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Résume

Dans les machines de fusion magnétique de prochaine génération, comme DEMO,
une grande partie de la puissance injectée et produite par les réactions de fusion
doit étre dissipée avant que le plasma n’entre en contact avec la paroi au niveau de
composants appelés “ cibles ” dans le divertor. Le détachement du plasma est I'une
des solutions envisagées pour protéger les tuiles des cibles en maintenant le front de
rayonnement a une certaine distance de la cible. Ceci permet d’évacuer sous forme
de rayonnement la majeure partie de la puissance de chauffage sur une plus grande
surface et de maintenir le flux de chaleur a des niveaux compatibles avec leur design.

Ce travail de these se concentre sur I’étude des caractéristiques du plasma détaché
dans différentes configurations divertor de deux tokamaks : “ TCV ”, situé en Suisse,
et “ WEST ” situé a Cadarache, en France. Le détachement doit étre contrdolé en
temps réel pour garantir a la fois une production d’énergie continue par le réacteur,
et une durée de vie longue pour composants face au plasma. Pour développer des
méthodes de controle de rétroaction fiables, la premiere étape consiste a sélectionner
les bonnes variables de controle et les bons actionneurs (injection de gaz, d’'impureté,
etc.). Al'aide de simulations numériques de bord et de modeles réduits, cette thése
vise a trouver la variable de controle la plus appropriée qui sera utilisée dans un
systeme de rétroaction pour controler les actionneurs disponibles dans les réacteurs
de fusion. Des simulations numériques 2D sont obtenues en utilisant le code de
transport SOLEDGE3X-EIRENE avec des parametres d’entrée spécialement définis
pour reproduire les scénarios expérimentaux. Pour obtenir ces parametres, une
méthode de contrdle par rétroaction sur le profil du plasma a été développée comme
un outil permettant de déterminer les coefficients de transport radial du plasma de
bord a partir des données expérimentales. Les résultats des simulations sont comparés
aux mesures expérimentales disponibles et montrent un bon accord.

Les impacts de la forme géométrique de la paroi (comme le degré de fermeture
du divertor), de la quantité d'impuretés injectées, et de la puissance d’entrée sont
discutés. Les résultats de la simulation montrent que le cas avec un divertor plus
fermé montre de meilleures performances pour piéger les particules neutres, avec une
pression neutre plus élevée pres de la cible. Laugmentation a la fois de la pression
de neutres ou de la concentration en impuretés dans le divertor entraine une plus
grande dissipation de puissance, et facilite ’acces au régime détaché. Un divertor
plus fermé, ainsi que I'injection d’azote peuvent permettre au plasma de se détacher
avec une densité plasma dans la région centrale plus faible (jusqu’'a 24%) dans les cas
que nous avons examinés. Les valeurs seuils a partir desquelles le plasma détache
pour les parametres tels que le flux de chaleur sur la paroi et la hauteur du front de
rayonnement ne sont pas significativement affectés par la modification de la fermeture



du baffle ou la concentration d'impuretés. Une puissance d’entrée plus élevée peut
augmenter de maniere significative le seuil de détachement en termes de densité
du plasma en amont, de la pression neutre du divertor, du flux de particules cibles,
etc. La dépendance des résultats numériques pour quelques quantités physiques
est également analysée a I'aide de modeles réduits pour trouver les observables qui
affectent principalement le processus de détachement.

Enfin, les avantages relatifs des différentes observables au regard la controélabilité
du détachement sont analysés. Un nouveau critere pour le détachement est proposé,
fournissant un bon indicateur de I'état de détachement optimal dans tous les scénarios
de plasma analysés (les situations avec différents degré de fermeture du divertor,
concentration d'impuretés, et puissance d’entrée). Plusieurs stratégies de controle du
détachement du divertor sont concues en fonction des variables de contréle choisies
et comparées aux méthodes de controle existantes. La robustesse d'une stratégie de
controle du tokamak WEST est étudiée par des simulations numériques, et sera testée
dans de futures expériences.

Mots clés: modélisation numérique, plasmas de bord, détachement du divertor,
controle, fermeture du divertor, impureté, mode L, mode H



Abstract

In the next step magnetic fusion devices like DEMO, a large fraction of power, more
than 95%, needs to be dissipated before the plasma impacts the dedicated regions on
the wall, the so-called divertor targets. The divertor detachment is one of the solutions
envisaged to protect target tiles by keeping the radiation front detached from the
target, thus radiating most of the heating power on a larger surface, keeping the heat
flux deposit on the target at a manageable level, and reducing the sputtering and
accumulation of impurities.

The present work is devoted to investigating the strategies to control detachment in
the tokamak single null divertor configuration, which is planned for the International
Thermonuclear Experimental Reactor (ITER) experiment presently in construction at
Cadarache. The detachment must be feedback controlled in real-time to guarantee
the continuous production of energy by the reactor and a long life of the plasma-facing
components. To develop reliable feedback control methods, the first step is to use
good control variables and actuators. With the help of edge numerical simulations and
reduced models, this thesis aims to find the more appropriate control variable that
will be used in a feedback scheme to adjust the actuators available in fusion reactors.
2D numerical simulations are obtained using SOLEDGE3X-EIRENE transport code
with input parameters specially defined to reproduce the experimental scenarios
in tokamaks, and more precisely in the TCV tokamak located in Switzerland and
the WEST tokamak located in Cadarache, France. Profile feedback control has been
developed as an interpretative tool to extract edge plasma transport coefficients from
experimental data. Simulation results are compared with available experimental
measurements and show good agreement. Modeling density scan is performed via
adjusting deuterium gas puffing or impurity seeding to achieve different levels of
detachment.

The impacts of wall geometry (like divertor closure), impurities, and input power
on detachment have been discussed. Simulation results show that the case with a
more closed divertor has better performance in trapping the neutral particles and has
higher neutral pressure near the target. Increasing the neutral pressure or impurity
concentration in the divertor leads to greater power dissipation, thus facilitating the
access to the detached regime. Both considering more closed divertor configurations
and increasing nitrogen seeding will induce the divertor detachment at lower up-
stream separatrix density, up to 24% in the cases we have considered. The threshold
values of variables like target heat flux, and radiation front height in the divertor for
detachment are found to be not significantly affected by the change of divertor clo-
sure and impurities concentration. Higher input power can significantly increase the
detachment threshold in upstream plasma density, divertor neutral pressure, target



particle flux, etc. The dependence of numerical results from few physical quantities
is also analyzed with the help of reduced models to find the observables that mostly
affect the detachment process.

Finally, the relative advantage of the different observables regarding detachment
controllability is evaluated. A new criterion for detachment is proposed, which pro-
vides a good indicator of the optimal detachment condition in all the analyzed plasma
scenarios (the situations with different levels of divertor closure, impurities concen-
tration, and input power). Several strategies for controlling the divertor detachment
have been designed based on good control variables and compared with existing
control methods. The robustness of a control strategy for WEST tokamak has been
investigated by numerical simulations, and it will be tested in future experiments.

Keywords: numerical modeling, edge plasma, divertor detachment, control, divertor
closure, nitrogen seeding, L-mode, H-mode
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Units

If there is no specific mention of units, S.I. (Systeme International) units are used.
Following the convention generally accepted in the subject, temperatures are writ-
ten in unit electron volts [eV]. When we mention temperatures in T[K], the transfer
relationship is like T[K] = T[eV]e/k, here e = 1.602 x 10719 C is the electronic charge,
k =1.381 x 10723JK™! is the Boltzmann constant. In some reference papers, kT [K]
and eT'[eV] are possibly written in TJ].
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1.1. Thermonuclear fusion

Nuclear fusion is the process of combining two light nuclei into a single, heavier nu-
cleus, which releases energy. For example, when two isotopes of hydrogen (deuterium
and tritium) are fused, they produce a helium nucleus and a neutral particle, releasing
17.6 MeV of energy per reaction [11] :

1D? + T3 — ,He* (3.5 MeV) + on' (14.1 MeV) (1.1)

The nuclei of deuterium and tritium need high enough energy to overcome mutual
repulsion due to their positive charges, and the cross-section reaches the peak value at
100 keV. Presently, the Equation 1.1 is the most promising fusion reaction compared
with D-D, D-He? as shown in Figure 1.1.
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FIGURE 1.1. : Cross-sections for the reactions D-T, D-D and D-He?®. Figure from refe-
rence [11].

The particles need to be maintained in the reacting region with a sufficiently large
product of confinement time and density to reach a positive power balance to maintain
the reaction continuously. With high enough confinement, the plasma temperature
can be maintained with a-particle heating (mostly absorbed by the plasma) from the
reaction. The external heating is then no more needed. When the reaction reaches this
threshold point, the so-called ignition is realized. The ignition requires the product of
density (n), temperature (7T), and energy confinement time () exceeds the critical
value which is developed from the so-called Lawson criterion :

nTtg>3x 102' m~—3keVs (1.2)

Such high value is still hard to realize. Some solutions are under investigation, like
magnetic confinement (Tokamak, Stellarator) and Inertial confinement (LMJ, NIE
etc.).

Deuterium is a fairly abundant isotope of hydrogen, with 1 deuterium atom for
every 6700 hydrogen atoms in the ocean, which means that the sea is a potential
source of extremely large amounts of deuterium. Tritium is rarer on Earth, while it
can be produced artificially through nuclear reactions. The simplest way is to use
lithium to react with neutrons to generate tritium, and deuterium can also generate
tritium by absorbing neutrons. Nuclear fusion does not produce long-term and high-
level nuclear radiation that occurs in nuclear fission. Humans have already achieved
uncontrolled nuclear fusion, such as the explosion of a hydrogen bomb. Inventing a
device that can effectively control the process of fusion and make the energy output
continuously and stably would be an ideal choice in the future.
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1.2. Tokamak

The tokamak is an experimental device that uses a powerful magnetic field to confine
plasma in the shape of a torus to achieve controlled nuclear fusion. As shown in Figure
1.2, at the center of the tokamak is a vacuum chamber with circular section. The coils
poloidally wound around the vacuum chamber can generate a toroidal magnetic
field By ; the inner poloidal coils (the so-called central solenoid) can induce a plasma
current by induction with constant magnetic flux change, and the current can generate
a poloidal field By ; the outer poloidal coils, which are toroidally wound around the
vacuum chamber can contribute to the poloidal field and shape the plasma. The
toroidal magnetic field By is usually much stronger than poloidal field By, leading to
the helical magnetic field B being primarily aligned in the toroidal direction, as shown
below.

B=B,+By (1.3)

The toroidal By is not homogeneous in the tokamak, By ~ 1/R, R is the horizontal
distance from the central axis of the machine. The gradient of magnetic field in the R
direction and curved magnetic field line in the toroidal direction can lead to up-down
separation of ions and electrons due to drifts (Section B). The separation of ions and
electrons can generate an electric field in the vertical direction and make plasma move
to the wall in the presence of toroidal magnetic field By. The poloidal By plays an
important role in preventing the separation of ions and electrons. The helical magnetic
field B thus presents better confinement for particles. However, the confinement is still
not satisfied due to instabilities generate turbulence transport and thus reducing the
energy confinement time. At the end of the last century, superconducting technology
was used in the tokamak device to facilitate long discharge operations in tokamak.
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FIGURE 1.2. : Schematic of a tokamak chamber and magnetic configuration. Figure
from reference [12].

1.3. Divertor and scrape-off layer

The plasma domain in a tokamak is usually separated into two regions : the core
region and the Scrape-Off-Layer (SOL) region by the Last Closed (magnetic) Flux
Surface (LCFS) (also called separatrix) which is the outermost flux surface untouched
by solid surface. In the early stage of tokamak study, limiters were applied to contact
with plasma to protect the wall as shown in Figure 1.3. The particles have very high
velocity along the field line and can reach the sound speed at the entrance of a very
thin layer (sheath) near the wall due to the strong sink function (Section 2.3.1). The
sheath forms at the limiter side that interact with plasma, leading to high particle
loss velocity, making the particles can only move cross-field for a very short distance
beyond the radial limitation of limiter. Outside the LCFS, the layer due to short diffuse
distance of edge plasma is the so-called SOL.

The divertor is now more frequently applied in tokamak as it can keep plasma-
wall interaction some distance from the main plasma, and reduce the impact of
impurities on the core region. The configuration is generated by using an external
conductor with current Ip, which keeps the consistent direction as plasma current
(Ip), as divertor configuration on a poloidal cut shown in Figure 1.4. Here, Private
Flux Region (PFR) indicates the region surrounded by target plate and two divertor
legs. The poloidal magnetic field strength equals zero at X-point. It is found that the
edge plasma can strongly influence the system and be critical in the dependence of
boundary conditions.
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FIGURE 1.4. : Divertor configuration on a poloidal cut.

The safety factor g is used to evaluate the stability of the plasma in tokamak, which
is approximately evaluated by Equation 1.4 in the machine with large aspect ratio and
circular cross-section. The aspect ratio is defined as R/a, where R is the major radius
of the torus and a is the minor radius of the (circular) LCFS. However, r in Equation
1.4 means the minor radius of any particular (circular) flux surface [13]. The plasma
appears unstable if g5 < 2 at the edge (LCFS) [11].

T’B(P
" RBy

The normalized poloidal flux yy is usually used as perpendicular coordinate and
given by

gs (1.4)

wN = V-1

= (1.5)
step Yo
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where v is the poloidal flux value at the magnetic axis, ysep is the value at the
separatrix and y represent the poloidal flux value at measured location. One can
clearly see that for the point on the separatrix ¢y = 1, for the point inside separatrix
¥n < 1, and for the point outside separatrix yy > 1.

1.4. Modes of confinement

Low-confinement mode (L-mode) is the earliest mode operated in tokamak devices. It
presents relatively low confinement in plasma energy and particles compared with
other modes. In 1982, the High-confinement mode (H-mode) was discovered in ASDEX
tokamak. When the heating power (from the neutral beam) was increased and sur-
passed a certain threshold value, the plasma went into improved energy and particle
confinement state spontaneously [14]. This observation is different from the conven-
tional L-mode, the reason is still not yet fully understood, a transport barrier (the
region where the turbulence transport is locally reduced) was found in the plasma
confinement region near the separatrix as shown in Figure 1.5. Due to its potential to
improve the confinement, H-mode is one of the desired operating regimes for future
tokamak operations like International Thermonuclear Experimental Reactor (ITER) or
DEMOnstration power plant (DEMO) [15]. Experimental results show that minimum
heating power is required to provoke an L-mode into the H-mode regime [16]. L-H
threshold power is found to be largely independent of diverter geometry [17].

H-mode
W
t
=
172}
§ L-mode . Edge
t
= Barrier
<
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= £
R g
Y
N
Pedestal Scrape
i Off
] Layer
0 Plasma radius r/a, 1

FIGURE 1.5. : Typical pressure profiles observed in L- and H-mode phases. Figure
from reference [18].

Improved energy confinement mode (I-mode) was also investigated by certain
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devices. This mode can be achieved by using unfavorable magnetic direction and
consequent drifts (ion moves in the direction from the active X-point to center due to
the gradient of toroidal magnetic field B), following the H-mode access and keeping
the H-mode power threshold high. It presents H-mode-like high-energy confinement
and L-mode-like relatively poor particle confinement simultaneously [19, 20]. The
transport barrier in edge energy without the one in particle can benefit the reactor
performance, prevent impurity core accumulation and facilitate the removal of fusion
ash [21]. I-mode shows the potential to be a credible solution alternative to H-mode
for the operation of the tokamak.

1.5. Plasma regimes and detachment

In future fusion reactors, the core plasma can reach very high temperatures (more
than 1 x 108 °C). A challenge is to avoid such hot plasma destruct wall material. In
divertor configuration, a high level of heating power leaves the confined region and
enters the SOL, finally depositing on a relatively narrow surface on the wall. The heat
flux can easily exceed the wall material limitation, for ITER it is less than 10 MW/ m?2
[22]. To realize long pulse discharge operations in reactors, a large fraction of power
needs to be dissipated before the heat flux arrives at the divertor target, and maintain
the target heat load at a manageable level.

Detachment is one of the explored solutions to protect target tiles. It was initially
found in the experiment. As shown in Figure 1.6, with increasing pedestal density (or
upstream density), the plasma will go through different regimes :

* Sheath-limited regime. The temperature gradient along the field line is very
small. The change of SOL mainly happens in the sheath.

* High recycling regime. Strong temperature gradient along the field line, faster
rise (decrease) of target density (temperature), and most of the particle sources
come from the neutrals recycled from the wall.

¢ Detached regime. When pedestal density (or upstream density) is raised above
a certain threshold, the target temperature becomes very low (few eV), and the
neutrals coming from the target are less probably ionized in the neighborhood
of their origin, thus the ionization front can move away from the target. When
the target temperature is below 2 eV, recombination can play a role in decreasing
the plasma density at the target.
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FIGURE 1.6. : Evolution of electron temperature, ion temperature, and plasma density
at the target as a function of bulk plasma density 72, in the tokamak
ASDEX [23]. The distinction between the three regimes is underlined
with red vertical lines.

Therefore, the plasma in detached regime can keep the radiation front some distance
from the target and radiate most of the heating power (about 60%—-75% in ITER,
and more than 95% in DEMO [24]) in a larger surface, thus keeping the heat flux
deposit at the target at a manageable level. Detachment can be realized by raising the
plasma density, injecting impurities, or changing the input power. However, strong
detachment may lead to a reduction in core performance, so it is important to control
detachment at a proper level. More investigation needs to be done to know better
about how to control the detached regime.

1.6. Detachment control and challenges

There are several detachment control methods have been developed based on different
control variables :

* The particle flux. Presently, the more feasible strategy to control detachment is
to use the rollover characteristic of parallel ion saturation current density Jj ;
at the divertor target when divertor plasma detaches as shown in Figure 1.7. It
is attractive as the J; can be easily measured by Langmuir Probes (LPs). This
method has been verified in tokamaks like Tore Supra [25], JET [26], EAST [27],
DIII-D [28], and KSTAR [29]. However, variable impurities concentration and

26



1. Introduction — 1.6. Detachment control and challenges

input power can significantly change the J; rollover threshold, which raises
challenges in realizing reliable detachment control with Jj ; (Section 5.2). These
limitations can largely reduce the feasibility of applying the control strategy
based on analyzing the evolution of Jj ; in future DEMO devices, as the impurity
seeding is found to be a necessary step to facilitate detachment in high heating
power cases. The flexibility of changing the input power should also be allowed
in an ideal detachment control strategy to give some operation space for target
tile protection in the transition stage and controlling the burning plasma.
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FIGURE 1.7. : Rollover of measured peak ion fluxes at the inner and outer divertors for

a density ramp in L mode of JET when plasma detached. Figure from
reference [30].

* The radiation front or radiation center. The height of the impurity emission
front or X-Point Radiator (XPR) from the divertor target was employed to control
detachment in Tokamak a Configuration Variable (TCV) [31] and in ASDEX
Upgrade [32]. However, this method requires an effective real-time diagnostic
system with high enough spatial resolution. For example, the TCV used multi-
spectral imaging diagnostic MANTIS [33] to analyze the location of the CIII
emission front. The ASDEX Upgrade used a number of Lines Of Sight (LOS)
across the divertor to analyze the XPR position. Such control strategies are diffi-
cult to be reproduced in devices with shorter divertor legs, such as W-tungsten
Environment in Steady-state Tokamak (WEST).
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e The radiated power. The control of radiated power or the fraction between
radiated power and input power was applied in AUG [34], JT-60U [35], and EAST
[36], to manage the divertor heat flux, by using bolometer diagnostic or absolute
extreme ultraviolet (AXUV) channels [37].

There are also some instability issues that need to be concerned about. For example,
bifurcation is usually found in high input power cases. It can make the divertor plasma
unstable during the transition from the attached to the detached regime. To control
the detachment, we need to make the plasma skip this unstable period as quickly as
possible [38]. In H-mode operation, it has been found that achieving both ELM sup-
pression and detachment simultaneously is challenging in many available devices [39].
Other instability issues may arise due to slight changes in the magnetic configuration.
The ideal detachment control strategy needs to be developed based on analyzing one
or several variables that are highly related to the detachment level, in order to improve
control performance under various situations with varying impurity concentration,
heating power, or configuration. The main objective of this thesis is to find a better
detachment control strategy, particularly focusing on identifying the improved control
variables.

Feedback control is typically employed during detachment control, and one crucial
factor is the time delay. Once the system state is measured using diagnostic methods,
the feedback controller needs to analyze the data in real time and send commands to
the executor, such as the gas injection signal. Excessive time delay in this process can
make the system difficult to control. In a tokamak such as EAST, the interval between
when the injection signal is sent and when the density starts to grow is ~ 50ms for gas
puffing pulse but only ~ 5ms for Supersonic Molecular Beam Injection (SMBI) [40]. The
time delay in changing the input power is typically a few milliseconds. Concerning the
diagnostic aspect, it is important to address the relatively high noise level present in
the signal. The signal must be carefully processed to provide useful information to the
feedback controller. Additionally, due to the limited capacity to remove particles from
the tokamak device and considering the wall as a potential source of particles, the
plasma density does not exhibit the same sensitivity to an equal increase or decrease
in the gas puffrate. Consequently, when designing a feedback controller, it is necessary
to rapidly reduce the gas pulff to zero if the plasma state, such as the ne sep, €xceeds
the set value.

1.7. Outline

This thesis is devoted to further understanding the detached plasma regime and its
control which is a challenge that needs to be solved to give insights into operating the
long pulse plasma in the next-generation tokamak. It is organized as follows.

In Chapter 2, edge plasma physics and its diagnostics are introduced. It is provided
a brief illustration of plasma transport in a magnetic field and plasma-wall interaction.
Two-Point Model (2PM) is presented, which can be helpful in understanding plasma
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regimes. The essential aspects of fluid equations that describe the edge plasma are
also presented.

In Chapter 3, the numerical modeling process is introduced. We use the edge plasma
simulation code called SOLEDGE3X-EIRENE. Then we discuss the influence of simu-
lation setups including the treatment of transport coefficients, drifts, and recycling
coefficients. The understanding of the sensitivity to the setup can help us to build
promising edge plasma simulation models close to the experimental results. The
numerical simulation is mainly performed on devices : WEST and TCV. The L-mode
(in WEST) and H-mode (in TCV) cases have been reproduced with Lower-Single-Null
(LSN) (in both) and Upper-Single-Null (USN) (in WEST) magnetic configurations.
Based on the basic case, density scans have been performed to cover the plasma in
different regimes, especially the detached one. Obtaining the evolution process of
plasma from attached to detached can be helpful in understanding the physics and
characteristics of plasma, and knowing how the plasma can be controlled.

In Chapter 4, the impact of divertor closure, impurity seeding, and input power on
detachment onset have been investigated. This can help us understand the physics
better and find detachment-dependent parameters which are critical for stable de-
tachment control. The 2PM was also studied and used SOLEDGE3X simulation data
as input to facilitate the physical understanding and identify the key points that are
relevant to the detachment.

In Chapter 5, we discuss the strategies to control detachment. A new criterion for
detachment is proposed, which provides a good indicator of the optimal detachment
condition in all the analyzed plasma scenarios (the situations with different levels
of divertor closure, impurities concentration, and input power). Several strategies
for controlling the divertor detachment have been designed based on good control
variables and compared with existing control methods. The robustness of a control
strategy for WEST tokamak has been investigated by time-dependent numerical simu-
lations, and it will be tested in future experiments.
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2.1.

High-collisionality in edge plasma

The plasma resistivity, denoted as 7, is proportional to T, /2. Low or high resistivity
is associated with relatively hot or cold plasma, respectively. Additionally, the colli-
sionality of the plasma can help differentiate between the two temperature regimes.
Hot plasma exhibits low collisionality, whereas colder plasma demonstrates higher
collisionality. One way to estimate the collisionality is by comparing typical scales :

* The length of the magnetic field line L, associated with the parallel transport,
proportional to the physical size of the machine (major radius of the tokamak
R), usually in a scale of 100 m.
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e The particle mean free path A, associated with the thermalization process due
to Coulombian collisions between plasma particles, can be evaluated by

1016 T2
Aee = Aji = ) (2.1)
Ne

where, A in unit [m], temperature T in unit [eV] and the number of electrons 7, in
unit [m~3]. The evolution of A as a function of temperature T is shown in Figure
2.1. For relatively hot plasma (e.g. Te = 1keV, 1o = 1 x 10! m™3), 1 = 1000m; for
relatively cold plasma (e.g. To = 50€V, ne = 1 x 109m™3), 1 = 2.5m.
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FIGURE 2.1. : Graphs of the electron mean free path against temperature. The ion
mean free path is approximately equal to the electron mean path at the
same temperature. Figure from reference [11].

Thus:
Hotplasma: A.> L
Coldplasma: A.<Lj
Here, we focus on the description of the plasma in SOL which is typical cold plasma
with high collisionality. This description can be done with different levels of precision,
either tracking all ionized particles following the Lorentz equation or using fluid
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2. Tokamak edge plasma physics — 2.2. Fluid equations

equations to describe collective transport. The fluid description can be properly used
in cold plasma to make a good approximation.

2.2. Fluid equations

In this thesis, we mainly use the edge transport code SOLEDGE3X (Section 3.1) to
perform numerical simulations. Mass, momentum, and energy balance are solved for
arbitrary edge plasma composition in the SOLEDGE3X [5].

2.2.1. Particle balance

The particle balance described by the continuity equation for all charge states of ion
species is shown below :

ong
ot

The n, is ion density, v, is ion velocity and S, ,, is a volume source of ions (due to
ionisation and recombination of neutrals). The v, can be decomposed as follow :

+V-(ngvy) = Sna (2.2)

v“ = U”yab+vl’a (2.3)

Here, the b = B/B represents a unit vector aligned with the magnetic field; the
V|« is parallel velocity determined by the parallel momentum balance discussed in
Section 2.2.2; the v, 4 is the perpendicular velocity determined from the perpendi-
cular momentum balance and drift ordering is applied. The cross-field transport,
which comes from collision, turbulence is emulated by radial mass diffusivity D . The
perpendicular velocity v, , can be described as :

VJ_n(x

VJ_'a = _DJ_,(X = _DJ_,avJ_ log na (2.4)

Ny

Because of quasi-neutrality plasma, the electron density is computed by :

Ne = ZZini (2-5)
i

2.2.2. Momentum balance

The momentum balance for each species is described by the equation below :

E (MgngVe) +V-(Mgngvg®Vy) = —Vpg+Zgenyg (E+vy xB)

~V- g +R+Sr, (2.6)
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The R is the friction force computed by the multi-species Zhdanov closure [41]; St 4

is the external momentum source (due to ionization and recombination process); I1y
is the stress tensor can be decomposed as follow :

=TI+, +1 2.7)
Here

. ﬁ” gathers parallel collisional contribution including parallel ion viscosity ef-
fects.

« I, gathers gyroviscous terms which are not linked to collisions but to diama-
gnetic effects in the fluid description. This part is important for the so-called
diamagnetic cancellation.

« 1, gathers perpendicular collisional contribution. It is usually neglected.

In SOLEDGE3X, the three parts of stress tensor are treated as follows : the perpen-

dicular part is neglected (IT; = 0). The diamagnetic part I1, is taken into account
assuming ideal diamagnetic cancellation, that is considering the divergence of the
diamagnetic stress tensor cancels the advection of velocity by diamagnetic velocity.
Instead, one only keeps the advection by second order of VB drift (all drift velocities
are defined in the perpendicular momentum balance section). The parallel stress
tensor is kept and assumed to be in the form :

ﬁ” =7 (b ®b-— %?) , (2.8)

where

1
) ==3vo (Vu Va =K Va1 = 2V 'Va) (2.9)

Here, x = (b- V)b denotes the magnetic curvature. This kind of expression for the
parallel viscous stress tensor can be found in [42-44]. The 7 variable can be seen
as expressing the departure from an isotropic Maxwellian since 7| = p; — p_ in the

Braginskii expansion. The divergence of TTj gives :
= 1
V-H”=[V-(7‘[||b)]b+7'[||K—§V7l'|| (2.10)
Taking the parallel projection of Equation 2.6 gives an equation for parallel momen-

tum :

0 =
a7 (mana l)a,”) +V. (mana Va,”Va) ==V pa+ZeengEj—b-V-IIy + R+ Sr,q, (2.11)

The parallel projection of the divergence of the stress tensor (parallel viscous part)
gives :
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e 1 2
b-V-H” = V-(JT“b) —§V||JT|| = §V||7t|| +7T||V-b (2.12)

For simulations ran in transport mode, a radial momentum diffusivity v, is added to
emulate cross-field transport of velocity by turbulence. This extra-term can be added
to the viscous tensor as :

b-V-TI; =V-(ngv1,qVivay) (2.13)

2.2.3. Power balance

The total energy of each species :

3 1 )
&y = Eena T, + zmana vy (2.14)

The power balance for each species can be described by the equation below :

ot
Here, q, represents the heat flux and can be written as :

+V- ((ga + Da)Va + g Vo + qa) = Vg (engEq +R) + Q + Seq 2.15)

9o = qa,|b+9q,/ +qq,1, (2.16)

where

* (g, is the collisional heat flux. Its expression is provided by Zhdanov closure. In
the most simple form, it can be given by a Fourier law for the thermal part plus a
contribution due to the difference of parallel velocities in between species.

* (g, is the diamagnetic heat flux. It takes a b x VT expression. In our case, we
consider an ideal “diamagnetic cancellation” (see below) and assume the diver-
gence of the diamagnetic heat flux cancels the advection of thermal energy by
diamagnetic drift.

* (g, is the collisional cross-field heat flux. It is negligible. However, for simula-
tions run in transport mode, it can be used to emulate cross-field heat flux due
to turbulence. In that case, it will take the form of a Fourier law :

a,1 = —NaX1,aV1Ta, (2.17)

where the thermal conductivity y; must be adjusted to match turbulence effec-
tive transport.
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2.3. Plasma-wall interaction
2.3.1. Sheath

The fluid equations (Section 2.2) describe the evolution of plasma in the edge. In
addition, the boundary conditions that get involved with plasma-wall interaction
need to be specially treated.

The electrons have very high thermal velocities compared with ions, leading to
negative charge on the wall. The electric field triggered by negative charge adjusts
spontaneously to prevent further accumulation of charge, in the end making ion and
electron loss to the wall equally and reach steady state. This process mainly happened
in a narrow region close to the wall with a width of few Deby lengths. This plasma-wall
interacts narrow region is the so-called sheath. Outside the sheath, the plasma is
quasi-electrically neutral. The plasma in the sheath is nearly collisionless due to the
scale of sheath being much smaller than the mean free path of the particles.

Bohm criterion

Far away from the wall, we assume the electrostatic potential is zero, and plasma is in
a quasi-neutral state. The electric field (caused by negative charge on the wall) repels
electrons and accelerates ions, the evolution of electrostatic potential as a function
of distance from source to solid surface (wall) is shown in Figure 2.2. Here, Ayt is
the potential of the wall relative to the sheath edge (‘s’ for sheath, ‘f’ for floating),
estimated to be —3kT,/e. The potential of pre-sheath A¢s is about —0.7k T,/ e, for
D-plasma.
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- - - - Sheath Edge
Solid Surface

/A¢%»v—07kﬂje

- 4 - - = Source

/

A¢yr = —3kT, /e

Ly

—

oo

FIGURE 2.2. : Potential drop and particle flux in sheath model.

Now, we start with the simplest case : ions are assumed to be cold (7; = 0), and
depart from the source (upstream of sheath edge), fall collisionless with zero velocity
(vy = 0). With the function of electric field, ions satisfy particle conservation and
energy conservation :

n;i (x) vi(X) = N ge Vise (2.18)

;mﬁm:—mu) (2.19)

So we can obtain the ion density :

4
7i(X) = Nise (P(—Sxe) (2.20)
For ions, the loss process strongly distorts the ordinary Maxwellian distribution due
to no backward-going ions at the sheath. However, electrons have the same mean
speed as ions, which is very small compared with thermal mean velocity (ve), and it
can be supposed to satisfy Maxwellian distribution with Boltzmann factor (Section
A.4).

M) (2.:21)

Ne(X) = Nese eXp( T,
e
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Ne,se = Nise = Nge due to quasi-neutral plasma outside sheath edge. We can obtain an
equation for the plasma potential in the vicinity of the sheath entrance. This leads to
the so-called Bohm criterion for the ion entrance speed to the sheath. With E = -V ¢,
and V- E = e(n; — ne) /€, the 1D Poisson equation is given by

d2 e

(Pse e((,b (x) bse )
P(x)

For the region inside the sheath, we define A = ¢ — ¢(x) (> 0), we can expand the
items below :

(2.22)

Pse :1+1A:1—1i (2.23)
(,D(X) 2 (Pse 2 |(pse|

e(p(x) — Pse ) el
—r - T Ix]1- 2.24
Xp( kT, kT, (2.24)
Thus
d*A  engA ( e 1 ) (2.25)
dxz - gO kTe 2 |(Pse| )

The physical result asks for a non-oscillatory A, so the Bohm criterion requires :

¢, 1 (2.26)
kTe ~ 2|dse| '
Combine with Equation 2.19, we have the ion velocity at sheath entrance :
kTe
Vise = Cs = ) (2.27)
mj

where ¢ represents the sound speed. In hot plasma (7; = T¢), the sound speed can
be modified as :

kTe +vkT;
Cs = #’ (2.28)
mj
where y is the adiabatic coefficient, for an isothermal flow, y = 1; for adiabatic flow,
Y =5/3-3, depending on the collisionality in the sheath [45].

Particle flux

In this section, we discuss the particle flux of electrons and ions toward the wall. Due to
the potential well, ions are accelerated toward the wall, and only a negligible fraction
of ions can escape the drag of electric field. So nearly all the ions can reach the wall
(conservation of particle flux). In Figure 2.2, we present the particle flux at different
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positions : I’y represents the one from source; I'se represents the one enter the sheath
edge; I'ss represents the one reach the solid surface (wall). Due to the conservation of
ion particle flux. They follow the relationships like following.

1—‘i,u = 1—‘i,se = 1—‘i,ss = NgeCs (2.29)

For electrons, the electron flux between sheath edge and wall is still conserved, due
to the electric charge balance in sheath region in steady state. However, some part of
electrons is repelled by electric field before entering the sheath edge, leading to the
reduction of electron flux entering sheath edge as shown in the following equation.

l—‘e,u > 1—‘e,se = 1ﬂe,ss (2.30)

Because of velocity of electrons in sheath still remains the Maxwellian, plus the
one-way flux we discussed in Section A.2, the electron flux reaching the wall can be
written as :

k Te eA(/)Sf)

2.31
27T Me exp( kT, ( )

1
Fess = Znss“/ss) = Nge

Heat flux

Now, we consider the heat flux to the wall. For ions, we assume it satisfies the drift
Maxwellian distribution function (Section A.3) with drift velocity c, the ion heat flux
can be evaluated by :

5 1,
Gise = EkTi+5mics [ise (2.32)

=vikTil'i se (yi = 3.5,assuming T, = T;,isothermal flow)

The electrons almost follow the ordinary Maxwellian distribution due to the drift
velocity being smaller than its thermal velocity. Considering one-way heat flux as
Equation A.12, electron enter sheath needs to overcome ¢t and ¢se, even though this
part of the power will transfer to ion in the sheath. So, we have the net electron power
flow at the sheath edge :

Gese = YekTel'ese (2.33)
e e
e=2+@+@22+3+0.7=5.7 (2.34)
Y T T
e e

The total energy flux caused by ions and electrons deposited on the solid surface is

Gss = qe,ss t qi,ss = de,se + Gise = (YekTe + YikTi) Fse =ykTTse (2.35)

Here, we assume T, = T; = T, and y = 7-8 is applied. This equation represents the
heat flux that is lost from the plasma.
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2.3.2. Plasma recycling

When the plasma interacts with a solid surface, the recombination process occurs.
Thus the solid surface is like a sink for the plasma. Most of the ions and electrons
recombine on the solid surface and will later be reinjected into the plasma as neutrals.
The mass balance between the outflux of ions and electrons and the influx of neutrals
is referred to as plasma recycling. However, the recycling process is not instantaneous
and the trapped-trapped process happens for the particles from the plasma [46].

2.4. Atomic and molecular physics

In the SOL, the existence of atomic and molecular can not be neglected, the main
reactions occurring between the species and their relative rate coefficients are shown
in Figure 2.3. Neutral particles recycled from the wall mostly interact with plasma elec-
trons through collisions. The main effects are ionization and molecular dissociation,
there is also excitation reactions (e + H® — H* + e). These processes can cause power
exhaust in the SOL. A Monte Carlo code like EIRENE can evaluate this phenomenon.

One needs to notice that the molecules have a really small mean free path, can easily
dissociate near the wall. The most important reaction to describe the SOL behavior
is thus the ionization denoted by (6) in Figure 2.3, charge exchange denoted by (7).
When the temperature is high (> 20eV), their coefficients are comparable, while at low
temperatures, the charge exchange is dominant.
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FIGURE 2.3. : The rate coefficients for atomic and molecular hydrogen. The numbered
reactions are (1) : e+Hp, — HJ +2e, 2) :e+H, — 2H +¢, (3) : e+
H, - H°+H" +2e, 4):e+H] —2H’ (5):e+H} - H°+H" +e, (6) :
e+H’ — H" + 2e, and charge exchange (7) : H® + H* — H* + H°. Figure
from references [13, 47].

2.5. Scrape-off layer width
2.5.1. Relating density scrape-off length 1, to diffusion

The plasma particles collisions within the density gradient can lead to cross-field
transport. We can use Fick’s law to describe this diffusive motion :

d
r,=-p 2 (2.36)
dr

where, T is the particle flux density [m™2s™!], D, is the cross-field diffusion coef-
ficient [m?s™!], and dn/dr = —n/Ay, A, is the characteristic radial scale length of
density. D is still difficult to be calculated from the first principles, usually obtained
from the experiment, in an order of 1 m 27! (empirical). Being clear about these
coefficients is very important in predicting the confinement properties of magnetic
plasmas. Due to strong enough plasma collisionality (low temperature) in the SOL,
the neo-classical effects (e.g. banana orbits) can be ignored. The charged particles will
follow the magnetic field. We can ‘straighten out’ the SOL as shown below :
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FIGURE 2.4. : The SOL ‘straightened out’. Figure from reference [13].

The SOL here is limited by two opposite solid surfaces (inner and outer divertor
target) at each end, LCFS or separatrix on the top, vessel wall on the bottom, width w
which is perpendicular to both parallel magnetic field direction and the radial cross-
field direction r. In a divertor case w = 2w RBy/ B, where R is the major radius, By is
the poloidal magnetic field strength, B is total magnetic field strength. 2L in Figure
2.4 represents the parallel connection length of SOL from inner to outer target, thus
2L =2mRqqs5, qos is the safety factor. For the simple SOL, the total particle out-flow
from the confined plasma, crossing the LCFS into the SOL is given by :

d
¢ =-DOLZEl 21w [particless™] (2.37)
ar |sep

Duetodn/dr =~ —n/A,, we have :

¢ 1 = DSO" (ngep/ An) 2Lw (2.38)
The total particle flow that arrives at two targets is :

o0

o) =2w nesdr (2.39)

r=sep

This result is exact if ¢s(r) is constant and if n(r) is actually exponential :
n(r) = ngep exp(=r/Ap) (2.40)

Supposing there are no other particle sources or sinks, and ¢, = ¢, we can get:

1/2
)

An = (DO L1 (2.41)

The A, can be evaluated from n(r), which is measured by LPs. Thus D, can be
estimated in the experiment.
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2.5.2. Estimate decay length of parallel heat flux 1,
From density and temperature exponential profiles

With upstream separatrix density 7 sep, the density profile can be written as Equation
2.42, here, r represents the radial outward distance from separatrix. The exponential
profile is found to be roughly close to the experimental one.

n(r) = Nsep €xp(—r/Ay) (2.42)

Similarly, the temperature profiles can be represented as

T(r) = Tsepexp(—r/Ar) (2.43)

As discussed in Section 2.6.1, in isothermal plasma, the density drop by a factor of 2
from upstream to the sheath edge. The heat flux can be written as :

1
Ge,) (1) = EnCsYekTe (2.44)

1
g, (r) = > ncsyikT; (2.45)

Considering cs given by Equation 2.28, supposing T, = T; = T, we can have the
simple relation :

1 1 1 3

= = + —_—

Agey  Aay An 2Ar

Aq, here describe the decay length of parallel heat flux at the Outer Mid-Plane (OMP)

(no flux expansion considered), can be evaluated by 1,, and At. Both decay lengths
can be obtained by fitting with experimental radial profile at the OMP.

Also, through Equation 2.59, when target temperature is much small compared with
the upstream temperature (T, = Tet), the heat flux can be evaluated as

(2.46)

76] I condL
2kOe

So heat flux can be related to the temperature directly in a rough estimation. Follo-
wing the same analysis, we can also obtain another format of A :

T2 ~ (2.47)

2
Aqy~ZAr (2.48)

From target Gaussian profile

In divertor configuration, heat flux partially diffuses across the divertor legs into the
PFR. The competition of heat transport between parallel and perpendicular parts in
the divertor volume can be approximated with Gaussian width S, and the target heat
flux profile can be described as Equation 2.49 from [48] :
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( S )2 § 5
2Aq fx Aqfx 2Aqfx S

where § = s— 59, s represents the target coordinate and sy represents the strike point
position. fy represents the flux expansion factor. The target heat flux can be measu-
red at the target through LPs or bolometric Infra-Red (IR) diagnostics. To compare
with other decay lengths from profiles at the OMP, the parallel heat flux is usually
remapped to the OMP, fitted with Equation 2.49 (suppose fx = 1), the Aq, S and gpg
can be obtained. An example is shown in Figure 2.5 which based on the data of WEST
simulation (Section 3.2.1.3, no drifts) with 7¢ sep = 2.60 x 10 m™3.

q(s = % exp erfc( ) + gBG, (2.49)

2.5 ‘ ‘ :
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FIGURE 2.5. : The parallel heat flux at the outer target remapped at the OMP, and
fitted with Gaussian spreading.

Comparasion of 1,

From the discussion above, there are three ways to evaluate the characteristic decay
length of heat flux through Equation 2.46, 2.48, and 2.49. Now we use the WEST simu-
lation data introduced in Section 3.2.1.3 but with no drifts, to compare the evolution
of heat flux decay length obtained in three methods as a function of 7 sep, see Figure
2.6. The difference of T and Tj is considered. One can observe that 14 ~ %AT gives ge-
nerally lower value than other two methods, A4 calculated by Ar, is lower than the one
calculated by At,. When ne sep > 2.47 x 10! m™3, 1 obtained by Gaussian spreading
fit is the highest. The difference between A4 Gaussian and Aq evaluated based on At is
significant, especially in the detached regime. This can be explained as extra power
loss associated with plasma-neutral interactions (e.g. the charge exchange process),
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leading to a flatter heat flux profile at the target [49]. Overall, the increase of Aq with
Ne sep 1S Observed in all the evaluation methods.

20

—+-2/7 A,
—-2/7 A
—+-1/(1/A + 3/2)1)
—4-1/(1/ 0 + 3/2)1)

/\q,Gaussian

1 1.5 2 2.5 3
Nesep|10M7m 7]

FIGURE 2.6. : Evolution of heat flux decay length obtained in three methods.

2.6. Characteristics of plasma regimes

Before talking about plasma regimes, we introduce the 2PM that can be helpful in
understanding the characteristics of plasma regimes.

2.6.1. Two-point model
Basic two-point model

This section describes the basic 2PM of the divertor SOL. The divertor SOL is ‘straigh-
tened out’ for the purpose of simple modeling as shown in Figure 2.7. We use the
subscript ‘u’ and ‘t’ to indicate the upstream and target, respectively. The upstream
location is usually chosen to be at the OMP.
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FIGURE 2.7. : The divertor SOL is ‘straightened out’ for the purpose of simple mode-
ling. Figure from reference [13].

The 2PM can be derived from the fluid equations (Section 2.2) after some simplifi-
cation and following the principal assumptions :

1. Particle balance. It is assumed that the parallel plasma flow is in a very thin layer
between the upstream and target. The flow velocity increases from zero at the
upstream and reaches sound speed at the entrance of target (particle sink). In
the thin layer, plasma is fully ionized. The neutrals recycled from the targets will
be ionized in a thin layer immediately in front of the target, along the same field
line. There is no cross-field particle flow for neutrals or ions. Also, there is no
volume recombination.

2. Pressure balance. It is assumed that there is no friction between the plasma flow
in the thin ionization region and the target and no viscous effects. Thus throu-
ghout the entire length of each SOL flux tube, we have a constant total pressure
p+nmv?. T, = T;is assumed, thus the plasma (static) pressure p = nkTe+nkT; =
2nkT. v = 0 at upstream, while at the target, v; = ¢t = 2k T¢/ mi)” 2 Therefore,
we have the total pressure between upstream and target :

ne (2k Ty + mvf) = 2n,k Ty, (2.50)
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or

3. Power balance. Since the plasma velocity is very small along most part of flux
tube before entering the divertor, thus the heat convection can be neglected,
and suppose the heat flux is carried by the conduction. Considering one-way
heat flux (Equation A.12), and collisions between charged particles, we can
obtain thermal conductivity K| = kg T5/2, Equation (9.46) in [13]. The thermal
conduction can also be described as

aT
\lcond = —Ko T5/2d_s|| (2.52)

Where coefficients k¢ for electrons and ions are xge = 2000, x¢; = 60 [13]. The
parallel ion heat conductivity is quite small, can be neglected. Thus we have

7 L
T2 =171 ¢ SA— (2.53)
For g, we have the Equation 2.35 shown again as below :

q1 = qr = ynikTics (2.54)
To summarize, we thus have the simple 2PM as shown below :

zntTt = nuTu
Tk

712 _ 712
T, =T +2
Koe

(2.55)

q) = ynikTicst

Extended two-point model

The basic 2PM is a simplified model relating the upstream and target conditions in SOL,
which can help us to predict the target quantities (T¢(, 7, etc.) with the knowing of
upstream quantities (ny, pu, gju, etc.). However, various processes are excluded from
the principal assumptions for the basic 2PM. The plasma in SOL may experience power
losses due to radiation and charge exchange, momentum loss due to the frictional
collisions with neutrals, viscous forces, and volume recombination, as well as parallel
heat power partly carried by conduction, etc. These processes can become important
when detachment happens. To introduce these effects qualitatively in the 2PM, we use
the volumetric transfer terms for power and momentum fpower, fmom t0 approximately
describe the fraction of power and momentum remained until the plasma reaches
the target, and use parallel heat conduction factor f.onq to approximately describe
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the fraction of the parallel power carried by conduction. In addition, the temperature
of ion and electron is no longer assumed to be equivalent as what we have done in
the basic 2PM, and the toroidal flux expansion, R;/ R, is not equal to 1 but depends
on the cases considered. By taking the effects above into account, the basic 2PM can
be extended to give a better performance in predicting the condition of detachment,
so we have the so-called extended 2PM [50] composed by Equations (2.56)—(2.66).
Certain parameters in the extended 2PM strongly correlate with the target or upstream
conditions. For example the fyower, fmom are mainly influenced by the condition on
the divertor target and postulated to be a function of target temperature T¢ [50].
These parameters show significant non-constant properties under the variation of
plasma state.

qcRe = fpowerqlluRu (2.56)
pEOtal — fmom pﬁotal (2.57)
4|cond = Jeondqju (2.58)

7 L
7712 _ g7z - [icond® (2.59)
2kOe
495 Pin,sol
= 2.60
i dmaly (2.60)
qit= 7.5ntkTetcst (2.61)
T
ptotal =1+ M)k To(1+ —) (2.62)
V4
Cst = \/(1 + 71/ z¢) kTe’t/mf (2.63)
Ti (2.64)
T=— :
Te
z= = — (2.65)
Yala N
zZi=M;=1 (2.66)

2.6.2. Plasma regimes comparison

The plasma regimes can be separated into three regimes : sheath-limited, high re-
cycling, and detached as briefly introduced in Section 1.5. Here, we will show the
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differences between the plasma regimes in a more detailed way through WEST simu-
lation. The density scan was applied going from very low 7 sep t0 high ne sep, to cover
three plasma regimes, based on the WEST simulation case #54903 (Section 3.2.1.2).
Figure 2.8 shows the comparison of the plasma density, electron temperature, and
total pressure profiles at the OMP and the outer divertor target, estimate how those
parameters change during the process from sheath-limited to high-recycling regime,
in the end, detached. In Figure 2.8 (a)-(c), the electron temperature and total pressure
profiles almost match between the OMP and the outer divertor target: Ty = Ty, P; = Py,
and upstream density (7 sep) is higher than target density by a factor of two : n¢ = ny /2.
This phenomenon can be explained by using the total pressure conservation equation,
which can write as

nu Ty (1+ M5) = ne T (1 + MP) (2.67)

Following Bohm boundary condition (Section 2.3.1), it is restricted that the Mach
number at the target M; = 1. We can assume that the upstream point coincides with
the stagnation point, so M, = 0. We thus obtain finally n; = n,/2. This regime, in
which the temperature gradient along the field line is very small, is referred to as
sheath limited regime. In Figure 2.8 (d)-(f), when we ramp the 7, sep to a higher level,
the temperature gradient along the field line becomes significant, T, at the target is
reduced below 10 eV, but the pressure conservation is still maintained. This regime
is referred to as high recycling regime. In Figure 2.8 (g)-(h), the n, is raised above a
certain threshold, the total pressure gradient alone the field line becomes significant,
T, at the target also becomes very low, this regime is referred to as detached regime.
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FIGURE 2.8. : The three columns from left to right correspond to the 7 sep from low to
high value : 7, sep =3.60 x 10 m ™3, 1 sep = 1.85 x 101 m™3, and ne sep =
3.30x 10! m~3. The three rows from top to bottom show the comparison
of the electron density, temperature, and total pressure profiles at the
OMP and the outer divertor target. The curves in colors (blue, green, and
red) represent the profiles at the target, while the black curves represent
the profiles at the OMP.

2.6.3. Degree of detachment

According to the theory of the 2PM (Section 2.6.1), the plasma density at the target r; &
n3 and the parallel electron flux at the target I'e < 12 in high recycling regime [13].
Here, n, represents the upstream density, also noted as 7, sep. Since the inner divertor
detaches at a lower n,, than the outer divertor under standard conditions, the outer
divertor is considered as the critical location to evaluate the Degree of Detachment
(DoD) [51]. The DoD is defined as

calculated

DoD = m (2.68)
t

where ¢pme3ured jg the measured electron flux at the target and ¢¢alcuated jg the
electron flux predicted by the 2PM. The evolution of parallel electron flux and DoD as
a function of ne sep are shown in Figure 2.9. One can find that the electron flux initially
increases linearly with raised rne sep in sheath-limited regime, then the electron flux
increases proportionally to nésep in high-recycling regime, it rolls over at 7 sep =
2.28x 109 m™3, steps into the detached regime. The value of DoD is not fixed, but
normally we make the curve of predicted electron flux proportional to ng,sep (blue
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line) moved to be fitted with the curve of measured electron flux (black line) as much
as possible in high-recycling regime on purpose. So in high recycling regime, DoD
= 1. When the plasma fully detached, DoD > 1. It can be observed that the DoD
varies from 0.31 to 4.72, in the range of ne s¢p investigated. For the later analysis, we
choose three cases with different 7 sep, on behalf of three stages of plasma regime :
sheath-limited regime, high-recycling regime, and detached regime, as marked in
Figure 2.9.
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The top subfigure shows the evolution of peak parallel electron flux at
the outer target (black line) and reference electron flux proportional to
nésep predicted by the 2PM (blue line). The bottom subfigure shows the
evolution of DoD at the outer target (black line). The columnar regions
represent three 7 sep from low to high : 7¢ sep = 3.60 x 108 m~2 (blue),
Ne,sep = 1.85x101° m™3 (green), ne,sep = 3.30x 10 m =3 (red). More details
about the electron density, temperature, and total pressure profiles at the
OMP and the outer divertor target of the cases marked by the columnar
regions can be checked in Figure 2.8.

2.7. Experiment diagnostics for tokamak plasma

There are a lot of experimental measurement diagnostics available, here we mainly
introduce the methods that will be frequently used in the work of this thesis. In the
feedback control study, the time delay of the diagnostic can be very important to
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consider. One also needs to notice that the data in simulation can usually be obtained
directly, but it is not always the case in the experiment.

2.7.1. Langmuir probes

Using the LPs embedded within the Plasma-Facing Units (PFU) that compose the
divertor is the best method to characterize the plasma parameters in the vicinity of
the separatrix strike points at the divertor target [52].

LPs at the target can offer the measurements of electron temperature T, ion sa-
turation current Igy, floating potential V¢ and the sheath expansion factor @gheath
through fitting with the LPs current-voltage (I-V) characteristic curve, as shown in
Equation 2.69. Then the parallel ion current density can be calculated following Equa-
tion 2.70. Electron density n, can be calculated by Equation 2.72. Parallel heat flux can
be evaluated by Equation 2.73.

I(V) = Iy | 1 (V_Vf)]+MV (2.69)
= -ex — .
sat 12 T, NG
Isat
j= ———— 2.70
]”J ALp sina ( )
T, + T
cs = [eder 1) @2.71)
mj
Ne = Jut (2.72)
ecs
q1=11,i(y Te + Epot) (2.73)

Where Ajp is the tip area of the LPs. ¢ is the sound speed defined as Equation 2.71,
assuming that T, = Tj, because T; is usually not available. y = 5 is the sheath heat
transmission factor. Epot = 13.6 +2.2eV is the potential energy includes the hydrogen
ionisation energy and half of the molecular binding energy [53].

However, the target temperature T, ; measurements can be overestimated when the
plasma progress into detachment (with target temperature below 5 eV). The sensitivity
in temperature will decrease, indicates that the temperature from LPs is not the best
control input to control detachment [28, 54].

2.7.2. Baratron gauge

The neutral pressure at the positions like midplane, baffle and pump can be measured
by baratron gauge. Figure 2.10 shows the measurement of baffle and pump pressure
in WEST. The tube marked in red represents the Baratron gauge, which is connected
to the chamber wall through a relatively long tube but does not measure the pressure
at the port location directly.
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FIGURE 2.10. : Baratron absolute capacitive gauge (the part related to the divertor) in
WEST.
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The long tube is used to shield the gauge from the tokamak magnetic field [55]. The
neutral pressure drops quickly in the conducting tube between the Baratron gauge
and the port due to the conversion of energetic atomic neutrals to thermal molecules.
To relate the measurements from the gauges to the pressure at the port location, we
use a 0D-model [56, 57], Equations 2.74 and 2.75.

gauge __ Matom Tatom 0 Tmol (2.74)
mol mol :
\/5 wall wall
__ . gauge
Pgauge = 1, Tvar, (2.75)
where nﬁ? ;ge is the molecule density at the gauge. n,, ., and T, are the neutral

atom density and temperature at the port. n?nol and TI(I’lol are the neutral molecule
density and temperature at the port, respectively. T4 is the temperature of the
Baratron tube.

2.7.3. Bolometry

The bolometry diagnostic can help evaluate the power radiation in tokamak. In WEST
there are two bolometric cameras in two horizontal ports, and they are located at
the same toroidal location. Each camera supplies 8 LOS, so the whole plasma cross-
section is covered by 16 LOS as shown in Figure 2.11. Each bolometer is calibrated and
returns the radiated power integrated along the line of sight. The diagnostic can be
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operated typically with a sampling rate of 8 ms. Through data processing in [58], the
radiated power in bulk, divertor or total one can be constructed based on the data
from each LOS with time delay ~ 1 ms.

FIGURE 2.11. : Bolometer basis with magnetic equilibrium of #54903 at t = 8 s in WEST.

2.7.4. Reflectometer

The edge profile reflectometer provides radial profiles of density and density fluctua-
tions at the edge of the plasma (outside the LCFS to the pedestal region). There are
2 channels swept reflectometer that cover the frequency range 50-75 GHz (V band)
and 75-110 GHz (W band) in X-mode polarization. The time resolution is flexible and
can be reduced to 3 ps. The accessibility of X-mode depends on the magnetic field as
shown in Figure 2.12. When the toroidal magnetic field in the center of the vacuum
vessel is smaller than 2.8 T, there is no measurement.
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FIGURE 2.12. : The accessibility of reflectometer diagnostic depends on the magnetic
field in WEST.

2.7.5. Interferometry

Interferometry diagnostic can provide the measurement of electron density along the
LOS reaching through the plasma. In WEST, there are 10 Far Infrared (FIR) laser beams
through the plasma (8 equatorial port bulk plasma channels + 2 vertical port edge
plasma channels) as shown in Figure 2.13. Two wavelengths are used : 194.7 um and
118.6um (DCN and H20 laser sources). The measurement is refreshed every 10 s,
while the result consistency will be checked and then sent to the WEST real-time
shared memory network to be used for control and protection by other systems at the
sampling time of 1 ms [59]. In this thesis, we evaluate the line-integral density 7 jnt x
[number of particles/m™2] over channel 1 (green line in Figure 2.13), which is pointing
in the X-point region.

55



2. Tokamak edge plasma physics — 2.7. Experiment diagnostics for tokamak plasma

0.8

0.6

04r

0.2

2\ ,/ T
BAv “\
3

8

1

9

25 3
R(m)

FIGURE 2.13. : Beam chord trajectories versus the magnetic separatrix surface (red
curve) in WEST.
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3.1. Simulation codes and SOLEDGE3X-EIRENE

There are several plasma edge simulation codes that handle the balance equations
similar to Section 2.2 and consider the effects of the magnetic field, including SO-
LEDGE2D [60], SOLPS-ITER [61-63], UEDGE [64, 65], EDGE2D [66, 67] TOKAM3X [68]
and BOUT++ [69, 70].

The simulations work in this thesis employed the latest developed SOLEDGE3X
code in 2D transport mode. This code is capable of running in both transport and
turbulence modes [60, 68]. The multi-species plasma fluid model is derived using the
approach by Zhdanov [41]. SOLEDGE3X is coupled with EIRENE to handle kinetic
neutrals. It inherits the specific characteristics of SOLEDGE2D, and uses an immersed
boundary method to drive Bohm boundary conditions (Section 2.3.1) at the interface
between the plasma and solid surfaces. This allows the code to handle flexible wall
geometries like divertor baffles and enables simulations of the plasma up to the wall
[71].
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3.2. Numerical modeling
3.2.1. WEST L-mode simulation

In this section, we will introduce WEST tokamak briefly, and then try to reproduce
WEST L-mode plasma background through SOLEDGE3X-EIRENE simulation and
make it match the reference one from the experiment. For LSN configurations, two
experimental discharges #54903 and #56420 are selected to perform modeling work,
as they can represent the attached and detached plasma. Two cases are basically
following the same way to define the simulation setups, but the simulation of #56420
includes the consideration of drifts and ballooning. One needs to notice that drifts
and ballooning are not necessary setups to simulate detached plasma, the inclusion of
drifts and ballooning is just trying to have a better description of diffusion coefficients
map following the impact of drifts and turbulence. After we obtain the correct basic
simulation cases, the density scan is applied to investigate the plasma behavior in
different regimes.

3.2.1.1. The WEST tokamak

The WEST was transformed from the Tore Supra tokamak by changing a carbon
limiter to a tungsten divertor configuration [3, 72]. It is a MA class superconducting
full tungsten tokamak (plasma current I, = 0.5-1 MA, toroidal field By = 3.7 T, major
radius R = 2.5m, minor radius a = 0.5m), equipped with two up-down symmetric
divertors. The magnetic system consists of 18 superconducting toroidal field coils, and
9 conventional copper poloidal field coils. In a top view of the tokamak, the toroidal
magnetic field and the plasma currents are directed clockwise. Various magnetic
configurations such as lower single null, upper single null, and double null can be
performed in WEST. WEST is designed to operate a steady-state long pulse up to 1000 s
and offer support to ITER operation and DEMO conceptual activities.
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FIGURE 3.1. : Cross section of the vacuum vessel in WEST. Figure from reference [72].

3.2.1.2. Simulation setups based on attached case

The L-mode discharge #54903 at ¢ = 8s of the C4 campaign in WEST was selected as
areference attached case for the numerical modeling work. A relatively stable state
at ¢t = 8s can be observed from its temporal evolution as shown in Figure 3.2. The
operational parameters are shown in Table 3.1. The LSN magnetic configuration and
the wall geometry are shown in Figure 3.3 with the gas puff position sets inside the
PFR, and the pump position sets under the baffle. The mesh in Figure 3.4 is made
based on the wall geometry and LSN magnetic configuration as shown in Figure 3.3.
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FIGURE 3.2. : Temporal evolution of plasma current (Ip), total input power (Py,), cen-
tral line integral density (7¢ int,central), P€ak electron temperature at the
outer target (T¢,o¢), power radiation (Pr,q) in WEST discharge #54903.
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Major radius Ry (m) 2.5
Minor radius a (m) 0.4
Plasma current I;, (MA) 0.5
Toroidal field By (T) at Ry 3.6
Ohmic heating power Pi, ohmic (MW) 0.52
ICRH heating power Pj, ;cru (MW) 0.24
Core radiated power Pi.0  (MW) 0.22
Upstream separatrix density 7 sep (10°m™3) | 1.64
Gas puff rate (Pam3s™1) 0.719

TABLE 3.1. : The operational parameters of WEST discharge #54903 at t = 8s in C4
campaign. The power delivered to the core plasma comes from Ohmic
heating and Ion Cyclotran Radiofrequency Heating (ICRH). Core radiated

power P  represents the radiation inside the Core-Edge-Interface

(CEI) with ywy = 0.88 (Figure 3.3).

I

D

Gas puff  Pump

FIGURE 3.3. : WEST LSN magnetic configuration comes from the discharge #54903
at ¢t = 8s, with wall geometry in the poloidal cross-section. The black
solid curve represents the chamber wall, the red solid curves represent
the first and second separatrix, the blue solid curve represents the CEI,
the green arrow represents the gas puff position, and the magenta line
represents the pump position.
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FIGURE 3.4. : SOLEDGE mesh grid based on magnetic configuration of #54903 at
t = 8s in WEST. Domain decomposition is used to handle complex
magnetic configurations such as closed and open field lines and private
flux.

The experimental total input power Pierf P — in,0hmic + Pin,JcrRu = 0.76 MW, the core
radiated power inside the CEI P? s about 0.22 MW (evaluated by bolometer

rad,core
method [73]), as shown in Table 3.1. The input power to the edge region Pierfp
,edge

calculated by subtracting the P | from the P{;*. As this discharge is performed
with low heating power and inside a W-covered chamber, the influence of impurities is
very small, so the simulation in this section is supposed to have no impurity, only pure
deuterium. Considering that part of the energy is inevitably radiated by impurities,
the radiated power in the computational domain is expected to be lower compared to
reality, so the final input power of the simulation domain Plséng dge is set as 0.5 MW. The

)

is

input power is split evenly between electron and ion from the core boundary.

In discharge #54903 during the time from 7 s to 9s, the upstream 7, sep is relatively
stable. From the experimental upstream density profile (red curve with error bars)
as shown in Figure 3.5, we can obtain 7 sep ~ 1.64 x 101 m™3. The negep feedback
control via adjusting the gas puff rate (deuterium gas fuelling is the only external
source of particles) is applied in the simulation to maintain the consistent 7 sep as
the experiment. The gas puff rate keeps decreasing linearly from 7 s to 9 s indicating
a gradually saturated wall. The gas puff rate at ¢ = 8s is around 0.719 Pam3s™! =
3.47 x 10°° D atomss™! which can represent the averaged value that maintains the
stable state. The recycling coefficient of the main chamber wall is supposed to be 1,
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and the recycling coefficient of the pump is set as 0.95 to allow a deuterium gas puff
rate around 3 x 102° atomss ™! which is close to the experimental gas pufflevel. This
case is mainly prepared to analyze the impact of leakage from the aspect of neutrals
transport and detachment (Section 4.1.1), thus we consider only pure deuterium
plasma and no drift effects to isolate the possible influence from drifts and impurities.
The influence of drifts and impurities will be investigated in the next sections. Typical
values ae = 0.2 and a; = 2 are applied in the flux limiter [74].

The setup of transport coefficients in the radial direction is critical in representing
the confinement properties of edge plasma. However, since the transport coefficients
are still difficult to be described from the first principle, they are obtained from the
experimental measurements. The classic WEST L-mode setups are D = 0.3m?s™},
XLe=xLi=1 m?s~!, which have been applied in some WEST simulation works and
give promising result compared to the experiment. Here, we would like to describe the
transport coefficients in a more precise way. The solution is profile feedback control,
which can be used to match the radial profiles at the OMP with the experimental ones
by automatically adjusting the transport coefficients, Section C. This tool can help us
to extract edge transport coefficients from experimental data. In discharge #54903, we
have the upstream electron density profile at the OMP from reflectometry diagnostic,
but the temperature profile is unavailable. Therefore, we only control the radial mass
diffusivity D, , and suppose the radial heat flux diffusivity for electrons and ions x|
= x.,i=D,/0.3, to maintain the proportional relationship with the WEST classic L-
mode setups D =0.3 m2s7!, XlLe=XxL1i=1 m?2s~!. The radial momentum diffusivity
is constant as v, = 0.3 m?s™!. In the simulation domain, the transport coefficients are
poloidally constant, except for the location inside the PFR, transport coefficients are
the same as the value at the separatrix. To realize profile feedback, we initially start
the simulation with given radial diffusivities (WEST classic L-mode diffusivities or
pre-defined one) at the OMP, after a fixed number of iterations (e.g.1000), the profile
feedback algorithm will compare the difference between the simulation result and
target one, and propose the new radial diffusivities which will be applied in the next
iteration until the result is converged. Finally, D, profile calculated by the feedback
control at the OMP is shown in Figure 3.6, and the radial density profile is well matched
with the experimental one as shown in Figure 3.5.
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FIGURE 3.5. : Radial profile of electron density at the OMP, comparing between the
experimental measurements (reflectometry method, red curve with
error bars) and the SOLEDGE3X-EIRENE simulation (blue curve). The
dashed line represents the position of separatrix. ¥y is the normalized
poloidal magnetic flux.
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FIGURE 3.6. : Evolution of D, as a function of 1y at the OMP, controlled by the feed-
back function to match simulational density profile with the experimen-
tal data.

The 2D maps of electron density and temperature in the simulation domain are
shown in Figure 3.7. Some results are compared with available experimental data, one
can observe that the comparison between the simulation case and the experimental
one shows a good match in the density, temperature, and heat flux profiles at the outer
target, Figure 3.8.

One needs to notice that, the simulation of the basic case is performed with a closed
baffle, which is not fully consistent with the situation of the experimental one as the
discharge #54903 in the C4 campaign had reduced divertor closure with leakage at the
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bottom of the outer baffle (Figure 4.1). Further analysis in Section 4.1.1 shows that the
simulation yields a higher target temperature and parallel heat flux when there is a
leakage, as there is less momentum and power dissipation. If we consider this aspect
into account, the simulation of the basic case with a closed baffle has the potential to
achieve an even better match with the experimental data for the target profiles.
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FIGURE 3.7. : 2D maps of WEST basic simulation case (matched with experiment) for
electron density, electron temperature.
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FIGURE 3.8. : The electron density, electron temperature, parallel heat flux profiles at
the outer target, comparing between the experimental measurements
(LPs, red dot with error bar) and the SOLEDGE3X-EIRENE simulation
(blue curve). The dashed line represents the position of separatrix. dsep,
is the radial distance from the outer strike point, negative values are in
the PFR, and positive values are in the SOL.

3.2.1.3. Simulation setups based on detached case

The L-mode discharge #56420 of the C5 campaign in WEST was selected as a reference
detached case for the numerical modeling work. Figure 3.9 shows the evolution of
plasma current (Ip), input power (Py,, pure ohmic heating), line integral density near
X-point (n¢,int x), peak electron temperature at the outer target (7 o), power radiation
(Praq) as a function of time ¢ in this discharge. One can see that at £ = 7.3s, the line
integral density near X-point is pretty high, and the target temperature becomes very
low (= 5 eV measured by LPs, hit the lower limit of measurements). The visible camera
shows a detachment of the radiation front (Figure 3.15a), thus, we consider the plasma
detached at ¢t = 7.3s, and take the operational parameters of this moment (Table
3.2) as areference to simulate detached plasma. The corresponding LSN magnetic
configuration and the wall geometry are shown in Figure 3.10 with the gas puff position
sets in the Outboard Movable Limiter to allow for midplane injection, and the pump
position sets under the baffle. The mesh in Figure 3.11 is made based on the wall
geometry and LSN magnetic configuration (Figure 3.10). Typical values a = 0.2 and
a; = 2 are applied in the flux limiter [74].
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FIGURE 3.9. : Evolution of plasma current (I;,), input power (Pj,), line integral density
near X-point (ne,intx), peak electron temperature at the outer target
(Te,0t), power radiation (Praq) as a function of time in WEST discharge
#56420.
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Major radius Ry (m) 2.5
Minor radius a (m) 0.4
Plasma volume (m?) 15
Plasma current I, (MA) 0.6
Toroidal field By, (T) at Ry 3.6
Heating power Plerf P (Mw) 0.663
Core radiated power P}~ (MW) 0.177
Upstream separatrix density (1e19/ m?) | 2.47

TABLE 3.2. : The operational parameters of WEST discharge #56420 at t = 7.3s in C5
campaign. Core radiated power P_Y  represents the radiation inside

the CEI with v = 0.82 (Figure 3.10).
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FIGURE 3.10. : WEST LSN magnetic configuration comes from the discharge #56420
at t = 7.3s, with wall geometry in the poloidal cross-section. The black
solid curve represents the chamber wall, the red solid curves represent
the first and second separatrix, the blue solid curve represents the
CEI the green arrow represents the gas puff position, the magenta line
represents the pump position.

Several operational parameters are shown in Table 3.2, we know that the total input
power P"* is about 0.663 MW, the core radiated power P07 inside the CEL is about

0.177 MW (evaluated by bolometer method [73]). The input power of edge region
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FIGURE 3.11. : WEST mesh.

Py 4ge 18 calculated by subtracting the Py core from the PP, As this discharge is
performed with relatively low heating power (pure ohmic) and inside a W-covered
chamber, the influence of impurities can be very small. The simulation in this section
is supposed to have no impurity, only pure deuterium. Considering that part of the
energy is inevitably radiated by impurities, the radiated power in the computational
domain is expected to be lower compared to reality, so the final input power of simula-
tion domain Pfr‘fg dge is set as 0.45 MW, about 0.9 x (Pﬁf P _ Pf;icore). The input power is
equally shared between electrons and ions from the core boundary. Later converged
simulation results show that the total radiation power in the SOL is about 0.15 MW
(only from deuterium), the experimental radiation in the SOL measured by the bo-
lometer method is around 0.18 MW (from deuterium and impurities). Considering
that we suppose 0.036 MW is radiated by impurities in SOL and subtract this part
when evaluating the input power for the simulation domain, the 0.03 MW difference
between experiment and simulation is consistent with the prediction, also in another
way verify that the input power setup has been properly defined.

From the experimental upstream density profile (red curve with error bars) as shown
in Figure 3.12, we can obtain e sep= 2.47 x 10" m™3. The ne s¢p feedback control via
adjusting the gas puff rate is applied in the simulation to maintain the consistent
Ne sep as the experiment. The gas puff rate keeps decreasing linearly in the discharge
#56420 around ¢ = 7.3 s indicating a gradually saturated wall, thus the recycling co-
efficient of the main chamber wall is supposed to be 1. The pumping speed is set as
35m3s™! (equivalent to recycling coefficient ~ 0.95), as this choice yields a reasonable
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gas pufflevel (6.5 x 102° D atomss™}) with respect to the experimental data (around
1.2Pam3s™! = 6.0 x 102° D atomss™!). The difference in gas puff rate between the
simulation and the experiment is below 10%.

The radial diffusivities are calculated using profile feedback control, following the
same procedures described in Section 3.2.1.2. However, a different approach is used to
propagate these diffusivities to the entire simulation domain. In order to have a better
description of the diffusivities in 2D, we consider introducing the so-called ballooning
transport in which perpendicular transport is enhanced in the vicinity of the OMP
observed from experiments [75, 76], and investigated in some modeling work [77-79].
In our simulations, the ballooning is described by rescaling 2D transport coefficients
following the equation below [80].

Bomp \?
p) (3.1)

Blocal

D} omp and Bomp represent the transport coefficients and total magnetic field
strength at the OMP. B¢, represents the total magnetic field strength at the local
poloidal position, at the same poloidal flux surface (consistent ¥y value) as the OMP
values represented by the subscript ‘omp’. To calculate the transport coefficients for
the location inside the PFR, D} omp is replaced by D sep. b represents the ballooning
exponent. b has been scanned from 0 to 3 in WEST simulation, showing that b value
has a significant influence on the target density, particle flux, and heat flux (Section
E.1.3). b =1is found to give good agreements between simulation results and avai-
lable experimental results such as the parallel ion current density J ;. To realize profile
feedback, we initially start the simulation with given radial diffusivities (WEST classic
L-mode diffusivities or pre-defined one) at the OMP, after a fixed number of iterations
(e.g.1000), the profile feedback algorithm will compare the difference between the
simulational and experimental profiles, and propose the new radial diffusivities which
will be applied in the next iteration until the result is converged. Finally, D, profile
calculated by the feedback control at the OMP is shown in Figure 3.13, and the radial
density profile is well matched with the experimental one as shown in Figure 3.12.

D jocal = DJ_,omp (
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FIGURE 3.12. : Experimental radial profile of edge electron density (red curve with
error bars) measured by the reflectometry method, together with the
corresponding result of SOLEDGE3X-EIRENE simulation (blue curve),
the dashed line represents the position of separatrix.
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FIGURE 3.13. : Evolution of D, as a function of wy at the OMP, controlled by the
feedback function to match with the experimental density profile.
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In order to have a better description of cross-field transport, the drift effects due
to E x B drift, VB drift, and Curvature are considered in the simulation. In a top
view of WEST, the toroidal magnetic field By and the plasma currents I, are directed
clockwise. The direction of ion VB drift points downwards and corresponds to the
favorable magnetic field direction in the LSN magnetic configuration.

The 2D maps of electron density and temperature in the simulation domain are
shown in Figure 3.14. Some results are compared with available experimental data,
one can observe that the comparison between the simulational data and experimental
data shows :
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* Consistent 2D maps of radiation, with the significant detachment of radiation
front, Figure 3.15, indicates that detachment is realized in the simulation.

* Relatively well matched perpendicular velocity, Figure 3.16. One needs to note
that measurements of perpendicular velocity are mainly available at low ne sep.
The measurements at ¢ = 7.3s, corresponding to a high 7 sep = 2.47 x 10" m™3,
are not available. Therefore, lower ne sep cases with consistent setups (fixed input
power, diffusion map, etc.) are used to compare with experimental data. The
perpendicular velocity in the experiment is mainly contributed by E x B drift
velocity and measured by Doppler Back Scattering (DBS) at the OMP, so we
compare it with the E x B drift velocity from simulations.

* Good match in the parallel ion current density Jj ; profile at the inner and outer
targets, Figure 3.17.

 Difference in the electron temperature profile at the inner and outer targets,
Figure 3.18. In this case, the target temperature predicted by simulation is about
2 eV, but the data given by LPs is about 4 eV at the outer target. The reason is
that the target temperature in the experiment is measured by LPs which usually
overestimates temperature when T < 5 eV (explained in Section 2.7.1). However,
at the inner target, the T, measured by LPs can reach 10 eV, with some distance
from separatrix, while, T, remains about 2 eV at the same location in simulation,
the reason is not quite clear. For the target density and heat flux which are
calculated based on the temperature and saturate current obtained from LPs,
they will be influenced by the overestimated temperature in detached plasma.

20 200
15 150
110 1100
5 50
0 0
(@) 1e[10m ™3] (b) TeleV]

FIGURE 3.14. : 2D maps of electron density and temperature from WEST basic simu-
lation case.

72



3. Numerical modeling of edge plasma transport - 3.2. Numerical modeling

#56420, SIM @ t=7.30s
J

~~

#56420, EXP @ t=7.30s

(@) Praq in experiment (b) Praq IMW/ m?3] in simulation

FIGURE 3.15. : Radiation comparison between experiment and simulation, both have
consistent upstream density.
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FIGURE 3.16. : Experimental radial profile of perpendicular velocity Vg«g measured
by DBS (dashed curve), together with the corresponding result of
SOLEDGE3X-EIRENE simulation (solid curve), the dashed line repre-
sents the position of separatrix.
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FIGURE 3.17. : Experimental J ; profile (red dot with error bar) at the inner and outer
divertor targets measured by the LPs, and the corresponding simula-
tional results (blue curve). The dashed line represents the position of

separatrix.
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FIGURE 3.18. : Experimental inner and outer divertor target profile of electron tem-
perature T, (red dot with error bar) measured by the LPs, and the
corresponding result of SOLEDGE3X simulation (blue curve). The da-
shed line represents the position of separatrix.

3.2.1.4. Plasma density scan

In Section 3.2.1.3, we have obtained a basic simulation case that properly describes
the experimental edge plasma, especially the detached moment. In order to make the
simulation results cover different plasma states, from the sheath limited regime to
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the detached regime, the density scan is applied going from 7 gep = 1.0 x 109m=3 to
3.5 x 109 m~3. The change in upstream density can result in the evolution of multiple
parameters as shown in Figure 3.19. Here, Tsep, is the upstream separatrix temperature.
T, is the peak electron temperature at the target. i is the peak electron density at
the target. fn,e,t is the peak parallel electron flux at the target. g ¢ is the peak parallel

heat flux at the target. Prs;réle dge is the total radiated power in the simulation domain.

Plsrlllg dge is the total input power. Here we use subscripts ‘it’ and ‘ot’ to indicate the
inner and outer targets, respectively. One can observe that the increasing 7 sep with

constant input power can lead to some effects :

* The corresponding gas puff ramped up.

* The separatrix temperature Tsep, peak target temperature Te,1, and heat flux gy
keep on decreasing.

The target density generally increased, except the one at the outer target presents

a small well around 71 sep = 2.3 x 10! m ™3, and the one at the inner target shows

slight rollover after e sep = 2.5 x 1019 m™3.

The rollover of particle flux [ ¢, the inner one rolls over earlier than the outer
one but has lower amplitude.

Higher fraction of the power is radiated with a fixed input power Pfrllrg dge”
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FIGURE 3.19. : Evolution of several simulated fields as a function of ne sep in steady-
state WEST simulations.
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3.2.1.5. Analysis of simulated plasma and comparison with experiments

Bolometry signal The bolometry diagnostic has been briefly introduced in Section
2.7.3. There are 16 lines of sight in the cross-section, and the divertor region of LSN
is covered by channel 2 and 3, as shown in Figure 2.11. In this section, the WEST
simulation data (based on discharge #56420 in Section 3.2.1.3) will be compared
with experimental data in terms of bolometry diagnostics. Thanks to the synthetic
diagnostic tool named SYNDI [58], which offers the possibility to perform bolometry
diagnostics based on the 2D power radiation data in simulations, we can relate the
simulation results to the experimental ones.

Here, we mainly focus on the two channels that cover the divertor region. However,
in the SOLEDGE3X simulation, we lack the description of radiation in the core region.
The absence of radiation from the core can influence the signal of channel 3, making
it difficult to compare with the experiment. Additionally, the WEST simulation case we
analyze here is a pure D case, excluding the influence of impurities. Typically, a large
part of the radiation is contributed by impurities, as discussed in Section 4.2. In order
to make a promising comparison between simulation and experiment, we add extra
radiation Paq = 5.65 x 10*Wm ™2 on the ring between ywy = 0.67 and 0.82 to represent
part of core radiation that can influence channel 3 (as shown in Figure 3.20). We also
increased the bolometer output of SYNDI by a factor of 2, considering the reduced
radiation due to the lack of impurities. These adjustments enable the no drifts case to
have bolometer signals in channel 2 and channel 3 that are close to the experimental
ones at ne sep = 2.47 x 1019 m=3.

We can obtain the evolution of bolometer signal as a function of ne sep after pro-
cessing our existing density scan cases with SYNDI tools. Combining with the time
evolution of re sep in experimental discharge #56420 from ¢ =5s to ¢ = 7.2s (Figure 28),
and supposing the plasma in the experiment can reach an approximately steady state
within a very short time duration (few ms) when the gas puff is gradually increased
with constant input power and plasma current. We can thus obtain the evolution of
bolometer signals as a function of time and 7, sep for both experiment and simulation
as shown in Figure 3.21 and 3.22. The simulation case with and without drifts is taken
into account. It can be observed that the signal is lower in the simulation compared
with the experiment when plasma is attached (low 7 sep), and a generally good match
when plasma detached. However, in the simulation with no drift, there exists a sharp
increase of signal value when e sep = 2.80 x 10 m~3. The sudden increase in signal
value can also be observed in the experiment result, the simulation and experiment
have a very close nesep threshold, but the magnitude of the experimental increase
is not as very high as the simulation. The case with drifts can not reproduce such
kind of sudden increase in signal when e sep, is high or the plasma is deeply detached.
The sudden increase of bolometer signal can be explained as the presence of XPR,
which is discussed in Section G.2. The reason for no XPR in the case with drifts is that
the neutrals are hard to penetrate into the X-point region, as discussed in Section
E.2.3. The XPR seems difficult to be reproduced in the simulation with drifts, but it
is relatively easier to observe in the experiment. The physics that makes this kind of
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difference needs to be investigated further.

The sum of signals from two channels is plotted in Figure 3.23. One can observe that
the simulation with drifts has a better match with the experimental one in terms of
signal summation.

The bolometer can be an ideal diagnostic method to know about the divertor si-
tuation. The sum of channel 2 and channel 3 signals shows a linear relationship with
Ne sep- The bolometer disgnostic is good to be implemented into the feedback control
system as it also has a very low time delay (7 ms). The presence of XPR is usually
combined with a sudden increase of signal in channel 3 and a sudden decrease of
signal in channel 2, which shows the potential of bolometer in controlling XPR or
deeper detached plasma.

FIGURE 3.20. : The contour of radiation [MW/m?3], with channel 2 and channel 3
marked.
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FIGURE 3.21. : Evolution of bolometer signal (Channel 2 and Channel 3) as a function
of time in WEST discharge #56420, compared with simulation results.
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FIGURE 3.22. : Evolution of bolometer signal (Channel 2 and Channel 3) as a function
of ne sep in WEST discharge #56420, compared with simulation results.
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FIGURE 3.23. : Evolution of sum of bolometer signals (Channel 2 + Channel 3) as a
function of 7 sep in WEST discharge #56420, compared with simulation
results.

Line-integral density The line-integral density over channel 1 which is pointing in
the X-point region (Figure 3.24) given by interferometric measurements in WEST expe-
riment (#56420) is compared with the simulation cases. We can obtain the evolution
of line-integral density as a function of time and 7 sep in Figure 3.25 and 3.26, res-
pectively. One can observe that the line-integral density generally keeps a monotonic
increase with ne s¢p. However, the integral density starts to saturate when the plasma
is deeply detached, due to strong recombination that happens when the temperature
near X-point is low enough and triggered by very high 7e sep. The saturation of line-
integral density occurs with the presence of XPR in no drifts case. While all the pure D
cases, both with and without drifts, show an overestimate of the line-integral density
near the X-point in the detached regime, the case with drifts exhibits a line-integral
density value that is closer to the experimental measurements compared to the case
without drifts. This difference between simulation and experiment can be explained by
the lack of impurities in the simulation, this part still needs to be investigated further.
The line-integral density near X-point shows a good potential to control detached
plasma as it still shows sensitivities when plasma is detached.
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FIGURE 3.24. : Channel 1 of interferometric measurements in WEST.
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FIGURE 3.25. : Evolution of line integral density as a function of time.
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FIGURE 3.26. : Evolution of line integral density as a function of ne sep.

3.2.2. TCV H-mode simulation
3.2.2.1. The TCV tokamak

TCV [81, 82] is a medium-sized tokamak with plasma current I, up to 1 MA, toridal
field By = 1.4T, major radius R = 0.88m, minor radius a = 0.25m. The magnetic
system consists of 16 toroidal field coils and 16 independently powered poloidal field
coils. TCV has very high flexibility to vary the plasma shape with different magnetic
configurations (e.g. limited, single null, double null, super-X, snowflakes). The first
wall of TCV is almost fully (> 95%) covered with graphite tiles, thus carbon becomes
the main plasma impurity. Graphite can not only bear very high temperatures but
also mitigate the degradation risk of core plasma performance (low-Z material like C
has lower influence than high-Z material like W). However, Graphite is not suitable to
be used for future reactors due to big amount of hydrogen isotope retention [83]. In
addition, TCV has performed extensive experimental discharges in investigating the
impact of divertor closure by changing the length of the baffles [84, 85] and also the
impact of nitrogen seeding on L-mode [86] and H-mode [17] cases.
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FIGURE 3.27. : (a) Interior of the TCV vacuum vessel and (b) poloidal cross-section of
a standard single-null configuration in the baffled TCV vessel. High-
lighted are the High Field Side (HFS) and Low Field Side (LFS) baffles
(orange), gas valves (black) and ports equipped with baratrons (green).
Figure from reference [85].

3.2.2.2. Simulation setups of basic case

To investigate the properties of H-mode case, the TCV discharge #70690, a typical
type-1 ELMy H-Mode, was selected as the experimental reference. The operational
parameters are shown in Table 3.3. The discharge was performed in a LSN magnetic
configuration, and the wall geometry is shown in Figure 3.28. The D, gas fuelling was
injected near the outer separatrix at the outer target, and the N, seeding was injected
in the PFR. The turbo pumps have a negligible effect on particle balance in the vessel
during discharges since the sink of particles is dominated by the graphite wall tiles.
The recycling coefficient of deuterium on the entire wall is set to 0.99 as this choice
yielded reasonable gas pufflevels with respect to the experiments [56]. The recycling
coefficient of nitrogen is estimated to range from 0.3 to 0.5, based on spectroscopic
measurements [87]. The recycling coefficient of carbon lies within the same range to
obtain a reasonable radiated power in the SOL [88]. Here, the recycling coefficients
of nitrogen and carbon were set to 0.5. However, we start this section by considering
a case without nitrogen seeding, and carbon is therefore the only impurity that is
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simulated. The physical and chemical sputtering is estimated through the Bohdansky
and Roth model [89] in EIRENE with the plasma background provided by SOLEDGE3X.
The mesh used in the simulation is shown in Figure 3.29.

Major radius Ry (m) 0.89
Minor radius a (m) 0.25
Plasma current I;, (MA) 0.21
Toroidal field B; (T) at Ry 1.39
Total heating power Plerf P kw) 510
Core radiated power P} (kW) 80
Main impurity Carbon

TABLE 3.3. : The operational parameters of TCV discharge #70690 at ¢ = 1s. The total
heating power Pﬁf P represents the power delivered to the core plasma
from Ohmic heating and Neutral-Beam Injection (NBI). Core radiated

power P} represents the radiation inside the CEI with ¢y = 0.75

(Figure 3.28).
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FIGURE 3.28. : TCV LSN magnetic configuration comes from TCV discharge #70690 at
t = 1s, with wall geometries in a poloidal cross-section. The black solid
line represents the graphite wall, the red solid curves represent the first
and second separatrices, the blue circle represents the CEI, the green
arrow represents the deuterium gas puff position (R = 0.88 m), the
magenta arrow represents the nitrogen seeding position (R = 0.65m).
The line averaged neutral pressure measured at the positions near
OMP, baffle, divertor, and target. The Ppey giv i not available in the
experimental measurements.
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FIGURE 3.29. : SOLEDGE3X mesh grid based on magnetic configuration of #70690 at
t=1sinTCV.

Thomson Scattering (TS) measurements [90] of upstream electron density and tem-
perature profiles, and Charge eXchange Recombination Spectroscopy (CXRS) measure-
ments [91] of the upstream ion temperature profile are shown in Figure 3.30. The TS
measurements yield an upstream separatrix electron density, 7e sep = 1.36 x 10 m™3.
In the simulations, ne sep is controlled by feedback adjustments of the D, gas puff rate
to match the experimental value. We measured T, = 405eV at the CEL. Tj, despite the
relatively large experimental uncertainties, lies within the same range as T,. Therefore,
Te,cr1 = Ticr1 = 405eV was set as the simulation temperature boundary condition.

To simulate the H-mode case, non-constant diffusion coefficients are a mandatory
choice. Feedback control of the transport coefficients at the OMP is applied (Section C).
As we have the experimental upstream n, and T, profiles (Figure 3.30), the radial mass
diffusivity D, and the radial heat flux diffusivity for electrons y, . can be controlled
separately. The ion-to-electron temperature ratio 7 = Ti/ T, increases with radius,
with 7 =1 — 2.5 in the edge plasma (0.64 < yy < 1) based on the data from several
machines, see, for example, Figure 7 in [92]. The simulation assumes the radial heat
flux diffusivity for ions y ; is higher than y, ¢ in the pedestal as y i = 2y e inside
the separatrix, y i = Y. outside the separatrix to reproduce 7 profile approximately
matched with experiment. The radial momentum diffusivity is assumed constant
as v, = 0.2m?s™!. The transport coefficients for impurity ions are consistent with
those for the main ions. After determining the transport coefficients at the OMP,
we need to propagate it to the whole simulation domain. In order to have a better
description of the diffusivities in 2D, we consider introducing the so-called ballooning
transport as described in the WEST simulation setups (Section 3.2.1.3). However,
directly applying this diffusive map to simulations would lead to a peak target density
overestimation by a factor of about 2 compared with the experimental value in TCV
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case. This overestimation does not seem to be directly caused by the introduction
of ballooning transport, but rather by the competition of particle and heat transport
between parallel and perpendicular parts in the divertor volume [48]. Therefore, we
chose to enhance the diffusivities by a factor of 10 in the divertor region and make the
target profiles (density, heat flux) approximately consistent with experimental data,
similarly to as done in [93, 94]. Moreover, based on the enhancement of diffusivities
in the divertor, the ballooning exponent b was scanned from 0 to 3 (Section E.1.3),
showing that different b values can impact the peak temperature and integral particle
flux at the targets. A higher value of b results in a lower peak temperature at the inner
target and a higher peak temperature at the outer target. Additionally, it leads to a
narrower width while maintaining a similar peak particle flux at both targets. These
effects have an impact on the carbon sputtering rate. A value b = 1 was found to result
in a good match between the experiment and simulation with respect to the C°*
density at the OMP, as shown in Figure 3.31.

We first take H-mode like non-constant diffusivities at the OMP [95] as a reference to
make the initial diffusion map and perform the simulation, then the profile feedback
control process will automatically find the closest diffusivities that make the simu-
lation profiles fit with the target profile shape at the OMP. The resulting diffusivity
profile at the OMP is shown in Figure 3.32.
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(a) Radial profiles of electron density at the OMP.
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FIGURE 3.30. : Radial profiles of density and temperature at the OMP, comparing the
experimental measurements of n, and T, (raw data measured by TS,
represented by the green plus sign) and 7; (measured by CXRS, raw
data fitted with a spline and represented by the purple curve with error
bars showing uncertainties of the fit) with the SOLEDGE3X-EIRENE
simulation (blue and red curves). The dashed line represents the posi-
tion of separatrix.
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FIGURE 3.31. : Radial profiles of C®" density at the OMP, comparing the experimental
measurements (CXRS, raw data fitted with a spline and represented
by the green curve with error bars showing uncertainties of the fit)
with the SOLEDGE3X-EIRENE simulation (blue curve). The dashed
line represents the position of separatrix.
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FIGURE 3.32. : Profiles of D and y  as a function of ¢y at the OMP, controlled by
the feedback function to match the experimental density and tempera-
ture profile.

L-mode experiments have demonstrated that drifts mainly affect the plasma state
at the inner target, with detachment being more easily achieved in the presence of the
favorable magnetic field (the direction of ion VB drift points downwards in the LSN
magnetic configuration) compared to the unfavorable one (reversed VB direction)
[86, 96]. Although drifts were not activated in the simulations due to the challenge
in convergence with low diffusion coefficients, drifts (particularly E x B drift) would
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improve the agreement by displacing the density peak at the outer target towards the
PFR. The E x B drift is responsible for notable cross-field transport in the divertor
region, pointing from the outer SOL into the main plasma (and into the private plasma
below the X-point) in the favorable magnetic field [80].

Since a significant amount of power is expelled during Edge Localized Modes (ELMs),
the simulation focuses on inter-ELMs condition and finds the total heating power
going to the SOL is P$™ = 210kW by setting the T, cp; = Ticgr in the boundary

in,edge

condition and y i/ x.1 e = 2 in the pedestal. psim = 75kW, psim = 135kW, about

e,in,edge iin,edge
64% of total input power is carried by ions at the CEI. In the experiment, more heat

in the ion channel is due to NBI. The input power PS™  found by the simulation
in,edge
exp

code is roughly half of the experimental heating power crossing the CEL: P, dge =
PP — pPP = 430kW (Table 3.3).

in rad,core
The 2D maps of electron density and temperature in the simulation domain are
shown in Figure 3.33. The upstream and downstream profiles, including density, tem-
perature, and carbon concentration demonstrate a good match between experiment

and simulation, as shown in Figures 3.30, 3.31, and 3.34.

5
102
4
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0 107"
(@) 1e[1019m ™3] (b) TeleV]

FIGURE 3.33. : 2D maps of TCV basic simulation case (matched with experiment) for
electron density, electron temperature.
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(b) The profiles of electron and ion temperature at the outer target.

FIGURE 3.34. : The density and temperature profiles at the outer target, comparing
between the experimental measurements (green plus sign, data from
LPs [45, 97]) and the SOLEDGE3X-EIRENE simulation (blue and red
curves). The dashed line represents the position of separatrix.

We now compare the neutral pressure observed in the experiment with that predic-
ted by the simulation. In the experiment, the neutral pressure was measured using
Baratron gauges, which are connected to the two ports on the wall (near the OMP and
at the target, as shown in Figure 3.28) via long tubes to shield the gauges from the ma-
gnetic field [55]. The neutral pressure drops quickly in the conducting tube between
the Baratron gauge and the port due to conversion of energetic atomic neutrals to
thermal molecules. It is difficult to directly compare the data from the experiment
and simulation, as the simulation only covers the prediction of neutral pressure up to
the wall. To relate the measurements from the gauges to the data from the port, we
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can use a 0D-model presented in Section 2.7.2. Table 3.4 shows the prediction of line

averaged neutral pressure at the port Pgiemu,porv prediction of neutral pressure at the

gauge Prsliemu,gaug(e (obtained after the correction with 0D-model, assuming Ty, = 300K
in the Baratron tube), and experimental neutral pressure measurements at the gauge
Prew gauge- The Pret oauge at the target is in the range of 34-36 mPa (the data at t = 1.07-
1.1s, considering a relatively slow response time of the entire Baratron system from 70
to 100 ms [55]). The Pﬁ’éﬁygauge near the OMP is below the noise level and difficult to
measure. This is compatible with the very low pressure (0.7 mPa) that the simulation

indicates. Overall, the agreement between the experiment and simulation is good.

Position P o [MPa] - PRot o000 IMPal  Pret cauge (MPal
OMP 11.6 0.7 <10
Target 364.0 36.8 34-36

TABLE 3.4. : The neutral pressure from simulation values and experimental measure-
ments.

The heat flux on the entire wall was analyzed as the simulation enables the estima-
tion of plasma conditions in the far scrape-off layer and up to the first wall (see Figure
3.35). The analysis revealed a relatively high heat flux near the inner and outer strike
points and at the inner baffle tip, while it was negligible at other positions. In addition,
the imbalance between inner and outer targets was noticeable, with the inner target
experiencing a higher parallel heat flux by a factor of 2-3.
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FIGURE 3.35. : The perpendicular and parallel heat flux on the wall as a function of
distance, which is integrated counterclockwise along the wall, departs
from the start point (figure on the right). Peak heat fluxes occur : [a]
near the outer strike point, [c] near the inner baffle tip, and [d] near
the inner strike point. The perpendicular and parallel heat flux from
0.5m to 3.8 m (including [b] near the outer baffle tip) is negligible.

3.2.2.3. Upstream separatrix density scan

The initial simulation setups showed good agreement between the simulations and the
measurements. We now investigate the role of the OMP separatrix density on the diver-
tor state. We scan the separatrix density from e gep = 1.0 x 1019m™ t0 3.0 x 10" m 3,
while employing a feedback-controlled deuterium gas puff rate in the simulations. The
input power (Pz’iirg)e dge = 75kW, Pfig‘e dge = 135kW), diffusion coefficients, and other
setups were kept unchanged.

Figure 3.36 shows the evolution of multiple parameters. Here, Tsep is the upstream
separatrix temperature. {7ic total ) 4iv 18 the divertor-averaged total carbon density (sum
of all charge states : C° — C®*, averaged along the lower part of outer divertor leg, blue
line in Figure 3.28). Te,t, flet, IA"”,M and g are the peak electron temperature, density,

parallel ion flux, and parallel heat flux at the targets respectively. Prseilg‘e dge is the total

radiated power in the simulation domain. Plsﬁrg dge is the total input power entering the
simulation domain. We use the subscript ‘it’ and ‘ot’ to indicate the inner and outer

targets, respectively. As ne s increases, we can observe that :

e The amount of deuterium that needs to be supplied through gas puff increases
approximately linearly with the ne sep.

* The upstream separatrix electron and ion temperatures, Tesep and Tj sep, de-
crease. The difference in ion and electron temperatures at the separatrix reduces
due to the increased collisionality.
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* The divertor-averaged total carbon density <nc,t0ta1> 4iv increases due to a higher
level of carbon sputtered from the graphite wall tiles.

* The peak particle flux rolls over only at the outer target in the range of 7 sep
investigated. With a peak target temperature lower than 2 eV at the outer target,
a 90% decrease in the deposited heat flux, and momentum 10ss fmomloss =
1 = Pyotal target/ Ptotal,upstream > 0.85, the outer divertor has reached the detached
regime. To investigate the properties of detachment, the following analyses will
mainly focus on the outer divertor leg. The rollover of particle flux integrated
over the outer target is typically observed (along with peak particle flux rollover)
to identify detachment in TCV experiments, while in the simulations, it does
not exhibit a rollover within the range of ne sep studied. This may be due to the
absence of the Molecular Activated Recombination (MAR) in the simulations,
which were shown in [98] to play a significant role in TCV.

 Higher fraction of the power is radiated with a fixed input power Plsrlfg dge”

94



3. Numerical modeling of edge plasma transport - 3.2. Numerical modeling

i
s 7
1
=l
)
& 5 05
25
Sg O :
100 ¢ sep
&%i ‘\ +T’i’sep E
50j v ° — . X
B 10 T T T
27
ER:
e
o St .
<
T T T R
. 1 I ]:e,ot
$"> 107 F +Te,1t 3
<H£

o
o
T

I}

E + -Prad,cdgc
Qﬂ 2 + Pin,edge

0—0—0—0—0—00—00-0—0—0 o &

o
=
T

]

FIGURE 3.36. : Evolution of several simulated fields as a function of 7 sep in steady-
state TCV simulations.
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3.2.3. Evolution of radiation front

The energy losses by the plasma before arriving at the targets are either from neutral
interactions or impurity radiation. So it is essential to look at what happens to the
radiated power.

In the WEST case, with high ne sep, a significant increase in radiation level near
the divertor is predicted by the SOLEDGE3X-EIRENE simulation, as shown in Figure
3.37. It is also observed that the radiation increases very fast : initially, it is mainly
distributed near the strike points region on the divertor, then increasing plasma
density by ramping the gas puff rate to a higher value, the maximum radiation region
moves up off the divertor target, and two radiation centers on the inner and outer leg
merged together near X-point in the detached regime.

In the TCV case, the evolution of radiation regions can also be interesting for the
detachment study and can be compared with WEST, as shown in Figure 3.38. With
increasing e sep, the total radiated power increases gradually : initially, it is mainly
distributed near the strike points region at the target, then the radiation tends to
increase along the separatrix from strike-points to X-point, and in the region near
the inner baffle. When ne s¢;, goes above a certain threshold (= 1.80 x 10 m™3), the
radiation at the outer strike point starts to reduce, and the peak radiation region moves
up along the separatrix, detaching from the outer target. However, different from the
WEST case, the merger of the inner and outer leg radiation center is not obvious in
TCV. In the outer divertor area (cyan polygon in Figure 3.39), the radiated power from
carbon remains approximately constant (16-19 kW), with the majority being radiated
by CIII (= 41%), across the density scan with constant SOL input power.
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FIGURE 3.37. : Radiation power [MW/m?3] in WEST case with closed baffle. With in-
creasing upstream 7 sep, the main radiation regions surrounded by
the radiation fronts (composed of the points that have less than 30%
reduced radiation compared to the maximum radiation in the simula-
tion domain, marked by red curve) move up off the divertor target, and
two radiation centers on the inner and outer leg merged together near
the X-point in the deeply detached regime. The blue dot represents
the position where it has the maximum radiation. The white dashed
curves represent the separatrix.
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FIGURE 3.38. : 2D maps of Py,q, from (a) to (f) with increasing 7 sep. In order to high-
light the radiation front region, the upper limit of color bar is set as
1 MW/m?3, even if the peak value of radiation can be 10 MW/m?3, occur
at the inner target, in some cases.

To evaluate the movement of the peak radiation region, there are two commonly
employed options : identifying the radiation center, which corresponds to the position
that shows the maximum radiation, or the radiation front, which encloses an area that
covers most of the radiation. Since the location of maximum radiation will shift closer
to the X-point shortly after achieving divertor detachment, identifying the radiation
front becomes a more feasible option. As shown in Figure 3.39, we define the radiation
front (marked by red cross) as the lowermost point of a region (enclosed by green
curve) inside which the P;,q of each point is higher than 70% of maximum radiation
in the analyzed spatial domain (marked by cyan polygon). The radiation front height
Hiad front 1S used to describe the distance between the radiation front and the target.
It is here defined as the vertical distance between the front and the outer target. For
comparison between different devices and magnetic configurations, a normalized
radiation front height Hg dfront 18 the preferred choice, which is defined as the ratio
between radiation front height Hyag front and X-point height Hx-point. In the case of an
approximately horizontal divertor leg, the heights are replaced by the distances from
the target along the leg. Therefore, Hg d.front = 1 corresponds to the radiation front
reaching the X-point height.
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FIGURE 3.39. : 2D map of P;yq [MW/m?3], the same case as (f) in Figure 3.38. For the
outer divertor, the radiation front (marked by red cross) is defined as
the lowermost point of a region (enclosed by green curve) inside which
the P;,q of each point is higher than 70% of maximum radiation in the
analyzed spatial domain (marked by cyan polygon). The height of the
radiation front Hyaq front and the height of X-point Hx-point are defined
as the vertical distance between the outer target and the radiation front
or X-point, respectively.

We now evaluate the evolution of radiation front in WEST and TCV simulations
(Section 3.2.1.2 and 3.2.2, both with no drifts). As shown in Figure 3.40, one can
observe that the normalized radiation front height roughly increases with 7, sep after
its value surpasses a certain threshold. In WEST, the threshold of radiation front
detachment (nesep ~ 1.90 x 10 m™) is lower than the threshold of particle flux
rollover (ne sep ~ 2.10 x 101 m™3). In TCV, the threshold of radiation front detachment
(M sep =~ 1.80 x 10'® m~3) is also lower than the threshold of particle flux rollover (Me sep
~ 1.95 x 1019 m™3). Generally, the slightly lower Nesep threshold of radiation front
detachment compared with that of particle flux rollover is observed in both devices,
indicating that the radiation front detachment can be used as a herald indicator of the
rollover of particle flux in detachment control.

99



3. Numerical modeling of edge plasma transport — 3.3. Summary of simulation cases

1 :
e WEST
= TCV °
0.8+ O [, rollover ° o |
°
206 . |
z:?: -
— .' °
0.4/ I
® N
02 [ [ °
" o°.
O = omm ' mO ..-.’.© |
1 1.5 2 2.5

N sep[1019m ]
FIGURE 3.40. : Evolution of normalized radiation front height as a function of 7 sep
in WEST and TCV. The black circle marks the point when the rollover
of I'e  happens in each case.
3.3. Summary of simulation cases

The above sections only discussed part of the simulation cases. Table 3.5 shows a
summary of all the cases that can be discussed in this thesis.
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Reference discharge #54903 at 8s | #56420 at7.3s | #54896 at8s | #70690 at 1s
Devise WEST WEST WEST TCV
Confinement mode L-mode L-mode L-mode H-mode
Magnetic configuration LSN, USN LSN USN LSN
Forward,
Magnetic field Forward Reversed Forward
Reversed
PP IMW] 0.54 0.486 0.99 0.25
,edge
psim_IMW] 0.45,0.5,2 0.45,2 0.92 0.21,0.5
,edge
Drifts NO YES, NO YES, NO NO
Ballooning NO YES, NO YES, NO YES, NO
Profile feedback YES, NO YES, NO YES, NO YES, NO
XL, x1einside separatrix 1 1 1 1,2
Diff enhance in divertor NO NO NO YES, NO
Ryan 0.99, 1 0.99,1 1 0.99
Pump YES YES YES NO
Impurity none none, O none C,CN
Gas puff compositions D D D D, N, DN
TOP, OMP,
Gas pulff position PFR OSP, PFR, OMP OSP, PFR
ISP
Closed baftle,

) Long baffle,

Divertor geometry Leak baffle, Closed baffle No baffle
Short baffle
No baffle

Density scan YES YES NO YES

TABLE 3.5. : The summary of all the cases and their setups discussed in this thesis.
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4.1. Impact of divertor closure

Wall geometry in particular baffle configuration can significantly influence detach-
ment properties due to their effect on plasma-neutrals interactions in the divertor
region. A higher neutral pressure can be achieved in a baffled divertor because fewer
neutral particles can escape from it. The plasma-neutrals interaction increases with
higher neutral pressure, leading to more momentum and power loss for the plasma
in the baffled divertor [99]. Recent numerical and experimental studies, particularly
on TCV, show that both inner and outer baffles have local effects on trapping neutral
particles, but the global effect of the outer baffle is quantitatively stronger than that of
the inner baffle [88]. However, it is extremely difficult to generalize these results obtai-
ned on a specific device since the wall and magnetic geometry vary significantly from
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one device to another. In this regard, additional results from other devices are very
helpful to progress toward a deeper comprehension of the impact of such geometries
on plasma-neutrals interaction and consequently on plasma behavior.

For studying the impact of the wall geometries on divertor behavior, several studies
have already been performed in other tokamak devices, for example, JET [100-102],
JT-60U [103], ASDEX-Upgrade [104], DIII-D [105-110], EAST [111, 112], TCV [84, 85,
88]. One common observation is that better divertor closure can increase the neutral
pressure in the divertor and facilitate access to colder divertor, and make plasma
detach at lower density threshold. It is expected that the degree of divertor closure can
influence the transport of neutral particles inside the main chamber, which affects the
detachment onset. Knowing the exact impacts of divertor closure and understanding
the physical processes behind it will be helpful for the study and control of the divertor
detachment.

4.1.1. Leakage under divertor baffle in WEST

In recent experiment campaign C5 of WEST, the space between the divertor baffle
and the vacuum vessel has been sealed. It is expected that this modification in baffle
configuration improves the divertor pumping capability because of higher neutral
pressure in the region under the baffle and close to the pump, allowing for better
control of the detached plasma regime. The sealed leak under the baffle can influence
the divertor closure, which refers to the degree of neutral particles escaping from the
divertor [113]. Here, we discuss the impact of leakage based on considering several
sizes of the leakage in the numerical investigation and then comparing with a few
available experimental data to get more insight into the particle recirculation inside
WEST.

Starting from the basic case (#54903 in Section 3.2.1.2), different baffle configura-
tions from closed to open (baffle removed) are applied to make the simulation to
evaluate the effects of baffle leakage, as shown in Figure 4.1. The leakage problem in
WEST was due to the toroidal discontinuity of divertor baffle. Here, we put the leakage
position at the bottom of the baffle to facilitate the 2D simulation, the leakage level
before the WEST experimental campaign C5 is supposed to be close to or smaller than
that of the baffle with small leakage, Figure 4.1b. Among the five baffle configurations,
four of them are just different at the bottom part of the baffle but have the same
top part in order to exclude the possible influence of recycling on the baffle [84], the
remaining one removed the baffle completely. In addition, the USN case with the
magnetic configuration symmetrical to the LSN one along the mid-plane shown in
Figure 4.2b has been considered because it is easier to investigate the effects of open
and closed baffle through the comparison between LSN closed baffle discharge and
USN no baffle discharge when carrying out the experiments. For this purpose, the
USN case has the same wall geometry as LSN closed baffle case, with the gas puff
position inside the PFR, but the pump remained at the bottom part as it can not be
changed in WEST.
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(a) Closed (b) Small (c) Medium
_—
(d) Large (e) Open

FIGURE 4.1. : Baffle configurations considered in the SOLEDGE3X-EIRENE simula-
tions : (a) the case with closed baffle, (b)the case with small leak under
the baffle, (c) the case with medium leak, (d) the case with big leak and
(e) the case with the baffle removed, in other words, open baffle.

Gas puff

QY

V&)

) ™~

Gaspuff  Pump Pump
(a) LSN (b) USN

FIGURE 4.2. : (a) WEST LSN magnetic configuration comes from the experiment di-
scharge #54903 at ¢ = 8s, with wall geometry in the poloidal cross-
section. (b) WEST USN magnetic configuration which is symmetrical
with LSN magnetic configuration along the mid-plane, with the same
wall geometry in the poloidal cross-section. In both sub-figures, the
black solid curve represents the chamber wall, the red solid curves re-
present the separatrix, the blue solid curve represents the core boundary,
the green arrow represents the gas puff position, the magenta line repre-
sents the pump position.

The meshes built based on different configurations (different baffle configurations,
LSN and USN magnetic configurations) are not exactly the same and may have a slight
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difference in partial cell size. Thus, the one-dimensional interpolation method needs
to be used if we want to apply the non-constant radial transport coefficient in each
configuration. However, the interpolation procedure can introduce small difference
between the radial transport coefficient profiles that are finally applied in each case.
To make a fair comparison between all the cases, we apply the WEST classic L-mode
transport coefficient setups D; =0.3, y 1 = x., = 1 for the later simulations, as the
mean value of non-constant radial transport coefficient D is around 0.3, the classic
value can be thought as a good choice. In this situation, we also change the input
power to 0.45 MW, to keep the target profile of the baffle closed case has a good match
with the experimental one (not shown here). These procedures can at least keep the
main conclusion for the impact of leakage consistent with the ideal situation. From
the latter comparison of the simulation results in Section 4.1.1.1, we understand that
the influence of different pump positions relative to the outer strike point is small, and
the USN no baffle case shows characteristics consistent with LSN no baffle case. So it
is acceptable to compare LSN closed baffle discharge and USN no baffle discharge
directly, and provides support for the subsequent experimental verification in Section
4.1.1.5. The influence of pump position in LSN and USN will be investigated in the
future.

In order to make the simulation results cover different plasma states, from the
sheath limited regime to the detached regime, the density scan is applied for a low
input power case going from e sep = 1.0 x 10 m™3 t0 3.0 x 101 m™3. As shown in
Figure 4.3, the sensitivity of gas puff rate in each case can be obviously influenced by
different levels of leakage, leading to a specific range of operational gas puff rate in
each case. However, the range of operational upstream 7 sep is overall limited below
3.0 x 10! m~3, without degrading the core plasma or inducing a radiative collapse.
All the cases share the same setups besides the differences in wall geometry and in
operational gas puff rate during the upstream 7, sep scan.

In the next sections, we investigate the impact of the level of baffle leakage on plasma
behavior and transport of neutrals. We start with the analysis of the detachment
threshold.

4.1.1.1. Impact of baffle leakage on plasma behavior

The simulation result is always time-dependent in SOLEDGE3X-EIRENE. Here, we
analyze only the final steady-state result. To reduce the effects of the oscillation from
Monte Carlo simulation on the final results, we increase the number of particles used
in EIRENE to 2 x 10°. After the simulation is converged, the data set used for analysis
is obtained by sampling 20 data every 1 x 10* iterations (time step dt = 2 x 1078 ) in
SOLEDGE3X. The results with error bars in some figures show the average value and
the standard deviation of its data set.

In Figure 4.3, we can observe that the range of operational gas puffing rate is the
broadest in the case with closed baffle. The more leakage under the baffle, the narrower
the range of operational gas puffing rate. In addition, the upstream 7, sep ramped up
with increasing gas puff rate in the simulations of each case.
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In the 2PM prediction [13], the parallel electron flux at the target I'¢ ; increases
proportionally to ng’sep in high-recycling regime. After reaching a threshold value of
Ne,sepr et TOlls over and the plasma steps into the detached regime (Section 2.6.3). The
threshold value of re sep corresponding to the rollover of I'e ¢ is called the detachment
threshold in upstream ne sep. The detachment threshold can also be expressed with
respect to gas puff rate. The profiles of peak I'c; at the outer target as a function
of gas puff rate and as a function of upstream 7, sep are shown in Figure 4.4 and
Figure 4.5 respectively. It can be observed that the lower level of baffle leakage, the
higher detachment threshold in gas puff rate, but the lower detachment threshold
in upstream nesep. The relative decrease in upstream separatrix density threshold
is much smaller than the relative increase in gas puff rate threshold with reducing
leakage under the baffle.

Also, the USN open case has a very close detachment threshold compared to the
LSN open one, and their peak I'c ¢ profiles are matched in low upstream 7 sep until the
detachment happens. After the rollover of peak I (, the USN open case has a higher
et value at the outer target than that of the LSN open case under the same upstream
Nesep- The USN open case shows some consistent characteristics with the LSN open
case, but the USN one seems to be more open than LSN one after surpassing the
detachment threshold.

3.5
3 L
P
- 2.5 "
20 o) ——Closed
% ——Small
qtbi 1 5 Medium
=1 —+Large
—+Open
L —+USN-Open |
A Rollover
0.5 : :
0 0.5 1 1.5

Gas puff rate[10*'atoms - s7!]

FIGURE 4.3. : Evolution of the upstream separatrix electron density 7 sep as a function
of the gas puff rate for the six cases (five LSN cases with baffle from
closed to open and one USN case with no baffle in the upper divertor)
under consideration. The black triangle on each curve marks the point
when the rollover of I'e { happens as shown in Figure 4.4.
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FIGURE 4.4. : Evolution of peak electron particle flux I'c ; at the outer target as a func-
tion of gas pulff rate for the six cases under consideration, the values
corresponding to the rollover have been marked by black triangles.
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FIGURE 4.5. : Evolution of peak I'e  at the outer target as a function of upstream 72 sep
for the six cases under consideration, the rollover positions have been
marked by black triangles.

4.1.1.2. Transport of neutrals

For the cases with leakage under the baffle, some neutrals can escape to the low field
side of the main chamber through the leak position under the outer baffle since they
are not magnetized. To study more details about the transport of neutrals, we made a
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2D plot comparison between two LSN cases, one with closed baffle and another with
small leak under the baffle, as shown in Figure 4.6. Two cases have the same gas puff
rate = 2.25 x 102 Datomss™!. The result shows that in the presence of the leakage, the
neutral density in the low field side increases by a factor from 2.5 to 6. When there
are more neutral ionization sources nearby the separatrix, the upstream 7 se, will
increase accordingly. This explains why the case with leakage has higher upstream
Ne sep compared with the closed case under the same gas puff rate. Vice-versa, the case
with closed baffle needs to increase the gas puff rate to maintain the same upstream
Ne sep as the case with small leak. This is consistent with what we observed in Figure 4.3.
In addition, for the case with leakage, overall less neutral penetration in the confined
region can be observed (light blue region in Figure 4.6¢), but when checking the
neutral density profile at the OMP, the neutral density is slightly higher from CEI to
the separatrix. Further investigations are necessary for understanding the neutral
penetration under the impact of leakage.

Gas puff rate Gas puff rate
2.25 x 102 ; : 2.25 x 10% 102

[D atoms s7}] [D atoms s~}

(@) Mpeu[109m 3] (b) Ppeu[1019m 3] (c) Relative change rate

FIGURE 4.6. : (a) The neutral density nye, distribution in the case with closed baffle.
(b) The neutral density npey distribution in the case with small leak. Both
(a) and (b) have the same setup parameters include the same gas puff
rate = 2.25 x 10?° atomss™!. (c) The contour of relative change rate in
neutral density npe, shows that the leakage under baffle results in the
increase of neutral density by a factor of 2.5-6 in the LFS and of 1.5 in
the high field side of the main chamber.

The neutral compression ratio is used to analyze the impact of leakage quantitatively,
it can be defined as the ratio between the neutral pressure at the outer divertor target
and that at the near wall OMP (the point at the OMP and close to the antenna). Here the
neutral pressure at the outer divertor target comes from the neutral pressure averaged
over the outer target region. A higher neutral compression ratio can be observed in
the case with a lower leakage level under the same upstream ne sep, corresponding
to a better performance of the divertor region in trapping the neutral particles as
shown in Figure 4.7. For the two cases with no baffle (LSN open case and USN open
case), the compression ratio changes slightly and is around 50 in the upstream 72 sep
range that is covered by the simulation. So we can consider that the compression
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ratio is not sensitive to the variation of upstream 7, sep in the two cases. However, in
the case with a closed baffle, the ratio is increased by a factor up to 4 and changes
between 50 and 200, and the compression ratio improved significantly with increasing
upstream 7le sep before the rollover of I'e ¢. After the rollover, the compression ratio
changes slightly, in the end, tends to decrease when the upstream 7, sep becomes very
high. The different behaviors of the compression ratio before and after detachment
can be explained as being affected by the different heights of the ionization front.
When the plasma is attached, more and more neutrals are trapped in the divertor
region with increasing upstream plasma density 7, sep, and the compression ratio is
increased simultaneously. However, when the plasma is detached, the ionization front
moves up off toward the X-point. So, in this situation, it is easier for neutral particles
to escape the divertor region, and the restricting effect of the baffle is weakened. Also,
the recycling on the baffle tip becomes more important in high upstream 7, sep. Both
aspects can explain the decrease of the compression ratio under very high upstream

Ne,sep-

250

—+-Closed
——Small
200 ¢ Medium
—-Large
150 —+-Open
—USN-Open
A Rollover

Neutral compression ratio

100
501 % E
0 I I
1 1.5 2 2.5 3

nC7SCp[1019m’3]

FIGURE 4.7. : The profiles of the neutral compression ratio (ratio between the average
neutral pressure at the outer target and the near wall OMP position).
The black triangle on each curve marks the point when the rollover of
I'e,: happens.

The evolution of peak neutral pressure at the outer target f’neu,t also shows a rollover
characteristic (Figure 4.8) as the peak I'¢ at the outer target (Figure 4.5). The rollover of
the peak neutral pressure can be attributed to reduced particle flux and the movement
of the ionization front away from the divertor target after resep €xceeds a certain
threshold. In Figure 4.9a—4.9c, we investigate the change in neutral pressure in the
lower divertor region when there is a slight increase in upstream density, Ane sep =
2.0x 10 m~3, in the cases with a closed baffle. Figure 4.9a represents the result before
the rollover of Ppey with an increase of 7 sep by Ane sep from 1.80 x 1019 m=3. Figure

109



4. Impact of wall geometry, particle, and energy sources on detachment —4.1. Impact
of divertor closure

4.9b represents the result at the rollover of Pneu,t with an increase of ng sep by Ane sep
from 2.25x 10'® m~3. Figure 4.9c represents the result after the rollover of Ppe, ( with an
increase of 7 sep by At sep from 2.80 x 1019 m™>. It can be observed that the ionization
front is moving up off the target with increasing upstream 7ne e, after detachment
happens. At the same time, the neutral pressure in the two small regions near the
strike points begins to decrease, but the neutral pressure in the larger region near the
ionization front remains increased. So the peak neutral pressure at the outer target
can not well represents the overall neutral pressure level in the divertor, which plays
an important role in influencing the momentum and power dissipation in SOL. The
workaround is to use the neutral pressure averaged over the divertor outer leg region
(as shown in Figure 4.10). The evolution of averaged neutral pressure in the divertor
outer leg as a function upstream 7 sep, is shown in Figure 4.11, it can be observed that
the case with less leakage has an overall higher neutral pressure level in the divertor
under the same upstream 72 sep, indicating greater momentum and power dissipation.
Therefore, a lower detachment threshold in the upstream 7 sep, is required in the case
with less leakage to reach a similar level of momentum and power dissipation.

4 ‘
—+Closed

35 L —I—Small
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| —T-Large
= 3 —J-Open
=3 —-USN-Open
*én
A
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1 1.5 2 2.5 3
Ne sep [1019m’3]

FIGURE 4.8. : Evolution of the peak neutral pressure at the divertor outer target.
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FIGURE 4.9. : The 2D maps (a)—(c) represent the change of neutral pressure APy, in
the lower divertor when upstream density increases by a little Ane sep =
2.0 x 10" m™3 in the case with baffle closed : (a) represents the result
before the rollover of peak neutral pressure at the divertor outer target
ﬁneu,t with an increase of 7 sep by Ante sep from 1.80 x 1019 m=3. (b) re-
presents the result at the rollover of lf’neu,t with an increase of 7 sep by
Ane sep from 2.25 x 10" m™3. (c) represents the result after the rollover
of Preu,t an increase of e sep by Afte sep from 2.80 x 1019 m 3.
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FIGURE 4.10. : The divertor outer leg region (from the outer divertor entrance to the
target in the poloidal direction along SOL) that is used to calculate the
average neutral pressure. The color bar in this figure represents the
neutral pressure [Pa].
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FIGURE 4.11. : Evolution of neutral pressure averaged over the divertor outer leg re-
gion as a function of upstream separatrix density. The black triangle
on each curve marks the point when the rollover of I's happens.

4.1.1.3. Parameters sensitivity related to the detachment

The average electron temperature inside the radiation front (Section 3.2.3) is evaluated,
as shown in Figure 4.12, together with the peak electron temperature at the outer
target. We can observe that the average temperature inside the radiation front is
around 4.2 eV and the peak electron temperature at the outer target is around 2.2 eV
when I'e rollover happens in each case. The average electron temperature inside
the radiation front does not change much after the radiation front detaches from the
target. It means that the region inside the radiation front can maintain a relatively
stable temperature of around 4.2 eV after the detachment happens, and the radiation
is much more active at this characteristic temperature. In a deep detached case with
Nesep =3 x 1019 m™3, the radiation in the entire modeling domain is mainly from the
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atom excitation (about 90%), and the volume recombination (about 10%). If we focus
on the radiation from the region inside the radiation front, the contribution from
the volume recombination will increase to about 24%. The volume recombination
radiation mainly happens in the region near the X-point.

We also evaluated the evolution of the vertical distance between the position of the
radiator (radiation peak) and the target, as shown in Figure 4.13. The distance equals
0 in the attached regime, and then it ramps up with raised upstream 7, sep, and can
even be higher than the vertical distance between X-point and target in the end. One
interesting thing observed is that the radiator height corresponding to the rollover of
[e ¢ is always around 1.4 cm.

Simulation results above show that there exist rollover characteristic parameters :
the peak electron temperature at the outer target about 2.2 eV, the average electron
temperature inside the radiation front around 4.2 eV, the vertical distance between
the position of the radiator and target about 1.4 cm, on which the divertor closure has
no obvious influence. This peak target temperature result is close to what has been
observed in the DIII-D experiment, T, drops to 2 eV when the rollover in peak Jg,¢
happened [114]. This phenomenon is probably due to the factors : the ion-neutral
interaction happens at T, from 2 to 5 eV, and plasma recombination happens at T,
below 1 eV [115].

X
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FIGURE 4.12. : The scatter points of the peak electron temperature at the outer target
(marked by crosses) and the average electron temperature inside the
radiation front (marked by asterisks). The black triangle on each curve
marks the point when the rollover of I's ; happens.
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FIGURE 4.13. : The profiles of the vertical distance between the position of radiator
(radiation peak) and target. When I'¢ ; rollover happens in each case
(marked by black triangle), the radiator height is always around 1.4 cm.
The X-point height is about 6 cm. The 2D radiation maps of four LSN
baffled closed cases, marked by magenta columns (a)-(d), are shown
in Figure 3.37.

As we discussed in Section 4.1.1.2, the relationship between 7 sep, and gas puff rate
is indirectly influenced by the baffle configuration, which can have effects on the
neutral transport. Thus we can observe a significant difference among the profiles
of six cases with different levels of leakage, shown in Figure 4.3. Another obvious
difference exists among the profiles of peak electron temperature at the outer target
as a function of e sep shown in Figure 4.12. The target electron temperature as a
downstream parameter is influenced by the upstream parameter 7ne sep in SOL. In the
process from upstream to target, for the cases with reduced leakage, the momentum
and power dissipation of plasma increase due to overall higher neutral pressure near
the divertor.

However, the relationship between the radiator height and the target electron tem-
perature seems not significantly influenced by the baffle configurations with different
leakage levels, as shown in Figure 4.14, those scatter points are almost distributed
around the same curve. This can be explained as the temperature at the target plays
a key role in setting the power and momentum dissipation factor due to these pro-
cesses mainly happening in the region near divertor target. For this reason, the plasma
regime is directly related to the target temperature. The levels of leakage, however,
play a role in affecting the relationships between the gas fuelling, upstream and target
parameters. The insensitivity of radiator height to the leakage when it is as a function
of local target temperature can be useful in detachment control. During the real expe-
rimental discharge, the slight change of distance between the separatrix and the baffle
tip (due to instability issues) can also lead to an obvious change in divertor closure
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and presents similar effects like the baffle leakage as we discussed in this section :
the transport process between upstream and downstream can be influenced by the
leakage. So in the ideal situation, it is preferred to take the parameters near the target
(e.g. target temperature) as the input signals when designing the feedback control
system, which aims to achieve stable detachment.
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FIGURE 4.14. : The scatter points of the radiator height as a function of peak T¢ at
the outer target.

4.1.1.4. Analyze through the extended two-point model

Here we will use the extended 2PM (Section 2.6.1) to reproduce the predictions of
WEST simulation (Section 3.2.1.2, the case that takes #54903 as reference, no drift)
which is used to discuss the impact of leakage (Section 4.1.1). To keep a good match
between the extended 2PM and the SOLEDGE3X-EIRENE simulation, we take the
simulation data as the input of the extended 2PM to help us estimate certain parame-
ters in the model. In this way, the impact of leakage observed in the simulation can be
consistently presented in the result of the extended 2PM. As the extended 2PM is com-
posed of simple conceptual terms, the terms most associated with causing the impact
of leakage in the extended 2PM can be easily identified in a quantitative way. Another
reason for taking the simulation data as the input of the extended 2PM is because the
simulation data with upstream density scan can give out more information in a more
precise way than the experiment.

Input parameters The input parameters of the extended 2PM used here can be
divided into constant and non-constant parameters.
The constant parameters include :

¢ a=0.428m, the minor radius of WEST.
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R =2.468m, the major radius of WEST.
e L =31m, the parallel connection length from upstream to target.
* g95 = 4, the safety factor.

e z =1, the ratio of electron density and ion density, its value is one as we have no
impurity in the cases simulated.

e M, =0, M; =1, the Mach number, assumed to be 0 in the upstream and 1 at the
target.

* R{/Ry =0.774, the toroidal flux expansion value used in WEST.
* my, the fuel ion mass.

* koe, the electron parallel conductivity coefficient.

The non-constant parameters are calculated based on the upstream and target data
provided by the simulation results. An important fact is that the data in SOLEDGE3X-
EIRENE can not be applied directly in the extended 2PM since the extended 2PM
ignores radial variations of upstream and target parameters, also, it follows the particle
balance assumption, but there exists perpendicular particle diffusion into the PFR
in the divertor. As a result, the density and particle flux profile at the target show
obvious shifting outwards from the separatrix field line and peak value reduced in
the experiment and SOLEDGE3X-EIRENE. To make a fair comparison between the
extended 2PM and SOLEDGE3X-EIRENE, we use the upstream separatrix density
Nesep and upstream separatrix ion (electron) temperature Tie) sep from simulation
data as the upstream density n, and upstream ion (electron) temperature Tje),, in the
extended 2PM. The target density n; and target ion (electron) temperature Tj), in the
extended 2PM are obtained from the point corresponding to the peak electron particle
flux I'¢ at the outer target in each simulation case. Here the upstream and target data
from the simulation are just obtained to evaluate the non-constant parameters in the
extended 2PM. When we apply the model to make predictions for WEST, the upstream
and target conditions will no longer be used, and this part will be discussed in detail
in Section 4.1.1.4. Now we introduce the non-constant parameters :

* SOL input power Pj, so1. When detachment happens through raising plasma
density or injecting the impurity, the power radiation in the core can become
important. This means that even if the total input power is fixed, the Pij 501
can still change under certain conditions. In this section, all the simulation
cases have fixed total input power PS™ = (0.449 MW, the Pjp, 501 is obtained by

in,edge
subtracting the power radiated inside the separatrix from P>'™ . . The evolution

in,edge’
of Pjp 501 @s a function of T, ; is shown in Figure 4.15a.
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* Power decay length in SOL upstream A4 (Section 2.5). This parameter can be
evaluated by Equations (4.1) [13]. Here, the 1, and the At represent the decay
length of density and temperature in SOL upstream, we assume 7T, = T; only
in the calculation of 14. The A, and At can be evaluated by the OMP density
and temperature profiles from simulation. As the A4 is fully evaluated based on
upstream parameters, we postulate it to be a function of upstream density ny,
the evolution of A4 is shown in Figure 4.15b.

1 1 3
= 4.1)
Aq An 27
e The ratio of ion temperature and electron temperature 7. This parameter can
be evaluated by Equations (2.64) as it is influenced by the collision between
particles. It can be applied in two positions : the upstream and target, we marked
them as 7, and 7. Due to different source locations, the 7, is postulated to be
a function of upstream density n, and the 7 is postulated to be a function of
target electron temperature T¢ ;. The evolution of 7, and 7 is shown in Figure
4.15c and 4.15d.

* Volumetric transfer terms for power and momentum fyower, fmom- They are
evaluated by Equations (2.56) and (2.57), we use fyower, fmom to introduce the
effects of radiation, charge exchange, frictional collisions with neutrals, viscous
forces and volume recombination in the SOL. As these effects is mainly happened
in the region near target because of low target temperature when detachment
happens, we postulate them to be a function of target electron temperature T¢,
the evolution of fpower, fmom is shown in Figure 4.16a and 4.16b.

e Parallel heat conduction factor f.,nq. The parallel heat transfer in SOL is do-
minated by conduction, but the heat convection is no more negligible when
the temperature gradient between upstream and target become important. The
parallel heat conduction factor f.onq is defined by Equation (2.58). So the rela-
tionship between upstream and target temperature evaluated by parallel heat
conduction can be written into Equation (2.59). We can observe that the profiles
of feond show the minimize the presence of the impact of leakage due to different
wall geometry when it is as a function of upstream density n,, as shown in Figure
4.16c and 4.16d, so we postulate it to be a function of upstream density 7.

In the assumptions of the extended 2PM, fpower, fmom and feond are normally close
to 1 in the sheath limited regime, but their value is limited under 0.9 as shown in Figure
4.16. This is normal because, on the one hand, we have few cases in the sheath-limited
regime as we focus more on detachment; on the other hand, the divertor SOL does
not strictly follow the particle balance assumption under the influence of the PFR as
we have discussed previously. Here, these parameters are underestimated but can still
indirectly reflect the influence of perpendicular particle diffusion into the PFR in the
divertor.
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FIGURE 4.15. : Evolution of non-constant parameters : (a) SOL input power Pjj, 501, (b)
power decay length in SOL upstream A4, (c) ratio of ion temperature
and electron temperature 7 in SOL upstream, (d) ratio of ion tempera-
ture and electron temperature 7 at the target. They are calculated by
the WEST simulation data in SOLEDGE3X-EIRENE with baffle leakage

influence under consideration.
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FIGURE 4.16. : Evolution of non-constant parameters : (a) volumetric transfer terms
for power fyower, (b) volumetric transfer terms for momentum fiom,
(c) parallel heat conduction factor fconq as a function of Tg ¢, and (d)
parallel heat conduction factor f.,nq as a function of n,. They are
calculated by the WEST simulation data in SOLEDGE3X-EIRENE with
baffle leakage influence under consideration.

Calculation process From the Equations (2.56)—(2.66), we can obtain the following
Equations (4.2)-(4.4) [50]. The target temperature 7T, can be evaluated by Equation
(4.3), however except the upstream parameters, there also includes some non-constant
parameters like Pi, so1, Tt, fmom and fpower depend mainly on the divertor conditions.
In order to calculate the target temperature 7T, with given upstream parameters,
we can use the iterative method. The process is illustrated in Figure 4.17 : starting
with a given value of upstream density, then corresponding A, Ty and fcong can be
determined through profiles in the Figure 4.15 and 4.16. Next, supposing an initial
value of T (the maximum value of T that can be analyzed), getting the Pj, o1, Tt,
Jmom and fpower according to the initial Te ¢, applying all the parameters obtained into
Equations (4.5), finding the T, value best match with those parameters by the help of
bisection method, comparing the T, with the initial T, , if the difference is too big,
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using the new T, to start next iterations until the difference between two T, is small
enough.

Based on the T, calculated with provided upstream conditions and appropriate
non-constant parameters, we can easily evaluate other target parameters like electron
density ne, electron particle flux I'e ¢, parallel heat flux gy, etc.

T 7 feondqul 7\7
Ptotu = 2nuk (1 + Z_:) %Oeu + Tez,t (4.2)
. _[8m iy (fpower)z 147z [ (1+M2)?) [(&)2] s
o ey? Ptzom Jmom | 2 4Mt2 ¢ '
= [ Y ] [ptzotu] faom 2 AM; [&] 4.4)
¢ 8me| | qju || foower ] [ 1+ 7T¢/2 (1 + Mt2)2 ] Ry
2 2 2 2 2

8me| | i | | [ foower 1+71dz ] | (1+M?) Ry
f(Teyt) = Te,t - 2 2 D) I (4.5)

e)/ Ptom fmom 2 4Mt Rt
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FIGURE 4.17. : The flow chart introduces the process of getting the target temperature

in the extended 2PM.
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Comparison with SOLEDGE simulation We can get some profiles similar to
Figure 4.5 and Figure 4.12, but this time the results are from the calculation of the
extended 2PM after applying the upstream 7, sep scan. Here we take two cases as
an example, one is the case with no leak, and another one is the case with small
leak. The profiles of the extended 2PM show a good match with the scatter points
from SOLEDGE3X-EIRENE results as shown in Figure 4.18. The different detachment
threshold in negep can also be observed in the prediction of the extended 2PM as
shown in Figure 4.18b. Due to the rapid change of some non-constant parameters
and not dense enough samples in very low target temperatures, the calculation of the
extended 2PM is hard to converge, so we neglect that part in our analysis.
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FIGURE 4.18. : (a) Evolution of electron temperature at the outer target T, as a func-
tion of 7 sep. (b) Eevolution of particle flux at the outer target I'e ¢ as a
function of 7 sep. Solid curves represent the result from the extended
2PM, scatter points represent the result from SOLEDGE3X-EIRENE
simulation (SIM). Here we show only two cases as an example : the
case with closed baffle and the case with small leakage under the baffle.

The parameters that introduce the impact of leakage Through the extended
2PM, the constant parameters are the same for all the cases, so the differences in non-
constant parameters are the possible reasons for the different performance between
baffle closed case and small leak case as observed in Figure 4.18. When we look at
the evolution of non-constant parameters in Figure 4.15 and 4.16, most parameters
appear no obvious difference between two cases with variable baffle leakage except
Pinsol, Tt and fmem. From Equation (4.3) and Equation (2.60), one can observe that
Te,¢ is proportional to Pizn sol’ fx%om and (1 + 7()/2. Comparing with Pj, o1 and fmom, the
small difference of 7 has limited influence on the final results, thus we can neglect
its variation in different cases. Our later results also support this point of view. As
the fpower and the fcong also play an important role in connecting the upstream and
target, a minimal change in their value can also be important for the final results in
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the extended 2PM, so we take them into account in the analyzing of which parameter
matters to introduce the impact of leakage in the extended 2PM.

We start by defining the common parameters and independent parameters among
the non-constant parameters for the two cases with variable baffle leakage. The com-
mon parameter means that the parameter is strictly the same when applied in the two
cases. When finding the value of the common parameter by given T, ; or n,, we inter-
polate the two sets of data from two cases separately and then take the average result
as the input of the extended 2PM. On the contrary, the independent parameter just
keeps the result unique to each case. In Section 4.1.1.4, we take all the non-constant
parameters as the independent items to make the comparison. The influence of each
non-constant parameter on introducing the impact of leakage in the extended 2PM
can be identified easily : when changing the parameter from the independent one to
the common one, if the difference between the two cases due to the impact of leakage
remains the same as before, it means that the parameter has no obvious effects of
introducing the impact of leakage in the extended 2PM. For the analysis process, we
chose to reduce the number of independent parameters gradually but not analyze
only one independent parameter each time because some parameters may be highly
coupled and can cause some problems in the calculation when they are not from the
same source (independent or common).

Firstly, we isolate the effects of Aq, Ty and 7 from the extended 2PM, s0O fmom, fpower,
feond> Pin,sol are still remained to be independent in each case. The evolution of I'e
under new condition is shown in Figure 4.19a, comparing with the Figure 4.18b, the
difference between them is quite small, and the impact of leakage still remained. So
Aq, Tu and 7 can be considered to have no obvious effects in introducing the impact
of leakage.

Based on the first step, we continue to change the Py, o] from the independent to
the common parameter. The result, as shown in Figure 4.19b, indicates that the effects
of Pin 501 can be ignored in introducing the impact of leakage, even if we have observed
a significant difference between the two cases with variable baffle leakage for the
profiles of Pjj ¢o1 in Figure 4.15a.

Then we put feong as the common parameter. The result as shown in Figure 4.19c,
compared with Figure 4.19b, a small difference can be observed. The peak I'c ; de-
creases a little in the small leak case but increases slightly in the no leak case in the
section right before rollover.

Next, the fpower is set as the common parameter. It seems to have the same tendency
as the behavior of f.,nq but presents a more significant difference this time, as shown
in Figure 4.19d. The peak I'¢ ; in small leak case is reduced a little. So now there is only
fmom remaining as the independent parameter, but we can still observe the impact of
leakage from the profiles.

The fpower is also set as the only independent parameter to check its effects, as
shown in Figure 4.19e. The two solid curves from the extended 2PM are almost similar,
so no obvious impact of leakage can be observed this time.

When we finally no longer use the independent parameters, all the parameters used
in both cases are exactly the same, so it is not surprising to see the I'¢ profiles from
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two cases meet together, as shown in Figure 4.19f. Under this condition, the impact of
leakage vanishes from the result of the extended 2PM.

Overall, from the comparison above, we can see that the independent fi,,om tends to
increase the impact of leakage, independent fyower and feond tend to lower the impact
ofleakage. The absolute influence of them in introducing the impact of leakage is in an
order like : fimom >> fpower > feond- The effects of fyower and fcong are even negligible
compared with the strong influence carried by the fiom-

Through the above analysis, we can see the plasma pressure balance between
upstream and target in SOL is the aspect that is fundamentally influenced by the
leakage under the baffle. But it is not a direct influence as the leakage influences more
on the transport of neutrals as discussed in Section 4.1.1.2, and then the redistribution
of neutrals can influence the plasma pressure balance by plasma-neutrals interactions.
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FIGURE 4.19. : Evolution of particle flux at the outer target I'e ¢ as a function of 7 sep.
Solid curves represent the result from the extended 2PM, scatter points
represent the result from SOLEDGE3X-EIRENE simulation (SIM). Here
we show only two cases as an example : the case with closed baffle
and the case with small leakage under the baffle. Each figure shows
the result with different groups of independent input parameters in
the extended 2PM. Except for the independent parameters used, other
parameters are set to be the common parameters.
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of divertor closure
4.1.1.5. Comparing with experiment

Discharge 55077 56923 56726 | 56769
Campaign c4 C5 C5 C5
Configuration LSN LSN LSN | USN
Plasma current I, (MA) 0.5 0.5 0.4 0.4
Toroidal field By (T) 3.6 3.7 3.2 3
Heating power P;." (kW) 150 140 365 | 375
Central line integrated density (10'%/m?) 4 4.5 3 3
Upstream separatrix density e sep (10'9/m?) | 1.840.25 | 2.1+0.25 - -
Phey,omp (MPa) 0.2 0.2 0.2 0.5
Pneu,baffle (MPa) 10 15 6 -
Time £ (s) 15 15 6 6

TABLE 4.1. : The data of experiment cases, Pney,omp represents the average neutral
pressure at the near wall OMP position, Ppey,batfle T€Presents the average

neutral pressure under baffle.
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FIGURE 4.20. : Evolution of neutral pressure under baffle as a function of upstream

Ne,sep-
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FIGURE 4.21.
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: Evolution of neutral pressure at the near wall OMP position as a func-

tion of upstream 7 sep.

0.4

Pneu,omp change rate

} } ? ¢ Closed

{ ¢ ¢ Small
Medium
1 I ¢1 ¢ Large
| f t f ; ¢ Open
- - EXP (ne,Sep unknow)

FIGURE 4.22

: The change rate of the neutral pressure at the near wall OMP :

LSN USN USN .
(Pneu,omp - Pneu,omp)/ Pneu,ornp’ as a function of upstream ne sep. The

dashed line represent the Ppeyomp change rate = —0.6, comparing bet-
ween discharges #56726 and #56769.

Results from the SOLEDGE3X-EIRENE simulation are compared with four WEST
discharges, as shown in Table 4.1. In WEST experimental campaign C5, the space
between the divertor outer baffle and the vacuum vessel was sealed. The experimental
data from the LSN discharge in C5 can be considered as baffle closed case when
compared with the simulation, the one in C4 can be considered as the case with small
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leakage. For the discharge #56923 in C5, we can observe about 50% higher neutral
pressure under baffle Ppey batfle, 17% higher upstream 7, sep and 13% higher central
line integrated density compared with the discharge #55077 in C4. Both discharges
have very close operational parameters. In the prediction of simulation for the neutral
pressure under the baffle as shown in Figure 4.20, the LSN baffle closed case indeed
has higher neutral pressure than the other LSN cases with leakage under the same
upstream 7 sep Which is consistent with the result given by experiment. However, the
neutral pressure under the baffle evolves as a function of 7 sep. For this reason, the
increase of about 17% in the upstream density can also impact the neutral pressure
under the baffle, making it difficult to conclude that the 50% higher neutral pressure
under baffle is due to the effect of leakage sealed in the campaign C5. Moreover,
other modifications implemented in WEST vacuum vessel between C4 and C5, like
the change in the material of limiter bumpers, can impact the neutral density and
pressure. For this reason, it is very challenging to estimate the impact of the leakage
by comparing C4 and C5 discharges.

We also need to notice that the absolute values of neutral pressure under the baffle
and the one at the near wall OMP are much higher in the simulations (Figure 4.20
and 4.21) than in the experiment (Table 4.1) by a factor up to 25. The neutral pressure
difference between simulation and experiment is possibly due to two factors : first,
different measurement positions. In experiment, the neutral pressure is measured
after the pipe conduction, but in simulation, the Py, is obtained directly from the
locations (the region near the wall at the OMP and the region not far below the baffle).
This factor can cause an underestimate of neutral pressure in the experiment and has
been discussed in more detail in Section 2.7.2; second, the pure D simulation case
also shows a higher Pp¢,, compared to the simulation case with impurities (C or N). In
pure D simulation, the neutral particles play an important role in the momentum and
power dissipation of plasma. When the impurities particles are introduced into the
plasma, they are much more effective in dissipating the power than the D atoms. In
the case of the same energy dissipation, the pressure of D atoms and the total pressure
of neutral particles required is greatly reduced under the effects of impurity. These
aspects will be investigated further in future studies. So the Pyey omp measured in the
experiment can not be compared directly with the data from simulation as they are
not in the same order of magnitude.

To make a fair comparison, we choose two discharges in the same campaign C5,
LSN discharge #56726, and USN discharge #56769. Both are pure Ohmic heating cases,
with very close central line integrated density and operational parameters. However,
there was no diagnostic available to evaluate the neutral pressure in the upper divertor,
and the reflectometry density measurement (used to evaluate the ne sep) at the OMP
was not performed in the two cases. A workaround is to compute the change rate of
the neutral pressure at the near wall OMP Pyey omp for each LSN case, the change rate
is defined as (Pfioy omp — Phemomp)/ Phenomp- FOT the cases with baffle, the change rate
is normally negative. It represents the decrease of neutral pressure in the far SOL when
the baffle is introduced as the baffle can limit the leakage of neutral particles from
the divertor, thus lowering the neutral pressure in the far SOL as discussed in Section
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4.1.1.2. The baffle with less leakage can have a better effect in limiting the neutral
particles, leading to lower Ppey omp- For this reason, we can see the baffle closed case
has the lowest neutral pressure at the near wall OMP compared with other cases, as
shown in Figure 4.21. Here we compare the LSN baffled closed case and USN case
directly because the USN case can be considered as LSN no baffle case, and they have
consistent characteristics as discussed in Section 4.1.1.1.

The reasons for using the Ppey omp change rate to analyze the impact of leakage in the
experiment are : first, this parameter shows insensitivity to the changes of upstream
Ne sep as shown in Figure 4.22. This is important because measurements of upstream
conditions are not always available in the experimental discharges; second, itis hard to
reproduce the plasma in the simulation that has the same order of magnitude of Ppey,
as in the experiment, this part has been discussed before. The Ppeyomp change rate
can be an ideal parameter to evaluate the tendency that happened in the simulation
and experiment under the effects of leakage.

Figure 4.22 shows the Ppeyomp change rate calculated by simulation cases and the
value from selected experimental cases as a reference. It can be observed that the
reference value given by the experiment matches with the prediction of SOLEDGE3X-
EIRENE when the Pyeyomp Change rate is calculated between the baffle closed cases
and the USN case. This is consistent with the fact that we have a baffle closed divertor
in campaign C5 of WEST.

The diagnostics for neutral pressure measurements have been improved since the
C5 campaign, with better measurement accuracy and more measurement positions
(the upper divertor is included). A more detailed comparison with simulation results
will be possible for future experiments, and this aspect will be investigated further.

The impact of leakage is also analyzed via the 2PM, which shows that the plasma
pressure balance between upstream and target in SOL (fmom) is the aspect that is
fundamentally influenced by the variable baffle leakage. More details can be found in
Section 4.1.1.4.

4.1.2. Long and short baffle in TCV

The impact of divertor closure in TCV H-mode case has been investigated through the
simulation via changing the length of the outer baffle. Except for the wall geometry,
the short outer baffle cases keep all parameters identical to the long one presented in
Section 3.2.2. The comparison between long and short baffle is shown in Figure 4.23.
They are the case with D and C, no nitrogen seeding is applied.
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Interferometric Z Long/ Short
Channel ‘ Outer baffle

FIGURE 4.23. : Geometries with the long and short outer baffle. An interferometric
channel was introduced in the simulation, to study the influence of
the outer baffle length on line integral density nearby X-point.

The comparison of long and short baffle TCV cases presents similar results to WEST
investigation in Section 4.1.1 : under the same upstream density, compared with long
baffle case, short baffle case represents lower gas puff applied (Figure 4.24), lower
neutral compression ratio (Figure 4.25), less effective in trapping neutral particles in
the divertor, higher target temperature (Figure 4.26), higher detachment threshold in
Nesep (Figure 4.27).
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FIGURE 4.24. : Evolution of gas puff as a function of ne sep.
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FIGURE 4.25. : Evolution of neutral compression ratio (equals to the ratio between

Prey,target and Phey,omp, the corresponding positions can be checked in
Figure 3.28) as a function of ne sep.
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FIGURE 4.26. : Evolution of peak electron temperature at the outer target as a function
of 7e sep.
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FIGURE 4.27. : Evolution of peak parallel electron flux at the outer target as a function
of 7e sep-

Because of the lower divertor closure, the case with short baffle exhibits a lower
divertor neutral pressure (Figure 4.28), leading to a lower momentum and power
dissipation level at the same upstream density when compared to the long baffle case.
The difference in neutral pressure distribution due to the change in baffle length can
thus influence the detachment.
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FIGURE 4.28. : 2D maps of Pye, [Pa] are shown in (a) and (b), which have the same
upstream separatrix density (ne sep = 3 x 10'9 m~3) but different baffle
lengths. Plot (c) shows the change in neutral pressure between (a) and
(b) when the baffle length is increased while keeping 7 sep constant.

It is interesting to note that, despite the difference in divertor closure, a consistent
detachment threshold is found in both TCV and WEST (Section 4.1.1) cases when
considering the divertor neutral pressure (averaged along the lower part of the outer
divertor leg, blue line in Figure 3.28). This is illustrated in Figure 4.29 where the
detachment threshold is ~ 0.76 Pa for TCV cases with P$™ . =210kW, and = 1.21 Pa

in,edge
for WEST cases with Plslllrg dge = 450kW. This finding suggests that the divertor neutral
pressure can be used as an ordering parameter for the divertor state when applying
constant SOL input power, independently of the divertor configuration.

If we introduce an interferometric channel (Figure 4.23) in the TCV simulation,
to analyze the line-integral density 7. in¢ x over the channel which is pointing in the
X-point region in the same way as WEST (Channel 1 in Figure 2.13). We can find that
the ne intx shows similar characteristics to the divertor neutral pressure, indicating

that the divertor-averaged neutral pressure and 7, in¢ x are highly related.
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FIGURE 4.29. : Evolution of peak particle flux at the outer target as a function of
divertor-averaged neutral pressure in TCV and WEST with different
divertor closure levels.
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FIGURE 4.30. : Evolution of peak particle flux at the outer target as a function of line-

integral density over the channel which is pointing in the X-point
region in TCV and WEST with different divertor closure levels.

However, there is a noticeable contrast in the deuterium puffrate required to achieve
detachment between WEST and TCV. With reduced divertor closure, the deuterium
puff rate at the detachment threshold is lower by 92% in the WEST case (as shown
in Figure 4.4) and by less than 5% in the TCV case. This difference can be attributed
to the influence of the divertor wall recycling coefficient and the relative positioning
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of the pump. In the WEST simulation cases (Section 4.1.1), the variable divertor clo-
sure is achieved by either creating a hole at the bottom of the baffle or removing the
baffle entirely, to mimic divertor neutral leakage. The pump is positioned under the
baffle (close to the hole), with a recycling coefficient Ryymp = 0.95. The wall recycling
coefficient is taken as Ry = 1 (assuming full recycling of ions impinging the wall).
With a higher level of leakage, the neutral pressure near the pump decreases substan-
tially, even if the average divertor neutral pressure remains the same. As a result, the
pumping speed decreases proportionally to the neutral pressure, which reduces the
requirements for the deuterium puff rate needed to integrate the loss of neutrals and
maintain the particle balance. However, in the TCV case, there is no pump. The sink of
particles is dominated by the integral ion flux impinging on the target with a recycling
coefficient of Ry, = 0.99. Simulation results show that the integral ion flux impinging
on the target is similar (= 6 x 102} s™1) at detachment onset, despite the difference in
divertor closure. A slightly lower (less than 5%) ionization source (from deuterium gas
puff) is required in a reduced divertor closure case to achieve a similar integral ion
flux level at the target because the upstream density is higher. The difference between
TCV and WEST emphasizes the effect of divertor wall conditioning and the relative
positioning of the pump in gas fuel operation.

4.2. Impact of nitrogen seeding

Nitrogen is often used in high radiation scenarios, mainly radiating power in the SOL
and divertor region in medium-sized tokamaks such as WEST and TCV [116]. The
radiation increases significantly and the target heat load is largely reduced with nitro-
gen seeding [17]. In H-mode scenarios, nitrogen can change the ELM characteristics
(reduce ELM size by a factor of 2—3 and increase the ELM frequency by a similar
amount) and improve the energy confinement [117, 118]. High levels of nitrogen ra-
diation reduce the ELM amplitude further and can cause back-transitions to L-mode
[17]. However, nitrogen and carbon should be avoided in future reactors due to their
chemical reactivity, for example in the presence of lithium wall coatings, and strong
tritium retention [28, 119].

Based on the long and short baffle TCV cases with D and C, nitrogen seeding is
introduced to investigate how it will influence the divertor state. In addition to the
cases we used before, three cases are added : two have ramped Nitrogen Seeding
starting From an Attached case (NSFA) with long and short baffle; the remaining
one has ramped Nitrogen Seeding starting From a Detached case (NSFD) with long
baffle. When ramped nitrogen seeding is applied, the deuterium puff rate remains
unchanged, Figure 4.31. The two NSFA cases with long and short baffles have a similar
upstream density (7esep =~ 1.35 x 10" m~3) at the start point. The long baffle NSFD
case has higher upstream density (n1¢sep = 2.07 x 1019 m™) at the start point. The
ramped nitrogen seeding rate leads to an increase of nitrogen concentration in the
divertor, which is an important variable in evaluating the impact of nitrogen. We define
the impurity concentration ¢z = Ppey z,div/ Pneu,total div (the ratio of neutral pressure
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between impurity species and total one, averaged along the lower part of divertor
outer leg, blue line in Figure 3.28). The evolution of carbon and nitrogen concentration
as a function of peak electron temperature at the outer target is shown in Figure 4.32.
The achievement of detachment is usually accompanied by low temperature (below
5eV) at the target. So the parameters here are shown as a function of peak electron
temperature at the outer target to make it easier to analyze the impact of nitrogen
seeding for detachment.
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FIGURE 4.31. : Evolution of deuterium and nitrogen puffrate as a function of peak elec-
tron temperature Te,t at the outer target. NSFA (NSFD) means the case
with ramped Nitrogen Seeding starts From an Attached (Detached)
plasma. When ramped nitrogen seeding is applied, the deuterium puff
rate keeps constant as the start point.
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FIGURE 4.32. : Evolution of carbon and nitrogen concentration (cZC iy and c;\l div» T€S-
pectively) as a function of peak electron temperature T, at the outer

target.

4.2.1. In the cases with unchanged divertor closure

This section primarily focuses on the impact of nitrogen seeding on the divertor state.
Three long baffle cases (one case without nitrogen seeding and two cases with nitrogen
seeding) are compared. Figure 4.33a shows the evolution of 7, sep as a function of peak
electron temperature at the outer target. It is evident that the case without nitrogen
seeding requires a relatively high e sep to achieve a low target temperature. However,
the case with nitrogen seeding starting from an attached state can achieve a similar
target temperature with a lower ne sep, which remains relatively constant throughout
the scan. This suggests that nitrogen seeding can cool the target temperature with
little effect on the upstream density.
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FIGURE 4.33. : (a) Evolution of upstream separatrix density 7 sep as a function of
peak electron temperature at the outer target. (b) Evolution of divertor-
averaged neutral pressure (the position of Ppey qiy is shown in Figure
3.28) as a function of peak electron temperature at the outer target.
There are four cases selected : (i) represents an attached case without
nitrogen seeding and with a peak target temperature T, = 9.6eV. (ii)
— (iv), represent the detached cases with increasing nitrogen concen-
tration (from 0 to 0.12) and with approximately the same peak target
temperatures T = 1.3€eV.

The divertor neutral pressure is strongly related to the upstream density in the case
without nitrogen seeding, Figure 4.33. However, when nitrogen seeding is introduced
starting from the attached case, the divertor neutral pressure remains constantly
lower, following a behavior similar to that of 7nesep. This observation is consistent
with the experimental results [86], indicating that the divertor neutral pressure is
strongly related to the upstream electron density and insensitive to nitrogen injection.
However, when nitrogen seeding is introduced starting from a detached case, the
divertor neutral pressure drops rapidly. Cases (ii) and (iii) in Figure 4.33b have similar
upstream density (1], ~ 2.4 x 10" m™ compared to ni,, = 2.2 x 10 m~3) but
present a significant difference in divertor neutral pressure (0.85 Pa compared to 0.57
Pa) due to nitrogen injection. Further studies show that introducing nitrogen seeding
starting from the detached case rapidly decreases the target particle flux, as shown by
the red curve in Figure 4.34a. Fewer neutral particles are recycled from the target, as
aresult, divertor neutral pressure decreases. Next, we use the 2PM (Section 2.6.1) to
explain how the target particle flux is influenced by nitrogen. As the upstream heat flux
g, remains relatively constant throughout the scan in the simulation cases, Equation
17 in [50] can be simplified to :

2
FZPM x P2 (1 - fmom,loss)

) (4.6)
I,e,t total,u (1 _ fcooling)
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where the Py, represents the total plasma pressure, the fiom,loss and feooling T€-
present the momentum loss fraction and power loss fraction. The subscripts ‘v’ and ‘t’
in the parameters indicate upstream and target, respectively. As shown in Figure 4.34b,
the nitrogen seeding leads to a drop in the upstream pressure (Pyq1,,) With little effects
on the loss of momentum from upstream to the target (Poalu — Protal,t)- While both
the upstream pressure and the loss of momentum increase with 7 se, by applying a
ramped-up deuterium puff rate. In Figure 4.34c, the (1— fmom,loss)2 /(1= feooling) €volves
with approximately the same slope, particularly the red curve is matched with the
blue curve, despite the difference in nitrogen seeding. The fiom,loss and feooling Of the
red curve are slightly higher than that of the blue curve under the same peak electron
temperature at the outer target. Therefore, when nitrogen is introduced, the decrease
in the target particle flux is mainly driven by the drop in the upstream pressure.

Furthermore, the introduction of nitrogen seeding changes the primary factor res-
ponsible for detachment. With increased rne sep, detachment is primarily driven by the
momentum losses, part of which are proportional to the divertor neutral pressure.
However, nitrogen seeding effectively limits the increase of ne sep and the upstream
temperature decreases simultaneously at the same rate as the case without nitrogen
seeding, as a function of the reduced target temperature. Thus, the upstream pressure
drops, driving the detachment instead.
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FIGURE 4.34. : (a) Evolution of peak parallel electron particle flux as a function of
peak electron temperature at the outer target. (b) Evolution of total
plasma pressure at the upstream and outer target. (c) Evolution of

2
(1= fmom,loss) /(1 — fcooling)) where fmom,loss and fcooling represent mo-
mentum loss fraction and power loss fraction, respectively.

The 2D maps in Figure 4.35 show the distribution of electron temperature, total
plasma pressure, and neutral pressure for each of the cases highlighted in Figure
4.33b. Case (ii) reaches detachment by increasing nesep, and thus increasing the
divertor neutral pressure compared with case (i). However, with increasing nitrogen
concentration in cases (iii) and (iv), the required divertor neutral pressure gradually
decreases. This can be explained by considering the power balance, as nitrogen is
much more effective in cooling down the divertor compared to deuterium neutrals. For
example, comparing cases (ii) and (iv), assuming the influence of carbon is negligible,
the efficiency of nitrogen compared to deuterium £\ will lead to the general influence
of neutral particles (nitrogen and deuterium) in case (iv) approximately equals to the
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influence of deuterium in case (ii) in the divertor in terms of achieving same peak
target temperature 1, = 1.3 €V, as expressed by the following equation :

fZN<Pneu,N>£1ii‘2 + <Pneu,D>gi‘2 = <Pneu,D>gii3, (4.7)

Therefore, we obtain fZN ~ 16.4, close to the fZN = 18 used in the partial detachment
model in [120], which will later be compared with the simulations in Section G.1.
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FIGURE 4.35. : 2D maps of variables for selected cases (i)—(iv) marked in Figure 4.33b :
electron temperature T, in the first row, total plasma pressure Pygg in
the second row, and neutral pressure Ppey in the third row.

The evolution of the ratio between radiated power and total input power in the mo-
deling domain as a function of peak electron temperature at the outer target is shown
in Figure 4.36. Nitrogen seeding leads to a higher fraction of radiated power. Figure
4.37 shows the evolution of radiated power from different species in the cases with
and without nitrogen seeding. As the deuterium or nitrogen gas puff rate increases,
the peak target temperature T, decreases in both cases (from 10eV to 1.5 eV). The
radiated power from carbon remains approximately constant (= 0.048 MW) in the
Ne sep Famp-up case (Figure 4.37a) and is reduced (from 0.044 MW to 0.028 MW) in the
nitrogen ramp-up case (Figure 4.37b) as a function of decreasing target temperature.
The limited role of carbon in achieving detachment is evident since there is little
change in power dissipation by carbon with reduced temperature.

In the case without nitrogen seeding (only D and C), despite more than 50% of
power being radiated by carbon (Figure 4.37a), the increased power dissipation with
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increasing upstream density is mainly due to deuterium emission, driven by the
neutral pressure level in the divertor.

When nitrogen is seeded starting from the attached case (as shown in Figure 4.37b),
it eventually replaces carbon and deuterium as the dominant radiation source, accoun-
ting for more than 65% of radiated power for T, < 2 eV, with a nitrogen concentration
lower than 0.12 in the divertor, Figure 4.32. This is consistent with previous simulation
observations [87, 93]. The radiated power from deuterium remains constant with
decreasing T due to constantly lower divertor neutral pressure.
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FIGURE 4.36. : Evolution of the ratio between radiated power and total input power
in the modeling domain as a function of peak electron temperature at
the outer target.
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FIGURE 4.37. : (a) Evolution of radiation from different species as a function of peak
electron temperature at the outer target in DC case. (b) Evolution of
radiation from different species in DCN case with nitrogen seeding
starting from attached.

Nitrogen plays an important role in radiative power dissipation, and it is found loca-
lized in the region of low temperature close to the target [93]. Reaching detachment
with nitrogen seeding and pure deuterium puff leads to different radiation profiles
along the divertor outer leg for the same target heat flux. In particular, with nitrogen
seeding, the emission front appears closer to the target, as shown in Figure 4.38.

(MW /m?]
1

i 0.5
0

(a) Deeply detached case (b) Deeply detached case
without nitrogen seeding with nitrogen seeding, NSFA

FIGURE 4.38. : 2D maps of Py,q for two long baffle cases with similar §j,oc about
1.12MW/m?.

4.2.2. In the cases with changed divertor closure

In Section 4.1.2, we discussed that the change in baffle length can influence the
neutral pressure distribution (mainly deuterium) so that the long baffle case has a
lower detachment threshold in terms of upstream density 7 sep. In this section, we
study if the effect of nitrogen is influenced by divertor closure. When discussing the
impact of nitrogen seeding on detachment, it is more practical to consider the point
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at which the radiation front starts moving upwards from the target (Hll_f1 dfront = 0.05,
Section 4.4) as a sign of divertor detachment, particularly for identifying the threshold
of detachment. This is because the ramped nitrogen seeding rate leads to a direct
decrease in the target ion flux, similar to the target electron flux in Figure 4.34a, making
it difficult to identify the rollover threshold. Experimental nitrogen seeding cases also
show a significant decrease in particle flux with respect to the case without nitrogen
(28, 86, 121].

In Figure 4.39, we observe that for the ramped nitrogen seeding cases starting from
attached, the detachment threshold in 7 sep is almost unchanged between the two
baffle lengths (= 1.4 x 10! m~3), thus the influence of neutral pressure is equivalent
in both cases. However, the detachment threshold in nitrogen concentration is lower
by 50% in the long baffle case compared with the short baffle case, as visible in
Figure 4.40. The effects of carbon are neglected due to low carbon concentration
(cc,div = 0.018 compared to ¢y, qiv = 0.05-0.1 when the plasma detaches, carbon is also
approximately half as effective as nitrogen in power radiation, discussed in Section
G.1). This observation confirms that increased divertor closure can also facilitate
the detachment process with nitrogen seeding as reduced nitrogen concentration is

required.
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FIGURE 4.39. : Evolution of normalized radiation front height as a function of 7 sep.
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FIGURE 4.40. : Evolution of normalized radiation front height as a function of nitrogen
concentration.

TCV cases with or without nitrogen seeding show different results in 7  threshold
for detachment as shown in Figure 4.41a. Two cases without nitrogen seeding detach
at Te ¢ = 2.5eV, while two cases with nitrogen seeding (starting from attached) detach
at Te = 5eV. When a sufficient amount of nitrogen is present, it is possible to radiate
enough power to achieve detachment even at higher divertor temperatures (between
5-10eV). In contrast, if nitrogen seeding is not used, a lower divertor temperature (2.5
5eV) is required to achieve a similar level of power dissipation. Despite the difference
in target temperature threshold influenced by nitrogen, we observe approximately the
same heat flux threshold = 2.3 MW/m? for the radiation front to begin moving upward
from the target, as shown in Figure 4.41b. Furthermore, the lower radiation front in the
nitrogen seeding case (Figure 4.38) can also be verified through Figure 4.41b, where
one can observe that the radiation front height in the high nitrogen concentration
case is generally lower than the one with lower nitrogen concentration or without
nitrogen for a given target heat load in deeply detached divertor.
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FIGURE 4.41. : (a) Evolution of normalized radiation front height as a function of peak

electron temperature at the outer target, and (b) as a function of peak
parallel heat flux at the outer target.

4.3. Impact of heating power

In pure ohmic discharge, the heating source is driven by the ohmic resistance and
current of plasma. The resistance can decrease with increased temperature as descri-
bed by Spitzer conductivity, the efficiency of ohmic heating will decrease at higher
temperatures. Further auxiliary heating systems are thus needed to heat the plasma to
the required ignition temperature [80]. With the influence of drifts, the higher input
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power can increase the asymmetry of outer and inner energy (Eouter and Ejpner, res-
pectively) in JET simulation [78]. High power throughput is also a regular statute for
actively running devices. It would be interesting to know about the characteristics of
the high heating power case. There are two types of power increase : one is increasing
the input power by methods like NBI, where the By is not obviously influenced; and
the other is increasing the plasma current, which can influence the By. Here, we will
discuss the situation where By remains unchanged.

4.3.1. Evolution of target density profile

In this section, we will investigate the impact of input power on the evolution of the
density profile at the outer target based on the WEST simulation case discussed in
Section 3.2.1.3. We will also take into account the influence of drifts in the forward field.
The results of the low input power case (Pf’li“; dge = 0.45MW), with and without drifts,
are shown in Figure 4.42. It can be observed that the peak target density generally
increases as ne sep increases. However, after ne sep €xceeds a certain threshold (7 sep =
2.70 x 1019 m™3), the peak target density saturates or decreases. A significant decrease
in target peak density is found in the case with no drifts, indicating strong plasma
recombination. On the other hand, the case with drifts presents a saturated target peak
density after exceeding the threshold due to a relatively higher target temperature, as
illustrated in Section E.2.3.

For the radial position of the density peak, it can be observed that the density peak
remains stuck at the separatrix in the case with drifts (Figure 4.42a). This is due to
the radial Eg x By drift flow, which directs plasma from the outer SOL into the main
plasma (and into the private plasma below the X-point). On the other hand, in the
absence of drifts, the position of the density peak monotonically moves outward as
Ne sep increases (Figure 4.42Db).

When high input power (Plsr‘l“; dge = 2MW) is applied, the saturation of peak density
in the case with drifts, and the significant decrease in peak density in the case with
no drifts, after ne sep €xceeds a certain threshold, remain the same as in the low input
power situation (Figure 4.43). The density peak positions still remain close to the sepa-
ratrix in the case with drifts. However, the density peak positions in the case with no
drifts exhibit different characteristics compared to the previous low power situation :
the radial position of the density peak gradually moves towards the separatrix with
increasing ne sep, and then moves away from the separatrix after 7 sep €xceeds the
threshold corresponding to the maximum target density reached.

The formation of the density peak is due to the competition of particle flux trans-
port between parallel and perpendicular components in the divertor volume. In the
cases with no drifts, as the ne sep increases, the fraction of perpendicular particle flux
becomes higher, leading to the monotonic outward movement of the radial position
of the density peak in the low input power case. The different behavior of density
peak movement in the high input power case indicates that the fraction of the per-
pendicular component is relatively high at low ne sep, then gradually decreases before
reaching the maximum target density. After exceeding the threshold, the fraction of
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the perpendicular component starts to increase. More work still needs to be done to
understand this phenomenon. The radial position of the density peak in the cases with
drifts does not seem to be obviously influenced by the varied input power, indicating
that the Eg x By flow is relatively stronger than the perpendicular diffusion transport
(from SOL to PFR).

In addition, the double peak is only observed in the high input power case with
drifts, as shown in Figure 4.43a. The profiles exhibiting a double peak correspond
tO Nesep ranging from 3.00 x 10" m™ to 3.85 x 10! m™3, which happen to be the
plasma in high-recycling regimes. When the plasma detaches, the double peak will
disappear. This observation highlights the importance of high input power, drifts, and
high recycling regimes in obtaining the double peak profile.
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FIGURE 4.42. : (a) Evolution of density profile at the outer target with increasing 7e sep

in the low input power case with drifts. (b) Evolution of density profile
at the outer target with increasing ne sep, in the low input power case
with no drifts. dopsp is the radial distance from the outer strike point,
negative values are in the PFR, positive values are in the SOL. The
dashed line represents the position of separatrix.
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FIGURE 4.43. : (a) Evolution of density profile at the outer target with increasing 7 sep
in the high input power case with drifts. (b) Evolution of density profile
at the outer target with increasing ne sep in the high input power case
with no drifts. The three reference cases (with consistent simulation
setups and a similar magnetic configuration) are used to give reference
for the target density profiles at higher 7 sep. dosp is the radial distance
from the outer strike point, negative values are in the PFR, positive
values are in the SOL. The dashed line represents the position of sepa-
ratrix.

150



4. Impact of wall geometry, particle, and energy sources on detachment — 4.3. Impact
of heating power

4.3.2. Impact of leakage under high heating power

The baffle leakage has been discussed in Section 4.1.1. Here, we will discuss the impact
of leakage in high input power case, and compare it with the low input power one.
The cases analyzed in this section are based on the simulation of discharge #54903
with no drifts (Section 4.1.1), constant diffusion coefficients, and variable input power
(0.45 MW — 2 MW). For simplicity, we just make the comparison between the case
with no leak and the case with small leak.

4.3.2.1. Detachment threshold

The evolution of particle flux at the outer target as a function of 7 sep is shown in
Figure 4.44, we can see that the range of both the particle flux at the outer target and
upstream density 7 sep is generally increased when higher heating power is applied.
The impact of leakage on detachment is still the same despite a higher heating power
applied : lower e sep, required to achieve detachment. The peak target density is found
to be nearly saturated in both cases after the rollover of particle flux happens as shown
in 4.45. From the evolution of the target peak temperature as a function of upstream
density 7egsep shown in Figure 4.46, one can see that high and low heating power
cases have a similar operational range of target temperature from 40 eV to 1 eV, in the
range of nesep studied. However, the higher heating power case presents a sharper
temperature decrease when it starts to detach. For the evolution of radiator height as
a function of target temperature as shown in Figure 4.47, the detachment process in
the higher heating power case seems to be slower and more difficult to reach the same
height compare to low heating power case. The leakage still shows no influence on the
relationship between radiator height and target temperature for cases with the same
input power.

151



4. Impact of wall geometry, particle, and energy sources on detachment — 4.3. Impact

of heating power
102
T
wn
q
=
3
o
= 1l —1-Closed-449KW |
oS 10 I Small-449KW
Closed-2.0MW
—+Small-2.0MW
A Rollover
0 2 4 6

ne7sep[1019m’3]
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4.3.2.2. Neutral transport

In Figure 4.48,

we can see that the case with less leakage corresponds to a higher

compression ratio. Nevertheless, higher heating power can further increase the neutral
compression ratio. The neutral compression ratio is defined as the ratio between the
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average neutral pressure at the outer target and that on the near-wall OMP position.
We can check the relative change of these two components : Figure 4.49 shows that
when higher heating power is applied, the neutral pressure at the target can increase
by a factor of about 5 for both baffle closed and small leak cases. However, the situation
of neutral pressure on the near-wall OMP is a little different, as shown in Figure 4.50.
The baffle closed case shows a slight change of neutral pressure with higher input
power, but the case with a small leak presents an obvious increase due to the function
of leakage under the baffle. Generally, the influence of high heating power on the
neutral confinement in the divertor region is stronger than that in the upstream region
because of better capability in trapping neutral particles in the divertor when heating
power increases. This can be explained by the fact that a smaller fraction of neutral
particles can escape from the divertor in a higher heating case, attributed to the shorter
ionization mean-free path of Dy [80].
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FIGURE 4.48. : Evolution of the neutral compression ratio (ratio between the average
neutral pressure at the outer target and the near-wall OMP position).
The black triangle on each curve marks the point when the rollover of
I'e happens.
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FIGURE 4.49. : Evolution of the average neutral pressure at the outer target. The black
triangle on each curve marks the point when the rollover of I'c happens.
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FIGURE 4.50. : Evolution of the average neutral pressure the near-wall OMP. The black
triangle on each curve marks the point when the rollover of I's happens.

4.4. Summary of the impacts on detachment
threshold

The impacts of divertor closure, nitrogen, and heating power on detachment have been
studied. The rollover of particle flux is usually used as the criterion for detachment.
However, simulations with nitrogen in Section 4.2 show that the ramped nitrogen
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seeding rate leads to a direct decrease in the target particle flux, even if it is still far
from the detached regime, making it difficult to identify the threshold of particle flux
rollover and divertor detachment.

The detachment of the radiation front from the divertor target is a straightforward
indicator of detached plasma, which can replace the rollover of particle flux as a
more general criterion for detachment, particularly when nitrogen seeding is involved.
We found that the detachment of the radiation front usually occurs earlier than the
rollover of particle flux (Figure 3.40), so the detachment threshold may correspond
to a situation when the radiation front has a certain distance from the target plate.
We can use the normalized radiation front height Hrlj 4 (Section 3.2.3) to describe the
relative distance between the radiation front and the target plate.

Figure 4.51 shows the evolution of the normalized radiation front height as a func-
tion of the outer target peak temperature, including five cases : TCV case with long
and short baffle (Section 4.1.2), WEST low input power case with and without baffle
(Plsﬁn; dge = 0-45 MW, Section 4.1.1), and WEST high input power case (Plslfg1 dge = ZMW,
Section 4.3.2). These cases have low impurity concentration or pure deuterium, sho-
wing the rollover of particle flux. The black circle marks the point when the rollover of
particle flux happens. It can be observed that the rollover of particle flux may occur at
different Hg 4 values. The higher input power case has a lower Hrljl 4 When the rollover
happens. However, the rollover of particle flux does not always correspond to a lower
target temperature. For example, T, can be 7.5 eV when the rollover happens in the
high input power case, but a relatively higher Hg 4 always corresponds to a low target
temperature. When Hgl 4 = 0.05, Tet is generally lower than 3 eV.

Thus, we can approximately set Hg q4=0.05asa criterion for detachment, which
provides more reliable performance in determining whether the target has been
protected compared with the detachment criterion based on the rollover of particle
flux.
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FIGURE 4.51. : Evolution of normalized radiation front height as a function of outer
target peak temperature. The black circle marks the point when the
rollover of I'e happens in the corresponding case.

Based on the analysis conducted in this chapter, we can summarize the impact
of wall geometry, particles, and energy sources on the radiation front detachment
threshold of several variables, as illustrated in Table 4.2. The target temperature, target
heat flux, divertor neutral pressure, line integral density near X-point, and normalized
radiation front height exhibit potential for identifying or controlling detached plasma,
due to the consistent threshold observed in situations involving variable divertor
closure, impurity concentration, and input power. However, reliable measurements
of the target temperature and target heat flux become challenging when the plasma
is detached due to limitations in diagnostic methods. The divertor neutral pressure
diagnostic also shows significant time delays and instabilities when estimated using
the Baratron gauge. In complex scenarios, a more practical solution to control de-
tachment might be to employ the line integral density near X-point and normalized
radiation front.
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Impact on detachment threshold (behavior) of variables
Variables Diagnostics Better Higher impurities Higher
divertor closure concentration input power Py,
WEST & TCV TCV WEST
Upstream Up to 15% Up to 24% Up to 96%
separatrix densit 0 0 . 0
P q Y R lower threshold lower threshold higher threshold
e,sep
Up to 1100%
higher threshold in 0 0
D, puff rate Gas valve WEST/ I e _Up (o)erabd
. lower threshold higher threshold
Consistent
threshold in TCV
Upto 17%
Divertor higher threshold in T Q
radiation Bolometry WEST/ o WLyt el
: higher threshold | higher threshold
R e div Consistent
threshold in TCV
Target Langmuir probe Consistent Up to 71% Consistent
temperature not reliable threshold higher threshold threshold
Tt when T, <5eV 2-3eV 2.4¢eVinpure D 2-3eV
Target Infrared . _
e e thermography Consistent Consistent Up to 160%
not reliable threshold threshold higher threshold
qit when detached
Divertor .
neutral pressure Bri:ggsglgﬁge Consistent Up to 43% Up to 470%
Vely big threshold lower threshold higher threshold
P s oscillation
Line integral
density near Interfermetr Consistent Up to 38% Up to 360%
X-point y threshold lower threshold higher threshold
ne,int,x
Rollover Rollover Direct decrease of Rollover
of particle flux | Langmuir probe happens I'; ¢ with ramped happens
I with Cst. P, nitrogen seeding with Cst. P;,
Normalized
radiation front Visible camera Consistent threshold: N 4 = 0.05
height Spectroscopy the straightforward appearance of detached plasma
Hllyad

TABLE 4.2. : Impact of divertor closure, impurities concentration, and input power on
detachment threshold of several variables in WEST and TCV. Consistent
threshold (in green block) indicates the change of threshold is less than
5%.

158



5. Detachment control strategy

Sommaire
5.1. Ageneral criterion fordetachment . . . . .. .. ... ........... 160
5.2. Detachment control strategies . . ... ... ... ............. 168
5.3. Real-time detachment controlbasedonRp . .. ... ... ... .... 173

Several detachment control methods have been developed based on analyzing the
target particle flux, radiation front or radiation center, and radiated power (Section
1.6). However, there will be challenges in controlling detachment in future high-power
devices such as DEMO. This is because DEMO will inevitably require very high input
power to achieve ignition. Following the control strategies based on analyzing the
rollover of particle flux, the high input power needs to be provided from the beginning
during the transition from the attached regime (with high heat flux) to the detached
regime (with low heat flux). The transition state, which can last for a certain duration
with nearly constant high input power, is dangerous and can potentially damage the
device or reduce the lifetime of DEMO, particularly when considering that detachment
control will be frequently performed. This is because each pulse has a limited duration
(up to 30 minutes in ITER) at the moment.

A better way to reach ignition in DEMO is to first start the discharge with relatively
low input power, control the plasma to reach detachment, and then gradually increase
the input power while keeping the radiation front at a certain distance from the target.
This should be done until the ignition is reached. This strategy can maintain the ero-
sion of the target tile by plasma heat load at a low level, even in the transition phase,
and provide a higher level of protection for the target tile. This process requires main-
taining the detachment level unchanged with increasing input power and possibly
involving impurity seeding to facilitate detachment maintenance at high input power.
Additionally, divertor closure can be influenced by the distance from separatrix to the
baffle tip. Instabilities in the magnetic configuration can trigger the variable divertor
closure, thus increasing the difficulties in stable detachment control. Therefore, it is
important to find a proper detachment control strategy based on variables that are
highly related to the detachment level and are not influenced by complex situations
such as variable input power, impurity concentration, and divertor closure.
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5.1. A general criterion for detachment

We understand that detachment occurs when the power entering the divertor is largely
radiated, causing the temperature of the target to become very low. This results in
neutral particles recycled from the target being less likely to be ionized in the vicinity of
their origin. As a result, the ionization front can move away from the target, achieving
the so-called detachment. Therefore, we can attempt to assess the balance between
the power entering (from upstream) and the power radiated in the divertor to establish
a criterion for detachment.

It can be assumed that the power entering the divertor is primarily transported
through thermal conduction until the divertor detachment is achieved. To evaluate
the heating power transported by thermal conduction, one can refer to the heat
conductivity equation from the 2PM (Section 2.6.1), as shown below :

772 _ gz _ T4icondl 5.1)
eu e,div 2 kOe ’

where T¢, represents the upstream temperature, 7, giy represents the divertor tem-

perature. When the plasma is attached, T giv is approximately equal to the target

temperature T;. When the plasma is detached, T, 4iy is approximately equal to the

averaged temperature in the radiation front, allowing for a reasonable estimation of

conduction power. g|cond represents the parallel heat flux carried by thermal conduc-

tion, L is the parallel connection length between the upstream and the target, and ko,

is the electron conductivity coefficient. The heat power Pypq that enters the divertor

carried by thermal conduction, can be obtained by multiplying g|cond by the effective
poloidal area Ag :

Pcondg = qllcondAeff
a7 17 « e 210 -
’ 7L Js
where A4 represents the decay length of the parallel heat flux, a is the minor radius,
and g denotes the safety factor. Considering that in our simulation cases (Section
3), the outer target requires slightly higher 7e se, to achieve detachment compared
with the inner target in WEST, while only the outer target detaches in TCV in the
range of nesep investigated, the outer target in both devices presents the importance
in investigating detachment. Thus, we will focus on comparing the power carried by
thermal conduction P,,q, and the power radiation P;,q, in the LFS. The radiation
power Py,q is estimated in the outer target region and denoted as Praq o (integrated
power radiation in the cyan polygon shown in Figure 5.1).
Based on the WEST simulation cases with drifts in Section 3.2.1.3, the evolution of
conductive power P¢on4, and radiation power Pr,q or, as a function of 7 sep are shown
in Figure 5.2. The figure includes cases with low input power (P$™ = 0.45MW) and

in,edge

high input power (P$™ = 2.00MW). It can be observed that the power carried by

in,edge
thermal conduction continuously decreases while the power radiated increases. There

M
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5. Detachment control strategy — 5.1. A general criterion for detachment

are two intersections (Pcond = Prad,ot), Which correspond to two threshold values :
Ne,sep = 2.03 x 101 m™3 for the low input power case, and 7 sep = 4.59 x 101 m™3 for
the high input power case.

Next, the evolution of normalized radiation front height of the two cases is plotted
in Figure 5.3, with the threshold values for detachment marked by dashed lines. It can
be observed that the normalized radiation front height is approximately 0.05 when
reaching the threshold value in both cases, indicating the divertor detachment. The
2D maps of radiation in the two cases corresponding to the Pcond = Prad,ot threshold

are shown in Figure 5.4.
1 >
Y-
5 ; \
0 u vv.'

(@) Prag[MW/ m?] in WEST case (b) Prag[MW/ m?3] in TCV case

FIGURE 5.1. : 2D maps of power radiation in WEST and TCV, the cyan polygon in
each figure encloses the outer target region where Pr,q Or Praq,0t that
mentioned in this section is integrated.

—o— Peong in WEST, low input power
—=— P,,q in WEST, low input power

—+— P.onq in WEST, high input power
—4— P,,q in WEST, high input power

Pcond & Prad [MW]

Nesep[1019m 3]

FIGURE 5.2. : Evolution of radiation and conductive power at divertor outer leg in
WEST as a function of e sep.
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Te sep
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H —— WEST, low input power
Zg —— WEST, high input power

H

1 2 3
Ne sep[1019mM ™3]

FIGURE 5.3. : Evolution of normalized radiation front height as a function of 7 sep.
The dashed lines correspond to the threshold values where P.gng = Prad
in low and high input power cases.

-~

(@) Prag[MW/m3] in WEST case with (b) Prag[MW/m?3] in WEST case with
_ 19 -3 _ 19
PfI;H; dge = 0-45 MW, Tiesep = 2.00 x 10 Pf;lﬂel dge = 2:00MW, Ttegep = 4.60 x 10

FIGURE 5.4. : 2D maps of power radiation, corresponding to the threshold value of
low and high input power cases in Figure 5.2.

From the WEST simulation results above, it has been preliminarily verified that
the detachment threshold is related to the moment when Pynq = Praq. The ratio
between P;,q and P4, denoted as Rp, is of interest for detachment control. Since the
connection length is approximately L = mRqs (where R is the major radius), and T giv
is only a few eV (4-6 eV) when the plasma is detached and much smaller than Tg,,
Te qiv can be neglected. Therefore, Rp can be evaluated using the following equation :

7R qS Prad

— (5.3)

Rp =
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where the decay length of heat flux A4 is obtained by :

2

The reason for evaluating Aq using Equation 5.4 is that this approach provides
a reasonable estimation of A4 that is not influenced by the divertor condition (as
discussed in Section 2.5.2). Most of the inputs of Rp are approximately constant
parameters, as shown in Table 5.1. It should be noted that the decay length of heat flux,
Aq, slightly increases as a function of ne sep. When calculating Rp in each simulation
case in this section, Aq is evaluated using Equation 5.4, despite the fact that using
a constant 14 does not significantly affect the performance of Rp. As a reference, in
Table 5.1, we provide the value of Aq when the plasma starts to detach.

Discharge WEST #56420 TCV #70690
Major radius R[m] 2.50 0.88
Minor radius a [m] 0.44 0.22
Safety factor g5 (at wn = 0.95) 3.71 3.72
Decay length of heat flux Aq [mm] 10.00 2.34
Electron conductivity coefficient koe 2000

TABLE 5.1. : The inputs of Rp in WEST and TCV discharges.

Some representative simulation cases (Table 5.2) discussed in this thesis were se-
lected to assess the reliability of Rp in various situations, such as different machine
sizes, with or without drifts, and variable divertor closure, impurity concentration,
and input power. The evolution of the normalized radiation front height as a function
of Rp is shown in Figure 5.5 and 5.6. It can be observed that when Rp = 1, all the
cases reach initiate detachment, which is consistent with our prediction. This robust
threshold remains unaffected by varying impurity concentration, divertor closure,
and input power, as it follows the principle of power balance, assuming that most
of the conducted power is radiated when detachment is achieved. Additionally, the
monotonic evolution of Rp as a function of target temperature (Figure 5.7) proves the
reliability of using Rp to control divertor detachment during the transitions from the
attached to the detached regime.
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Simulation cases Mggneti_c Baffle closure | Divertor im_purities Input power Drifts
configuration level concentration [%] [MW]
WEST, closed baffle #54903 High 0 0.45 No
WEST, medium baffle leakage #54903 Medium 0 0.45 No
WEST, no baffle #54903 Low 0 0.45 No
WEST, no drifts #56420 High 0 0.45 No
WEST, with drifts #56420 High 0 0.45 Yes
WEST, high input power #56420 High 0 2 Yes
TCV, long baffle, no N seeding #70690 High 0 (N) 0.21 No
TCV, long baffle, with N seeding #70690 High 7 (N) 0.21 No
TCV, long baffle, high input power #70690 High 7 (N) 0.5 No
TCV, short baffle, no N seeding #70690 Medium 0 (N) 0.21 No
TCV, short baffle, with N seeding #70690 Medium 10 (N) 0.21 No

TABLE 5.2.: Details about the simulation cases referred to in Figure 5.5-5.8 : The
impurity concentration in the TCV cases mentioned in the table corres-
ponds to the concentration of nitrogen when the plasma starts to detach.
Additionally, the TCV cases exhibit carbon impurities resulting from sput-
tering, with concentration levels ranging from 1% to 2% when the plasma
starts to detach.
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FIGURE 5.5. : Evolution of normalized radiation front height as a function of the ratio
of detachment Rp in WEST.
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FIGURE 5.6. : Evolution of normalized radiation front height as a function of the ratio
of detachment Rp in TCV.
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FIGURE 5.7. : Evolution of peak target temperature as a function of the ratio of detach-

ment Rp in WEST and TCV.

It is possible to estimate the items in Rp (Equation 5.3) in the experiments :

e The outer divertor power radiation P;,q, it can be evaluated by bolometry signal

(Section 3.2.1.5) returned from channel 2 as this line of sight covers the outer
divertor region in WEST, Figure 3.20. The bolometry signal represents the ra-
diated power integrated along the line of sight. There exist differences between
the outer divertor region that is covered by channel 2 and the one covered by
cyan polygon in Figure 5.1a; also, the signal from channel 2 is usually in a ma-
gnitude of 1 x 107* W, which is much smaller than the P,,q integrated in the
outer divertor region, in a magnitude of 1 x 10° W. So the bolometry channel
2 signal needs to be scaled to replace P;,q to calculate Rp. To know the value
of scaling factor, we calculated Rp in two ways, one is based on P;,q integrated
in the outer divertor region, and another one is based on scaling factor times
bolometry channel 2 signal obtained by SYNDI function, which relates the 2D
power radiation in simulation to the experimental like bolometry diagnostic. It
has been found that scaling factor = 6.5 x 108 can make Rp calculated from two
ways have a good match. The comparison between two Rp values of WEST cases
is shown in Figure 5.8. One can observe that the Rp calculated based on scaled
bolometry channel 2 signal is approximately matched with the one calculated
based on Py,q integrated in the outer divertor region from the attached regime to
detached regime. The presence of XPR and high input power cases can slightly
influence the consistency between the two Rp, but the monotonic evolution of
Rp when plasma transits from attached to detached is not influenced. Overall, it
is no doubt a good choice to replace P;,q by scaled bolometry channel 2 signal
in real experimental detachment control of WEST.
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The upstream temperature T, can be measured by TS or reciprocating Langmuir
probe or can be estimated by Tey o Ppy/% 1 5 (Equation 16.34 in [122]). For
WEST simulations, scale the P2 n;50 by a factor of 2.2 x 10* shows a good

match with T, when plasma is attached, Figure 5.9.

The heat flux decay length A4 can be evaluated in real-time through experimental
profiles, such as the radial temperature profile measured by TS at the OMP, or
by measuring the heat flux profile at the target using LPs and IR (Section 2.5).
Alternatively, Aq can be replaced by a suitable constant value, such as the value
in Table 5.1), if it is not significantly influenced by variable divertor closure,
impurity concentration, and input power when the plasma is detached.

The conductivity coefficients kg is a constant number and set as 2000 in a
tokamak plasma.

The safety factor g is dependent on the configuration and tokamak size.
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Rr — TRq2P,.q[W]
dakoe ATl

FIGURE 5.8. : The comparison between two Rp values of WEST cases : In X-axis, Rp is

calculated based on integral power radiation P;,q [W] in the outer target
region. In Y-axis, Rp is calculated based on replacing P;,q with Bolometry
signal [W] (from Channel 2 that covers the outer target region) times
6.5 x 108.
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FIGURE 5.9. : The comparison between two Rp values of WEST cases : In X-axis, Rp is
calculated based on the upstream separatrix temperature Tey. In Y-axis,

Rp is calculated based on replacing T, with an/gol e, gég x 2.2 x 103,

5.2. Detachment control strategies

In general, a control strategy for detachment consists of two main components :
the detachment criterion and the divertor state indicator. The detachment criterion
serves to help the control system identify whether the divertor is in a detached or
attached state. An example of detachment criteria is the rollover of particle flux. The
divertor state indicator is used to provide information about whether the divertor is
approaching or moving away from the desired detached state. Ideally, the divertor
state indicator should be reliable, sensitive, and exhibit a monotonic evolution during
the transitions from the attached to the detached regimes. An example of the divertor
state indicator is the line integral density nearby the X-point.

When the detachment control relies on the parallel ion saturation current density Jj ;.
The rollover of Jj ; serves as the detachment criterion, indicating the moment when
plasma starts to detach. The evolution of Jj ; itself acts as the divertor state indicator.
However, J|; exhibits different tendencies before and after detachment, requiring
the control factor k, to switch signs before and after detachment (as discussed in
Section C). This sign-switching artificially ensures that /| ; behaves as a monotonically
evolving variable for the control system.

Through the simulations and analyses presented in this thesis, we can summarize
and propose several control strategies for the tokamak operation.
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The candidates of criterion for detachment

* Rollover of particle flux The rollover of particle flux serves as an effective crite-
rion for detachment control. The parallel ion saturation current density, denoted
as J| i, at the divertor target is a suitable parameter for this purpose as it can be
easily and reliably measured using LPs. Experimental studies have observed a
reduction in the target J); as the divertor progresses into detachment, either
through increased core density or ramped nitrogen seeding [28, 86, 121]. This
observation is consistent with experimental cases. Identifying the rollover point
of Jj i is crucial for effective detachment control. The control factor k, needs to
switch its sign appropriately to ensure that the divertor detachment remains
under control when the rollover occurs. However, it is important to note that the
rollover point of /| ; can potentially be influenced by variable scrape-off layer
(SOL) input power and impurity concentration. For instance, as shown in Figure
5.10, from point A to point B, ramped nitrogen seeding results in a significant
reduction in J| ;. However, starting from point B, if we keep the nitrogen seeding
rate fixed and increase only the deuterium puff rate, the Jj ; increases again, des-
pite reaching a higher level of divertor detachment with the heat flux at the target
continuing to decrease until point C. Thus, the heat flux threshold for Jj ; rollover
can increase due to increased impurity concentration. The detachment can still
be controlled in the realistic time-dependent simulations by only adjusting the
nitrogen puff rate, and simultaneously keeping a constant deuterium puff rate,
to maintain the monotonic increase of impurity concentration as a function of
the level of detachment. However, in long-duration experimental discharges, the
nonmonotonic evolution of impurity concentration with the level of detachment
usually occurs due to reduced sputtering when detachment is achieved, particles
retention on the wall, as well as the flexible ratio of deuterium and impurities gas
puff rate that may be applied in advanced control scenarios. The change in the
rollover threshold can present a significant challenge for detachment control.

* Normalized radiation front height = 0.05 When the radiation front has a
certain distance from the target, we can consider the detachment happens.
It is a straightforward criterion of detached plasma, as this behavior can be
helpful in spreading power to a larger surface through radiation. Thus, it can be
used in general situations despite the differences in baffle closure and nitrogen
seeding. However, the real-time measurements of the radiation front position
have challenges in some tokamak devices with short divertor legs such as WEST.

* Rp=1 Rp shows a robust threshold for nearly all the simulation cases discus-
sed in this thesis, thus can be an ideal criterion for detachment as discussed
in Section 5.1. In addition, it is easier to be diagnosed than the radiation front
height in tokamak devices such as WEST.
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G| 1ot MW /m?

——DC, ramped D, puff

——DCN, ramped N, seeding starting from detachd case
——DCN, ramped N, seeding starting from attached case
-§ DCN, ramped D, puff

FIGURE 5.10. : Evolution of parallel ion particle flux as a function of peak parallel

heat flux at the outer target. The solid curves are from the TCV cases
introduced in Section 4.2. The dashed magenta line represents the
possible evolution of parallel ion particle flux in the case with ramped
deuterium gas puff rate, and fixed nitrogen seeding rate. The setup of
deuterium and nitrogen puff rate is shown in Table 5.3.

D, puff rate N, seeding rate

Cases [10?'atoms-s~!] [10*'atoms-s™!]
DC, ramped D, puff 0.17—1.31 0

DCN, NSFD 0.72 0—0.8
DCN, NSFA 0.33 0—1.0
DCN, ramped D, puff 0.33 —0.72 0.3

TABLE 5.3. :

The deuterium and nitrogen puff rate applied in the simulation cases in
Figure 5.10.

The candidates of divertor state indicator

e Particleflux Inthe attached plasma with constant input power and without im-

purity

seeding, the increase of particle flux indicates the plasma is approaching

the detachment, while after exceeding the detachment threshold, we need to
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have a reduced particle flux to reach a deeper level of detachment. The transition
state before and after rollover needs to be carefully treated.

* Line integral density nearby the X-point It shows a mono-increasing evolu-
tion during the transitions from the attached to the detached regime. There is no
rollover that needs to be considered, making it simpler for the system to treat the
data compared with the particle flux. However, it still has the same disadvantage
as particle flux, as its reliability can be strongly influenced by variable input
power and impurity concentration. Additionally, when the plasma is deeply
detached, the plasma density in the divertor is close to the saturation state due
to strong plasma recombination, as a result, the line integral density near the
X-point may no longer be sensitive to the detachment level.

* Bolometrysignal This variable can show the level of radiation in the divertor.
In the case with fixed input power, more power radiation means a colder divertor
target, thus facilitating the detachment. The bolometry signal will also show a
mono-increasing evolution when plasma transit from attached to detached, and
its mono-increasing evolution would not be strongly influenced by the impurity
seeding. However, when plasma is deeply detached, the power radiation will also
reach a saturation state. Thus like the line integral density near X-point, it can
not be directly used to control deeply detached plasma.

¢ Radiation front height The height of the radiation front is found to increase
steadily as the level of detachment becomes higher in most simulation cases
of this thesis. While in a TCV case with high input power (green diamonds in
Figure 5.6), the rollover of radiation front height can be observed when plasma
is deeply detached. Thus it is probably not quite reliable to be used in high input
power cases. The normalized radiation front height is nearly zero when plasma
is in an attached state. So we need to consider analyzing the particle flux, line
integral density near the X-point, or bolometry signal in the attached plasma as
a supplement reference to know if the plasma is approaching detachment.

* Rp This valuable tool shows ideal characteristics for estimating divertor states.
As shown in Figure 5.7, the radiative power fraction Rp exhibits a monotonically
increasing evolution during the transitions from attached to detached (with
decreasing target temperature). Specifically, in the case of high input power for
the TCV, when the radiation front height shows a rollover, the Rp still maintains
a monotonically increasing trend. Therefore, compared to other divertor state
indicators, Rp demonstrates the most reliable performance and can be applied
to control detachment even in complex situations involving variable divertor
closure, impurity concentration, and input power.

Summary of detachment control strategies

The detachment control strategies based on some possible combinations of crite-
ria for detachment and divertor state indicators are discussed and summarized in
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Table 5.4. The block with green color represents that the method is applicable in the
corresponding situation, while the block with orange color represents that it is not
fully applicable. All the listed control strategies are predicted to work properly in the
situation with fixed input power, fixed divertor closure, and relatively low impurities
concentration. When there is a variable impurities concentration and input power,
the particle flux and line integral density may be significantly influenced. Taking nor-
malized radiation front height as the criterion of detachment, and using radiation
front height and/or bolometry as the divertor state indicator can be a more reliable
choice. The detachment control strategy based on Rp is also an ideal choice. It can not
only handle the situation with fixed input power and fixed divertor closure but can
also handle more complex situations including variable divertor closure, impurities
concentration, and input power.
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Control strategies Fixed input power & divertor closure
Negligible - Vel e
. Significant input power
influence of .
impurity influence of &
npurt impurity with divertor
or significant .
. monotonic decrease closure
o influence of :
Criterion of Lo . . . or non-monotonic &
Plasma state indicator | impurity with a o . .
detachment 2 evolution in impurities
monotonic increase . . .
.. . impurity concentration
In Impurity - .
: . concentration with
concentration with
the level of
the level of detachment
detachment
Rollover of Particle flux/
article flux SO
P Line integral density/
Radiation front height
Line integral density/
. Particle flux
Normalized
radiation front
height = 0.05
Bolometry/
Radiation front height
Rp=1 Rp

TABLE 5.4. : Detachment control strategies summarize and comparison. The block
with green color represents that the method is applicable in the corres-
ponding situation, while the block with orange color represents that it is
not fully applicable.

5.3. Real-time detachment control based on R,

In this section, we designed a real-time detachment control application scenario
based on Rp to verify the reliable performance of Rp in complex situations with va-
riable impurity concentration and input power. This work also investigated a possible
operation way to realize control of detachment in future high input power devices (e.g.
DEMO).

The plasma can initially be controlled to make Rp value oscillates around a proper
value above one (target value) with relatively low input power. Then, the input power
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can be gradually increased until the plasma reaches ignition. In this process, Rp
tends to decrease, but we can still pull Rp back to the target value by increasing the
deuterium gas puff or impurity seeding or mixing of both. It is necessary to use the
feedback method to make Rp automatically controlled. We tried to test this scenario
with the help of SOLEDGE3X-EIRENE simulation and figure out the reliability of this
detachment control strategy with the influence of increased input power and impurity
seeding.

A WEST case was tested in realistic time-dependent simulation, Figure 5.11, follo-
wing the steps below :

e From t = 0s to t = 0.1s, the input power was kept constant, and the divertor
plasma was attached.

e From ¢t =0.1sto t = 0.2s, the input power was still constant, but feedback control
was activated to adjust the pure deuterium puff rate. The target Rp was set to
reach 1.2, and as a result, the plasma started to detach.

e From ¢t =0.2s to t = 0.3s, the input power was constant, and the pure deuterium
puff rate was adjusted to reach target Rp = 2.0, resulting in a deeper detachment
of the plasma.

e From ¢ =0.3s to £ =0.4s, the input power gradually increased. The detachment
was maintained by adjusting the deuterium puff rate.

e From ¢t =0.4sto t = 0.5s, the input power gradually increased. The detachment
was maintained by keeping the deuterium puff rate constant and adjusting the
nitrogen puff rate.

* From ¢ =0.5s to ¢ = 0.65, the input power remained constant at a high value.
The detachment was maintained by adjusting the mixed gas injection rate (with
a fixed ratio of deuterium and nitrogen).

A similar test was also done for TCV case, as shown in Figure 5.12. The detachment
was maintained successfully in the WEST and TCV simulations with complex situa-
tions, thus proving the reliability of Rp in detachment control. This strategy is also
worth to be verified through the experiment and possibly provides higher reliability in
detachment control. This work will be done in the near future.
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Conclusion

This thesis mainly focuses on investigating detachment control strategies based on
the study of edge physics through the combination of simulation and experiment
analysis.

In Chapter 1 and Chapter 2. We introduced the general aspects of thermonuclear
fusion, tokamak, edge plasma, plasma regimes, and experimental diagnostics. A sys-
tematic approach towards maintaining a proper level of detachment in real-time
through feedback control is necessary to ensure the continuous production of energy
by the reactor and the long life of the plasma-facing components. There are some
challenges such as the difficulties in finding appropriate control variables that are
highly related to the level of detachment despite the influence of the variable impu-
rity concentration in the divertor, input power, and divertor closure. We try to solve
this challenge by employing numerical simulations as the high collisionality in edge
plasma provides the possibility to simulate edge plasma with fluid equations and as
they can give more details than the experimental data. The 2PM is also used to relate
the upstream and target conditions in SOL, giving us an easier way to understand the
basic physics in it.

In Chapter 3. Several promising basic simulation cases (WEST and TCV) are obtained
by using SOLEDGE3X-EIRENE, with input parameters specially defined to reproduce
the experiments. Profile feedback control has been developed as an interpretive tool
to extract edge transport coefficients from experimental data. The plasma density scan
has been applied to investigate the plasma characteristics of different regimes, from
attached to detached. The detachment of the radiation front is found to occur slightly
earlier than the rollover of particle flux in the constant input power cases without
impurity seeding.

In Chapter 4. The impact of wall geometry (divertor closure), impurity seeding, and
heating power on detachment has been discussed. Divertor closure (divertor leakage
in WEST, long and short baffle in TCV) mainly affects the neutral pressure distribution
in the divertor. As the divertor closure increases with the same upstream density, we
expect to have higher divertor neutral pressure (up to alimit, as neutral recycling on the
baffles can occur), leading to a higher momentum and power dissipation level, which
facilitates detachment. When detachment is achieved in constant input power cases
without impurity seeding, the divertor presents a robust neutral pressure threshold,
despite the difference in divertor closure, emphasizing the strong relationship between
neutral pressure and divertor states. The impact of divertor closure on the detachment
gas puff rate threshold differs significantly between TCV and WEST simulations. With
reduced divertor closure, the detachment deuterium puff rate threshold in WEST
reduced by up to 92%, whereas in TCV, it reduced by less than 5%. This highlights
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the influence of the first wall recycling properties and the relative positioning of
the pump in gas fuel operation. When introducing nitrogen seeding, it can cool the
target temperature with little effect on the upstream density and momentum loss
but drops the upstream pressure, leading to a decrease in the target particle flux
and divertor neutral pressure. Nitrogen with concentration = 0.12 in the divertor
can replace deuterium and carbon as the primary radiation source (radiate = 65% of
power). Sufficient power can be dissipated to achieve radiation front detachment at a
higher target temperature threshold since nitrogen is a more effective radiator in the
higher temperature range of 5-10 eV. When maintaining the same heat load is required
in a detached divertor with constant SOL input power, the case with higher nitrogen
concentration allows for a lower radiation front height because nitrogen radiation is
mainly localized near the target. Higher input power is found to generally increase the
threshold value of some discussed variables (e.g. upstream separatrix density, target
temperature, divertor radiation, target particle flux) for achieving divertor detachment.
In Chapter 5. A variable Rp has been proposed based on the competition between
heat conduction (from upstream to divertor) and power radiation in the divertor.
Rp =1 can be used as an ideal criterion for detachment in devices of different sizes
and shows an almost consistent threshold for the case with different levels of divertor
closure, impurities concentration, and input power (verified in WEST and TCV). Based
on the analysis of available diagnostics in the experiment and general criterion for
detachment Rp = 1, new strategies for controlling the divertor detachment have
been proposed. The robustness of a control strategy for WEST tokamak has been
investigated by numerical simulations and it will be tested in future experiments.
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A. Maxwellian velocity distribution

Maxwellian distribution describes the ratio between the number of particles (d N)
with a velocity close to v (= vx + vy + 1) in the unit velocity volume (dvy dvy dv,) and
the total number of particles (V) in the system with a given temperature (7), as shown
in Equations A.1 and A.2. Where the Boltzmann constant k = 1.38 x 10723JK™!. It is
suitable to be used for idealized gases or plasma in a steady state (thermodynamic
equilibrium) where the particles can move freely without particle lost from the system,
nor the presence of outer force, except for the collision that exchanges energy and
momentum with each other or with the thermal environment.

dWN = fMaX(v)dvxdvyde (A.1)
M) = (%)3/2 exp(—zkﬂT (vi + v? + vg)) (A.2)

Because particles have equal rights to move in all directions, fM®(v) can be written
to be dependent only on the magnitude of the velocity v :

dN
— = MY)an v du (A.3)
N
1/2
V= (v)f + vf, + vf) (A.4)

A.1. Typical speeds

Three typical speeds can be obtained based on Maxwellian distribution :

The mean velocity (v)

dN dN o0 8kT
(V) = va :fyw = A v ()anv’do = g~ (A.5)
The root mean square velocity v,
2dN dN [ 3kT
<y2> = fl/— = f Uz— = szMaX(U)47l'V2dU = — (A.6)
N N 0 nm
5 3kT
Urms = V (V2) = — (A.7)

m

The most probable velocity v,

To find vimp, which corresponds to the maximum value of f(v), we calculate its deriva-
tive result and set it to zero
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d
W) ~0 (A.8)
av |y=pp,
So we obtain vy, as follow
2kT

m

A.2. One-way parameters

Next, we discuss the one-way velocity Ugne-way that describes the averaged velocity of
random particles heading to one direction (or to the wall). We suppose it is in the x
direction.

M +00 M +00 +00
Uon?gfway = f w)vyd fo d Vyf dv,
vx=0 Vy=—00 V;,=—00
(A.10)
kT 1 )
= — = —(V
2mrm 4
So we have one-way particle flux, n represents the particle density :
e Lo (A.11)
one-way — 4 .
The one-way heat flux can be written as
+00 1 +00 +00
q(])\;llgfcway:f —nm(U§+V§+U§) foMaX(V)def def dv,
U,=0 Vy=—00 V,=—00 (A.12)
M
=2k TFonan-way

A.3. Drift Maxwellian distribution

The previous equations are related to ordinary Maxwellian distribution with no drift
velocity. In the presence of mean drift velocity a = ay + ay + a,, we use drift Maxwellian
distribution and the Equation A.2 can be written as

drifgMax, ., _ (LM 32 om o, 2 2
f (”)_(—ka) exp( 57 (0= 0"+ vy = a4y + (0~ @) )) (A.13)

Firstly, we calculate the mean drift velocity in the x-direction :

drif +00 drif +00 +00
) rift, Max — f ri t,Max(v) Uy dvxf dl’yf dl)z
v v,

* Iy=—c0 =—c0 y=—c0 (A.14)

=(vx) = ax
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Due to the mean drift velocity, we can discuss the net flux in the x-direction :

. +00 X +00 +00o
r)((irlft,Max — f nfdrlft,Max(v) Uy def d ny d v,
Uy=—00 vy=—00 v, =—00 (A.15)

= n{vx) = nax

Therefore, the total (net) heat flux in the x-direction :

if +00 1 iff oo oo
)((mt,Max:f _nm(v§+v§+y§) yxfdl‘l t,MaX(v)def dvyf dv,
Vx=—00 Vy=—00 Vz=—00
5 1 i
N2k Zm 2) Fdrlft,Max
(2 5 Max ) x
(A.16)

A.4. Boltzmann factor

When an external conservative force field, for example, gravity or an electrostatic force,
has effects on the particles. The particle distribution remains Maxwellian, but the
density changes, which is related to the Boltzmann factor.

dn(v,x) = nOfMaX(v) exp(—®(x)/kT)dvgdvydu,, (A.17)

where exp(—®(x)/kT) is the Boltzmann factor, n is the reference value of density at
potential ® = 0. For an electric potential ® = ¢, it becomes exp(—qg¢/kT). Here, g is
the charge on the particle. When it refers to ions, the Boltzmann factor is exp(—e¢/kT).
When it refers to electrons, with charge —e, the Boltzmann factor is exp(e(p/ kT).
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B. Particle drifts

The motion of plasma particles confined by the uniform magnetic field B follows
circular Larmor orbits. Their motion can be influenced by several factors, represented
as perpendicular drifts. The factors include gravity perpendicular to the B, electric
field perpendicular to the B, gradient of magnetic field perpendicular to the B, curved
magnetic field and also the pressure gradient perpendicular to the B, etc.

For the non-relativistic particles in the uniform magnetic field B, its equation of
motion is

de B (B.1)
— =gV X .
ar 7

When external force F is applied, its equation of motion becomes

d(v+v]|+v’l) / /
mT:q(V+V||+VL)XB+FII+FL» (B.2)

where v is the particles original gyromotion velocity, v is the change of velocity due
to external force. The components parallel with the B are marked with “||”, and the
components perpendicular to the B are marked with “_1”. Subtracting Equation B.1
from Equation B.2 gives :

d (v]I + v,l) b
mT:q(V”+VL)><B+F||+FL (B.3)
We need to notice that v/|| x B = 0. The F| only leads to an acceleration of particle
along B, which can be written as: m dv/|| /dt = Fj. With the drift velocity perpendicular

to the B, the Lorentz fore will appear to balance with the constant F |, so dv'L/ dr=0.
Finally, we have

gv, xB+F =0 (B.4)

The drift velocity vq due to the external force is defined as Equation B.5, the direction

of velocity is perpendicular to external force F; and B.
_ FJ_ x B

a= o (B.5)

B.0.1. Gravitational drift

When Gravity is perpendicular to the magnetic field, the F; = mg in Equation B.5, the
gravitational drift is written as Equation B.6. The gravitational drift is negligible for
fusion experiments but becomes important for the astrophysical plasmas.

mgxB

Vd,grav =
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B.0.2. E x B drift

In the presence of an electric field perpendicular to the magnetic field, the F; = gE in
Equation B.5, the E x B drift perpendicular to both fields is written as Equation B.7.
This drift is independent of the charge, mass, and energy of the particle. So, there is no
electric current driven by this drift, but it can influence the movement of the whole
plasma. As illustrated in Figure 1.

Ion

00000

Electron

000Q00QQ

FIGURE 1. : E x B drift. Figure from reference [11].

® E
B

ExB
BZ

VExB = (B.7)

B.0.3. VB drift

When there is a transverse gradient in a magnetic field, the curvature radius of the
particle orbit can be changed due to the varied magnetic field. As a result, the particle
orbits undergo a VB drift perpendicular to both the magnetic field and its gradient.
Assuming the VB to be small so that the magnetic field variation across the Larmor
radius is small compared to B. The magnetic moment of particles is u = mvi /(2B), a
force Fyp = —uV ) B is produced due to the gradient of the magnetic field, it tends to
pull particles from strong magnetic fields back to weak magnetic fields, so it is in the
reversed direction of VB. The F; = Fyp in Equation B.5, the VB drift is written as Equa-
tion B.8. Figure 2 shows the trajectories of an ion and an electron under the influence
of E x B drift. In a tokamak, the magnetic field decreases with increasing major radius
R, leading to the VB drift being directed along the Z-direction. Its direction upward or
downward depends on the By direction and the charge sign.

mv} Bx VB

— B.8
I (B.8)

Vv =
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Ton Electron

FIGURE 2. : VB drift. Figure from reference [11].

B.0.4. Curvature drift

The toroidal magnetic field in Tokamak is curved field lines with curvature radius R. In
this case, the particles are subject to the centrifugal force F; = mvﬁ/ R, and VB = B/R.
So the curvature drift is written as Equation B.9. We need to note that this centrifugal
force F| is also charge sign independent, similar to Fyp. The curvature drift and VB
drift have the same direction for ions and electrons in Tokamak.

mvi Bx VB

B3 (B.9)

Veurv =

B.0.5. VP drift

In the presence of a pressure gradient VP due to density or temperature gradients
in the plasma, the F; = -V p,/n, in Equation B.5. The so-called diamagnetic drift is
written as Equation B.10.

_BxVp,
" GangB?

Vvp (B.10)

In contrast to the particle drifts above, the diamagnetic drift is a fluid drift in ma-
gnetized plasmas. The diamagnetic drift has no contribution to the displacement of
guiding centers in the homogeneous magnetic field, so there is no net transport of
particles.
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C. Parameter feedback control

A classic PID controller is used to control plasma in realistic time-dependent simula-
tions with the control function :

u(t):kn(kp-e(t)+ki-fe(t)dt+kd-%e(t) + BG, (C.1)

where u(f) is the manipulated variable (e.g. gas puff, input power) that can be
employed to change the plasma state. k, is the normalized factor, being adjusted
to make the control of certain parameters (e.g. density, temperature, particle flux)
have similar gain factors (kp, ki, and kq). The error item e() = measured value —
target value, evaluating the difference between the current state and desired state.
k;, is the proportional gain. k; is the integral gain. kq is the derivative gain. BG is the
background value. Applying the PID controller with proper k;, and gain factors can
make plasma evolve toward the wanted state smoothly. k4 is set to zero, due to kq can
trigger instability issues during control process. For WEST and TCV simulation cases
in Section 3.2, the control of upstream or downstream parameters has been realized
successfully by manipulating the gas puff rate. The proper setup of factors is shown in
Table 1.

Ne,sep Tet q,t Hiad front [y
Target
[m3] [eV] [Wm™2] [m] [m=2s71]
-/+2.2x107°
kn -1.0 | 2.0x10'7 | 1.0x10° | =2.0x 10%°
(before/after rollover)

kp 2300-1000 (from attached to detached)
k; 4.0 x 10*-2.0 x 10* (from attached to detached)

TABLE 1. : The setup of gain factors of different target parameters.

The nesep, Tets q),t» Hrad front €volve monotonically with the level of detachment.
Thus, k, can remain unchanged in the process from attached to detached. However,
the particle flux at the target can roll over when detachment is achieved in the cases
with constant input power. When controlling detachment by particle flux, we need to
pay attention to the rollover threshold. Before the rollover, k;, is a negative value, and
the target value needs to be higher than the highest particle flux that can be reached.
While, after the rollover, the sign of k, needs to be changed from negative to positive,
the target value needs to be lower than the highest value simultaneously, and maintain
plasma stability at the desired level of detachment.

In the control process, there are limitations to the gas puff rate. For the control of the
parameters shown above, the lower limit of gas puff rate is zero, and the upper limit
is set as 5.0 x 10?2 atomss ™! to avoid a too high gas puff rate making plasma collapse.
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When controlling detachment through rollover of particle flux, the lower limit of gas
puff rate needs to be renewed after rollover happens. The lower limit value depends
on the gas puff rate threshold for the rollover of particle flux. One needs to notice that
this kind of strategy is based on the assumption that there is no net sink or stable sink
of particles on the wall, leading to an immediate change in the divertor state with a
variable gas puff rate. In real experiments, the lower limit of gas puffis hard to define.

Due to the low capability of the pump, the plasma density in SOL decreases slowly
even when the gas pulff rate is zero. The plasma density does not have the same
sensitivity to an immediate equal increase or decrease in gas puff rate. For this reason,
when the divertor state (€.g. ne sep) is much higher than the target value because of
too high gas pulff rate applied or other reasons, the integral factor k; will be temporally
increased by a factor of 10, to fast decrease the gas pulff rate, thus pull ne s, back to
target as quickly as possible. In this process, the gas puff rate is usually decreased to
zero quickly. The integral term will stop accumulating when the gas puff rate is zero
due to the accumulation of the integral term does not make sense anymore. It starts
to accumulate again when the gas puff is non-zero. Increasing the total pump speed
(e.g. increasing the number of pumps) can also be considered at the same time.

The example cases are shown in Figure 3, it used the setup as shown in Table 1,
kp = 2300, k; = 4.0 x 10*. Two cases start from the same point and eventually converge
to the nearly same state, but the red case used 7, sep feedback control via adjusting the
gas puff, and the blue case used a constant gas puff rate. The control process can reach
convergence much quicker than the one with a constant puff rate by a factor of about
10. It has been found that when we want to control the plasma to reach a higher ne sep,
lower gain factors can be helpful in smoothing the control process and maintaining a
stable divertor state. From attached to detached plasma, the proper gain factors can
vary in a range from 2300 to 1000 for kp, from 4.0 x 10* to 2.0 x 10* for k;. The gain
factors can be tuned by identifying system dynamic responses via methods such as
the First-Order Plus Dead Time (FOPDT) model [123, 124] and Frequency Response
Function (FRF) [31, 125]. More work focuses on developing an advanced controller
capable of identifying system dynamic responses, autotuning gain values will be done
in the next steps.
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FIGURE 3. : The comparison between the case with feedback control and the case with
constant gas puff applied.

Time delay influence is considered in the feedback control. The time delay (TD)
~ 2ms has been applied in the cases with variable k;, values as shown in Figure 4. It has
been found that if the time delay is less than 2 ms, the plasma can still be controlled
with the setup shown in Table 1. If the time delay is bigger (more than 2 ms), decreasing
the gain factors or using ramped target as a buffering can be a good solution to make
plasma still under control.

The PID feedback control method can give a solution to control certain plasma
parameters to reach the desired value.
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Ramped target

TD=0 TD=2ms TD=2ms TD =2ms
Kp=2300 Kp=2300 Kp=1000 Kp=1000

--- 1. Signal
—— 1. Response
—== 2. Signal
—— 2. Response
——- 3. Signal
—— 3. Response
—=- 4.Signal
—— 4. Response

ne,sep

[ev]
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0.00 0.01 0.02 0.03 0.04 0.05 0.06

Time [s]

FIGURE 4. : The influence of time delay in feedback control : The 7e sep is controlled
by adjusting the gas puff rate through the PID controller. The case with the
purple color was performed with a ramped target, while the other cases
were performed with a constant target value.
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D. Profile feedback control

The profile feedback control can be used to control the radial density and temperature
profile at the OMP via adjusting the transport coefficients. For the mesh used in the
simulation, there are multiple cells distributed at the OMP in the radial direction from
CEI to the wall. As shown in Equation D.1 and D.2.

_fat=dn) - fa"+dr)

2dr (D

V'™

dr:min(|rn_1—r"|,|rn+1—rn}) (D.2)

The radial position of a cell with index n is defined as r”. f(r) represents the value
of density or temperature at position r. The measured value here becomes V f ("),
the manipulated variableis D, x| e O ¥ 1.

The density and temperature profiles can be controlled at the same time if enough
experimental data can be provided. k;, = —3.33 x 1072 and —1.00 x 10~* for density and
temperature, kp in the range of 0-10, and k; in the range of 10-20 can be proper setup
for the profile feedback control. To guarantee the agreements between simulation and
experiment for the radial profile at the OMP, the parameter feedback control of 7 sep
or Tesep needs to be activated at the same time. When the diffusion coefficients at
the OMP are determined by the feedback controller, they will be propagated into the
whole simulation domain following the method illustrated in Section 3.
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E. Simulation setup sensitivity studies

In this chapter, we will study the influence of different simulation setups. When inves-
tigating the effects of a setup, other setups are the same or deactivated to isolate their
effects, as shown in Table 2. The setups not mentioned in this table keep consistent
with the choices in Section 3, depending on the machine (WEST or TCV) used to do
the investigation. Here, Diff OMP represents the transport coefficients at the OMP.
Its impact will be introduced in Section E.1.1. y, i/x 1 represents the ratio of y | ;
and y ¢ in the pedestal. Its impact will be introduced in Section E.1.2. The impact of
ballooning, drifts, and recycling coefficients on the wall (R, will be introduced in
Sections E.1.3, E.2, and E.3.

Cases | Diff OMP Ratio y, i/x1,e | Ballooning | Drifts Ryan
Case 1 | Cst, Non-Cst | 1 b=0 No 1
Case 2 | Non-Cst 1,2 b=0 No 1
Case 3 | Non-Cst 1 b=0,1,2,3 | No 1
Case 4 | Non-Cst 1 b=0 No,FB,RB | 1
Case 5 | Non-Cst 1 b=0 No 0.99,1

TABLE 2. : The setups of each case in this section.

E.1. Transport coefficients
E.1.1. Radial transport coefficients

In this section, we study the impacts of transport coefficients at the OMP by the setup
of Case 1 in Table 2. Two subcases of WEST are used, one with constant transport coef-
ficients at the OMP : classic WEST L-mode setups D; =0.3, Y1, = x1,; = 1. Another
one with non-constant transport coefficients at the OMP : D is consistent with the
coefficients shown in Figure 3.13 and suppose y 1= x1,; = D, /0.3, to maintain the
proportional relationship with the WEST classic L-mode setups. The radial momen-
tum diffusivity is constant as v = 0.3 for both cases. The transport coefficients in
other positions are homogeneously propagated in the poloidal direction. The purpose
is to see how the changes in diffusion coefficient can influence the results. Except for
the diffusion coefficients, other setups are the same for both subcases, other possible
impacts (e.g. drifts, ballooning) in Section E are excluded.

One can observe that based on the simulation setups here, the difference between
constant transport coefficients case and non-constant one is mainly the temperature
and density inside separatrix as shown in Figures 5 and 6. The plasma in SOL shows
pretty close characteristics. From Figure 7, one can observe no big difference for the
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target profiles. This indicates the classic L-mode setups in WEST can give a reasonable
estimation for the transport coefficients outside separatrix, but inside separatrix, the
transport coefficients are overestimated.

. | —Cst. diffusivity
: —Non-Cst. diffusivity
4r : - - Separatrix 1
& :
53 |
R \
B 5
|
1 :
|
|
. | |
0.8 1 1.2 1.4

(ON

FIGURE 5. : Radial profile of upstream density in the simulation cases with constant
diffusivity (blue curve) and non-constant diffusivity (red curve), the da-
shed line represents the position of separatrix.

200 ; ‘
I —Cst. diffusivity
! —Non-Cst. diffusivity
150 - ! - - Separatrix
|
= !
% 100 :
&~ :
|
50+ :
|
O 1 L
0.8 1 1.2 1.4

(BN

FIGURE 6. : Radial profile of upstream electron temperature in the simulation cases
with constant diffusivity (blue curve) and non-constant diffusivity (red
curve), the dashed line represents the position of separatrix.
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FIGURE 7. : Target profiles of multiple parameters in the simulation cases with
constant diffusivity (blue curve) and non-constant diffusivity (red curve)
at the inner and outer parts. disp (dosp) is the radial distance from the
inner (outer) strike point, negative values are in the PFR, positive values
are in the SOL. The dashed line represents the position of separatrix.

E.1.2. Ratio of heat flux diffusivity

In this section, the impacts of the ratio between y ; and y ¢ in the pedestal will be
investigated. The experimental data from several machines (Figure 7 in [92]) show that
the ion-to-electron temperature ratio T = Tj/ T, increases with radius, witht=1—2.5
in the edge plasma (0.64 < N < 1). To reproduce 7 profile coarsely matched with
experiment, the y | ; is supposed to be higher than y, . in the pedestal. Three subcases
with ratio values (y,i/x1,e) from 1 to 3 have been applied in Case 2 (Table 2) based on
TCV simulation from Section 3.2.2.

The electron and ion temperature profile in Figure 8 show that the ratio has no big
impact on electron temperature, but separatrix ion temperature would increase with
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a higher ratio value. For the TCV simulation in Section 3.2.2, the ratio is supposed to
be 2, as it can allow a reasonable ion temperature profile.

400 , ‘ ‘
I —T ratio=1
1 €
: _Te ratio =2
300 ! _Te ratio=3 |
. | ---Ti ratio=1
EZOO E ---Ti ratio=2 |
&~ : ---Ti ratio=3
4 - - Separatrix
100t N ]
1
0

0.8 0.9 1 1.1 1.2 1.3

FIGURE 8. : Radial profiles of T, and T; at the OMP in TCV simulation cases. The
dashed line represents the position of separatrix.

E.1.3. Ballooning

We discuss the value of b factor (in Equation 3.1) that describes the impact of bal-
looning. The b value was changed from 1 to 3, and the other setups are consistent
following Case 3 in Table 2. Ballooning is applied in the simulation of WEST and
TCV, we discuss the impacts of ballooning in the simulation of two devices not only
due to their inherent difference (wall structure, magnetic configuration), but more
importantly they are driven by different setups : WEST simulation suppose to have
same input power for all the case, but TCV simulation has fixed pedestal temperature.

Ballooning in WEST In the WEST simulations with fixed input power and the
same e sep, ONE can observe no significant impact of the b value on the radial density
profile at the OMP, as shown in Figure 9. However, the radial temperature profile
shows a significant difference : a higher b value corresponds to a higher upstream
temperature, as shown in Figure 10. Ballooning also has impacts on both targets : a
higher b value leads to higher particles and heat flux at the targets, as shown in Figure
11. The study in JET shows that more power goes into the SOL on the LFS than the
HFS due to the influence of ballooning [78]. In WEST simulations, one can observe
that the heat deposition at the outer target increases faster than the inner one. This
is because a higher b value makes the HFS have lower diffusivities as the diffusion
coefficients at the OMP are fixed, thus causing more power to flow into the LFS and
increasing the T sep, at the OMP.
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FIGURE 9. : Radial profiles of n, at the OMP in WEST case. The dashed line represents
the position of separatrix.
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FIGURE 10. : Radial profiles of T, and T; at the OMP in WEST case. The dashed line
represents the position of separatrix.
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FIGURE 11.: The impact of ballooning at the target profiles in WEST case.

Ballooning in TCV For TCV case with fixed pedestal temperature and the same
Ne sep, ballooning shows no big impact on the radial density and temperature profiles
at the OMP, Figure 12 and 13, but can impact the peak temperature and integral
particle flux at the targets, Figure 14. A higher value of b results in a lower peak
temperature at the inner target and a higher peak temperature at the outer target.
Additionally, it leads to a narrower width while maintaining a similar peak particle
flux at both targets. These effects have an impact on the carbon sputtering rate. The
result of Figure 14 was obtained with no enhancement of diffusivities in the divertor. If
considering the enhancement of diffusivities in the divertor as interoduced in Section
3.2.2.2 and scanning ballooning exponent b from 0 to 3, b = 1 was found to result in a
good match between the experiment and simulation with respect to the C" density
at OMP, Figure 3.31.
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FIGURE 12. : Radial profiles of ne at the OMP in TCV case. The dashed line represents
the position of separatrix.
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FIGURE 13. : Radial profiles of T, and T; at the OMP in TCV case. The dashed line
represents the position of separatrix.
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FIGURE 14. : The impact of ballooning at the target profiles in TCV case.

E.2. Simulation with drifts

Particle transport in the SOL can be contributed by anomalous cross-field transport,
parallel transport, and drifts (E x B, VB, and Curvature). The effects of drifts are
dependent on the direction of the toroidal magnetic field B,. Normally we use the
right-handed cylindrical coordinate system (r, ¢, z) to define the magnetic geometry.
Negative By represents a toroidal magnetic field pointing clockwise when looking
down at the torus from above, with the z pointing vertically downwards. The negative
By within LSN configuration is usually referred to as the forward field. In the forward
field, the VB drift of ion points downward. When we refer to the reversed magnetic
field, the By is reversed, and the plasma current I, is reversed simultaneously to
make the field line impact the target tile always from the same direction [78]. But
for the simulation, I, direction does not influence the final result. For all the cases
(experiment and simulation) in this thesis, the plasma current I, is always in the same
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direction as By.

E.2.1. Drifts in forward field

The E x B drift plays an important role in influencing the target profile [96]. The
E x B drift can be decomposed into E;, x By (poloidal), Eg x By (radial) and Ey, x
By (toroidal). We use the subscript ‘¢, ‘¢, and ‘0’ to indicate the radial, toroidal,
and poloidal directions, respectively. The effect among the three components from
large to low is poloidal E;, x By > radial Eg x By > toroidal Ey, x By [80]. So we
neglect the influence from Ey, x Bg. The electric potential in the SOL is expected to
be proportional to the local electron temperature. For this reason, Ey, points radially
outward in the main SOL (but oppositely in the private plasma and core), leading
to the Ey, x By drift in the poloidal direction, from HFS to LFS for the forward field.
The Ey is weak in the upstream, but can be important in the divertor region. It points
towards the targets. The Eg x B, drift points radially from the outer SOL into the main
plasma (and into the private plasma below the X-point), also from the main plasma
(or private plasma) into the inner SOL.

The VB drift of ion points downward in the forward field. These drifts and transport
processes are summarised as shown in Figure 15.

—> Parallel

- EwXB(z,

—> EgXB¢

—> Diffusion

(b)

FIGURE 15. : The schematic diagram of different ion transport in the forward field.

E.2.2. Drifts in reversed field

When B is reversed, all the drifts transport will go in reversed direction. In some
simulations, the reversed field is found to have more symmetric inner and outer target
temperatures compared with the forward field [78].
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E.2.3. Impact of drifts

Drifts play an important role in influencing particle and energy transport. Some
phenomenons like the double-peaked ion flux profile at the target are observed and
considered to be caused by drifts [100, 126], this feature can be helpful in reducing
heat flux at the target [96]. The inner target in JET is a region of net deposition in the
forward field [78].

Now, we study the impact of drifts through Case 4 in Table 2. It includes three
subcases : one without drifts, one with drifts in the forward direction, and one with
drifts in reversed direction. They have the same ne sep = 2.47 x 10" m ™3, leading to a
detached regime. The target profiles of three cases are shown in Figure 16. disp and
dosp represent the radial distance from the inner and outer strike points, negative
values are in the PFR, positive values are in the SOL. One can observe that compared
with the no drift case, the case with drifts in the forward magnetic direction shows no
significant difference for the profiles at the inner target, but increases the temperature,
particle flux, and heat flux at the outer target. When the magnetic direction is reversed,
the results are also reversed : the temperature, particle flux, and heat flux increase
at the inner target, with very slight changes for the outer target. In detached plasma,
the density profile at the target seems to have a smaller change compared to the
temperature profile. Therefore, the drifts in different magnetic directions play a role in
influencing the target temperature.
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FIGURE 16. : The impact of drifts at the target profiles.

Figure 17 shows the radial dependence of Mach number measured at the top of JET
in closely matched forward and reversed By, discharges (L-mode, ohmic, low plasma
density) [78, 127]. One can observe that in the forward field the flow is always positive
(directed toward the inner divertor), and raised from a low positive value close to
the separatrix to a higher value in the main SOL. In the reversed field, the flow has
similar value to the forward one close to the separatrix but then decreases to zero
which indicates mostly stagnant in the main SOL.

A consistent result can be seen in our WEST simulation case with low density (e sep
= 1.4 x 101 m™3) by Figure 18. Except that, the Mach number inside separatrix and
further away from the main SOL is also provided. The cases with increased ne sep are
put together to compare with low-density cases. One can observe that the profile in
forward and reversed fields are almost symmetrical along the one with no drifts. The
profile in the cases with no drifts is not influenced by the increasing ne sep and has a
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negative value in the main SOL, however, the cases with drifts show sensitivities in
Ne sep level. In the main SOL, the profile of reversed By, case keeps moving up with
increasing ne sep, remaining negative Mach number. However the one of forward By,
case keeps moving down, and Mach number transit from positive to negative. The
transition of flow direction in the main SOL indicates the moving of the stagnant point
in SOL : the stagnant point moves toward the inner target in the forward field, and
moves toward the outer target in the reversed field. Thus field reversal can influence
the stagnant point position and flow direction, which can have impacts on the energy
and particle distribution in the HFS and in the LFS.

* 56723 Forward Field q95 =2.93 s 59737 Reverse Field q95 = 2.84

© 59737 Reverse Field q95 = 3.00 ® 56723 Forward Field q95 = 2.54
4 56723 Forward Field q95 = 2.75 o 59737 Reverse Field q95 = 2.67
0.8 —— Average

Mach Probe  f,=2.0x 10"9m™3

0.6

0.4

0.2

Parallel Mach Number

O JG04.61-50

]
=10 0 10 20 30 40
Midplane separatrix distance (mm)

(o))

FIGURE 17. : Radial dependence of M| measured by the RFA probe at the top of JET,
comparing between forward By and reversed By. Figure from references
[78, 127].
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FIGURE 18. : Radial profile of M at the OMP in WEST simulation, comparing among
no drifts, forward By and reversed By, cases with increasing ne sep.

To understand better how drifts influence particle and energy transport, we evalua-
ted the Mach number along SOL at yn = 1.02 (layer nearby the separatrix, midplane
separatrix distance = 6 mm) from inner target to outer target. Three values of 7 sep
from low to high are applied to see the evolution of Mach number in different plasma
regimes as shown in Figure 19. Positive value means the flow is heading for the inner
target, negative value means the flow is heading for the outer target. One can observe
that, when drifts are activated in the simulation, the Mach number will be strongly
influenced in the poloidal direction. Forward and reversed magnetic fields show op-
posite effects, for example, in the HFS the Mach number has equally increased and
decreased in reversed and forward fields compared with no drift case. However, one
needs to notice that drifts always exist in the experiments, we compare drifts cases
with no drift case is for the aim of evaluating how big influence will be caused by drifts,
and if it is necessary to include drifts in the simulation when analyzing certain issues,
such as the heat deposits at the inner and outer targets.

The interesting thing is that the change of ne s¢p seems to have no impact on the
Mach number at the HFS in the three cases, but in the LFS, the Mach number at the
OMP is gradually reduced from positive to negative in the drift case with forward By.
The reversed By, case shows opposite results. This indicates that the stagnant point
can be influenced by increasing e sep, and their moving direction is also influenced
by the direction of magnetic field. In the forward By, case, with increasing ne sep, the
stagnant point tends to move toward the inner target. This point is consistent with the
conclusion made from Figure 18, and verified this time through poloidal analysis.

For low 7 sep case with no drifts (blue curve in Figure 19a), the stagnant point
can be estimated to be located between the top and OMP. However, when drifts are
introduced, for example, in the forward field, the stagnant point would be below the
OMP in the LES. The switch of stagnant point position due to the introduction of drifts
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can be explained by the presence of Pfirsch-Schliiter (PS) flow. For toroidal plasma,
the poloidal Ey, x By drift flux and diamagnetic flux are partly non-divergence free due
to R-dependence of the magnetic field B o 1/R (for both) and VB (for diamagnetic
flux). The non-divergence-free part can contribute to the production of the so-called
PS flow, which can be described as follow [13].

-V B
vﬁ’s =2qcos0 (Er—rp) x —
en B;

The PS flow is much higher at the LFS than HFS, zero at the top and bottom. Its flow
direction in poloidal projection is against the ion VB drift direction. The presence of
PS flow can move the stagnant point downward along LFS, and lead to an increase in
Mach number approximately 0.1 at the OMP in the forward field in the case with 7 sep
=1.40 x 10" m~3 (Figure 18). Vice-versa, the opposite effects occur in the reversed
field. With increasing ne sep, the stagnant point of the case with drifts is observed to
move closer to that of no drift case due to the reduction of vllrsl Cs which is caused by
lower E; and V, p [128]. The more significant PS flow at the LFS can also explain why
the Mach number is ne s¢, dependent in the LES but the Mach number in the HFS is
not sensitive to the change in ne s¢p, as shown in Figure 19.

Figure 20 and 21 show that the target density and temperature profiles correspon-
ding to three 7 sep from low to high. One can observe that the forward By case has a
relatively higher density and temperature at the outer target and lower density and
temperature at the inner target than other cases (no drift, reversed By) at nesep =
2.40 x 10" m~3 (detached plasma, Figure 20c and 21c). When plasma is attached, the
reversal of the By field shows a big impact on plasma density at the inner target (Figure
20a and 20b), but its temperature shows no sensitivity for By direction.

(E.1)
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FIGURE 19. : The Mach number near separatrix in poloidal direction (only show the
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FIGURE 20. : Target density profiles corresponding to three 7 sep from low to high.
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FIGURE 21. : Target temperature profiles corresponding to three 7 sep from low to
high.
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The scan of 7 sep has been performed for no drifts, forward By, and reversed By,
cases. Figure 22 and 23 show the evolution of integral parallel heat flux and peak
parallel particle flux at the inner and outer targets as a function of 7e sep. One can
observe that the forward By case shows higher particle and heat flux deposits at the
outer target than the reversed one. This can be explained by the influence of poloidal
Ey x By drift flux, which moves from the inner target to the outer target poloidally. As
discussed before, the PS flow can influence the stagnant point in the LFS, however,
PS flow can only reach Maximum at OMP, zero at top and bottom, so it has limited
influence for the transport in entire SOL.

In detached plasma, the outer target temperature is usually high in the forward
B case (Figure 21c). A higher temperature can delay the detachment process since
detachment relies mainly on the cooling down of plasma in the divertor. So, it is easy
to understand why the forward By, case has a higher ne s¢p threshold for particle flux
rollover at the outer target (Figure 23b) as the rollover of particle flux is usually relevant
to the beginning of detachment. The higher temperature at the outer target in forward
By case can be explained by higher heat deposit caused by drifts, particularly the
Ey x By. The PS flow can offset part of E, x By impacts, but the flow is reduced in
detached plasma. In more detail, poloidal Ey, x B drift can have an obvious impact on
redistributing the fraction of energy flow into the inner and outer targets of the lower
divertor in WEST. In the forward By, field, poloidal Ey, x B, drift flow can increase
the heat deposit at the outer target but slightly reduce the heat deposit at the inner
one. Thus delay the rollover of particle flux at the outer target, but have no obvious
influence on the rollover threshold of particle flux at the inner target (the difference of
heat power deposit at the inner target between the no drifts case and forward B case
becomes smaller with increasing 7 sep and nearly the same after rollover happens,
but the heat power deposit at the outer target is always higher than that in no drifts
case. Maybe due to the stronger E x B drift at LFS, due to larger R).

The Eg x By drift can cause radial transport of particles from the outer to the inner
target in the PFR, resulting in a noticeable shift of the radial position of peak density
towards the separatrix at the outer target. Conversely, the radial position of peak
density at the inner target shifts away from the separatrix.

The no drifts case shows a sudden decrease of particle flux and heat flux at both
targets when 7 sep is higher than 2.60 x 10" m~3. This can be explained as the forma-
tion of XPR in no drifts case with very low temperature at X-point and strong plasma
recombination. However, the XPR is hard to observe in the cases with drifts. Probably
due to the simulation with drifts introducing high poloidal velocity inside separatrix,
making neutral particles hard to penetrate into the X-point region (part of neutrals are
blown away by strong plasma wind), thus making the XPR hard to simulate in the case
with drifts.
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FIGURE 22. : Evolution of integral parallel heat flux at inner (outer) target as a function
of ne sep in no drifts, forward By, and reversed B, cases.
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FIGURE 23. : Evolution of peak parallel particle flux at inner (outer) target as a function
of ne sep in no drifts, forward By, and reversed B, cases.

E.3. Recycling coefficient

In this section, we discuss the impacts of recycling coefficient on the wall (Ry;;) which
is defined as the ratio of the recycled neutral flux over the outgoing ion flux (Section
2.3.2). When W is used as plasma facing material, it behaves almost like a mirror :
nearly all the incident D atoms are reflected as neutrals. Therefore, in the idealized
case of a pure W wall, Ry, = 1 is what one would assume in modeling. However, there
are some reasons to use Ry slightly < 1. In reality, the wall will never be pure pristine
W but will be covered with redeposited (amorphous W instead of crystalline W) and co-
deposited (W-O-C-B compounds instead of just W) layers of eroded material. These
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layers can trap D and therefore reduce recycling. Ideally, the older (and therefore the
dirtier) a machine is, the lower Ry, should be used in a simulation. Also right after a
glow discharge boronization, when B layers are intentionally deposited on top of W
surfaces, Ry, Will be lower as B traps D. A proper setup of Ry, and pump rate can
help in obtaining experiment-like plasma with reasonable gas puff rate. Numerical
stability sometimes is lost if Ry, = 1 as the simulation domain is filled with plasma
and neutrals and the albedo pump struggles to ensure balance.

Following the simulation setups of Case 6 in Table 2, we have two cases with almost
the same setups (same pumping speed, same wall, same input power, etc.), except
the different Ry : one with Ry, = 1, another with Ry, = 0.99. They are feedback
controlled to have the same 7, sep. For steady-state plasma, the corresponding gas
puff rate is significantly higher in the case with lower Ry,j. Deuterium puff rate =
3.59 x 10! D atomss™! when Ry, = 0.99, puff rate = 0.92 x 10>! D atomss™! when
Ryan = 1. The comparison of radial profiles of upstream density (temperature) can
be seen in Figure 24 (Figure 25). It can be observed that the density in the main SOL
(wn € [1,1.2)) is slightly higher in the case with lower R,y,. However, the lower Ryqp
case also presents slightly higher parallel heat flux at both targets than the one with
Ryan = 1 as shown in Figure 26. Considering the fact that the two cases have the
same input power, normally higher upstream density can help in decreasing target
temperature when input power is fixed. The observation indicates that the case with a
lower Ry,q) also has a lower power dissipation level, which is due to a slightly lower
neutral pressure in the divertor leg region (defined as Figure 4.10). The averaged
neutral pressure in the divertor outer leg region ﬁneu,div = 2.01Pa in the case with
Ryanl = 1, Prewdiv = 1.95Pa in the case with Ry, = 0.99.

5 i ‘
1 _Rwall =1
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FIGURE 24. : Radial profile of upstream density in the simulation cases with Ry, =1
(blue curve) and Ry,p = 0.99 (red curve), the dashed line represents the
position of separatrix.
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FIGURE 25. : Radial profile of upstream electron temperature in the simulation cases
with Ry, =1 (blue curve) and Ry, = 0.99 (red curve), the dashed line
represents the position of separatrix.
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FIGURE 26. : Target profiles of multiple parameters in the simulation cases with Ry, =
1 (blue curve) and Ry, = 0.99 (red curve) at the inner and outer part. djsp
(dosp) is the radial distance from the inner (outer) strike point, negative
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F. Difference between simulation and experiment

In Section 3.2.1.3, we made the basic WEST simulation case that has good agreement
with WEST discharge #56420 at ¢ = 7.3s. Based on this basic case, we try to perform
realistic time-dependent simulations, which have consistent time evolution of input
parameters (gas puff rate and rne sep) as the discharge. The purpose is to see the diffe-
rence between simulation and experiment in the time transition process. The time
period from ¢ =5s to ¢ = 8.5s is chosen in discharge #56420 due to the plasma current
and input power being approximately constant in this period, and it covers the diver-
tor detachment. For each realistic time-dependent simulation, we only operate the
gas puff rate (consistent with discharge) or ne sep (controlled by feedback adjustments
of the D, gas pulff rate), all the other setup (e.g. diffusion coefficients, input power) in
the simulation remain untouched. The results of the realistic time-dependent simula-
tions which have consistent time evolution of deuterium gas puff rate and ne sep, as
discharge #56420 are shown in Figure 27 and Figure 28, include the comparison with
experimental data in :

e Gas puffrate.
* Upstream separatrix density e sep.

* Line integral density ne intx of channel 1 (Figure 3.24) pointing into the X-point
region.

* Peak parallel ion flux at the outer target I'} ; or.
* Peak electron temperature at the outer target Te,ot.
 Peak electron density at the outer target e ot-
* Peak parallel heat flux at the outer target gy o.

* Neutral pressure under baffle Py patie Which has been recalculated by 0D-
model in Section 2.7.2 to make the neutral pressure can be compared to the
experimental one.

* Input power Py, and radiated power in edge region Pr,g edge- In the experimental
exp _ p€exp exp exp _ pexp exp
data, the P in Prad,core + Pin,edge’ the Prad,edge - Prad,edge,D + Prad,edge,imp'
There exists some difference between experimental and simulational results. The
possible reason can be :

¢ The difference in input power. The total input power in experiments is varied
and has 100 kW difference comparing between the peak and lowest value. Thus
the input power of SOL in the experiment is varied, which is different from the
simulation setup.
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» The difference in diffusion coefficients. The diffusion coefficients can change
significantly in different divertor regimes, from sheath-limited to detached. But
the simulation assumes no change in diffusion coefficients and applies the dif-
fusion coefficients extracted from experimental data at ¢t = 7.3 s through profile
feedback.

* The difference in wall saturation states. In Figure 27, we can see that if the
simulation case has a consistent gas puff rate with the experimental one as a
function of time, the nesep will be higher from 5s to 6.5, and 7 sep Will be
lower from 7.8 s to 8 s compared with experimental data. In simulation, the wall
recycling coefficient is set as 1, but in real experiments, the wall will play as a sink
of particles. After it is saturated, it can become a source of particles. At the initial
stage, part of the particles is trapped in the wall, represented as lower 7¢ sep in
the experiment, at the end stage, the puff rate decreases, the particles release
rate is higher than the sink rate, can make the 7 sep decrease slowly.

¢ The difference in impurities. The simulation is with pure D, with no obvious
radiation when the target temperature is high. But, in the experiment, one can
observe significant radiation in the attached regime due to the effects of tungsten.
The line integral density pointing to the X-point is found to be overestimated in
the pure D case due to the lack of impurities.

* The limitation of LPs measurements for target temperature below 5 eV. LPs can
not give reliable measurements for temperature lower than 5 eV. When plasma is
detached, the target density, temperature, and heat flux from LPs are not reliable.
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230



Te,int, X The sep Gas puff rate

1[10¥m 2] [10Y%m~3][102'atoms - s

[l.1,0t

[1023m_28_1

[mPal]

Rleu,bafﬂe

inn y P rad
[MW]

e
9] —

=]

o)—‘
o=

Bibliographie — E Difference between simulation and experiment

—SIM
EXP

T T

[ I
:M ] !
I Il Il Il Il Il Il
L ] I ___—"—-'- --‘————_ —
s et A PO A.-,,-""w
= —_—
T 1 | | | |
5 5.5 6 6.5 7 7.5 8 8.5
tls . psim
[ ] — SIM: f)rad,edge,D
. DEXp exp
EXP: Pr'ad,cdgc,D + Prad,cdgc,imp
. psim
- — SIM: in,edge
. pEXp exp
- — EXP: F)in,edge + Prad,core

FIGURE 28. : Evolution of variables as a function of time maintains a consistent trace
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fusion coefficients, etc.) remains unchanged throughout the simulation
scan.
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G. Using reduced models for characterising
detached plasma

G.1. Partial detachment model

To predict the relation between input power, divertor neutral pressure, and impurity
concentration under partially detached conditions (detachment of the first few po-
wer widths in the SOL) in arbitrarily sized machines, a simplified model based on
an empirical formula has been proposed [120]. This model was calibrated on AUG
experimental data and is currently assumed to only be relevant for divertors of similar
geometry. The model is shown in Equation G.1.

= (o] (1)
1 . B
7 [P0+ fe) | 5005 ) | Tes

where g4et = 1 corresponds to the partial detachment state. We now explain the
terms in Equation G.1 and try to apply this model to the TCV simulation data.

-1
x1.3PamMW 1 (G.1)

qdet =

* Pgp represents the input power across the separatrix.
* R =0.88m, the major radius.
* po the average total neutral pressure under the baffle (Ppey patfie in Figure 3.28).

¢ f, the relative efficiency of impurity to achieve detachment compared to deute-
rium. For nitrogen fN = 18 [120], f° is estimated to be 10 since higher concen-
tration (by a factor 1.83) is required to obtain the same upstream power for given
target parameters, when replacing N by C [129]. The influence of £° value is
quite small since the carbon concentration is low (less than 5%).

e f,c, in this article is calculated as f,c, = fCcS + fNcl.

* Adint = Aq + 1.64S, represents the integral power decay length [130] inside which
the divertor power spreading factor S is about 14/2 based on the experimental
datain [131]. Checking in the simulation, the ratio A14/S increases with increasing
upstream density from 1 at low densities to approximately 2 in detached states.
Aq is evaluated based on the target heat flux profile remapped at the OMP.

e r,=0.11is a weak exponent assuming that the distance where the A step occurs
scales with the major radius.

The evolution of the normalized radiation front height as a function of ¢ge is shown
in Figure 29. The green and yellow symbols correspond to the long and short baffle
cases with nitrogen seeding starting from the attached, indicating the onset of detach-
ment when gge¢ = 1. The model correctly predicts the partial detachment when the
case has a high level of divertor radiation due to nitrogen, while it predicts a different
value at which the detachment starts in the cases without seeded impurities. The
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red symbols correspond to the case with nitrogen seeding can not be used to verify
the agreements between the qualifier and simulation as it starts directly from the
detached case with g4er < 1. The two cases with nitrogen seeding starting from the
attached state have significantly higher total impurity concentration values than other
cases when the plasma detaches (Figure 4.32), indicating that high enough c) in the
divertor can effectively radiate most of the power that enters the divertor, despite a
reduction in divertor closure.
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FIGURE 29. : Evolution of normalized radiation front height as a function of gge.

G.2. Reduced model for prediction of X-point radiator
threshold

XPR is an interesting part of detachment study, usually occurring when a deep deta-
ched level is reached. Based on the balance between energy loss (charge exchange
and ionization) and thermal conduction, a reduced model which aims to explain the
physical mechanisms of XPR was derived in [132] as :

_Pion+PCX

A ~ R(Z) qsz nO,Xne,ufexp/ (a Tgﬁ) » (G.2)

Pcond

where 7« is the neutral density at the X-point, 7, and T¢y is the electron density

and temperature at the OMP, fexp, is the flux expansion between the OMP and the

X-point, gs is the safety factor (Equation 1.4), and a is the minor radius. This model

highlights the function of the safety factor, neutral density, and flux expansion factor
in the formation of XPR. Equation G.2 can be reformatted [133] as :

Xa ~ o xNeufexp Bou/ (TS;SB;U) : (G.3)

where By, and By, are the toroidal and poloidal magnetic fields at the OMP. This
model has been applied to analyze the AUG simulation through SOLPS. The simula-
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tion data (with no drifts) were used as input for this X-point model, and the results
are shown in Figure 30. Various normalized radii (p = 0.9998 — 0.9889) inside the
separatrix were analyzed separately for cases with different magnetic strengths (B
=1.8 or 2.5 T). It was found that XPR with a cold core (T x < 5eV) only occurs when
Xa exceeds a certain threshold. This threshold of X, remains robust across different
toroidal field strengths and radii [133].
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FIGURE 30. : Evolution of the electron temperature near the X-point with the X, para-
meter in the flux tubes at various normalized radii. Figure from reference
[133].

We will use this model by taking the simulation data from WEST simulation intro-
duced in Section 3.2.1.3 as input to study the formation process of XPR. By changing
the drift setup, we obtain two groups of cases : one with drifts and another without
drifts. Other settings remain unchanged, and the ne sep scan is then performed. The
evolution of T, x as a function of X, is shown in Figure 31. It can be observed that the
case with drifts exhibits a smooth transition, whereas the case without drifts shows
a gap between (c) and (d). However, the decrease in T, x is not evident in all WEST
cases, which differs from Figure 30. We can further analyze the evolution of XPR in a
more directly way through 2D radiation maps in Figure 32. It can be observed that the
radiation in the X-point region is not significant when the plasma first detaches (Figure
32a). As X, increases, the radiation in the X-point region starts to increase (Figure
32b). When the X, value approaches a certain threshold, the radiation center moves
into the X-point region, but radiation is still noticeable in the SOL inner and outer legs
(Figure 32c¢). After X, suddenly exceeds the threshold, the radiation primarily occurs
in the X-point region, with approximately no radiation outside the separatrix (Figure
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32d).

It has also been observed that the divertor state can change quickly near the X gap.
A slight change of 71 sep a8 Afte,sep = 0.05 x 10" m™ can trigger the sudden appearance
of XPR as shown in Figure 32 (c) — (d). In the case with drifts, the plasma appears to be
relatively stable even with extremely high e sep. The radiation saturates close to the
X-point position, as shown in Figure 33. Combining this analysis with the discussion
in Section E.2.3, we understand that drifts in the simulation can somehow prevent the
formation of XPR, regardless of the forward or reversed By, due to the increased cross-
field flow speed within the separatrix. However, experimental results show a tendency
closer to the case without drifts in terms of XPR, which will be further discussed in
Section 3.2.1.5.
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FIGURE 31. : Evolution of the electron temperature near the X-point with the X, para-
meter in the outermost layer inside separatrix from WEST simulation.
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FIGURE 32. : 2D maps of radiation [MW/m?] in the WEST simulations without drifts,
(a)-(d) corresponds to the blue points marked in Figure 31.
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FIGURE 33.: 2D maps of radiation [MW/ m?3] in the WEST simulations with drifts,
Nesep = 4.30 x 1019 m™3.
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