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Resumo

Um modo H estacionério sem modos localizados na periferia (ELMs) foi demonstrado com su-
cesso no tokamak ASDEX Upgrade (AUG) com acentuado aquecimento ressonante ciclotronico
dos eletrdes. Obtém-se com um nivel de deutério adequado e poténcia de aquecimento acima
da transi¢ao L-H, mas abaixo do limiar dos ELMs. O regime € identificado como o modo H
EDA e a sua capacidade de manter um pedestal estaciondrio sem ELMs deve-se provavelmente
a instabilidades periféricas benignas, incluindo um modo quasi-coerente eletromagnético que
parece responsavel por um aumento de transporte.

Vérias medidas foram tomadas para melhorar o desempenho do regime e a sua relevancia
para reatores. Moldar fortemente o plasma permite que a auséncia de ELMs seja mantida com
mais aquecimento, levando a um aumento de temperatura e pressao. A maior poténcia requer
uma melhor dissipacao de calor, que foi conseguida com dopagem de azoto. Este aumenta a
radiacdo no diversor, baixando significativamente o fluxo de calor para as placas, sem degradar
o confinamento no centro do plasma nem diluir consideravelmente o combustivel. Dopagem
de argon provou ser eficaz no arrefecimento radiativo do pedestal, com impacto reduzido no
centro do plasma, baixando a temperatura do diversor e ao mesmo tempo estendendo a janela de
poténcia sem ELMs.

O modo H EDA no AUG possui vérias caracteristicas desejaveis para reatores futuros, tais
como bom confinamento energético, alta densidade, baixo teor de impurezas, compatibilidade
com paredes de tungsténio e dopagem de impurezas, possibilidade de acesso a baixo torque e
poténcia, com aquecimento predominantemente eletronico, sem necessidade de boronizagdo
recente e sem acumulacido de impurezas, apesar de nao ter ELMs. Isto constitui um conjunto
Unico de caracteristicas pela primeira vez atingidas em simultaneo num dispositivo de fusao.

Variac¢des de parametros em modos H EDA mostraram que um nivel minimo de combustivel
€ necessdrio para aceder ao regime. Aumentar mais o nivel de gas leva a um pequeno aumento
da densidade e diminui¢do do confinamento energético, mas permite a aplicacdo de maior
aquecimento. Aumentar a corrente de plasma também estende a janela de poténcia sem ELMs e
aumenta a densidade sem degradar o confinamento, subindo o produto triplo alcan¢dvel. Em
termos de parametros adimensionais, o modo H EDA até agora s6 foi explorado a alto fator
de seguranca e colisionalidade. Contudo, distingue-se noutros parametros, apresentando baixa
carga i0nica efetiva e alto fator de melhoria de confinamento, pressdo normalizada e fragdo de

Greenwald. Tendo em conta as suas inimeras vantagens, o modo H EDA merece continuar a ser
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desenvolvido e estudado em maquinas atuais e esperadas, com o objetivo final de avaliar com

seguranca a sua compatibilidade com reatores futuros.

Palavras-chave: Fusio Nuclear, Tokamak, sem ELMs, modo H, ASDEX Upgrade
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Abstract

A stationary H-mode without edge localized modes (ELMs) has been successfully demonstrated
in the ASDEX Upgrade (AUG) tokamak with significant electron cyclotron resonance heating.
It is obtained via adequate fueling and heating power above the L-H transition, but below the
ELM threshold. The regime is identified as the EDA H-mode and its ability to maintain a steady-
state pedestal without ELMs is likely due to benign edge instabilities, including an ubiquitous

electromagnetic quasi-coherent mode that appears to drive enhanced transport.

Several measures have been taken to improve the performance and reactor relevance of
this regime. With strong shaping, it can be accessed within a wider ELM-free power window,
allowing the achievement of higher temperature and pressure. The higher heating power calls for
a better exhaust that was accomplished by nitrogen seeding. This increases divertor radiation,
leading to much lower target heat fluxes without degrading core confinement nor significantly
diluting the fuel. Furthermore, argon seeding proved effective in radiatively cooling the pedestal
with minimal core impact, simultaneously lowering divertor temperature and extending the

ELM-free power window.

The EDA H-mode in AUG features several desirable properties for future reactors, such
as good energy confinement, high density, low impurity content, compatibility with tungsten
walls and extrinsic impurity seeding, possibility of access at low input torque and power, with
dominant electron heating, no need for a fresh boronization, and no impurity accumulation
despite the absence of ELMs. This constitutes a unique set of characteristics simultaneously

achieved for the first time in a fusion device.

Parameter scans in EDA H-modes showed that a minimum fueling level is required to access
the regime. Further increasing the gas puff leads to a small density increase and slight reduction
in energy confinement, but allows the application of more power. Increasing plasma current
also extends the ELM-free power window and raises density without degrading confinement,
increasing the achievable triple product. In terms of dimensionless quantities, the EDA H-mode in
AUG has so far only been explored at high safety factor and collisionality. However, it performs
quite well in other parameters, exhibiting a low effective ion charge and high confinement
enhancement factor, Troyon-normalized pressure and Greenwald fraction. Considering its many
advantages, the EDA H-mode is worth further developing and studying in current and upcoming

devices, with the ultimate goal of reliably assessing its compatibility with future reactors.
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Chapter 1

Introduction

1.1 Fusion power

1.1.1 World energy and climate situation

The current world population has reached almost 8 billion and is still growing, albeit at a slowing
pace since 1965-1970. Nonetheless, this increase is projected to continue throughout the century,
with the population peaking around 11 billion in 2100 [1]. Rapid population growth presents

challenges for sustainable development, putting pressure on already strained resources.

One of such resources is primary energy, which forms the basis for a great part of human
activity, owing to the high standard of living in the present day. The world energy consumption
over the last 25 years is shown in figure 1.1, evidencing a concerning situation. There has been
an in increase in total consumption of over 60 % which is not expected to slow down in the near
future. Besides this, fossil fuels (oil, coal and natural gas) are the dominant sources, representing

a combined share of more than 80 % [2].

A major problem of fossil fuels is that their reserves are quite limited, as shown by the
low reserves-to-production ratio of table 1.1. This ratio is computed using the proved reserves
and the production data of the same year, representing the duration of a resource if no new
reserves were found and its production were to remain constant until full depletion. The proved
reserves are generally taken to be those quantities that geological and engineering information
indicates with reasonable certainty can be recovered in the future from known reservoirs under
existing economic and operating conditions. Even though new reserves are being found and new

technologies are unlocking previously unproven reserves, energy demand is also increasing, so
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Figure 1.1: World primary energy consumption by source as a function of time, from 1994 to
2019: (left) absolute consumption in EJ, (right) relative share by source in %. Figure taken from

[2].

Resource  Reserves / production (years)

Natural Gas 49.8
Oil 49.9
Coal 132

Table 1.1: Reserves-to-production ratio of natural gas, oil, and coal at the end of 2019. Data
taken from [2].

the low reserves-to-production ratios constitute a concerning situation indeed.

Fossil fuels also pose serious pollution problems and are one of the main driving forces of
climate change nowadays, due to emission of greenhouse gases [3, 4]. Figure 1.2 shows the
evolution of global temperature spanning more than a century, where a strong increase over many
decades is seen. Warming of the climate system is unequivocal and, since the 1950s, many of the
observed changes and extreme events have broken longstanding records [3].

Direct measurements of atmospheric carbon dioxide, the main greenhouse gas contributing
to global warming, have been made for a long time, as shown in figure 1.3. Its concentration
has been raising at an ever-growing rate since the direct measurements began. Anthropogenic
greenhouse gas emissions have increased so much since the pre-industrial era, that the concentra-

tions of carbon dioxide, methane, and nitrous oxide are unprecedented in at least the last 800 000
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Figure 1.2: Land-ocean temperature temperature anomaly with respect to base period 1951-1980
as a function of time, from 1880 to 2019. The solid black line is the global annual mean and the
solid red line is a five-year smooth. The blue bars represent the total annual uncertainty at a 95 %
confidence interval [5]. Figure taken from [6].
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Figure 1.3: Atmospheric concentration of carbon dioxide as a function of time, measured at
Mauna Loa Observatory, Hawaii. The red line represents the raw monthly mean values, whereas
the black line has been corrected for the average seasonal cycle. Figure taken from [8].

years, whose levels are known from indirect ice core measurements [7].

Recent climate changes have had widespread impacts on human and natural systems across
all continents and oceans. Continued emission of greenhouse gases will cause further warming
and long-lasting effects in the climate system, leading to severe, pervasive and irreversible
impacts for mankind. Limiting climate change and its risks will require substantial and sustained

reductions in greenhouse gas emissions, which poses major technological, economic and social
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challenges [3].

The main energy sources besides fossil fuels are currently nuclear fission, hydroelectricity,
and other renewables (solar and wind), as previously shown in figure 1.1. While being clean
in terms of greenhouse gas emissions, each of these sources has its own problems [9]. Nuclear
fission raises safety questions, has limited reserves, produces radioactive waste and may lead
to nuclear proliferation. The main downside to hydroelectric power is that most of the suitable
rivers already have dams, so its expansion is very limited. Solar and wind power do not suffer
from any of these issues and are in fact the fastest growing energy sources, most likely playing a
major role in the energy mix of the future. However, they still have a combined share of less
than 10 % of global energy production and are subject to weather fluctuations which preclude
the production of base load power. This limitation is exacerbated as the renewables’ share of
power generation increases. Furthermore, they require a very large area to produce a significant

amount of power when compared to the other sources.

1.1.2 Nuclear fusion and tokamaks

A promising candidate to help solve the world energy problems is nuclear fusion. This process,
which powers the sun and all other stars, consists in the merging of light elements into heavier
ones, resulting in energy release. If mastered on Earth, nuclear fusion could provide a safe energy
source with abundant reserves and low environmental impact [9]. However there are difficult
scientific and technological challenges that must be surpassed before fusion power becomes a
reality.

The main reaction of interest for energy production is the fusion of a deuterium nucleus (D)
with a tritium nucleus (T), originating an energetic neutron (n) and a helium nucleus («), written
as

D+T— «(3.5MeV)+n(14.1MeV) . (1.1)

Deuterium is a hydrogen isotope which exists naturally in ocean water and can be easily extracted
at a low cost. If all the deuterium in the ocean was used to power fusion reactors using a standard
steam cycle there would be enough energy generated to power the earth for about 2 billion
years at the present rate of total world energy consumption [9]. Tritium however is a radioactive
isotope of hydrogen with a half-life of about 12 years, so it is not found naturally and must be

obtained by breeding with a lithium isotope whose reserves would last at least 20 000 years at
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the present energy consumption rate.

Another advantage is that fusion reactions produce no greenhouse gases and do not emit
other harmful chemicals to the atmosphere. The only environmental issue of fusion is that the
produced high energy neutrons can activate structural material, which becomes radioactive with
a half-life on the order of 100 years. This is still much better than the multi-thousand year wastes

originated by nuclear fission.

The last major advantage of fusion involves safety. In contrast with a fission reactor, where
the entire energy content corresponding to several years of power production is in the core at any
instant of time, a fusion reactor requires a very small instantaneous mass of fuel that is constantly
fed at a low rate allowing it to be consumed as needed. This renders major accidents like those

which have occurred with fission reactors impossible in a fusion reactor.

The problem with nuclear fusion is that nuclei are positively charged, so the repulsive
electrostatic force between them must be overcome for the reactions to occur. This means the
colliding particles must have an enormous amount of energy. Specifically, to burn D-T one is
required to heat the fuel to the astounding temperature of 150 million degrees Celsius, hotter
than the center of the sun. At these temperatures the fuel is fully ionized, becoming a collection

of moving electrons and ions dominated by electromagnetic forces, which is called a plasma.

Ordinary material walls cannot hold by themselves such hot plasmas, so a clever idea is to
also use magnetic fields to confine the plasma. In a uniform magnetic field charged particles are
confined in the direction perpendicular to the magnetic field, describing helical trajectories. The
parallel direction is however completely free. A possible method of magnetic confinement is
to bend the magnetic field into a toroidal geometry, thereby confining the parallel direction by
periodicity.

The most successful magnetic configuration so far is a toroidal confinement system called
tokamak [10], represented schematically in figure 1.4. In a tokamak the principal magnetic
field is the toroidal field created by external coils. However, this field alone does not allow
confinement of the plasma and a poloidal field is necessary. In a tokamak this field is produced
mainly by an electric current flowing in the toroidal direction in the plasma itself. This current is
induced by transformer action in which the primary winding is in the center of the device and

the plasma acts as the secondary winding.

In order to control the plasma-wall interaction, tokamaks preferentially use a magnetic

configuration known as divertor [12], in which the field lines are directed to special target plates
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Figure 1.4: Schematic representation of a tokamak. Figure taken from [11].
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Figure 1.5: Schematic diagram of a magnetic divertor. Figure taken from [13].

far from the core plasma, as shown in figure 1.5. This allows a more efficient exhaust of reaction
products, minimizes the influx of impurities from the wall to the plasma, and leads to improved

performance.

But even with proper magnetic confinement and use of a divertor, there is always a continuous
loss of energy in a fusion device, under the form of radiation and plasma transport, which has

to be replenished by external or a-particle heating. The total power lost by the plasma, Py, is
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characterized by an energy confinement time, 7g, defined by the relation

For = : (1.2)

where Wiypp 1s the plasma stored energy. Understanding and controlling energy confinement in

tokamaks is fundamental to achieve efficient fusion power production.

1.1.3 H-mode and edge localized modes

In the absence of instabilities, transport of particles and energy in a toroidally symmetric
tokamak plasma would be determined by Coulomb collisions and described by neoclassical
theory [14, 15]. However, the experimentally measured losses do not agree with the calculated
values, often exceeded by an order of magnitude or more [16]. This anomalous transport is
caused by turbulence driven by instabilities and exhibits a significant degradation of energy
confinement time with temperature [17], constituting one of the main obstacles in achieving the
conditions for a desirable fusion reactor.

It was found, however, that a discontinuous improvement in confinement often occurs as the
heating power is increased. This regime of higher confinement is called the H-mode and the
previous lower level is called the L-mode. The H-mode was discovered in 1982 on the ASDEX
tokamak [18], one of a small number of devices operating with an axisymmetric poloidal field
divertor and strong additional heating by neutral beam injection (NBI) at the time. An example
of an early H-mode is shown in figure 1.6, where the confinement improvement is evidenced by
the much higher density when compared to a similar L-mode discharge.

The importance of the H-mode was recognized from the beginning, driving developments on
devices across the world and leading to great accomplishments in the quest for fusion energy
[19, 20]. For example, the highest ever controlled fusion power (16.1 MW) was achieved in the
Joint European Torus (JET) tokamak using a mixture of deuterium and tritium in H-mode [21].

The physics of the L-H transition and confinement enhancement is not yet fully understood
[22], but some characteristics are common to every H-mode. Its main defining feature is the
development of an edge transport barrier, a region of reduced particle and energy losses just
inside the separatrix [23], linked to a radial electric field well and flow shear [24-26] which
suppress turbulence [27]. The reduced transport results in a sharp edge pressure gradient, as

illustrated in figure 1.7(a), explaining why this region of the plasma is also referred to as the
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Figure 1.6: Time evolution of the line-averaged density in H-mode (solid) and L-mode (dashed)
discharges with NBI in ASDEX. Figure taken from [19].
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Figure 1.7: (a) Illustration of typical H-mode pressure and current profiles with the edge barrier
or pedestal region dark shaded, and the P-B mode width (light shaded) extending across and
beyond the pedestal. (b) Calculated 3D structure of an n = 18 P-B mode in the DIII-D tokamak.
Figure adapted from [29].

pedestal [28].

The discovery of H-mode confinement represents a major improvement in tokamak operation,
but also has some disadvantages. The strong pedestal gradients can excite localized instabilities
in edge of the plasma, which cause a sudden relaxation of density and temperature, along with
large heat and particle fluxes to plasma facing components (PFCs) [30]. These are known as
ELMs [31-35]. ELMs act qualitatively as a pressure relief valve. When the edge pressure
gradient becomes too high, ELM bursts occur, expelling plasma from the confined region to the

SOL and divertor, thereby relieving the excess pressure.

Different types of ELMs exist [31, 33], as exemplified in figure 1.8. Type I ELMs are the

largest and occur with high heating power. Their frequency of occurrence increases with power,
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Figure 1.8: Typical sequence of ELMs, indicated by spikes in the Balmer alpha radiation (bottom
panel), during a power ramp (upper panel) in DIII-D. At low power, close to Py, type III ELMs
are found, whereas at higher power type I ELMs occur. Figure taken from [31].

typically ranging from a few dozen to a few hundred Hz. Type I ELMs pose a serious threat to
PFCs when extrapolated to future large-scale devices, due to the unacceptably high heat loads on
the divertor [36-38]. They are the manifestation of peeling-ballooning (P-B) modes [39, 40],
magnetohydrodynamic (MHD) instabilities driven by the strong pedestal pressure gradient and
resulting bootstrap current. Evidence for this picture include the fact that no device has been
able to operate above the P-B instability threshold and numerous observations of ELMs which
are triggered when the threshold is achieved [41]. An example of a calculated radial extent and

3D structure of a P-B mode is shown in figure 1.7.

Type III ELMs are much smaller and happen when the heating power is very close to the L-H
power threshold, A . Their frequency decreases with the applied power, although the amplitude
may increase. In fact, at low heating power, type III ELMs are mostly indistinguishable from an
edge phenomenon known as I-phase [42, 43], in which a complex interaction between turbulence
and flows causes a pulsating behavior at typical frequencies of a couple kHz. At even lower
power, plasmas can alternate between L-mode and I-phase. These regimes were originally known

as dithering cycles and dithering H-mode [44, 45].

Between type III and type I ELMs there is usually a nonstationary ELM-free H-mode phase,
visible in the bottom panel of figure 1.8. Traditional ELM-free H-modes tend to accumulate
impurities due to the very high particle confinement time which is not counterbalanced by

ELM-induced transport. This means that ELMs actually have a beneficial effect in terms of
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flushing impurities and helium ash out of the plasma. Fusion devices are therefore faced with the
paradoxical challenge of operating in a way that avoids large heat loads to the divertor, ideally
without ELMs, while at the same time keeping the plasma stationary and reasonably pure, which
tends to require ELMs. This tradeoff is especially concerning in machines with high-Z wall
materials, such as tungsten [46, 47], in which even a small amount of impurities can have a major
impact in degrading core plasma performance and terminating discharges due to high radiative

losses.

1.2 Requirements for a reactor scenario

1.2.1 General considerations

The ultimate goal of a fusion reactor is to leverage nuclear fusion to produce more power than it
consumes. If adequate confinement conditions are provided, a state can be reached where the
plasma energy is maintained against the losses solely by a-particle heating. This point is called
ignition and the critical quantity to achieve it can be expressed as the product of the plasma
pressure, p, by the energy confinement time, which must satisfy the Lawson criterion [48]. The
critical ignition value depends on the temperature, 7, and its minimum conditions are given by
(9]

T in = 15keV, (1.32)

(pTE),yy = 8.3atms. (1.3b)

Although an ignited plasma has the desirable feature that no externally applied heating is
necessary, it is possible to reduce the requirements on pTg by using external power, thus turning

the reactor into a power amplifier. The fusion gain of the plasma, Q, can be defined as

P
0— f

- )
s heat,ext

(1.4)

where P is the total fusion power, including alphas and neutrons, and Peaext 1S the external
heating power. While Q constitutes a reasonable figure of merit from the physics point of view,

the end goal of a reactor in practice is to produce electricity, which motivates the definition of an
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Figure 1.9: Physics gain factor Q and engineering gain factor Qp as a function of proximity to

ignition, expressed by the ratio of p7g in a given state to its required value for ignition. Figure
taken from [9].

engineering gain factor:
net electric power out

Ok = (1.5)

electric power in

Qg is always lower than Q because, regardless of the adopted methods, there are intrinsic
and technical inefficiencies in every process of a power plant. This applies to both the conversion
of electric power to plasma heating and also to the generation of electricity from fusion power.
Using typical efficiencies of present-day technologies, the fusion engineering gain, QO can be
estimated as a function of proximity to ignition, as illustrated in figure 1.9, together with Q.
Electric power break-even, corresponding to Qg = 0, requires Q ~ 3, and Q = 10 corresponds
to O ~ 2. While this would be enough to demonstrate nuclear fusion as a technically feasible
method of energy production, the large capital investments will likely require even higher gain
factors for economic viability. Therefore, plasma scenarios should aim to come as close as
possible to ignition, since too much external power significantly degrades the overall gain of the

reactor.

1.2.2 Main plasma

In general, increasing pTg requires an increase in the size of the device and/or magnetic field
[49], both of which lead to an increase in the capital cost of a reactor. In present-day machines,
the necessary absolute values are simply not attainable. This motivates the use of scaled

parameters and figures of merit that allow an evaluation of the performance of plasma scenarios
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independently of design constraints of the devices. Some of these are empirical, whereas others
are the result of dimensionless parameter scaling techniques [50], but both types are useful
to extrapolate current knowledge to future devices. A set of definitions and conditions which
should be achieved not only in large-scale reactors, but also in plasma scenarios of present-day

tokamaks is given below.

Energy confinement

Energy confinement time is a critical component of p7g, but is incredibly hard to predict from
first principles, mainly due to the complex physics of turbulent plasma transport. One of the most
widely used empirical scalings for 7g, derived from a multi-machine ELMy H-mode database, is

given by [51]
T PB98(y.2) = 0-0562Ip0'933t0'lsﬂofOﬁgn—eO'MMo'19Rgeol'9780'58 K078 (1.6)

where I, is the plasma current in MA, By is the toroidal magnetic field in T, Py is the total power
lost by the plasma in MW, 7i; is the line-averaged density in 10'” m™, M is the average ion
mass in u, Rge, is the major radius in m, € is the inverse aspect ratio, and k is the elongation.
Using this scaling to normalize the experimental energy confinement time 7g, the following

confinement enhancement factor can be defined:

T
Hogyp = —————. (1.7)
TE,IPB98(y,2)

The higher Hogy; is, the better. L-modes usually have Hogy, < 1, and reactor scenarios are

typically assumed to have Hogyr > 1.

Pressure

The other main component of p7g is the plasma pressure, which can be normalized to the
magnetic pressure as follows:

o p
B= 5 (1.8)

where B is the magnetic field and g is the vacuum magnetic permeability. B is a measure
of the efficiency with which the magnetic field confines the plasma. High f is desirable for

economic power balance in a reactor but is difficult to achieve experimentally because of various
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plasma instabilities. Extensive ideal MHD numerical studies have shown that stability against
external and internal kink modes, ballooning modes, localized modes, etc. requires 3 to be
lower than a critical value known as Troyon limit [52, 53], that is approximately proportional
to Ip/(aBy), where a is the plasma minor radius. This leads to the following definition of the

Troyon-normalized beta:
aB t

Pn =100—, (1.9)
IP

with @ in m, By in T, and I, in MA. The numerical factor causes By to be of order unity in
tokamaks. In general, the exact By limit depends on several factors, such as the plasma shape
(elongation, triangularity, etc.) and peakedness of pressure and current profiles. In practical
terms, tokamak operation is usually limited to By < 3 or even lower, if resistive instabilities like

neoclassical tearing modes (NTMs) are considered.

Density

The fusion reaction rate is proportional to the square of plasma density, but has a nonmonotonic
dependence on temperature [54]. Therefore, plasma pressure must not be arbitrarily partitioned
between density and temperature if fusion power is to be maximized. However, there are
limits to the density range over which magnetic confinement experiments can operate [55].
More specifically, when the edge density becomes too high, the plasma suffers a disruption,
usually associated with a radiation collapse. A complete first principles understanding of the
phenomenon does not exist yet, but an empirical limit for the line-averaged density of tokamaks
known as the Greenwald density was determined from the analysis of a large volume of data and
is given by [56]
I

nGw = — 3 (1.10)

where ngw is in 102 m™, [, in MA, and a in m. This can be used to normalize the plasma

density, giving rise to the Greenwald fraction, defined as

Ne

fow = (1.11)

nGgw

Reactor design studies show that the optimum density for fusion power production lies well
above the Greenwald limit [49, 57], which is difficult to achieve experimentally. In practice,

reactor scenarios are assumed to have fgw around 1.
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Temperature

The other component of pressure is temperature, which can be expressed by the related nondi-

mensional plasma collisionality, generally defined as

v
_ga)b’

*

% (1.12)

where V is the collision frequency and @y, is the bounce frequency of trapped particles. Since a
fusion plasma is composed by different types of particles, including impurities, there are multiple
ways to define collisionalities. A commonly used expression for the electron collisionality is

given by [58]
018 qRoneZesrln Ae

Vi =6.921x 1 TEr T

(1.13)

where ¢ is the safety factor, R is the major radius in m, 7. is the electron density in m™, Z is
the effective ion charge, T is the electron temperature in eV, and InA, =31.3 —In (\/n_e / Te) is
the Coulomb logarithm. The dominant dependence of collisionality on the inverse of temperature
squared is characteristic of tokamaks, but the proportionality to density also plays a role. These
quantities vary significantly along the radial direction, such that very low collisionality is required
in the core of fusion plasmas, which inevitably leads to low pedestal top collisionality, but in a

reactor allows for high collisionality at the separatrix and SOL.

Purity

The effective ion charge Z.¢r is not only relevant for collisionality, but is also by itself an import
measure of plasma impurity content. Making use of the overall charge neutrality of plasmas, it is
given by

_ YuZdNa _ YuZdNa

Lofr = 1.14
off Y 7N, e (1.14)

where Z, and N, are the charge number and density of each ion species in the plasma. With this
definition, the Bremsstrahlung radiation losses are proportional to Z. [9], so it should be low
to maintain good plasma performance. Besides this, a pure D-T plasma would have Zgg = 1,
but most impurities, apart from hydrogen, raise the effective ion charge, making it a measure of
fuel dilution, though in a way that depends on the impurity charge numbers. High fuel dilution
is obviously undesirable since fusion power depends on the product of the density of the fuel

species D and T. In practice, Z.gr < 2.5 is usually considered necessary for a viable reactor
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scenario.

Current

Increasing plasma current generally leads to higher energy confinement time, density, tem-
perature, pressure, and associated limits, making it arguably the most influential parameter
in tokamak performance. However, there are stability limits to how much the current can be
increased, often expressed in terms of the safety factor, defined as the number of toroidal turns

made by a magnetic field line for each poloidal turn [10]:

number of turns in toroidal direction B 1 By (1.15)

1= number of turns in poloidal direction 27 RB,

where R is the cylindrical radial coordinate, By and B, are the toroidal and poloidal components
of the magnetic field, respectively, and the integral is carried out over a single poloidal circuit
around the flux surface. The safety factor is a flux function that varies in the radial direction, being
approximately proportional to B/I, at the plasma edge. In divertor magnetic configurations, ¢
tends to infinity as it approaches the separatrix, so the edge safety factor is usually represented
by gos, its value at the flux surface with normalized poloidal flux radius p,, = 0.95. A too
low safety factor leads to plasma instabilities and increased disruption probability, so gg5 > 3 is
usually required for reactor scenarios, effectively putting a limit on how high the plasma current

can be.

Heating

In a fusion reactor, most of the plasma heating will come from alpha particles originated by
the fusion reactions, whereas in present-day devices it is externally applied via injection of
neutral beams or electromagnetic waves into the plasma. Alpha particles will transfer most of
their energy to electrons and will apply no torque to plasma, but this is not necessarily the case
with external heating methods. Current scenarios should therefore be compatible with heating
conditions that mimic alpha heating, i.e. low torque and dominant electron heating, if they are to
be extrapolated to burning plasmas. But even a reactor will require significant external heating
to approach ignition until fusion reactions take over. Since external heating power is a limited
resource, both economically and in terms of plasma accessibility, scenarios which can also be

obtained at low heating power are desirable for reactors.
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Stationarity

Besides approaching ignition within the constraints mentioned above, a fusion reactor will
have to sustain plasma discharges for a long duration. Ideally a tokamak would be operated
non-inductively for arbitrarily long periods, so that continuous energy production is ensured. But
even if the device is operated inductively in a pulsed manner, a meaningful amount of energy
must be produced per pulse in order to justify the resulting mechanical wear and stress on the
machine. Because of this, nonstationary plasma scenarios are not viable candidates for fusion
reactors, even if they achieve good transient performance. Integration of all the elements in a

stationary plasma scenario turns out to be a difficult challenge, even in present-day machines.

1.2.3 Plasma-wall interaction

There are operational regimes in current devices that perform well in most of the core plasma
requirements previously described, but unfortunately there are also constraints regarding power
exhaust and plasma-wall interaction which will be much harder to satisfy in a reactor environment
[59-61]. This remains one of the main challenges and active areas of research in magnetic

confinement fusion [62].

Edge localized modes

It is clear that unmitigated type I ELMs are simply unacceptable in large-scale devices due to
the extreme transient heat loads they deposit on the divertor target plates [36-38]. Even the
toughest materials cannot withstand such harsh conditions without significant sputtering and
surface melting, which dramatically shorten the lifetime of the divertor [59]. Although mitigated
ELMs are not yet entirely ruled out, a fusion reactor may end up needing complete absence of
ELMs of any form [63]. This requires the discovery and development of alternative ELM-free
operational regimes [64, 65], which makes the achievement of fusion-relevant plasma conditions

even more challenging.

Divertor detachment

ELM suppression or avoidance is a necessary but not sufficient condition to ensure benign plasma
parameters at the divertor. In fact, even the ELM-free steady-state heat loads will be too high in

a reactor if protection measures are not taken [66—68]. More specifically, a reactor scenario will
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have to operate in a state of divertor detachment [12, 69-71], in which directed heat fluxes are
substantially mitigated via volumetric losses in layers of cold and dense plasma near the target
plates. In a detached divertor, usually achieved by puffing large amounts of deuterium and/or
radiating impurities, plasma pressure is no longer constant along SOL magnetic field lines, as
collisions with the neutral divertor gas become a relevant sink of energy and momentum. Not all
operational regimes, and especially those with high-performance, are compatible with detached

divertors, so this constitutes another important constraint for a reactor scenario.

Plasma facing materials

At the moment, no existing plasma scenario in current devices simultaneously satisfies all the
core, edge and divertor requirements for a reactor, even if only considering scaled parameters.
When wall materials are added to the mix, the situation only gets worse. For a long time,
tokamaks traditionally had PFCs made of graphite [72], which has some attractive properties,
such as low Z, good thermal conduction and low cost. However, the high erosion rates and
tritium retention, which poses safety and fuel efficiency issues, preclude the use of carbon PFCs
in a fusion reactor. This prompted the utilization of high-Z metals with high melting points,
such as molybdenum [73] and tungsten (W), in magnetic confinement devices. Tungsten is
presently considered one of the most viable plasma facing materials for fusion reactors [74, 75],
particularly in the divertor, in view of its good thermomechanical properties, resistance against
sputtering, and low fuel retention. However, its high atomic number causes significant radiative
losses in the plasma even at low impurity concentrations. The associated cooling can also initiate
positive feedback loops that lead to tungsten accumulation in the core of plasma, resulting in
severe confinement degradation and discharge collapse [47, 76-79]. This is especially relevant
in the absence of an impurity flushing mechanism like ELMs. While the use of tungsten is a
material constraint, it does impose severe limitations on the plasma operational regimes, because
many performant scenarios obtained in graphite tokamaks are considerably worse or even not
attainable in W-walled devices.

To sum up, the ideal plasma scenario must not only simultaneously achieve several stationary
plasma parameters that translate to ignition proximity in a reactor, using heating methods
similar to alpha particles, while avoiding ELMs and mitigating continuous heat loads by divertor
detachment, but also do it in a way that is compatible with reactor-grade plasma facing materials

like tungsten and derived alloys.
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Figure 1.10: Schematic representation of the ITER tokamak and plant systems housed in their
concrete home. Figure adapted from [82].

1.2.4 ITER

Plasma physics is obviously critical to achieve the goals of a fusion plasma [80], but the design
of a reactor is largely determined by engineering, materials and nuclear physics constraints [9].
First, there are limits to the amount of power per unit area that can safely pass through the first
wall without causing unacceptable damage to PFCs. This applies to both heat loss and neutron
flux. Second, the magnetic field is limited by the properties of the superconducting magnets that
generate it, since superconductivity can only be maintained up to certain values of current density,
magnetic field, and temperature, that depend on the material. Third, the structural support system
must be able to withstand the huge forces produced by the coils. Finally, the desired power
output of the reactor significantly affects the size of the device, in conjunction with the other
constraints. With conventional superconducting niobium—tin technology, and assuming a power
output of 0.4-0.5 GW, the design inevitably converges to something similar to the ITER tokamak
[81], represented schematically in figure 1.10.

ITER will be the world’s largest fusion device and is currently under construction in
Cadarache, southern France. It is one of the most ambitious energy projects ever undertaken,
involving an international collaboration between China, the European Union, India, Japan, South
Korea, Russia, and the United States [83]. The main goal of ITER is to create for the first time a
plasma that produces net energy, namely a burning plasma with Q = 10. ITER aims to prove the

scientific and technological viability of nuclear fusion as an energy source and thus pave the way
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Inductive Hybrid Non-inductive

Rgeo (M) 6.2 6.2 6.35

a (m) 2 2 1.85

V (m?) 831 831 793

£ 0.32 0.32 0.29

K 1.85 1.85 2.0

5 0.48 0.48 0.5

B; (T) 5.3 5.3 5.17
I, (m) 15 13.8 9

q95 3 33 5.2

8 (3) 3.66 2.73 2.32
Hogy» 1 1 1.3

Bx 1.8 1.9 2.56

7ie (1019 m™3) 10.1 9.3 6.7
Jfow 0.85 0.85 0.8

Zeott 1.66 1.85 2.17
Pheat,ext (MW) 40 73 68
Prag (MW) 47 55 38

P; (MW) 400 400 338
o 10 5.4 5

Burn time (s) 400 1070 Steady-state

Table 1.2: Main parameters of ITER inductive, hybrid and non-inductive scenarios. Table
adapted from [86, 87].

for the first electricity producing fusion power plant that will follow [62].

ITER scenarios therefore constitute a realistic benchmarking reference for plasma scenarios
of present-day devices. Table 1.2 shows an overview of the main parameters of the three types
of scenarios planned for ITER: inductive, hybrid and non-inductive. Many of the absolute
parameters are not achievable in current devices due to design limitations, namely the small
size, but the scaled parameters should be aimed for by ongoing experiments. While most have
been separately attained, no scenario so far has been able to simultaneously fulfill all the scaled
requirements of ITER with benign plasma-wall interaction [84, 85]. It is not yet known whether
the planned ITER scenarios will be possible, so a strong research effort must continue to be made
in current machines to prepare ITER operation and also to develop suitable plasma scenarios for

future reactors in general.
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Figure 1.11: Normalized ELM energy loss versus pedestal electron collisionality for various
ELMy, small-ELM and no-ELM regimes. Figure taken from [65].

1.3 ELM-free regimes

1.3.1 Overview

The standard H-mode [20] was traditionally regarded as the preferable operation regime for a
fusion reactor, including ITER, due to its superior confinement properties, but this picture has
significantly changed in the last years. The unacceptable heat loads due to ELMs are becoming
more evident [36—38] and call for alternative solutions. Active ELM control techniques [88, 89],
such as non axisymmetric magnetic perturbations [90-92], ELM pacing with pellets [93-95]
and vertical kicks [96, 97] are possible approaches to the problem, but their effectiveness and

applicability to reactor conditions is not yet entirely clear.

Alternatively, operational regimes with high confinement and benign ELM characteristics
[64] can also be obtained without resorting to these techniques and are sometimes called natural”
regimes [65]. A set of “natural” ELMy, small-ELM and no-ELM regimes is shown in figure
1.11, separated by the ELM energy loss relative to the pedestal, as a function of v;. Small-ELM
regimes, such as grassy [98] and type-II ELMs [99-101], can achieve good performance, but a
fusion reactor might end up requiring complete absence of ELMs of any type. In such case, the
set becomes more restricted, but there are still several candidates. The most well established of

these, the EDA H-mode, QH-mode and I-mode, are reviewed below.
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1.3.2 EDA H-mode

The enhanced D-alpha (EDA) H-mode [102] is a steady-state high confinement ELM-free regime
discovered in the Alcator C-Mod tokamak by applying ion cyclotron resonance heating (ICRH)
after a fresh boronization [103]. Its name originally comes from the observed high levels of
Dy, radiation when compared to the nonstationary ELM-free H-mode, but its main signature is
the presence of a prominent edge fluctuation called the QCM [104, 105]. The EDA H-mode
was studied mostly in C-mod [106], but a similar regime known as the high recycling steady
(HRS) H-mode in JFT-2M [107, 108] is possibly the same [109]. In the EAST tokamak, a regime
obtained with lithium wall coating and significant lower hybrid current drive (LHCD) [110]
might also be related to the EDA H-mode. Past attempts to reproduce the EDA H-mode in other
tokamaks such as DIII-D [111] and JET [112] were not able to produce desirable scenarios.
Access conditions to the EDA H-mode have been extensively investigated in C-mod through
dedicated scans of I,, By, density, power, and shape [102, 106, 113]. It was found that EDA
access is roughly favored by ggs > 3.5, 8,y > 0.35, and high L-mode target density, leading to
high edge v* [114]. Away from these conditions, nonstationary ELM-free H-modes are more
likely. No obvious dependence of this boundary on x or input power was found over the ranges
studied [106]. Furthermore, production of ohmic EDA H-modes [113] shows that the regime
cannot be attributed to direct effects of radiofrequency heating or a high-energy minority ion tail.
EDA H-modes feature steep density and temperature gradients in the pedestal [104, 114],
which can be maintained in a stationary ELM-free state if the pressure gradients do not exceed
the P-B stability boundary due to excessive heating power [115, 116], above which small ELMs
occur. This is in contrast to the nonstationary ELM-free H-mode, whose density and impurity
content rise uncontrollably due to the extremely high particle confinement [117-119].
Evidence suggests the enhanced transport in EDA H-mode is caused by the QCM [104, 105,
120]. Its name comes from its larger frequency width in comparison to typical coherent MHD
modes. The large density fluctuations of the QCM can be measured close to the separatrix by
several diagnostics, including reflectometry, Langmuir probes, phase contrast imaging [121], and
gas puff imaging [122]. The electromagnetic perturbation is also significant, but not detectable
with standard set of magnetic probes mounted on the vacuum vessel wall, requiring fast scanning
magnetic probes to be inserted in the plasma for the measurement, due to its relatively short
poloidal wavelength [105, 120]. The QCM moves in the electron diamagnetic direction in the

lab frame and usually appears as a downchirping oscillation at the transition to EDA H-mode,
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likely due to the evolving plasma rotation velocity. However, its exact location with respect to
the radial electric field well and propagation direction in the plasma frame are not unequivocal
[122]. The QCM was initially proposed to be a resistive X-point mode, a form of resistive
ballooning mode strongly influenced by the magnetic geometry near the X-point [123], and later
a separatrix-spanning electron drift-wave with interchange and electromagnetic contributions
[120]. The true nature of the QCM has not yet been unambiguously identified [122] and its
interplay with profiles and turbulence remains to be understood [106].

Despite the open questions about the EDA H-mode, it has been developed into a performant
scenario with important accomplishments, such as the highest volume-averaged core plasma
pressure ever achieved in a fusion device [124]. Besides this, it is obtainable in a device with
high-Z (molybdenum) PFCs and is compatible with extrinsic impurity seeding and operation
with a dissipative divertor and high radiative power fraction [125, 126]. Together with its high
density and energy confinement, low Z¢, and no need for torque, this makes the EDA H-mode a
promising regime for future reactors. However, it has only been obtained at high collisionality,

so it is not clear whether it will be accessible in large-scale devices with low collisionality.

1.3.3 QH-mode

The quiescent H-mode, usually referred to as QH-mode, is an ELM-free regime with good
confinement originally discovered in the DIII-D tokamak with counter-current NBI [127]. It has
also been reproduced in JT-60U [128] and in the carbon-walled ASDEX Upgrade (AUG) [129]
and JET [130, 131]. The main signature of the QH-mode is an instability called edge harmonic
oscillation (EHO).

The QH-mode is usually accessed at low density, with highly conditioned walls from a
recent boronization, strong pumping, optimized wall clearance and a large edge rotational shear,
traditionally provided from counter current NBI [132]. QH-modes can also be created with
co-injection if enough torque is applied [133], but they are more challenging to obtain. It is also
possible to apply external torque via the use of static non-axisymmetric nonresonant magnetic
fields [134]. The key access condition seems to be a critical edge E x B shear, below which
ELMs occur [134-137].

QH-modes typically feature low density, very high 7; and somewhat lower but still high 7,
with a deep radial electric field well [138] and a high pressure pedestal that can be maintained

without ELMs, at constant radiated power and density [132]. This is believed to be possible
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due to the enhanced particle transport caused by the EHO [127, 132], a low frequency edge
electromagnetic oscillation with several harmonics that can range from toroidal mode numbers
n=1to 11 [129]. The EHO is thought to be a saturated kink-peeling mode, driven unstable
by large edge current densities [139]. It has been nonlinearly simulated with several codes
[140-144], showing in general good agreement with experiments.

The low density of the QH-mode is not optimal, but its operational range has been extended
to reasonably high Greenwald fraction during density ramps [145, 146]. However, the high
edge rotational shear required by the QH-mode may represent an accessibility challenge in
future reactors due to the lack of torque [63]. That being said, a different type of QH-mode
with no net input torque, known as the wide-pedestal QH-mode, has recently been achieved in
DIII-D [136, 147-149]. In any case, regardless of its specific type, the QH-mode still has major
obstacles to overcome, namely that it is only obtained with dominant ion heating from NBI, in
devices with graphite walls, and with high Z.¢, which means high fuel dilution, considering
the low Z of carbon. Recent attempts to obtain the QH-mode in AUG with tungsten PFCs have
shown traces of the EHO, but no success so far in avoiding impurity accumulation. Furthermore,
the QH-mode has not yet been shown to operate with a detached divertor. For these reasons, it
is not known if it will be adequate for future reactors, despite its high performance in terms of

energy confinement, pressure, and temperature in present-day devices.

1.3.4 I-mode

The I-mode [150], originally called improved L-mode [151], is an ELM-free regime with better
energy confinement than L-mode and mostly accessed with the ion VB drift pointing away from
the X-point. It has been obtained in C-Mod [150, 152], AUG [151, 153], DIII-D [154, 155], and
EAST [156, 157]. In terms of edge fluctuations, the typical I-mode signature is a broadband
peak above the background level known as the weakly coherent mode (WCM).

The I-mode is accessed when sufficient heating power is applied in L-mode without entering
H-mode. The L-H transition is typically avoided by using high magnetic field and a configuration
with the ion B x VB drift pointing away from the active X-point, the so-called unfavorable
configuration that significantly increases the H-mode power threshold. However, I-modes
have occasionally been achieved in favorable VB configuration [158]. The I-mode has been
obtained with a variety of heating methods, including ICRH [150], NBI [159], electron cyclotron
resonance heating (ECRH) [160], and lower hybrid wave (LHW) heating [157], in devices with
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different wall materials, namely carbon [151, 154], molybdenum [150] and tungsten [160]. The
power required to enter I-mode depends on density [153, 161], but only weakly on magnetic field
[152, 153], when compared to the L-H threshold [162]. As a result, the I-mode power window is
extended at high B;. I-modes are often transient, specially at low B; [152, 160], but can be made
stationary by feedback controlling the plasma pressure through actuating on the input power
[159]. The I-mode has been observed over a wide v* and ¢gg5 range, but only at low and medium
density [150, 152, 153, 155, 160].

When transitioning from L to I-mode, the energy confinement increases, but the particle
confinement remains mostly unaffected. As a result, a steep 7. and 7; pedestal develops, but
the density profile remains shallow and impurity accumulation is prevented. Several I-mode
characteristics are typically between those of L-mode and H-mode, such as energy confinement,
E; well [153, 163], pedestal pressure and SOL power decay length [68]. The I-mode pedestal
remains well below the P-B threshold [153, 164—-166], but intermittent bursts [153, 166] and
pedestal relaxation events [155, 165, 167] might still pose a threat to the divertor in a reactor.

In addition to the temperature pedestal, a high frequency broadband fluctuation at the plasma
edge called WCM [153, 158, 168—170] and a low frequency geodesic acoustic mode (GAM)
[169, 170] are usually observed in I-mode. The non-linear coupling between the GAM and
WCM can explain its broadband structure [169, 170], but their role in regulating transport is
not yet clear. Suppression of large-scale, but not intermediate-scale turbulence, due to high
T; / T; at the separatrix has been proposed as the main mechanism to explain the I-mode transport
properties [171], but it has also been argued that neoclassical transport is sufficient [172].

The high temperature, no need for torque and compatibility with several wall materials
make the [-mode a promising regime for future reactors. However, its high access power when
compared to H-mode in favorable VB configuration, as well as the relatively low density and
energy confinement are major inconveniences. Furthermore, I-mode seeding and detachment
studies are scarce and did not produce encouraging results in C-Mod [173], but slight progress is

currently being made in AUG.

1.4 Motivation and thesis outline

Nuclear fusion reactors will require scenarios with high plasma performance, but benign plasma-

wall interaction, which is difficult to achieve because of ELMs, among other challenges. Several
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alternative high confinement ELM-free regimes have been obtained in current devices, but each
of them has different advantages and drawbacks, so there is not yet a clear winner.

This thesis reports on the development of a stationary ELM-free H-mode recently achieved
in the AUG tokamak, with the overall goal of approaching reactor relevance. The importance of
this topic stems from the fact that performant ELM-free scenarios compatible with all plasma
physics and engineering requirements for fusion do not exist in present-day devices, but are
essential for future reactors. This is part of an international effort to bring nuclear fusion science
and technology to a state of maturity and effectiveness, so that it can be applied in commercial
power plants. It is an enormous challenge, but hopefully will help solve the world energy and
climate issues.

The thesis is divided into six chapters, the first one being the current introductory chapter,
where a basic overview of the world energy situation and the role of fusion energy is given,
together with some of the main requirements of a plasma scenario for a fusion reactor and a
review of notorious ELM-free regimes in current devices. Chapter 2 briefly describes the AUG
tokamak, its heating systems and the relevant diagnostics for the work. Chapter 3 presents
general features of the stationary ELM-free H-mode recently achieved in AUG, which is the
main subject of the thesis, and concludes it is most likely the EDA H-mode. Chapter 4 explains
different methods and experiments that were performed with the goal of bringing the regime
closer to reactor relevance. Chapter 5 gives an overview of the operational space of the EDA
H-mode in AUG, obtained experimentally with different parameter scans. Chapter 6 summarizes

the results, makes conclusions and discusses future work.
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Chapter 2

ASDEX Upgrade tokamak

All the experiments for this thesis were performed in the ASDEX Upgrade tokamak, currently
one of the most relevant fusion devices in operation worldwide. This chapter presents an overview
of AUG, including a brief explanation of its coils, PFCs and heating systems, followed by a

description of most diagnostics used in this work.

2.1 Machine and heating systems

2.1.1 Overview

The AUG tokamak [174—-176] is a fusion experiment operated by the Max-Planck-Institut fiir
Plasmaphysik in Garching, Germany. It is the successor of the Axially Symmetric Divertor
Experiment (ASDEX) and has has been in operation since 1991, being Germany’s largest
tokamak and second largest fusion device, after stellarator Wendelstein 7-X [177]. AUG is
classified as a medium size tokamak and the overall goal of its scientific programme, run jointly
with the EUROfusion consortium [178], is to improve the physics basis for the future large scale
reactors ITER and DEMO [179].

The main design and maximum plasma parameters of AUG are listed in table 2.1. The high
overall heating power, flexible heating mix, versatile shaping and comprehensive diagnostic set
allow a wide range of studies with high-impact results [178, 180-186], covering topics such as
particle and energy transport, turbulence, instabilities, integrated and advanced scenarios, SOL,
divertor and power exhaust, wall materials, and theoretical models.

The confining magnetic field of AUG is essentially generated by 16 large copper toroidal

field coils wrapped around the vessel. There are also 17 poloidal field coils illustrated in magenta
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Major plasma radius 1.65m

Minor plasma radii 0.5/0.8 m

Magnetic field 39T
Plasma current 2MA
Pulse length 10s
Heating power 30MW
Plasma volume 13m’
Plasma density 2% 10?9 m™3
Plasma temperature 8keV

Main plasma types D, H, He

Table 2.1: Main design and maximum plasma parameters of AUG.

in the cross-section of figure 2.1. These serve several purposes [187], roughly divided in the
following manner: the ohmic OH coils are used for inducing the plasma current, which is a heat
source and generates most of the confining poloidal magnetic field; the vertical field V coils
shape the plasma and create the magnetic field configuration of the divertor; the internal and
external CO coils correct the plasma position and control movements and instabilities, passively
aided by an internal rigid conductor, the passive stabilization loop (PSL), colored in yellow.
Three flywheel generators [188] supply the electrical power for the toroidal and poloidal field
coils, as well as for auxiliary heating systems. In addition, the B-coils [189], a set of 16 in-vessel
saddle coils mounted on the PSL, are used to generate non-asymmetric magnetic perturbations

in order to affect plasma behavior [92] and compensate error fields.

The coil system of AUG can produce different magnetic topologies, including both limiter and
divertor configurations. The X-point of the divertor can be created below or above the magnetic
axis, giving rise to the lower single null (LSN) and upper single null (USN) configurations,
respectively. Two X-points can also exist simultaneously in the double null (DN) configuration.
AUG can produce plasma shapes similar to those planned for ITER, and experiments are typically
performed in LSN configuration, exemplified in figure 2.1. The ion B x VB drift usually points
towards the active X-point, which favors the L-H transition, and the plasma current is opposite to
the magnetic field. The lower divertor tiles require this fixed helicity, and reversing the plasma
current involves special efforts executed only for a couple of weeks per campaign, in which
unfavorable VB drift experiments are performed. The upper divertor can handle both helicities,
allowing experiments with unfavorable VB drift at any time, but the lack of pumping and open

geometry limit low density operation and power exhaust.
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Figure 2.1: Cross section of AUG showing toroidal (green) and poloidal (magenta) field coils,
vacuum vessel and ports, PFCs, and magnetic flux surfaces of a lower single null configuration.
Figure taken from [190]

Besides similar magnetic geometries, also the divertor material of ITER (tungsten) is used
in AUG. Tungsten is presently regarded as one of the most adequate plasma facing materials
for fusion reactors [74], especially in the divertor, due to its good thermomechanical properties,
resistance against sputtering, and low fuel retention. AUG has since long been in the forefront
of operating with tungsten [77], achieving complete coverage of PFCs with W-coated graphite
tiles in 2007 [191] and an outer divertor consisting of solid tungsten tiles in 2014 [192, 193].
Figure 2.2 shows the inside of the AUG vessel, where the the W-coated PFCs can be seen. The
full tungsten wall of AUG is an extremely rare feature in present-day machines, contrasting
with the typical graphite walls of most tokamaks [72], making it an extremely valuable asset for

extrapolating to future devices.
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Figure 2.2: Interior of AUG during installation work in the vessel, showing the W-coated PFCs
and closed divertor. Figure taken from [194].

A major, though undesirable, effect of tungsten PFCs is the potential contamination of
the plasma with a high Z impurity, which leads to significant radiative losses even at low
concentration. Under certain conditions, accumulation of tungsten in the core of the plasma can
occur, causing severe confinement degradation, development of strong MHD modes, and eventual
termination of the discharges. Prevention of tungsten accumulation requires central heating
with electromagnetic waves, which drives outward turbulent transport of tungsten, counteracting
the neoclassical inward pinch [195]. A sufficiently high gas puff level is often also required
to reduce the tungsten source from sputtering and increase flushing by ELMs. However, some
scenarios, especially those requiring low density, are not compatible with such measures and
need other means of reducing the influx of tungsten, namely a fresh boronization [46]. This
procedure covers PFCs with a thin boron layer, whose effect of reducing the release of tungsten
and deuterium from the walls usually lasts for a couple dozen discharges. Experience and
knowledge gained in AUG is of paramount importance in developing solutions for the operation

of future devices with high Z PFCs.
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2.1.2 Heating systems

AUG has a powerful and diversified set of auxiliary heating systems [176], which at the moment
consist of nominally up to 20 MW of NBI, 8 MW of ECRH, and 6 MW of ICRH, all designed
for 10 s pulse duration. These allow a wide range of plasma scenarios and physics studies to be

performed, including access to reactor-relevant divertor and SOL conditions.

Electron cyclotron resonance heating

Injection of electromagnetic waves is an effective plasma heating method if absorption resonances
are taken advantage of. ECRH [196] follows this approach by making use of interactions with
the gyro motion of electrons through the application of microwaves at harmonics of the electron
cyclotron frequency, given by

eB
Wee = 2T fee = —, (2.1)
m

e
where @.. and f.. are the angular and ordinary frequencies, respectively, e is the elementary
charge, B is the local magnetic field, and m, is the electron mass. The strong magnetic field
of tokamaks translates to electron cyclotron frequencies in the range of dozens or hundreds
of GHz, at which wavelengths are rather small, on the order of few millimeters. This makes
ECRH particularly adequate for spatially localized heating, whose position is mostly defined by
frequency of the wave and injection angle, as well as the radially varying magnetic field, that
decreases from the HES to the LFS.

The ECRH system of AUG [197-199] has been upgraded over the last 15 years and currently
consists of a dual frequency system with 8 gyrotrons, making up a total nominal power of 6.4 MW
at 105 GHz and 8 MW at 140 GHz. In practice, a maximum of 5.9 MW has been coupled to
the plasma, although 6.5 MW at 140 GHz could be possible with future optimizations, after
accounting for limitations on some gyrotrons and losses in beam preparation and transmission.
The 8 transmission lines are mainly composed of air-filled oversized corrugated waveguides
with overall lengths between 50 and 70 m and quasi-optical sections at both ends. These can
focus the beam to the plasma center, steer it in poloidal and toroidal directions, and set it to any
polarization state, in order to match the X or O-mode conditions at the plasma edge. Calculations
of beam propagation and absorption in AUG are typically performed with the beam-tracing
code TORBEAM [200], which also handles electron cyclotron current drive (ECCD), used for

g-profile tailoring and non-inductive tokamak operation [201].
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Standard ECRH operation at AUG is performed with the second harmonic of X-mode heating
(X2) at f = 140 GHz, whose resonance passes through the center of the plasma at |B;| = 2.5T.
This scheme has the highest absorption rate, followed by O1, X3 and O2 [202]. Refocusing
holographic mirrors installed on the inner column can be used to increase the absorbed fraction
of O2 heating by providing a second pass of the beam through the plasma [197, 203]. The
incomplete absorption of the alternative schemes, as well as cutoffs which reflect the waves in
any of the methods, can lead to strong stray radiation and pose a risk to in-vessel components,
especially microwave diagnostics. Several passive and active measures of machine protection
against stray ECRH radiation are in place at AUG [204, 205], and an integration with the
discharge control system (DCS) allows a practical real-time replacement of active gyrotrons in

order to comply with predefined heating waveforms [206].

In general, the choice of the heating scheme depends on the available frequencies, the desired
magnetic field and potential cutoffs. With X-mode injection from the LFS, the right-hand cutoff
is the relevant one, which for harmonic numbers / > 2 enforces the following condition for wave

propagation [196]:

wpez < l<l - 1) wcez
& e <ngo=CIL(I—1)B? (2.2)

C=0.97x10"m T2,

where @, is the angular plasma frequency, 7. is the electron density and nc, is the cutoff density.
With the standard AUG X2 heating at |B;| = 2.5T, this results in r¢, =~ 12 x 10'm~3, which
limits high density operation of certain plasma scenarios. As an alternative, and also to allow
operation at lower B, X3 heating at 140 GHz is used relatively often in some scenarios with
1.8 T. X-mode operation at 105 GHz and O-mode heating schemes in general are rarer. Although
relevant in AUG, ECRH limitations due to cutoffs are not expected to be a problem in ITER, due
to the much higher B? /n.

ECRH is an essential heating method in AUG due to its role in avoiding tungsten accumu-
lation. In fact, it has been recognized as a basic system necessary for operation, being almost
ubiquitous in AUG H-mode discharges. Besides this, the high versatility and available power,
which exceeds the L-H threshold in favourable configuration by a factor of more than 3, or at
least 2 at the highest densities, allows a wide variety of reactor-relevant studies to be performed

with ECRH in AUG [199], such as H-mode operation with dominant electron heating and low
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torque, access of low collisionality in a full metal device, influence of T¢/T; and rotational shear
on transport, dependence of impurity accumulation on heating profiles, and advanced tokamak
physics, related to nonstandard current profiles and non-inductive operation. ECRH is the main

heating method used in the experiments performed for this thesis.

Neutral beam injection

NBI [207] is a popular and powerful heating method, responsible for the highest temperatures
and triple products ever achieved in tokamaks [208]. It consists in injecting beams of highly
energetic neutral particles in the vessel, which are unaffected by the magnetic field, therefore
travelling in straight lines and penetrating the plasma. Once ionized by collisions with the
background plasma, these particles become magnetically confined and form a high-energy tail
on the plasma distribution function. They then slow down by further collisions, transferring their
energy to the background plasma in the form of heat. The neutral beams are created from an
initial source of ions that are accelerated with high voltages and then neutralized before entering

the vessel.

The NBI system of AUG [176, 209, 210] consists of two similar injectors in boxes on
opposite sectors of the tokamak, each equipped with four ion sources. With deuterium, each
source can deliver up to 2.5 MW, making a total maximum of 20 MW, or a lower power of
13 MW with hydrogen. The maximum accelerating voltages of box 1 and 2 are 60 and 93kV,

respectively, but can be reduced to provide lower beam energies and heating power.

In terms of geometry, the neutral beams are co-current directed in standard AUG operation,
but each source has a different injection angle in order to emphasize certain functionalities. They
can currently be classified as: radial (2 sources), tangential (4 sources), and current drive (2
sources). This versatility allows for NBI to be used not only as a heating method, but also as a

source of external torque and current drive [201].

NBI is the most powerful heating method of AUG and is used in the majority of its experi-
ments. It is essential for scenarios with very high power, which in AUG allow the achievement
of realistic SOL and divertor conditions expected in large-scale reactors [211]. Besides this, NBI
is also crucial for diagnostics such as charge exchange recombination spectroscopy (CXRS)

[212-214] and motional Stark effect (MSE) polarimetry [215].
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Ion cyclotron resonance heating

ICRH [216] is an electromagnetic wave heating method based roughly on the same principle as
ECRH, but using ion instead of electron resonances. The much higher mass of the ions results
in lower cyclotron frequencies, on the order of dozens of MHz, and higher wavelengths, of
several meters. This requires very different technology for generating, transmitting and launching
the waves into the plasma. An important point to note is that the propagation of ICRH waves
inside the plasma has a narrow cutoff region at the edge which causes excessive wave reflection,
unless the large launcher antenna is placed very close to the plasma edge. As a consequence,
plasma-surface interactions play an important role in this heating method, leading to the difficult
challenge of avoiding plasma contamination, while simultaneously ensuring efficient power

coupling.

The ICRH system of AUG [176, 217, 218] consists of four toroidally distributed antennas
and corresponding transmission lines and radiofrequency generators, which cover the range of
30 to 120 MHz. Below 80 MHz, they have a nominal power of 1.5 MW each. Typical ICRH
operation in AUG is performed at 36.5 MHz and, under optimal conditions, a total power up to

4.8 MW can be coupled to the plasma.

Enhanced sputtering of tungsten from the ICRH limiters was initially a serious problem in the
W-coated AUG [217]. In 2012, the situation was significantly improved by coating the limiters
of two antennas with boron [219]. However, such a solution is not adequate for a true reactor
environment due to the high erosion rates of low-Z elements. Because of this, an alternative
approach based on redesigning the other two antennas was developed [218]. The resulting pair
of 3-strap antennas allows ICRH operation with relatively low tungsten content in the confined
plasma by minimizing image currents at the antenna frames, despite maintaining W-coated

limiters.

ICRH can be used used to prevent impurity accumulation in the plasma core, but is used less
often in AUG than the other heating methods. It is typically employed in scenarios where ECRH
is not applicable, for example due to cutoffs related to very high density operation, such as in the
small-ELM regime [100] or high current scenarios. It is also used for example in experiments
requiring varying ratios of electron and ion heating, as well as in investigations related to the

ICRH physics and technology itself.
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2.2 Diagnostics

The extreme conditions in a fusion plasma call for special diagnostic methods to investigate
parameters such as temperatures, densities, energies, currents, impurities, etc [220]. It is desirable
to measure the properties of the plasma with minimal perturbation of its state, so many techniques
consist in analyzing the effects exerted by the plasma on its surroundings. Magnetic fields, neutral
and charged particles, and electromagnetic waves emitted from the plasma in a wide spectral
range, from radio frequency to X-rays, are measured to this end. Besides such passive methods,
active methods in which the plasma is slightly disturbed by external agents and the consequential
effects are analyzed, are also used to provide additional information, as long as their perturbative
effect on the plasma is small.

AUG is equipped with an extensive set of diagnostic systems. A subset of these diagnostics is
fundamental for the operation of the tokamak, allowing monitoring and control of critical plasma
and machine parameters. The full set of diagnostics enables varied scientific investigations
by providing essential measurements of several quantities, contributing to the improvement
of operational scenarios and study of physics phenomena in the plasma. A top view of AUG
showing the position of the heating systems and some of the diagnostics is presented in figure
2.3. These include for example magnetic coils, laser interferometry and scattering techniques,
microwave reflectometry, etc. A brief description of the main diagnostics used in the thesis is
given in this section, divided according to the type of final quantities they measure: electron
parameters, ion/impurity parameters, magnetic fields and related quantities, radiation and divertor

parameters.

2.2.1 Electron diagnostics
Interferometry

The refractive index of a plasma depends on the electron density and interferometry techniques
are often used to measure the phase shift caused by the refractive index of varied media. In
AUG a 195 ym wavelength deuterium cyanide (DCN) laser interferometer system is used to
measure the line-averaged electron density along five lines of sight [222, 223]. Figure 2.4 shows
a poloidal cross section of AUG where two interferometry lines of sight are visible, one passing
through the core and the other through the edge of the plasma. Each line of sight is part of a

phase-modulated Mach-Zehnder interferometer, that works by allowing electromagnetic waves
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Figure 2.3: Top view of AUG showing the position of auxiliary heating systems and some
diagnostics. Heating systems are indicated in red, magnetic pickup coils are indicated in blue
and other diagnostics are indicated in green. Figure taken from [221].

to propagate simultaneously along two paths, one through the plasma and the other in vacuum,
as a reference arm. The phase shift between the two waves is determined from their interference
and is proportional to the line integrated electron density of the plasma. The AUG DCN laser
interferometer measures the absolute line-integrated density with a 10 kHz sampling frequency,
but the raw signal is significantly oversampled, at the same time allowing the detection of much

faster modes in the plasma, up to a frequency of about 70 kHz.

Profile reflectometry

Reflectometry is a method based on the reflection of electromagnetic waves in the plasma which
finds extensive use in magnetic confinement research [225, 226], being one of the few diagnostics
expected to function in a true fusion reactor environment. Microwave radiation is launched
into the plasma and reflected at a cutoff layer where a critical electron density is reached. The

reflected wave is received at an antenna and phase changes due to propagation and reflection
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Figure 2.4: Poloidal cross section of AUG showing the lines of sight of several diagnostics and a
typical magnetic equilibrium. Figure taken from [224].

in the plasma are measured by mixing the reflected radiation with a reference beam. Since the
cutoff density depends on the frequency of the wave, relative positions of density layers can be
determined and the electron density profile reconstructed by making measurements with a range

of different probing frequencies.

A frequency-modulated continuous-wave (FMCW) O-mode reflectometer is used in AUG
to measure electron density profiles with high temporal and spatial resolution [227, 228]. It
is located at the midplane, with horizontal lines of sight, and has the unique capability of
simultaneously probing the HFS and LFS of the plasma, as shown in figures 2.3 and 2.4. Four
microwave bands (K, Ka, Q, and V) are operational, each with fundamental waveguides and
a single antenna on each side for both emission and reception, covering the frequency range

17-73 GHz, corresponding to densities of 0.3-6.6 x 10! m™. The FMCW reflectometer works
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by continuously sweeping the frequency of the launched waves, resulting in signals containing
rich information. The group delay, required to reconstruct the density profile with the Abel
inversion [229], is extracted using several signal processing techniques [230]. Hyperabrupt
varactor-tuned oscillators in the ranges 8-12 GHz and 12-18 GHz are used together with passive
and active frequency multipliers to obtain the required frequency range for each channel, allowing
sweeping in as fast as 10 us, with 5 us between sweeps. Hardening measures against stray ECRH
radiation have been implemented [231], but non absorbed ECRH still poses a significant risk to

the microwave components of reflectometers in AUG.

Fluctuation reflectometry

Reflectometry can also be used to monitor movements of single plasma layers by probing with
fixed frequency microwaves. This allows the measurement of electron density fluctuations and
has been used in fusion devices for a long time to study turbulence and MHD modes [232, 233].

The FMCW reflectometer designed for profile measurements in AUG can also operate at
fixed frequency to measure fluctuations [227, 228]. In addition, two other conventional O-mode
reflectometry systems dedicated to fluctuation measurements are installed: the fast frequency
hopping reflectometer [234, 235] and the poloidal correlation reflectometry (PCR) diagnostic
[236]. Contrary to the FMCW reflectometer, which uses homodyne single-ended detection in
several bands, the fluctuation systems in AUG fully employ heterodyne 1/Q detection, which
improves the signal-to-noise ratio and allows separation of the phase and amplitude components
of the signal [237]. All fixed-frequency conventional reflectometers in AUG have a 2 MHz
sampling rate.

The hopping reflectometer system [234, 235] consists of Q-band (33-49.1 GHz) and V-band
(49.4-69.0 GHz) channels, together covering the density range 1.3-5.9 x 10" m™. The two
channels use separate waveguides and monostatic hog-horn antennas for emission and detection
on the LFS, at and below the midplane, respectively. The hopping reflectometer is designed to
allow a fast frequency change for arbitrary frequency steps.

The PCR system [236] operates over the Ka (26-38 GHz) and U (40-57 GHz) bands, cor-
responding to the density range 0.9-4.0 x 10! m™. Both channels use the same array of five
waveguides and adjacent square-horn antennas at the LFS midplane, with the central one used
for emission and the remaining 4 for detection. The use of several closely spaced antennas for

detection of the microwaves allows correlations between signals to be computed and used to

38



determine the propagation velocity and poloidal structure of modes and turbulent fluctuations

[238].

Lithium beam emission spectroscopy

The lithium beam emission spectroscopy (Li-BES) diagnostic of AUG measures electron density
profiles in the plasma edge [239, 240]. It is based on the electron impact excitation of neutral
lithium atoms injected with 35-60 keV in the plasma above the LFS midplane, as illustrated in
figure 2.4. The 670.8 nm light emitted by the 2p—2s transition of exited atoms is collected by
two optical systems with spectral filters and photomultipliers in a region of about 20 cm from the
wall towards the plasma. In order to separate the active contribution of the diagnostic from the
passive background radiation, the lithium beam is repeatedly turned on and off [241]. Dozens
of channels acquire the data with a maximum sampling rate of 200kHz, which is used in a
probabilistic framework with a collisional-radiative model to compute the density profiles at a
typical resolution of 1 ms. Faster timescales down to 50 us can be achieved if the quality of the
signal is good and the raw data can also be used to analyze fast fluctuations. The radial extension
of the measurement is limited by attenuation of the beam via ionization and charge exchange,

especially in high density discharges.

Thomson scattering

When electromagnetic waves traverse a plasma they are elastically scattered by charged particles,
mainly electrons. Incoherent Thomson scattering is carried out by free unbound electrons (as
opposed to coherent scattering caused by plasma waves coupled to plasma ions) and the scattered
radiation contains information about the electron population [242]. The total intensity of the
scattered radiation is proportional to the electron density and the frequency width of its spectrum
caused by Doppler shifts is related to the electron temperature.

There are two Thomson scattering systems in AUG [243, 244] used to simultaneously
measure electron density and temperature profiles in the core and edge of the plasma with high
radial resolution. Figure 2.4 shows their respective lines of sight. The core and edge systems
have respectively 4 and 6 Nd-YAG lasers with a pulse energy below 1J which fire alternately
at a 20 Hz repetition rate each. Measurements are carried out by collecting the scattered light
with 4 spectral channels from several volume elements (16 for the core and 10 for the edge).

Thomson scattering measures electron density and temperature simultaneously and at the exact
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same locations, automatically resulting in a perfect relative radial alignment between the two

quantities and serving as an important reference for the other profile diagnostics.

Electron cyclotron emission

The measurement of electron cyclotron emission (ECE) radiation is a well established method
for determining electron temperatures in fusion plasmas [237]. Electrons gyrating in a magnetic
field emit electromagnetic waves at harmonics of the cyclotron frequency, which in a tokamak
depends mostly on major radius due to the spatially varying magnetic field. The intensity of the
waves at a given detection location in general depends on the electron distribution at the source
and along the path of the wave, but in case the plasma is optically thick, only the dependence
on the temperature of the electrons that generated them remains. Therefore, by measuring the
intensity of ECE radiation at specific frequencies, spatially and temporally resolved profiles of
electron temperature can be determined. However, at the plasma edge the plasma is optically
thin due to the low density and short path for absorption, so forward modelling of the radiation
transport must be performed to avoid erroneous results [245].

At AUG, the electron cyclotron intensity spectrum is measured in second harmonic X-mode
with a 60-channel heterodyne radiometer receiver [237], sampled at rates up to 1 MHz. It is
equipped with five mixers and 60 filters which allow measurement of microwaves in the range
85-185 GHz with bandwidths of 300 and 600 MHz, resulting in an instrumental radial resolution
of about 5 mm under typical conditions. The system is absolutely calibrated by measurements of
black-body radiation emitted by laboratory sources at 77 and 773 K. It can measure temperature
profiles and fluctuations from the core to the edge of the plasma, but is limited at high densities
by the X-mode cutoff (equation 2.2). The ECE antennas are located slightly above the midplane
and view the plasma from the low-field side, with lines of sight formed by a system of three

lenses that focus Gaussian beams on the plasma edge.

Integrated data analysis

Integrated data analysis (IDA) [246] is not a diagnostic, but rather a method that combines data
from several diagnostics within a Bayesian framework to reconstruct radial profiles of electron
density and temperature. It uses forward models for each diagnostic, as well as priors related
to smoothness, monotonicity or non-negativity constraints in order to suppress non-physical

outputs. IDA can modularly combine data from all the diagnostics previously described and
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more, computing profiles parameterized by cubic splines and mapped to normalized poloidal
flux radius coordinates, ppo, together with uncertainty estimations. The profiles are typically

reconstructed with 1 ms time resolution, but different resolutions can be used.

2.2.2 Ion diagnostics
Charge exchange recombination spectroscopy

Charge exchange recombination spectroscopy is an established diagnostic on many fusion
experiments to measure the temperature, rotation, and density of impurity ions in the plasma [247,
248]. The technique relies on charge exchange reactions, which consist in the transfer of electrons
from neutral particles to impurity ions, that subsequently de-excite and emit characteristic line
radiation that is measured with spectrometers. The Doppler shift and width of these spectral lines
is then used to compute the velocity and temperature of the ions that emitted the radiation. It is
usually assumed that the impurity ions are in thermal equilibrium with the main ions, meaning
that the temperature derived from CXRS measurements can also be considered the main ion
temperature. In addition, the intensity of the spectral lines can be used to determine the impurity
ion density if the neutral particle population is known [249]. With all these quantities, the
radial electric field can be calculated through the impurity ion radial force balance equation.
Since the natural neutral population is very low in fusion plasmas due to the extremely high
temperatures, CXRS is typically combined with external sources of neutral particles, like gas
puffs, neutral beams, or pellets, which increase the line radiation to useful levels and also localize

the measurements.

Several beam-based CXRS systems are installed in AUG to measure the temperature, toroidal
and poloidal rotation velocities of impurity ions such as He?", B>*, C%F, or N’* with various
spectrometers and lines of sight covering the plasma core and edge [212-214]. They require the
use of specific NBI sources that intersect the CXRS lines of sight and have radial and temporal
resolutions ranging from 0.5 to 5 cm and 0.05 to 20 ms, respectively, depending on which system
is used and on the signal-to-noise ratio, affected also by the impurity concentration in the plasma.
Impurity densities can be evaluated via forward modelling with the charge exchange impurity
concentration analysis (CHICA) framework [249], that supports different models for the neutral

beam densities.
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Bremsstrahlung

The effective ion charge, Z.g, is a useful parameter to quantify the purity of the plasma and can
be computed if the concentrations of all impurities are known. While this can be measured for
some species, it is very challenging and experimentally demanding to perform simultaneously
for every single impurity species. Alternatively, the effective ion charge can also be estimated
by background radiation measurements, since impurity ions in the plasma cause increased

bremsstrahlung losses proportional to Z.

In AUG, the line-integrated background radiation measured with a Czerny—Turner spectrome-
ter mainly used for CXRS allows the quantification of Z.g if the electron density and temperature
profiles are known [250]. The main challenge is the differentiation of the bremsstrahlung back-
ground from spectral lines, solved with a robust adaptive method based on Bayesian probability

theory [251].

Vacuum ultraviolet spectroscopy

The edge argon and neutral deuterium density can be estimated in AUG via impurity transport
modelling with the STRAHL code and data from the SPRED spectrometer, a survey instrument
for the vacuum ultraviolet (VUV) region [252]. It measures in the wavelength range of 12 —90nm
and is situated at the mid plane, observing the plasma on a radial line of sight. The SPRED
spectrometer is relatively calibrated by comparing VUV lines and visible lines measured with
a calibrated visible spectrometer on a similar line of sight in cases where both diagnostics can

detect line emission from the same impurity species, namely Het, B>+, C>*, C3* and N>,

Grazing incidence spectroscopy

A grazing incidence spectrometer in the VUV region is used in AUG to measure the tungsten
density in the plasma [253]. This is possible due to the very fine spectral resolution of the
instrument, which can separate closely spaced lines of W emission. Even though there is only
one line of sight, the tungsten concentration corresponding to parts of the plasma with different
temperatures can be estimated by measuring line intensities of different transitions, if the electron

density and temperature profiles are known.
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Soft X-rays

The soft X-ray emission in AUG is measured by a set of 8 multi-head pinhole cameras surround-
ing the plasma with a total of 208 lines of sight [254]. Each head is equipped with an array of
photodiodes shielded by a thin beryllium foil to suppress low energy photons, detecting radiation
in the 2.3-13 keV range. The diode signals are acquired by two systems with sampling rates of
0.5 and 2 MHz, but low-pass filtered at 80 and 500 kHz, respectively. The extensive coverage
provided by the diagnostic allows good quality tomographic reconstruction of two-dimensional
soft X-ray emissivity profiles in the poloidal plane [254]. These can be used to infer the argon

density in the core of the plasma by modelling impurity transport with the STRAHL code [252].

2.2.3 Magnetic diagnostics
Flux loops and equilibrium

Magnetic pickup coils are one of the most common diagnostics on magnetic confinement fusion
devices [255, 256]. There are various types and geometries of coils with different purposes, but
all are based on Faraday’s law, by which voltages are induced in loops of wire proportionally
to the time derivative of the magnetic flux enclosed by them. In AUG, numerous loops with
different geometries, such as Rogowski coils, diamagnetic loops, saddle loops and poloidal flux
loops at different positions are used to measure the plasma current, loop voltage, Ohmic power,
stored energy, magnetic fields and fluxes required for equilibrium reconstructions and plasma
position control.

With all this data, as well as the currents in toroidal and poloidal magnetic field coils, the
MHD equilibrium of AUG plasmas is typically reconstructed by solving the Grad-Shafranov
equation with the CLISTE code [257] on an intershot basis with a coarse temporal resolution.
Reconstructions with finer time resolution, typically 1 ms, are computed posteriorly for more
detailed analysis of experiments, and support the inclusion of measured plasma profiles in the
calculation. In addition, the equilibrium can be reconstructed using more physics input with the
IDE scheme [258], which couples the Grad-Shafranov and current diffusion equations. For the
fastest computation time, enabling real-time use, the equilibrium is also estimated with a function
parameterization approach for evaluating the flux distribution, in which necessary coefficients
have previously been determined using a database of several thousand ideal equilibria. Accurate

magnetic equilibria are not only useful to assess the plasma shape, but also to map measurements
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of different diagnostics to the same location and to normalized radial coordinates, for example

the normalized poloidal flux radius, ppol.

Fast pickup coils

AUG is equipped with an extensive set of high resolution magnetic pick-up coil arrays that
measure the temporal derivative of magnetic field components in several locations outside the
plasma, partly illustrated in figure 2.3. The signals are acquired with a 2 MHz sampling rate
and low-pass filtered at 512 kHz, allowing the detection of a wide variety of fluctuations and
MHD modes. There are many Mirnov coils measuring the poloidal magnetic field, as well as
ballooning coils measuring the radial magnetic field, both along toroidal and poloidal rings,

enabling the determination of mode numbers [259].

2.2.4 Radiation and divertor diagnostics
Bolometry

Bolometry is a standard diagnostic technique in fusion experiments used to measure the power
radiated by the plasma. In AUG, two types of complementary bolometers are used: slow but
absolutely calibrated metallic foil bolometers [260, 261] and fast absolute extended ultraviolet
(AXUYV) diodes with no intrinsic calibration [262]. Both systems use sets of pinhole cameras
around the plasma, with a respective total of 112 and 256 lines of sight, covering the main
chamber and the divertor. The foil bolometers absorb practically all energy of incident photons in
a wide spectral range, from 1 eV (visible light) to 8 keV (soft X-rays), and have a time resolution
of 1-2ms, limited by the thermal inertia of the components. The AXUV diodes have a narrower
sensitivity range, but much better temporal resolution of 5 ps, limited by the acquisition system,
and can be relatively calibrated by comparison with the foil bolometers. The extensive poloidal
coverage of the bolometers in AUG allows tomographic reconstructions of two-dimensional
emissivity profiles and determination of the radiated power in different areas of the plasma, for

example main chamber and divertor, or the confined region inside the separatrix.

D radiation

Dy, radiation is the visible red light emitted by excited deuterium atoms when electrons fall

from the third to second lowest energy level. In AUG, a volume integrated detection of the Dy,
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emission is installed in the lower divertor, in both the inner and outer regions. The intensity
of the D emission depends simultaneously on the neutral deuterium and electron density and

temperature at the divertor.

Divertor shunt currents

Large electric currents are often observed in the SOL and divertor of tokamaks, consisting of
overlaid contributions of thermoelectric effects due to the temperature difference between the
inner and outer divertor targets and Pfirsch-Schliiter currents [209]. In AUG, these currents are
routinely measured using shunt resistors embedded in the divertor tile mountings, both inner and
outer, being dominated by the thermoelectric contributions [263]. Since the inner divertor in
AUG typically has very low temperature, the divertor shunt currents are directly related in good
approximation to the outer divertor temperature. This allows them to be employed as a simple
and robust diagnostic to estimate the outer divertor temperature and power loads, even usable for
real-time feedback control schemes [264]. The divertor shunt currents are also used to detect
several types of events related to transport to the divertor, such as the L-H transition, I-phase and

ELMs.

Divertor Langmuir probes

Langmuir probes (LPs) are a standard diagnostic in fusion research, extensively used to investi-
gate plasmas in the SOL and divertor areas [220, 265]. In AUG, several Langmuir probes are
embedded in the divertor tiles of the outer and inner targets, as illustrated in figure 2.4. These
flush-mounted probes are used mostly configured as triple probes although some additional
single probes are available [266]. Standard triple probes have an acquisition rate of 25 kHz
and a spatial resolution of 2.5-3.0 cm at the target. In triple probe configuration, simultaneous
measurement of three points along the current-voltage characteristic of closely spaced probes
allows a fast and convenient determination of the floating potential, electron temperature and ion
saturation current. From this data, heat fluxes to the targets and the divertor detachment state can

be evaluated.

Infrared thermograhpy

The heat flux onto the divertor targets can also be inferred from surface temperature measurements

obtained with infrared cameras. In AUG, these are installed on the LFS and have a spectral
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response in the range 3.6-4.9 um [267]. The lower outer target is usually measured with a spatial
resolution of 0.6 mm/pixel, whereas the inner and upper outer targets have resolutions of 1.5
and 2.3 mm/pixel, respectively, due to the different view angles [68]. When mapped to the outer
midplane, this corresponds to about 0.1-0.3 mm. The frame rate can be adjusted between 0.3 and
5.5kHz, depending on the chosen digital resolution, allowing the separation of fast phenomena
like ELMs. The cameras do not measure the heat flux directly, but rather the infrared radiation,
that depends on the target temperature, from which the target heat flux is computed numerically

by solving the two-dimensional nonlinear heat conduction equation [268].

Divertor spectroscopy

A Czerny Turner-like visible spectrometer with lines of sight to the AUG lower divertor is
routinely used to evaluate the Stark broadening of the Dg and D, spectral lines [269]. In this
setting, the spectrometer measures in the 396-411 nm wavelength range, which is also useful
for analysis of nitrogen emission lines. More specifically, N II and N III lines sensitive to the
background plasma temperature and density can be measured and used to determine volumetric

plasma parameters and the nitrogen concentration in the divertor [270, 271].
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Chapter 3

Stationary ELM-free H-mode in AUG

This chapter reports on a regime newly achieved in AUG, the stationary ELM-free H-mode [272],
which is the main subject of the thesis. It exhibits several desirable features for future reactors
and therefore deserves a detailed description. The discovery and general characteristics of the
regime are shown with results from several discharges and diagnostics. The quasi-coherent mode,
its main signature in addition to the absence of ELMs, is then studied and interpreted. Finally, a
brief comparison with other ELM-free scenarios is presented and the regime is identified as the

EDA H-mode.

3.1 General features

The stationary ELM-free H-mode in AUG was discovered in power ramp discharges originally
designed to study edge instabilities across the L-H transition and in H-mode. AUG experiments
are typically performed at By = —2.5T and often with I, = 0.8 MA, for which the minimum A g4
is about 1 MW [273]. The power of each NBI source at full voltage is 2.5 MW and therefore not
optimal for detailed studies of phenomena close to the L-H transition. With reduced NBI voltage,
the power can be decreased, but the deposition profile is affected and can peak at the plasma
edge. While pulse width modulation techniques can be used for controlled time-averaged power
ramps, these are still not ideal due to the large variations of the instantaneous heating power.
ICRH does not suffer from this limitation, but poses other challenges related to the efficiency
of coupling to the plasma and introduction of impurities due to sputtering. For these reasons,
central ECRH, a reliable and almost ubiquitous technique in AUG discharges, was chosen as the

preferential heating method for the studies in this thesis, with the exception of a few specific
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cases.

Each ECRH gyrotron in AUG usually delivers 0.6-0.8 MW to the plasma at full power. In
order to produce slow power ramps, some gyrotrons must have their power reduced. For example,
running two at the minimum power, 0.2 MW, and the others at 0.6 MW, with appropriate on/off
cycles during a discharge, allows the total power to be ramped up to a maximum of 4 MW in
fine steps of 0.2 MW [199]. Figure 3.1 shows an example of such a discharge, with an ECRH
staircase up to about 1.2 MW and constant deuterium fueling. This is an LSN plasma with the
ion VB drift pointing towards the X-point (favourable L-H configuration), toroidal magnetic
field By = —2.5T, plasma current , = 0.8 MA, corresponding to an edge safety factor ggs = 5.3,
elongation kK = 1.6 — 1.7, upper and lower triangularity d,p, = 0.10 —0.12 and oy, = 0.33 —0.39,
respectively, with an average (mean) d,ys = 0.22 —0.26, and gas puff rate of 2.6 x 10%! e~ /s after
the current ramp-up. As the heating power (figure 3.1(d)) is increased, the plasma undergoes
several confinement regime transitions indicated by vertical dashed lines: from L-mode to an
intermediate I-phase at 2.16 s, followed by an ELMy H-mode at 2.95 s. With another ECRH step
the plasma then enters a regime without ELMs at 3.45 s, as evidenced by the disappearance of
the large divertor shunt current spikes in figure 3.1(c). The transition to this ELM-free H-mode
is accompanied by a strong density increase (figure 3.1(a)), reaching a Greenwald fraction
fow = 0.8 (figure 3.1(b)), and the appearance of a down-chirping edge instability hereafter
referred to as the QCM (figure 3.1(e)). The stored energy in this phase of the discharge is also
significantly higher. The density and total radiated power stop increasing after less than a second
and the plasma remains stationary for about 10 energy confinement times (7g = 0.2s), with
an enhancement factor Hogy, = 1 (figure 3.1(b)), until the end of the flattop, being limited in

duration only by the inductive current drive.

This scenario is an example of the stationary ELM-free H-mode in AUG, which exhibits
several desirable features for future reactors. High density, good energy confinement, possibility
of access at low input torque, low input power, without the need of a fresh boronization and with
dominant electron heating in a tungsten-walled machine, compatibility with extrinsic impurity
seeding, and no impurity accumulation despite the absence of ELMs are its main advantages and
constitute a unique set of characteristics not achieved simultaneously in any other known regime

of tokamak operation.

Varying the plasma current, shape, heating power, fueling and seeding, steady-state H-

modes without ELMs have been achieved in AUG with Hogyy = 0.9 — 1.3, fgw = 0.77 —0.95,
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Figure 3.1: Time evolution of different quantities in a discharge with a stationary ELM-free H-
mode: (a) line-averaged electron density, (b) performance indicators (confinement enhancement
factor, Greenwald fraction and Troyon-normalized ratio of the plasma pressure to the magnetic
pressure), (c) divertor shunt currents as ELM markers, (d) heating and radiated power, and
(e) O-mode reflectometry phase spectra from edge cutoff layers with electron density n. =
1.4—2.9 x 101 m=3. The vertical dashed lines indicate regime transitions.

Zegt = 1.1 — 2.0, and a minimum access power at or slightly above P . These values fit the
requirements for ITER [274], making this a very promising mode of operation. However, the
plasma can only sustain a limited amount of heating power in an ELM-free state. The Troyon-
normalized plasma pressure, fn = 0.8 — 1.7, is slightly lower, and the normalized pedestal
collisionality, vi = 0.7 — 2.8, and edge safety factor, go5 = 4.5 — 7.8, so far achieved are still
higher than what is predicted for ITER. Different strategies employed to successfully attain these
accomplishments are explained in chapter 4 and the overall parameter space is studied in more
detail in chapter 5.

Many of the discharges performed for this work were slow power ramps like the one of figure

49



3.1 because they allow a significant amount of information to be gathered in an efficient way,
especially when exploring a newly found regime or a virgin region of the parameter space of a
fusion device. By using small power steps with long periods between them, threshold phenomena
and stationarity can be studied simultaneously in the same discharge. However, this is actually
not a requirement to access the ELM-free regime. In fact, applying all the power at once in
a single step also works, as shown in figure 3.2. Shortly after the ECRH step (figure 3.2(c)),
there is an L-H transition, with a strong increase in density (figure 3.2(a)), pressure and energy
confinement (figure 3.2(b)). The QCM appears during this process and is maintained throughout
the discharge (figure 3.2(d)). Most quantities stabilize after about 1.5 s and afterwards remain
stationary. All this happens without the occurrence of a single ELM, which is a great advantage
of this scenario. Some high-confinement regimes do not have such an easy and safe access
strategy. However, the plasma tends to slightly underperform if all the heating power is applied
in a single step when compared to a slow ramp, as exemplified by the Hogy, marginally below 1
(figure 3.2(b)). This phenomenon is not understood at the moment, but it is not well established
and may be just a coincidence, since very few discharges with different power ramp rates were

performed.

This discharge also had bremsstrahlung measurements that allowed an estimation of the
effective ion charge Z.¢, used to assess the purity of the plasma (figure 3.2(b)). Aside from a
temporary increase after the L-H transition, Z.¢ remains stable and below 1.5, showing that
there is no impurity accumulation, even though the particle confinement is high and there are no

ELMs.

This steady-state ELM-free regime is in fact an H-mode, as it possesses an edge transport
barrier leading to a pedestal in density, temperature, and therefore pressure, as shown in figure
3.3. These profiles were obtained in a discharge similar to the one of figure 3.2, but with short
NBI blips of 20 ms, added for CXRS measurements of the ion temperature. The electron density
and temperature profiles were measured with Thomson scattering (TS) and ECE diagnostics.
All quantities were mapped to the outer midplane and radially aligned to have an electron
temperature, 7¢, at the separatrix consistent with the two-point model of the divertor SOL [275].
The SOL cross-sectional area, which is a parameter of this model, can be conveniently estimated
using a cross-regime SOL power decay length A4 scaling dependent on the volume-averaged

plasma pressure in AUG [68], inspired by investigations at Alcator C-Mod [67]. The resulting 7
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Figure 3.2: Time evolution of different quantities in a discharge with a single power step that
allows the plasma to enter the stationary ELM-free H-mode without the occurrence of any
ELMs: (a) line-averaged electron density, (b) performance indicators (confinement enhancement
factor, Greenwald fraction, Troyon-normalized ratio of the plasma pressure to the magnetic
pressure, and effective charge), (c) heating and radiated power, and (e) O-mode reflectometry
phase spectra.

at the separatrix is then given by:
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(3.1)

where Ry and a are the plasma major and minor radii, respectively, gcy is the cylindrical safety
factor, V is the volume and Wyp is the plasma stored energy, P is the total power lost by the
plasma, and Pq s¢p is the power radiated within the separatrix. P is computed by subtracting
the time derivative of Wygp from the total heating power, P, sep 18 Obtained from tomography

of bolometry data, and the other quantities are readily available from the magnetic equilibrium
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Figure 3.3: Radial profiles of (a)-(b) electron density, (c)-(d) electron and ion temperatures, and
(e)-(f) electron pressure during a stationary ELM-free H-mode. The entire profiles are represented
in the left-hand side panels (a), (c) and (e), and a zoom in the pedestal region is shown in the
right-hand side panels (b), (d), and (f). The density range covered by the reflectometers which
detect the QCM is indicated on the right-hand side of (b).

reconstruction. For this discharge, the resulting separatrix temperature, T¢ sep = 65€V, is lower
than the 100 eV usually assumed in AUG H-mode plasmas [276]. The main reason for the
difference is that typical H-modes in AUG have about 3-8 MW of external heating power,

whereas the discharge considered here has only 1.2 MW.

The core electron density, ne, profile (figure 3.3(a)) is in general flat, but still with a slight
degree of peaking, possibly due to the effect of central ECRH, as is usually observed in ELMy
H-mode plasmas [277]. The electron temperature, T¢ (figure 3.3(c)), and pressure, p. (figure
3.3(e)), profiles are peaked due to the central heating. The temperature of the ions, 7;, in the
inner core (figure 3.3(c)) is lower than that of the electrons because of the pure electron heating
but they almost equilibrate in the outer core, for normalized poloidal flux radius p,, > 0.6, and
eventually equalize at the pedestal top (figure 3.3(d)). 7; directly affects nuclear fusion reaction
rates, whereas 7; only indirectly does so, by driving heat transfer between electrons and ions.

Therefore, 7; is the ultimate parameter to increase in a reactor, which, for a dominantly electron-
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heated plasma, translates to coming as close as possible to 7, not only in the pedestal, but also
in the core, where the density and temperature are higher. The ion to electron temperature ratio,
T;/ T, is governed both by the net collisional energy exchange between the two species, embodied
in the temperature equilibration time, Teq o< 73/2 /ne, and by the energy losses, represented by the
energy confinement time, 7g, with 7; /T roughly proportional to Tg/Teq. The core 7;/T. = 0.5 in
this discharge is not ideal, but will probably be improved in large-scale reactors simply because
of the higher 7 due to their bigger size. The electron-ion coupling can in principle also be
further increased by operating at a higher density. On the other hand, the temperature in a reactor
will also be higher, resulting in a longer 7q, which goes in the opposite direction. Therefore this
subject deserves more detailed studies and modelling in order to better extrapolate the results of

the stationary ELM-free H-mode to future reactors.

The ability to maintain a steady-state edge pedestal without the relaxation caused by ELMs
is a surprising and positive feature of this H-mode. It implies an alternative, more continuous
edge transport mechanism, possibly related to the QCM, visible for example in the reflectometry
spectrograms of figures 3.1(e) and 3.2(d). However, large ELMs reappear when the heating
power is further increased, as exemplified in figure 3.4, from 3.95s onward. Between 3.45
and 3.95s the plasma was ELM-free, due to the optimal heating power, and there was no
impurity accumulation. In fact, a strong reduction of the core tungsten density, nyw, measured
by grazing incidence spectroscopy, is observed in this phase (figure 3.4(c)). Together with the
electron density increase, this amounts to a significant reduction of the tungsten concentration,
cw = nw /ne, which drops below 107, This happens even without ELMs to flush impurities and
enables operation without fresh boronization for wall conditioning. While the tungsten source
from sputtering is also reduced due to the absence of ELLMs, this cannot solely account for the
purity of the plasma, otherwise traditional ELM-free phases would not suffer from tungsten

accumulation and radiative collapse.

Besides optimal heating power, adequate fueling is also required to maintain a steady-state
ELM-free H-mode. In fact, when enough ECRH power is applied in L-mode but the gas puff is
too low, the plasma transitions to a non-stationary ELM-free H-mode without the QCM, whose
density uncontrollably increases until the occurrence of ELMs. By contrast, changing only the
gas puff rate to a moderate value results in a well-behaved stationary ELM-free H-mode with the

QCM. The influence of fueling on this regime is studied in more detail in section 5.1.
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Figure 3.4: Time evolution of different quantities in a discharge with an ELM-free H-mode
period and ELMs: (a) edge reflectometry phase spectra, (b) line-averaged electron density, (c)
core tungsten density, (d) heating and radiated power. The sudden density drops and transient
excursions of the ohmic power are due to ELMs.

3.2 Quasi-coherent mode

As mentioned in the previous section, the QCM is an instability that appears in stationary ELM-
free H-mode plasmas, usually detected as a down-chirping oscillation of the edge plasma density.
In fact, not a single discharge in this regime without the QCM has been observed, making it an

ubiquitous feature that deserves some attention.

The QCM can be measured not only by reflectometers, but also by other diagnostics, such
as magnetic pick-up coils, interferometry and ECE. Figure 3.5(a-b) shows spectrograms of a
reflectometer and a magnetic pick-up coil in the outer midplane in an ELM-free plasma with
constant heating power and fueling from 1.8 s onward, similar to that of figure 3.2. The QCM
is visible as a relatively broad peak in frequency, starting at about 65 kHz at 2 s and gradually

decreasing to 32 kHz within half a second. The coherence between the two signals as a function
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Figure 3.5: Spectrograms of O-mode reflectometry phase (a) and time derivative of the radial
magnetic field at the LFS, measured by the pick-up coil closest to the plasma (b), and magnitude-
squared coherence (c) and cross-phase (d) between them as a function of time, in a discharge
with a stationary ELM-free H-mode.

of time and frequency, presented in figure 3.5(c), shows the same oscillation with a squared
magnitude much higher than the neighboring frequencies, clearly above the 95 % confidence
threshold [278], indicated as a horizontal blue line in the color scale, and with a stable cross-
phase in time (figure 3.5(d)). This means that both diagnostics are in fact detecting the same
mode. While the reflectometer signal is caused by density fluctuations, the pick-up coil measures
the time derivative of the radial magnetic field, showing that the QCM is an electromagnetic
instability. However, most of the pick-up coils cannot detect the mode, and the one of figure 3.5
is actually the coil closest to the plasma, indicating that the magnetic signal of the QCM has a

strong radial attenuation.

With constant input parameters, the initial frequency of the QCM at the transition to the
ELM-free regime can range from 40 to 80 kHz and then decreases to a constant average value

between 20 and 40 kHz as the plasma evolves. Its name, quasi-coherent mode, comes from its
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Figure 3.6: Normalized power spectra of reflectometry phase (blue) caused by density fluctuations
and radial magnetic field fluctuations (orange) measured by the magnetic pick-up coil closest to
the plasma on the LFS.

relatively large frequency width, exemplified in the Welch power spectra [279] of figure 3.6,
computed over a long steady-state period of the discharge previously shown in figure 3.5. In
this case, the full width at half maximum (FWHM) is Af = 6kHz, corresponding to 19 % of the
central frequency f = 32kHz. This relative width, Af/f, measured over long timescales, can
vary roughly from 5 to 50 %, depending on discharge parameters, being therefore much larger
than the frequency width of typical coherent MHD modes. However, at short timescales, on the
order of few milliseconds, the QCM can actually be quite coherent, with Af/f < 1%. But this
instantaneous frequency varies considerably with time, even in stationary discharges, such that
in longer timescales, comparable to those of more global plasma phenomena, its spectrum is

usually rather broad.

The QCM is not the only instability detected by both reflectometry and magnetic pick-up
coils in this type of ECRH-heated H-modes. In figure 3.5(c), at 1.8 s, a region with very high
magnitude-squared coherence, close to 1, exists around 70kHz. This is actually a group of
regularly spaced peaks in frequency, known as edge coherent modes (ECMs) [280], which appear
after the L-H transition, usually as an up-chirp, before the development of the QCM. When the
heating power is slowly ramped up, like in the discharge of figure 3.1, or if the gas puff is too
low, the ECMs can exist for a long time, during I-phases, nonstationary ELM-free H-modes
and ELMy H-modes, disappearing and reappearing with each ELM. But if the heating power is
applied at once with adequate fueling, like in the shots of figures 3.3 and 3.5, there is no ELMy
phase and the ECMs live only for a short period of time after the L-H transition, before the QCM

appears and the stationary ELM-free regime settles down.
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As the QCM is only detected by few and widely spaced apart pick-up coils, it is not possible
to determine its wavelength and mode numbers from the magnetic signals, as is usually done
with MHD modes. In this case, PCR [238] is a diagnostic better suited for the task. The local
perpendicular wavenumber of the mode, k| , can be computed using the cross-phase between
reflectometry phase signals of antenna pairs and the perpendicular distance between the reflection
points at the cutoff surface with respect to the magnetic field lines. It is then combined with
the frequency of the mode to determine its perpendicular velocity, v |, and with the magnetic
equilibrium to estimate the toroidal mode number, n, assuming straight field lines. These results,
calculated with data from both microwave bands of the PCR diagnostic, are shown in figure 3.7
for the ECMs (a) and the QCM (b), obtained from two ECRH-heated plasmas with low and high
fueling levels, respectively. The ECMs feature a multi-peak structure with f = 60 — 110kHz,
corresponding to n = 6 — 10, with k; =0.15—-0.3 cm~ ! ~0.03 ps_l, where p; 1s the mixed
Larmor radius, computed with the electron temperature and ion mass. They propagate in the
electron diamagnetic direction in the lab frame with v| =20 —24kms~'. The ECM:s are strongly
seen by many pick-up coils, so their properties can also be determined from the magnetic signals
and they are consistent with the PCR results, showing the validity of the reflectometry technique.
Contrary to the ECMs, the QCM is almost invisible to the coils and its properties must be
determined mostly from PCR data alone, as exemplified in figure 3.7(b). In this period it has
ki, =0.6— 0.7cm~ ! ~ 0.06ps_1, n=20-23,and v, =5.5—6.4km/s, also in the electron
diamagnetic direction in the lab frame. Although the exact values of these quantities depend on
the plasma parameters for both instabilities, the QCM always appears at a higher density and
is less coherent, smaller and slower (in the lab frame) than the ECMs. Possible reasons for the
large velocity difference in the lab frame include different phase velocities of the instabilities,
different location in the radial electric field well and changes in the E x B profile itself. The
weak signature of the QCM in the pick-up coils may be explained by a strong radial decay of its
magnetic component, possibly due to the high k| . The relation between the two quantities can be

derived for a field-aligned perturbation using Laplace’s equation in a slab approximation [105].

The ECMs are detected by different diagnostics in the pedestal. Fixed-frequency O-mode
reflectometers have measured them in the steep gradient region, close to the separatrix and even
weakly in the SOL. An ultra-fast swept X-mode reflectometer has also localized them in the steep
gradient region and up to the pedestal top, corresponding to 0.93 < p,,1 < 0.99 [280]. While this

radial localization is possible in the low density plasmas that have ECMs, the higher density of
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Figure 3.7: Perpendicular wavenumber as a function of frequency for ECMs (a) and QCM (b)
computed with PCR.

the plasmas with the QCM renders the task much more challenging, because the reflectometers
cannot probe up to the pedestal top in such cases. The QCM is measured by several diagnostics
in the steep gradient region of the pedestal and close to the separatrix. Figure 3.3(b) shows the
density range covered by the O-mode reflectometers that measure the QCM on the LFS. It goes
from the near SOL to above the middle of the pedestal, but does not reach the pedestal top, being
limited to ppo; > 0.98. The Li-BES [240] and thermal helium beam diagnostics [281, 282] can
also detect the QCM, but are limited to low densities and cannot penetrate the plasma beyond
the steep gradient of the pedestal either. It is hypothetically possible that the QCM also exists at
lower pyo1, but up to now the radial extent of the QCM has not been determined precisely and it
is not known how far it extends to or even beyond the pedestal top.

A diagnostic that can measure density fluctuations, not only in the edge, but also in the
core of AUG plasmas, is interferometry [223]. Using the different channels of the DCN laser
interferometer [222], the radial localization of the modes can be roughly inferred, although
not precisely due to the line-integrated nature of the interferometry principle and the limited
number of chords. Figure 3.8 shows spectrograms of the interferometry signals for each of the
channels, which cross different regions of the plasma, in a discharge with an ELM-free period.
In this shot, the QCM is strongly seen only by the edge chords H-4 (figure 3.8(d)) and H-5
(figure 3.8(e)), with the outermost channel H-5 having the largest amplitude. This corroborates
the idea that the QCM is radially localized to the edge of the plasma. The apparent double
frequency band structure is just an artefact caused by the 10 kHz modulation of heterodyne
detection scheme of the DCN system, the lower frequency branch being the correct one in this

case. In most discharges, however, the QCM is also clearly seen in some of the core channels of

58



shot 34384, CON_DCN

Frequency* (kHz)
Spectral power

32 34 36 38 40 42 44 46
Time (s)

Figure 3.8: Interferometry spectrograms from the innermost (a) to the outermost (e) channel in
a discharge with an ELM-free period and the QCM. The frequency has been downshifted by
10 kHz to account for the heterodyne detection of the DCN system.

the interferometer, but with a weaker signal than in the edge channels. Assuming the QCM is
radially localized in the edge, its appearance in the core channels might be just due to the fact
that the chords must always cross the edge region too. In fact, the QCM has never been detected
in the core channels of the interferometer without being measured also by the edge channels.
ECE is also often used to detect and localize instabilities by measuring the fluctuations
in the radiated power at the cyclotron frequency, which in ideal, optically thick conditions is
proportional to the local electron temperature. The QCM is usually visible in a few channels of
the ECE radiometer in the steep gradient region and close to the separatrix, corresponding to
0.98 < ppo1 < 1.01. However, near the separatrix and in the SOL the plasma can be optically
thin, such that the oscillating signals may actually be caused by density, rather than temperature

fluctuations, so the data must be interpreted with care. Some ECE channels in the inner core
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of the plasma are also able to detect the QCM, but if it was really present in the whole plasma,
it is unlikely that it would stay undetected by most magnetic pick-up coils. A hypothetical
explanation for the surprising appearance of the QCM in the core ECE channels is the radiation
from the core being affected by the edge density perturbation, possibly also via refraction. In

order to test this hypothesis, two-dimensional radiation transport modelling would be required.

Besides frequency spectrum, toroidal mode numbers and radial localization, another impor-
tant aspect to characterize instabilities is their poloidal structure in general and, more specifically,
their ballooning nature or HFS / LFS symmetry. Few diagnostics can provide such information,
but the O-mode FMCW reflectometer in AUG is such an exception, having the unique capability
of measuring density profiles and fluctuations on both HFS and LFS [227, 283]. In ECRH
discharges with low fueling, ECMs are often measured by this diagnostic in the confined region,
at the HFS and LFS [280]. In contrast, the QCM has not yet been detected in the HFS, though
the asymmetry in the measurements is likely also due to reasons other than an asymmetry in
the mode itself. Figure 3.9 shows density profiles and spectrograms of the homodyne reflec-
tometer signal, a proxy for density fluctuations, in both sides of the plasma, in a pair of identical
discharges with a slow ECRH ramp, similar to the one of figure 3.1. ECMs are visible in the
LES (figure 3.9(d)), followed by the QCM that appears in the ELM-free H-mode with additional
heating power. In the HFS (figure 3.9(b)), however, neither of the modes can be measured. Since
the ECMs are detected on the HFS in different discharges, something could be perturbing the
reflectometry measurements in this discharge. In fact, the density profiles of a paired shot in
which the FMCW operated in swept mode can show this. The LFS profiles of figure 3.9(c)) have
the expected H-mode shape, with an edge transport barrier (ETB) just inside the separatrix. As a
result, the cutoff layer in which the density fluctuations are measured in the LFS, indicated by
the blue line in the figure, is located at p,o; =~ 0.99. But in the HFS (figure 3.9(a)) the profiles
are very different and there is a steep gradient in the SOL. This is the high-field side high density
front (HFSHD) [284], which has been shown to often reach the midplane and the reflectometer
line of sight [285]. The HFSHD prevents the reflectometer beam from penetrating the plasma,
resulting in cutoff layers at ppo > 1.02, explaining why not even the ECMs can be measured in
the HFS. This means that no statement can be made about the poloidal structure of the QCM
based on direct measurements, since the HFSHD has so far always been present in the stationary
ELM-free H-mode discharges, not allowing a proper probing of the HFS. This, together with

the impossibility of accurately determining the velocity of the QCM in the plasma frame of
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Figure 3.9: Density profiles from FMCW reflectometry (a,c) and fluctuations from fixed-
frequency homodyne reflectometer power spectra (b,d) as a function of time in a pair of identical
discharges with ELMy and ELM-free H-modes. The left-hand side (a-b) contains HFS measure-
ments and the right-hand side (c-d) contains LFS measurements. The blue lines in (a,c) shows
the radial location of the layer with the critical density corresponding to the cutoff frequency of
the microwaves that lead to the fluctuation signals in (b,d).

AUG so far, due to the absence of E; measurements, prevents an identification of its underlying
instability.

Most known high confinement ELM-free regimes have edge instabilities believed to play an
important role in the pedestal structure [64]. Given the ubiquity of the QCM in the stationary
ELM-free H-mode in AUG and its presence in the plasma edge, it is natural to hypothesize
that it regulates pedestal transport, possibly being one of the key ingredients to access and
maintain the regime. In order to investigate this idea, it is useful to correlate the appearance and
disappearance of the QCM with changes in plasma parameters. The discharge shown in figure
3.10 is particularly suitable for this analysis, because the heating power was kept very close
to the lower threshold between ELLMy and stationary ELM-free H-mode, resulting in a period
of alternation between the two regimes, from 3.33-3.55s. The ELMy H-mode features fast,
high frequency ECMs, easily detected by the magnetic pick-up coils (figure 3.10(c)), while the
stationary ELM-free H-mode features the QCM, with lower velocity, frequency, and wavelength,
hardly seen by the coils, but clearly visible for example in an ECE channel close to the separatrix
(figure 3.10(d)). The reflectometer (figure 3.10(a)) can detect both instabilities, which do not
coexist, resulting in the spectral peaks jumping back and forth between low and high frequency.
This alternation is correlated with changes in several edge and divertor parameters. Figure 3.10(e)
shows the ECE radiation temperature measured by edge channels which display an oscillation

synchronized with the mode alternation. When the QCM appears, the edge line-integrated density
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and temperature in ECE channels within the confined region decrease, while the temperature and
density measured by divertor Langmuir probes increases, as shown in figure 3.10(f). A rise in
the divertor shunt currents is also observed. Low frequency oscillations in the SOL ECE signals
and in the poloidal magnetic field close to the divertor are concomitant with these effects. The
changes in the divertor happen with a small time delay with respect to the changes in the pedestal,
which suggests causality: the QCM appears to drive an increase of particle and energy transport
in the pedestal region, expelling plasma to the divertor. This may explain the steady-state pedestal
and absence of ELMs, as the enhanced transport could prevent the plasma from reaching the

peeling-ballooning instability boundary.

The view just presented, while self-consistent and supported by experimental data, is based
on indirect observations of effects presumably caused by the QCM. In order to directly measure
the transport driven by the mode itself, different diagnostic techniques would have to be used. For
example, inserting a Langmuir probe array in the plasma and measuring local electron density,
temperature, and plasma potential fluctuations with high temporal resolution would allow an
estimation of the particle and energy fluxes at the QCM frequency. However, it is extremely
challenging to have the probe reach and go beyond the separatrix in these type of discharges
in AUG, due to the extreme heat loads that the probe materials cannot sustain. But it might be
possible, given that such measurements have been made in similar discharges in Alcator C-Mod
[120]. Since the QCM is also visible in the near SOL, the reciprocating probe of AUG could be
plunged just close enough to the separatrix to measure some of the QCM transport in specially
designed low power discharges, but this has not been tried yet. In the future, the new heavy ion
beam probe in AUG [286] may also contribute to this type of studies and even allow extensions
to inner, hotter regions of the plasma, but at the moment it is still in commissioning. Therefore
one cannot exclude the possibility that the enhanced transport attributed to the QCM is caused
by different instabilities, not so easily detected. In fact, the stationary ELM-free H-mode is
also accompanied by rich magnetic activity covering a wide frequency range, as exemplified in
figure 3.11, taken from the same discharge of figure 3.5, but from a different pick-up coil. These
fluctuations of the radial magnetic field at the LFS range from a few to hundreds of kilohertz
and have a coherent, quasi-coherent, or even broadband turbulent nature. The role of these
instabilities in the ELM-free H-mode is not yet understood, but they could hypothetically have a

function similar to that of the QCM.
Besides experimental measurement and characterization, complementary strategies such as
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Figure 3.10: Time evolution of different quantities around the transition to the stationary ELM-
free H-mode: (a) edge reflectometry phase spectra, (b) heating and radiated power, (c) LFS
radial magnetic field spectra, (d) ECE spectra, (e) ECE radiation temperature, (f) electron density
measured by Langmuir probes in the divertor. The time period in the shaded region of panel (b)
is zoomed in panels (c)-(f) to highlight the regime alternation.

modelling and simulations should be employed to identify the different instabilities present in
the stationary ELM-free H-mode. Transport, MHD, gyrofluid and gyrokinetic codes can be used
not only to reproduce and make comparisons with the experiments, but also to provide quantities
and investigate parameters not accessible with current devices and diagnostics. This will give

useful insight and hopefully lead to a better understanding of the QCM and other instabilities

present in the regime.
To summarize, the ubiquitous QCM appears to drive enhanced pedestal transport, likely
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Figure 3.11: Spectrogram of a pick-up coil measuring the time derivative of the radial magnetic
field at the LFS, showing rich activity in the stationary ELM-free H-mode.

providing the required pressure control to maintain the stationary ELM-free H-mode, although
a definitive proof has not been achieved and other instabilities might also play an important
role. More experimental data, modelling and studies are required to unequivocally identify the

underlying instability of the QCM and fully understand its impact in the plasma.

3.3 Comparison with the EDA H-mode

The stationary ELM-free H-mode is a newly discovered regime in AUG, so it is important
to compare it to other known regimes without ELMs, including those achieved in different
machines. The comparison here is focused on the EDA H-mode [102, 103], I-mode [150] and
quiescent H-mode (QH-mode) [127], which are some of the most researched ELM-free regimes
in tokamaks. A special emphasis is placed on the EDA H-mode, which is the most similar to the
AUG ELM-free H-mode.

The I-mode is obtained mostly with the ion VB drift pointing away from the active X-point
(unfavourable L-H configuration), which is not the case for the stationary ELM-free H-mode,
that has never been observed in such a magnetic configuration. Besides that, the I-mode features
a marked temperature, but not density pedestal, whereas the ELM-free H-mode has a very clear
pedestal in density, achieving values higher than most H-modes in general. The QH-mode also
has a low density and is only obtained with high NBI power and torque, contrary to the stationary
ELM-free H-mode in AUG, which so far requires a significant ECRH fraction. Furthermore, one
of the most distinguishing features of the QH-mode is the presence of the EHO, a coherent MHD

instability characterized by a fundamental toroidal mode number n = 1 and several harmonics,

64



up to n ~ 10, clearly measured by magnetic pick-up coils, being therefore very different from

the QCM.

Among the currently known ELM-free regimes, the EDA H-mode found in Alcator C-Mod is
definitely the most similar to the stationary ELM-free H-mode in AUG, as they share several key
characteristics. Both are obtained with significant electromagnetic wave heating and have good
confinement, with a pedestal in density and temperature, but no or very small ELMs. The EDA
H-mode also does not exist if the fueling is too low, resulting in transient, impurity accumulating
plasmas [102, 103]. In terms of dimensionless parameters such as gos, By and V;, the stationary
ELM-free H-mode in AUG overlaps with a part of the EDA H-mode parameter space [106],
although at a higher fgw and typically lower 8,y than in C-Mod. One should note, however, that
a large portion of the parameter space for the regime in AUG remains to be explored. Practical
differences between the two regimes include the use of ion cyclotron range of frequencies (ICRF)
heating in C-Mod, compared with ECRH in AUG, and the need of a fresh boronization for wall
conditioning in C-Mod, which is not required in AUG, possibly due to the impurity-expelling
properties of ECRH.

The EDA H-mode also features an edge down-chirping QCM which has been shown to
produce outward plasma transport [104, 105, 120], enabling steady-state ELM-free operation
with a pedestal. In C-Mod, the QCM has a higher frequency in the lab frame than in AUG,
usually starting above 200 kHz and subsequently decreasing to 50-150 kHz as the plasma evolves
[104]. However, this quantity is not an intrinsic characteristic of the mode, as it depends on the
plasma rotation. The QCM frequency width in C-Mod, Af/f =5 —20 %, is similar to the AUG
measurements. The poloidal wavenumber of the QCM is higher in C-mod, kg = 1.5 —2cm™!
[120, 122], which means the wavelength is lower, but so is the size of the machine, such that the
mode numbers are comparable. Like in AUG, the magnetic signature of the QCM in C-Mod
was not easily detectable in the wall-mounted pick-up coils, having been measured only by
inserting fast-scanning magnetic probes near and up to the separatrix [105, 120]. Regarding
radial localization, the C-Mod QCM is measured in the steep gradient region of the pedestal or
at the separatrix and near SOL, which is consistent with AUG observations, although there is
conflicting evidence about its position relative to the radial electric field well and velocity in the
plasma frame [122]. The two main candidates for the QCM nature proposed in C-Mod, namely
a resistive X-point mode [123] and an electron drift-wave with interchange and electromagnetic

contributions [120], both seem to be consistent with AUG observations, since measurements of
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differentiating quantities are still lacking in AUG. Besides the QCM, high frequency coherent
and broadband magnetic fluctuations up to 400 kHz have also been detected in EDA H-modes in
C-Mod [287].

The overall similarities between the stationary ELM-free H-mode in AUG and the EDA
H-mode in Alcator C-mod are numerous and significant. Further comparisons between AUG and
C-Mod results are made throughout the thesis whenever appropriate. It is most likely that this is
a single regime observed in two different machines, which constitutes a powerful opportunity
to extend the understanding of its physics and increase the reliability of its extrapolation to
large-scale reactors. For this reason, the stationary ELM-free H-mode in AUG is hereafter

referred to as EDA H-mode.
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Chapter 4

Path towards reactor relevance

The EDA H-mode in AUG is a promising regime with various positive qualities, but also
important limitations which must be overcome in order to make it suitable for future energy-
producing reactors. This chapter explains different methods and experiments performed with the
goal of bringing the regime closer to reactor relevance, namely: extending the power window
with strong shaping, detaching the divertor with nitrogen seeding, and cooling the pedestal with

argon seeding.

4.1 Extending the power window with strong shaping

4.1.1 Shape

One of the main limitations of the EDA H-mode in AUG, especially in the form presented in
chapter 3, is the inability to withstand large amounts of heating power in an ELM-free state.
While the enhanced transport likely caused by the QCM is enough to maintain a stationary
pedestal under the right conditions, large ELMs reappear when the heating power is increased
too much. With a commonly used plasma shape in AUG, shown in figure 4.1(a), the ELM-free
scenario only exists within a relatively narrow power window of roughly AP ~ 0.2MW, as
previously exemplified in figure 3.4. This corresponds to about AP/P g ~ 20 %, where P_y is
the L-H power threshold, but it is difficult to determine the values precisely, since the minimum
ECRH power per heating step in AUG is 0.2 MW. As a result, this scenario is not robust and
requires a fine control of the heating power to maintain stationarity without ELMs. Besides
that, and more importantly, a burning or near-burning plasma in a fusion reactor will likely have

a higher normalized heating power, P/P_ g, when alpha heating is included in the calculation.
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Figure 4.1: Poloidal section of AUG with flux surfaces of magnetic equilibria in (a) weakly
shaped and (b) strongly shaped EDA H-modes. The primary separatrix is indicated by the thick
solid lines and the secondary separatrix by the thin dash-dotted lines.

Therefore, any scenario in present-day machines should be able to withstand a significant amount
of external heating power if it is to be taken seriously as a promising candidate for future devices.

Since ELMs are the limiting factor in terms of the power that can be handled by the EDA
H-mode in AUG, a possible way to tackle the problem is to make the plasma less unstable to the
instabilities that trigger ELMs. Although ELMs are not a completely understood phenomenon
in tokamaks due to their multiplicity of types and rich dynamics, it is generally accepted that
type I ELMs are well modelled by MHD peeling-ballooning modes [39], whose stability limits
can be extended by strongly shaping the plasma. With this in mind, a new plasma shape with
high triangularity was developed in AUG with the goal of increasing the power tolerated by the
EDA H-mode. Figure 4.1(b) shows a poloidal section of the tokamak and this new plasma shape
from the magnetic equilibrium reconstructed with the IDE package [258]. The flux surfaces are
colored according to their p,, and drawn in thin solid lines inside the confined region and dashed

ones in the SOL. The primary separatrix is indicated by the thick solid line and the secondary
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separatrix by the thin dash-dotted line. The strongly shaped plasma is clearly more triangular

than its weakly shaped counterpart of figure 4.1(a).

However, AUG was not designed specifically for high triangularity plasmas and the placement
of its shaping coils imposes strong limitations on what can be achieved. For example, it is difficult
to significantly increase the triangularity without affecting other important shaping parameters,
such as elongation and proximity to double null. Table 4.1 shows a comparison of several shape
parameters of the weakly and strongly shaped plasmas of figure 4.1. The geometric major radius
Rgeo, horizontal and vertical minor radii a and b, inverse aspect ratio €, elongation K, and lower,

upper and average triangularities Sjoy, Oup and Oaye Of the plasma are defined as:

Rmax + Rmin

Rgeo = ) 3 (41)
a4 — M’ (4.2)
h— Zimax — Zmin, (43)

2
a
€= , 4.4)
Rgeo
b
K=, (4.5)
a
Roeo — R
Biow =~ (4.6)
Roeo — R
5up — %, 4.7)
Olow + Gu
6avg = opr, (4.8)

where Rpnaxs Rmins Zmax»> Zmin are, respectively, the maximum and minimum values along the
separatrix of the cylindrical radial and height coordinates R and Z, and Rjow and Ry, are the
R values of the vertically lowest and highest points of the separatrix, which, like the plasma
volume V/, are all determined from the equilibrium reconstruction. The proximity to double null
is parameterized by the radial distance between the separatrices of the lower and upper X-points

in real space at the outer midplane, AR, and in normalized poloidal flux radius, Appolsep'

The shapes in figure 4.1 correspond to time instants where the plasmas were in an EDA H-
mode state, whereas the values in table 4.1 correspond to the full extent of the shape parameters
along ECRH power ramps from L-mode to EDA H-mode. Contrary to typical high triangularity
shapes used in AUG for H-mode studies, but hardly in L-mode, partly due to their large width,

the strong shape presented here has the advantage of being usable both in L and H-mode
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shot 35148 36124
time period (s) 2.0-6.0 29-6.7
shape weak strong
Rgeo (m) 1.59-1.62 1.59-1.61
a (m) 0.49-0.51 0.49—-0.50
b (m) 0.83—-0.84 0.76 —0.78
V (m?) 12.7—-13.4 11.5-12.0
€ 0.30—-0.32 0.30—-0.32
K 1.62—-1.71 1.52—-1.58
Olow 0.32—-0.38 0.41—-0.47
Oup 0.10—-0.11 0.25-0.28
Oave 0.22-0.24 0.33—-0.38
ARgep (m) —(0.040—-0.031) —(0.018—0.011)
App()]sep —(0.06 —0.04) —(0.03-0.01)

Table 4.1: Range of several shape parameters in weakly and strongly shaped plasmas along ECRH
power ramps from L-mode to EDA H-mode: geometric major radius; horizontal and vertical
minor radii; volume; inverse aspect ratio; elongation; lower, upper and average triangularities;
radial distance between the separatrices of the lower and upper X-points at the outer midplane;
Ppol distance between the separatrices of the lower and upper X-points.

without problems. The current in the shaping coils is kept constant throughout the power ramps,
which means the actual resulting shape can still be slightly affected by the plasma response,
influenced mostly by the heating power, which explains the non-negligible variation in some
of the parameters. The horizontal parameters Rgeo, @ and consequently € are almost identical
in the weak and strong shapes, but the vertical parameters b and therefore x are lower in the
strongly shaped plasma. As a result, V is also lower. The reduced height and elongation of the
strong shape are visible in figure 4.1, where the higher position of the inner strike point is also
evident. The biggest change, however, is in the triangularity, as both oy, and &y, are significantly
higher in the strong shape. Consequently, J.y¢ reaches a value of almost 0.4, as opposed to less
than 0.25 in the weak shape. Not decoupled from this increase in triangularity is the change in
the topology of the secondary separatrix, which comes much closer to the primary separatrix,

with the upper X-point clearly inside the vessel. This translates to ARgep and Apy, . being

sep
closer to zero, but still negative, as the plasma remains in a lower single null configuration. The
proximity to double null results in less magnetic connection between HFS and LFS, but more
connection from the outer midplane to the upper divertor. To sum up, there are clear differences

between the typical weak shape and the special strong shape used in this experiment, but many
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parameters vary simultaneously, which makes the unequivocal identification of the critical ones
very difficult. Although new plasma shapes could be designed in AUG to try disentangling the
effect of some parameters, there will always be unavoidable correlations due to the structure of
the machine. Future experiments in other devices with more shaping flexibility, such as Tokamak
a Configuration Variable (TCV) [288], could prove useful in this regard, if the EDA H-mode can

be achieved there.

4.1.2 Time evolution

Using the strong plasma shape described above, discharges with constant deuterium fueling
and ECRH staircases similar to those presented in chapter 3 have been performed. Figure 4.2
shows the time evolution of several quantities in a pair of such discharges. The left-hand side
panels (a)-(f) correspond to a discharge with a gradual power ramp starting from L-mode. As the
heating power (d) is increased, the plasma transitions to H-mode at 4.38 s, with a brief I-phase
lasting only 12 ms and a sudden increase in electron density (a) and stored energy (b). The first
13 ms of H-mode after the I-phase are accompanied by ECMs, which are then replaced by the
QCM (e), marking the beginning of the EDA H-mode. After a few dozens of ms, a large number
of modes start to appear in the magnetic signals (f) and later in the discharge their amplitude
increases significantly. During the EDA H-mode, the stored energy increases with each ECRH
step, but the density remains mostly constant, and the plasma is ELM-free, as evidenced by the
absence of large spikes in the divertor shunt currents (c).

To probe the limits of the regime in terms of heating power, a similar discharge was conducted
starting from a higher ECRH power, and its time evolution is shown in the right-hand side panels
of figure 4.2(g)-(1). This discharge does not have the long L-mode phase because the higher
power induces an earlier transition to H-mode, but the overall behavior of the plasma during
the L-H transition and EDA H-mode along the ECRH staircase is very similar to the previous
discharge, illustrating the reproducibility of the experiment. As the power (j) is further increased,
ELMs start to appear at 4.2 s, as indicated by the spikes in the divertor shunt currents (i), and the
density (g) gradually decreases. The QCM (k) and the modes picked up by the coils (1) become
less evident, disappearing and reappearing with each ELM. Among the frequent ELMs, there are
a few very large ones that lead to significant drops in the stored energy (h), with divertor current
spikes that rise well above the envelope set by the smaller ELMs. At 5.5s, the smaller ELMs

start to disappear, and the plasma becomes dominated by the large ELMs, whose frequency
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Figure 4.2: Time evolution of different quantities in strongly shaped power ramp discharges
with EDA H-modes: (a)(g) line-averaged electron density, (b)(h) plasma stored energy, (c)(1)
divertor shunt currents, (d)(j) heating and radiated power, (e)(k) O-mode reflectometry homodyne
signal spectra, and (f)(1) spectra of the time derivative of the radial magnetic field measured by
a magnetic pickup coil at the outer midplane. The left-hand side panels (a)-(f) correspond to a
discharge with a gradual ECRH staircase starting from a very low power in L-mode and ending
in an EDA H-mode, and the right-hand side panels (g)-(I) to a similar discharge, but with higher

power, ending in an ELMy H-mode.
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increases. By the same time, the stored energy appears to saturate.

The overall behaviour of the strongly shaped discharges is qualitatively similar to that of
the weakly shaped ones, but there are a few differences worth noting. With strong shaping,
the plasma transitions almost directly from L-mode to EDA H-mode, even when the power
is gradually increased in a stepwise manner, having only a very brief I-phase and ELM-free
H-mode with ECMs in between, together lasting less than a fifth of an energy confinement time.
With slow power ramps in weakly shaped plasmas, the situation is different, and a long I-phase
and ELMy H-mode with ECMs typically occur before the ELM-free EDA H-mode sets in. The
ELMy phase can only be avoided in the weakly shaped scenario by abruptly applying the power
at once. The ability to enter the EDA H-mode without passing through an ELMy phase, even in

slow power ramps, is an important advantage of strong shaping.

Once in EDA H-mode, there is the usual QCM and rich magnetic activity in both weakly and
strongly shaped plasmas. With the strong shape, however, the QCM is more coherent and the
modes detected by the pickup coils are more intense, exhibiting different spectral features both
in space and time. A detailed study of these instabilities is outside the scope of this work, but
should be carried out in order to better characterize and understand the EDA H-mode and its

dependence on shaping.

Lastly, operation with strong shaping leads to a significant extension of the ELM-free power
range of the EDA H-mode in AUG. In order to quantitatively understand the impact of this aspect,
an overlapped comparison of weakly and strongly shaped EDA H-mode discharges with power
staircases up to a point near the ELMy threshold is presented in figure 4.3. Apart from the ECRH
power in panel (d), the remaining quantities shown in the figure are nondimensional, such that
the size differences between the shapes becomes irrelevant for the comparison. The time axis of
the weakly shaped discharge has been shifted by 1 s to align the heating ramps of both discharges,
allowing a direct comparison of the traces. The vertical dashed line marks the appearance of
the QCM and beginning of the EDA H-mode. Left of this line, the weakly shaped discharge
(orange) has a significantly higher fgw (a) due to being in H-mode and I-phase, whereas the
strongly shaped discharge (blue) is in L-mode. It is an L-mode with good confinement though,
as Pn (b) is similar in both cases. As a consequence, the pedestal collisionality v} (c) is lower
in the strongly shaped discharge due to the lower density. After the transition to EDA H-mode,
the power is kept constant in the weak shaping case, because if another couple of ECRH steps

were applied, large ELMs would occur. However, the strongly shaped plasma can handle several
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Figure 4.3: Comparison of weakly (orange) and strongly (blue) shaped discharges with an EDA
H-mode: (a) Greenwald fraction, (b) Troyon-normalized beta, (c) normalized pedestal electron
collisionality, (d) ECRH power. The time axis of the weakly shaped discharge has been shifted by
1 s to align the heating ramps of both discharges. The vertical dashed line marks the appearance
of the QCM.

more steps, up to about twice the power, while remaining ELM-free. This leads to significantly
higher core temperature and pressure, with the density remaining approximately constant after

the initial increase.

With strong shaping, the EDA H-mode can be accessed within a much wider power window,
corresponding to P/P p ~ 1 — 2 in this case, although even wider ranges can be achieved by
varying the gas puff. This increased robustness makes the regime highly reproducible without
requiring a fine control of the input power. In Alcator C-mod, the EDA H-mode is said to be
favored by high triangularity [102, 106, 116], but an extension of the ELM-free power window
with shaping has not been specifically reported. In AUG, both weakly and strongly shaped EDA
H-modes have high and similar fgw, but the extended power window of the strongly shaped

scenario allows remarkably higher ELM-free By and lower v{ to be achieved. This represents
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a great improvement in the performance of the regime and an important step towards reactor

relevance.

4.1.3 Radial profiles

Radial electron profiles of a strongly shaped EDA H-mode with 2.4 MW of ECRH power as a
function of ppo are shown in figure 4.4, with diagnostic data and spline fits for easier visualization
and computation of derived quantities. The electron density was measured by TS and Li-BES,
the electron temperature by TS and ECE, and the electron pressure computed for each diagnostic
from the corresponding n. and 7; data points or overall spline fits. All profiles were mapped
to the outer midplane with the IDE equilibrium and radially aligned in accordance to the Tt ep
estimate from the two-point model of the divertor SOL [275]. The core density (figure 4.4(a))
is mostly flat, whereas the temperature (b) and therefore pressure (c) are peaked in the core.
There is a clear edge pedestal in all three quantities (d)-(f), but no ELMs occur at this heating
power. This is qualitatively similar to the profiles of the weakly shaped EDA H-mode presented
in chapter 3, but the higher heating power allowed by the strong shaping leads to important
quantitative differences.

For a better profile comparison between the weakly and strongly shaped EDA H-modes,
three discharges of each scenario were chosen in order to mitigate the effects of some systematic
uncertainties of the measurements in the interpretation. Table 4.2 shows the chosen discharges
and time periods for each shape, as well as some of their main input parameters: deuterium
gas puff I'p, ECRH power Pscry, and total power lost by the plasma P, which includes the
ohmic contribution and subtracts the time derivative of Wygp to better approximate complete
stationarity. I'p is very similar among all cases, with less than 10 % total variation. Pscry and P
are very different between the shapes, as each one is exploiting the respectively available ELM-
free power range, but very similar inside each shaping scenario, also with less then 10 % total
variation. Py is roughly 30 % higher than Pscry for the low power, weak shaping case, but less
then 10 % higher in the high power, strong shaping case, because the higher temperature reduces
the ohmic power. As a result, Pgcry and P are, respectively, about 110 % and 70 % higher in
the strong shaping examples than in the weak shaping ones. This dataset can therefore be divided
in two subgroups: weakly shaped, low-powered plasmas, and strongly shaped, high-powered
plasmas.

The electron profiles of the plasmas in table 4.2 were fit with the same diagnostics and
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Figure 4.4: Radial profiles of electron (a,d) density, (b,e) temperature, and (c,f) pressure during a
strongly shaped EDA H-mode. The entire profiles are represented in the left-hand side panels
(a)-(c) and a zoom in the pedestal region is shown in the right-hand side panels (d)-(f).

shot  time period (s) shape I'p (102'e™/s) Pecru (MW) Pt (MW)

35148  5.40-5.60 weak 2.62 1.13 1.49
35174  3.40—-3.60 weak 2.58 1.12 1.51
35450  3.40-3.60 weak 2.60 1.22 1.60
36124  6.40—-6.60  strong 2.59 243 2.62
36157 4.00—4.18  strong 2.53 243 2.53
37412 3.00—-3.20  strong 245 2.44 2.66

Table 4.2: Chosen discharges and time periods for profile comparison of weakly and strongly
shaped EDA H-modes, as well as some corresponding input parameters: deuterium gas puff,
ECRH power and total power lost by the plasma.

procedure of figure 4.4. The resulting splines are overlappingly plotted in figure 4.5. The
core density (a) tends to be slightly higher at mid-radius for strong shaping, but similar to the
weak shaping case otherwise. The core temperature (b) and pressure (c) are much higher in the
high-powered, strongly shaped plasmas, reaching about 3 keV and 45 kPa on the magnetic axis,
respectively, being 50 % higher than the 2 keV and 30 kPa of the low-powered, weakly shaped

scenario. Apart from this scaling factor, the shape of the core profiles is quite similar. Regarding
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the edge density profile (d), the strong shape has a slightly higher separatrix and lower pedestal
top ne, and therefore a slightly lower gradient. However, this difference is very small when
compared to the edge temperature profiles (e), whose pedestal top values are about 50 % higher
in the high-powered, strong shaping case. The pedestal temperature width is also narrower,
which translates to significantly higher pedestal temperature gradients. As a consequence, the
pressure pedestal has a higher gradient and top values in the high-powered, strongly shaped case,
but it is more rounded, due to the different pedestal widths in density, Apeq 5., and temperature,
Aped,7,- In C-mod, a dramatic increase of the EDA H-mode Apeq,,, With higher triangularity has
been reported [114]. In AUG at strong shaping, Apeq . 18 significantly higher than Apeq 7., but
this appears to be mainly due to a reduction of the Ayeq 7., as a change of Ayeq ;. With shaping
does not seem to be so evident in normalized coordinates. A more detailed study of the pedestal
structure in EDA H-modes and its dependence on shaping and other parameters will be the
subject of future work, especially when new experiments specifically designed for higher quality

measurements and better diagnostic coverage are performed.

No ELMs occur in the strong shaping scenario despite the much higher heating power
and pedestal pressure gradients and top values when compared to the weak shaping case, that
cannot achieve such values without having ELMs. A possible explanation for this effect is
the extension of the P-B stability limit with strong shaping [39]. In AUG, pedestal stability
can be investigated using a combination of tools [289]. First, a pressure-constrained high
resolution CLISTE/HELENA equilibrium is reconstructed from experimental magnetic and
profile measurements, together with appropriate bootstrap current models. The ideal MHD
stability of the equilibrium is computed with the MISHKA solver for a wide range of mode
numbers. Then, the pressure and current density profiles are artificially modified, keeping
constant the total plasma current, and pedestal stability is reassessed. This process is repeated
until the plasma is found to be unstable. Preliminary pedestal stability calculations of EDA
H-modes in AUG seem to show that the beneficial effects of strong shaping are, at least in part,
due to the extension of the P-B boundary. More specifically, the pedestal appears limited by
ballooning modes with high mode numbers, at a relatively low current density. Experimentally,
it is not yet known at which point the effect of strong shaping in AUG EDA H-modes saturates,
and it is not possible to find it out due to current and force limits in the shaping coils. Future

experiments in TCV may be able to tackle this question.
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Figure 4.5: Comparison of electron profiles between low-powered, weakly shaped (blue, orange,
green) and high-powered, strongly shaped (red, purple, brown) EDA H-modes close to the
respective upper power limits: (a,d) density, (b,e) temperature, and (c,f) pressure. The entire
profiles are represented in the left-hand side panels (a)-(c) and a zoom in the pedestal region is
shown in the right-hand side panels (d)-(f). Some of the main input parameters of the discharges
are shown in table 4.2.

4.1.4 Pulsations

While strong shaping significantly expands the operational space of the EDA H-mode, the
behavior of the plasma edge is not uniform throughout the extended heating power range.
Figure 4.6 shows a comparison of different phases in the same strongly shaped discharge at
different ECRH powers. The middle column corresponds to a calm, ELM-free EDA H-mode
at Pyt = 2.5MW. The QCM, detected by interferometry (h), and the multiple modes detected
by pickup coils on the outer midplane (j) are present as usual. The edge line-averaged density
(J), divertor currents (k) and poloidal magnetic field By, near the divertor (1) are mostly constant.
This quietude results in a continuous exhaust to the divertor, evidenced by the uniform behavior
of the heat flux inferred from infrared (IR) thermography measurements (n), whose maximum

local value (m) varies little in time.

At a lower heating power, with Py = 2.1 MW, the EDA H-mode has somewhat different
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Figure 4.6: Comparison of different phases in the same strongly shaped discharge with ECRH
by order of increasing heating power: (a)-(g) pulsing EDA H-mode, (h)-(n) calm EDA H-mode,
(0)-(u) ELMy H-mode. The following quantities are shown as a function of time: (a)(h)(o)
spectra of edge interferometry measuring line-integrated density fluctuations, (b)(i)(p) spectra
of the radial magnetic field time derivative measured by a pickup coil at the LFS midplane,
(©)(j)(q) edge line-averaged density, (d)(k)(r) divertor shunt currents, (e)(1)(s) time derivative of
the poloidal magnetic field measured by a pickup coil near the divertor, (f)(m)(t) maximum local
heat flux on the divertor inferred from IR thermography measurements, (g)(n)(u) heat flux as
function of position on the divertor.
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dynamics, as the left-hand side column of figure 4.6(a)-(g) shows. The plasma is in a pulsating
state, with the frequency of the QCM and magnetic modes undergoing regular oscillations,
synchronized with the edge density and divertor shunt currents. The divertor By, also has a small
but clear oscillation. The heat loads on the divertor are not continuous, but rather oscillate in

phase with the pulsations, at a frequency on the order of 120 Hz.

This may sound like a description of ELMs, but appears to be something different when
compared to actual ELMs shown in the right-hand side column of figure 4.6(0)-(u), corresponding
to Pt = 3.0MW. In this phase, the QCM is hardly seen and the interferometry and magnetic
spectra are regularly interrupted by the ELMs, which cause strong spikes in the divertor currents.
The variation of the edge density is significantly more intense and the divertor Bp exhibits not
only an oscillation, but also a very strong spike with each ELM. The dynamic of the heat load
profile is also quite different, with ELMs suddenly depositing very large amounts of power,
both in a localized manner at the strike point and in a wider region of the divertor. The strike
point subsequently moves and the heat load reduces until it becomes negligible before the next
cycle. As a result, the maximum heat load has instantaneous peaks almost 5 times higher than its
time-averaged value. And these ELMs are actually not that large, because a few ECRH steps
later, at P = 3.6 MW, the maximum instantaneous heat load reaches values 15 times higher

than the time average.

The nature and cause of the pulsations in the EDA H-mode is not yet known and the conditions
to access this state are not clear, although it seems to be favored by low heating power. While
undoubtedly more benign than ELMy H-modes, the pulsating EDA H-mode could still pose a
risk to PFCs, because the extreme conditions of a reactor environment will lead to such extreme
heat loads to the divertor that any bursty expulsion of plasma must be taken seriously. For this
reason, the pulsations of the EDA H-mode should be better investigated in future studies, with
the goal of understanding their origin, dynamics and dependence on plasma parameters. This
reinforces the importance of thoroughly exploring the multidimensional parameter space of the
regime and will hopefully allow a proper assessment of the eventual risks. Ultimately one will
have to decide if the pulsations must be absolutely avoided, with the implication that only the
totally calm EDA H-mode must be aimed for, or if the extrapolated heat loads are tolerable and

the pulsating EDA H-mode can also be considered, offering a wider operational space.

To sum up, strong shaping of the plasma opened a window for operating with more heating

power in the EDA H-mode without the occurrence of ELMs. As a consequence, significantly

80



higher pedestal and core temperature and pressure values, as well as gradients, can be achieved.
The main physical explanation for this effect appears to be the extension of the peeling-ballooning
stability boundary with strong shaping, confirmed via pedestal MHD stability analysis of experi-
mental equilibria. The final outcome of operating with a strong shape is a more direct access to
the EDA H-mode, wider parameter space, resulting in increased robustness, and achievement
of higher Bx and lower v}, which bring the regime one step closer to reactor relevance. All

discharges presented hereinafter are by default strongly shaped, unless otherwise noted.

4.2 Detaching the divertor with nitrogen seeding

Getting rid of the huge instantaneous heat loads to PFCs caused by ELMs is definitely an
important achievement, though not sufficient to solve the exhaust problem of fusion devices. The
power flux to the divertor in the EDA H-mode, while mostly continuous, is not negligible, and is
actually higher than the inter-ELM flux of ELMy plasmas in similar conditions, as previously
exemplified in figure 4.6. In order for a scenario to be usable in a reactor, it must not only have
its peak heat load excursions minimized, but also its time-averaged value reduced to a level low
enough to be continuously sustained by the divertor materials. This remains one of the main
challenges and active areas of research in magnetic confinement fusion [59, 61, 62].

Heat fluxes to the target plates in tokamaks are typically mitigated by puffing large amounts
of deuterium and/or radiating impurities, which lower the temperature of the divertor plasma
[12, 71]. When it is sufficiently reduced, to the order of or below 5 eV, the power flux is very
low and impurity sputtering becomes unimportant [69]. This is usually accompanied by divertor
detachment [70], in which layers of cold and dense plasma, associated with large volumetric
losses, form near the target plates. In a detached state, plasma pressure is no longer constant
along SOL magnetic field lines, as collisions with the neutral divertor gas become a relevant
sink of energy and momentum. The benign conditions of a detached plasma at the target plates,
namely the substantially reduced heat load and erosion, lead to a dramatic increase of the lifetime
of PFCs, making this state desirable, if not mandatory, for any reactor scenario.

In order to investigate the compatibility of the EDA H-mode in AUG with a detached divertor,
dedicated experiments were performed with impurity seeding as a way of increasing energy
exhaust by line radiation. Among the different possible substances, nitrogen (N) was chosen due

to its exceptional radiative characteristics [290], namely a strong peak around 7, =5 —20¢eV,
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ideal for the divertor, and low radiation at high temperatures, to avoid impairing core plasma
performance. In addition, nitrogen seeding has proven an effective way of detaching the divertor
in AUG ELMy H-modes in the past, both partially [211] and completely [291], albeit usually at

the cost of degrading energy confinement.

4.2.1 Time evolution

Figure 4.7 shows an overview of EDA H-mode discharges with slow nitrogen seeding ramps and
constant deuterium gas puff. The ECRH power is rapidly increased in the beginning to enter the
EDA H-mode and then kept constant. Nitrogen is injected only about 2 s after the L-H transition
in order for the plasma to be stationary before the effect of seeding is assessed. The left-hand
side column corresponds to a discharge that starts with a low nitrogen puff (h), less than half
of the deuterium fueling rate in terms of electrons, and is slowly increased over the course of
several seconds, surpassing the deuterium puff towards the end of the discharge. As a result,
the nitrogen concentration in the divertor, cy, estimated from spectroscopy measurements [270],
gradually increases from below 0.5 % to over 2 %. At the same time, the divertor temperature
Tyiv (e), estimated from the shunt currents (c), strongly decreases from 30 eV to very low values.
This does not happen in a smooth manner throughout the entire ramp, as the plasma undergoes
an alternation phase between calm and pulsating EDA H-mode, also visible in the behavior of
the QCM (d). As expected with the nitrogen puff, the radiated power in the divertor, Pg div,
and as a whole increase (g), but the main chamber radiation, P4 main, remains approximately
constant. The electron density (a) and By (b) vary little, apart from an accidental gyrotron trip
and a couple of NBI blips for diagnostic purposes. This means the energy confinement time is
not degraded and Hogy, stays above 1, but Z.¢ nonetheless increases from 1.5 to 2, indicating
some fuel dilution in the core.

The discharge just described did not reach the limit of the regime in terms of seeding, so a
similar one was performed, but starting at a much higher nitrogen puff rate, and its time evolution
is illustrated in the right-hand side column of figure 4.7. The higher seeding levels cause Tg;y
(m) to drop even further, up to the point where it becomes negative. This has to do with the
model used for its computation, which assumes there is a strong temperature difference between
outer and inner targets that is responsible for the shunt currents. This is valid in most cases when
the outer divertor is attached, since the inner divertor is naturally much colder and usually in a

detached state. However, when the outer divertor is cooled and starts to approach detachment,
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Figure 4.7: Time evolution of different quantities in EDA H-mode discharges with nitrogen
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ture based on shunt currents, (f)(n) divertor nitrogen concentration estimated from spectroscopy
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panels (a)-(h) correspond to a discharge with a slow N seeding ramp starting from a low gas puff
value, and the right-hand side panels (i)-(p) to a similar discharge, but starting from a higher
value.
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the temperature difference between the targets becomes much smaller and other contributions to
the shunt currents stop being negligible, causing the model to break down. In any case, negative
Tyiv 1s an indication of a detached or close to detached divertor. As a consequence of the low
divertor temperature, the model for the spectroscopy-based nitrogen concentration also breaks
down and its measurement becomes unavailable (n). In this phase, the total radiated power is
almost equal to the total heating power (o), which means the fraction conducted to the target
plates is very low. Contrary to the discharge with less nitrogen seeding, the electron density (i)
in this plasma with a seemingly close to detached divertor gradually increases, and fgw goes
from 0.8 to 0.9. A possible explanation for this effect is the momentum loss of the plasma flow
towards the target plate caused caused by collisions with the divertor neutrals, which would
lead to an upstream reduced plasma outflow rate, i.e. the particle confinement time would be
increased [69]. A similar n. increase has also been observed in AUG ELMy H-modes with
partial detachment of the outer divertor [291]. As this happens in the EDA H-mode, BN remains
unaffected, but the core n. then becomes too close to the ECRH cutoff and stray ECRH radiation
causes several gyrotrons to be turned off, resulting afterwards in a back-transition to L-mode.
At I, = 0.8 MA in AUG, this technicality is actually the limiting factor for divertor detachment
in the EDA H-mode. In principle this will not be a problem in ITER for example, because the
crucial quantity B? /n. will be much larger. Nonetheless, an EDA H-mode scenario at lower I,
and therefore lower n. has been developed in AUG to avoid the ECRH cutoff, but has not yet

been used in seeding experiments.

4.2.2 Divertor profiles

The density increase, high radiation fraction and strong reduction in 7y, achieved with nitrogen
seeding in the EDA H-mode indicate that the divertor is approaching detachment, but the best
way to evaluate this is to analyze divertor Langmuir probe data. With the strong shaping used
in these shots, the inner strike point is higher than in typical configurations, so very few probes
cover the region. This is not a problem though, because the heat loads on the inner divertor
are not the bottleneck for heat exhaust, as it is much easier to detach than the outer divertor,
especially in favorable VB drift configuration. In fact, the inner divertor in these plasmas is
detached even before nitrogen is injected.

The analysis that follows therefore focuses on the outer divertor, where hardest challenges

lie. Figure 4.8 compares spatial profiles of the divertor plasma measured by Langmuir probes
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as a function of the distance to the outer strike point along the target plate, for different levels
of nitrogen. The profiles are rather peaked at the strike point and no strike point sweeps were
performed. As a result, the spatial resolution is not ideal, but some useful observations can
nevertheless be made. Without nitrogen seeding, at cx < 0.5 %, the divertor is clearly attached,
with the electron temperature (b) above 5eV throughout the entire profile. In this shot with
low nitrogen, a probe unfortunately malfunctioned, so 7; and derived quantities could not be
evaluated at the strike point. With some nitrogen seeding, at cy ~ 1 %, T decreases, but is still
above 5eV. The ion saturation current density, jg,, slightly increases, which indicates that the
rollover, characteristic of detachment [12], has not yet been reached. As the nitrogen content in
the divertor increases, stronger changes start happening. With ¢y ~ 2 %, T becomes close to
5eV, except at the strike point, which is still higher. There is a strong reduction in jg;, indicating
the rollover that corresponds to the beginning of detachment. As the nitrogen is further increased
above the measurement threshold in these conditions, cn 2= 2.5%, T continues to drop and
becomes lower than 5 eV for most of the profile. Only the strike point remains slightly above this
value, but jg, is further reduced. As a result, the electron density (c), pressure (d) and heat flux
density ¢ (e) are significantly lower, and the divertor is approaching detachment. The required
divertor nitrogen concentration to achieve this is on the same order of magnitude as what has

been observed in ELMy H-modes of similar power in AUG [271].

The results convincingly show that nitrogen seeding in the EDA H-mode in AUG leads
to substantial reductions in parallel heat flux and target temperature, causing the divertor to
approach detachment without noticeable confinement degradation. That being said, the corre-
sponding Z.s = 1.8 — 2.0 and AZ¢s =~ 0.5 are not negligible. Experiments in Alcator C-mod
have produced similar results, also showing nitrogen to be effective for operating with a dissipa-
tive divertor in EDA H-mode and moderate or no confinement degradation [125, 126]. Future
seeding experiments are planned in AUG at lower ,, to avoid the ECRH cutoff, with the goal of

investigating the limits of the EDA H-mode regarding nitrogen seeding and divertor detachment.

4.3 Cooling the pedestal with argon seeding

The previous sections demonstrated two effective techniques for bringing the EDA H-mode in
AUG closer to reactor relevance: strong shaping to increase the power that can be applied while

maintaining an ELM-free state and nitrogen seeding to decrease the heat loads reaching the
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Figure 4.8: Outer target profiles of different quantities as a function of distance from the strike
point along the divertor, measured by Langmuir probes in EDA H-modes with different nitrogen
concentrations: (a) ion saturation current density, (b) electron temperature, (c) electron density,
(d) electron pressure, (e) heat flux density.

divertor. Both goals are extremely important for the success of a reactor scenario, but they are
unfortunately not synergistic. On the contrary, as more heating power applied to the plasma core
will inevitably lead to more power reaching the divertor. The techniques just mentioned dealt

with each problem independently, but there are ways to tackle both issues at the same time too.

Heat loads to PFCs can be reduced not only by increasing radiation in the SOL, but also
by increasing radiation inside the separatrix, which has the additional effect of cooling the
confined plasma. This is in principle not desirable, as very high temperature is basically the
main requirement for the occurrence of fusion reactions, and therefore high radiation in the inner
core of the plasma should be avoided. However, if the increased radiation can be confined to the
pedestal region, where fusion reactions are anyway negligible, serious drops in the performance
of the scenario can be prevented. Cooling the pedestal would then have the added benefit of

reducing the edge pressure and therefore stabilize ELMs, allowing more heating power to be used
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in the core without the edge reaching the peeling-ballooning boundary. Besides this, the extreme
power fluxes foreseen in large-scale reactors cannot be entirely radiated away by the SOL alone,
so enhanced core radiation by impurity seeding is a key component of current DEMO scenarios
[63, 292]. Therefore, increased radiative losses in the pedestal would simultaneously help
fulfilling two very important goals of bringing the EDA H-mode to a state that can be considered
for a fusion reactor: extending the ELM-free power range to achieve higher temperature in the
inner core, while at the same time reducing the heat loads to the divertor.

The practical question is what is the best way to increase radiation in the pedestal region
without severely hampering core performance. Among different potential seeding species, argon
(Ar) stands out as a prime candidate due to its strong radiative peak at 7. = 0.1 —0.5keV [290],
fitting the pedestal temperature of the EDA H-mode in AUG quite well. Besides that, it is
also a very effective divertor radiator [293], with a peak at 7. = 10 —40eV, but unfortunately
does have a much higher radiation than nitrogen for core temperatures of a few keV. On the
other hand, argon features high divertor enrichment [294] and does not suffer from some of the
disadvantages of nitrogen, such as strong wall sticking and ammonia formation [295], which
may lead to enhanced tritium inventories. In the end, the optimal strategy for a reactor may be a
mix of impurities to better control both divertor and pedestal parameters, but argon will likely

play a key role in the final solution.

4.3.1 Time evolution

Power ramp experiments with argon seeding for pedestal radiative cooling have been performed
with the main goal of increasing the ELM-free power range and performance of the EDA H-mode
in AUG in a divertor-friendly way. A comparison of two similar ECRH discharges with and
without argon seeding is presented in figure 4.9. Both have a small nitrogen puff, much lower
than the deuterium puff (f)(I). The argon level of the seeded discharge, on the right-hand side
column, was feedback-controlled in real time to maintain a constant estimate of the power
through the separatrix, Piot — Prad main- Although also low in absolute value when compared to
the fueling rate, it has a strong effect on the plasma and is definitely not negligible. Before argon
is puffed, at 2.6 s, both discharges have an identical behavior, with an L-H transition around
around 2.15 s and subsequent appearance of the QCM (c)(i), marking the EDA H-mode, as the
heating power (e)(k) is increased.

The unseeded discharge, in the left-hand side column of figure 4.9, can remain ELM-free for
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Figure 4.9: Time evolution of different quantities in EDA H-mode ECRH ramp discharges with
and without argon seeding: (a)(g) performance indicators, (b)(h) divertor shunt currents, (c)(1)
spectra of edge interferometry measuring line-integrated density fluctuations, (d)(j) proxy for
the divertor temperature based on shunt currents, (e)(k) heating and radiated power, and (f)(1)
gas puff rates. The left-hand side panels (a)-(f) correspond to a discharge without argon, and the
right-hand side panels (g)-(I) to a similar discharge but with argon seeding.

a couple more ECRH steps, up to 3 s, but does not withstand the last step to 4 MW of external
heating power, with ELMs appearing in the divertor shunt currents (b). The power threshold

is higher than in the discharges shown in section 4.1 due to the higher deuterium gas puff rate.
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With increased Pecry, Tgiv (d) also continues to rise, reaching 75-95 eV. Although the discharge
has good performance (a), with high density (fgw = 0.9), pressure (By = 1.8), and energy
confinement (Hogy, = 1.15), the hot divertor and occurrence of ELMs are a showstopper for a

reactor.

In contrast, the argon-seeded discharge, in the right-hand side column of figure 4.9, can
withstand all the ECRH steps plus one, up to 4.6 MW, without ELMs and with a much colder
divertor (Ty;, = 20 —40eV). It also has good performance, with fgw = 0.95, but a slightly lower
Bx = 1.7 and Hogy, = 1.1 compared to the unseeded ELMy plasma. However, when compared to
the unseeded ELM-free plasma, which can only sustain lower heating power, the high-powered
argon-seeded EDA H-mode reaches higher fgw and P, lower v}, and half of Ty;,. This clearly
shows the beneficial effects of argon seeding in the EDA H-mode, simultaneously leading to
ELM avoidance and divertor protection. There is some fuel dilution in the core though, with
AZ.s ~ 0.6 after seeding. As with nitrogen, there is a point where more argon seeding leads
to divertor detachment, which causes core density to increase and reach the ECRH cutoff, at
I, = 0.8 MA. For this reason, future experiments with argon seeding at lower I, are also planned

to properly investigate the limits of the regime.

The extended EDA H-mode power window achieved with strong shaping, higher deuterium
puff and argon seeding allowed experiments with a full voltage NBI source to be performed
without exceeding the ELM threshold. Figure 4.10 shows a comparison of a pair of unseeded
and argon-seeded discharges with an approximately even mix of ECRH and NBI. The unseeded
discharge, on the left-hand side column, is an EDA H-mode with 2.3 MW of ECRH, on top of
which an NBI source with 2.4 MW is applied at 2.6 s (e). Just 30 ms after the the application of
NBI, the plasma starts to have large ELMs (b), stronger than those with pure ECRH, and the
density decreases (a). With argon seeding (right-hand side column of figure 4.10), the plasma is
able to remain ELM-free throughout the NBI ramp, done by pulse width modulation, up to a full
source, which, together with ECRH and ohmic power, make up Pot = SMW > 4P 1. A large
portion of this power is lost by radiation, with argon increasing both P, div and Praq main, leading
to lower Ty when compared to the unseeded ELMy plasma. Despite the argon-induced enhanced
radiation, the ELM-free EDA H-mode maintains Hygy> > 1 and almost reaches Bn = 1.7, but

has a slightly lower density, with fgw just under 0.9, than the pure ECRH case.

89



#36497 (no Ar) Bt=-2.4T, Ip=0.8 MA #36330 (Ar seeded)

J S | T SN SR AN ST ST S AN SR SR S A S S T | SR S AT SO SN SR AT ST SR SN NN SR SO S 5
2.0 (@) _——.m_—
b C ] L —H
1.5 -“-w-‘ —fow
z - - — B
1.0 oo s A AANAANANAAA Attt — 7 off
05 T e e e
PR SR SR AN SN SRR SR AN ST SR SN AT SR SR SO N S SN PR SR AN SR SRR SRR AN SN SR SR AN ST SR SR AN ST ST S N
20 (b) [ 7] hr
g : : : — outer
= 0 R W Y P R AP i — inner
5 ] i
—20- L L
I L
’§ CON/DCN_H-5 1072 g
v 60 Af3d5 = 0.35 kHz 10_3 ;
< At = 4.1 ms 2
340 10 <
(0] 10_545
q%20 10°g
= 0B 1077w
PSS IS S T I ST ST S T ST SR S ST S PRI ISR S S I ST ST S A ST SR S S SR S S R
150: d) h () ¢
=100 3 -
= ] ] F—Tay
04 h o
L L L I R B B
jpr | ST IS T S AT ST ST T R ST S S S 5
6 E (K)F — ohmic
— ] - —ECRH
- L —NBI
24 - /‘-/—\__\___Radtot
= ] - T —Tot
a2 -  — Radaiy
] s — Radmain
O e
L L L I R B B
L PRI ISR S S I ST ST S A ST SR S S SR S S R
Q- - Tt
ICU ] L] C
N 4 e - —D
2 ] - L TAr
24 - -
0 ] - C
2o ] SN ~~r o nmnf
LI_O A -
——————————— ———

2.0 2.2 2.4 2.6 2.8 3.0 5.4 5.6 5.8 6.0 6.2
Time (s)

Figure 4.10: Time evolution of different quantities in EDA H-mode ECRH+NBI discharges with
and without argon seeding: (a)(g) performance indicators, (b)(h) divertor shunt currents, (c)(1)
spectra of edge interferometry measuring line-integrated density fluctuations, (d)(j) proxy for
the divertor temperature based on shunt currents, (e)(k) heating and radiated power, and (f)(1)
gas puff rates. The left-hand side panels (a)-(f) correspond to a discharge without argon, and the
right-hand side panels (g)-(I) to a similar discharge but with argon seeding.

90



4.3.2 Profiles and radiation

By continuously applying full voltage NBI it is possible to obtain better quality CXRS measure-
ments. Radial profiles of different quantities in the argon-seeded EDA H-mode with an even mix
of ECRH and NBI, including not only the usual electron profiles, but also CXRS measurements
of impurity (N’*) temperature and rotation up to the separatrix, are shown in figure 4.11. The
profiles were mapped to the outer midplane with the IDE equilibrium and radially aligned
in accordance to the T s, estimate from the two-point model. Like in the unseeded ECRH
examples, core ne (a) is mostly flat, but 7. (b) and p (c) are peaked. In this discharge, the CXRS
signal in the inner core, for ppe < 0.5, was too low, so 7; was extrapolated inwards using the
T, /T ratio of a similar discharge in which the spectrometer was measuring a different impurity.
Despite having higher core temperature and pressure than the unseeded discharges with lower
power, the pedestal in this high power argon-seeded discharge is not higher, explaining why
there are no ELMs. The toroidal and poloidal impurity rotations have the typical inversions at
the pedestal [296] and were used to compute the radial electric field, E;, from the impurity radial
force balance equation. An estimate of the impurity density profile from CXRS measurements
was also included [249], but has a small impact in the calculation. The result, illustrated in figure
4.11(1), shows the E; well (orange points and blue line) at the pedestal, reaching a minimum
of almost —20 kV/m in the steep gradient region. This is deeper than typical values at the L-H
transition [297], but is, in absolute value, lower than the estimate from the main ion pressure
gradient (red line), which is usually a good approximation in AUG [298]. A possible explanation
for the discrepancy is the strong edge toroidal rotation, whose term in the force balance equation
(green line) contributes with an almost constant offset that shifts £, to more positive values, while
barely affecting the E x B shear, which is believed to be the relevant quantity for turbulence
suppression [27]. These profiles are currently being used in core and edge gyrokinetic GENE
[299, 300] simulations to study the turbulence properties of the EDA H-mode. Future dedicated
experiments with different parameters and small radial movements of the plasma for increased

radial resolution, as well as other strategies for optimal CXRS measurements are also planned.

In order to confirm the existence of enhanced radiation in the pedestal, which seems to
keep the plasma free of ELMs without significantly affecting core performance, tomography
reconstructions of radiation from bolometry measurements were made to compute radial profiles
of the radiated power in discharges with and without argon seeding, as shown in figure 4.12.

These have the same P, = SMW, with an even mix of ECRH and NBI, but the unseeded
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Figure 4.11: Radial profiles of different quantities in an argon seeded EDA H-mode with an even
mix of ECRH and NBI: (a)(g) electron density, (b)(h) electron and ion (impurity) temperatures,
(c)(1) electron pressure, (d)(j) impurity toroidal velocity, (e)(k) impurity poloidal velocity, and
(f)(1) radial electric field. The entire profiles are represented in the left-hand side panels (a)-(f),
and a zoom in the pedestal region is shown in the right-hand side panels (g)-(1).

discharge (blue) is an ELMy H-mode, while the argon-seeded discharge (orange) is an ELM-free
EDA H-mode. With argon seeding, the average local radiation volume emissivity (a) is slightly

higher in the core, but much higher in the pedestal region. As a result, the total radiated power
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Figure 4.12: Radial profile of (a) local and (b) integrated radiated power from bolometry
tomography in two discharges with the same even mix of ECRH and NBI, but different impurity
seeding: (blue) an ELMy H-mode without seeding and (orange) an EDA H-mode with argon
seeding.

up to each flux surface (b) represents, at the separatrix, a high fraction of the heating power in
the argon seeded case, with the bulk contribution coming from the pedestal, but a low fraction in
the unseeded case. This explains how the seeded scenario simultaneously avoids ELMs and has

a colder divertor that the unseeded one.

The mechanism by which argon radiates in the pedestal can be quite complex, involving
both atomic and plasma physics, since it depends on the distribution of the abundances of each
charge state, which is governed by ionisation and recombination rates, as well as radial transport.
The impurity transport code STRAHL has been used to model these phenomena, including not
only collisions with electrons, but also charge exchange (CX) reactions with neutral deuterium
atoms [252]. Figure 4.13 shows the results from STRAHL modelling of the argon-seeded mixed

heating EDA H-mode using as input the density and temperature profiles of figure 4.11.

The core argon density (a), including all ionization states, was inferred from the soft X-ray
volume emissivity profile (b), obtained from tomographic inversion of measured line-of-sight
integrals [254]. The contribution of tungsten and deuterium ions to the soft X-rays was included
in the calculation, using the tungsten concentration deduced from spectra measured in the VUV
range by a grazing incidence spectrometer [253], being rather small when compared to the argon
contribution in this discharge. The core argon density is lower than the electron density by almost

3 orders of magnitude, which means fuel dilution is low.

In the pedestal, where soft X-ray emission is almost non-existent due to the lower temperature,

the argon density is determined together with the neutral deuterium density by fitting the modelled

93



shot 36330, 6.12-6.19s, STRAHL

N e e e e e e JR A IS e e e B e e e B
o 2:_(3)
y\E E 1 —Ar
) 1 — —D
=2 r ]
[ 0' : .4—‘
a o ]
E .o F _
=50 —tot
s I 1—w+D
= [ 1 —exp
¥ L J
W ooE i t
Fe T T
g :(C)
Zo0.5F WD
g i —exp
- i ]
c
w0.0E 1 i 1 i
4T T T T
—~ f(d)
é [ —tot
=2 —W+D
B[ —exp
o [
0 7 n i
—Ar
— W

02 04 06 08 10
Ppol

Figure 4.13: Radial profiles of different quantities resulting from a STRAHL run of an argon
seeded EDA H-mode and comparison with experimental measurements: (a) argon and neutral
deuterium density, (b) soft X-ray volume emissivity, (c) total radiation volume emissivity, (d)
total radiated power, (e) variation of Z.s due to impurities.

radiation to the experimental bolometry data of figure 4.12 and to spectral lines in the VUV
range measured by the SPRED spectrometer. Inclusion of neutral deuterium and CX reactions is
crucial for the accuracy of the model, as it can significantly alter the ionization balance of lower
argon charge states, affecting the radiated power in the pedestal by a factor of possibly more than

2.

The resulting total radiation volume emissivity (c) and integrated radiated power (d) show
good agreement with the experimental values, with residual differences easily ascribed to
uncertainties in the tomography reconstructions and presence of other impurities, such as
boron, carbon and nitrogen. The resulting AZ ¢ ~ 0.4 from the modelled argon density is
comparable to the experimentally observed variation with seeding in this discharge, computed
from Bremsstrahlung measurements, which corroborates the results of the model. The total

measured Zqgr ~ 2 is higher than what results from the contribution of argon and tungsten alone,
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suggesting that other impurities are indeed present in the plasma. Nevertheless, argon can explain
most of the measured radiation, demonstrating its fundamental role in cooling the pedestal, not

only from an empirical, but also from a theoretical point of view.

4.3.3 Unseeded heating mix

Argon seeding leads to radiative pedestal cooling, which allowed the EDA H-mode to be
maintained with a full NBI source and equal amount of ECRH power. However, seeding is not
required to obtain a stationary ELM-free plasma with mixed heating, as long as the the total
power is adequate. Figure 4.14 shows an example of a discharge with constant ECRH and a
slow NBI ramp by pulse width modulation of a reduced voltage source. The L-H transition
occurs with one of the first NBI blips (d) and the QCM then appears (c), as a mark of the EDA
H-mode maintained until the end of the ramp. P, (d) and By (a) gradually increase, with some
modulations due to the non-smooth heating ramp, but no ELMs occur, as evidenced by the
absence of large spikes in the divertor shunt currents (b), when compared for example with
figure 4.10(b). Hogyy> is slightly lower than in the pure ECRH case, but the achievement is still
important, because it opens the possibility for useful mixed heating EDA H-mode studies under
various conditions in the future, not only to benefit from CXRS measurements, but also to have
access to a wider range of input parameters, namely torque and ion heating, to better understand
the physics in play. In fact, an identical discharge with NBI only was also tried, but did not
achieve a stationary EDA H-mode, which suggests that some ECRH is a crucial ingredient for
this regime in AUG. Possible reasons include poorer impurity flushing in the core due to the lack
of localized electron heating, too much torque and different 7; /7 ratios, but more experiments

are needed to properly investigate this.

4.3.4 Summary

To summarize, the EDA H-mode has been achieved in AUG with pure ECRH and with a mix
of ECRH and NBI, both with and without argon seeding. Argon has a strong influence in the
plasma, especially in the pedestal, where it causes significant radiation, including CX with
neutral deuterium. This causes a localized cooling effect which lowers the pedestal, with a small
impact in the inner core, allowing more heating power to be applied without the occurrence of
ELMs. As a result, higher By can be achieved in this ELM-free regime, with low fuel dilution.

Besides this, pedestal radiative cooling by argon seeding leads to less power entering the SOL,
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Figure 4.14: Time evolution of different quantities in an unseeded EDA H-mode with a mix
of ECRH and NBI: (a) performance indicators, (b) divertor shunt currents, (c) spectra of edge
interferometry measuring line-integrated density fluctuations, and (d) heating and radiated power.

and argon itself also radiates in the divertor, easing the conditions to reach detachment and
mitigate heat loads to PFCs. In Alcator C-mod, argon seeding in the EDA H-mode resulted
in too much confinement degradation [125, 126], with nitrogen and neon being deemed more
effective for radiative exhaust. In AUG however, argon is an important asset as an actuator for
tailoring radiation profiles in the pedestal and divertor. Together with strong shaping and possibly
other seeding species, such as nitrogen, it may lead to a performant EDA H-mode ELM-free
scenario with a benign divertor. A large portion of the parameter space remains to be explored
and different optimization strategies are still available, so future experiments are required to

continue the path towards reactor relevance, which appears to be well paved.
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Chapter 5

Parameter space and dependences

This chapter presents results of experiments performed in AUG to explore the parameter space
of the EDA H-mode. Plasma behavior, access windows and dependences of global confinement,
core and edge parameters on heating power, fueling and plasma current are analyzed in strongly
shaped plasmas. Finally, an overview including more discharges and dimensionless quantities

that can be compared with scenarios in other devices is shown and discussed.

5.1 Fueling and heating power

One of the simplest, but most important actuators in tokamak operation is the gas puff used to
control fueling levels. It can have a strong impact in the behavior of the plasma, with varying
influence across different confinement regimes. The EDA H-mode in AUG is no exception, as
its access and performance are significantly affected by the gas puff. Heating power is also one
of the main control knobs in fusion devices and has been shown in previous chapters to be of
paramount importance in achieving EDA H-modes, as well as avoiding ELMs. For this reason,
a combined study of the influence of fueling level and heating power has been performed in
plasmas with ECRH around a strongly shaped EDA H-mode scenario of AUG at By = —2.5T
and I, = 0.8 MA.

5.1.1 Input parameters and general behavior

There are multiple ways to explore the two-dimensional parameter space of fueling and heating
power, but some caveats exist. A straightforward strategy would be to perform discharges at

constant power and gas puff, and then vary the applied values from shot to shot, covering for
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shot  time period (s) TIp (102'e~/s) Pecrg (MW)  Piot (MW)
36257 2.600—5.870 0.91 0.72—3.38 1.07—3.73
36157 2.600 —6.800 2.53 1.31—-4.15 0.75-5.70
36124  2.900 —7.090 2.58 0.40—3.00 0.80—3.29
37193  2.100—5.900 4.67 0.64—3.42 0.93-3.62
36349  2.167 —4.000 6.65* 1.24—4.16 0.77—4.39
36151 3.000—6.210 7.23 0.86—2.94 0.94—3.18

Table 5.1: Discharges performed as part of the fueling and heating power scan, with the relevant
time periods and corresponding input parameter ranges: deuterium gas puff, ECRH power and
total power lost by the plasma. *This shot also has nitrogen seeding.

example an equally spaced grid with a given resolution and extent. While this approach would
result in a very clean experiment with high quality data, it has the problem of requiring a large
number of discharges, basically the product of the number of samples in each parameter. This is
unpractical in a highly demanded device like AUG, with frequently overbooked experimental
campaigns covering a wide range of topics.

A possible solution is to vary the parameters during each discharge, at a cost of risking
non-stationarity and less statistics in each sampled point. This tradeoff was readily embraced, but
further decisions had to be made, namely which trajectory to follow when varying the parameters
during the discharges. Besides the obvious choice of keeping one input parameter constant
and ramping or stepwise increasing the other one, defined trajectories along output parameters,
such as ne or 3, are often employed in fusion experiments by resorting to real-time feedback
control. However, these more sophisticated methods can be problematic with the occurrence of
confinement regime transitions that lead to sudden changes in the plasma parameters, sometimes
causing the controllers to respond erratically or suffer large feedback oscillations.

For this reason, the simple approach of using feed-forward trajectories in the input parameters
was chosen. The last remaining decision was which parameter to keep constant during each shot.
Since heating power has the most potential to damage machine components, it was gradually
increased during each discharge, while keeping the deuterium puff, I'p, constant, which was
then varied from shot to shot. Table 5.1 shows the discharges performed as part of this fueling
and heating scan, with the relevant time periods and corresponding input parameter ranges.

A comparison of three of these ECRH staircase discharges at different fueling levels is
shown in figure 5.1. The discharge in the middle column exhibits the typical behavior previously

described in section 4.1.2, with a strong density increase (e) following the L-H transition and
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Figure 5.1: Time evolution of different quantities in ECRH staircase discharges at different
fueling levels, taken from table 5.1, by order of increasing gas puff: (a)(e)(i) line-averaged elec-
tron density, (b)(f)(j) divertor shunt currents, (c)(g)(k) spectra of edge interferometry measuring
line-integrated density fluctuations, (d)(h)(l) heating and radiated power. The left-hand side
panels (a)-(d) correspond to a discharge without low gas puff, the middle column panels (e)-(h)
to one with medium gas puff, and the right-hand side panels (1)-(1) to one with high gas puff.

the appearance of the QCM shortly after (g), marking the EDA H-mode. After a few hundred
ms, the density stops increasing and the EDA H-mode is maintained for a long time until the
occurrence of ELMs (f) at a much higher power (h).

With stronger gas puff, on the right-hand side column of figure 5.1, the plasma has a similar
behavior, but the density (i) is higher, the QCM is broader in frequency (k) and no ELMs occur
(j) even at higher heating power (1). The cause of QCM broadening with fueling is not yet known
and could in principle be related to changes in the behavior of the mode itself or to perturbations
caused by other instabilities and filaments excited by the altered profiles. These plasmas with
more gas puff show some similarities with the strongly shaped scenarios of type II ELMs [99],
also called small ELMs [100], and, more recently, quasi-continuous exhaust (QCE) regime

of AUG. Very high n ballooning modes, made unstable by the high separatrix density, have
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been proposed as the cause of exhaust and filamentary activity in this regime [101]. In Alcator
C-mod, small grassy ELMs have been observed when edge temperature and pressure gradients
increase too much for the EDA H-mode to be maintained [115], but the plasmas were found to
be stable to infinite n ballooning modes when bootstrap current was included. Experiments in
AUG are planned to extend the EDA H-mode to input parameters closer to those of the small

ELM scenarios and properly investigate the relations between the two regimes.

When the fueling is too low, the behavior of the plasma completely changes, as exemplified
in the left-hand side column of figure 5.1. In this case, the L-mode density is lower (a), requiring
a higher heating power (d) for the L-H transition, and the subsequent evolution is very different.
The density (a) and radiated power (d) rise uncontrollably until sequences of ELMs occur (b)
and the process is repeated several times up to a point where the ECRH cutoff is approached and
the external heating is turned off. ECMs are present (c) in this nonstationary H-mode, but the
QCM is not observed. This shows that there is a lower boundary in gas puff for accessing the

EDA H-mode and a steady-state scenario.

In order to better understand the EDA H-mode access window in terms of fueling and power,
the discharges of table 5.1 were analyzed and divided in time periods according to their respective
confinement regimes, labelled as: L-mode, I-phase, nonstationary ELM-free H-mode with ECMs,
evolving EDA H-mode, developed EDA H-mode, evolving ELMy H-mode, and developed ELMy
H-mode. These were further divided in subperiods of approximately 50 ms to sample the plasma
and input parameters along the heating power ramps. The explored parameter space is illustrated
in figure 5.2, with the different regimes coded by color. The ECRH power window (a) to access
EDA H-mode is strongly affected by the deuterium gas puff, being non-existent at low fueling
and expanding as fueling levels increase. It starts around ~ 1 MW and is limited by ELMy
H-modes at high power. At high gas puff, the ELMy boundary was only achieved in one of
the discharges, at ~ 4MW, but this shot also had nitrogen seeding, which might affect the
results, so it will not be used in the analyses that follow. In this EDA H-mode scenario, it is
difficult to increase the heating power with strong gas puff because the density is so high that
it approaches the ECRH cutoff. Future fueling and power scans at lower plasma current are

planned to overcome this limitation.

While the ECRH power, Prcry, is the direct input parameter of the performed experiments,
it does not represent the total power heating the plasma, since there is also an ohmic contribution.

Besides this, the plasma does not reach its final state instantaneously when the heating power is

100



Bi=-2.5T, 1p=0.8 MA, At =50 ms
JF T % T T X (a)]
N T
= 3F T
E C i § g § ] regime
z2F % 4 X L-mode
é - § ,§ % % ] X l-phase
. 1: % % & tati
— L nonstationary
u Q § § X % ELM-free H-mode
| MR T R with ECMs
— T @ié — T T T -§ '(b) avolvijng EDA
4k A (D) -mode
C § ] developed EDA
—~ [ g % v X H-mode
% 3 __g i § & g__ ﬁvolvijng ELMy
=z r ] -mode
oL ¥ - developed ELMy
n'_gz C § Zg X R ] H-mode
2B ¥ Gk
L % R R RO
2 4 6
Mo (102le/s)

Figure 5.2: Explored parameter space in fueling and power scans showing the window to access
EDA H-mode as a function of deuterium gas puff in terms of: (a) ECRH power, (b) total power
lost by the plasma. The various confinement regimes are indicated by different colors.

increased, since it takes time for the profiles to build up and the dynamics to correspondingly
adapt. For this reason, a more adequate quantity to characterize the plasma state might be the
total power lost by the plasma, P, which incorporates all the heating sources and deducts the
time derivative of the stored energy, mitigating some transient effects. Figure 5.2(b) shows the
scanned parameter space expressed in terms of this variable. The overall picture is similar to
the Prcry space, but an important difference exists in points after regime transitions, such as
non stationary ELM-free H-modes and the evolving EDA H-modes. The sudden confinement
improvement leads to an increase in dWygp /dt, causing a drop in P, which then overlaps with
the lower input power L-mode regime. In any case, the EDA H-mode in AUG does not exist
with too low fueling and its power window broadens with increasing gas puff. In C-mod, the
EDA H-mode also requires a minimum L-mode density, controlled by fueling, below which the

resulting H-modes are transient and accumulate impurities [102, 103].

5.1.2 Core and pedestal

Besides affecting EDA H-mode access, fueling and heating power also influence plasma den-
sity, temperature and pressure profiles, as shown in figure 5.3, populated with data from IDA

reconstructions, which combine several diagnostics [246]. The left-hand side column presents

101



Bi=-25T, 1p=0.8 MA  p  =0.95

TIE 1] 8F =
_10.0 "'“‘%.s 3 I ]
T i & ®8Re - .
£ - 1 oF * p
o 75F 1 o ]
=) L it ] L ®© : ] regime
SRS 0 I 1 oL
> 5.0 -_ggg o = T L g&;":@"@ - ] @ L-mode
< [ mme = . [ o@= m 1 @ l-phase
2.5k, M !(ia).: 2f , Gumss memeE |(fj).— nonstationary
. ® ELM-free H-mode
g 0.8 1 @ it EoMe
6r : ] L ] evolving EDA
= [ L 1 0.6 — H-mode
S ax 1 C ]
v F iL! ® ] L i developed EDA
X4+ _B= p 9S8 ® — 04k b H-mode
|—<v [ e f,f,% ] r k evolving ELMy
A @ . i C D i H-mode
2 56‘;&5@‘ y"*‘v".‘.fﬁi.i- (b 0.2F i+":-r (er] developed ELMy
N i A BN it Ik Aeatvill RN RN BN B H-mode
60 _- LA L L B R L L L Y B .u ,'_-ng' -_ _- LA N I ) L B B B L B |.|.| l_ rD (1021e—/s)
o 3° 75LE 88282 ]
[ ev 1 7F ‘sg @2 ®se~ | mI[09 11)
© i [ g‘g 1 @1[25,27)
< 40+ - 5.0 See Goms 7 ®[4547)
o 1 LRGSR ] #07.1,73)
a S 5
i atd 1250 e w E
20_0&\!‘1*| N I B |(.c)_' N Q@gﬁf- mon” |(.f).:
1 2 3 4 1 2 3 4
Pecrn (MW) Pecru (MW)

Figure 5.3: Core and edge electron plasma parameters from IDA in fueling and heating power
scans as a function of ECRH power: (a,d) density, (b,e) temperature, and (c,f) pressure. The
left-hand side panels (a)-(c) were evaluated at the magnetic axis (ppo1 = 0) to represent the core
and the right-hand side panels (d)-(f) at the edge (ppo1 = 0.95), as a proxy for pedestal parameters.
The various confinement regimes are indicated by different colors and the deuterium gas puff
levels by different symbols.

core values evaluated at the magnetic axis and the right-hand side column contains a proxy
for pedestal top values, evaluated at p,o; = 0.95. This location is slightly more interior than
the actual pedestal top, but results in more robust quantities with respect to misalignment of

diagnostics and systematic biases, which become more relevant closer to the separatrix.

Core density (figure 5.3(a)) in L-mode increases with fueling and power, except in the low
fueling case, where it is stays approximately constant. With the transition to EDA H-mode,
possible at moderate and high gas puff, the core density suffers an abrupt increase and after the
regime develops it shows a positive, but weak dependence on both heating power and fueling.
When the ELMy H-mode is achieved, the power dependence is reversed and density decreases
due to transport caused by ELM. In the lowest fueling case that does not achieve EDA H-mode,
however, the density in the nonstationary ELM-free H-mode and then ELMy H-mode continues
to rise between ELMs as the power is increased, surpassing even the highest fueling discharge.

The edge density presented in figure 5.3(d) shows an overall similar behavior, but with a more
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marked difference between developed EDA H-mode and L-mode, at ratio of about 2. Besides
this, the edge density in EDA H-mode stays constant with heating power, an observation shared
also by C-mod experiments [114]. A weak scaling of pedestal density with the L-mode target

density, which is controlled by the gas puff, was also found in C-mod [114].

Core temperature, shown in figure 5.3(b), decreases with fueling and increases with power
in all L-modes, but decreases during the initial phases of the EDA H-mode, where the plasma
profiles are still evolving and the density is strongly increasing. After it stabilizes, the temperature
then increases with power and continues to do so even when ELMs appear. The exception is
again the lowest fueling case, which achieves extremely high core electron temperature in L-
mode and nonstationary ELM-free H-mode, but then decreases even as the heating power is
increased, though this could be an effect of impurity transport which happens at long timescales
rather than a reaction to the power itself. In EDA H-mode, with adequate fueling, no such
effects are observed, and the core temperature is inversely correlated with gas puff. The edge
temperature (figure 5.3(e)) is almost independent of gas puff in L-mode, but increases with power.
Contrary to the core, edge temperature increases with the transition to EDA H-mode, despite
the simultaneous density rise, evidencing an edge transport barrier in both channels. Like in the
core, edge temperature in EDA H-mode is then positively correlated with power and negatively
correlated with fueling. In C-mod, the pedestal temperature in EDA H-mode was found to
moderately decrease with L-mode target density and sublinearly increase with heating power
[114]. This appears to be consistent with AUG data, but the strength of the dependence seems to
vary significantly with fueling and the narrow investigated range prevents robust quantitative

comparisons from being made.

As a result of electron density and temperature behavior, core pressure shown in figure 5.3(c)
exhibits a positive dependence on power across all confinement regimes, apart from the transient
phases of the lowest fueling shot. The core gain from EDA H-mode when compared to L-mode
is modest, but the edge improvement is significant, as evidenced in figure 5.3(f). Once in EDA
H-mode, the edge pressure is inversely correlated with fueling and has a positive but weak
dependence on heating power. These results are qualitatively consistent with those of C-mod

[114].

The strong influence of confinement regime on edge parameters motivates looking at the data
from a different perspective. Figure 5.4 shows the edge electron temperature as a function of

density with the various regimes coded by different colors and the gas puff by symbols as in the
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Figure 5.4: Edge operational space of different confinement regimes in terms of electron
temperature and density obtained from IDA data evaluated at pp, = 0.95 of discharges in a
fueling and heating power scan. The regimes are coded by color and the gas puff levels by
symbol. The dashed lines indicate constant pressure.

previous analysis. The L-mode exists in a region of low edge temperature, density, and therefore
pressure, whereas the H-modes have high edge pressure. The I-phase, very short-lived in these
strongly shaped plasmas, appears in between. The EDA H-mode has a very high density and its
edge pressure lies between 3 and 7 kPa for the discharges in this scan. Only the medium fueling
shots were able to go from EDA to ELMy H-mode as temperature and pressure increased with
heating power. It is not clear whether the temperature and pressure boundaries of the high fueling
discharges would reach or even surpass those of the medium fueling cases, possibly populating a

region of higher edge density and temperature.

The low gas puff discharge follows a trajectory of high temperature, transiently peaking at
the nonstationary ELM-free H-mode, just before ELMs appear and the plasma starts to move in
the direction of the region occupied by the EDA H-mode. The ELMy plasma eventually overlaps
with this region, showing that edge temperature and density evaluated at p,, = 0.95 are not
enough to uniquely determine the confinement regime. Besides the possible influence of other
quantities in this location, the critical parameters to access EDA H-mode could also be localized
closer to the separatrix, but such analysis is more subtle and challenging due to the existence of
several sources of uncertainty and bias in the experimental data. Future analysis and experiments
with better quality measurements are planned to investigate this possibility. Furthermore, the
simple 1D approach to the profiles adopted in this discussion might simply not capture all the
relevant phenomena in play, especially when one considers the strong influence of plasma shape

in accessing the EDA H-mode, previously described in section 4.1. A 2D model of the plasma
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may be required to accurately explain the parameter space of the EDA H-mode.

5.1.3 Global confinement

A global view of confinement and its dependence on the scanned parameters also provides useful
information, as illustrated in figure 5.5. The plasma stored energy, Wynp, increases with power
in each confinement regime. In EDA H-mode, it appears to exhibit an offset linear dependence
on power, although the limited scanned range does not preclude a sublinear relation without
offset, as computed in C-mod experiments [114]. This translates to an energy confinement time,
Tg, that decreases with power, but the degradation is not as severe as the prediction from the
IPB98(y,2) scaling [51], since Hogy» increases with power in the developed EDA H-mode. Such
behavior has also been observed in EDA H-modes of C-mod [126, 301]. This suggests that
Hogy, might not be the ideal quantity to assess confinement quality of EDA H-modes and make
extrapolations to future reactors. In fact, even in the ELMy H-mode regime, from which most of
the scaling was derived, weaker dependences of confinement with power are sometimes found
in single machine scans [302]. Another very important quantity, arguably the ultimate figure
of merit to evaluate the performance of fusion plasmas, due to its requirement for ignition, is
the triple product nT tg = pTg, shown in figure 5.5(d). In developed EDA H-mode, the average
pressure increases with power, but the energy confinement time decreases, and, as a result, the
triple product stays approximately constant.

It is interesting to note that significantly higher 7, Hogy, and pTg are achieved transiently
during the initial phases of the EDA H-mode, when the density is still evolving. Also the
nonstationary ELM-free H-mode can for brief moments attain incredible performance, with high
PTe and Hogys > 1.6. In fact, the current world record of magnetic confinement fusion power
was achieved in such a scenario using a deuterium-tritium mixture in JET [21]. However, these
transient regimes rapidly encounter MHD instabilities, ELMs, or impurity accumulation and
cannot be maintained in a sustainable way to be used in a reactor for energy production. Even
if inductive scenarios end up being the optimal choice and are employed while operating the
devices in a pulsed manner, the plasma regime itself needs to be stationary in order to produce
a meaningful amount of energy per pulse. In this sense, the EDA H-mode continues to be a
promising regime due to its steady-state ELM-free capabilities. The L-mode also has these
characteristics and can actually exhibit decent confinement, as shown in figure 5.5(b,c), but it is

only able to achieve low heating power and achieve low triple product, so it remains an inferior

105



Bt—-2 5T |p 0.8 MA

T e i s
=04 :_ e &(lt!p&= _:
=0 <
20.3:— =
£ C ]
=0.2F 3
F N regime
Frerrrr T rrrrp T3 @Lmode
F e (b); ® l-phase
i 300 - nonstationary
e C +‘-. ] @ ELM-free H-mode
~500F s _' with ECMs
w - n
i (O L evolving EDA
C 918 to) H-mode
C " I"Hymm
100 = INETEEN ER B developed EDA
..,.i..l....l....l.. H-mode
15 [ [ (C)_' evolving ELMy
=L " H-mode
q r ® developed ELMy
g [ o e '%Ei,gmh ® {_mode
. X
T 1o s 5k, o = N Mo (102%e/s)
r F’ m[0.9 1.1)
I v b 1] @ [25,2.7)
LI S e e e e A IR e e
i m (d) ] % [4.5, 4.7)
a - . u 1 #[7.1,7.3)
© 4 m
S [ et
B2k ’?’-;.%
o "t (ke -
[, (oxdmmmmmy , ), ]
1 2 3 4

Ptot (MW)

Figure 5.5: Global confinement quantities as a function of the total power lost by the plasma
for different fueling levels: (a) stored energy, (b) energy confinement time, (c) confinement
enhancement factor, (d) triple product. The different regimes are coded by color and the gas puff
levels by symbol.

alternative.

In terms of fueling dependence, figure 5.5 shows that, for the same power, stored energy
in EDA H-mode sightly decreases with gas puff. This means energy confinement time is also
slightly lower, which is opposite to the IPB98(y,2) scaling, that predicts a weak improvement of
Tg with density. As a result, Hogy> in EDA H-mode decreases with strong gas puff. In C-mod,
the stored energy of EDA H-modes also showed a negative, but weak, relation with L-mode
target density [114]. The decrease in triple product may be an argument against operating with
high gas puff, but the expanded ELM-free power window that results is an advantage worth
considering. In fact, for the same triple product, higher heating power does lead to higher fusion
power output, so strong fueling may turn out to be beneficial in the end. Besides that, heat
exhaust constraints may also force operation with high gas puff values. Further experiments are

required and currently planned to investigate the upper power limit of EDA H-modes with strong

106



fueling and the associated effects on the plasma. These discharges will possibly approach the
parameter space of the small ELM regime, but with differences in torque which have not yet

been well studied and could have a strong impact in the physics of the scenarios.

5.2 Plasma current and heating power

The previous section has shown that heating power affects several parameters of the EDA H-
mode, but has a small influence on the triple product once the plasma reaches steady-state. If
this dependence is general, it suggests that, after the L-H transition and evolving period, a future
reactor operating in EDA H-mode should not heavily rely on power to get closer to ignition.
Instead, the scenario should be designed to achieve the desired triple product mostly by resorting
to other input parameters. One of such parameters is the plasma current, I,, known to have a
strong impact in many aspects of both L-mode and H-mode plasmas, including confinement and
performance. For this reason, a combined study of the influence of plasma current and heating
power has been performed in plasmas with ECRH around a strongly shaped EDA H-mode
scenario of AUG at B, = —2.5T and I'p ~ 2.5 x 10?! e /s.

5.2.1 Input parameters

To explore the two-dimensional parameter space of plasma current and heating power, the same
strategy used in the fueling scan of section 5.1 was employed. The ECRH power was gradually
increased in steps during each discharge while the current was kept constant, being varied from
shot to shot. Table 5.2 shows the discharges performed as part of this scan, with the relevant time
periods and corresponding input parameter ranges. The discharges were analyzed and divided
in time periods according to their respective confinement regimes. These were then further
divided in subperiods of approximately 50 ms to sample the plasma and input parameters along
the heating power ramps.

Overall, the plasmas show similar qualitative behavior, but important quantitative differences
with variations in plasma current. Figure 5.6 shows the explored parameter space with the
different regimes coded by color. The EDA H-mode power window is almost non-existent at
0.5 MA, but expands significantly as the current is increased. This is a positive result, since high
I, or equivalently low safety factor, assuming constant By, is in general considered a requirement

for reactor scenarios. In C-mod, the EDA H-mode is more likely at high edge safety factor
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shot  time period (s) I, (MA) Pgcry (MW)  Pot (MW)

36980 2.100—5.500 0.5 0.63—-2.32 0.77—-2.46
35970 2.600 —8.290 0.6 0.41-393 0.53-4.30
38049 2.100—8.590 0.7 0.56-3.65 0.75-3.99
36124  2.900 —7.090 0.8 0.40-3.00 0.80—-3.29
36157 2.600 — 6.800 0.8 1.31-4.15 0.75-5.70

Table 5.2: Discharges performed as part of the current and heating power scan, with the relevant
time periods and corresponding input parameter ranges: plasma current, ECRH power and total
power lost by the plasma.

[102, 104, 106], which at first sight might seem to contradict the AUG results, but actually
does not. At go5 < 3.5 in C-mod, nonstationary ELM-free H-modes are more likely than EDA
H-modes, but the AUG strongly shaped EDA H-modes at 0.8 MA have g95 = 4.9, being well
inside the favorable range of C-mod. In fact, nonstationary ELM-free H-modes are not a problem
in these AUG discharges if enough gas puff is used, at least up to this current. Unfortunately,
EDA H-modes at higher 1, could not be properly investigated in AUG because the resulting high
density reaches the ECRH X2 cutoff. O2 heating might be a solution to this limitation, but is in
general more challenging and has not yet been tried in EDA H-mode. ICRH is also a possible
alternative that is planned for future experiments. In any case, force and/or current limits of the
poloidal field coils are approached at higher I,,, preventing plasma currents above 0.9 MA to be
safely reached with the strong plasma shaping used in these EDA H-modes, regardless of the
heating method. Another approach to lower the safety factor in EDA H-mode is to lower the
magnetic field. This is not compatible with the standard AUG heating scheme of X2 ECRH, but
has been done in other scenarios with X3 ECRH [199]. Future experiments are also planned in

AUG to try obtaining the EDA H-mode with this alternative heating scheme at lower B;.

5.2.2 Core and pedestal

Plasma current has a strong impact not only on the power window to access EDA H-mode, but
also in the resulting electron density, temperature and pressure profiles, as shown in figure 5.7.
The dependence of the different core and edge quantities on heating power does not change
significantly with plasma current, being mostly identical to what was previously described in
section 5.2.2. An exception is the constant density at 0.5 MA in ELMy H-mode, which decreases

with power for the other currents. In EDA H-mode, however, the influence of power is consistent
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Figure 5.6: Explored parameter space in plasma current and power scans showing the window
to access EDA H-mode in terms of: (a) ECRH power, (b) total power lost by the plasma. The
various confinement regimes are indicated by different colors.

across all scanned I, values.

To better visualize the dependence of the profiles on plasma current, the same data is
presented as a function of I, in figure 5.8, but just for the developed EDA H-mode and with the
power coded in color. The density is strongly affected by plasma current, achieving very high
values and approaching the ECRH cutoff as I, is increased. This technical limit is what prevents
higher plasma current from being scanned in X2-heated AUG EDA H-modes. In the core (a), the
marginal density increase appears to become modest at 0.8 MA, but not in the edge (d), where
the relation between n, and I, remains linear with a negative offset. The pedestal density of EDA
H-modes in C-mod also has an approximately linear dependence on plasma current [114], but no

offset has been reported.

The core temperature, shown in figure 5.8(b), exhibits a non-monotonic dependence on
current, with the 0.6 MA discharge achieving the highest values despite the low heating power.
Since only one discharge was performed at this current, it is not clear whether the effect is robust
or if it was an outlier. The same can be said for the edge temperature (e), though the difference is

less pronounced. More discharges at low current are planned to properly assess the question.

The resulting electron pressure also suffers from this effect, but the robust behavior of the

density still allows a general trend of increasing pressure with plasma current to be visible. This
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Figure 5.7: Core and edge electron plasma parameters from IDA in current and heating power
scans: (a,d) density, (b,e) temperature, and (c,f) pressure. The left-hand side panels (a)-(c) were
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(d)-(f) at the edge (ppo1 = 0.95), as a proxy for pedestal parameters. The various confinement
regimes are indicated by different colors and the plasma current by different symbols.

is especially evident when the higher heating power sustainable in EDA H-mode by operating at
higher current is taken advantage of.

The EDA H-modes at different plasma current are clearly separated in the edge electron
temperature-density space, as illustrated in figure 5.9. Neither of these quantities nor the edge
electron pressure represent a fundamental critical parameter for accessing and maintaining the
regime, since its boundaries in this operational space vary with current.

An alternative non-dimensional parameter space which makes use of edge temperature and
density, as well as plasma current, can be constructed by using the edge collisionality, v, and
the ratio of plasma pressure to poloidal magnetic pressure, B,. Such a diagram, illustrated in
figure 5.10, achieves a better ordering of the regimes at different currents. This means that v
and f3, are closer to the true underlying quantities for achieving EDA H-mode, but are still not
ideal by themselves, since there is some overlap with the ELMy H-mode for the lower current
discharges. In C-mod, EDA H-modes also tend to have high edge collisionality [106, 114]. It has

been proposed that the QCM is a resistive X-point mode, a form of resistive ballooning mode that
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current and heating power scan. The regimes are coded by color and the plasma current levels by
symbol. The dashed lines indicate constant pressure.

is strongly influenced by the magnetic geometry near the X-point [123], which would require

high edge collisionality to exist. If this is true, it could be a serious limitation in extrapolating
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the EDA H-mode to a reactor scenario, which will have much higher core temperature and
likely lower edge collisionality. That being said, if high collisionality is actually only required at
the separatrix, but not at the pedestal top, the QCM could still exist in a reactor. Anyway, this
discussion is somewhat speculative, since EDA H-mode experiments in different machines are
scarce and the nature of the QCM as well as its definitive role in the regime are not conclusively
proven. Nonlinear MHD simulations of EDA H-mode discharges in AUG using the JOREK
code [303, 304], including collisionality effects and realistic X-point geometry, are planned to

investigate the existing instabilities and contribute to this topic.

5.2.3 Global confinement

Regarding global confinement, not only heating power, but also plasma current has a significant
impact in different confinement regimes, as shown in figure 5.11. The dependences on heating
power, more evident in the left-hand side column in which the various quantities are expressed
as a function of power, do not change significantly with plasma current and are for the most
part identical to what was previously described in section 5.1.3. The current, however, strongly
influences the absolute values of several quantities, so a subset of the data pertaining only to
developed EDA H-modes is presented in the right-hand side column as a function of /,, to allow
a better visualization the associated dependences.

The line-averaged density (figure 5.11(a)(h)) increases approximately linearly with current,

prompting the use of the Greenwald density [56] as a normalization parameter. The resulting
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Figure 5.11: Global confinement quantities as a function of the total power lost by the plasma (a)-
(g) and plasma current (h)-(n): (a)(h) line-averaged electron density, (b)(i) Greenwald fraction,
(c)(j) stored energy, (d)(k) Troyon-normalized ratio of the plasma pressure to the magnetic
pressure, (e)(1) energy confinement time, (f)(m) confinement enhancement factor, (g)(n) triple
product. On the left-hand side column (a)-(g) the different regimes are coded by color and the
plasma current levels by symbol. On the right-hand side column (h)-(n) only data from developed
EDA H-mode is present and the power is coded by color.

Greenwald fraction (figure 5.11(b)(1)) shows only a very weak, residual trend with plasma

current, and therefore seems an appropriate quantity to describe the natural density achieved by
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the EDA H-mode in AUG at constant gas puff.

The plasma stored energy (figure 5.11(c)(j)) also increases with current, being in qualitative
agreement with C-mod observations [114]. Troyon normalization [52, 53] is not enough to
characterize the dependence, since N continues to increase with plasma current, as figure
5.11(d)(k) shows. The expansion of the power window with /,, also contributes to the maximum
achievable .

In terms of energy confinement time (figure 5.11(e)(1)), the situation is not entirely clear due
to the very high 7g of the 0.6 MA discharge, but a general increase with plasma current seems
to exist. This translates to a good confinement enhancement factor (figure 5.11(f)(m)), around
and above 1, throughout the investigated current range, but with a non-monotonic dependence
reaching a very high value of 1.3 in the 0.6 MA discharge. Since few discharges at different
currents were performed, it is not yet clear whether this was a spurious outlier or if the dependence
of EDA H-mode confinement on I, really exhibits such complex behavior. Further experiments
are planned to better cover this current range and also include variations in gas puff, since it
affects confinement in EDA H-mode too.

Lastly, the triple product increases strongly with plasma current, as figure 5.11(g)(n) shows.
Despite the uncertainty in confinement regarding the 0.6 MA discharge, it is clear that increasing
I, is beneficial for the absolute plasma performance in EDA H-mode, at least in the investigated
range, which was limited only by the ECRH cutoff. This is a technical constraint due to the
specific frequency employed by the AUG ECRH system, rather than a true limit of the plasma
scenario. Such a limit will certainly exist at some plasma current value, but this point has not
yet been reached in AUG EDA H-modes. Future experiments with ICRH are envisaged to try
circumventing the ECRH limitation and investigate other physics aspects, such as the impact of
ion heating. The door is also open for further improvement and optimization of this stationary

ELM-free regime with plasma current in other fusion devices.

5.3 Overview and summary

Heating power, fueling and plasma current have been shown to significantly influence the
qualitative and quantitative behavior of the EDA H-mode in AUG. In order to have a combined
overview of the regime using data from all the scans and enable a more direct comparison

with other tokamaks, input parameters and resulting plasma quantities are better expressed in
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Figure 5.12: Normalized heating power as a function of the total power lost by the plasma in
different confinement regimes. The data comes from heating power, fueling, and plasma current
scans, as well as additional discharges with EDA H-modes, including weakly shaped plasmas.

non-dimensional form. Plasma current can be readily replaced by the inversely related edge

safety factor, gos, while fueling effects can be expressed via the edge collisionality, V7.

A not so standard, but very versatile quantity, Bn/Hogyo, is used here to represent the heating
power. This comes from considering the definition of the energy confinement time, 7g, which
gives rise to the expression

Pot = éﬂ, (5.1)

T

and directly replacing the average pressure, p, and 7g by their respective normalized, dimension-
less quantities By and Hogyo, while ignoring all other factors. The resulting normalized heating
power, Bx/Hogyo, is plotted as a function of the total power lost by the plasma, Py, in figure
5.12, using data from all the scans in this chapter, as well as additional performed EDA H-mode
discharges, including some of the weakly shaped plasmas. The two quantities are well correlated,
but Bn/Hogy> can better separate L-mode from H-mode, exemplifying its value across a wide

range of parameters and confinement regimes.

Several dimensionless quantities related to performance and confinement are shown in figure
5.13 as a function of normalized heating power, edge collisionality and safety factor. Bn/Hogy>
in EDA H-mode covers a range from 0.8 to 1.6, which is relatively wide, but falls short of the
ITER inductive scenario value of 1.8 [86]. Future EDA H-mode experiments in AUG with
high fueling and avoidance of the ECRH cutoff might be able to reach this value, especially if

combined with other heating methods to increase the total available heating power.

In terms of edge collisionality, the developed EDA H-mode so far goes from 0.7 to 2.8,
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Figure 5.13: Dimensionless quantities related to performance and confinement as a function
of normalized heating power (a)-(e), edge collisionality (f)-(j) and safety factor (k)-(0): (a,f.k)
Greenwald fraction, (b,g,l) poloidal beta, (c,h,m) Troyon-normalized beta, (d,i,n) confinement
enhancement factor, and (e,j,0) proxy for the triple product. The various confinement regimes
are indicated by different colors.

which is significantly higher that ITER predictions, unachievable in present-day machines at

high density. Marginal reductions of collisionality might still be made in AUG, but EDA H-

mode experiments in larger devices are needed to explore lower v ranges without significant

perturbation of other dimensionless parameters. This is of course apart from p*, which would

be lower, but in any case would not achieve ITER values due to the sheer size and magnetic

field requirements. Since JET is currently focused on the upcoming deuterium-tritium operation

[305], with an overbooked program, and will then come to the end of its life, the next large
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candidate for such experiments would be JT-60SA [306, 307], whose construction has been

recently completed and which will benefit from the additional advantage of having ECRH.

The edge safety factor, go5, of the EDA H-modes obtained in AUG ranges from 4.8 to 7.8,
which is higher than the ITER value of 3 in the inductive scenario, but contains gg5 = 5.2 of the
steady state scenario [86] and gg9s = 5.5 of CFETR scenarios [308]. In the high safety factor
cases, however, requirements on other quantities like By and Hogy» are more stringent. In C-mod,
EDA H-modes are more likely at ggs > 3.5 [102, 104, 106] although a record low of 2 has
been achieved [104]. In AUG, such low safety factors in EDA H-mode could not be properly
investigated at By = 2.5T, because this requires high 7,, which leads to very high density and
ECRH cutoff with X2 heating. With the current ECRH system, a possible strategy to lower the
safety factor is to lower the magnetic field to about 1.8 T, which allows the use of X3 heating.
This introduces additional challenges due to the lower absorption, but experiments following this
approach are planned for the upcoming campaign. This is a crucial aspect to investigate in EDA
H-mode, since a scenario that can withstand low safety factor allows higher plasma current to be

used, which leads to strong gains in fusion performance.

The Greenwald fraction, shown in figure 5.13(a,f,k), exhibits in developed EDA H-mode a
positive correlation with Bn/Hogy> and a negative, but weak, correlation with gos. fgw is overall
quite high, ranging from 0.77 to 0.95, being in most cases above the other confinement regimes.
This satisfies ITER requirements of fgw = 0.85 —0.94, depending on the exact scenario [87],
being one of the main strong points of the EDA H-mode in AUG. In fact, this is a difference from
C-mod EDA H-modes, which had fgw < 0.7 [124, 301, 309]. Such values only occur in AUG
during the initial phases of the regime, where the plasma is still evolving with a strong density
increase. High Greenwald fraction with good confinement is an important achievement of the
EDA H-mode in AUG, because a low density reactor is not so efficient for energy production and

confinement in typical H-modes across several devices tends to worsen with high fow [274].

Figure 5.13(b,g,l) shows that B, in developed EDA H-mode increases with normalized
heating power and decreases with edge collisionality, ranging from 0.6 to 1.1, which covers
Bp = 0.65 predicted for ITER inductive operation [87]. The EDA H-mode region in the 8, — v,/
space partially overlaps with type I and type II ELMs regimes in AUG and JET, and also with
type III ELMs in JT-60U [64]. These quantities are therefore not sufficient to accurately predict

ELM conditions in different devices.

Bn in EDA H-mode spans a range of 0.8-1.7 and follows in general similar trends as fp,
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but also increases with decreasing go5, as shown in figure 5.13(c,h,m). It almost reaches the
ITER inductive and hybrid targets of By = 1.8 — 1.9 [86]. In C-mod, the EDA H-mode tended
to have By < 1.3 [106, 115], with the highest ever achieved volume averaged absolute pressure
plasma having B = 1.43 [124]. Higher Py has been attained in AUG, but the explored plasma
current and magnetic field was limited. If this high normalized pressure can be maintained or
even surpassed at higher /;, and By, the EDA H-mode will constitute a highly desirable ELM-free
regime in large-scale devices. In C-mod, experiments with very high B; = 7.8 T showed that
the parameter space in which the EDA H-mode occurs is consistent with lower magnetic field
experience [310]. This is an encouraging result for extrapolating the AUG scenario to future

reactors with higher magnetic field.

Developed EDA H-modes exhibit good energy confinement, with Hogyo = 0.9 — 1.3, as
figure 5.13(d,i,n) shows. This satisfies ITER assumptions of Hogy> ~ 1 in inductive and hybrid
scenarios, and even Hogy> = 1.3 of the more demanding steady-state scenario [86]. In C-mod,
EDA H-modes had Hogy, ~ 1 [104]. The high energy confinement of this ELM-free regime
across a wide range of inputs is a great asset, especially when one considers that typical ELMy
H-modes of the metal-walled AUG and JET tokamaks tend to exhibit good confinement only at

much higher heating power and B [311].

Finally, a nondimensional proxy for the triple product, BnHogyo, is presented in figure
5.13(e,j,0). In developed EDA H-mode, it shows similar trends to By and its total range
BNHggyz = 0.8 — 2.1 satisfies the demands of ITER inductive and hybrid scenarios, but not
the very high requirement of the steady-state scenario [86]. It is still a remarkable feat for an

ELM-free regime in a tokamak with high Z metallic walls.

When looking to figure 5.13 as a whole, it is evident that L-mode and I-phase are well
separated from EDA H-mode in most parameter combinations. The same cannot be said for the
ELMy H-mode, which shows some overlap with EDA H-mode, especially aggravated with the
inclusion of weakly shaped discharges. This illustrates the complexity of the multidimensional
parameter space occupied by these regimes, which makes experiments, physical understanding
and accurate predictions of the EDA H-mode for future reactors quite challenging. In any
case, the maximum potential of the EDA H-mode has not yet been reached, but the results are
promising. Further experimental, modelling and theoretical investigations of this stationary

ELM-free regime, both in AUG and other devices, should be undertaken to make the most of it.

Comparing with the parameter space of C-Mod, AUG EDA H-modes have expanded the
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maximum achieved fgw from 0.7 [124, 301] to 0.95 and By from 1.4 [124] to 1.7, constituting a
great improvement in these parameters, which are now starting to approach reactor requirements.
Strong plasma shaping, up to 8,y; = 0.4, was one of the key ingredients for increasing the
maximum pressure of EDA H-modes in AUG without ELMs, but this average triangularity
is in fact lower than the highest C-Mod values, 8,y = 0.7 [116]. The extension happened
in the other direction, with AUG also having EDA H-modes at 5avg = 0.25, whereas C-Mod
required Savg > 0.3 [102, 104, 116]. In terms of safety factor, the lowest value achieved in
AUG EDA H-modes so far was ggs > 4.5, which is not as low as the usual C-Mod boundary,
qos > 3.5[102, 104, 106]. That said, the AUG boundary comes from technical limitations of the
chosen heating method and shaping coils, rather than a limit of the plasma itself. The pedestal
collisionality, v, is high in EDA H-modes of both devices, with the lowest values being only
slightly below 1 [106, 114].

To summarize, heating power, fueling and plasma current scans have been performed in
EDA H-modes of AUG at fixed magnetic field. The regime exists in a power window which
can be extended by increasing fueling and current, and above which ELMs occur. Core electron
density and core and edge temperature and pressure increase with heating power, with a global
confinement degradation less severe than the IPB98(y,2) scaling. High gas puff leads to a slight
decrease of energy confinement and increase of density. Plasma current has a strong impact in
increasing core and edge density, but the effect on temperature is not entirely clear, though few
discharges were performed and spurious outliers might exist. Still, the achievable pressure and
triple product increase significantly with current while maintaining good confinement. In terms
of dimensionless parameters, the EDA H-mode in AUG has only been explored at high gos, due
to technical limitations in the chosen heating method, and high v, which could represent an
obstacle in extrapolating it to large-scale devices. However, the fundamental physics constraints
are complex and not yet understood, so no final judgement can yet be made. On a positive
note, the EDA H-mode in AUG achieves high fow, BN, Hogy, and ﬁNHggyz, satisfying several
requirements of planned ITER scenarios. This constitutes a remarkable feat considering it is
a stationary ELM-free H-mode obtained with dominant electron heating and no torque in a
tokamak with tungsten walls. This makes the EDA H-mode a very promising regime for future
reactors, which justifies further experiments and studies, not only in AUG, but in all tokamaks,
in order to enhance its performance and improve the empirical and physical understanding of its

phenomena and constraints.
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Chapter 6

Summary and outlook

6.1 Summary

This thesis took advantage of the extensive heating, shaping and diagnostic capabilities of the
AUG tokamak to show the discovery, development, optimization and study of a stationary ELM-
free H-mode with several desirable properties for future reactors. These include good energy
confinement, high density, low impurity content, compatibility with tungsten walls and extrinsic
impurity seeding, possibility of access at low input torque and power, with dominant electron
heating, no need for a fresh boronization, and no impurity accumulation despite the absence of
ELMs, constituting a unique set of characteristics simultaneously achieved for the first time in
a fusion device. This regime is identified as the EDA H-mode, previously obtained in Alcator
C-Mod.

The main conditions to access the EDA H-mode in AUG are a significant ECRH fraction,
adequate heating power, above the L-H threshold in favorable VB configuration, but below
the ELM threshold, and an appropriate fueling level, above a limit below which nonstationary
plasmas are obtained.

The EDA H-mode exhibits an edge transport barrier in density, temperature, and therefore
pressure, as expected in an H-mode. The core density profile is mostly flat, whereas the electron
temperature is peaked, due to the central heating, resulting in high pressure. The temperature of
the ions in the inner core is lower than that of the electrons because of the heating method, but
they almost equilibrate from mid-radius outwards.

The ability to maintain a stationary pedestal without the relaxation caused by ELMs is one

of the main distinguishing features of the regime when compared to a standard H-mode. This
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requires an alternative transport mechanism which seems to be related to the QCM, an ubiquitous

electromagnetic instability in EDA H-modes.

Once the transition to EDA H-mode occurs, the QCM is usually detected by several di-
agnostics as a down-chirping oscillation in the edge electron density, moving in the electron
diamagnetic direction in the lab frame, and whose frequency settles as the plasma approaches
steady-state. It can also be observed in a few magnetic pick-up coils, though faintly, possibly
because of a strong radial decay of the magnetic signal due to its high mode number. The QCM
is coherent on short timescales, but over long timescales it has a relatively broad frequency width

that gives rise to its name.

The appearance and disappearance of the QCM are correlated with corresponding changes in
edge and divertor plasma parameters. This suggests an enhanced particle and energy transport
driven by the QCM in the pedestal region, expelling plasma to the SOL, which could be the
key to stationary ELM-free operation in EDA H-mode. That said, there are also multiple high

frequency modes detected by pick-up coils which might play an important role in the regime.

Several measures have been taken to improve the performance and reactor relevance of
the EDA H-mode. With strong shaping, it can be accessed within a wider ELM-free power
window. This increased robustness makes the regime more easily reproducible, without requiring
a fine control of the input power, and allows the achievement of much higher pedestal and core
temperature and pressure. Furthermore, a direct access to EDA H-mode without passing through
an ELMy period is enabled by the strong shaping even in slow power ramps, although pulsating

phases can occCur.

The higher heating power made possible with strong shaping calls for a better power exhaust
at the divertor. This was achieved by seeding nitrogen in EDA H-mode, causing increased divertor
radiation and leading to much lower target temperature and heat fluxes, without degrading core
confinement nor significantly diluting the fuel. However, as detachment is approached, core
electron density increases and the ECRH cutoff is reached, preventing further plasma heating.
This is not a limit of the plasma state itself, but rather a specific restriction of the heating system

which is not expected to be a problem in future reactors.

Argon was also applied to EDA H-mode plasmas, resulting in a significant increase of
radiation at the pedestal, well matched by impurity transport modelling, with minimal impact in
the core. This additional loss channel leads not only to a decrease in divertor temperature, but

also to an extension of the ELM-free power window, allowing higher core pressure to be attained,
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while maintaining low fuel dilution. The high density and compatibility of the EDA H-mode
with extrinsic impurity seeding constitute one of the best power exhaust solutions among high

confinement ELM-free regimes nowadays.

While most EDA H-modes in AUG have been obtained exclusively with ECRH, the regime
has also been successfully demonstrated with an even mix of ECRH and NBI, both with and
without argon seeding. Pure wave heating is therefore not required to access EDA H-mode,
proving its robustness and versatility, which can be useful for exploiting the full heating and

diagnostic capabilities of current and future fusion devices.

A high ECRH fraction and strong shaping are favorable, but not sufficient conditions to
access EDA H-mode in AUG. Fueling scans show that a minimum fueling level is also required
to maintain a steady-state ELM-free regime. In fact, when enough ECRH power is applied but
the gas puff is too low, the plasma transitions to a nonstationary H-mode with ECMs, in which
the density and radiated power rise uncontrollably until the occurrence of ELMs. By contrast,
changing only the gas puff rate to a moderate value results in a well-behaved stationary ELM-free
H-mode with the QCM. Further increasing the fueling level leads to a small density increase
and slight reduction in energy confinement, but extends the ELM-free power window, so might
be worth the tradeoff. These studies were constrained by the ECRH cutoff, so the limits of the

regime at high fueling rates could not be fully investigated.

A scan in plasma current was also performed, showing that it extends the power window of
the EDA H-mode. In addition, increasing plasma current clearly raises core and edge density,
but the effect on temperature is not entirely clear, due to the small number of discharges and
possibility of spurious outliers. Still, the achievable pressure and triple product increase with
current over the scanned range while maintaining good confinement. High current investigations

were limited by the ECRH cutoff due to the high density.

The effect of heating power on EDA H-mode plasmas was similar in most discharges of the
fueling and current scans, basically leading to an increase in core and edge electron temperature
and pressure, and a slight increase in core density, with an energy confinement degradation less

severe than the IPB98(y,2) scaling.

In terms of dimensionless parameters, the EDA H-mode in AUG has so far only been explored
at high safety factor, due to the ECRH cutoff, so it is not yet known how the results hold in low ¢
scenarios predicted for reactors. Besides this, it has only been obtained at high collisionality,

which may represent a major obstacle in its extrapolation to a burning plasma. However, the
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multidimensional parameter space of the EDA H-mode is complex and its physics is not well
understood, so these issues might not be showstoppers in the end, especially if the critical
parameters to access the regime are located close to the separatrix, where conditions in a reactor
will be more similar to those of present-day devices. In other dimensionless parameters, the EDA
H-mode in AUG performs quite well, achieving high Hogy», BN, fows BNHggyz, and low Z.¢.
Considering it is a stationary ELM-free regime with great power exhaust capabilities, obtained
with dominant electron heating and no torque in a full-W tokamak, one can conclude that the
EDA H-mode is indeed a promising regime for future reactors, well worth further developing

and studying in current and upcoming devices.

6.2 Outlook

Great progress has been made in the development of the EDA H-mode in AUG, but each study
raised countless questions and opened multiple new doors for additional investigations. After all,
a good portion of socratic wisdom is unavoidable when hard challenges are tackled.

Starting with the plasma edge, that appears to be one of the most critical regions for the
EDA H-mode, a general question can be posed: how is the pedestal structure determined?
Several instabilities exist, but their interactions and role in regulating plasma transport is not
well understood. The QCM is always present in the regime, but the transport it drives is hard to
quantify and observations have been somewhat indirect. Experimentally, inserting a Langmuir
probe array would allow an estimation of the particle and energy fluxes at the QCM frequency.
However, this is very challenging due to the extreme heat loads that the probe materials cannot
sustain. Still, a plunge close enough to the separatrix may provide useful information and
specially designed low power discharges are planned to this end. Another possibility is to exploit
the heavy ion beam probe that will soon start operating in AUG, possibly allowing an extension
of transport and instability studies to inner, hotter regions of the plasma. Besides this, data
from the thermal helium beam diagnostic is currently being analyzed to search for connections
between filaments and the QCM, in hope of finding further transport evidence.

From the theoretical point of view, understanding the QCM and its influence on the plasma
would first require an identification of its nature. This, in turn, still needs a better experimental
characterization. More specifically, it is important to determine the propagation direction and

velocity of the QCM in the plasma frame, which is difficult since it requires precise, aligned and
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simultaneous measurements of the radial electric profile and radial localization of the QCM, as
well as its wavelength and frequency, preferably over a range of EDA H-modes with different
plasma parameters. In principle this can be done without resorting to probes by using a set of
more passive diagnostic methods in AUG, as long as great care is taken to optimize the discharges
for high quality measurements, and is part of the plan for the future. If successful, this could also
unequivocally determine if the typical downchirping of the QCM is just a consequence of changes
in plasma rotation or if the mode characteristics also evolve. Regarding radial localization, the
puzzle of the QCM also appearing in core ECE channels should be better investigated, for
example with 2D radiation transport modelling, and also with the ECE imaging diagnostic,
which will be used to study instabilities in ELM-free regimes in the upcoming AUG campaign.
Another important aspect to characterize is the poloidal profile of the QCM amplitude, namely
HFS/LFS asymmetries, which would allow an evaluation of its ballooning character. This may
be possible with the AUG reflectometers, but requires further scenario development to mitigate

the HFSHD in EDA H-mode.

If a thorough experimental characterization of the QCM is performed, there is hope to find it
unambiguously also in modelling efforts. More specifically, nonlinear MHD and gyrokinetic
simulations of EDA H-modes, with the JOREK and GENE codes, are currently planned and
being performed to better understand the regime. This may finally reveal the true nature of the
QCM, its saturation mechanisms, and how it affects plasma transport and the pedestal structure.
Understanding its underlying instability will also help mapping out the parameter space of the
QCM and EDA H-mode. In addition, these simulations may be able to explain how the QCM
interacts with other instabilities and why it has a relatively broad frequency peak over long

timescales.

In fact, the importance of other instabilities in the EDA H-mode is not known, so practically
all the experimental, analysis and modelling strategies mentioned above should be applied to
study also the numerous MHD modes frequently observed in the regime. Even more information

could be available, since these modes are detected by many pick-up coils around the plasma.

In the end, knowledge about the QCM and other instabilities may be leveraged to develop
better EDA H-modes, not only by varying standard discharge parameters, but also by implement-
ing new strategies that might not be evident beforehand. As an example, application of ICRH
beat waves and resonant magnetic perturbations (RMPs) in EDA H-modes are currently planned

for the upcoming AUG campaign, based on the hypothesis that they might influence the QCM

125



and enhance its effects.

Proper edge conditions seem fundamental for the EDA H-mode, but the plasma core is what
ultimately matters for fusion performance, though both regions are correlated. In AUG, relatively
high electron to ion temperature ratios are obtained in EDA H-modes, which is not ideal in a
reactor, since nuclear fusion occurs between ions. However, the temperature difference is due to
the dominant applied electron heating, which will also exist in future reactors from the alpha
particles. That said, the much larger machine size will hopefully lead to a better temperature
equilibration. On the other hand, the higher absolute temperature of a burning plasma will also
result in less electron-ion energy transfer, so the net result should be better investigated with
transport modelling. This is important not only to predict the performance of EDA H-modes in
large-scale devices, but also to evaluate how different the plasma profiles are expected to be and

whether this could have an impact in accessing the regime.

In order to better investigate these issues in current devices, more experiments with different
heating methods should be performed. Further exploration of the EDA H-mode in AUG with
different ratios of ECRH and NBI is currently planned. Besides this, a preliminary pure ICRH
discharge has been performed, but results suggest the regime might be more challenging to obtain
than with pure ECRH, possibly due to the higher tungsten content in the plasma. Nonetheless, the
EDA H-mode should in principle be obtainable with pure ICRH in AUG, since that is how it was
actually discovered in C-Mod. Scenarios with pure ICRH, as well as mixes with the other heating
methods should also be developed in AUG. This may allow a separation of torque and T /T;
effects, as well as access to other magnetic field values, contributing to a better understanding of
the required conditions to obtain EDA H-mode. In addition, ohmic EDA H-modes should be
performed to extend the operational space of the regime, especially in terms of B;. At the other
side of the spectrum, current drive methods should be tried in EDA H-mode in order to evaluate
the potential of the regime for non-inductive operation, which would be very beneficial for the
lifetime and economic viability of a fusion reactor. Another aspect related to external heating
that should be better studied is the influence of its application rate, i.e., which differences exist
when slowly increasing the heating power, as compared to fully applying it at once. In addition,
decreasing power ramps would also be interesting to study hysteresis in the transition to EDA
H-mode and develop safe ramp-down procedures. These experiments are relevant not only for
physics investigations, but also to prepare the operation of large-scale devices, where machine

safety measures are stricter.
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Plasma shaping has also been shown to strongly affect the EDA H-mode. However, in AUG
only two different shapes have been used in the experiments, which limits both the extrapolation
and physical understanding of the phenomena in play. Besides this, the weak and strong shapes
used vary in several parameters, including triangularity and closeness to double null. This means
that, even from a purely empirical perspective, the critical shaping aspects affecting the regime
are not unequivocally known. The AUG coil system makes it very difficult to disentangle the
parameters, so it would be useful to study the intricacies of shaping in EDA H-mode also with
other devices. More specifically, experiments in TCV are planned to conduct such a study,
but the EDA H-mode must first be obtained in this machine. In any case, it is very important
to better study this topic and determine whether plasma shaping can be further exploited to
improve the performance of the EDA H-mode, since this may have a strong impact on its reactor
relevance. Linear and nonlinear MHD modelling might prove especially helpful in interpreting

and predicting results of such experiments.

Besides affecting the P-B stability boundary, plasma shaping in EDA H-mode also influences
the properties of other instabilities, like the QCM and the high frequency modes detected by
the pickup coils, as well as the pedestal structure. In addition, strong shaping allows an almost
direct transition from L-mode to EDA H-mode without any ELMs, even when the power is
gradually increased, and revealed the existence of pulsating EDA H-mode phases under certain
power ranges, but none of these phenomena is understood. It is important to study the pulsations,
namely their parameter space, nature and cause, in order to determine whether they might

represent a risk to PFCs in large-scale reactors.

That said, power exhaust is actually one of the main strong points of the EDA H-mode, since
it is compatible with extrinsic impurity seeding. Nitrogen and argon proved to be very effective
radiators in the divertor and pedestal, respectively, but the experiments in AUG were limited
by the ECRH cutoff. For this reason, new experiments at a lower plasma current, and therefore
density, are planned to further develop seeded EDA H-mode regimes and properly investigate
their limits from the plasma physics point of view. This includes also mixes of seeding species, in
order to try achieving an integrated scenario with simultaneous ELM-free, high power operation

and a detached divertor.

Also deuterium fueling scans in EDA H-mode were hampered by the ECRH cutoff at high
gas puff rates, so they are planned at lower current in the upcoming campaign. Besides this,

even within the ranges already scanned, there are effects in confinement and in the QCM not yet
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understood, so they must be further studied. These might be related to filaments and phenomena
observed also in the small ELM regime, so the connection between the two regimes should be
investigated, namely by bringing their operational spaces closer. EDA H-mode experiments
in AUG were performed almost exclusively in deuterium, but a preliminary discharge with a
deuterium-hydrogen mix suggests that it might be more difficult to obtain a stationary scenario
with hydrogen, since the L-H power threshold increases, but the ELM boundary remains mostly
unaffected. EDA H-mode experiments in hydrogen and helium are also planned for the upcoming

campaign to study dependences of the regime on the main ion mass.

Plasma current scans in AUG EDA H-modes were scarce and produced some clear and some
ambiguous results. They were also limited by the ECRH cutoff, preventing the achievement of
low safety factor which is crucial for fusion performance. Magnetic field scans could not be
performed at all with the standard X2 ECRH scheme. For these reasons, the development of
EDA H-mode scenarios with alternative ECRH schemes in AUG, such as X3 and O2 heating, is
one of the priorities in the upcoming campaign, as it may allow lower By, higher I;,, and therefore

lower g to be achieved.

Despite considerable progress made in developing the EDA H-mode in AUG since its first
observation, its parameter space remains largely unexplored. This is partly because of the ECRH
limitations, but also due to the fact that the regime is recent in AUG and simply did not yet
have enough time and discharges to be thoroughly explored, so its full potential is most likely
yet to be reached. For this reason, general parameter scans, such as plasma current, magnetic
field, shaping, heating power and fueling are still very worth doing. These are useful not only by
themselves, but also have a synergistic effect by serving as the basis for developing the required

scenarios to be used in all the other possible investigations mentioned so far.

However, even if all these experiments are conducted in AUG, some parameters or combina-
tions of parameters will never be achieved simply due to the size of the machine. Because of this,
performing EDA H-mode experiments in larger devices is of paramount importance. JT60-SA is
presently the ideal candidate for such studies, and should encourage future experiments in ITER
if the results are positive. In the meantime, if SPARC is constructed it should also try achieving
the EDA H-mode, since the device will likely fulfill the requirements and could represent a
major breakthrough in fusion research. To conclude, the EDA H-mode is too promising not to
be further developed and studied in present and upcoming devices, giving rise to many exciting

opportunities for future research. This will allow a more reliable assessment of its compatibility

128



with large-scale reactors, which will hopefully come in time for the design of a demonstration

fusion power plant.
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