing the transport
and allowing the pressure gradient to grow. But due to collisional damping
and lack of turbulent energy source the ZF dissipate and turbulence can
grow again. Due to this predator-prey-like coupling between turbulence and
sheared zonal flows the system process periodically transitions between a
state of high and quenched turbulent transport. This phenomena is called
limit cycle oscillations (LCO) and is characterized by the ZF being delayed
by a π/2 phase shift behind the turbulence intensity. On the background of
LCO the pressure gradient can gradually grow as power is increased until the
mean sheared flow balanced by the pressure gradient is sufficiently strong to
de-correlate turbulent structures on its own.

Since the generation of zonal flows is considered to be one of the leading
candidates for quenching turbulence in general and possibly during the L-
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H transition as well, this LCO phenomena offers a promising opportunity
to further study the dynamics of the L-H transition in greater detail, and
therefore, has been studied in many tokamaks across the world [61, 62, 63,
64, 65, 66].

However, the characteristics of the observed LCO differ between tokamaks.
Some experiments found that turbulence suppression by flow generation
appears strong enough to trigger a transition into the H-mode [67]. Others
do not [68] and rather observe a behavior closer to type-III edge localized
modes (ELMs) where the pressure gradient quasi-periodically relaxes upon
reaching a critical threshold [69].

1.2.6 Separatrix operational space

Very recently a new theory of the L-H transition boundary based on the energy
transfer from turbulence to mean flows was developed and compared with
separatrix Thomson scattering profiles in the ASDEX Upgrade tokamak [70].
The theory further proposes also other boundaries in the operational space
for the density limit and ideal ballooning limit. This model was motivated
by the re-examination of past work which focused on the characterization of
interchange [71] and drift-Alfvén wave turbulence [72]. The former pointed
out the importance of the interchange growth rate and spatial scale for the
L-mode density limit, while the latter also showed the importance of the
parallel Alfvénic dynamics for the turbulence structure.

However, in the past these theories were apparently discarded based on
the comparison with Te, ne data close to the pedestal top [73]. The new
analysis was based on values evaluated close to the separatrix which was
estimated using a conduction-limited-simplified two-point model balance.
The analysis showed the importance of the transition between drift-Alfvén
wave and interchange-dominated turbulence regimes for the scaling of the
pressure gradient fall-off/length scales [74]. The scaling was augmented by
regression of the turbulence parameter αt = 3 · 10−18Rq2 nZeffT

−2 repre-
senting normalized collisionality which characterizes the transition between
the turbulence regimes. The new theory [70] built further on this work to
derive the L-H transition boundary in the Te, ne space and derive scalings
of the power threshold. However, the theory and analysis was limited only
to rather pure Deuterium discharges and made use of the pressure gradient
length λpe = −pe∂rpe scaling so far verified only for ASDEX Upgrade [74]

λpe(m) = 1.2(1 + 3.6α1
t .9)ρs,pol (1.5)

with the gyroradius calculated with the averaged poloidal magnetic field
ρs,pol =

√
miTe/eBp. The assumption of L⊥ = λpe for the DALF model

described in section 2.3 led to the development of a boundary described
by the relation below only in terms of Te, ne and enabled the estimation
of the corresponding loss power without radiation crossing the separatrix.
The following condition for the sustainment of H-mode is essentially an
approximation of (1.4)
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Figure 1.5: Comparison of the H-mode turbulence suppression (blue line) cri-
terion according to (1.6), L-mode density limit (red line) and ideal ballooning
mode limit (black line with the experimental separatrix electron density ne and
temperature Te in ASDEX Upgrade Deuterium discharges. Reproduced from [70]
according to the CC BY 3.0 license.
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where on the left the energy transfer rate from turbulence to the mean
flow P from (1.4) is approximated by the a typical wavenumber kEM of the
drift-Alfvén wave turbulence which is proportional to pressure and a critical
ideal ballooning limit αc set by shaping. The denominator approximates the
reduced efficiency of the transfer at low adiabacity. The terms on the right
approximate the various sources of turbulent energy coming from the kinetic,
electron and ion channels. The αt parameter describes the transition from
drift-Alfvén wave to interchange-dominated turbulence. The ωB parameter is
a normalized curvature radius and represents the interchange growth rate.
This formula already assumes the local equivalence of the ion and electron
temperature profiles (including gradient fall-off lengths) which is apparently
the case for most of the discharges in the paper where such measurements
are available. Very good agreement between the threshold predicted by this
formula and experimental separatrix data measured in ASDEX Upgrade is
shown in Figure 1.5.

It remains to be seen how this theory compares with the ion heat flux theory
described in subsection 1.2.2 or whether one theory explains the other. The
non-monotonic dependence of Ploss as sketched in Figure 1.3 is qualitatively
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1. Enhanced confinement in tokamaks ................................
similar to the dependence of Te in Figure 1.5, though the correspondence is
not direct, because in addition to the power balance in the electron channel
determining Te the ion heat flux has to be included as well. This has been
estimated using the pressure gradient length scaling (1.5) and neoclassical
considerations as explained in [70]. Further studies on the role of electrons
and ions and their temperature profiles in such a model is planned for the
next AUG campaign in 2021-2022. In order to be fully predictive for future
reactors, this model will require the development of a formula or scaling
like (1.5) of the electron and ion pressure gradient length scales that will work
even for other tokamaks.

1.3 Type-I ELM-free confinement regimes

While the H-mode is the most widely explored enhanced confinement regime,
other possibly reactor-relevant regimes have been discovered in recent decades.
The main advantage of these modes is the absence of ELM crashes, which
otherwise present a significant threat for the plasma-facing components of
the device. These “natural no-ELM” regimes typically have some mode
(less dangerous than ELMs) present which quasi-periodically enhances edge
transport preventing density and impurity accumulation in the core plasma
and hitting ideal MHD limits.

These regimes are achieved “naturally” in specific plasma parameters and
discharge settings, in contrast to scenarios with the application of resonant
magnetic perturbations (RMP) generated by external coils which can also
lead to ELM mitigation or suppression [75]. Using RMP is still considered to
be one of the strategies to limit the harmful impact of ELMs on the future
divertor in ITER [76].

One such possibly reactor-relevant regime is the I-mode regime [77, 78, 79]
originally studied in the Alcator C-mod tokamak. The main difference with
respect to the H-mode regime is that it has a pedestal only in temperature
while particle confinement and the density profile remains at L-mode param-
eters, preventing impurity and density accumulation. The typical relative
difference in profile shapes is shown in Figure 1.6.

The relatively low particle confinement in I-mode is thought to be due to
the presence of a weakly-coherent mode (WCM) spanning a broad spectrum
of fluctuation frequencies (typically 50-200 kHz at ASDEX Upgrade). The
transition from L-mode to I-mode (L-I transition) is typically found at Ploss
below that of the L-H transition. For the L-I transition to occur, the presence
of the geodesic acoustic mode (GAM) and its interaction with the WCM
appear to be required in some devices. The GAM is a type of an oscillating
ZF with a poloidally asymmetric density modulation and it is the non-linear
energy transfer from turbulence to the GAM that appears to be key to the
L-I transition [80].

The power threshold for entering the I-mode was found to scale as PLI ∝
B0.2nS and in comparison with (1.3) the operational window to enter the
I-mode without entering the H-mode first was found to “open up” only at
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Figure 1.6: “Magic quadrant”-style sketch of the various electron density ne and
temperature Te radial profile shapes in various enhanced confinement regimes.
The sketched shapes represent profiles normalized to a common total pressure
in order to highlight the relative differences and the presence or absence of
a pedestal. In absolute terms such profiles may be reached in very different
discharge conditions (e.g. the L-mode vs H-mode profiles) or their difference
may not be so large (e.g. the Te pedestal in H-mode, EDA H-mode and I-mode
may not be very different).

high magnetic fields and/or when the ion ∇B drift is oriented away from the
X-point where PLH is usually doubled [78]. I-modes were obtained in Alcator
C-mod even with the “standard” ion ∇B drift orientation towards the active
X-point, though they were less robust regimes due to the close proximity to
the transition to H-mode [81]. Later the I-mode regime was also obtained
in ASDEX Upgrade [79]. While the I-mode does not feature large Type-I
ELM crashes, it can feature intermittent bursts of expelled plasma carrying
significant heat loads, though several time smaller than for Type-I ELMs.
These pressure relaxation events (PREs) are typically observed close to the
transition to H-mode [82].

A recent theory based on gyro-fluid simulations proposed that the I-mode
regime is accessible under specific conditions just inside the separatrix [83].
One of the ingredients is that ion-temperature gradient (ITG) mode drive
must be reduced, therefore, the ion temperature gradient must be smaller than
the electron temperature gradient. At the same time, the ion temperature
needs to be larger than the electron temperature. This was proposed to be
achievable at low collisionality where the ion and electron temperatures are
decoupled. However, this argument was based only on simulation results
featured in [84]. This leads to the broadband turbulence being dominated
mainly by electron modes. Furthermore, the regime is accessed at higher
electron pressure which causes large-scale modes to be scattered by magnetic
fluctuations. Small-scale modes are also suppressed by finite-Larmor-radius
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effects. the resulting “middle ground” of the remaining broadband turbulence
spectra is then observed as the WCM. In this theory the GAM was not found
to be needed for the access to this regime.

Another candidate regime is the quiescent H-mode (QH-mode) [85] studied
DIII-D where the pedestal is held at a stable gradient by periodic edge
instabilities called edge harmonic oscillations (EHO). The name stems from
their typical signature on magnetic (and other) spectra, where they typically
have several clear higher harmonics due to their sharp, crash-like temporal
characteristics. This regime requires high values of edge velocity shear and
low densities, making it attainable only in a limited range of operational
parameters. Current research focuses on expanding this range towards future
reactors [86]. The main challenge of current research in ASDEX Upgrade is
to obtain a stationary QH-mode in the full-metal first wall which as of writing
this thesis has not been successful. In comparison clear and stationary QH-
mode regimes were obtained in ASDEX Upgrade with the previous Carbon
wall.

Last but not least, the enhanced D-alpha (EDA) H-mode regime [87]
originally discovered in Alcator C-mod has a confinement time similar to that
of H-mode, but a markedly higher level of D-alpha emission (hence the name).
In comparison to an ELMy H-mode the density pedestal is typically even
higher. The mode thought to be responsible for regulating the transport is the
so-called quasi-coherent mode (QCM) at the plasma edge. Studies on Alcator
C-Mod showed that the QCM is located in the close vicinity of the LCFS
and has a typical frequency ∼100 kHz and is likely caused by electromagnetic
electron drift-waves with interchange contributions [88]. Recently a similar
mode was discovered in ASDEX Upgrade electron cyclotron resonance heating
(ECRH) discharges [89].

More recently, this group of regimes was further redefined and renamed to
“Type-I ELM-free” regimes to signify that such regimes do not feature large
ELM crashes which would be far beyond the capabilities of planned mitigation
strategies in future reactors. This enabled the inclusion of the so-called quasi-
continuous exhaust regime (QCE) [90], previously named “small ELMs” [91].
Because these “type-I ELM-free‘ regimes still feature crash-like bursts of
various kinds and associated heat fluxes, successful and stable detachment
and a radiating edge is considered a necessary qualification for any such regime
to be considered reactor relevant. Therefore, in addition to extending the
operational parameter space of such regimes towards reactor-relevant values as
outlined in [86] the compatibility of such regimes with seeding is an active area
of research. Previous attempts at detachment of the I-mode in Alcator C-mod
suggested this may not be entirely straight-forward [92]. The EDA-like regime
in as well as RMP-induced ELM-free H-mode in ASDEX Upgrade generally
shows compatibility with Argon seeding, though the scenarios require further
development to reactor-relevant parameters [93].

18



Chapter 2
Experimental and theoretical analysis
methods

This chapter describes the experimental and theoretical background used
to study the phenomena described in chapter 1 which led to the results
in chapter 3.

2.1 Tokamaks

All the experimental data were obtained in experiments performed in several
tokamaks of varying sizes, magnetic fields and heating methods. In the follow-
ing their properties are briefly described and compared from the perspective
relevant to the thesis. Their important global parameters relevant to the
experiments used in this thesis are summarized in Table 2.1.

The majority of the work done in the scope of this thesis was performed in
the COMPASS tokamak [94]. While it is not officially included in the “medium-
sized tokamak” (MST) EUROfusion work package, it comparable in size and
other parameters with the TCV tokamak [95] included in the MST list. It was
originally constructed in the United Kingdom and named COMPASS-D where
it was operated mainly with electron cyclotron resonance heating (ECRH)
as the primary auxiliary heating method [96]. After being transferred to the
Czech Academy of Sciences [97] it was renamed to COMPASS to differentiate
the new facility. From then on it was operated mainly with neutral beam
injection (NBI) auxiliary heating instead of ECRH. However, it is possible
to access the H-mode even only with pure ohmic heating. One of the most
developed and for this thesis essential diagnostics is the Thomson Scattering
(TS) diagnostic. It provides calibrated electron temperature Te and density ne
profiles with a spatial resolution of below 4 mm and a laser repetition rate of
up to 120 Hz after a recent upgrade [98]. The modest temperatures typically
achieved in the edge plasma make it possible to measure with electrostatic
probes even slightly inside the separatrix. An in-house developed ball-pen
probe technique [99, 57, 58] makes it possible to estimate Te in combination
with a standard Langmuir probe and generally measures a floating potential
quite close to the true electrostatic plasma potential. Finally. the COMPASS
tokamak is equipped with a wide array of magnetic pick-up coils which
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JET ASDEX Upgrade COMPASS Globus-M

R [m] 2.96 1.65 0.56 0.4
Bt [T] 1.5-2.5 1.4-3 1.15 0.5
q95 3.6-5 3.8-8.6 2.7-3.5 2.3

working gas H, D, T, He H, D, He D, D
auxiliary heating ICRH, NBI NBI, ECRH none NBI

Table 2.1: Summary of global parameters of the experiments performed in
the tokamaks and/or analyzed in the scope of this thesis. Note that the full
capabilities of the tokamaks extend further than those reported in the table
which only summarizes a subset of experiments.

enable the spectral analysis. All the experiments described in this thesis were
preformed in Deuterium as a working gas, though experimental campaigns in
Hydrogen and Helium were also performed in the past.

The ASDEX Upgrade (AUG) tokamak [100] is nearly 3 times larger than
COMPASS in linear dimensions and routinely operates with both ECRH and
NBI auxiliary heating, which is typically necessary for H-mode access. Ion
cyclotron resonance heating (ICRH) heating is also available, but was not
used in experiments relevant to this thesis. The possibility of reaching high
magnetic fields up to 3 T also in the unfavorable ∇B drift direction makes it
possible to access the I-mode regime with auxiliary heating as well. There are
many diagnostic systems actively maintained and operated. From those, of
greatest importance to the work in this thesis are the TS systems which have
independent core and edge systems and the poloidal correlation reflectometry
for edge turbulence characterization [101]. Similarly to COMPASS, it can
use Hydrogen, Deuterium or Helium as a working gas.

The Join European torus (JET) [102] is the largest operating tokamak in
existence at the time of this thesis being written. It is about double the size of
ASDEX Upgrade in linear dimensions, but its magnetic field capabilities aren’t
much different. It most commonly uses NBI and ICRH as auxiliary heating
methods. Another big difference with respect to all the other tokamaks
currently operating is that in addition to Hydrogen, Deuterium and Helium
it can also use Tritium as a working gas. This capability makes it very useful
for isotope effect studies as well as studying and demonstrating actual D-T
fusion-relevant physics.

On the opposite side of the size spectrum is the smallest device contributing
data to this thesis: Globus-M [103]. It is one of the smallest tokamaks capable
of accessing H-mode with NBI heating. It also has a high aspect ratio which
places it into family of spherical tokamaks. Its magnetic field capabilities
Bt < 0.4 T are rather modest even in comparison to COMPASS, though it is
being upgraded to 1 T capability as the Globus-M2 project. Experiments are
routinely performed in Deuterium as the working gas. The main diagnostics
providing data for this thesis is the Thomson Scattering system as well as
magnetic pick up coils.
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2.2 Powerlaw scaling regression analysis

The properties of scaling laws described in subsection 1.1.1 do not directly
prescribe the form of these scaling laws on their own. For practical and partly
physical reasons powerlaw formulas f = CnαBβRγaδ . . . are typically chosen
as the form of scaling laws. Here f is the quantity to be extrapolated, C
is a proportionality constant (often taking care of a mismatch in physical
dimensions and/or scales) and n could be the plasma density, B the toroidal
magnetic field strength, R and a the major and minor tokamak torus radii,
respectively. The free parameters that are fitted are α, β γ, δ, . . . .

The physical motivation behind this choice is that with such a form one can
easily use dimensional and scale invariance arguments to reduce the number
of parameters or at least the degrees of freedom in the formula exponents.
One can also use dimensionless quantities such as the kinetic to magnetic
poloidal field pressures βp, ion gyro radius normalized to the minor radius
ρ∗ = ρi/a instead of engineering parameters such as R, a, B in order to
capture the scale invariance implicitly [17].

This was realized early on by B. Kadomtsev [104] which led to the naming
“Kadomtsev constraints”. Conversely, one can also test the predicted con-
straints in experiments, verifying the underlying theories. Another argument
for using powerlaw formulas is that many of the scaling formulas derived from
basic theory are of that form and this is further supported by empirically
observed trends which are often stronger than linear.

From a more practical perspective powerlaw formulas are (seemingly)
convenient for the application of fitting routines to estimate the (perhaps
partially) unknown exponents. The common approach used in many scaling
studies is to take the logarithm of the whole formula (and the measured
quantities), transforming it into a simple linear problem log f = logC +
α logn + β logB + γ logR + δ log a . . . . This logarithmic transformation is
enabled by the fact that most of the global parameters (or at least their
magnitudes) to be extrapolated to future devices are typically strictly positive.

However, this transformation comes at the price of changing the meaning of
the uncertainties associated with the measured quantities and residual errors
between the fit and measured values. Standard fitting routines based on min-
imizing the sum of residuals squared (known as least squares fitting) assume
a probabilistic model where uncertainties in the exogenous (independent)
variables and the errors/residuals in the endogenous/dependent/predicted
quantities are all Normal-distributed (Gaussian). Before the logarithmic
transformation the uncertainties may indeed represent Normal distributions
because they are typically a sum of several intermediate calculations or
measurements with (mostly) independent, typically close to Gaussian errors.
However, after the logarithmic transformation the distributions would be
Lognormal which is at odds with the Normal assumptions of typically ap-
plied least squares fitting routines. Their application then minimizes the
following objective function

∑
ln2(fmeas/fpred) which effectively minimizes

relative errors (multiplicative factor differences) instead of absolute errors.
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2. Experimental and theoretical analysis methods ...........................
This inconsistency may lead to biased estimates both of the parameters and
their uncertainties as reported in [105].

A solution of this particular issue can be to use Generalized Linear Models
(GLM) [106] which permit the usage of several likelihoods (including Gaussian)
while using a so-called link function specific to the problem. Therefore, one can
sill use the linear model for the predictor variables in the logarithmic domain
as before, but using a logarithmic link function and Gaussian likelihood the
problem minimizes the actual sum of squared (absolute) errors. This can be
expressed as

f ∼ N (µ, σ2)
g(µ) = ln(µ) = logC + α logn+ β logB + γ logR+ δ log a . . . (2.1)

with the link function g = ln relating the predicted mean µ of the measure-
ment f observation Gaussian likelihood N (µ, σ2) with variance σ2 (estimated
or taken from measurement uncertainties).

Since such models are a very well established and standard statistical
technique, many tried and tested software implementations with accompa-
nying diagnostics and statistical test routines exist in several programming
languages. The author chose the implementation in the Python Statsmodels
library [107] which uses the iteratively reweighed least squares fitting algo-
rithm. To the knowledge of the author GLMs have not been used before
in the fusion community for scaling regression, even though it requires only
very little extra effort with respect to the ordinary log-linear regression and
solving some of its issues.

Recently there have been developments in the area of scaling regression to
address some of these inadequacies and more robust regression methods based
on geodesic distances between distributions have been applied to previously
analyzed data [108, 17]. Such more advanced approaches are gradually
gaining traction in the community, but the older methods are still in use,
partly because there is now easily accessible implementation of these more
advanced methods.

There have also been attempts to use non-powerlaw forms to develop scaling
laws which can explain non-monotonic behaviors and saturation effects, for
instance general polynomial regression and other machine-learning methods
[109]. Another issue is selecting the quantities to use in the (powerlaw) regres-
sions. This issue has been investigated by employing genetic programming to
dynamically create and evaluate symbolic expressions [110].

More complicated trends with saturation effects and/or transitions or
bifurcations in behavior could be also explained by applying powerlaw formulas
to quantities separately for the ion and electron channel and using their sum
in later calculations as suggested in [111]. For instance, the ion and electron
heat flux conductivity χi and χe may have different powerlaw behaviors,
but the total heat conductivity χ = χi + χe may play a role in determining
other quantities. Other quantities such as the thermal energy, loss power
and confinement time are separable in a similar manner. Through such
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............................... 2.2. Powerlaw scaling regression analysis

constructions more sophisticated rational functions of powerlaw formulas may
be derived. These complicated formulas also have the capacity to describe a
bifurcation in the trends, opening up the possibility of using such formulas
for capturing confinement enhancement during transitions into enhanced
confinement regimes.

2.2.1 Causal graphical models

In recent decades the field of applied statistics has rejuvenated the topic
of causality, led by J. Pearl [112]. The mantra “correlation does not imply
causation” has been transformed into “no correlation without causation” and
focus was shifted to the determination when one can infer actual causal rela-
tionships, direct and indirect effects, etc. The issues of spurious correlations
between quantities due to their common cause(s) has been formalized and
methods for detecting and averting the effect of such confounding (common
cause) variables have been developed, namely the so called back-door and
front-door adjustment formulas using conditioning on specific variables. The
origin of spurious correlations due to conditioning on a common effect was
also formalized.

The framework used for this formalization is the language of causal graphical
models (CGM) which encode (conditional) independence relationships into
easy-to-read graphs with nodes representing measured quantities and arrows
(if oriented) representing causal effect directions, i.e. dependencies. When the
functional form of the causal dependencies is known, a structural model can
be formed and counterfactual (what-if questions) can be answered, leading
to the separation of direct and indirect effects. Algorithms for automatic
identification of graphical models from data and conditions necessary for their
use have also been developed [113].

To the knowledge of the author causal models have not been routinely
used in the statistical works applied to fusion data and scalings to this date.
This methodology may offer enhancements to future analyses by identifying
root causes which could reduce and the number of or select the variables
used in regressions. At the very least, the display of the assumed CGM can
succinctly yet clearly summarize the assumed relationships and dependencies
or lack thereof in a given analysis. The use of graphical models could also
explain some spurious correlations either by the existence of confounding
quantities or experimental conditioning on some quantities. For instance,
many experiments hold the edge safety factor q95 and/or the Greenwald
fraction [21] ne/nGW at a given value while other parameters are changed.

A simple CGM representing some assumptions underlying power threshold
P analyses in chapter 3 is shown in Figure 2.1. Typically experiments are
performed in a constrained range of q95 in order to stay clear of disruptive
instabilities and yet often attempt to minimize q95 to claim relevance to future
reactors or maximize Ip to obtain good confinement as indicated by (1.1).
Since q95 ∝ B/Ip is dominantly determined by the magnetic field B and the
plasma current Ip, it represents a so-called“collider” quantity between these
root causes. If one conditions (regresses) on such a collider, the otherwise
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Figure 2.1: Causal graphical model representing assumed conditional
(in)dependencies between quantities of interest in the analyses of various transi-
tion power thresholds in chapter 3. The arrows represent assumed direct effects
between the quantities power threshold P , root causes the toroidal magnetic
field strength Bt, plasma current Ip, plasma shaping (dashed-unobserved as
single quantity) and (line-averaged electron) density ne. Intermediary quantities
are the Greenwald density nGW and its fraction relative to the electron density
ne/nGW and the various quantities set by shaping such as elongation κ, the
distance of the X-point above the divertor |X− div|, LCFS surface area S and
the plasma major and minor radii a and R, respectively.

independent root causes may appear correlated and such a co-linearity may
reduce the predictive power of any regression results. Furthermore, simple B
and Ip scans cannot directly distinguish the impact of q95, B, Ip on physical
phenomena. The q95 dependence could be scanned at constant B, Ip by
elongation κ set by shaping since q95 ∝ (1 + κ2), provided the impact of the
resulting change of the total LCFS boundary area S can be assumed to have
no direct impact on P itself. n P could be compensated by different shaping,
e.g. by adjusting the major or minor plasma radii R and a, respectively. Of
course, this can only work if R and a do not have any other direct or indirect
effects on P .

A similar case can be made for the Greenwald fraction ne/nGW determined
by the electron density ne and the plasma current Ip through nGW = Ip/πSp
with the poloidal cross-section surface area Sp (correlated with S). Since
most experiments aim at good confinement and stay clear of the degradation
with increased ne/nGW , they effectively constrain ne/nGW which creates a
spurious correlation between Ip and ne. Since Sp also depends on κ, the
requirement of holding ne/nGW the while avoiding a spurious correlation of
Ip and ne could be again partly mitigating by compensations in shaping.
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............................. 2.3. DALF model of edge plasma turbulence

Graphical models may guide the way in selecting the right quantities to
condition on or constrain in the experiment and/or the subsequent analysis
in order to prevent or mitigate correlations. In combination with explicit
formulas for various quantities derived from theory or previous scaling studies,
structural causal models can be developed from a CGM for the identification of
direct effects which could in turn point towards specific physical mechanisms.
For instance, assuming the scaling (1.3) holds, the dependence of P on ne,
Bt and S for L-H transitions in the high density branch could be exploited
by constructing “counter-factual” estimates of P at the given parameters
and normalizing the observed P and thereby focusing only on the remaining
direct causes leading to P .

2.3 DALF model of edge plasma turbulence

The drift-Alfvén wave turbulence model DALF [114, 115, 116] developed by
B. Scott was used to study several aspects of turbulence in the edge plasma
layer of tokamaks [72]. It is a simplified fluid model based on Braginski
equations with variables chosen to describe the drift-Alfvén and interchange
turbulence. It uses a simplified tokamak geometry with a circular cross-
section, and therefore, cannot faithfully describe some physical mechanisms
dependent on plasma shaping such as the impact of the X-point. However,
the chosen normalization constants depend on a safety factor q through the
parallel field line length estimate ∼ qR. Therefore, the model can be still
applied to non-circular plasmas when parallel dynamics are dominant if the
edge magnetic equilibrium reconstruction safety factor q95 is used to give an
accurate estimate of the actual field-line length.

The DALF model as used in the thesis and written in [117] consists of 4
equations for the vorticity Ω, electron pressure pe, parallel current J‖ and
parallel ion flow u‖

dΩ̃
dt = B∇‖

J̃‖
B
− (1 + τi)K(p̃e) (2.2)

dp̃e
dt + ṽE∇pe = B∇‖

J̃‖ − ũ‖
B

+K(φ̃− p̃e) (2.3)

β̂
∂Ã‖
∂t

+ µ̂
dJ̃‖
dt = ∇‖

(
pe + p̃e − φ̃

)
− CJ̃‖ (2.4)

ε̂
dũ‖
dt = −(1 + τi)∇‖ (pe + p̃e) + µ‖∇2

‖ũ‖ (2.5)

with the normalized magnetic field strength B = 1. The model uses shear-
slab Hamada coordinates (x, y, s) representing in order the radial, bi-normal
(close to poloidal) and ballooning angle (equivalent to the straight-field-line
angle θ∗ for analytical purposes) coordinates. Magnetic shear is included
implicitly in the numeric scheme. The ion pressure is held fixed relative to
the reference electron pressure by τi = Ti/Te, producing a "scaled-isothermal"
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2. Experimental and theoretical analysis methods ...........................
model. The vorticity is defined as Ω = (1/B2)∇2

⊥W with the so-called
total ion flow stream function W = φ+ τipe. The spatial derivatives of W
give the E × B (from the electrostatic potential φ) and the diamagnetic
(from the ion pressure gradient) drift velocities. The total time derivative
d/dt = ∂/∂t+ vE∇ includes the E ×B velocity vE advection non-linearity.
The parallel electron flow is decomposed into the parallel current and ion flow
v‖ = u‖ − J‖. The simplified curvature operator K = ωB(sin s∂x + cos s∂y) is
composed of the geodesic and normal components, respectively. Parallel scales
are normalized to a field line connection length scale qR with the reference
safety factor q an major radius R, which normalized a parallel wavenumber
k‖ = 2π/L‖ of a rational n = 1 mode with L‖ = 2πqR to 1. Perpendicular
scales are normalized to the hybrid gyroradius ρs =

√
Temi/eB with reference

values of the electron temperature Te, ion mass mi and on-axis magnetic
field strength B. Additionally, all fluctuating quantities marked with a tilde
are normalized by a smallness parameter δ = ρs/L⊥ where L⊥ is a reference
background profile gradient length typically chosen a L⊥ = −pe/∇xpe.

The following dimensionless parameters scale the impact of the various
terms in the equations above.

ε̂ =
(
cs/L⊥
cs/qR

)2
β̂ =

(
cs/L⊥
vA/qR

)2
µ̂ =

(
cs/L⊥
ve/qR

)2
C = 0.51µ̂L⊥

cs
νei

(2.6)
which represent in order the squared ratio of the perpendicular and parallel

sound transit frequencies, the squared ratio of the perpendicular sound and
parallel Alfvén transit frequencies, the squared ratio of the perpendicular
sound and parallel thermal electron transit frequencies and the normalized
electron-ion collision frequency νei representing current resistivity. The cur-
vature operator is scaled by a normalized curvature radius ωB = 2L⊥/R.
The cold-ion sound speed cs =

√
Te/mi is used in the parameters, warm-ion

effects are included by (1 + τi) factors. The definitions of the Alfvén and
thermal electron velocities are vA = B

√
µ0nemi and ve =

√
Te/me.

There are also related extended models known as DALFTE [115] which
separates the electron pressure into separate density and temperature variables.
The DALFTI model [115] then further separates the ion from the electron
temperature. Nearly all of the DALF-related articles by B. Scott focused
on singly-charged ion with an ion charge number Z = 1. The only known
exception is the section 16.2 in [24] where the cold ion sound speed cs =√
ZTe/mi is used in DALF-like transport considerations.
The cleverly chosen variables and scaling constants in DALF make the

model amenable to analytic treatment. For instance, the model can be used
to derive the frequency of a Geodesic Acoustic Mode (GAM) as in [118] based
on simple, linear sideband balance. A similar argument was used to derive an
initial scaling for limit cycle oscillations near the L-H transition [117]. More
recently, the DALF model was the basis for the separatrix operational space
model described in subsection 1.2.6.

26



Chapter 3
Results

This chapter gives an overview of results obtained in the scope of this thesis.
Where possible, results are presented in the form of introductory commentary
and subsequent publications or drafts to be submitted with high confidence of
eventual acceptance with introductory remarks. Other supplemental materials
and results of ongoing analyses are also included.

3.1 L-H transition in the COMPASS tokamak

The COMPASS tokamak is able to reach H-mode using even only ohmic
heating power thanks to its modest size and parameters [94]. Additional
Neutral beam injection heating is also available, but the ohmic heating
controlled mainly by the plasma current is much easier to accurately quantify
and control. For this reason in all of the experiments described in this section
only purely ohmic heating was used.

3.1.1 Limit cycle oscillations measurements

The limit cycle oscillations described in subsection 1.2.5 are routinely observed
in the COMPASS tokamak. Several dedicated campaigns led and analyzed
primarily by the author focused on their characterization and resulted in
a first-author publication [63] at the end of this section. The experiments
used primarily a multi-pin probe head (featuring both Langmuir and ball-pen
probes, a modification of the probe head used for Reynolds stress measure-
ments [56]) on a reciprocating manipulator in order to capture the behavior
of various edge plasma quantities (such as density, temperature, velocity and
their fluctuation power) throughout a limit cycle oscillation over a relatively
wide radial range covering both the SOL and the region inside the LCFS.

The measured data were conditionally averaged based on the phase of the
oscillation observed on magnetic pick-up coils and on the radial location of the
probe measurements. This resulted in 2D-like average radial profile evolution
of various quantities. The magnetic component was originally thought to be
m=1 left-right asymmetric, but ongoing analysis shows that is may be actually
up-down asymmetric with an additional m=2 component in agreement with
the theory in [117].

27



3. Results ............................................
Overall it was found that the pressure and velocity shear profile degradation

inside the separatrix slightly precedes the phase with the greatest turbulent
fluctuation intensity as can be seen in Figure 3.1. This behavior points to a
pressure-drive ballooning-like profile degradation and subsequent transport,
rather than to zonal flows being generated by turbulence. Furthermore, the
Reynolds stress drive was found to be insufficient to explain the growth of
the velocity.

Figure 3.1: Average evolution of poloidal velocity and turbulent fluctuations
intensity during a conditionally averaged limit cycle oscillation observed in the
COMPASS tokamak using a reciprocating multi-pin probe head. Not part of
the original publication [63].

However, the conditionally averaged density profile from Lithium beam
emission spectroscopy showed that the steepest gradient region during the
“quiescent” phase of the cycle is deeper inside than where the reciprocating
probe head was able to measure. Therefore, it is possible that there is some
zonal flow activity involved in the LCO dynamics, but was not observed by
the reciprocating probe measurements.

Nevertheless, the temporal ordering points towards a ballooning, ELM-like
dynamic late in the I-phase which has been observed also in other tokamaks
[119]. Since the LCO on COMPASS are typically strongly influenced by
saw-tooth crashes, it is possible that the heat pulse delivered by the crashes
moves the dynamics closer to the late part of the I-phase, closer to type-III
ELMs. The incompatibility of the measurements in COMPASS and other
tokamaks with the zonal flow predator-prey model motivated the extension
of the LCO model in [117] as shown in section 3.2.
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1. Introduction

The high confinement mode (H-mode) [1] is a key oper-
ating regime for future fusion reactors due to the reduction 
of turbulent transport in the plasma edge and the consequent 
improvement in confinement. While the observation of this 
mode in many devices has resulted in a quite robust descrip-
tion of the edge transport barrier maintained by strong sheared 
flows responsible for the quenching of turbulent transport [2], 
a robust model of the dynamical process leading to the emer-
gence of such a barrier is still missing. Such a model is of 
great interest for predictive modeling of the power threshold 
for the so called L-H transition from the L-mode (low confine-
ment) to the H-mode, because designs of future reactors such 
as ITER and DEMO are currently based on empirical scalings 
of the threshold with large uncertainties [3].

The phenomenon of limit-cycle oscillations (LCO) a.k.a. 
the I-phase (intermediary phase) observed on many devices 
[4] during ‘gradual’ L-H transitions offers an opportunity to 

study the dynamics of the L-H transition, specifically the inter-
play between turbulence and sheared flows. The LCO were 
already predicted by a 0D reduced predator-prey-like model 
of the L-H transition [5]. In this model and its 1D extensions 
[6] the turbulence acts as the prey, while the zonal sheared 
flow [7] with a finite but smaller-than-pressure-gradient radial 
scale decorrelates the turbulence structures as the predator. 
The poloidal zonal flow is accelerated by the radial gradient of 
the perpendicular Reynolds stress (RS) 〈ṽpṽr〉 [8, 9] resulting 
from the covariance of the poloidal ṽp and radial ṽr veloci-
ties of the turbulent structures. The process was also cast as 
a transfer of energy between zonal flows and turbulence [10] 
through the Reynolds power per unit mass 〈ṽpṽr〉∂r〈vp〉 with 
the velocity shear ∂r〈vp〉. The energy can be also transported 
by turbulence spreading, therefore, in experiments with point 
measurements (not zonally averaged) such as [11] the quantity 
∂r〈ṽpṽr〉〈vp〉 including the energy transport is used instead. In 
the model the zonal flows dissipate in the absence of turbulent 
drive due to collisional and other damping, thereby locking 
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in a state of oscillation between states of high and low turbu-
lence with the zonal flow intensity lagging by a phase shift of 
π/2 typical of LCO in predator-prey models [5]. Meanwhile, 
with enough external power input the pressure gradient gradu-
ally develops over the low turbulence periods until it results 
in a mean sheared flow sufficient to decorrelate turbulence 
continuously.

However, experiments on different devices show a dif-
ferent dominant influence of either zonal flows generated by 
turbulence, or the mean sheared flow balanced by the pres-
sure gradient at the plasma edge [4, 12]. On the one hand, 
there were observations of zonal flows coupled with tur-
bulence in TJ-II [13], axisymetric zonal flows during LCO 
[14] in DIII-D and geodesic acoustic mode (GAM) activity 
connected with the L-H transition on ASDEX Upgrade [15] 
and zonal flow production by turbulent Reynolds stress in 
Alcator C-Mod [16]. On the other hand, in other experiments 
on JFT-2M [17] and recently ASDEX Upgrade [18] a neg-
ligible role of zonal flows was observed and the role of the 
mean sheared flow was highlighted. In particular, the obser-
vations differ by the time ordering of the radial electric field 
(absolute intensity) Er and the turbulence intensity. While in 
experiments with zonal flow activity the electric field intensity 
maximum lags the turbulence intensity maximum, the order 
is reversed in experiments where the electric field is con-
trolled mainly by the pressure gradient. In HL-2A both kinds 
of evolution were observed [19] with so called type-Y LCO 
featuring turbulence-generated zonal flows and type-J LCO  
controlled mainly by the pressure gradient. The type-Y 
LCO after the L-I transition progresses into the type-J oscil-
lation and an I-H transition is observed only after a type-J 
oscillation.

Recent analyses of the I-phase on ASDEX Upgrade [20] 
and EAST [21] also noted the magnetic signature of the 
LCO. A likely related phenomenon in terms of the magnetic 
signature is the M-mode on JET which also features such a 
periodic modulation of the pedestal profile and the outward 
flux [22]. In these devices an up–down poloidally asymmet-
rical magnetic low-frequency oscillation associated with the 
modulation was observed. Such an up–down asymmetry was 
theoretically interpreted as the result of ballooning transport 
on the midplane [23]. In addition to the low frequency magn-
etic oscillations precursor oscillations were also observed on 
ASDEX Upgrade, highlighting the similarity between the 
observed LCO and type-III ELMs [20].

This study concentrates on oscillation phenomena rou-
tinely observed during the L-H (and also H-L) transition in 
COMPASS discharges. These oscillations have a typical fre-
quency of 3–5 kHz. They can be easily observed on Dα emis-
sion as well as on other diagnostics, e.g. magnetic pickup 
coils, probes, etc. These oscillations were initially thought to 
be ELMs due to the similarity in Dα emission traces. However, 
they significantly differ from ELMs routinely observed during 
ELMy H-mode discharges at least in two main aspects: Their 
amplitude in Dα emission and the power of magnetic and 
probe-measured fluctuations is (at least in the initial phases) 
significantly lower, and they do not reliably follow the fre-
quency scaling with the power through the separatrix reported 

in [24]. The latter point was the original reason which brought 
focus to this phenomena.

For these reasons alternative explanations were sought. One 
possibility is that these are LCO observed on other devices 
during the L-H transition. In order to investigate whether these 
are LCO it was necessary to resolve the temporal interplay 
between turbulence and flows in the plasma edge. Due to the 
modest typical edge temperature of  ∼50 eV in the COMPASS 
tokamak [24] it is possible to directly measure E × B veloci-
ties with probes up to ∼0.5 cm inside the last closed flux sur-
face (LCFS).

Arrays of Langmuir probes have been already used in 
HL-2A [19] and EAST [11, 25] for the investigation of LCO. 
However, such Langmuir probe measurements may be influ-
enced by fluctuations of the electron temperature which may 
play an important role in fluctuation-based quantities, such as 
the RS as was shown in [26]. In order to prevent the contami-
nation of measurements by temperature fluctuations and to be 
able to measure them during the LCO as well, a probe head 
equipped with both Langmuir (LP) and ball-pen (BPP) [27] 
probes in similar geometric configurations was developed 
and used for these experiments. The COMPASS tokamak has 
also plenty of magnetic Mirnov (pickup) coils for the study of 
magnetic modes.

The rest of this article is structured as follows: in section 2 
the diagnostic and experimental setup is described, in particular 
the multi-pin probe head design. The results of measurements 
in a gradual L-I-H transition are reported in section 3.1 and 
those in a stationary LCO regime in section 3.2. Finally, the 
article is concluded with key observations and their discussion 
and future experimental plans in section 4.

2. Methods

2.1. Discharge parameters

All the results presented in this article come from discharges 
performed in the COMPASS tokamak (R  =  0.56 m, a  =  0.2 m)  
[24]. These were deuterium discharges in a lower single-null 
diverted configuration with an elongation of 1.78, lower and 
upper triangularity 0.2 and 0.54 at the LCFS, respectively. The 
ion ∇B drift direction was in the favourable direction (towards 
the X-point). The X-point height was quite small in order to 
prevent contamination of the experiment by modes of a yet-
unknown origin with comparable frequencies (∼6–7 kHz) 
often observed with a high X-point close to the L-H trans-
ition. Chamber conditioning procedures were used, but with 
no direct Zeff measurement the isotope purity cannot be fully 
guaranteed. The line-averaged densities were kept in the range 
of 5−7 · 1019 m−3 and the toroidal on-axis magn etic field was 
Bφ = 1.15 T. All the discharges were purely ohmic. In the 
steady-state oscillation scenario in discharges #13925 and 
#13926 the plasma current was Ipl ≈ 190 kA. In the current-
ramp scenario in discharges #13963 and #13960 the plasma 
current was ramped up (after shaping) from 200 kA to 250 
kA in order to induce a slow L-H transition. Oscillations with 
similar characteristics such as those reported in this article 
also often appear in other discharges within a quite wide 
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range of operational parameters. However, the discharges pre-
sented in this article constitute the currently best selection in 
terms of the optimized scenario and simultaneously working 
diag nostics capable of measuring quantities of interest at the 
plasma edge with sufficient temporal resolution.

2.2. Probe and other diagnostics

The temporal interplay between turbulence and flows during 
the oscillations under investigation was measured by ball-pen 
(BPP) and Langmuir probes (LP) in a special, compact geo-
metric configuration on a horizontally reciprocating probe 
head on the outer midplane. This configuration enables fast 
(5 MS s−1), simultaneous, multi-point measurements of key 
quantities such as the floating potential Vfl, the plasma poten-
tial φ, electron temperature Te, density n (from the ion satur-
ation current I+sat), poloidal and radial electric fields Ep and Er. 
The unique combination of BPPs and LPs enables direct mea-
surement of the plasma potential and the electron temperature 
(in electronvolts) through the formula Vfl = φ− αTe where 
the coefficient α is the logarithm of the ratio of the electron 
and ion saturated currents and is different for each probe type.

The probe head used in this study is a modification of a 
similar configuration previously used to investigate the effect 
of electron temperature fluctuations on the measurement 
of Reynolds stress with Langmuir and ball-pen probes as 
reported in [26]. A detailed description of the original probe 
head geometry and an assessment of its measurement proper-
ties, e.g. the α coefficient of the 2 mm BPPs used, electric field 
measurement properties, can be found in [26] as well.

The main differences between the modified and original 
designs are the addition of probes BPP4 and BPP6 in the new 
modified design and the use of boron nitride (BN) material 
with greater purity for its construction. The former change 
enables the calculation of both the electric fields with BPPs 
at the same virtual point, removing the risk on any phase shift 
between separated measurement points. The latter change 

resulted in almost no plasma cooling or perturbation in com-
parison to the original probe head which significantly cooled 
the plasma and often led to disruptions as was reported in [26]. 
The construction from a BN support in which the probes are 
directly embedded removed the need for extra shielding, and 
in conjunction with the triangle-mesh-like placement enables 
placing probes very close to each other.

Figure 1 shows the schematic of the modified probe head 
design. The radial separation between the probes is 2.5 mm 
and the poloidal separation is  ∼4 mm. The radial Er and 
poloidal Ep electric fields can be calculated from differences 
of floating or plasma potentials measured by neighboring LPs 
or BPPs, respectively. For the datasets presented in this article 
all the electric fields calculated from differences of plasma 
potentials of appropriately positioned BPPs were averaged 
into one virtual point located approximately at the ‘center 
of mass’ of these BPPs. This procedure should mitigate any 
effect of a possible time lag between electric fields meas-
ured at different positions, which could affect the calculation 
of the Reynolds stress. The averaging also removes a sym-
metrical (in terms of polarity and magnitude) stationary offset 
on the partially shadowed probes on the sides with respect 
to the probes in the middle at an equivalent radial location. 
This offset does not affect the fluctuation characteristics. For 
details see [26]. LP1 was set to ion saturated current meas-
urement mode in order to measure density fluctuations. The 
electron temperature Te in eV units was calculated from 
the difference of potentials measured by BPP5 and LP3 as 
Te(eV) ≈ (φBPP5 − VLP3

fl )/2.2, for details on this method see 
[27]. The density n (assuming local quasineutrality) was esti-
mated from the ion saturated current under the assumptions 
of the ion temperature being about double Te for the sound 
velocity estimation and using the effective collection area of 
the probe pin. The probe pin is a graphite cylinder with height 
1.5 mm and diameter 0.9 mm. Its effective collection area was 
assumed to be its rectangular cross section and its top base. 
The correction proportional to 

√
Te  (from the sound velocity) 

Figure 1. Schematics and a picture of the modfied Reynolds stress probe head containing Langmuir (LP, blue) and ball-pen (BPP, red) 
probes. All dimensions are in mm. The directions of the toroidal magnetic field Bφ, the radial Er and poloidal electric field Ep are also 
displayed.
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removes the temperature fluctuations from the ion saturated 
signal, i.e. the resulting density signal has significantly dif-
ferent fluctuation characteristics with respect to the raw ion 
saturation signal. Due to the applied assumptions, the den-
sity estimate is correct only up to a multiplicative numerical 
factor, but the estimate is expected to be correct in terms of 
the order of magnitude and fluctuation characteristics. Finally, 
the electron pressure pe was estimated from the product nTe. 
Because there were no diagnostics capable of measuring the 
ion temperature with sufficient temporal and spatial resolution 
available, the electron temperature is from here on taken as an 
estimate of the ion temperature (and the electron pressure for 
the ion pressure) evolution as well. The poloidal vp and radial 
vr velocities were obtained as the E × B velocities calculated 
from the radial Er and poloidal Ep electric fields divided by the 
local toroidal magnetic field Bφ (∼0.9 T around the LCFS in 
the presented discharges), respectively.

Because this probe head cannot directly measure the radial 
derivative of the electric field and related quantities (e.g. RS), 
it is necessary to employ conditional averaging or aggrega-
tion of measurements at different radial reciprocation posi-
tions for the calculation of higher order radial derivatives. The 
averaging can be done over the radial reciprocation trajec-
tory within one discharge or over a set of highly repeatable 
discharges. Due to the limited experimental time and repeat-
ability of discharges the former approach was taken in the pre-
sented experiments.

The radial reciprocation trajectories were simple in-out 
plunges with an average velocity  ∼1 mm ms−1, reaching at 
most  ∼5 mm inside of the LCFS. The reciprocation velocity 
is not constant, because the probe slows down to 0 mm ms−1 
at the point of the trajectory reversal, i.e. the deepest recip-
rocation. Beyond the reciprocation depth of  ∼5 mm inside 
the LCFS the probe head starts to affect the plasma through 
the release of impurities from its BN body. Beyond  ∼0.5 cm 
outside the LCFS the dynamics are mostly determined by 
the SOL transport of structures from the edge and hence not 
relevant for the studies here. For these reasons the measure-
ments were executed only up to  ∼0.5 cm inside the LCFS and 
the study concentrated on the symmetrical region of up to  
∼ ±0.5 cm outside the LCFS.

All radial coordinates in this article are situated on the 
outer midplane (OMP) and shown with respect to the radial 
OMP LCFS position. The radial OMP LCFS position 
obtained from the magnetic reconstruction has a systematic 
error of  ∼1–2 cm as indicated by the associated velocity shear 
layer (VSL) and the temperature pedestal in diverted plasmas 
[26, 27]. Fortunately, this systematic offset remains roughly 
constant during the whole flat-top. For each discharge it was 
determined as the radial reciprocation position with respect 
to the magnetic reconstruction LCFS where 〈Er〉 = 0, i.e. the 
VSL, and was subtracted before plotting any radial coordi-
nates. Altogether, the uncertainty precision of the radial posi-
tion with respect of the LCFS is about 1 mm when taking into 
account the precision of the position measurement, the offset 
correction and the averaging done in the following sections.

The magnetic signature of the mode associated with the 
oscillations under study was investigated with two arrays 

named A and C of magnetic (Mirnov) pickup coils. The arrays 
are separated by a toroidal angle of ∆φ = 3π/4. Each coil 
array features 24 coil triplets (measuring all three magnetic 
field derivative components when connected) approximately 
uniformly distributed in the poloidal angle [28]. From the A 
array the coils measuring the components of the magnetic field 
time derivative locally perpendicular (normal) Ḃr and parallel 
(tangential) Ḃθ to the vessel wall were used. From the C array 
only selected Ḃθ coils connected to the same data acquisition 
system were used for the determination of the toroidal mode 
structure.

The Lithium Beam Emission Spectroscopy (Li-BES) 
system [29] installed on COMPASS was used to measure 
density profiles up to the pedestal top in fast chopping mode 
with 10 μs temporal resolution. Fast chopping mode means 
that the beam is turned on and off with 100 kHz frequency in 
order to be able to distinguish between the background and 
the beam light emission. This is crucial since the LCO modu-
lates the background emission as well.The radial resolution of 
the system is  ∼1 cm. The system measures profiles approxi-
mately on the outer midplane.

3. Results

The gradual L-I-H transition described in the following sub-
section with intermittent I-phases of several LCOs offers an 
opportunity to characterize and investigate the L-I transition 
and the first LCO cycle. The gradual progression from L-mode 
through I-phases to H-mode was also used to compare the 
density profiles of these different confinement regimes.

The stationary LCO regime was then used to characterize 
the LCO cycle with greater temporal and radial resolution in 
section 3.2.

3.1. Slow L-H transition

Figure 2 shows a temporal evolution from L-mode to H-mode 
through intermittent I-phases with LCO as indicated by the 
Dα emission intensity in the COMPASS discharge #13963. 
It is clear that the early L-I transitions as well as later I-H 
transitions follow the saw-teeth crashes as indicated by the 
SXR signal from the core. It is not entirely clear whether 
the later periods of oscillations between prolonged states 
with an H-mode-like Dα level are still regimes with LCO or 
small type-III ELMs, because the typical H-mode confine-
ment time  ∼25 ms in COMPASS is longer than the duration 
of these phases. The LCO have a distinct signature (negative 
spikes) in the integrated Bθ signals measured by coil MA20 
below the divertor close to the outer strike-point. These signa-
tures are typically the strongest in the signal from this coil, but 
other coils at different poloidal locations also measure a clear 
magnetic signature. The structure of this associated magnetic 
mode is studied in greater detail in section 3.2. Since the Dα 
evolution is expected to be the result of a complicated pro-
cess involving SOL transport and edge density fluctuations, 
and the diagnostic’s field of view includes both the edge and 
the divertor regions, the magnetic signature on the coil MA20 
was chosen as the reference LCO phase signal for conditional 
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averaging purposes. The MA20 signal signature is typically 
by  ∼40µs delayed with respect to the probe measurements 
on the OMP. This delay was not observed to change in the pre-
sented discharges where the global and edge parameters were 
held constant, but it could change under different discharge 
conditions. The delay is related to the phase propagation of 
the magnetic signature described in greater detail section 3.2. 
The signature of these oscillations in magnetic, Dα and probe 
measurements becomes stronger as the discharge gradually 
progresses towards H-mode. There is no clear difference or 
transition between the early, small oscillations in the L-I-L 
phases and the oscillations closer to the H-mode which gradu-
ally become similar to regular type-III ELMs.

During the observed I-phases close to the L-H trans ition 
no significant GAM activity was observed. While some 
activity in the frequency band 25–35 kHz typical for GAMs 
on COMPASS as reported in [30] was observed, the activity 
is very weak in comparison to L-mode levels and only inter-
mittent. The suppression of GAM activity is similar to that 
observed in H-mode. The GAM appears to recover during the 
intermittent L-mode phases.

The data measured by the probes in the first three L-I trans-
itions in figure 2 were conditionally aligned in time according 
to the instantaneous phase of the Bθ MA20 signal. The phase 
was obtained from the analytic signal calculated with the 
Hilbert transform over a 3.7–5.5 kHz bandpassed version of 
the signal. This phase-alignment was necessary since the fre-
quency slightly changed throughout the discharge, mostly as 
a result of slow density fluctuations on the scale of several 
ms. The oscillation frequency appears to be sensitive to these 
slow density fluctuations during the flat-top. Typically, the 
LCO frequency decreases with increasing density, but no sys-
tematic scaling analysis has been done yet. Since the probe 
was reciprocating inwards with an average speed of  ∼0.4 mm 
ms−1 the measurements were separated by roughly a millim-
eter. This enables the calculation of approximate radial deriva-
tives from the radially separated measurements conditioned 
on the MA20 Bθ phase.

The separation of scales into average and fluctuating comp-
onents was done by time-domain filters as was done in [11]. 

The separation frequency cutoff was chosen as 13 kHz in 
order to capture higher harmonics of the base LCO frequency.

The 3 aligned traces of the L-I transitions are shown in 
figure  3. The relative time tr = 0µs corresponds to the π 
phase of the reference phase signal, i.e. roughly the minimum 
of the negative spike in the Bθ MA20 signal as can be seen in 
figure 3(e). The phase signal was converted to time units by 
dividing the unwrapped phase by the frequency of 4.5 kHz. 
The position of the probe during these periods was such that 
the traces in order correspond to the evolution about 1 mm 
outside the LCFS, around the LCFS and about 1 mm inside 
the LCFS.

The evolution can be split into several distinct stages: The 
preceding L-mode terminated by a saw-tooth crash up to 
tr ≈ −250µs, the subsequent turbulence suppression period 
up to tr ≈ −100µs and then the turbulent phase of the LCO up 
to tr ≈ 0µs and the following turbulence suppression.

The saw-tooth crash identified by the fall of the core SXR 
signal occurs around tr = −500µs. Due to the typical travel 
time of several 100µs of the heat pulse to the edge [30] several 
quantities are strongly modulated just before tr = −300µs  
quantities, e.g. there is a negative spike in the Er × Bφ velocity, 
and its shear ∂rvp is quite high, and the pressure gradient is 
modulated. While the turbulence is subsequently gradually 
suppressed the Reynolds stress and its gradient is rather small. 
This indicates that the initial turbulence suppression is due to 
the saw-tooth crash changing the core turbulence.

During the turbulence suppression period the pressure 
gradient inside the LCFS remains relatively high and so does 
the velocity shear while outside the LCFS the velocity shear 
is very low. Several tens of μs later both quantities begin to 
decrease inside the LCFS and the turbulence intensity rises as 
seen in the density fluctuations in the frequency range 150–
300 kHz, shown in an inset plot. Precursor-like fluctuations at 
similar frequencies are seen also in the magnetic field deriva-
tive Ḃθ (shown in an inset plot), but are delayed by ∼40µs  
with respect to density fluctuations. This delay is studied in 
greater detail in section  3.2. Meanwhile, the pressure gra-
dient inside the LCFS decreases, while it increases outside 
the LCFS.

Figure 2. Temporal evolution of selected quantities in the COMPASS discharge #13963, from L-mode through intermittent intermediate 
phases (I-phase) to the H-mode. The time traces of the (a) Dα emission, (b) core soft x-ray emission, (c) tangential (to vessel) magnetic 
field measured by Mirnov coil MA20 below the divertor.
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The fluctuation energy in both Er and pe gradually increases. 
The Er fluctuations are likely due to coherent structures 
moving past the probe. These structures exhibit a cross-phase 
between density and potential fluctuations close to π/2, sug-
gesting that they have a ballooning character. During the most 
turbulent phase the velocity shear remains low and Er drops to 
levels outside the LCFS. The Reynolds stress increases during 
the turbulent phase, but the Reynolds power is very small 
since the velocity shear is small at that time. Once the turbu-
lence dies away, the velocity shear and the pressure gradient 
begin to recover.

While the alignment is undoubtedly imperfect and the 
statistics of only 3 traces is insufficient for straight-forward 

conclusions, it shows the general ordering of the LCO 
cycle observed in all the discharges where the probes were 
measuring.

Figure 4 shows a detailed slice of the density and magnetic 
fluctuation traces along with their wavelet spectrograms in a 
typical LCO cycle later in the discharge. The precursor-like 
density oscillations start at  ∼1177.75 ms in the displayed cycle 
and typically have a frequency in the range 150–300 kHz. The 
power of these oscillations is quite low, but they occur sys-
tematically. Later they evolve into stronger and more regular 
fluctuations, typically in the frequency range 100–200 kHz. 
The magnetic signature also features coherent fluctuations in 
similar frequency ranges and temporal ordering, but delayed 
by  ∼40µs.

The density profiles measured by the Li-BES system in 
discharge #13960 (similar to #13963 in terms of the gradual 
L-I-H evolution) conditioned on the phase of the L-I-H trans-
ition are shown in figure 5. The radial coordinate of the den-
sity profiles is mapped to the same coordinates as those used 
with the probe data. However, the VSL position correction 
comes from the Er profile measured by the probes. The high/
low turbulence intensity conditioning phase of the LCO cycle 
was obtained as the high/low level of the 2–6 kHz bandpassed 
envelope of fluctuations in the frequency range 100–250 kHz 
on a Li-BES channel just inside the separatrix. The usage of 
the reference MA20 Bθ phase signal was not possible, because 
the Li-BES system clock was not properly synchronized with 
other COMPASS diagnostics. This reference signal choice 
makes it possible to relate the Li-BES data to the turbulence 
intensity evolution during an LCO cycle.

The profiles during the phase of high turbulence intensity 
in the LCO cycle are only marginally steeper deeper inside 
the LCFS than in the preceding L-mode. However, closer to 
the LCFS the density is higher than in L-mode and the pro-
file is flattened and extends further into the SOL. The profiles 
during the phase of low turbulence intensity (quiescent) in 
the LCO cycle are substantially steeper than in the high tur-
bulence phase, particularly just inside the LCFS. In fact, the 
largest gradient in the pedestal region is almost as steep as the 
gradient of the pedestal in the ELM-free H-mode closely after 
the I-H transition. However, the pedestal is much wider in the 
H-mode profile, resulting in much higher densities deeper 
inside the LCFS. Altogether, these results suggest that the 
LCO regime has at least slightly enhanced particle confine-
ment in comparison to L-mode, although it is not at the level 
of confinement in a fully developed H-mode. The flattening 
and extension of the profile in the turbulent LCO phase sug-
gests that there is a large flux of particles across the LCFS in 
this phase.

3.2. Stationary oscillation regime

The discharge scenario with nearly stationary LCO throughout 
the whole flat-top offers an opportunity to study the LCO evo-
lution with greater radial resolution.

For this purpose the data measured by the reciprocating 
probe in the range about  ±3 mm from the LCFS were 

Figure 3. Traces of the first three L-I transitions in the COMPASS 
discharge #13963. The raw data and low-frequency components 
(<13 kHz) of (a) the radial electric field Er, (b) the negative of 
the Reynolds stress −〈ṽpṽr〉, (c) the density n, (d) the magnetic 
field derivative Ḃθ measured by tangential coil MA20, (e) the 
integrated field Bθ, ( f ) the electron pressure pe, (g) its gradient, (h) 
the poloidal velocity shear −∂r〈vp〉 are shown in order for different 
radial positions of the reciprocating probe.
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conditionally averaged. This average encompassed about 
180 LCO cycles. The conditional trigger was again the 
instantaneous phase of the MA20 Bθ coil signal. The probe 
data were decimated (lowpassed to Nyquist and downsam-
pled) to a sampling frequency of 1 MHz since no important 
fluctuations are expected beyond 500 kHz and it reduced the 
noise in the conditional average. Each data point measured 
by the probes with a given reciprocation position (again rela-
tive to the LCFS up to an offset) and a given MA20 phase 
was then assigned into a bin in a 2D-histogram-like algo-
rithm which computed the mean and standard deviation of 
each bin. The resulting 2D map was plotted as contours in 
figure 6 for the COMPASS discharge #13926. The result in 
the discharge #13925 is similar. The radial derivative evo-
lution of plotted quantities can be deduced from the density 
of contour lines. For better clarity several radial profiles from 
the same dataset are also plotted in figure 7. The radial width 
of each bin is almost 1 mm, but the corresponding horizontal 
errorbars are not shown for the sake of clarity. The dashed 
trends are linear splines with a knot at R − RLCFS = 0 mm 
(except for low density fluctuations where the trend is more 
complicated). The evolution of means and/or gradients of 
selected quantities inside and outside the LCFS are plotted 
as Lissajous curves in figure 8. Since the LCO frequency was 
about  ∼4.5 kHz, the conditional oscillation phase covers 
about a 220 μs long window.

Since the density gradient evolution with respect to the tur-
bulence phase qualitatively agrees with the Li-BES profiles 
shown in the previous subsection, the profiles measured by 
the probes are assumed to give a good estimate of the general 
steepening or flattening of the broader edge profile.

The conditionally averaged evolution is similar to that 
described in section  3.1. The temporal evolution can again 

be split into several stages: The recovery of the pressure and 
velocity profile from the LCO phase −π to −π/4, its gradual 
degradation and the rise in turbulence intensity up to π/4, 
the rapid velocity decrease and turbulence intensity increase 
around π/2 and the pressure profile flattening and ejection 
around 3π/4.

When the poloidal velocity (and its shear) inside the LCFS 
reach their maximum around the −π/4 phase, the electron 
pressure profile is the steepest (inside the LCFS) and there 

Figure 4. A short segment of (a) the density n trace and (b) its wavelet spectrogram and (c) the magnetic field derivative Ḃθ MA20 trace 
and (d) its wavelet spectrogram showing the evolution of the density and magnetic fluctuations during a typical LCO cycle.

Figure 5. Li-BES density profiles of the edge plasma in the 
COMPASS discharge #13960. The radial coordinate on the  
x-axis is the distance from the outer midplane LCFS position 
with the probe-based VSL correction. Displayed are conditionally 
averaged profiles in L-mode, LCO phase with high (turbulent) and 
low (quiescent) turbulence intensity and in H-mode closely after 
the I-phase. The errorbars represent the standard deviation of the 
samples in the conditional average.
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is very little turbulence intensity as indicated by the RMS of 
density fluctuations 

√
〈ñ2〉. Outside the LCFS the turbulence 

intensity is also very low, but the velocity shear and the pres-
sure gradient are small.

The subsequent, gradual turbulence intensity rise is cor-
related with the rise in the (negative of the) Reynolds stress 
−〈ṽpṽr〉 and the radial turbulent transport 〈ṽrñ〉. The direction 
of the average radial turbulent transport is outwards through 
the LCFS to the SOL. Meanwhile, the pressure profile flat-
tens inside the LCFS and ‘extends’ into the SOL. A similar 
evolution is visible on the velocity and its shear inside the 
LCFS. However, outside the LCFS the pressure gradient and 
the velocity shear slightly increase.

As π/2 is approached, the turbulence intensity continues 
to rapidly increase while the velocity and its shear rapidly 
decrease inside the LCFS. However, the velocity shear and 
the pressure gradient slightly increase outside the LCFS.

Once the turbulence intensity and correlated quantities 
peak around π/2 the pressure profile is ‘ejected’ through the 
LCFS and is generally flattened. The velocity profile is also 
flattened. While the flattening and ‘ejection’ of the pressure 
profile peaks the turbulence intensity is already decreasing.

Afterwards, the pressure profile begins to recover and so 
does the velocity. It is worth noting that the pressure profile 
steepness is mostly determined by the temperature profile, the 
density profile is much flatter inside the LCFS in comparison.

Figure 6. Conditionally averaged evolution of (a) the poloidal velocity 〈vp〉, (b) the RMS of density fluctuations 
√

〈ñ2〉, (c) the electron 
pressure 〈 pe〉, (d) the negative of the Reynolds stress 〈ṽpṽr〉, (e) the density 〈n〉 and ( f ) the electron temperature 〈Te〉 during an average LCO 
cycle measured by the Reynolds stress probe head in the discharge #13926.
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The Reynolds power per unit mass normalized by the 
effective turbulent energy production γeff〈v2

⊥〉 is negligible 
throughout the cycle, and reaches only up to  ∼10% close to 
the LCFS during the most turbulent phase. The effective tur-
bulence growth rate γeff ≈ 50µs was estimated for the average 
turbulence energy 1/e rise time. The apparently negligible role 
of the Reynolds stress power is mostly due to the velocity 
(and its shear) inside the LCFS and the Reynolds stress being 
almost in counter phase.

The Lissajous curves in figure  8 show that the inside 
the LCFS the curves of the velocity, its shear and the pres-
sure gradient with respect to the turbulence intensity rotate 

counter-clockwise, i.e. the velocity and its shear intensity 
leads the turbulence intensity. It is also interesting to note, that 
the velocity shear has a more complicated behavior—nearly a 
reversal of the curve direction—during the phase of the max-
imum turbulence intensity which is not so clearly seen on the 
velocity evolution itself. Outside the LCFS the evolution is 
reversed in terms of the cycle curve direction with respect to 
the direction inside the LCFS.

The magnetic signature of the LCO was studied in the dis-
charge #13925 (similar to #13926 but with a more coherent 
magnetic signature). The evolution of the time derivative of 
the magnetic field Ḃθ measured by the Mirnov coil MA20 

Figure 7. Conditionally averaged radial profiles of (a) the poloidal velocity 〈vp〉, (b) the RMS of density fluctuations 
√

〈ñ2〉, (c) the 
electron pressure 〈 pe〉, (d) the negative of the Reynolds stress 〈ṽpṽr〉, (e) the density 〈n〉 and ( f ) the electron temperature 〈Te〉 during selected 
phases of an average LCO cycle measured by the Reynolds stress probe head in the discharge #13926. The dashed trends are linear splines 
with a knot at R − RLCFS = 0 mm.
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and also the integrated field Bθ during several LCO periods 
is shown in figures 9(a) and (b). The orange curve shows the 
LCO frequency component in the range up to 5 kHz (and 
from  ∼3.7 kHz in the case of the time derivative). The dark 
yellow curve shows the low-frequency (lowpassed to 20 kHz) 
envelope of the fluctuation power in the range 20–500 kHz. 
The fluctuation power is seen to slightly rise (there is a small 
bump) just before the large burst of fluctuation energy and the 
large jump in the integrated field. This behavior suggests the 
presence of precursor-like oscillations.

The cross-coherence of the fields measured by other 
Mirnov coils in the A array with respect to the the MA20 
coil was investigated in 40 ms time window where the LCO 

frequency was the most stable. The measured Ḃθ fields exhibit 
a clear m, n = 0, 0 symmetric structure of the envelope of the 
high-frequency oscillations during the LCOs. The component 
at the LCO frequency, although weaker, exhibits a left–right 
asymmetry in the cross-phase as seen in figure 9(c), propa-
gating from the LFS to the HFS. The coherence between coils 
in the A and C array points to an n  =  0 mode structure.

The measured Bθ fields at the LCO frequency are system-
atically stronger than the Br fields even in the divertor region 
where the measured mean (equilibrium) fields have strong 
radial components near the strike points. This suggests that 
the magnetic activity associated with the LCO is likely located 
on a closed field line inside the LCFS.

Figure 8. Lissajous curves of conditionally averaged evolution of the RMS of density fluctuations 
√

〈ñ2〉 with respect to (a) the the 
poloidal velocity 〈vp〉, (b) the poloidal velocity shear −∂r〈vp〉, (c) the negative of the pressure gradient −∂r〈 pe〉 during an average LCO 
cycle measured by the Reynolds stress probe head in the discharge #13926. Blue and orange points represent the average and/or gradient 
of selected quantities inside and outside the LCFS, respectively.

Figure 9. Typical signature of LCO in (a) Ḃθ and (b) integrated Bθ for the coil MA20. (c) Cross-phase with coherency  >0.4 between fields 
measured by tangential magnetic pickup coils in array A with respect to the coil MA20 (green cross). The red contour shows the LCFS 
from the magnetic reconstruction.
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4. Discussion and conclusions

The oscillation phenomena routinely observed during slow 
L-H transitions in the COMPASS tokamak was investigated 
with both ball-pen and Langmuir probes for the first time, 
offering a direct measurement of the radial electric field 
without the significant influence of the electron temperature 
gradient and other fluctuating quantities with high temporal 
resolution.

The temporal ordering of LCO oscillations on COMPASS 
and the associated radial electric field and the turbulence inten-
sity is consistent with the type-J LCO observed on HL-2A 
[19]. The apparent lack of Reynolds-stress-related velocity 
generation and high correlation of the velocity profile with 
the pressure profile in the close vicinity of the LCFS is also 
consistent with the HL-2A type-J observations. In the state 
of suppressed turbulence the pressure gradient builds up until 
some instability leads to its collapse and subsequent ejection 
of plasma. The turbulence does not recover to L-mode levels, 
but is suppressed again. The key questions for future studies 
are which instability triggers the collapse and which mech-
anism prevents the recovery of L-mode turbulence. It is also 
important to note that the measured pressure evolution cap-
tured only the electron pressure and may not fully reflect the 
evolution of the ion pressure.

As seen in figure 6, the temporal evolution of a LCO cycle 
also indicates that there may be several different time scales 
at play, e.g. the fast velocity slow-down, turbulence rise and 
the profile ejection are faster than the time scale of the gradual 
pressure and velocity profile recovery and deterioration in the 
state of low turbulence. The evolution of the shear is also seen 
to be slightly different from that of the the average velocity. 
This result suggests that the usage of the poloidal velocity 
instead of its shear in [19] may not be completely valid and 
likely does not show the whole picture.

A significant difference from the HL-2A observations is 
that the type-J-like oscillation is observed right after the L-I 
transition induced by a saw-tooth crash without any preceding 
type-Y oscillation with significant zonal flow activity in the 
vicinity of the LCFS as was the case in HL-2A [19].

However, the presented and fully diagnosed discharges 
represent only a small set within a larger range of parameters 
where such oscillations are routinely observed. Therefore, 
other types of dynamics in different COMPASS scenarios 
cannot be ruled out. It is also possible that such probe meas-
urements only several mm inside the LCFS do not capture 
important flow dynamics. This point is supported by the 
Li-BES density profile showing the largest gradient during the 
LCO cycle several centimeters inside the LCFS.

In a broader sense the results of type-J LCO measurements 
on HL-2A [19] have been reproduced on COMPASS with the 
advantage of using ball-pen probes instead of Langmuir probes 
in order to better separate the electron temperature from the 
plasma potential. The presented Li-BES profile results also 
show that further investigations deeper inside the LCFS in the 
region of the greatest pressure gradient are needed in order 
to assess the dominant role of either the pressure gradient or 
zonal flows. This observation of a deep radial extent of the 

LCO also agrees with the HL-2A results from reflectometry 
[31]. Finally, these results from a significantly smaller device 
than HL-2A could be the basis for future scaling analyses.

The magnetic signature observed during the LCO features 
an asymmetry, but one in the left-to-right direction, whereas 
on EAST [21], ASDEX Upgrade [20] and the M-mode on 
JET [22] an up–down asymmetry was observed. The LCO 
signature in COMPASS appears to be weaker than in ASDEX 
Upgrade and EAST, but that is likely due to the quite different 
machine size and correspondingly different density and pres-
sure profiles. The left–right asymmetry should correspond to a 
pressure gradient modulation according to [23], which further 
supports the notion that the LCO is controlled by the pressure 
gradient.

A more detailed analysis in the future including the locali-
zation of the magnetic perturbations on a specific flux surface 
and possibly the tomographic reconstruction of the corre-
sponding current perturbation could offer more insight.

The presence of precursor-like high-frequency oscillations 
just before the large LCO-frequency modulation suggests 
that these oscillations may have some physical mechanisms 
in common with type-III ELMs. Similar 200–300 kHz pre-
cursor-like oscillations are commonly observed in regular 
type-III ELMs on COMPASS [32] and in ASDEX Upgrade 
[33]. The larger regular density spikes could be a pre-crash 
rotating mode such as observed on MAST [34]. Unfortunately, 
the present measurements do not offer sufficient radial resolu-
tion for mode structure and movement analysis. The similarity 
between these LCO and type-III ELMs was also the general 
conclusion from ASDEX Upgrade [20].

This similarity with type-III ELMs is further supported by 
the evolution of the density (and pressure) profiles observed 
by both probes and Li-BES. A slight pedestal is formed in 
the LCO regime. The collapse of the gradient during the most 
turbulent phase of the LCO is followed by a fast ‘ejection’ of 
the profile into the SOL. The density (and pressure) profile 
evolution observed by Li-BES and probes qualitatively agree 
in this regard. The I-phase pedestal appears to be smaller than 
the one in H-mode, which could explain why the observed 
LCO have a weaker signature in most signals in comparison 
to routinely observed type-III ELMs. Therefore, the analysis 
of profile stability might offer additional insights into the trig-
gering mechanism of the oscillations. However, for such an 
analysis additional discharges are necessary in order to obtain 
a sufficiently large dataset of Thomson scattering pressure 
profiles. The recent installation of 2 additional lasers [35] will 
also favor the collection of such a dataset.

While the modified Reynolds stress probe head offers the 
possibility to directly measure electric fields, it cannot directly 
measure the radial derivates of these fields and derived quanti-
ties of interest (such as the Reynolds stress power). Therefore, 
a different rake probe head design capable of such measure-
ments is envisioned for future campaigns.

The conditionally-averged Li-BES profile evolution quali-
tatively agrees with that observed by the probes. However, a 
more detailed study and comparison of the dynamics observed 
by both diagnostics is still ongoing and will be the subject of a 
future publication. It will also focus on the frequency scaling 
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of the LCO, particularly with respect to the edge density 
measured by the Li-BES system.

The continuing investigation of this phenomena in the 
COMPASS tokamak and particularly the extension of the 
radial range of the analysis and the dependence on various 
parameters such as the plasma shape, density, proximity to 
the L-H threshold, etc is planned as part of the dedicated L-H 
transition experiments in the year 2018.
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............................ 3.1. L-H transition in the COMPASS tokamak

Figure 3.2: Temporal evolution of the X-point height above the divertor, Dα

line emission, line-averaged electron density measured by Thomson Scattering
(TS) and interferometry and gas puff level in COMPASS discharge #18170. The
discharge was performed with a constant plasma current Ip = 210 kA and on
axis toroidal magnetic field strength Bt = 1.15 T.

3.1.2 Dependence on the X-point position

The author contributed to the planning, execution and subsequent analysis of
the dependence of PLH on the X-point position in the scope of the wider grant
focusing on the impact of high-file-side error field on enhanced confinement.
The strong dependence of PLH on the X-point height above the divertor has
been known for some time [120]. The author focused on carefully investigating
the dependence by performing discharges with the X-point position being
ramped from a high position to a lower one at constant plasma current. A
typical evolution of such a discharge is shown in Figure 3.2 where at a constant
plasma current (and thereby roughly constant ohmic heating) the X-point
height above the divertor was ramped down until an L-H transition occurred.
The transition can be clearly seen from the drop in Dα line emission and also
a steep increase in density to which the feedback system reacts by stopping
gas puffing. The plasma current was scanned discharge-by-discharge in the
range from 170 to 230 kA at a magnetic field of 1.15 T at densities around
7 · 1019 m−3. This resulted in a scan of ohmic heating power since no NBI
was used.

The scan revealed a significant linear dependence with a slope of about
45 kW additional loss power required for an increase of 1 cm in the X-point
height above the divertor. The observed PLH was corrected for density varia-
tion by normalizing the values by the density dependence in (1.3) discussed
in subsection 2.2.1, because these densities in COMPASS correspond to the
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3. Results ............................................
high density branch. Unexpectedly, a series of discharges at higher currents
appeared to have a similar trend but with a significant offset. Later it was
discovered that these discharges had q95 ≈ 3 suggesting that a (perhaps intrin-
sic) resonant perturbation or tearing mode may be degrading the gradients
forming in the pedestal region, therefore, requiring greater loss power to
achieve the sufficient gradients.

Figure 3.3: L-H power threshold dependence (normalized by the density density
dependence in the high-density branch) on the (closest) X-point distance to the
divertor. The discharges with greater offset in the trend have q95 ≈ 3.

A series of discharges with different, constant X-point heights at the same
ohmic heating power and densities were performed on order to capture the
changes in the radial electric field with the changing X-point height above
the divertor. The results shown in Figure 3.4 revealed that the poloidal
velocity shear increases as the X-point comes closer to the divertor. The
increased shear would make the L-H transition easier, which could explain
the power threshold at lower X-point heights observed in Figure 3.3. The
shear inside and outside the LCFS is also strongly correlated, suggesting that
the SOL determines the inner shear, because the core parameters remained
the same. These observations are generally in line with the theoretical
EDGE2D-EIRENE simulations [44] discussed in subsection 3.1.2. However,
additional modeling using codes such as SOLPS or EDGE2D-EIRENE of
these COMPASS discharges is required to explain the difference in the SOL
parameters in response to the change in the X-point geometry.
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....................3.2. First-principles model of pressure relaxation LCO in tokamaks

Figure 3.4: Electric potential and radial electric field Er profiles measured by a
reciprocating ball-pen (BPP) probe in discharges with the same hating power
and density but different X-point heights above the divertor. It can be clearly
seen that the Er (and therefore also poloidal velocity) shear increases as the
X-point comes closer to the divertor.

3.2 First-principles model of pressure relaxation
LCO in tokamaks

The large body of research which observes ballooning-like LCO motivated
the international effort to develop a scaling for this type of LCO spearheaded
by the author of this thesis. While this type of LCO cannot shed light on the
role of zonal flows in the L-H transition, it was hoped that the development
of a physical model for such LCO could present a way to further differentiate
them from the other zonal-flow LCO kind and possibly to offer insights into
other mechanisms impacting the L-H transition.

The scaling presented in the article draft to be submitted to Physical
Review Letters at the end of this section is based on the extension of the
theory in [117] for the LCO frequency and magnetic signature. The original
theory over-predicted the observed frequencies and had the opposite (i.e.
proportional to) temperature dependence that that observed (inverse) in the
experiment [69]. Furthermore, there was no inverse density dependence as
observed in the experiments [69, 65].

The final formula derived from a first-principle system of equations based
on the DALF system described in section 2.3 systematically predicts the
frequency of late limit cycle oscillations with an up-down toroidal current
asymmetry. The frequency scaling shows a strong dependence on the machine
size, adding further to the evidence that these kinds of limit cycle oscillations
are not due to a predator-prey coupling of turbulence with zonal flows but
simply the result of a periodic relaxation of the pressure gradient with the
time scale determined by the parallel sound speed over the connection length
between the inboard and outboard edge plasma with additional coupling to
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3. Results ............................................
the Alfvé wave spectrum.

Furthermore, the generalization of the DALF scaling parameters (2.6) to
arbitrary ion mass number A and charge Z allowed the author to also describe
the scaling for Helium discharges. This generalization was then exploited for
the L-H transition model described in subsection 1.2.6 as is further explained
in section 3.3.
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Abstract

An analytical formula systematically predicts the observed frequency of pressure relaxation limit

cycle oscillations in the vicinity of the transition to high confinement in 4 tokamaks (JET, ASDEX

Upgrade, COMPASS, Globus-M). The experimental dataset spans the widest available range of

frequencies, machine sizes and plasma ion species. The machine size dependence is explained by

the connection length scale of plasma flows parallel to the magnetic field. The model also explains

the observed up-down poloidal current asymmetry and the impact of the plasma ion species mass

and charge.

Turbulent transport in magnetized plasmas is considered to be responsible for most of

the energy loss in present-day tokamaks on the quest towards a thermonuclear fusion energy

source. Therefore, the transition to the High confinement mode (H-mode) [1, 2] in tokamak

plasma is a key factor for achieving thermonuclear fusion in future reactors, such as the

ITER prototype experimental reactor. However, the conditions necessary for accessing the

H-mode are known only empirically with a limited degree of certainty. Therefore, the so

called L-H transition to H-mode from the Low confinement mode (L-mode) is an active area

of research, focusing on developing a physics model of the transition capable of delivering

predictions for ITER and other future reactors.

The L-H transition is characterized by the quenching of turbulent transport due to the

formation of a transport barrier in the edge layer of the plasma, leading to reduced losses in

comparison to L-mode with severe turbulent transport across the edge layer [2]. However,

this quenching process is not always abrupt and under certain conditions may be gradual,

accompanied by the phenomena of limit cycle oscillations (LCO) periodically transitioning

between a state of strong and quenched turbulent transport [3]. This leads to the typical

observations of oscillations in many measured quantities, such as spectral line emissions,

edge temperature and density (pressure) and others. One of the most promising models

[4, 5] of the L-H transition predicts these oscillations to be the result of a predator-prey-like

coupling between turbulence and zonal flows generated by the transfer of momentum and

energy [6] from the turbulence by the Reynolds stress [7]. Since the generation of zonal

flows is considered to be one of the leading candidates for quenching turbulence in general

and possibly during the L-H transition as well, this LCO phenomena offers a promising

opportunity to further study the dynamics of the L-H transition in greater detail, and
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therefore, has been studied in many tokamaks across the world [8–13].

However, the characteristics of the observed LCO differ between tokamaks. Some ex-

periments found that turbulence suppression by flow generation appears strong enough to

trigger a transition into the H-mode [14–17]. Others do not [10, 18? –21] and rather ob-

serve a behavior closer to type-III edge localized modes (ELMs) where the pressure gradient

quasi-periodically relaxes upon reaching a critical threshold [22]. Furthermore, these pres-

sure relaxation LCO are often accompanied by an up-down asymmetric magnetic signature

[12, 22–24] and generally exhibit many similar characteristics in JET and ASDEX Upgrade

(AUG) [25]. This article only considers the LCO of the second kind, which are typically

observed in the “late” stage of the LCO phase close to pure H-mode if both kinds of LCO

are observed during a single discharge evolution. Therefore, this Latter aims to provide a

model explaining the behavior of these late, pressure relaxation LCO capable of predicting

their frequency and magnetic signature, offering a way to further distinguish the late LCO

from the “early” LCO possibly dominated by zonal flows.

In the following Letter firstly the model is derived from first-principles-based equations.

Subsequently, the eigenfrequency of the model is compared with experimental observations

and the underlying dataset described. To put the results into context, the predicted fre-

quency is then compared with a scaling regression and other proposed scalings. Finally,

future work and possible improvements to the model are discussed.

The model presented herein extends the theory outlined in [23] which was inspired by

the geodesic acoustic mode sideband derivation in the drift-Alfvén wave turbulence (DALF)

model [26]. The fundamental model is a linearization of the full DALF model [26, 27], and

therefore, represents only the main coupling terms of the limit cycle present in the full model,

but does not describe the growth of the underlying instability, though it assumes its presence.

This is motivated by the fact that the limit cycle oscillation period of the corresponding

square-root Voterra-like predator-prey model [23] is dominated by the coupling terms [28]

and coincides with the eigenfrequency of the linearized equations described below.

The model starts with the description of the state of a layer in the edge plasma where an

in-out asymmetry in the electron pressure develops after a large transport event on the outer

midplane. The asymmetry is described by the term 〈p̃e cos θ∗〉 where θ∗ is a straight-field-line

angle (roughly equivalent to the poloidal angle but accounting for a varying magnetic pitch

angle) and 〈. . . 〉 =
∮ ∮

dydθ∗ signifies a zonal average over the θ∗ angle and the binormal
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FIG. 1. Sketch of the electron pressure p̃e in-out asymmetry being replenished by the up-down

asymmetric parallel electron flow ṽ‖ decomposed into the ion flow ũ‖ and parallel current J̃‖ up-

down asymmetries and the vorticity Ω̃ asymmetry due to the J̃‖ asymmetry. The asymmetries are

represented by sidebands zonally averaged over the straight field line angle θ∗ relative to the outer

mid-plane.

coordinate y within the layer. The tilde in p̃e represents the deviation from the average 〈pe〉.
Neglecting second-order and curvature terms in Eq. 14 in [23] (as is done also in the other

equations below), the evolution of this asymmetry can be described as

∂

∂t
〈p̃e cos θ∗〉 = 〈J̃‖ sin θ∗〉 − 〈ũ‖ sin θ∗〉 (1)

where the terms 〈J̃‖ sin θ∗〉 and 〈ũ‖ sin θ∗〉 are the up-down asymmetry in the parallel

current and ion flow, respectively. The equation describes the reduction of the electron

pressure asymmetry by the replenishing parallel electron flow ṽ‖ decomposed into the ion

flow ũ‖ and parallel current J̃‖ as sketched in Fig. 1. The estimate in [23] was obtained by
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considering only the contribution from the parallel ion flow evolving according to

ε̂
∂

∂t
〈ũ‖ sin θ∗〉 = (1 + τi)〈p̃e cos θ∗〉 (2)

where τi = pi/pe = Ti/ZTe is the fixed ratio of the ion to electron background pressures

with quasineutrality ne = Zni of Z-charged ions and ε̂ = (cs/L⊥)2/(cs/qR)2 is the ratio

of the perpendicular and parallel sound transit frequencies with the cold-ion sound speed

cs =
√
ZTe/mi with ion mass mi and electron temperature Te in electronvolts, reference

safety factor q, major radius R and gradient length-scale L⊥. The coupling of the two

equations leads to an up-down asymmetric ion flow driven by the in-out asymmetry in the

total pressure. This ion flow reduces the asymmetry, while external heating and fueling is

assumed to replenish the average pressure 〈pe〉 as well. This results in the original state which

is unstable and the ballooning transport creates the asymmetry again. The eigenfrequency of

the system of equations (1) and (2) is ωSSU =
√

(1 + τi)/ε̂ normalized to the perpendicular

time scale L⊥/cs. However, this mechanism also known as the Stringer spin-up (SSU)

used in [23] overpredicted the frequency by up to a factor 2 and had a ∼ √Te dependence

incompatible with experimental observations, therefore, additional mechanisms which would

slow down this dynamic were sought.

One possibility is to include the parallel current term in (1). Neglecting resistivity which

has little impact on the result, the parallel current evolves as

∂

∂t
〈(β̂Ã‖ + µ̂J̃‖) sin θ∗〉 = −〈p̃e cos θ∗〉+ 〈φ̃ cos θ∗〉 (3)

= −(1 + τi)〈p̃e cos θ∗〉+ 〈W̃ cos θ∗〉 (4)

where the magnetic potential is tied to the parallel current by Ampére’s law of induction

−∇2
⊥Ã‖ = J̃‖. The first term on the left-hand side represents the current induction and

is scaled by the ratio of the perpendicular sound and parallel Alfvén transit frequencies

β̂ = (cs/L⊥)2/(vA/qR)2 with the Alfvén speed vA = B/
√
µ0nimi and the reference on-

axis magnetic field strength B. The second term represents electron inertia and is scaled

by the ratio of the perpendicular sound and parallel thermal electron transit frequencies

µ̂ = (cs/L⊥)2/(ve/qR)2 with the electron thermal speed ve =
√
Te/me. The right-hand side

represents the difference between the electron pressure and electrostatic potential φ which

can be also written using the total pressure and the ion flow stream function W = φ+ pi.
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However, the easily obtainable coupling of the electron pressure to the current via the

electron inertia term also hinted at in [23] only leads to an increase of the resulting frequency

into the range of several 100 kHz, far beyond experimental observations. Furthermore, the

scaling observed in JET [12] correlated with the poloidal Alfvénic speed which ultimately

scales as ∝ 1/

√
β̂ motivated the focus also on the induction term and the following coupling

to an Alfvénic-like wave. The Alfvénic wave arises from the polarization by the parallel

current resulting in vorticty Ω̃ which evolves according to

∂

∂t
〈Ω̃ cos θ∗〉 = 〈J̃‖ sin θ∗〉 (5)

with the total vorticity defined as Ω = (∇2
⊥W )/B2 with the normalized magnetic field

strength B = 1. The largest contribution in the flux-surface average of the vorticity sideband

〈Ω cos θ∗〉 is likely to come from the highest perpendicular wavenumber. At the same time,

the wavenumber should be below the threshold scale at which the induction is overcome

by electron inertia [27] ρskEM =

√
β̂/µ̂ with the normalization drift scale ρs = cs/Ωi and

the ion gyrofrequency Ωi = ZeB/mi. Additionally, kEM was recently successfully used

also to describe the L-H transition in ASDEX Upgrade [29]. Therefore, in the following

k⊥ := kEM is used to approximate the typical Alfvén wave scale present in the model and

the Ampere’s law is approximated as A‖ ≈ J‖/k2EM and the vorticity as Ω ≈ −k2EMW . With

these approximations and assumptions the current evolution becomes

∂

∂t
〈J̃‖ sin θ∗〉 = −1 + τi

2µ̂
〈p̃e cos θ∗〉 − 1

2β̂
〈Ω̃ cos θ∗〉 (6)

If one couples only the current and vorticity in (6) and (5), the eigenfrequency is ωA =

1/

√
2β̂ in normalized units, which represents and Alfvén wave with k⊥ = kEM and qRk‖ =

1. The linear system of equations (1), (2), (6) and (5) has two distinct (in absolute

value) eigenfrequencies. For typical experimental values one is in the ∼ 100 kHz range,

the other in the several kHz range. The low frequency oscillation representing the LCO

can be approximated with very high accuracy for typical experimental values as ωLCO =
√

1 + τi/

√
ε̂(1 + (1 + τi)β̂/µ̂) = ωSSU/

√
1 + (1 + τi)k2EM in normalized units. In SI units the

predicted frequency is

fLCO =

√
1 + τics

2πqR
√

1 + (1 + τi)
mi

Zme
βe

(7)
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with the local dynamic electron plasma beta βe = µ0neTe/B
2. There is no L⊥ dependence

as it is canceled by the time scale L⊥/cs normalization. This formula can be interpreted

as the time scale at which the ions equilibrate the asymmetry with the warm-ion sound

speed csi =
√

1 + τics over the parallel connection length L‖ ≈ πqR in both directions as in

the Stringer spin-up mechanism, but are slowed down by the coupling to the Alfvénic wave

represented by
√

1 + (1 + τi)k2EM.

The LCO frequency features an isotope-mass dependence between ∼
√
Z/mi and ∼

Z/mi, its effective power depending on βe and τi. Part of the dependence ∼
√
Z/mi origi-

nates in cs, the rest in kEM.

The measured LCO frequency fLCO,meas observed in several tokamaks covering a full

decade in the frequency range and a wide range of machine sizes as well is shown in Fig. 2

with respect to the frequency predicted fLCO,pred by formula (7). The RMSE with respect

to the prediction is 0.48 kHz and R2 = 0.79.

The dominant ordering comes from the strong machine size dependence in in (7). The

∼ 1/mi dependence in (7) explains why Hydrogen discharges have nearly double the LCO

frequency in comparison to Deuterium discharges at comparable parameters. Similarly the

frequency in tritium discharges is lower than in Deuterium. The ∼ ne/Z = ni dependence

of kEM explains why in Helium the LCO are observed in double the ne (i.e. the same ni)

yet with comparable frequency to that in Deuterium because of the similar mi/Z ratio.

In the following the experimental data from each machine are described in more detail.

The selected radial locations at which Te, ne and q are estimated correspond roughly to the

pedestal top where the largest changes during the cycles are observed.

The JET (R = 2.96 m) dataset is a subset of the one reported in [12] and uses Thomson

scattering data interpolated to ψN ≈ 0.95 where ψN is the normalized poloidal flux. The

majority of the dataset from ASDEX Upgrade (R = 1.65 m) is the same one as previously

reported in [22, 23] and represents values of Te, ne, q at
√
ψN ≈ 0.95. Additional discharges

representing H and He discharges were added using integrated data analysis [30]. The

dataset from COMPASS (R = 0.56 m) uses Te, ne from the Thomson scattering system [31]

and q from the magnetic reconstruction evaluated at ψN ≈ 0.95. The dataset is based on

discharges either previously reported in [10] or similar ones. While in [10] a simple up-

down asymmetry in the magnetic signature was not found, recently a more complicated

signature was discovered. It was found to be a combination of an up-down and m = 2

7



2 4 6 8 10
fLCO, pred (kHz)

2

4

6

8

10

f L
CO

,m
ea

s (
kH

z)

R2 = 0.79
RMSE = 0.48 kHz

1 : 1tokamak
JET
AUG
COMPASS
Globus-M

species
H
D
T
He

FIG. 2. Experimental pressure relaxation LCO frequency in JET, ASDEX Upgrade (AUG), COM-

PASS and Globus-M versus the frequency predicted by formula (7). The formula systematically

orders the observed frequencies according to the machine size and the main plasma species mass

and charge.

asymmetry which has no significant impact on the frequency scaling and will be the subject of

a separate publication. The Globus-M (R = 0.4 m) dataset is based on Thomson scattering

measurements at r/a = 0.8 where the fluctuations have the largest amplitude as reported

in [11].
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The displayed prediction uncertainties correspond to ∼ 95% confidence (i.e. 2 standard

deviations) and are based on the uncertainties in the electron temperature and density which

are believed to be the dominant source of uncertainty. The uncertainty in the magnetic

equilibrium reconstruction is not taken into account. In all cases where τi is not known it is

assumed to be τi := 1. This is the case for the majority of the dataset, with the exception of

some ASDEX Upgrade discharges with τi ∼ 1. Impact of impurities and partial ionization

is not considered in the calculation of mi and Z. However, the uncertainty in all these

assumptions is believed to not exceed the displayed uncertainties.

The DALF model upon which this linearized model is based describes only plasmas with

a circular cross section, therefore, the model does not explicitly take into account possible

effects of plasma shaping. However, using the safety factor q95 obtained from magnetic

reconstruction as an effective safety factor implicitly includes the impact of elongation and

triangularity on the effective connection length.

A powerlaw regression of the dataset in Fig. 2 for R [m], Te [eV], ne [1019m−3], B [T],

A = mi/mu and Z using a generalized linear model (GLM) with Gaussian likelhood and the

logarithmic link function results in

fLCO,GLM = exp(4.3± 0.1)R−1.02±0.02B1.01±0.04q−1.15±0.04

· T−0.15±0.02e n−0.64±0.03e A−1.36±0.03Z2.2±0.1

with R2 = 0.85 and RMSE=0.41 kHz which is only a marginal improvement over (7). This

regression is in very good agreement with (7) which scales for large βe as

fLCO,pred ∝ R−1B1q−1T 0
e n
−0.5
e A−1Z1

The difference in the A and Z scaling may come from the comparably small fraction non-

Deuterium discharges in the dataset or may represent a hidden L⊥ dependence. The advan-

tage of using a GLM is the minimization of the actual sum of squared errors with respect to

the measured values instead of the sum of squared logarithms of the relative errors as with

the more common ordinary least squares linear fit in the logarithmic domain. The latter

underfits the larger and overfits the smaller frequencies (in R2 sense) as for them a given

relative error permits larger and smaller deviations, respectively. Comparison of the GLM

results with other more advanced methods such as geodesic least squares [32] will be the

subject of future work.
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Finally, the model can be compared with other LCO models and scalings. In the model

of limit cycle oscillations induced by a predator-prey coupling of turbulence with zonal flows

as in [4] it is not clear how such a strong R dependence would arise.

In comparison to the previously proposed scalings in [22] and [12] which were only em-

pirical and used arbitrary proportionality constants limited to a single machine, the model

and the obtained formula (7) is based on first principles and correctly predicts the scaling

with machine size as well as the up-down poloidal current asymmetry and the impact of the

ion mass and charge.

Formula (7) scales roughly as ∝ Ip/
√
ni which is very similar to the scaling proposed

in [12], however, in contrast to the explanation in [12] of the LCO as a special Alfvén

wave, the model here includes an Alfvén wave only in combination with the Stringer spin-

up mechanism from [23]. Additionally, the poloidal Alfvén speed scaling proposed in [12]

featured a weaker
√
Z/A dependence.

However, the obtained formula does not exhibit such a strong inverse pressure scaling ∝
1/βe as reported in [22] which may explain the overprediction especially for lower frequencies

where the LCO begin to resemble ELMs. Recently in ASDEX Upgrade these LCO have been

identified as Type-III ELMs [33] as proposed in [22]. While the derived formula does not

completely capture the scaling within a given discharge, it does systematically describe the

scaling between different discharges and machines. The reason may be that this linear

model does not take into account the evolution of the precursor-like mode often seen to

increase transport during the LCO and may further increase the equilibiration time scale.

The extension of the linear model by the ballooning instability growth and transport in

future work may further improve the scaling.

Although this model does not directly offer insight into the dynamics of the L-H transition,

its success at describing the LCO phenomena in its vicinity in various plasma species suggests

that the recently proposed model of the L-H transition [29] also based on the DALF model

and kEM could be applied even to other plasma species and devices.
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....................3.2. First-principles model of pressure relaxation LCO in tokamaks
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Figure 3.5: Predicted HFO frequency compared with the peak of the HFO
spectra observed in magnetics on various devices.

3.2.1 Further extensions of the model

The second eigenfrequency of the system described in section 3.2 could be
possibly linked to the observations of high-frequency oscillations (HFO) as
reported in [121]. This eigenfrequency can be written as

fHFO = vA

2π
√

2qR

√
1 + (1 + τi)k2

EM (3.1)

with the parameters defined in the draft at the end of section 3.2. Such a
dispersion relation would represent a warm-ion kinetic Alfvén wave. However,
this formula significantly over-estimates the HFO observations as shown
in Figure 3.5 by roughly a factor 2. A closer match is found with the non-
kinetic Alfvén wave formula, i.e. when dropping the

√
1 + (1 + τi)k2

EM part
in formula (3.1) which is roughly a factor 2.

Nevertheless, the HFO scaling formula without the kinetic coupling enabled
the discovery of the HFO in Globus-M where they were previously not
identified.

This could be possibly explained by the way the HFO observations are
typically done using magnetic coils which are located further away from the
plasma. Therefore, they are more likely to see magnetic fluctuations of large
scales. Furthermore, the HFOs typically are not a well defined frequency
eigenmode but rather a wide spectrum burst event [121]. It is therefore
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3. Results ............................................
possible that there are actually such warm-ion kinetic Alfvén waves present in
the experiments which also excites a wider spectrum of Alfvén waves, but the
magnetic coils at the edge observe the largest power in the lower frequencies
of the spectrum which is likely connected with the large-scale waves.

Further study of the HFO including e.g. ECE analysis might provide more
information of whether such a picture could be valid.

There is also an ongoing effort to include the m = 2 poloidal compo-
nent in the system of equations. The m = 2 component arises from the
geodesic component of the curvature operator K described in section 2.3
〈cos θ∗ sin θ∗∂x〉 = 〈sin 2θ∗∂x〉/2. By constructing equations for the m = 2
sidebands using the 〈· sin 2θ∗〉 products and similar, it is possible to couple
such equations back to the m = 1 component again through the curvature
operator using the identity sin x sin 2x = (cosx − cos 3x)/2 and neglecting
the m = 3 component. This addition is unlikely to change frequency scaling
by much due to the associated prefactor of (ρs/L⊥)2 ∼ 10−4, but it could
offer provide a more detailed comparison with the magnetic signature seen in
the experiment. Additionally, an analogous derivation could be attempted for
the GAM sideband balance as done initially in [118] (which in turn inspired
this analogous LCO derivation in [117]) which could extend existing GAM
scalings.

3.3 Generalization of the separatrix L-H transition
model to arbitrary ion mass and charge

The success at describing also Hydrogen and Helium data in the LCO fre-
quency scaling using the DALF scaling parameters led to the idea of applying
such generalizations also to the separatrix operational space model [70] in
ASDEX Upgrade described in subsection 1.2.6. The original model was
developed and tested only with singly charged ions (Z = 1) in very pure (low
impurity concentration) in Deuterium. In the following article to be submitted
to Nuclear Fusion the other DALF scaling parameters such as C representing
current resistivity were also generalized to arbitrary ion charge number Z by
the author. Great care was taken to explain how Z impacts each parameter
of interest. Subsequently the parameters were further generalized by the
author to a mixture of ion species using an average ion mass Ā and charge
Z̄ numbers. The generalization was shown to lead to physically consistent
definitions of the cold-ion sound and Alfvén wave velocities.

The author also pointed out the extra factor 2 used in the calculation of
kEM in the original work [70] with respect to the correct usage in section 3.2.
Therefore, the ratio of β̂ and µ̂ was renamed to kEM/ES in the draft sections
below to signify this wavenumber represents the “breaking point” between
electromagnetic and electrostatic fluctuation scales. For this reason the
original kEM wavenumber with the extra factor 2 was renamed to kES in the
article in preparation to signify it represents electrostatic scales. Therefore,
the kEM used in section 3.2 is equivalent to kEM/ES and will be also renamed
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......... 3.3. Generalization of the separatrix L-H transition model to arbitrary ion mass and charge

in future work for the sake of consistency.
The following two subsections were written nearly exclusively by the author

and are part of the article draft to be submitted to Nuclear Fusion.

3.3.1 Ion mass and Charge in interchange-drift-Alfvén
turbulence (part of article draft)

In the following we derive how the ion mass mi = Amu and charge Z enter the
description of interchange-drift-Alfvén turbulence relevant to our study. The
controlling scale parameters used in [74, 70] come from the DALF model[114,
115, 116] and were used only with Z = 1 in mind. In order to properly describe
the full isotope and mass effect they can be generalized to arbitrary Z and A
using their original definitions in [114, 116]. The 4 scale parameters with a Z
and A dependence are ε̂, β̂, µ̂ and C (Eq. 2.6). Other scale parameters such
as the normalized curvature radius ωB have no Z and A dependence.

While most DALF-related literature also used Z = 1, in [24] (chapter 16.2)
the main isotope dependence of transport is shown to come from the cold-ion
sound speed cs =

√
ZTe/mi based on DALF-like considerations. Assuming

quasi-neutrality ne = Zni the ion pressure is fixed relative to the electron
pressure pi = τipe with τi = Ti/ZTe. The warm-ion sound speed is then
csi =

√
1 + τics =

√
(ZTe + Ti)/mi following the usual definitions. As cs

cancels in ε̂, the parameter ε̂ has no Z or A dependence.
The Alfvén speed vA = B/

√
µ0nimi =

√
Z/AB/

√
µ0nemu depends on Z

when one uses the electron density under quasineutrality. Therefore, β̂ has no
explicit Z or A dependence, because the

√
Z/A dependence present in both

cs and vA (when using ne) cancel. On the other hand, the electron thermal
speed ve =

√
Te/me does not depend on Z or A, and therefore, µ̂ depends

on Z and A as µ̂ ∼ Z/A.
The resistivity parameter C depends on Z as C ∼ Z3/2/

√
A if νei ∼ Z,

because C ∼ µ̂νei/cs ∼ Z/A ·Z/
√
Z/A. Furthermore, the numerical constant

0.51 is valid only for Z = 1, therefore, for different Z the appropriate Braginski
result ηZ should be used.

The characteristic perpendicular wavenumber (normalized to the drift scale
ρs = cs/Ωi with the ion gyrofrequency Ωi = ZeB/mi) at which current induc-
tion and electron inertia effects balance (ρskEM/ES)2 = β̂/µ̂ [114] therefore
depends on Z and A as ρskEM/ES ∼

√
A/Z. Furthermore, it is useful to con-

sider based on the definitions (2.6) that this wavenumber represents the ratio
of the parallel Alfvén and electron thermal time scales or more specifically
the ratio of the electron thermal and Alfvén speed ρskEM/ES = ve/vA, i.e.
how quickly do electrons move along the field lines relative to ions. Therefore,
the Z and A dependence in kEM/ES can be also understood to come from the
Alfvén speed which includes an implicit Z dependence when using ne instead
of ni.

Using the considerations above, the parameters can be written in a more
practical form from the perspective of comparison to experimental values:
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3. Results ............................................

ε̂ = (qR)2

L2
⊥

β̂ = ε̂βe,d µ̂ = ε̂Z
me

mi
C = µ̂

L⊥
cs
ηZνei (ρskEM/ES)2 = βe,d

mi

Zme

(3.2)
with the so-called dynamic electron beta βe,d = µ0neTe/B

2 which is propor-
tional (but not equal) to the full plasma beta β = 2(1 + τi)µ0neTe/B

2.

3.3.2 Impact of impurities (part of article draft)

In the presence of impurities one can define an effective ion mass as mi,eff =
Āmu with an average mass number weighted by impurity concentration
Ā =

∑
njAj/

∑
nj over ion densities nj . The average charge can be defined

as Z̄ =
∑
njZj/

∑
nj = ne/

∑
nj with the extended quasineutrality ne =∑

njZj . Furthermore, collision times generally scale with the parameter Zeff
defined by neZeff =

∑
j njZ

2
j .

While the basic DALF model assumes a pure ion fluid, the scaling constants
(2.6) calculated with Ā, Z̄and Zeff can remain useful for the description of
turbulence as long as both cs and vA still represent the scaling of the sound and
Alfvén speeds, respectively, and C describes plasma resistivity in conditions
described by Ā, Z̄and Zeff as is shown below.

The Alfvén speed represents waves where the kinetic plasma pressure
periodically equilibrates with the magnetic pressure ρiv2

A/2 = B2/2µ0 with
the plasma mass density ρi, i.e. neglecting the electron mass. In an impure
plasma the average mass density can be expressed as ρi =

∑
muAjnj . In

terms of Ā, Z̄ and ne it can be expressed as ρi = muneĀ/Z̄ which is indeed
consistent with the definition vA = B

√
Z̄/µ0neĀmu.

The warm-ion sound speed is generally defined as the linearization of the
dependence of plasma pressure p on mass density (neglecting electron mass)
c2
si = ∂p/∂ρi. Assuming the same ion temperature Ti for all species the
total plasma pressure can be expressed as p = (1 + τi)pe with τi = Ti/Z̄Te.
Using ρi = muneĀ/Z̄ this results in c2

si = (1 + τi)Z̄Te/Āmu which is indeed
consistent with the definition of the cold-ion sound speed cs =

√
Z̄Te/Āmu.

For single charge ions the characteristic electron-ion collision frequency is
similar to that of electron-electron collisions νei ≈ νee and hence often both
are used equivalently. The electron-electron Braginskii collision frequency is
given by

νee = 4
√

2π
3

ne e
4 ln Λ

(4πε0)2√me T
3/2
e

. (3.3)

The term 0.51νei should describe the electric resistivity, which is only valid
for single charge ions. To take into account multiple ion species with finite
Zeff , the Braginskii result was fitted for Zeff = 1, 2, 3, 4 and ∞ as reported
in [74]. This yields

ηZeffνei = Zeff fZeff 0.51νei(Zeff = 1) ' Zeff fZeff 0.51νee (3.4)
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Figure 3.6: Comparison of the H-mode turbulence suppression and growth
terms in criterion (1.6) for Helium discharges in ASDEX Upgrade. Data and
plot courtesy of Thomas Eich.

where fZeff is defined as

fZeff = (1− 0.569) exp
(
−
((Zeff − 1)

3.25

)0.85)
+ 0.569. (3.5)

3.3.3 Ongoing and future work

The generalized scaling parameters were applied through formula (1.6) to the
separatrix operational space of ASDEX Upgrade in Hydrogen, Helium and
Nitrogen-seeded discharges. Generally very good agreement was found for
Helium as shown in Figure 3.6.

Work on Hydrogen and Nitrogen-seeded Deuterium discharges is ongoing, it
is complicated by the need for an accurate assessment of the concentration of
impurities and Zeff at the separatrix. The Te − ne L-H transition boundaries
estimated from (1.6) and using (1.5) augmented by the considerations in
previous sections for an ASDEX Upgrade-like plasma with q = 4.5, Bt = 2.5 T,
R = 1.65 m (like that in Figure 1.5) for several ion species and their mixtures
of interest are shown in

The predicted increase of the separatrix Te in Hydrogen discharges and a
slightly lower increase in Helium and slight decrease in an equal Deuterium-
Tritium mixture relative to Deuterium is generally consistent with the obser-
vations described in subsection 1.2.4, as long as the electron temperature Te
predicted by this model can be used as a proxy for the loss power PLH . No
drastic shift in the minimum density is observed for Helium, however, the
observation of the line-averaged density density minimum shift in JET [52]
cannot be directly compared without a proper estimation of the predicted
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Figure 3.7: Separatrix electron temperature Te and density ne at the L-H
transition predicted using (1.6) and (1.5) in an ASDEx Upgrade like plasma with
q = 4.5, Bt = 2.5 T, R = 1.65 m for plasma species and mixtures of interest.

PLH and n̄e would be required which would in turn require the knowledge of
how e.g. n̄e and scales with the separatrix ne in Helium. Nevertheless, the
agreement of the observation of LCO in Helium at higher pedestal ne with the
model described in the article draft at the end of section 3.2 suggests that the
DALF model’s emphasis on the ion density which would be a factor 2 lower
in Deuterium at the same n̄e could be consistent with such observations.

The success of the generalized L-H transition model offers hope that similar
predictions could be made also for other devices as well as future reactors such
as ITER. In ITER the initial operation phases will likely spend considerable
time exploring physics phenomena in Helium and Hydrogen discharges with
limited plasma parameters [47]. Therefore, the understanding offered by such
a model how to optimize access to H-mode in Hydrogen and Helium may
become very valuable. Later, understanding the impact of Deuterium and
Tritium mixture ratio may also play an important role in optimizing the
ITER operation. However, in order to be fully predictive it will be necessary
to obtain good theoretical predictions and/or scalings of the pressure gradient
length such as (1.5) wich would be verified also in other tokamaks, because it
is crucial for the predictive evaluation PLH using this model as done in [70]
for the ASDEX Upgrade Deuterium discharges where such a scaling is known.
For instance, there is an ongoing effort to compare and possibly combine
the generalized heuristic drift (GHD) [122] model and the turbulence-driven
widening [74] model of the SOL fall-off length.

Furthermore, the assumption of the equivalence of the ion and electron
temperature profiles should be further investigated. The deeper understanding
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of the ion temperature gradient length could possibly also further improve
the predictive capabilities of such a model and facilitate a comparison with
the ion heat flux model described in subsection 1.2.2.

3.4 I-mode experiments in ASDEX Upgrade

The author took part in the experiments and data analysis at the ASDEX
Upgrade tokamak in the scope of the Medium-sized tokamaks work package
1 (MST1) within the topic 4 (5 in the year 2018) and from 2020 of the Work
Package Tokamak Exploitation (WPTE) Research Topic 8 (RT08) focusing
on natural no-ELM regimes as alternatives to the reference H-mode regime.
The main goals of the experiments was to develop a stationary QH-mode and
to introduce divertor seeding during I-mode discharges in order to detach
the divertor and thereby reduce the heat power loads on the divertor during
I-mode bursts. Later experiments studied the dependence of the transition
into the I-mode on the magnetic field, plasma current and the edge safety
factor. In the most recent WPTE campaign the author proposed his own
proposal to search for the I-mode in the favorable ∇B ion drift configuration
in order to attempt to reproduce past results in favorable ∇B in Alcator
C-mod as noted in section 1.3.

3.4.1 I-mode seeding experiments

In the I-mode seeding experiments within the scope of MST1 different levels
of nitrogen puff were applied to a stationary I-mode in reversed Bt/Ip config-
uration. The goal was to assess the sustainability of the I-mode under seeding
conditions and its compatibility with divertor detachment. These experiments
intended to follow up on the I-mode seeding experiments performed on Alcator
C-mod which have been analyzed only recently [92]. The author was tasked
with analyzing poloidal correlation reflectometry [101] data in order to assess
the evolution of turbulent fluctuation energy with respect to the introduction
of Nitrogen.

As seen in Figure 3.8, the WCM is well visible in the coherence spectrum
as a wide band (50 to 150 kHz) after the I-mode regime is entered after 1.75 s.
The author developed an algorithm to track the WCM feature in the spectra
in order to accommodate the changes in the frequency span and center of the
WCM in response to auxiliary heating. The information about the WCM span
was then used to characterize the spectrum power distribution as indicated
in the left sketch Figure 3.8. Because the total power varies throughout the
discharge in response to many actuators such as NBI blips, slight density
variation etc., the relative ratios of the power contained in the sketched regions
were analyzed for the sake of clarity. Mainly the low-frequency power below
the WCM region relative to the total fluctuation power L/all was compared
with the power in the WCM region above an assumed background turbulence
spectrum of with locally fitted powerlaw form W/(W+P). The first nitrogen
seeding level from 2.4 s starts a gradual decreasing trend in the ratio of the
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Figure 3.8: Poloidal correlation reflectometry (PCR) fluctuation spectra analysis
in seeded I-mode using the spectrum model (left) in ASDEX Upgrade discharge
35798. The time-varying WCM spectrum region (between green dashed lines)
is determined using the coherence of two poloidally separated channels ( right,
top). The different Nitrogen seeding and ECRH heating levels (right, middle)
are compared with the evolution of the PCR spectrum shape (right, bottom).

fluctuation power in the WCM region. Meanwhile, the low frequency power
appears to gradually increase. The second seeding level after 2.9 s prompts
a much faster decrease in the WCM power and the WCM and the I-mode
are apparently lost when the power ratio reaches L-mode levels around 3 s
(as before 1.75 s). A second ECRH step after 3.5 s only increases the low
frequency fluctuations relative power and does not recover the WCM or the
I-mode.

The edge PCR resonance density layer location varies a little during the
discharge as density evolves, which causes the total fluctuation power to vary
as well. The use of power ratios mostly removes the impact of such variations.
Due to the seeding the L-mode resonance layers before and after the I-mode
are not exactly the same, but mostly comparable.

Fortunately, in a later discharge with much higher NBI heating power
instead of dominant ECRH it was possible to overcome the degradation
of the I-mode with seeding. This effort resulted in a publication [123] co-
authored by the author of this thesis summarizing the progress in achieving a
stable, detached I-mode regime in ASDEX Upgrade. The author contributed
primarily to the analysis of the fluctuation dynamics response to seeding as
shown in Figure 8 in the article. Future experiments will aim to build on the
success at partial detachment of the I-mode regime with NBI heating.

The experience of observing fluctuation dynamics in the I-mode regime
also enabled the author to contribute to the analysis of a simulation model
of PREs. This resulted in a publication submitted to Physics of Plasmas
authored by Peter Manz and co-authored by the author of the thesis.

3.4.2 I-mode transition power threshold dependence

The discharges for this I-mode study were performed in July 2019 in the scope
of MST1 Topic 4. The discharges were executed in an experimental “grid”
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of two levels of the plasma current Ip ∈ [0.6, 0.8] MA and toroidal magnetic
field strengths B ∈ [1.75, 2.45, 3.14] T, resulting in different edge safety factor
values q95 for nearly each discharge. The goal of this experiment was to
asses the effect of B, Ip and q95 on the power threshold for the transition
from L-mode into the I-mode and also the later transition to H-mode. These
discharges had a continuous power ramp in NBI heating in an upper-single
null divertor configuration, preventing early H-mode access. For all the
discharges the Greenwald fraction was held constant at ne/nGW ≈ 0.5 in
order to prevent any expected confinement degradation with higher fraction
values.

The dataset for the analysis was formed by inspection of the evolution
of the total loss power Ptot (with NBI shine-through and energy change
subtracted), the confined thermal energy Wth and the total confinement time
τE,tot (including fast particles) in these discharges by performing a rolling
mean and standard deviation (used as errorbars in the graphs) over 50 ms
in order to capture the quasi-periodic variation in the signals. The times
of the L-I and I-H transitions at which the rolling mean and st. deviations
of the mentioned signals and other global quantities (such as B, Ip, q95, ne)
were selected to be just before any suspicious dips in the signals (likely due
calculation errors during transport barrier formation) or changes in the slope
of the signals (especially τE,tot or Wth signifying a confinement change) in
order to capture the plasma state just before the transition and remove the
effect of imprecise calculations.

Unfortunately, following the considerations described in subsection 2.2.1 it
becomes clear that holding ne/nGW = 0.5 amounts to conditioning on the
ne/nGW variable which is a collider and therefore introduces a non-causal
relationship between Ip and n. Therefore, Ip becomes a confounder of the
effect of q95 on P even if it had no direct effect on P itself, because it can
have an additional effect through n.
Ip is a root node and has no confounders (causes common with P ), so

the total effect can be estimated directly without the need for conditioning.
However, it is mostly impossible to separate the total effect into the mediation
via ne or q95, because there is not enough ne variation and conditioning on
q95 (a collider) would introduce spurious correlations between Bt and

The magnetic field is also a root node and is not confounded by any other
causes common with P . Therefore, the total effect (i.e. taking into account
also any indirect effects mediated by q95 or shaping) can be trivially estimated
by regressing P on Bt without any other regressors (i.e. conditioning on other
quantities). Conditioning on Ip or ne would not change the causal dependence
structure, but would decrease the number of effective independent samples
with respect to the degrees of freedom of the model.

As seen in Figure 3.9, owing likely to the unexplained lower PIH at higher
Ip the difference ∆P = PIH−PLI shows the expected broadening of ∆P with
increasing B as discussed in section 1.3 only for the lower currents as shown
below. For the higher currents no statistically significant (within errorbars)
broadening is observed.
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Figure 3.9: Difference in the L-I and I-H transition power thresholds ∆P
depending on the magnetic field Bt and the plasma current Ip in ASDEX
Upgrade MST1 T04 discharges.

The dependence was further analyzed using powerlaw regression. First the
standard approach outlined in section 2.2 was used which resulted in scalings
PLI ∝ B1.6±0.3 and PIH ∝ B1.5±0.3 where the errors are 1 standard deviation
and the p-values were below 5% (i.e. statistically significant). Therefore,
within the uncertainties it was not possible to distinguish the trends which
would explain the ∆P (B) dependence. Regardless, both the observed scalings
are stronger than linear which is at odds with the scaling (1.3). This could
very likely be due to this analysis estimating only the total effect of Bt
variation and not just the direct effect due to the difficulties in separating
the q95 dependence as discussed above.

In order to reduce the uncertainty and attempt to explain the ∆P (B)
dependence a subset of the discharges Ip = 0.6 MA was used with a Bayesian
model using the PyMC3 framework [124] for the power law which enables
to regress even on a such a small number of points with appropriate prior
distributions and can properly take into account the Normal distributions of
the uncertainties and errors. This resulted in scalings PLI ∝ B1.28±0.06 and
PIH ∝ B1.60±0.04 which are indeed statistically distinguishable within the co-
efficients’ uncertainty and thus can explain the observed ∆P (B) dependence.

3.4.3 Investigation of the I-mode separatrix operational
space

Motivated by the recent success of explaining the H-mode access threshold
in ASDEX Upgrade through the separatrix operational space [70] and the
recent theory of I-mode access [83] described in section 1.3 a similar effort was
undertaken to characterize the I-mode separatrix operational space in ASDEX
Upgrade. The initial idea was to verify the operational limits in terms of the
separatrix electron dynamic plasma beta βe and collisionality ν∗e proposed
by the theory. The βe limit corresponds to kEM/ES as used in section 3.3.
Since the choice of ν∗e is based on the Ti/Te ratio dependence in Figure 4.20
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Figure 3.10: Comparison of the L-mode and I-mode existence in the dynamic
beta βe and collisionality (as defined by Stangeby [84]) ν∗

e in ASDEX Upgrade.
The red rectangle shows the original I-mode existence boundary proposed in [83],
the green region suggests a possible boundary more in line with experimental
observations. Separatrix data courtesy of Thomas Eich.

in [84], the definition of collisionality in [84] ν∗e = 10−16neLc/T
2
e for electron

density ne [1019 m−3] and temperature Te [eV] with the parallel connection
length estimate [m] Lc ≈ πqR was used. The dataset was obtained using the
same analysis technique as used in [74, 70] and section 3.3 which fits the edge
Thomson Scattering diagnostic profiles averaged over windows of ∼ 300 ms.

While many of the I-mode experiments obtained also an H-mode towards
the end of the heating ramp, these H-mode phases were typically too short
and non-stationery in order to obtain reliable edge Thomson Scattering profile
fits. Therefore, this analysis can reliably determine only the lower boundary
of access to I-mode and not the upper limit set by the access to H-mode.

The initial analysis displayed in Figure 3.10 showed that the lower boundary
of βe = 2 · 10−5 proposed by the theory was indeed quite close to the
experimental observations at low collisionality. However, for high collisionality
the lower βe boundary appeared to increase nearly linearly with collisionality.
Furthermore, this trend seemed to depend on the magnetic field strength.

A linear dependence between collisionality and βe suggests the existence
of a critical temperature Te dependent on the magnetic field strength B. If
the Ti/Te ratio would be also determined by ν∗e , this could correspond to
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a critical Ti temperature as well. Unfortunately, without actual Ti profile
measurements this cannot be fully distinguished. Generally the experimental
observations at least agree with the general idea of the I-mode being accessible
only at lower collisionalities.

3.4.4 Search for I-mode in favorable ∇B drift

The main idea of the proposal was to attempt to reproduce the Alcator C-mod
results [81] where the I-mode was obtained even in the favorable (for H-mode)
ion ∇B drift configuration (i.e. the drift pointing towards the active divertor)
in a special plasma shape shown in Figure 3.11. Motivated by the experience
in COMPASS of the X-point configuration having a significant impact on
the access to H-mode as reported in subsection 3.1.2, such an experiment
seemed plausible. The author proposed to try to reproduce such a scenario
in ASDEX Upgrade with a similar shape.

Figure 3.11: Comparison of the special shape in which it was possible to obtain
the I-mode in Alcator C-mod with the favorable ∇B drift configuration (left,
green) reproduced from [81] with permission from AIP and the shape of past
PEP-39 “mid X-point” discharge 30534 in ASDEX Upgrade (right, black) and
the derived new discharge shape in 39054 (right, red)

In order to prevent a lengthy scenario development from scratch which
would not be possible with the initially allocated discharge budget, the author
analyzed old ASDEX Upgrade experiments conducted within the PEP-39
effort studying the impact of the X-point configuration on the access to
H-mode. Eventually in 2 past discharges from 2016 with a shape somewhat
similar to the target C-mod shape as compared in Figure 3.11 the author
found signature similar to an I-mode-like WCM (though at somewhat lower
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frequencies just below 100 kHz) in reflectometry during a gradual transition
to H-mode. Therefore, the initial experiments attempted to reproduce such
a discharge with the same plasma shape but a much slower NBI heating
ramp. After initial difficulties with reproducing the same plasma shape
with an updated real-time feedback control system, the WCM feature was
indeed observed while the plasma entered a state of slightly improved energy
confinement as measured by H98.

However, concerns were raised whether this may be only a somewhat
irregular I-phase, because the WCM-like feature was observed at frequencies
similar to that of the precursor modes in short I-phases preceding the heating
ramp. Subsequent dedicated discharges focused on distinguishing these two
phenomena. Eventually it became clear that although the frequency ranges
of the two phenomena are similar, they are qualitatively different based on
correlation ECE results. They also showed that the WCM feature is quite
comparable to how the WCM looks in “typical” I-mode discharges in the
unfavorable ∇B drift configuration. Furthermore, the impurity confinement
time measurements by laser blow-off injection of trace amounts of Ni showed
that the I-mode candidate has a significantly higher impurity confinement
time. This also suggested that the I-mode candidate is not a typical I-mode
with an L-mode-like density and impurity confinement, but rather closer to
an H-mode-like confinement in that respect.

Finally, the scenario was tested with initial ECRH steps instead of NBI
steps or ramp. The aim was to compare the impact of balanced electron-ion
heating versus the possibly dominant ion heating with reduced-voltage NBI in
the previous discharges. The time traces from the most successful discharge
are shown in Figure 3.12. After an initial L-mode phase the first ECRH step is
applied at 2.4 s. Subsequently the WCM-like feature appears in reflectometry
and confinement improves. The density and energy confinement improves as
seen in the increase of the line-averaged density both in the edge and core.
The drop in Er minimum suggests the edge rotation increases as in H-mode.
However, the next laser blow-off injection of Nickel for impurity confinement
assessment at 3 s apparently stops this rise reminiscent of an unstable ELM-
free H-mode. The impurity injection shows the particle confinement is indeed
rather high, more similar to H-mode.

Subsequently the discharge maintains an ELM-free-like H-mode behavior
(no large bursts seen in the divertor shunt currents or edge radiation) with
the WCM-like feature present all the time. At 4.4 s the ∼ 2.5 MW of
ECRH heating is replaced with 2.5 MW of NBI heating. Subsequently the
discharge features change, there appear more small bursts in edge radiation
and the confinement becomes worse. Unfortunately, after 4.65 s a large MHD
mode caused possibly the the NBI moment input leads to a general loss of
confinement and degradation of the discharge. A subsequent extra ECRH
heating step after 4.9 s somewhat recovers this loss and leads to a clear Type-I
ELMy H-mode. The WCM-like feature remains observable even during this
phase.

Analysis of the separatrix electron and ion temperature and density in the
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Figure 3.12: Time traces of relevant quantities in ASDEX Upgrade discharge
39564. The first panel from the top shows in order the net loss power, bulk
radiation power and total NBI (including blips for Ti measurements) and ECRH
input power, all in MW. The second panel gives and indication of the quality of
confinement using the poloidal beta βp (proportional to confined energy) and the
confinement improvement factor H98. The third panel shows the evolution of
line-averaged density as measured by the core (H1) and edge (H5) interferometer
chords. The WCM-like feature is monitored in mid-pedestal density fluctuation
spectra measured by the Q-band reflectometry is shown in the fourth panel. The
fifth panel shows an estimate of the minimum radial electric field Er versus the
typical values at the L-H transition of -15 kV/m. The absolute value may not
be fully representative since old calibration was used, but relative changes are
significant. The sixth panel shows the time traces of shunt divertor currents and
Dα line radiation as monitors of ELMs and bursts. The final panel shows the line
radiation of Nickel impurities introduced into the machine by laser blow-off.
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scope of the separatrix operational space model described in subsection 1.2.6
revealed that during most of the ELM-free phase the separatrix electron
temperature was just about at the boundary of H-mode turbulence suppression
given by (1.6) as shown in Figure 3.13. At the same time, the separatrix ion
temperature Ti mapped to the outer midplane appears to be a factor ∼ 2
larger. There is uncertainty in the mapping of Ti data to the same separatrix
location, but this point is the one measured furthest out anyway, thereby
being more of a lower bound. After the transition to clear ELMy H-mode
after 4.9 s the (1.6) condition is indeed fulfilled for the electron temperature
and the Ti/Te ratio is reduced as assumed in subsection 1.2.6.

The high Ti/Te ratio during the ELM-free phase with the WCM-like feature
could be consistent with the I-mode access theory described in section 1.3.
However, further analysis is needed in order to properly assess the Ti profile
and gradient impact on (1.6).

Figure 3.13: Separatrix electron temperature Te and density ne and ion tem-
perature Ti (mapped to outer midplane) and the L-H transition Te predicted by
(1.6) evolution in ASDEX Upgrade discharge #39564. Electron separatrix data
courtesy of Thomas Eich, ion temperature data courtesy of Eleonora Viezzer.

It is important to note that in all the discharges the bulk plasma radiation
was quite high. This may be due to the non-standard plasma shape which
leads to heating of first wall components which are not typically under such
loads and release impurities. In the future such scenarios could be re-examined
after boronization to hopefully mitigate such issues and rule out the possibility
that the high radiation losses were simply degrading the H-mode.
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Chapter 4
Conclusions and Outlook

Understanding and controlling the transition into enhanced confinement
regimes is a necessary ingredient for the success of future fusion power plants.
The survey of past work in chapter 1 shows that over the past decades a lot
of progress has been made in predicting confinement and power requirements
necessary for entering enhanced confinement regimes.

The studies of the transition into the high confinement regime (H-mode)
in the COMPASS tokamak described in section 3.1 conducted and analyzed
in the scope of this thesis aimed to shed light on the mechanisms leading
to the transition through the study of the associated phenomena of limit
cycle oscillations. Additionally, the impact of the X-point and divertor
configuration on the L-H transition power threshold was carefully analyzed
and characterized as shown.

The effort to understand limit cycle oscillations in COMPASS described
in subsection 3.1.1 did not result in deeper insight into the role of zonal flows
in the L-H transition, because their role in the limit cycle oscillations in the
vicinity of the transition appeared to be insignificant. This suggested the L-H
transition in COMPASS is dominantly controlled by the pressure-gradient-
induced mean flow as is the case also in ASDEX Upgrade and some types of
L-H transitions in HL-2A and EAST.

However, the effort has led to the more general undertaking of creating
a scaling for these non-zonal-flow-related, pressure relaxation limit cycle
oscillations observed in many tokamaks as shown insection 3.2. Through this
effort a reduced model, in turn based on the first-principles-based turbulence
model DALF, was developed to describe the sideband balance of the parallel
current and flows with the pressure and vorticity asymmetry. The resulting
scaling covers the widest available range of frequencies, machine sizes and
plasma ion species; from one of the smallest tokamaks capable of accessing
H-mode (Globus-M) to the largest tokamak in existence at the time of writing
(JET); from Hydrogen through deuterium, Tritium to Helium. Additionally,
the model also explains the associated magnetic signature asymmetry.

Further extensions to the model discussed in subsection 3.2.1 could provide
finer detail for the comparison with the experimentally observed magnetic
signature by including the m = 2 component, though it is unlikely to improve
the frequency scaling itself. A similar analysis could be also done for the
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analogous derivation of the Geodesic acoustic mode and perhaps extend
existing frequency scalings. Inclusion of the ballooning transport terms in
the model promises the greatest chance of improving the frequency scaling of
the limit cycle oscillations and could perhaps even extend to Type-III edge
localized modes. This will require further analysis of the pressure gradient
length in discharges where such measurements are available.

Even though the pressure limit cycle oscillation model did not offer direct
insight into the dynamics of the transition to the high confinement regime,
its extension to arbitrary main ion species proved very valuable for the
generalization of the separatrix operational space model which is also derived
from the same DALF model described in section 2.3. The generalization of
the DALF scaling parameters to mixtures of ion species shown in section 3.3
provides an opportunity to describe the L-H transition including the isotope
effect and possibly even the impact of impurity seeding using a model derived
from first principles.

However, in order for this model to be fully predictive towards future
reactors such as ITER, a scaling or an extension of the model will have to be
developed for the pressure gradient length scale. Furthermore, the assumption
of the equivalence of the ion and electron temperature gradients needs to be
tested and possibly another scaling or reduced model for the description of
the ion temperature profile may need to be developed as well.

The investigation of the I-mode confinement regime in the ASDEX Upgrade
tokamak shows some progress towards determining its compatibility with
reactor-relevant parameters. While the impurity seeding of I-mode has been
found to degrade it as shown in subsection 3.4.1, further experiments with
dominant neutral beam injection heating showed that in principle it is possible
to achieve a detached stationary I-mode.

The study of the I-mode power threshold access dependence on the magnetic
field, plasma current and the edge safety factor discussed in subsection 3.4.2
was unfortunately determined to be inconclusive due to the experimental
design of the study which did not take into account confounding by density
through the conditioning on fixed Greenwald fractions. In future experiments
the methodology of causal graphical and structural models could offer a way
to prevent common sources of confounding or collider conditioning bias by
e.g. appropriately varying the plasma shape as explained in subsection 2.2.1.
Causal graphical models can also help in separating indirect and direct effects
of varying certain quantities and thereby possibly shed light on physical
mechanisms.

An alternative approach to the the study of the I-mode existence parameter
space based on theoretical considerations described in Figure 3.10 revealed that
the separatrix boundary conditions derived from simulations partially agree
with the conditions observed in experiments. However, the collisionality as a
proxy for the ion temperature decoupling from the electron temperature does
not appear to be the best possible quantity of interest. Further experiments
focusing on the behavior of the ion and electron temperatures and their
gradients are required in order to fully assess this theory.
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The robust experimental observations with unique probe measurements of
the impact of the X-point position within the divertor region on the L-H power
threshold in COMPASS and the electric field profile shown in subsection 3.1.2
offer an opportunity to explain such dependencies observed also in other
devices. However, ongoing SOLPS-ITER simulations and a wider team effort
in progress are required to arrive at conclusive results.

The X-point position within the divertor region in the ASDEX Upgrade
was found to have significant impact on suppressing typical access to H-
mode and achieving a Type-I edge-localized-mode-free regime as shown
in subsection 3.4.4, reminiscent of an I-mode even in the favorable ∇B ion
drift direction in terms of featuring a weakly-coherent-like turbulent spectrum.
However, the H-mode-like density confinement suggests that this is not a
typical I-mode. In this sense this is only a partial reproduction of similar
results of I-mode access in the Alcator C-mod tokamak in the favorable ∇B
ion drift direction configuration. Future analysis and experiments are needed
to further compare these results with those from C-mod and to determine the
compatibility of this edge-localized-mode-free regime with reactor-relevant
conditions.

4.1 General conclusions and summary

To summarize and generalize the aforementioned conclusions and outlook,
the comparison of experimental data from several tokamaks with reduced
models based on the DALF turbulence model suggests that parallel flows
and current governed by the sound speed and Alfvén parallel scales play an
important role in determining the physics of accessing enhanced confinement
regimes.

The good agreement of the experimental data from the vicinity of the
separatrix with the models and the robust experimental observation of the
impact of the divertor and X-point configuration on the access to enhanced
confinement points to the confined plasma boundary conditions as the key to
understanding and controlling access to enhanced confinement in the studied
range of parameters.

In order to further corroborate these theoretical considerations and to make
them fully predictive it will be necessary to study the impact and scaling of
the ion temperature as well as the pressure profile gradient lengths.
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The author of this thesis made the following significant, direct contributions
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separatrix operational space model to arbitrary ion mass and charge,
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Nomenclature

ne/nGW Greenwald fraction, page 6

αt normalized collisionality in the DALF model, page 14

βe dynamic electron beta µ0neTe/B
2, proportional (but not equal) to

the full plasma beta, page 62

λpe pressure gradient length scale, page 14

ν∗e electron collisionality, ratio of the connection length Lc and the
electron-electron collision mean free path, approximated according to
Stangeby as 10−16neLc/T

2
e , page 69

τE energy confinement time, page 3

a minor radius, typically half of the width of the LCFS plasma boundary,
page 24

B(, Bt) (toroidal) reference magnetic field strength, typically on-axis, in units
of tesla, page 23

Er radial electric field, page 7

H98 confinement improvement factor according to the IPB98(y,2) scaling,
page 6

kEM βemi/me characteristic parallel wavenumber normalized to ρs. Smaller
wavenumbers (larger scales) are more electromagnetic., page 60

Lc parallel connection length, in units of meter, estimated as πqR, page 69

ne electron density (or concentration), in units of 1019 m−3, page 14

ne,min minimum density of the non-monotonic dependence of the L-H transi-
tion power threshold on density, page 10

PLH threshold power for the L-H transition, page 9

Ploss loss power, includes radiation losses, page 9
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q edge safety factor, either the cylindrical approximation for separatrix

data or q95 for pedestal data, page 25

R major radius, typically the geometric mean of the LCFS plasma
boundary, page 24

Te electron temperature, in units of eV (mean kinetic energy equivalent),
page 14

Ā average ion mass number, page 12

ωB normalized curvature radius in the DALF model, page 26

CGM causal graphical model, page 23

DALF drift-Alfvén wave turbulence model, page 25

ECRH electron cyclotron resonance heating, page 19

EDA H-mode enhanced Dα H-mode regime, page 18

ELM edge localized mode, page 8

ETB edge transport barrier, page 7

GAM geodesic acoustic mode, page 16

GLM generalized linear model, page 22

HFO high-frequency oscillations, page 59

ICRH Ion cyclotron resonance heating, page 20

LCFS last closed flux surface, page 11

LCO limit cycle oscillation, page 13

NBI neutral beam injection, page 19

pedestal shift of the pressure profile due to the narrow edge gradient region,
page 7

PRE pressure relaxation events, page 17

QCE quasi-continuous exhaust regime, page 18

QH-mode quiescent H-mode, page 18

separatrix manifold separating open and closed (within the tokamak chamber)
field line topologies, page 11

SOL scrape-off layer, page 11

TS Thomson Scattering diagnostic, page 19

WCM weakly coherent mode, page 16

ZF zonal flow, page 12
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