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Summary

Advanced methods in control of the core density and divertor
detachment in nuclear fusion devices

Nuclear fusion is one of the few future energy sources that has the potential
to fulfill increasing energy demands whilst remaining virtually inexhaustible, in-
herently safe, and deployable in densely populated regions. This thesis considers
the most advanced fusion device configuration: the tokamak, in which a heated
plasma is confined using magnetic fields. In view of changes in plasma behav-
ior, feedback control of the plasma conditions is considered vital to assure safe as
well as high-performance operating conditions in future fusion devices. How-
ever, such control is generally challenging as the dynamics are often uncertain,
nonlinear, and/or distributed. Therefore, in this thesis, advanced control engi-
neering methods are applied to two important control problems in the particle
fueling of tokamaks: the control of the core density during ramp-up and the con-
trol of divertor detachment.

Plasma density control during ramp-up for next generation tokamaks, such as
ITER, is challenging because of multiple reasons. The response of the usual gas fu-
elling in larger fusion devices might be too slow for feedback control. Also, tight
density limits arise during ramp-up, due to operational limits related to plasma
stability. As the number of experiments available for controller tuning is often
limited, iterative learning control (ILC) is proposed to determine optimal feed-
forward actuator inputs based on tracking errors obtained in previous discharges.
This model-based control method can take the actuator and density limits into
account and can deal with large actuator delays. However, a purely feedforward-
based density control may not be sufficient in the presence of larger disturbances.
Therefore, robust control synthesis is used to construct a robustly stabilizing
feedback controller. Simulations show that when ILC and robust control are
combined, the controller is able to achieve good tracking performance even in
the presence of differences between discharges, tight constraints, and model mis-
matches.

After successful plasma current and density ramp-up, in the high performance
flat-top phase, the exhaust of heat and particles from the core forms a major chal-
lenge. In a tokamak, heat and particles leaving the core are transported via open
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ii SUMMARY

magnetic field lines to a dedicated region of the reactor wall, called the divertor.
Unabated, the heat and particle fluxes may become intolerable and damage the
divertor. Controlled ‘plasma detachment’, a regime characterized by a large re-
duction in both plasma pressure and temperature at the divertor target is required
to reduce fluxes onto the divertor. A systematic approach towards achieving this
critical need is proposed and experimentally demonstrated that involves feedback
control of the impurity emission front location. The impurity emission front
under consideration in this thesis, the C-III emission front, provides the approxi-
mate location of a low temperature region in the divertor. Real-time detection of
the C-III emission front therefore yields a spatially resolved variable which can
be used for feedback control. Such real-time detection is possible by applying
advanced processing techniques on the spectrally filtered images of the divertor
plasma. Then, state-of-the-art dynamic characterization (system identification)
of the plasma in proximity to the divertor allows direct, systematic comparison
of the dynamics in different operational regimes. From these measurements, it
follows that the gas transport in the divertor dominates the overall dynamic re-
sponse. Using the system identification results, feedback controllers are designed
off-line and subsequently successfully applied without the need for further tuning
in a number of dedicated real-time feedback control experiments.

In future machines, active impurity seeding is foreseen to induce radiation in
the divertor. While the real-time detection scheme looks promising and applica-
ble to for example nitrogen seeding, the identification and control scheme needs
to be expanded to higher power and higher density regimes, and into a multi-
input-multi-output description. This allows explicit inclusion of the physical
coupling between various seeding gases and the resulting emission fronts in the
controller. Furthermore, besides impurity emission fronts, proxies of locations
of ionization and recombination processes in the divertor should be included in a
control scheme, as the formation of emission fronts in those processes is directly
related to a particle flux reduction at the divertor targets. A promising method
to infer the location of ionization and recombination is the real-time line ratio of
Balmer emission lines, most notably Dα and Dε.
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Chapter 1

Introduction

The potential role and need for fusion energy in the future global energy produc-
tion mix are discussed in Sec. 1.1 and 1.2. Then, the tokamak as leading candidate
fusion reactor is highlighted in Sec. 1.3. This is followed by the physics basis that
is required to understand the design of the tokamak exhaust, which is provided
in Sec. 1.4, along with an introduction to mitigation techniques for the expected
heat loads on this portion of the machine in Sec. 1.5. Important instabilities that
affect the exhaust conditions are summarized in Sec. 1.6. To conclude this chap-
ter, the tokamaks that are considered throughout this thesis are introduced in
Sec.1.7.

1.1 Coping with increasing world energy demands

The total energy demand on earth is expected to increase every year by 1-1.3 %
till 2040 (The IEA Members 2019a). According to the same report by the In-
ternational Energy Agency, the use of electricity grows at more than double the
pace of this overall energy demand. At the same time, it is widely recognized
that fossil fuels are or will be running out, and we are actively changing Earth’s
climate by relying on them so heavily (Stocker et al. 2013). To prevent excessive
global warming, a majority of countries signed the Paris agreement in 2016 aim-
ing to restrict the average temperature rise on Earth to 2 °C. This means that in
the coming decades, clean and renewable energy sources need to be increasingly
incorporated into the global energy production mix.

An ongoing effort to incorporate renewable energy into this energy mix is al-
ready well underway, with for example solar energy from photovoltaic (PV) cells
and wind energy from wind turbines becoming widespread in today’s landscape.
However, such energy sources suffer from intermittency problems, and generally
have a low energy density (Gowrisankaran, Reynolds, and Samano 2016). The in-
termittency challenge is apparent in Germany, which as of 2020 has 49 GW of PV
and 63 GW of wind power installed. Even though the base demand in Germany

1



2 CHAPTER 1. INTRODUCTION

is∼83 GW (Wagner 2017), a study shows that a complete supply of renewable en-
ergy sources with intermittent character would require about four times as much
power (Wagner 2016). While technological developments in (seasonal) energy
storage and conversion could help to alleviate this problem, modeling indicates
that a modest level of base load energy production is still required to obtain reli-
able supply (Romanelli 2016). Furthermore, the emergence of megacities when
approaching the end of this century will call for a localized and dispatchable en-
ergy source with a high energy density. The challenge for the coming decades
is therefore to transition to renewable energy sources including means of inter-
mittent storage, and find an additional source of dispatchable and concentrated
energy that can provide a modest base load. In Fig. 1.1 the challenges for the
coming decades involved with such a transition are summarized in a cartoon.

2000 2025 2050 2075 2100

Global energy consumption

Fossil fuels

Dispatchables

Renewables

phasing out CO
2
emitting plants migration to megacities

renewables penetration
(carbon backed)

energy storage and conversion
(electrical, chemical, heat)

oC

concentrated
>100 MW power

Fig. 1.1 – The ever rising energy consumption and the technical challenges involving
C O2-neutral energy generation. Figure from (The DIFFER Team 2017).

Power from nuclear fission is one of the prime candidates to act as a carbon-
free dispatchable energy source. However, fission is considered undesirable in
the current political climate due to safety concerns and storage problems (The
IEA Members 2019b). Next-generation (Gen. IV) fission reactors, relying on
thorium, significantly reduce longevity of radioactive reaction products (Serp et
al. 2014), but are still in their development phase.

Nuclear fusion is often considered the holy grail of localized and clean energy
production due to the intrinsic stability of the fusion reaction and the absence
of any long term radioactive waste (Cowley 2016). The conditions for fusion to
take place on a reactor scale are particularly challenging, but in the past decades
significant progress in the understanding and realization of fusion relevant con-
ditions has been made (Ongena et al. 2016). Fusion is therefore considered to be
a prime power plant candidate (Ongena et al. 2016) that can be categorized as the
next generation reactor beyond Generation IV fission reactors (Wu, Chen, et al.
2016). As such, fusion has the potential to take a substantial role in the energy
mix of the future (Cabal et al. 2017).



1.2. FUSION ENERGY 3

1.2 Fusion energy

While energy from nuclear fusion is promising to act as a renewable and dis-
patchable energy source, the process requires extreme conditions and is therefore
difficult to initiate and maintain. The basic process of nuclear fusion involves the
binding of light atomic nuclei into single, heavier nuclei, releasing great amounts
of energy in the process. The amount of energy E is given by Albert Einstein’s fa-
mous formula E = mc2, where m denotes the mass difference between the nuclei
before and after the fusion reaction. Even though this mass difference is small,
the product with the square of the speed of light c leads to a large release of energy
in the form of a fast neutron, whose energy can be converted into electric energy.

Evidently, the conditions for fusion reactions to take place are extraordinary:
high kinetic energies of the nuclei are necessary to overcome the electrostatic
(Coulomb) repulsive force between the positively charged particles. When this
repulsive force is overcome and the distance between nuclei becomes sufficiently
small, the strong force becomes dominant and they can fuse. As high kinetic
energies in this case imply a high temperature, the electrons are stripped from
the ions to form an ionized gas known as a plasma. The most probable reaction
at low temperatures is between two isotopes of hydrogen (Fig. 1.2), deuterium
(D) and tritium (T), still requiring a temperature around 150 million K1 to take
place.

Deuterium (2H) and tritium (3H) are isotopes of hydrogen, also respectively
known as heavy and super heavy hydrogen. Deuterium can be extracted from
sea water at minimal cost (Cowley 2016), and is plentiful as each liter of sea water
contains ∼0.02 g of 2H. Tritium is an (artificial) isotope with a relatively short
half-life of∼12 years, but can be produced from the high-energy neutron in the fu-
sion reaction and 6Li. This process is known as tritium breeding (Kopasz, Miller,
and Johnson 1994).

For terrestrial power generation, the fusion reaction is only worthwhile when
net energy can be produced. In other words, the confined plasma must be hot
enough for a sufficiently long time to allow sufficient reactions to take place, thus
causing α-particles to supply most of the heating of the fuel. This requirement
is captured in the Lawson criterion, which states in a simplified form that the
product of ion density (in m−3), temperature (in keV), and energy confinement
time (in s) must be greater than a certain number:

ni TiτE ≥ 3× 1021. (1.1)

When this criterion is met the internal (α-particle) heating due to the fusion reac-
tions is sufficient to sustain the plasma temperature and the plasma ignites. The
hot DT-mixture should obviously not come into contact with any material sur-
face, but as the plasma consists of charged particles, strong magnetic fields can

1in fusion and plasma physics it is convenient to use electronvolt to express temperature, 1eV b=
11604 K.
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n + 14.1 MeV

He + 3.5 MeV
4

H
3H

2

Fig. 1.2 – Deuterium-Tritium (DT) fusion reaction visualized. Deuterium (2H) and
tritium (3H) fuse to yield a hot (3.5 MeV) 4He-particle (α-particle) and a neutron that
is not magnetically confined.

be used to confine the mixture. This approach to fusion is known as ‘magnetic
confinement fusion’ and is the sole method considered in this thesis.

1.3 Magnetic confinement fusion and the tokamak design

In this section, the tokamak design and its underlying principle of tailored mag-
netic confinement are introduced. As a consequence of the Lorentz force, charged
particles undergo a gyration perpendicular to magnetic field lines. This limits the
motion perpendicular to these field lines and is the basic mechanism for magnetic
confinement. The radius of gyration, the Larmor radius, depends on the charge
and mass of the particle and the magnetic field strength B . In a magnetic confine-
ment fusion device, the magnetic field is chosen to be strong enough to make the
ion Larmor radius much smaller than the size of the machine, confining the ions
to the field lines. The charged particles, however, are free to move parallel to the
magnetic field, and therefore also have a parallel velocity. Without precaution,
particles will therefore be lost when the field lines intersect with a material sur-
face. Furthermore, in case a gradient in the magnetic field is present, drift effects
cause the guiding center of the gyrating motion to move away from the magnetic
field line, further deteriorating the confinement of particles.

To prevent excessive particle losses, field lines that close upon themselves seem
a logical choice. However, in practice, the external magnetic field necessary for
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such a configuration contains a gradient, causing confined particles to drift up-
wards. The tokamak principle employs an internal current in the plasma, leading
to a ‘twisting’ of the still closed field lines in a torus-like configuration, see Fig. 1.3.
Such a winding of magnetic field lines significantly improves confinement, as the
drift on the inner portion of the torus is canceled by drifts on the outer part.

Fig. 1.3 – Cartoon of the tokamak principle. An externally applied toroidal mag-
netic field together with an internal plasma current lead to helical magnetic field
lines, leading to improved confinement. The plasma current is generated via a time-
varying current in the primary transformer coil. The plasma current generates most
of the poloidal field, but external poloidal field coils are necessary for plasma position-
ing and shaping control. (Figure courtesy of EUROfusion, euro-fusion.org).

The direction along the long axis of the torus is the toroidal direction, and
the direction perpendicular to this is known as the poloidal direction. By moving
in the poloidal direction in the torus, the charged particles map out surfaces of
constant magnetic flux (Fig. 1.4). The plasma current is induced by a transformer
circuit, i.e., via a time-varying current in the primary (central solenoid) coil. Ex-
ternal poloidal field coils are present for shaping and positioning control of the
plasma. Due to a physical coil current limit of the central solenoid, the tokamak
is inherently a pulsed device, and the plasma needs to be formed and safely termi-
nated over and over again. Each pulse, also known as discharge or shot, consists of
a plasma formation phase, a current ramp-up, a (high-performance) flat-top phase
where the fusion happens, and a ramp-down phase in which the plasma is safely
terminated.

To reach the high-performance flat-top phase, the density and temperature
of the plasma need to be significantly increased. For relatively cold plasmas, be-

euro-fusion.org
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Fig. 1.4 – Helical (twisted) magnetic field lines in the tokamak design cause particles
to map out surfaces of constant magnetic flux, known as flux surfaces. An example
magnetic field line is shown in black. (Figure from (Gusev et al. 2001)).

low approximately 1 million °C, the plasma resistivity is high, making ohmic
heating via the plasma current efficient. However, this resistivity η rapidly drops
with increasing electron temperature: η∝ T −3/2

e . Therefore, auxiliary heating
in the form of neutral beam injection (NBI), leading to collisional energy trans-
fer, and electron and/or ion cyclotron resonance heating (ECRH/ICRH) are ap-
plied (Mazon, Fenzi, and Sabot 2016).

The simplified picture of particle confinement to the helical field lines is com-
plicated in practice due to so-called neo-classical effects leading to particle drifts.
Furthermore, convective and diffusive transport cause additional confinement
losses. Overall, these effects lead to turbulence, generally termed anomalous
transport (Horton 1999). In practice, electrons and ions therefore drift across
the flux surfaces, leading to a finite particle and energy confinement time. Trans-
port across flux surfaces, however, is also desired, as it allows helium ash to be
removed from the fusing core plasma, which is necessary to prevent chocking of
the fusion burn. Furthermore, this transport allows the DT-mixture to be re-
plenished via external neutral gas injection. These two topics are discussed in the
coming sections.

1.4 Design of the plasma exhaust

The magnetic field is divergence free, and therefore at some point in space, mag-
netic field lines must intersect with the material surface of the tokamak vessel (Yo-
ung and Freedman 2016). The magnetic topology is therefore divided into closed
field lines, leading to closed flux surfaces, and open field lines, which intersect
with a material surface. This makes the design and study of the region of plasma
wall interaction an important topic that cannot be circumvented in tokamaks.
Furthermore, the helium ash as produced by the fusion reaction must be ex-
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hausted, as prolonged confinement would lead to dilution of the DT-mixture and
a decrease in fusion power. The topics of plasma wall interaction and plasma ex-
haust come together in a dedicated portion of the reactor, which is the topic of
this section.

Depending on the plasma temperature, interaction of the plasma with a ma-
terial surface leads to an increasing amount of chemical and physical sputtering
of the wall material. Without precaution, these wall particles enter the confined
plasma, degrading the energy confinement via excessive radiation. Within the
tokamak design, two exhaust options have been explored: the limiter and diver-
tor exhaust, see Fig. 1.5.

−1.0

−0.5

0.0

0.5

1.0

−1.0

−0.5

0.0

0.5

1.0

1.0 1.5 2.0 2.5 1.0 1.5 2.0 2.5

Separatrix

a) b)

Upstream

X-point

Core plasma

Target plates, 

downstream

Last closed 

magnetic surface

Core plasma

Limiter

Fig. 1.5 – Two magnetic configurations, the limited and diverted design, with sig-
nificantly different exhaust properties. In the limiter plasma design a), the closed flux
surfaces are at some point intersected by a (protruding) piece of wall material. In the
diverted design b ), suitable external coils form a magnetic null, diverting the open
field lines to a dedicated portion of the machine: the divertor. The ‘upstream’ and
‘downstream’ locations are defined in the next section. (Figure adapted from (On-
gena et al. 2016)).

The closed flux surfaces in a limited plasma are intersected by a protruding
portion of the inner wall, leading to a clear separation between core plasma and
open field lines in the surrounding scrape-off-layer (SOL) by the last closed flux
surface (Fig. 1.5a)). The main drawback of this design is the proximity of the
portion of the wall that is in contact with the plasma, both poloidally and along
the magnetic field lines. The limiter plasma is therefore more prone to core con-
tamination and generally achieves lower confinement times.

The divertor design aims to separate the confined region from the plasma-wall
interaction region, both poloidally and, to a greater extend, along the field lines.
A second set of coils carries a current in the same direction as the plasma current,



8 CHAPTER 1. INTRODUCTION

leading to the formation of a magnetic null and corresponding X-point (a figure
of eight) in the flux contours. As such, the plasma core region is separated from
the SOL by the separatrix (cf. Fig. 1.5b )). The open field lines in the SOL region
outside the separatrix intersect the divertor tiles located at the top and/or bottom
of the machine.

In a tokamak, the particle transport perpendicular to the field lines is gener-
ally ten orders of magnitude smaller than the parallel transport (Ongena et al.
2016). As a direct consequence of this separation in transport, the portion of the
SOL through which heat and particles is transported is thin in comparison to the
size of the device: namely in the order of millimeters. Given the large amount
of power that has to be exhausted and continuously enters the SOL, a significant
challenge for the divertor wall material arises.

The divertor of a fusion reactor needs to survive long enough to prevent sig-
nificant down time of the reactor and high investment costs upon continuous
replacement. From an engineering perspective this means excessive melting and
erosion of the material surface needs to be prevented. This can be directly trans-
lated into plasma requirements on the permissible heat- and particle load, and the
target temperature of the plasma near the target. The divertor is specifically en-
gineered to withstand large heat loads, up to ∼15 MWm−2 in steady state (Pitts,
Bonnin, et al. 2019). Even then, a major point of concern is the unfavorable scal-
ing of the power entering the SOL (Reinke 2017) and the width of power fall-off
length λq into the SOL itself (Eich et al. 2011) with respect to device size and
magnetic field. These effects potentially lead to much larger heat- and particle
fluxes and a higher temperature than the divertor can handle (Wischmeier 2015;
Wenninger et al. 2014).

The currently foreseen mitigation technique focuses on three aspects: 1) in-
creasing the connection length, i.e. the length of the open field lines connecting
the core plasma to the divertor tiles. 2) At the same time, tailored injection of
seeded impurity species leads to increased radiation, which takes away a signifi-
cant portion of the power (Kallenbach, Bernert, Dux, et al. 2013). 3) By increas-
ing the plasma density near the divertor target via strong fuelling, volumetric
power and ultimately pressure loss can be induced along the SOL, leading to op-
eration with a ‘detached’ divertor (Kallenbach, Bernert, Beurskens, et al. 2015;
Leonard 2018). This thesis primarily concerns the approach towards real-time
control of this detached divertor regime. Therefore, the detached regime is intro-
duced in more detail in the next section.

1.5 Divertor plasma detachment

The total power deposited on the divertor targets originates mainly from: radia-
tion from impurity and hydrogenic plasma species, kinetic energy deposited via
electrons, ions, and neutrals, and the release of potential energy when electrons
and ions recombine at (or close to) the target. The deposited power from radi-
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ation and neutral particles is naturally spread over a large area. However, the
heat flux due to plasma particles is confined to a narrow region in the SOL (Eich
et al. 2011). Significant research effort is therefore put into ways to mitigate this
plasma heat flux. In this section, the detached plasma regime is introduced, which
enables significant reduction of the plasma temperature at, and heat flux to, the
divertor target. In some ways, the detached regime is a natural continuation of
operating regimes at lower plasma density. We will therefore first discuss those
regimes which are known as the sheath-limited and high recycling regime.

1.5.1 Divertor operating regimes

To describe the plasma behavior in the divertor region, it is helpful to introduce
two points along a field line in the SOL: one point upstream close to the core
plasma, and one point downstream close to the divertor target, see Fig. 1.5. In the
simplest picture, particles flow along the field lines from upstream to the target,
and no notable temperature gradient is present. As electrons move significantly
faster due to their smaller mass, they reach the divertor surface faster than ions,
leading to a net negative charge of the divertor surface (Stangeby 2000). In steady-
state, however, this negative charge repels electrons, leading to a narrow region
where quasi-neutrality2 does not hold: the plasma sheath. If the wall is left float-
ing (electrically isolated), the negative charge adjusts itself in steady-state, leading
to equal ion and electron losses to the wall and zero current. For low plasma
densities, the resulting sheath dominates the plasma transport in the whole SOL,
which is why this regime is known as the sheath-limited regime. In the sheath-
limited regime the fluxes to the target are relatively low due to the low density,
and plasma particles recombine to form neutral particles on the divertor target.
However, as no notable temperature gradient is formed along the field lines, the
temperature at the target is high, making this regime not reactor relevant.

For higher densities, however, the interaction between neutral particles and
the incoming plasma flow is increased. As such, a regime can be obtained where
the recombining electrons and ions, forming neutral particles, are re-ionized over
and over again in the divertor region: the high recycling regime. This recurring
ionization process consumes a significant portion of the incoming power, which
is converted into photon emission and used to overcome the cost of ionization of
neutral particles. This power consumption leads to lowering of the plasma tem-
perature. However, due to the high density necessary to maintain the high recy-
cling regime, the particle flux to the target is high (Krasheninnikov, Kukushkin,
et al. 2017), which is likely to lead to unacceptable physical erosion of the target
material (Loarte, Monk, et al. 1998).

When the upstream density is increased even further, the divertor plasma
starts to detach. Historically, detaching refers to the ionization process moving

2In the bulk plasma, the high electron mobility leads to overall low electric fields and modest
charge distribution, allowing its treatment as a neutral fluid on larger length scales
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away from the target, since in lower density regimes ionization primarily takes
place on the divertor plates (Matthews 1995). Instead of taking place on a surface,
ionization therefore becomes volumetric. This definition, however, is rather eso-
teric (Leonard 2018; Matthews 1995; Verhaegh, Lipschultz, Duval, Février, et al.
2019). Instead, detachment is usually defined as a simultaneous reduction in target
temperature and ion flux due to the formation of a large pressure gradient (static
and dynamic) along the SOL (Krasheninnikov, Kukushkin, et al. 2017; Verhaegh,
Lipschultz, Duval, Février, et al. 2019; Matthews 1995). This definition directly
corresponds to the requirements for divertor survival from a material point of
view, namely a low temperature and particle flux.

Early experimental evidence of the evolution of the target ion saturation cur-
rent during upstream density increase, leading to different modes of operation
of the divertor plasma, is shown in Fig. 1.6. Here, the current, measured by
Langmuir probes in the divertor tiles due to ions hitting the target, is increasing
with density. However, at some point, the ion flux starts to ‘roll-over’ (associated
with the onset of detachment) and is subsequently decreasing (associated with a
detached plasma).

Over the past decades, plasma physicists have mostly been concerned with
how detachment can be understood, with the ultimate aim to predict its accessi-
bility in larger devices. Modeling is notoriously difficult as many of the plasma
processes in the divertor are a nonlinear function of temperature and density and
happen at different time scales (Fasoli et al. 2016). Furthermore, the plasma is
interacting with a (low density) neutral gas, making modeling of the interaction
between individual particles necessary (Kaveeva et al. 2020). Experimentally, di-
agnosing the divertor plasma on machines in operation today is also challenging,
as most relevant processes are volumetric and the SOL is narrow compared to the
size of the device. Here, we will only discuss the detachment physics necessary
to understand this thesis.

1.5.2 Conservation laws: A simplified picture of detachment

In the divertor plasma, a large number of molecular and atomic reactions take
place that ultimately lead to a simultaneous reduction of the plasma temperature
and ion flux to the target, termed plasma detachment (Verhaegh, Lipschultz, Du-
val, Février, et al. 2019). In this section, we briefly discuss how three conserva-
tion laws along the SOL, namely particle, momentum, and energy conservation,
could explain the observations associated with the detachment process.

Plasma detachment can be seen as significant plasma loss terms in these con-
servation laws (Leonard 2018). Such loss processes are for example ionization
(leading to power and momentum loss), impurity radiation (power loss), charge-
exchange (momentum and power loss), and recombination (power, momentum
and particle loss). Recombination and the particle balance only become relevant
for relatively low target temperatures (Te < 1 eV) when the plasma is already
detached. In principle, all loss processes depend on the density and temperature
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Fig. 1.6 – Roll-over in the ion saturation current in early detachment experiments
on the JET tokamak, as measured by Langmuir probes. With increasing upstream
plasma density (here the average density of the core plasma), the ion saturation current
increases quadratically (conduction limited regime), or starts to roll-over (onset of
detachment). Figure from (Loarte, Monk, et al. 1998).

of the species involved (Post et al. 1977). One helpful approach, however, is to
gather all processes that lead to momentum and power losses between an up-
stream and target location in two loss factors, named fmom and fcool respectively.
While the processes that ultimately lead to power and momentum loss are intri-
cate and complex, it turns out that, to a surprisingly accurate degree, these two
loss factors are well described by a function of the electron temperature at the tar-
get Tt alone (Stangeby 2018). For fmom this has been known and experimentally
observed for quite some time (Lipschultz, Labombard, et al. 2007). For this very
reason, Tt is an important parameter and often practically used to distinguish the
detached from the high recycling regime (Loarte, Monk, et al. 1998; Stangeby
2018). In Fig. 1.7 both loss factors are plotted as a function of Tt . The various
data sets indicate different divertor configurations. These results are obtained
from complex two-dimensional particle-in-cell modelling of the divertor plasma
and surrounding neutrals (Kaveeva et al. 2020). Ultimately, however, these results
can be embedded in a 2-point model-like description, leading to the modified two-
point model (M-2PM) (Stangeby 2000; Stangeby 2018).
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Fig. 1.7 – Momentum loss factor (left) and power loss factor (right) as a function
of electron temperature at the divertor target, as obtained from expensive 2D code
simulations using SOLPS-EIRENE. The various data sets originate from different
divertor configurations. Adopted from (Stangeby 2018).

This M-2PM can be obtained by integrating the conservation laws along one
field line from upstream to target. A common form is to take the target condi-
tions (subscript t ) dependent on the upstream conditions (subscript u, taken to
be the input variables) (Stangeby 2018). In this particular case, the underlying
assumptions are Ti = Te , the absence of impurities, and a Mach number of one at
the entrance of the sheath. Furthermore, all heat is assumed to be transported via
conduction, but corrections and extensions to allow more general formulations
are possible (Stangeby 2018).

The right-hand side of the equations are grouped as [constants]·[inputs]·[loss
factors]·[geometry] as follows:
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In these equations, mi denotes the ion mass, e the electron charge (in C), and
κ0ε ≈ 2300 Wm−1eV−7/2 the Spitzer-Härm thermal conductivity coefficient for
electrons parallel to the field lines. The total length of the flux tube connect-
ing upstream to target is denoted with L, and q‖,u (Wm−2) is the parallel heat
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flux entering this flux tube. Given a local temperature and ion flux, the sheath
transmission coefficient γ ≈ 7 (-) determines the corresponding heat flux. In the
beginning of this section, it was already mentioned that spreading the heat load
over a larger area of the divertor can help to reduce the peak heat load. One ef-
fective way of doing this is by magnetic flux expansion, which (given the fact that
the toroidal field is not constant over the radius of the tokamak) is captured by
the ratio of the radial position of the upstream and downstream location Ru/Rt .

These equations contain important observations. Increasing the momentum
losses reduces the particle flux to the target Γt but increases Tt . On the other
hand, increasing the energy losses has the opposite effect: It can be shown that
in order to reduce both the target flux and the temperature, the target pressure
pt must drop faster than T 1/2

t (Verhaegh, Lipschultz, Duval, Février, et al. 2019).
Evidently, such a target pressure drop can be induced via volumetric momentum
losses involving ion-neutral interactions. Therefore, the most important actuator
in this thesis is active gas fueling which ultimately drives all processes leading to
detachment. Other actuators, in literature often somewhat confusingly called
‘control parameters’ or ‘control variables’ (Lipschultz, Parra, and Hutchinson
2016; Stangeby 2018) include q‖,u and the impurity concentration. However, in
this thesis, q‖,u is considered to be dictated by the core plasma scenario, and not
free to be used for control.

To summarize, detachment is the simultaneous reduction along the SOL of
the plasma temperature and pressure or ion flux at the target. To reach such
conditions, gradients in both temperature and momentum losses are necessary,
which can both be achieved by (impurity) gas puffing. This simplified picture of
detachment is complicated in practice by the fact that the processes driving de-
tachment are, by their very nature, happening in a volume. Ionization, charge-
exchange, and impurity radiation all happen in different density and temperature
regimes, and as such, in different regions of the divertor plasma. Furthermore,
the SOL is intricately linked to the confined region, such that conditions at the
target cannot be set completely independently from what is necessary for core
fusion performance. Much of the current research effort is therefore dedicated to
finding scenarios with compatible core and SOL conditions (Meyer et al. 2017).
This requires models with predictive capability, which are inherently much more
complex than the M-2PM discussed here. This simple model, however, does al-
low basic understanding of the currently experimentally explored novel divertor
designs and plasma scenarios. The rationale behind these designs and scenario
choices is discussed in the coming section.

1.5.3 Geometry and scenario effects affecting detachment

Some key elements of a plasma scenario include the plasma current and shape,
applied heating, the number and position of the X-points, and the shape of the
divertor leg(s). Throughout this thesis the plasma scenario, often simply called
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scenario, is considered to be given and not available for further tuning or changes
in real-time. Nevertheless, for completeness, this section contains an overview
on how changes in a scenario affect detachment.

An example of a typical scenario is given in Fig. 1.8. Here, a vacuum vessel
with physical baffling and flux contours of a near-double-null plasma scenario
are indicated. All these parameters directly or indirectly affect the input and ge-
ometry terms in (1.2), leading to different behavior of the detached plasma. The
study how these quantities affect detachment, and the subsequent tailoring of the
scenario to reach a viable divertor solution is the prime objective of the majority
of current divertor research. Many uncertainties still exist in SOL modeling, and
it is unclear which measures need to be included, and to which degree, to reach a
compatible scenario.

Fig. 1.8 – Cross-section of the TCV vacuum vessel with physical baffling, includ-
ing flux surfaces of a near-double-null plasma scenario. Relevant nomenclature for
detachment studies is indicated.

One of the main uncertainties is the width of the portion of the SOL through
which power is transported to the target. In a simplified picture, the width of this
channel is set by the amount of outwards diffusion of heat before it is transported
along the field lines to the divertor (Chang et al. 2017). This width is therefore
usually characterized in terms of the fall-off length of this channel, termed λq .
For a large and high-power machine like ITER, λq predictions range all the way
from sub-millimeter (Eich et al. 2011) to 6-7 mm (Chang et al. 2017). Conse-
quently, the amount of impurity seeding and upstream density necessary to reach
sufficiently low sputtering of the divertor is currently unknown. Beyond ITER,
more measures to facilitate the access to detachment might be necessary, those
relevant to appreciate this thesis are discussed below.
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Number of magnetic nulls By introducing additional magnetic nulls, the heat
per divertor leg q‖,u in (1.2) can in principle be reduced. Examples of this are the
double null scenario, with an additional divertor leg, and the snowflake config-
uration (Reimerdes, Duval, et al. 2017). Such configuration come at the cost of
additional divertor coils and reduced plasma volume. Furthermore, in practice,
the heat load per strike point is not distributed equally (Tsui et al. 2020).

Flux expansion Purposely decreasing the poloidal magnetic field near the di-
vertor target leads to increased spacing between the flux contours, i.e., higher
poloidal flux expansion. This is expected to facilitate the onset of detachment and
increase the plasma wetted area on the divertor target. The poloidal flux expan-
sion is defined as (Stangeby 2000):

F X ≈
(Bpol/Bt o r )u
(Bpol/Bt o r )t

, (1.5)

and can be increased by installing additional divertor poloidal field coils. Addi-
tionally, the target radius Rt can be increased, leading to increased toroidal flux ex-
pansion and a decrease in heat flux at the target (Theiler et al. 2017). The advanced
super-X divertor design employs large toroidal flux expansion, optionally com-
bined with large poloidal flux expansion (Havlickova et al. 2015; Kotschenreuther
et al. 2013). The MAST-U tokamak (Section 1.7.2) will be the first to experimen-
tally study the potential benefits of combining large poloidal and toroidal flux
expansion in such a design.

Physical baffling It was already mentioned that the main driving force behind
the high recycling and detached regime is the increased plasma-neutral interac-
tion. Physical structures can enable closure of the divertor chamber, allowing
higher neutral gas pressures without (significantly) affecting the conditions in the
main chamber (Pitts, Bonnin, et al. 2019). It has already been shown in modeling
that this indeed facilitates access to detachment (Reimerdes, Duval, et al. 2017;
Wensing et al. 2019).

1.5.4 Diagnosing the divertor plasma

Most methods to reconstruct the plasma conditions rely on passive techniques,
which do not actively disturb or penetrate the plasma. In this section, only the
relevant diagnostics for this thesis are discussed, namely those that are used or will
be used for feedback control. These diagnostics can be divided in those that mea-
sure quantities directly at the divertor target and diagnostics that yield spatially
resolved measurements in the divertor plasma. Furthermore, some diagnostics
measure processes taking place in the plasma like charge-exchange or radiation,
while others yield plasma parameters like the plasma temperature. In this section,
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various diagnostics that are relevant for detachment studies and in particular con-
trol are introduced. The location and/or line of sight of these diagnostics in the
tokamak cross-section is shown in Fig. 1.9.

Fig. 1.9 – Relevant diagnostics on the TCV tokamak. The sightlines are indicated
for the infrared camera, bolometry, MANTIS, and the divertor spectroscopy. The
Thomson scattering (TS) points are marked by yellow squares. The Langmuir probes
embedded in the wall are marked by red circles.

Bolometry In a bolometer diagnostic (Bernert 2013), radiation from the plasma
heats up a thin film, typically made out of precious metal. The temperature
change of the film is therefore a measure of the total radiated power from the
plasma. Local power emissivities can be obtained by performing tomographic
inversions (Craciunescu et al. 2018). Drawbacks of this diagnostic are that it has
a time constant of ∼10 ms to heat up, slowing down the response time to fast
changes in plasma emission. Also, bolometers often do not work during ECRH
due to stray power impinging on the foils and overloading the diagnostic. Fur-
thermore, neutral particles released from the plasma lead to fictitious readings in
the emitted power upon hitting the foil.
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AXUV Another diagnostic to measure radiated power from the plasma is the
AXUV photodiode system. Inside the semiconductor in this diagnostic, incident
photons create electron-hole pairs in a p-n junction, leading to a current propor-
tional to the number of incident photons. This response is typically much faster
than the foil bolometer, and, additionally, AXUV can be used during ECRH.
The photons are typically collected along a line-of-sight perpendicular to the di-
vertor plasma, such that also for AXUV, tomographic inversion is necessary to
obtain local emissivities.

Divertor spectroscopy Most of the light emission in the divertor is in the
visible spectrum. This spectrum can be resolved along a line of sight via spec-
troscopy. A grating inside the diagnostic leads to dispersion of the incident light
according to its wavelength. For divertor research, investigation of the peaks in
this spectrum associated with the Balmer series of light emission is of notable im-
portance as this yields estimates of recombination and ionization processes (Ver-
haegh, Lipschultz, Duval, Février, et al. 2019). Under particular circumstances
the Stark and/or Doppler broadening effect of Balmer peaks can be used to infer
the characteristic density and temperature in the divertor leg (Verhaegh 2018).

Surface thermocouples When two different electrical conductors are put in
contact to form a junction, and a temperature gradient is present over this junc-
tion, the thermoelectric effect creates a voltage proportional to the temperature
gradient. A thermocouple employs this effect to probe a temperature. In a sur-
face thermocouple, the junction between the two conductors is only formed in
a thin layer near the surface, leading to a particularly fast time response. This
is applied in divertor research by embedding such thermocouples in the diver-
tor target (Brunner and Labombard 2012), leading to measurements of the local
target temperature. This target temperature can also be used to estimate the cor-
responding heat flux to the target (Brunner, Burke, et al. 2016).

Langmuir probes In the beginning of this section, it was already mentioned
that when the electric potential of the divertor tiles is left floating the ion and
electron currents in the sheath will balance each other leading to zero net current.
However, if a voltage is applied to the surface, a current will flow. The measure-
ment of this current is the key idea behind the Langmuir probe, and can be used to
infer properties of the plasma in proximity to the target. The procedure in prac-
tice is to apply a swept voltage to the probe head, leading to measurement of the
current-voltage (I-V) curve, which can be used to construct the electron density
and temperature near the target by fitting a physical model to the data (Février,
Theiler, De Oliveira, et al. 2018). Measurements using probes are fundamen-
tally invasive as the sheath is locally affected. Operating Langmuir probes can be
challenging in practice particularly for low temperatures (Te < 5 eV), leading to
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unreliable measurements in (strongly) detached conditions (Février, Theiler, De
Oliveira, et al. 2018).

Tile thermo-electric current measurement On the ASDEX Upgrade toka-
mak, an indirect measurement of the target temperature can be obtained by mea-
suring the thermo-electric current into the outer target (Kallenbach, Carlson, et
al. 2001) via a shunt resistor embedded into the divertor tile mounting (Kallen-
bach, Dux, et al. 2010). Strictly speaking, this shunt measurement probes the
difference in temperature between the outer and inner divertor target. However,
since the electron temperature at the inner divertor target is close to zero (in be-
tween or in the absence of ELMs), a fast proxy of the outer tile temperature is
obtained.

Thomson scattering In a plasma, incoming photons from for example a laser
pulse are scattered on moving electrons. This process is called Thomson scatter-
ing. The photons are re-emitted at shifted frequencies due to the Doppler effect,
which leads to broadening of the original laser spectrum. This broadening is
a measure for the local plasma electron temperature, while the total re-emitted
power is correlated to the electron density. The scattered light is collected by
wide angle lenses and distributed over a large number of polychromators (typ-
ically > 80), one per spatial measurement location, leading to large spatial cov-
erage. Thomson scattering (TS) is a routine diagnostic for core studies on most
tokamaks in operation today. In the divertor its application is more involved,
because for low-temperature plasmas the laser energy per pulse needs to be in-
creased to keep the same signal-to-noise ratio. For (strongly) detached divertor
plasmas the measurement therefore becomes unreliable (Hawke et al. 2013). Fur-
thermore, Thomson scattering typically has a repetition rate of<80 Hz, making
it a relatively slow diagnostic. In addition, the small scattering volumes (yellow
squares in Fig. 1.9) call for an accurate alignment of those volumes with the diver-
tor leg. This makes Thomson scattering incompatible with strike point sweep-
ing, or even changes in the divertor plasma geometry in general.

Visible Imaging Visible imaging employs cameras that are sensitive in the vis-
ible portion of the electromagnetic spectrum to look at the plasma. In a multi-
spectral imaging diagnostic such as MANTIS (Perek et al. 2019), emitted light
from the plasma is first filtered through a number of narrow-band spectral filters
before being collected by an equal amount of visible cameras that have a tangen-
tial view into the divertor. An advantage over spectroscopy is the (simultaneously
captured) 2D nature of the resolved portion of the plasma, leading to fine spatial
resolution. This comes at the cost of only having a limited amount of spectral
information (depending on the number of filters) instead of the much higher spec-
tral resolution in a spectrometer.
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In addition to filtered visible imaging, infrared emission in the visible spec-
trum can be used to measure the tile temperature, and reconstruct the heat flux
to the divertor target (Maurizio et al. 2018).

1.6 Plasma instabilities and operational limits relevant for
this thesis

A magnetically confined plasma is constrained in the achievable plasma pressure
and performance by instabilities and operational limits. In this section, we will
consider only those instabilities and limits that are relevant for this thesis by di-
rectly affecting the divertor state, for example via periodic expulsion of heat from
the core plasma into the SOL.

1.6.1 The vertical instability of elongated plasmas

Elongating a tokamak plasma improves its performance (Troyon et al. 1984).
However, such a magnetically confined and elongated plasma is inherently un-
stable to vertical movements (Wesson 2004; Hofmann, Dutch, et al. 1997). The
growth rate of the instability, which increases with increasing elongation, can be
significantly hemmed by the passively conducting vacuum vessel. Nevertheless,
active feedback control, often with in-vessel coils, is required to stabilize the ver-
tical plasma position. In most cases the growth rate is fast compared to the time
scales of this feedback loop, often leading to vertical oscillation of the plasma dur-
ing the discharge. This vertical oscillation is known to lock to the frequency of
the Edge Localized Mode instability (Artola et al. 2018), which is discussed next.

1.6.2 The Edge Localized Mode instability

When enough auxiliary heating is applied to the core plasma, a regime of im-
proved confinement known as the H(igh)-confinement mode can be accessed (Wag-
ner et al. 1982). In this regime, steep gradients in the plasma temperature and den-
sity are observed near the plasma edge, improving overall confinement by a fac-
tor of two compared to the L(ow)-confinement mode present at lower auxiliary
heating power. However, during an edge localized mode (ELM), the steep edge
gradients in temperature and density are driven unstable, which leads to a large
expulsion of heat and particles and hence a relaxation of the gradients (Zohm
1996). A fraction of the energy present in the hot edge plasma is transferred to
the open field lines in the SOL and will eventually arrive at the divertor target
plates. While potentially detrimental for the divertor material and excluded from
baseline scenarios for the DEMO fusion reactor (Siccinio et al. 2020), small ELMs
are known to help with flushing helium and impurities from the core plasma
and might therefore not always be undesired in reactor conditions (Ongena et al.
2016).
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Phenomenologically, ELMs are classified in three types, depending on their
size and occurring frequency. The type 1 ELM is the largest in size and inter-
ELM period, and potentially most harmful to the divertor, whereas type 3 is
continuous and leads to substantial core confinement degradation, with type 2
somewhere in between (Wesson 2004, p.409).

1.6.3 The Sawtooth-instability

The sawtooth instability is a repetitive MHD3 instability that arises in the core
plasma when the safety factor q drops below unity. This safety factor denotes the
ratio between the number of toroidal turns a field lines makes before completing
a full poloidal rotation, and plays an important role in plasma stability analysis.
Sawteeth arise when a q = 1 surface exists in the plasma, and lead to periodic
release of thermal energy from the core. Small sawteeth are acceptable during
normal operation, and help to flush helium and impurities from the core (Hender
et al. 2007).

1.6.4 Plasma disruptions

A disruption is a violent loss of plasma confinement and current, leading to
sudden termination of the plasma and excessive forces on all conducting struc-
tures (Wesson 2004). A disruption is caused by rapidly growing MHD instabil-
ity, followed by a collapse of the temperature and current profile. Various initial
causes for the MHD instability have been identified, for example excessive ra-
diative cooling, surpassing a density limit, or small errors in the magnetic field,
which seed a tearing mode (Hender et al. 2007). Evidently, disruptions are es-
pecially detrimental for larger tokamaks, as the forces on the vacuum vessel and
coils during the event are large and previously stored plasma energy is dumped
on the vessel wall. Therefore, various mitigation techniques are being developed,
for example using massive gas injection (Hender et al. 2007).

Disruptions can be triggered when the plasma density becomes to high, or
the temperature too low. Therefore, they constitute a direct upper limit to the
degree of detachment and the core density and, as such, the work considered in
this thesis.

1.6.5 The MARFE radiative instability

Multifaceted axisymmetric radiation from the edge or MARFE, is a radiative insta-
bility in the plasma edge (Lipschultz 1987). The MARFE comprises a narrow,
radiating belt going around the torus on the high field side of the plasma, driven
by a thermal instability due to (impurity) radiation. This impurity radiation is
typically a nonlinear function of the electron temperature (Kallenbach, Bernert,

3Magneto-hydrodynamic (Goedbloed and Poedts 2004)
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Dux, et al. 2013, Fig. 1). Instabilities, and hence MARFEs, are formed in re-
gions where a decrease in temperature leads to substantial overall radiation in-
crease. MARFEs usually negatively affect the plasma confinement and can cause
disruptions. In some cases, however, a MARFE-like passively stable radiation re-
gion around the X-point is observed, lowering the divertor heat load while still
maintaining good core confinement (Reimold 2015). This regime is termed the
X-point radiation regime.

1.7 Tokamaks considered in this thesis

The work in this thesis focuses on three tokamak experiments: The two medium-
sized tokamaks TCV and MAST-U, and the much larger ITER reactor. These
devices are introduced in this section. A summary of the relevant parameters is
provided in Table 1.1.

1.7.1 Introduction to the TCV

The Tokamak à Configuration Variable (TCV) is a medium-sized tokamak at EPFL
in Lausanne, Switzerland. Its particularly elongated and open vessel structure
(see Fig. 1.8 and Fig. 1.10), which is surrounded by a large number of shaping
coils, allows the study of a wide range of plasma shapes and sizes (Coda et al.
2019). Particularly relevant for divertor research are the optional divertor baf-
fles (Reimerdes, Alberti, et al. 2017), the possibility to have relatively long di-
vertor legs (Theiler et al. 2017), and the available diagnostics. The latter most
notably include multispectral imaging diagnostic MANTIS (Perek et al. 2019),
divertor spectroscopy (Verhaegh 2018), Langmuir probes (Février, Theiler, De
Oliveira, et al. 2018), a vertical infrared camera to measure the target temperature
and heat load (Maurizio et al. 2018), and a recently upgraded Thomson scattering
system (Hawke et al. 2013). Magnetic equilibrium reconstruction on TCV is per-
formed using the LIUQE code (Hofmann and Tonetti 1988), which is routinely
used throughout this thesis for comparison.

1.7.2 Divertor research in MAST-U

The recently heavily upgraded Mega Ampere Spherical Tokamak, now MAST-U,
primarily aims to study the promising novel super-X divertor design to mitigate
the heat- and particle fluxes in future devices. It is located on the campus of the
Culham Centre for Fusion Energy (CCFE) in Abingdon in the United Kingdom,
and is another medium-sized tokamak in the European program. While being sig-
nificantly larger than TCV, it has half the toroidal magnetic field. MAST-U is a
spherical tokamak, meaning the device itself has a significantly lower aspect ratio
compared to conventional tokamaks, which is expected to improve energy con-
finement (Valovič et al. 2009). A rendering of its design is shown in the middle of



22 CHAPTER 1. INTRODUCTION

Fig. 1.10. The novel super-X divertor on MAST-U is the first of its kind (Harri-
son, Akers, et al. 2019). The closed design is predicted to lead to greatly improved
neutral trapping in the divertor, facilitating access to detachment (Havlíčková et
al. 2014). Furthermore, as discussed in Sec. 1.5.3, the large flux expansion will
likely further assist in reaching detachment for lower upstream densities (Havlick-
ova et al. 2015). At the time of writing, MAST-U is unfortunately still in its
commissioning phase, but some preparatory work based on simulation results is
presented in this thesis.

1.7.3 The next generation device ITER

The large scale ITER experiment aims to demonstrate the technical and scientific
feasibility of fusion as an energy source (Ongena et al. 2016). ITER (Fig. 1.10-
right) is a collaboration between 35 nations, making it one of the largest energy
projects in existence today with matching time lines. The idea for such a large
scale experiment was first launched at the 1985 Geneva superpower summit. The
conceptual design was initiated in 1988, and approved by the members in 2001.
Construction in the Provence region in the south of France is currently ongoing,
and expected to yield a first plasma in 2025.

The large size of ITER is a direct consequence of its aim to reach the condi-
tions necessary to meet the Lawson criterion, see (1.1). ITER is uniquely chal-
lenging in many aspects, for example its design and construction (Shimada et al.
2007), its organizational structure (Bigot 2015), and its nuclear environment (Wu,
Chen, et al. 2016). Furthermore, ITER will have superconducting magnets whose
quench must to be prevented at all times. This gives rise to tight constraints on
current ramp-rates and limits in the magnetic field coils, making plasma control
generally challenging. Contrary to most tokamaks today, ITER will routinely
operate in DT, causing large neutron fluxes on diagnostics, actuators, and the in-
ner wall. Its large cryostat leads to long fuelling lines, making gas fueling difficult
and slow. Yet, ITER will have to operate close to various operational and stabil-
ity limits to reach the necessary performance. In this thesis, we will solely focus
on two important control challenges for ITER, namely the control of the aver-
age core density during ramp-up, and the control of plasma detachment in the
divertor.
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Fig. 1.10 – The tokamaks considered in this thesis. View inside the vacuum chamber
of TCV (left), the novel super-X design in MAST-U (middle), and the ITER reactor
(right).

Table 1.1 – Summary of relevant parameters for the tokamaks under consideration
in this thesis. For MAST-U and ITER the design values are given.

TCV MAST-U ITER

Major/Minor radius R/a (m) 0.88/0.25 0.7/0.5 6.2/2
Divertor/ First Wall material C/C C/C W/Be
Plasma current Ip (MA) 1 2 15
On-axis toroidal magnetic field BT (T) 1.54 0.8 5.3
Auxiliary heating power Pau x (MW) 6 6 50
Pulse durations (s) ∼2 ∼2 ∼400
Typical L‖ (m) ∼15 ∼20 60
Typical poloidal flux expansion (-) ∼5 ∼10 7





Chapter 2

Objective and outline

In the previous chapter, the background and context of this work have been in-
troduced. In this chapter, the main research topics for this thesis are highlighted,
involving the active control of the tokamak plasma. A general introduction on
the necessity of control and the control tasks during tokamak operation is there-
fore provided in Sec 2.1. In Sec. 2.2, specifically density control and fueling in
tokamaks are discussed, after which in Sec. 2.3 detachment control is highlighted.
The identification of requirements and knowledge gaps in those sections leads to
the formulation of research objectives in Sec. 2.4. Then, in Sec. 2.5 the outline of
the remaining chapters of this thesis is provided.

2.1 Control tasks during tokamak operation

This thesis mainly concerns the active control of tokamak plasmas. Therefore,
in this section, an overview of control of tokamaks is provided. In this context,
control refers to a mathematical theory that deals with the analysis and manip-
ulation of systems (Bavafa-Toosi 2019). Within control engineering, such a sys-
tem can be (or represent) any process that needs to follow a desired evolution in
time and space (Skogestad and Postlethwaite 2005). The control of tokamak plas-
mas consists of three aspects: 1) Control that yields a desired time evolution of
the plasma, termed nominal control. 2) Mitigation or exception handling, which
makes sure the plasma is safely terminated or brought back to a safe operating
point when off-normal events should arise, and 3) predictive methods that avoid
operational and stability limits by monitoring the plasma conditions. This thesis
primarily concerns the systematic, formal controller design for nominal control
of the plasma conditions during normal operation. As such, by its very nature,
such a controller will not be tasked with the recovery from off-normal events. A
cartoon of a cross section of the tokamak operational (state) space highlighting
the role of different control is schematically shown in Fig. 2.1. All these control
tasks are part of the plasma control system (PCS), a platform that enables the

25
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use and design of real-time control algorithms. The tasks of the PCS during a
discharge are schematically shown in Fig. 2.2.
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Fig. 2.1 – Cartoon of a cross-section of the tokamak state space, for example plasma
current versus average core density. In future machines, advanced control is necessary
that employs different controllers for different tasks. The nominal zone of the plasma
control system (PCS), the main focus of this thesis, is shown in green, surrounded by
a yellow region which is bounded by real-time (RT) physics limits. When the plasma
enters this region it can often be recovered and brought back to the nominal zone.
When such a recovery is unsuccessful, the plasma is safely terminated, or the disrup-
tion mitigation system (DMS) aims to prevent the formation of a disruption. Figure
courtesy of (Felici, Blanken, Maljaars, van den Brand, Citrin, et al. 2016).

There are important differences between future devices and machines in oper-
ation today regarding the nominal control of the plasma conditions. The mode
of operation for experimental fusion devices in existence today is explorative,
with large variations in the plasma scenarios that are measured with a plethora of
diagnostic systems. In future reactors, instead, the plasma will be sparsely diag-
nosed and actuated due to its operation in a nuclear environment, and once the
operational scenario has been identified, the operation will be highly repetitive.

Dealing with off-normal events is typically not part of routine operation
of today’s tokamaks, as the impact of disruptions strongly scales with machine
size (Hender et al. 2007). In a smaller device, the margin for error in (nomi-
nal) plasma control is larger and disruptions often occur daily. The boundary
between off-normal event handling and nominal control is therefore often not
particularly well defined.
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This is in stark contrast with control in future devices. For example in ITER,
only a few disruptions are permissible in its entire lifetime (ITER Organisation
2018). As such, the margin for errors in control implementations is significantly
smaller, which calls for a rigorous control formalism for controller testing. Fur-
thermore, the need for absolute prevention of device and plasma limits calls for a
strict hierarchy to be put into place in which nominal control is separated from
other layers.

MHD
Core

Shape
Bulk

Time

Plasma current

Auxiliary heating
Fusion power

Ramp-up Flat top Ramp-down

Breakdown

Shot phase

Control plasma current, position, density, fueling

Sawteeth, ELMs, etc.
Evolve to ref. Maintain shape Avoid limits

Profile control according to ref. Prevent MHD/actuator limits

SOL/Exhaust Impurity radiation, divertor melting/erosion, detachment
Supervision Monitor/predict plasma evolution, avoid/mitigate risks

Fig. 2.2 – A schematic overview of control tasks during a tokamak discharge. The su-
pervisory layer acts on off-normal events and does the actuator management. Figure
adopted from (Felici, Blanken, Maljaars, van den Brand, Galperti, et al. 2016).

2.1.1 Nominal controller requirements in future machines

Controller design in the nominal zone for devices in operation today is signifi-
cantly different from what is required for next-generation devices (Gribov, Hum-
phreys, et al. 2007): Future devices operate in a nuclear environment, making
real-time sensor access restricted (Biel et al. 2019) and actuators generally slower (Li
et al. 2012). On the other hand, time scales involved with the plasma dynamics
tend to be longer (ITER Organisation 2018). In general, there is less experimental
time available for controller tuning, while today’s machines often rely on a time
consuming trial-and-error tuning approach.

This time consuming approach is deemed acceptable as current machines serve
a different purpose compared to future reactors: Typical discharges on machines
today for example aim to investigate scaling laws, or assist in scenario develop-
ment. These tasks do not require the same level of control performance as a future
reactor-sized machine, such that independently developed single-input-single-out-
put (SISO) controllers or feedfoward waveforms yield adequate results (Gribov,
Humphreys, et al. 2007). However, for future high performance plasma con-
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trol, the various control tasks are more tightly coupled, requiring an integrated
approach to and simultaneous control of a large number of quantities, i.e. multi-
input-multi-output (MIMO) control, with a guaranteed level of performance and
stability right from the first discharge. Clearly, it is key to systematically start de-
veloping such control implementations already today. In fact, a systematic con-
trol approach, or ‘better’ control, on today’s devices can help to improve the
understanding and size of the tokamak operational space, see Fig 2.1.

This thesis aims to address two important challenges for control in future ma-
chines, namely the control of the core density, particularly during ramp-up, and
the control of divertor plasma detachment. The currently employed approaches,
future requirements, and the corresponding challenges for these two topics are
discussed in the remainder of this chapter.

2.2 Density control and fueling

The plasma density is an important parameter in setting the fusion power out-
put (Gribov, Humphreys, et al. 1999), and, as such, needs to be controlled in
the presence of disturbances during the discharge. In this thesis, we focus on the
ramp-up phase, in which the plasma density needs to be increased along with the
plasma current to reach the flat-top conditions required for the fusion burn.

2.2.1 Requirements

Particularly in the ramp-up phase, tight limits for the plasma density arise to avoid
disruptions and MHD instabilities. A lower limit is set by the error field instabil-
ity (Wesson 2004), and upper limits by the Greenwald density and/or radiative
collapse (Sec. 1.6). The Greenwald density scales with the plasma current (Green-
wald 2002), leading to a stringent limit especially during ramp-up. However, it is
unclear where the precise limits on the density will be in future devices, and how
they translate to control requirements in terms of bandwidth and control error.

The actuators used for density control in future machines need to be robust
against neutron fluxes, and are often placed far away from the actual plasma.
This makes the actuators generally significantly slower than those on today’s ma-
chines, which introduces a significant delay in the control loop. Such a delay can
lead to stability and performance issues without precaution. The controller for
the plasma density therefore needs to be able to achieve sufficient performance,
even in the presence of significant actuator delays.

The dynamics and precise characteristics of fueling in future machines in-
volves significant uncertainty. For example, the relatively hot plasma edge in
high power machines is expected to lead to neutral screening, making it harder for
neutral particles to penetrate into the core plasma. How severe this effect will be,
and how it influences the dynamics of the fueling process is still under investiga-
tion. This model uncertainty needs to be accounted for in the controller design
for the plasma density.
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2.2.2 The current state of the art and the knowledge gap

Density control on current devices is most often SISO, and on smaller devices
even occasionally solely performed in feedforward since performance is not a pre-
requisite. Model-based control of the density profile with either gas valves or pel-
lets is becoming more widespread (Blanken et al. 2018). Such model-based control
is key for future machines to reduce the expensive experimental time needed for
controller tuning. However, for future devices some important ingredients are
currently excluded from control and its modeling: Firstly, for larger machines, us-
ing both gas and pellet injection for control will be key to account for the neutral
screening effect. Secondly, the dynamics are changing significantly during plasma
ramp-up, which needs to be explicitly taken into account in the controller design.
Thirdly, as discussed, the significant delay that is involved with opening the gas
valves and gas transport in future machines limits stability and/or performance
of core density control. This delay needs to be characterized and included in the
controller design to obtain sufficient robustness and stability margins.

The challenge for future machines is therefore to have a control scheme for
density ramp-up that can deal with severe actuator delays, uses both pellets and
gas fueling, and is able to stay within tight density constraints. At the same time,
control models of increasing complexity of actuators, the plasma response, and
real-time measurements should be available to test control schemes off-line before
real-time application.

2.3 Detachment control

The current general agreement is that active control and monitoring of the SOL
plasma is required to protect the divertor of future devices (Leonard 2018; Lip-
schultz, Parra, and Hutchinson 2016; Kallenbach, Bernert, Eich, et al. 2012a),
either via highly radiative regimes, or (partial) detachment. Such regimes are fore-
seen to be accessed via the introduction of radiating impurity species. However,
there are large uncertainties and open questions regarding all aspects of a suitable
divertor plasma control scheme. In particular, the dynamics of these regimes,
especially in future machines, are unknown. In addition, the sensors that will
be suitable for real-time characterization of the divertor plasma are still being
investigated and designed. The challenge is therefore to systematically approach
dynamic characterization and controller design on machines today in exploration
of suitable approaches for future devices.

2.3.1 Requirements

The goal of divertor plasma control is to have a low sputtering yield of and heat
load on the divertor tiles, while at the same time preventing core confinement
degradation. However, it remains to be investigated if this means a detached di-
vertor is required in future machines (Wischmeier 2015). Generally, the foreseen
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mode of operation in next generation devices is the minimum degree of detach-
ment that yields sufficiently low target erosion and heat flux (Jaervinen et al.
2018). Most of the questions regarding scaling and understanding of the require-
ments to yield this state in larger machines can be approached in steady-state. This
means in general only stable detached equilibria are investigated, which removes
a layer of complexity in predictive modeling and experiment design.

Little effort is put into understanding the stability and dynamics of the de-
tachment process itself, which is, however, of utmost importance for the con-
trol of detachment in both future machines and devices in operation today. It is
therefore unclear what the timescales involved with the detachment process on
larger devices are, and whether gas valves are fast and accurate enough as actua-
tor. For example, the timescales involved with variations in PSOL due to auxil-
iary heating and fusion power and their effect on the divertor state are unknown.
Also, the effect and applicability of ELM perturbation coils are still being inves-
tigated. Successful mitigation of (large) ELMs by those coils will lead to relax-
ation of bandwidth requirements for detachment control. However, the devia-
tion from toroidal axisymmetry due to erosion of the SOL will most likely have
a pronounced effect on the 3D heat flux footprint on the divertor, requiring non-
axisymmetric impurity seeding (Frerichs et al. 2020). Fortunately, other methods
exist to trigger small ELMs, for example via ELM-pacing (Lauret et al. 2016). Fur-
thermore, scenarios with high separatrix density in which small ELMs naturally
occur in today’s machines correspond to favorable conditions for plasma detach-
ment (Labit et al. 2019; Medvedev et al. 2015). Finally, various other scenarios
showing reduced ELM activity are widely studied for their reactor relevance, such
as ELM-free H-mode regimes, the I-mode scenario (Whyte et al. 2010), and plas-
mas with negative triangularity (Medvedev et al. 2015).

Many diagnostics, for example those relying on a direct line of sight into the
plasma, or those that are embedded in the divertor tiles, are expected to receive
a substantial neutron load during DT-operation. For future machines beyond
ITER, diagnostic access will therefore be restricted, which limits the possibility
of real-time measurements of the divertor plasma state.

In fact, there are open questions regarding all aspects of a future detachment
control loop: The operating point and dynamics of the divertor plasma, the actu-
ators, the real-time diagnostics, and the required bandwidth. As such, the possi-
bility of detachment control and its requirements remain to be investigated, and
the systematic development of detachment control on today’s machines must as-
sist in this process.

2.3.2 The current state of the art

In the research-oriented machines today, control can assist in the study and ex-
ploration of the detached divertor regime by keeping the plasma in a relevant
operating point. For such control, however, the bandwidth requirements are not
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particularly strict, and often (especially on smaller machines) all control is done
in feedforward or via core density control.

Current detachment control research mainly aims to find diagnostics that lead
to real-time extraction of relevant parameters to characterize the divertor state,
and then show that that state can be maintained. Again, such a control goal does
not necessarily require high control bandwidths and/or thorough understanding
of the to-be-controlled dynamics. The approaches that have been implemented
so far are summarized in Fig. 2.3 and the remainder of this section.
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Fig. 2.3 – Overview of currently implemented control strategies for heat exhaust
with relevant publication and the machine (between brackets) indicated. All con-
trollers are of the PI(D)-type; Important differences lie in the choice of actuators and
diagnostics. For real-time purposes, the inversion of all line-integrated measurements
(AXUV, bolometry, TS) is approached using simplified routines.

Real-time diagnostics In Section 1.5.4, the diagnostics used in these experi-
ments have already been introduced. The real-time inversion of all line-integrated
measurements (AXUV, bolometry, and Thomson scattering) is not yet feasible.
Therefore, the inverse problem is approximated by a least-squares or weighted
sum approach of the line integrated signals. A fundamental difference in the var-
ious control solutions is the choice of controlling local target parameters such as
Jsat or Tt (via Thomson scattering or the AUG-tile current measurement), which
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can both be seen as the outcome of detachment, or detachment processes like ra-
diation which are volumetric. An important advantage of the latter approach is
the fact that radiation also drives MARFEs, making spatial control of the pro-
cesses that drive detachment relevant for both detachment and the prevention or
control of this instability. In addition, while being successful on AUG, divertor
shunts that are foreseen for ITER cannot be easily used to infer Tt due to the
complex structure of the (water-cooled) divertor targets. The ITER shunts mea-
sure the total current in the SOL and are designed to help constrain the plasma
boundary reconstruction. The application of these shunts to approximate the tar-
get temperature will need significant additional processing before a proxy for the
target temperature can be obtained, if at all possible (ITER Organisation 2018).

Actuators and controller choices As actuators either impurity seeding or deu-
terium fueling are used, most often with gas valves. On the EAST tokamak the
faster super-molecular beam injection is available for D-injection. Most of the
approaches in Fig. 2.3 employ PID-type SISO controllers, with in the AUG-case
a diagonal MIMO controller (consisting of two independently tuned SISO con-
trollers). Most controllers are tuned on a trial-and-error basis, except the scheme
on the DIII-D tokamak, where feedback experiments were preceded by step-
response system identification experiments to help tune the controller param-
eters (Eldon, Kolemen, Humphreys, et al. 2019).

Observed dynamics During detachment experiments on higher power ma-
chines an interesting phenomenon with respect to the detachment dynamics was
observed. On those devices, in this case AUG and DIII-D, during H-mode dis-
charges where the B ×∇B -drift is directed towards the divertor, the transition
between attached and fully detached, termed the ‘fluctuating state’ or the ‘de-
tachment cliff’, is reminiscent of a bifurcation (Reimold et al. 2015; Jaervinen
et al. 2018). This is in stark contrast to the detachment onset in L-mode and/or
on lower power devices, which appears to be much more gradual (Loarte, Monk,
et al. 1998; Theiler et al. 2017). Once this ‘cliff’ is surpassed, a region of high
radiation is formed around the X-point, and the divertor state is strongly de-
tached (Jaervinen et al. 2018). Therefore, operation with a for future machines
attractive partial detached divertor appears to be unfeasible in these particular
conditions. However, the scaling of this effect to larger machines is strongly de-
pendent on the nature of the drifts in the divertor plasma, and the divertor con-
ditions in general (Jaervinen et al. 2018). Better understanding of this scaling will
therefore determine the reactor-relevance of the partial detached regime.

2.3.3 The knowledge gap

The time required for controller tuning for detachment control in future ma-
chines should be minimized, both due to cost constraints and to mitigate the risk
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of unforeseen (closed-loop) dynamics. Tuning on actual discharges can/should be
minimized by gaining insight in the dynamics of detachment prior to any con-
troller implementation. Such insight can be obtained either via control-oriented
physical modeling or from perturbative experiments. However, the detachment
dynamics are not commonly studied. Such dynamical studies are essential, how-
ever, not only in offline controller design, but are also key to systematically assess
and understand differences in detachment dynamics across devices and configu-
rations. These measurements could then also help to improve or tune physical
models.

In summary, the required detachment conditions and performance specifica-
tions for future devices remain to be set. This can only be done after a system-
atic and rigorous assessment of detachment dynamics on today’s devices, which
is currently lacking. Evidently, the often studied questions regarding operating
point and sensor/actuator choice are important, but a systematic approach to
reactor-relevant control is not followed. In this thesis, a basis for such a system-
atic approach is laid, including real-time diagnostic interpretation, perturbative
studies, and offline controller design.

2.4 Research objectives and contributions

In this section, the two main research objectives of this thesis are introduced,
which help to solve the aforementioned challenges in the control of tokamaks.
The first objective is defined as:

Research objective 1: Develop a control scheme that can handle large actua-
tor delays and the presence of model uncertainty in the control of the plasma
density during ramp-up in next generation fusion devices.

To this end, the following contributions to the field are accomplished:

Contribution 1: Identification of the source of delays and uncertainties in
density control for ITER and characterization of these delays and uncer-
tainties in control oriented models. Long gas transmission lines through the
ITER cryostat lead to a significant transport delay upon a gas request. Gas valves
that are resilient to neutron fluxes are significantly slower than their currently
applied piezo-actuated counterparts. These effects are captured in simple, con-
trol-oriented models, allowing them to be embedded in existing control-oriented
descriptions of the plasma density evolution.

Contribution 2: Open-loop control-oriented modeling of the density evolu-
tion during current ramp-up in ITER. The existing RAPDENS model (Blanken
et al. 2018) is adapted for use in ITER, with additional models for the neutral
screening effect and pellet fuelling.

Contribution 3: Design and testing of an iterative learning control and ro-
bust control scheme for density control. Iterative Learning Control with addi-
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tional robust control in feedback is identified as a promising control method for
ramp-up control in ITER. The performance and stability of this control solution
is tested in simulations of consecutive ITER ramp-ups.

The second research objective is formulated as:

Research objective 2: Systematically investigate whether real-time spatial
control of the degree of detachment is possible.

To this end the following contributions are made:

Contribution 4: Development of a real-time capable algorithm for the de-
tection of the poloidal locations of emission fronts during detachment. A
lightweight, real-time capable image processing algorithm is developed in the con-
text of this thesis, which is able to reconstruct the location of emission fronts in
the poloidal plane from filtered camera images on a timescale that is suitable for
feedback control. This algorithm is tested on camera data originating from the
MANTIS diagnostic on TCV, and synthetic camera data based on SOLPS simu-
lations of a detached MAST-U divertor.

Contribution 5: Characterization of the dynamical evolution of detachment
upon fueling changes in TCV using perturbative experiments. During a se-
ries of dedicated system identification experiments on the TCV tokamak in both
L- and H-mode (in the presence of ELMs), the relevant dynamics of the move-
ment of the C-III emission front upon deuterium gas fueling changes are system-
atically identified. From the resulting measurements transfer functions can be
estimated, yielding locally valid dynamic models for controller design.

Contribution 6: Demonstration of the applicability of real-time feedback
control of (impurity) emission fronts in TCV with gas fueling. Using the
identified transfer functions, controllers are synthesized offline. These controllers
are embedded in the TCV real-time control system, and tested in a series of ded-
icated feedback experiments. These experiments involve different references for
the controller to track and are perturbed by deliberately added disturbances from
sudden changes in the NBI.

2.5 Outline of this thesis

The remainder of this thesis is organized as follows. In Chapter 3, the models for
actuator delays and fueling uncertainty in ITER are presented (Contribution 1).
Furthermore, the control-oriented model for the ITER density evolution during
ramp-up is presented (Contribution 2). In addition, the approach to combined
iterative learning control and robust control for the ITER density and the con-
troller simulations are shown (Contribution 3). This chapter is published as T.
Ravensbergen et al., Nuclear Fusion 58, 016048, (2018). In Chapter 4, the real-
time capable image processing algorithm to reconstruct the poloidal location of
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emission fronts in the divertor is presented (Contribution 4). This chapter is
published as T. Ravensbergen et al., Nuclear Fusion 60, 066017 (2020). In Chap-
ter 5, this algorithm is applied in tailored system identification experiments that
characterize the dynamic evolution of the C-III emission front upon gas fueling
in the TCV divertor (Contribution 5). Moreover, the results of feedback con-
trol of this C-III emission front are summarized (Contribution 6). This chapter
is provisionally accepted for publication in Nature Communications. In Chapter
6, the C-III front is further inspected and its applicability for detachment control
is analyzed. Additionally, other emission fronts are presented and analyzed as
well. In Chapter 7, the recommended steps towards detachment control in fu-
ture fusion reactors are discussed. Finally, in Chapter 8, the work in this thesis is
summarized and the main conclusions are highlighted.





Chapter 3

Density Control in ITER: an
Iterative Learning Control and
Robust Control approach

Abstract

Plasma density control for next generation tokamaks, such as ITER, is challeng-
ing because of multiple reasons. The response of the usual gas valve actuators in
future, larger fusion devices, might be too slow for feedback control. Both pellet
fuelling and the use of feedforward-based control may help to solve this problem.
Also, tight density limits arise during ramp-up, due to operational limits related
to divertor detachment and radiative collapses. As the number of shots avail-
able for controller tuning will be limited in ITER, in this paper, Iterative Learn-
ing Control (ILC) is proposed to determine optimal feedforward actuator inputs
based on tracking errors, obtained in previous shots. This control method can
take the actuator and density limits into account and can deal with large actuator
delays. However, a purely feedforward-based density control may not be suffi-
cient due to the presence of disturbances and shot-to-shot differences. Therefore,
Robust Control synthesis is used to construct a robustly stabilizing feedback con-
troller. In simulations, it is shown that this combined controller strategy is able
to achieve good tracking performance in the presence of shot-to-shot differences,
tight constraints, and model mismatches.

3.1 Introduction

The next generation experimental tokamak, ITER, is currently being built. This
device is larger than its predecessors (Shimada et al. 2007), which gives rise to mul-

This chapter is published as T. Ravensbergen, P.C. de Vries, F. Felici, T.C. Blanken. R. Nouail-
letas, and L. Zabeo, Nuclear Fusion 58, 016048, (2018)
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tiple challenges, one of which is plasma density control. Density control is usu-
ally, in present day devices, achieved by feedback control of the gas valve openings
based on the deviation between the requested and measured plasma density (Kuri-
hara et al. 2008). However, in ITER, the response of gas valves might be too slow
for feedback control. Firstly, the valves are positioned far away from the vessel
(i.e. approximately 20m) delaying the response by the travel time through the
pipe, being in the order of a second or more. Secondly, it is more difficult for
neutral gas particles to penetrate the hot ITER edge plasma, having edge temper-
atures in the order of 1 keV, further reducing the effectiveness and response of
gas fuelling (Belo and Romanelli 2015; Romanelli et al. 2015). Pellet injection is
available as a second actuator which directly fires pellets of frozen fuel into the
plasma, which penetrate further (Lang et al. 2012). However, since these pellets
are fast, they lead to localized density increase, and they may not yet be able to
ablate in the early phase of the shot where the temperature and density are still
low. Beside these two key actuators, other factors influence the L-mode density
evolution, including the vacuum vessel pumps and the presence of the plasma fac-
ing components. Optimal preparation for an ITER shot can only be achieved by
accurate modelling of for example the ramp-up phase. Nevertheless, such prepa-
rations are only meaningful if the actual achieved density tracks the modelled
one, avoiding too large density oscillations or deviations from the desired den-
sity evolution. As such, density control is especially relevant for larger devices
like ITER.

The topic of this paper is the control of the particle density in ITER despite
the issues mentioned above. The controller must be able to deal with the large
time scale separation in actuators (pellets and gas), fast transitions and changes
in dynamics of the plasma during the plasma ramp-up, and complications in the
modelling of plasma fuelling. It will be shown that these complications make
simple linear feedback control alone not suitable for ITER. Feedforward control
is needed in addition to feedback control to resolve the aforementioned problems.
A well-tuned feedforward actuator command is able to act effectively and is in-
herently non-causal, enabling corrections before they are needed, e.g. to inject
gas in anticipation of a density change request. In present tokamaks, to achieve
the needed control performance, the feedforward control signal is the result of
meticulous tuning. For ITER, this is not advisable because of the much higher
cost of a single shot compared to present day tokamaks. We therefore propose
to use Iterative Learning Control (ILC), a control method whereby the time tra-
jectory of the actuator input signals is modified from preceding experiments (all
having the same density reference) in such a way that the norm of the tracking
error over the period of interest is reduced (Bristow, Tharayil, and Alleyne 2006).

This can be achieved by using the result of one trial to design an improved
feedforward signal for the next. Therefore, ILC works particularly well for repet-
itive control systems, which have the same reference and perform the same task
over and over again. ILC has been successfully applied to for example industrial
motion systems (Mishra, Coaplen, and Tomizuka 2007; Bolder et al. 2014). The
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use of ILC in tokamaks was proposed in (Felici and Oomen 2015a), where its ap-
plication to current density profile control is discussed. Furthermore, character-
istics of tokamaks that make ILC particularly suited for tokamak plasma control
are highlighted. In particular, tokamaks are essentially repetitive systems as well,
since they have to be operated in shots. Even though the shots differ due to differ-
ent experiments, the many parts of each shot (including the ramp-up) are often
the same. Also, many quantities will be controlled in feedforward, in particular in
the early operational stages of a new device due to lack of real-time measurements,
or because feedback controllers have a longer development time. The approach
can also be beneficial when restarting a device after a substantial upgrade. In ILC,
actuator and operational constraints can be easily implemented, which is not the
case for feedback control design. It is important to recognize, however, that even
for two identically prepared tokamak shots, each shot will be slightly different
due to for example different wall conditioning. Pure feedforward based control
cannot deal with these non-repetitive disturbances. Feedback control is therefore
necessary to deal with the possible loss in reference tracking performance and can
work together with any type of feedforward, including ILC. To guarantee stabil-
ity and feedback control performance during the whole ramp-up, the advanced
robust H∞ synthesis technique is used to synthesize the feedback controller (Sko-
gestad and Postlethwaite 2005). With this technique, feedback controllers can be
mathematically synthesized for systems with uncertainties. In Fig. 3.1 the pro-
posed controller architecture is visualized. Here, the block indicated by Σ de-
notes the tokamak, r the reference signal of the average density, which is taken
from a DINA simulation of the ITER ramp-up (Khayrutdinov and Lukash 1993),
and y1 the average density that is achieved. The difference between this latter den-
sity and the reference is denoted by e1 and is fed to the feedback controller. The
actuator signal u1 is the sum of the feedback control signal u f b and the feedfor-
ward control signal u f f . Clearly, when only feedforward control is used, u f b = 0.

In this paper we will apply the mentioned controller structure to simulations
of the particle density evolution expected in ITER, and show that this control
methodology is able to resolve the aforementioned problems. To test our con-
troller, we use a control-oriented model of the plasma particle density evolu-
tion (Blanken et al. 2018), which has been specially updated to include issues that
govern the particle density evolution in ITER during ramp-up.

It is important to realize that the objective of this paper is not to make quan-
titative statements about the physics of the density evolution in ITER and the
possibility for control. Much of the details of wall retention, scrape-off-layer
(SOL) and fuelling physics for ITER are still uncertain at the time of writing.
Instead, the purpose of this paper is to show that, based on a control-oriented
model for the ITER density evolution, based on today’s best guess of ITER den-
sity dynamics, the proposed control scheme can successfully control the ITER
density during plasma ramp-up.
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Fig. 3.1 – Controller architecture in the standard tracking loop format. A feedback
controller and a feedforward controller, constructed using Robust Control (RC) and
ILC respectively, work together to achieve control performance.

The remainder of this paper is structured as follows. Firstly, in Sec. 3.2, a
brief summary of the proposed ITER current ramp-up phase is given, describing
its various phases, targets and constraints. This is followed by a brief summary
of the control-oriented model in Sec. 3.3. The level of complexity in this model
is aimed to be sufficient to capture all relevant fuelling dynamics needed to prop-
erly assess ITER density control during the ramp-up phase. Then the controller
design is discussed and justified in Sections 3.5 and 3.6, after which simulation
results showing the performance of the controller are presented in Sec. 3.7.

3.2 Description of the ITER plasma ramp-up scenario

3.2.1 DINA simulations of plasma ramp-up phase

During the ramp-up phase, the plasma current, Ip , and density, n, are increased,
preparing the plasma to be heated to the temperatures needed to achieve thermo-
nuclear fusion. Density control is critical to consistently achieve a reliable and
stable ramp-up phase, since variations in the density cause variations in the tem-
perature evolution, in turn causing a different current density profile evolution,
which may have important consequences for the confinement quality and MHD
stability. Towards the end of the current ramp-up, a minimum density should re-
liably be achieved that allows for example the use of neutral beam injection (NBI)
heating, and the triggering of the high-confinement mode (H-mode), required for
achieving the ITER burn conditions.

DINA simulations have been performed to model the plasma evolution dur-
ing the ramp-up (Khayrutdinov and Lukash 1993). The results of those sim-
ulations will be used as starting point to tune a control-oriented model. The
time-evolution of key parameters of the simulation are shown in Fig. 3.2. The
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following features are relevant: at approximately 17 s, the plasma configuration
is diverted, and the end of the ramp up coincides with the L-H transition. At
this point, having Ip = 15 MA, a density of 4 · 1019 electrons/m3 is achieved.
Note that the DINA code does not self-consistently solve the density profile
evolution. In the remainder of this paper the density will be scaled such that
nav g ,20 = nav g/(1× 1020 [m−3]) particles.

Although the DINA model of the ramp-up assumes a steady increase of the
density (together with the plasma current), this assumption may not be easy to
achieve. Firstly, as we will see in this paper, it will depend on the capabilities of
the density control system. Secondly a number of physics effects may cause per-
turbations. For example, right after breakdown the cold and low density plasma
may be influenced strongly by the wall, which could act as a particle pump, yield-
ing a drop in density (De Vries et al. 2013). Furthermore, the change from a lim-
ited to diverted configuration will alter the pumping of the plasma. Finally, as
the (edge) temperature increases during the ramp-up, it may be more and more
difficult for particles to be ionized deep enough into the plasma to be effective
for fuelling. This effect, depending on the details of the transport of neutrals and
ions in the plasma edge, may influence the fueling of ITER plasmas significantly.
Therefore, in the remainder of this paper, we aim to include these complications
in the controller design and testing.

Fig. 3.2 – The evolution of the plasma current, its volume, and plasma configuration
during the applied ramp-up scenario.

3.2.2 Density limits

In this section, the plasma density limits during ramp-up will be specified. As
this topic is still being investigated, the limits shown here are solely for the pur-
pose of demonstration, and do not necessarily reflect the expectations for ITER.
A lower limit on the density is set by the possibility of error field penetration.
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Fig. 3.3 – Average density evolution (1 scN = 1 · 1020 particles) including basic con-
straints in the ramp-up scenario.

This low density limit is determined by the level of error fields due to the slight
misalignment in the field coils, which may only be revealed after construction,
but also depend on the success of the correction coils that are going to be used at
ITER (Gribov, Amoskov, et al. 2012). Hence, for ITER this limit is not precisely
known yet. During limiter plasma operation, an upper limit for edge fuelling is
set by a radiative collapse. When the plasma is diverted, an upper limit is set by
the divertor detachment, which is to be avoided during initial operation. Both
upper limits are closely linked to the density in the scrape-off-layer (SOL) or far
outer layer of the plasma (Ghendrih et al. 2002). During the ramp-up phase these
upper limits are usually lower than the Greenwald density, nGW , the well-known
upper limit for densities in tokamaks (Greenwald 2002). For simplicity the lower
limit is chosen to be 0.2nGW . The Greenwald density limit is only a function of
plasma current Ip (MA), and is given by

nGW =
Ip

πa2
, (3.1)

where a is the tokamak minor radius in meters.

The precise physics mechanisms of upper limits on the plasma density is still
being investigated (Federici et al. 2007; Militello-Asp et al. 2016). For now, in this
paper, we assume the upper limit is a simple fraction of the Greenwald density,
being nu p = 0.45nGW throughout the ramp-up. It can be refined in the future as
the physics behind this constraint are better understood. It is generally acknowl-
edged that these physical density limits do not hold for pellet injection (Lang et al.
2012). Therefore, in this work, we allow minor density violations due to pellets.
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3.3 Control-oriented model for the particle density evolution

3.3.1 Description of the control-oriented model

To assess the density control during the ramp-up a dynamic model of the plasma
density evolution in response to various fueling actuators is needed. The model
should capture the key aspects that will affect the evolution of the density. How-
ever, for a preliminary control study it is not necessary to model many of these
physics processes in great detail, but it is more important for iterative controller
design that the model is fast enough for rapid simulation (a few minutes per run
at most). Furthermore, the model structure should be suitable for controller de-
sign. Here, a recently developed three inventory model approach (Loarer, Mes-
lin, et al. 1997) containing a plasma, wall, and vacuum inventory is used. This
model was originally developed to improve the density control in TCV and AS-
DEX Upgrade (Blanken et al. 2018). For a detailed description of the model,
including the model equations, we refer the reader to (Blanken et al. 2018). For
the work presented in this paper, the model was updated to capture elements rele-
vant specifically for ramp-up. For example, taking into account the fuelling of the
plasma after breakdown, the possible impact of wall pumping and the creation
of a diverted plasma during the ramp-up. The loss of fuelling efficiency with the
increase of edge temperature, has also been included. The model is heuristic and
has tunable parameters that can be adjusted to yield the density evolution one
expects in ITER. However, since there is uncertainty in modeling the mentioned
effects, it is difficult to decide which values to choose for these parameters. There-
fore, many parameters can only be guessed based on experience, or extrapolated
from data available for existing machines. Inevitably, there will be significant un-
certainty in these parameters. The control methodology that will be introduced
in Section 3.5 and Section 3.6 is therefore designed to guarantee performance in
the presence of uncertainties, by taking them into account in the design of the
controller.

In Fig. 3.4 a schematic outline of the model with three inventories is given,
including fluxes between each particle reservoir. There are three inventories that
can contain particles: the plasma, the vacuum vessel, and the wall. The main
sources and sinks to the entire model are: the neutral gas fuelling by means of gas
valves, fuelling with pellets and the pumping of the vacuum.

3.3.2 Inventory description

The interaction between the three inventories can be described by a set of coupled
differential equations. The inventories interact by exchanging particles via vari-
ous physics processes, as shown in Fig. 3.4. Neutrals in the vacuum can be ionized
and enter the plasma (ionization), ions in the plasma can recombine, neutralize
and exit the plasma to the vacuum. Neutrals can move from the outer plasma, the
scrape-off layer (SOL) either to the wall (SOL-wall) or the vacuum (SOLe Flux)
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Fig. 3.4 – Considered particle fluxes in the three inventory model. The plasma is
modelled in 1D, whereas vacuum and wall inventories are 0D. Pellet and Gas act as
inputs to the system, the pumping as a sink.

and from the wall they can recycle back into the vacuum (recycling). The vacuum
and wall are regarded as zero dimensional, but the plasma is described by a 1D
partial differential equation for the electron density profile. The details on how
these processes are modelled can be found in (Blanken et al. 2018). A summary
of the parameter values is given in 3.A. Two extensions relevant for ITER or the
plasma ramp-up are discussed next.

3.3.3 Neutral screening effect

The decrease in effectiveness of gas fuelling with increasing edge temperature is
modelled in an ad-hoc fashion. An ionization deposition function Λi z (ρ) (as a
function of normalized toroidal flux label ρ) is chosen to model the distribution
of the neutral density decay in the plasma and the temperature-profile dependent
reaction rate. It changes in time as a function of the ionization depth λi z . Here,
it is assumed that λi z scales with edge temperature variations Te ,b −Te ,b0 around
a nominal edge electron temperature Te ,b0:

λi z = λi z,0+ ki z,T

�

Te ,b −Te ,b0

�

(3.2)

For now, the proportionality ki z,T is chosen to be −1 · 10−4 eV−1. The mean
ionization depth λi z,0 is introduced in Section 3.7.

3.3.4 Plasmaless model

Gas puffing prior to plasma breakdown is modelled by only taking into account
the wall and vacuum inventories. Wall outgassing, gas puffing, and pumping can
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affect these inventories. These processes are modelled by removing the plasma
dependent terms in the relevant inventory equations (Blanken et al. 2018).

3.3.5 Model of the gas supply system

For ITER, the gas supply system consists of 21m of pipe between the valve and the
vacuum vessel, with mass flow controlled (MFC) valves. The gas supply is limited
to 7.36× 1022 particles/s, corresponding to 200 Pa m3/s. The MFC system is
modelled by a simple first order dynamical system with a constant time delay of
0.5 seconds and rise time of 0.4 seconds. Its transfer function Pg (s) is given by:

Pg (s) = e−0.5s 1
0.4s + 1

(3.3)

3.3.6 Pellet fuelling model

The pellet deposition is modelled as depositing a fixed number of particles on a
fixed location in the plasma. For simulations, the pellet size is set to 6× 1021 parti-
cles, corresponding to the theoretical size (Pégourié et al. 2009). Furthermore, the
pellet system has a constant delay of 0.2s. The pellet model has a maximum de-
livery frequency, but we assume a 100 percent reliability in the delivery of pellets
by the launcher. The ITER pellet injection system cannot use the pellet velocity
as control parameter to optimize the pellet ablation. The pellet size, however,
can be changed by 20% on a time scale of roughly three seconds. Since this work
presents a first control assessment, this is not included in the pellet model.

3.3.7 Model input and outputs and discretization

Galerkin projection yields an ordinary differential approximation of the par-
tial differential equation system described in (Blanken et al. 2018). The vector
[Γval ve Γpe l l e t ]

T acts as inputs u to the model, having nu entries. The only
controlled output of the system is the volume averaged density, which is a linear
combination of the internal states (Blanken et al. 2018). As the underlying model
is 1-dimensional, possible future outputs like the separatrix density (necessary for
more elaborate density constraints) can be easily implemented. For digital imple-
mentation and computer simulation, the model is discretized in time on a time
grid having nt grid points. In the following, discrete representations of inputs
and time are denoted by subscript k.

3.4 Simple control applied to ITER density tracking

As anticipated in the introduction, simple linear (e.g. PID) controllers will not
suffice for density control in ITER. In this section, we illustrate the shortcomings
of these controllers in control-oriented simulations of ITER ramp-up using the
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model presented in the previous section. In Fig. 3.5 and 3.6 two simulations are
shown with two different controllers: one PD controller and one PID controller
with anti wind-up. Anti wind-up is a technique that prevents actuator saturation
due to the integral action of the controller. Both controllers aim to control the
density evolution using solely gas injection. The input of the controller is the
tracking error, which was defined in Fig. 3.1. The controller needs to reduce this
error, and by doing so the tracking performance is increased. Clearly, the time
delay results in insufficient tracking performance a few seconds after breakdown
for both controllers. The PID-controller performs the best early in the ramp-up,
but has the largest error at the end even though anti wind-up is applied. Both
controllers cause density oscillation in the early ramp-up. This performance re-
duction of a controller in the presence of delay is a common effect (Skogestad
and Postlethwaite 2005). Reducing the controller gain helps to resolve these os-
cillations, but in this case, lower gains do not achieve sufficient performance, and
violate the lower density limit. Additional pellet fuelling can only help to resolve
this issue after a sufficiently high density and temperature is achieved, which is
too late to prevent density limit violations in the early ramp-up.

Fig. 3.5 – Tracking evolution for a PID controller with anti wind-up, and a PD
controller without. Clearly, performance is insufficient for both controllers. The
lower gain of the PD controller results in lower density limit violation, whereas the
high gain results in oscillations. The PID controller has the largest error at the end of
the ramp-up, even though anti wind-up is applied.

3.5 Iterative Learning Control

3.5.1 Introduction to ILC

Iterative learning control provides a means to increase performance for compli-
cated, repeated tasks (Bristow, Tharayil, and Alleyne 2006). In Fig. 3.7, the basic
structure of an Iterative Learning Control scheme is visualized. In this Figure,
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Fig. 3.6 – Detail of post-breakdown tracking performance for two different feedback
controllers. Clearly, both controllers are too slow, and both controllers cause oscil-
lations. The PID controller with anti wind-up performs reasonably well before the
switch to a diverted plasma.

Fig. 3.7 – Schematic view of the principle of Iterative Learning Control. A new
feedforward is calculated based on the tracking error of the previous trial. This process
is repeated until convergence is reached.
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a standard feedback interconnection of a plant Σ and controller K can be seen.
The system Σ denotes the true system, i.e. the real tokamak, cf. Fig. 3.1. Upon
carrying out the first experimental trial, this results in an error signal e1(t ) in the
time domain. Then, a new feedforward signal for the next trial (2) is designed
off-line based on this error. This is done using a Quadratic Programming (QP)
algorithm, as will be explained later. In this paper, we will use so-called opti-
mal ILC, where the change in each new feedforward signal is the optimizer of a
(constrained) optimization problem (Felici and Oomen 2015b):

∆~u = argmin
∆~u

J (∆u) (3.4)

s.t. Ai neq∆~u ≤ bi neq (3.5)

Aeq∆~u = beq . (3.6)

Here, the vector ~u is the complete trajectory of the input introduced in Sec-
tion 3.3, whereas ∆~u denotes the deviation from the previous or predefined tra-
jectory for ~u. The cost function is denoted by J , whereas Ai neq and bi neq de-
scribe the inequality constraints on the actuator signals. Matrix Aeq and vector
beq contain the equality constraints. In the coming section, all elements in this
constrained optimization problem formulation will be derived.

3.5.2 Linear Time Varying Model

To apply optimal ILC, a reasonably accurate linear model is required. During
plasma ramp-up the system dynamics change, for example due to increased plasma
current and decreased transport. Therefore, a simple linearization about one op-
erational point would not be able to capture these physics sufficiently. Here, we
will use the linearization of the previously derived density model along a suitable
trajectory. The result will be a Linear Time Varying model (LTV model) (Hes-
panha 2009), which can be used to predict the variation in the output of the sys-
tem to a change in input signal. For the nominal trajectory along which the non-
linear model will be linearized we choose the desired density evolution. Then,
perturbations δ of the output yk , state xk , and input uk around this trajectory
on time k can be used to write:

δxk+1 =Akδxk +Bkδuk (3.7)
δyk =Ckδxk . (3.8)

Note that the system matrices also depend on k. Next, all inputs on all N time
points can be stacked in a single vector, denoted by δ ~u:

δ ~u =











δu1
δu2

...
δuN











, (3.9)
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and in the same fashion for δ ~u, δ~y, and δ~x.
Then, a state transition matrix T ∈ RN ny×N nu is used to write all outputs as

a function of all inputs:
δ~y =T δ ~u +Dx0, (3.10)

where D ∈ RN ny×nx is another matrix, describing the effect of the initial condi-
tion x0. The matrices T and D can be derived by recursively writing the output
of the system (Felici and Oomen 2015b), and can also incorporate descriptions
of the actuator delays. With this LTV description, we can write for the error of
the next trial

~e j+1 = ~r − ~y j+1 ≈ ~r − (~y0+T δ ~u j+1+D~x0) (3.11)

Substituting, we can derive an expression for the predicted error at the next trial
as a function of the change in input∆u = δ ~u j+1−δ ~u j :

~e j+1 = e j −T ∆~u. (3.12)

Note that e j is defined as the error achieved using the true system output and
not the model. Note the difference between ‘trials’ j , which are (simulations of)
tokamak discharges, and time points k, which are elements in the time vector
within a (simulated) discharge.

3.5.3 Cost function derivation

The next ILC trial should aim to reduce the tracking error, while simultainously
avoiding large changes or oscillations in the input trajectories. Such objectives can
be achieved by designing a suitable cost function. This cost function contains
the output error, which is smoothed off-line using a fourth order Butterworth
filter (Oppenheim, Schafer, and Buck 1989) to discard oscillations in the signal
due to pellet injection. It is assumed that after a shot, the truly achieved ~nav g can
be recovered from measurements. Besides this smoothed error, the cost function
also penalizes the input itself. Furthermore, changes in the input trajectory are
penalized, such that the final converged input will be close to the original one.
Otherwise the linearization might be a poor approximation. Each cost function
term is weighted by a weight factor, such that the relative importance of cost
function terms can be tuned:

J = ‖We~e
j+1‖2

2+‖Wu (δ ~u
j+1+ ~u j )‖2

2+‖W∆~u (δ ~u
j+1−δ ~u j )‖2

2 (3.13)

The error weighting matrix We is typically given by We = νe I + νs Is , where νe
denotes the weight factor for the error. By structuring it this way, the error on
each time step is penalized equally. A second weight factor and diagonal matrix,
denoted by νs and Is respectively, are introduced to only penalize the error on cer-
tain time instances, for example the L-H transition. The penalty on the control
input effort is structured as:

Wu =
�

νgas νpe l
�T ⊗ I , (3.14)
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Table 3.1 – Cost function weights as used throughout the remainder of the paper.

Weight Value

νe 1
νs 0
νgas 8× 10−6

νpe l 1× 10−5

νd ,gas 7× 10−4

νd , pe l 1× 10−3

where ν... denote the different penalties on use of gas and pellets. The operator
⊗ denotes the Kronecker product, and I ∈ Rnu N×nu N . The very same structure
is used for Wd u , but with weights νd ,gas and νd , pe l . The ILC weight factors are
normalized on the error: νe = 1. The tuning procedure is as follows: first all
weights are set to zero except νd ,gas , νd , pe l , and νe . As such, a trade-off between
performance and numerical conditioning of the optimization problem can be
obtained. Then, the other weights are tuned one by one to achieve their target.
All weights are unchanged throughout the rest of the paper, and summarized in
Table 3.1. The error, ~e j+1 can be written in terms of δ ~u using (3.12). The cost
function can be written in the form ‖A∆~u − ~b‖ by defining:

A=









WeT
Wd u
Wu

WLHT









(3.15)

By gathering the remainder of the cost function terms (the ones that do not ex-
plicitly depend on∆~u) the following ~b can be derived:

~b =









We~e
j

0
Wu (~u

j )
WLH~e

j









, (3.16)

Next, the expression




A∆~u − ~b






2

2
is expanded to arrive at:

J = (∆~u)T AT A
︸︷︷︸

1
2 H

∆~u−2b T A
︸ ︷︷ ︸

f

∆~u + b T b
︸︷︷︸

c

, (3.17)

where H , f , and c denote the standard notation for quadratic optimization prob-
lems (Papalambros and Wilde 2000).
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3.5.4 Constraints

The inequality constraints consist of actuator limits, the lower density limit based
on the Greenwald density limit, and both upper limits, as discussed in Sec. 3.2.1.
The actuator limits can simply be written as:

~0≤ ~u j +∆~u ≤ ~umax (3.18)

Where the actuator upper limits are denoted by ~umax . The density constraints
use a prediction by the LTV model and actually achieved density trajectories that
are recovered after a shot. For example, for the upper limits we can write:

T ∆~u ≤ ~nu p + ~e − ~r . (3.19)

Note that as such, these constraints are also formulated in ∆~u. Combining all
constraints, the following inequality can be derived:









I
−I
T
−T









∆~u ≤









~umax − ~u j

~u j

~nu p + ~e
j − ~r

−~ng ,l − ~e j + ~r









(3.20)

Where I denote identity matrices of the appropriate sizes, and ~ng ,l denotes the
lower Greenwald limit, simply set by 20 percent of the Greenwald density (Green-
wald 2002). Next, we implement one equality constraint. This constraint pre-
vents the use of pellets early in the ramp-up, which was discussed in Sec. 3.1.
This constraint simply consists of a matrix that select certain elements of the
input vector, such that the following can be written:

AP EL,0∆~u = ~0, (3.21)

since if ∆~u is forced to be zero, and the nominal simulation does not use pellet
inputs during the required time period, they will be constrained to zero for all
consecutive shots.

3.6 Robust Feedback Control

The ILC scheme outlined above generates a feedforward signal, but can not cope
with shot-to-shot differences nor with unexpected disturbances acting on the
plasma. For this reason, it is beneficial to include a feedback controller to com-
pensate for this (Skogestad and Postlethwaite 2005). A feedback controller is de-
signed using Robust Control (RC) theory (Skogestad and Postlethwaite 2005), as
a first implementation only for gas injection. Pellets are therefore only controlled
in feedforward. The robust controller is designed simultaneously for four differ-
ent snap-shots of the LTV system along the complete ramp-up using an LMI (Lin-
ear Matrix Inequality) formulation of theH∞ design problem (Scherer, Gahinet,
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and Chilali 1997). It is assumed that if the controller robustly stabilizes these four
systems, it will stabilize all systems in the LTV model. In Fig. 3.8 the Bode dia-
gram of the open loop transfer KΣ for two LTV models in the ramp-up is shown:
The beginning of the ramp-up for Σ1, and the very end for Σ4. Also, the effect of
the delay on system 1 is shown as Σ1,d e l . Clearly, the delay causes significant de-
crease of the phase margin. As discussed before, the large gas supply delay could
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Fig. 3.8 – Bode diagram for two snapshots of the open loop transfer (KΣ in Fig. 3.7) of
the LTV system without delay at the beginning (Σ1) and at the end (Σ4) of the ramp-
up. Bandwidth and phase margins are indicated. The effect of the gas valve delay is
indicated for Σ1,d e l , which indeed causes a steep decrease of the phase margin.

result in destabilization of the feedback control system (Skogestad and Postleth-
waite 2005). Therefore, the delay margin (Skogestad and Postlethwaite 2005) is
checked for all systems in the LTV model. The robust controller has a delay
margin larger than three seconds for all systems in the LTV model. Therefore,
stability of the closed loop during the whole ramp-up on the real tokamak system
can be assumed.

3.7 Controller simulations

3.7.1 Introduction and proof-of-principle simulation

In this section, simulation results are presented showing the performance of the
previously derived controllers. For this purpose, we define the ‘true model’ as the
model (Sec. 3.3) with parameters that are assumed to corresponding to the real
system. These parameters are not known for the control design. The control
design uses instead a ‘control model’ representing our best knowledge of the true
model. The true model has different pumping dynamics, and different values for
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the dimensionless mean ionization depth λi z,0, and the neutral screening propor-
tionality ki z,T , as they are the main source of model uncertainty and significantly
influence the dynamics. In Table 3.2 the parameter variations are summarized.

Table 3.2 – Parameter values for the performed simulations.

First simulation Second simulation
Parameter Nom. model True model True model shot var. [%]

τp u m p,l i m 0.05 0.03 0.04 0
τp u m p,d i v 0.0125 0.0075 0.01 0
λi z,0 0.018 0.016 0.024 2
ki z,T −1× 10−4 −1.6 · 10−4 −0.6 · 10−4 0
τSOL 0.0017 0.0017 0.0017 2

For the simulation, first, the control model is used to manually tune a feed-
forward control that results in sufficient reference tracking. In Fig. 3.9 it can be
seen that the same feedforward, applied to the true model, yields a different aver-
age density evolution (in blue) that violates the constraints (in grey). Then, pure
ILC, i.e. without feedback control, is applied for 10 consecutive ramp-ups, itera-
tively updating the gas valve and pellet time waveforms. The resulting trajectory
is shown in Fig. 3.10. Indeed, the density evolution has converged to the desired
reference trajectory. Note that pellets cause slight momentarily violations of the
density constraints, which is deemed acceptable due to their rapid diffusion: The
algorithm designs and assumes a constant inflow of particles due to pellets, which
is only later divided into separate pellets in the simulation. The time traces of gas
and pellet inputs that were necessary to achieve the improved density tracking
are shown in Fig. 3.11. Note that before t = 10 s the pellet inputs are constrained
to zero, as was discussed in Sec. 3.5.3. Furthermore, gas is injected before t = 0 s
to achieve sufficient tracking performance just after breakdown. The error two-
norm evolution is plotted in Fig. 3.12. Because of the identical model mismatch
for all ramp-ups, the convergence is smooth. The corresponding error in the time
domain for all odd trials is plotted in Fig. 3.13.

Around t = 18 s density control is difficult. Here, pellets are just allowed,
but are relatively large due to their fixed size. Furthermore, the density limits
are particularly restrictive in this part of the ramp-up. Therefore, selecting the
proper fuelling inputs is critical and ILC particularly shows its strength.

3.7.2 Combined control to handle shot-to-shot differences

Next, we simulate the effect of shot-to-shot differences. Besides the previously
applied constant model mismatch, each ramp-up now also has a different value
of λi z,0 and τSOL in a range of two percent around the nominal value of the true
system, which is summarized in Table 3.2. In this case, the robust feedback con-
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Fig. 3.9 – Starting point of the simple ILC simulation. The feedforward actuator
signals are tuned to give acceptable performance for the control model, however when
applied to the true model the constraints are violated and reference tracking is poor.
For this simulation, no feedback is used, and the gas and pellet inputs consist of simple
ramp functions (the dashed lines in Fig. 3.11).

Fig. 3.10 – Performance of the ILC algorithm after 10 trials with constant model
mismatch. Pellets cause slight violation of the density limits, but diffuse rapidly.
Overall, the reference is tracked well.
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Fig. 3.11 – Optimal inputs as determined by the ILC algorithm. The initial (dashed
blue) and final gas input Γval ve (t ) (solid blue), and the initial (dashed amber) and
final pellet input Γpe l l e t (t ) (solid amber) are plotted. Due to penalty on changes in
input, the trajectories remain close to the original ones. Before t = 10 s, the pellets
are constrained to zero. Gas is injected before t = 0 s to ensure sufficient tracking of
the reference after breakdown.
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Fig. 3.12 – Convergence of the 2-norm over the error time trace of the ILC scheme.
Because of the constant model mismatch in between shots, the convergence is smooth.
The corresponding error in the time domain is indicated in Fig. 3.13.
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Fig. 3.13 – Time trace of the filtered error for all odd trials. Significant increase in
tracking performance is achieved. Note how the error just after breakdown error is
only decreased slightly, which is due to the tight density constraint in this phase. The
corresponding error 2-norm is visualized in Fig. 3.12.

troller is needed to achieve a consistent ramp-up tracking performance. The sim-
ulated shot-to-shot differences are significantly smaller than the constant control
model mismatches, which is expected to be the case during real operation. The
nominal mismatch is now constructed in such a way that the true tokamak sys-
tem fuels easier than the model. Therefore, using the initial feedforward wave-
form, the achieved average density lies above the reference, and in fact above the
constraint. This is indicated in Fig. 3.14. The first five ramp-ups are solely ILC
based, in order to relax the effort of the feedback controller. The weight factors in
the ILC cost function are unchanged with respect to the proof-of-principle simu-
lation before. Then, 5 trials using both controllers are performed. The resulting
density evolution is plotted in Fig. 3.15. Despite the shot-to-shot differences,
tracking performance is greatly improved. Again, pellets cause slight violation of
the density limit.

For this simulation, convergence is not monotonic due to shot-to-shot dif-
ferences. This is indicated in Fig. 3.16-right. The changes in inputs that had to
be made to achieve the increase in performance are indicated in Figure 3.16-left.
Note that in this plot, only the gas feedfoward trace (i.e. without the feedback
controller) is shown. Furthermore, weights are all relative to one another: As gas
is becoming less efficient and the error is increasing, the algorithm will decide to
use pellets over gas, since the weight on the error is higher than on the use of gas
over pellets. The relative effort of feedback and feedforward control is summa-
rized in Fig. 3.17. Here, the feedback controller clearly acts on the disturbances
arising due to pellet injection, which is not seen by the ILC scheme due to the
Butterworth filtering. Nevertheless, overall, ILC does most of the control.
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Fig. 3.14 – Starting point of the simulations including shot-to-shot differences. Here,
the model mismatch is such that the real system fuels more efficiently, resulting in a
higher density for a given input compared to the model.

Fig. 3.15 – Performance of ILC and RC combined after 10 simulated shots including
simulated shot-to-shot differences in τSOL and λi z,0. Tracking is greatly improved,
and only the transient pellets cause density violation.
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Fig. 3.16 – Left: Optimal inputs as determined by the ILC algorithm. The initial
(dashed blue) and final gas input (solid blue), and the initial (dashed amber) and final
pellet input (solid amber) are plotted. Note that for the gas input, this is solely the
feedforward control action. Right: The error 2-norm convergence is not monotonic,
because of the randomized shot-to-shot differences.

Fig. 3.17 – Relative contribution of gas valve input from feedforward (ILC) and
feedback (RC) sources. The feedback controller acts on disturbances due to pellet in-
jection.

3.7.3 Statistical analysis of shot-to-shot differences

Next, fifteen sets of ten ramp-ups are simulated to investigate convergence of the
error 2-norm in the presence of shot-to-shot differences. Again, τSOL and λi z,0 are
varied in a range of two percent around their nominal value for the true system
for each new ramp-up. First, the nominal values for the true system are chosen
such that the fuelling is less effective. Then, the error 2-norm convergence of the
error in Fig. 3.18 is achieved. For the case without shot-to-shot differences, the
error-norm is slightly smaller, as is indicated in amber in the same figure.

The shot-to-shot differences only have a small influence on the converged er-
ror in this case. The same holds for a positive model mismatch, where the true
system has a more effective fuelling. This is indicated in Fig. 3.19.
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Fig. 3.18 – Error convergence for fifteen sets of ten ramp-ups in the case of a less
effective fuelling for the true system. The shot-to-shot differences clearly have influence
on the converged error, and the mean value is significantly larger than for the case
without shot-to-shot differences.
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Fig. 3.19 – Error convergence for fifteen sets of ten ramp-ups in the case of a more
effective fuelling for the true system. In this case, the shot-to-shot differences have a
slightly smaller influence on the converged error compared to the left plot.
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3.8 Outlook

The work presented in this paper contains a systematic procedure for density con-
trol design using Iterative Learning Control (ILC) for feedforward improvement
and Robust Control (RC) for feedback control, that can handle the presently
known constraints for actuators and physics. When the date of the first plasma
in ITER approaches, new understanding of fuelling and particle transport mech-
anisms will help refine the model, while detailed knowledge of the actuator ca-
pabilities and other constraints will better define the boundary conditions for
density control. With this new knowledge, the controller design based on the
ILC+RC approach can be updated to yield predictions for the ITER density con-
trol.

Already today, more work can still be done on both the model and the control
itself. The sensitivity of the controller to the different (heuristic) parameters in
the model could be verified more extensively using parameter scans. Experimen-
tal data from JET or other tokamaks could be used to benchmark the model, the
model can be included in the ITER Plasma Control System Simulation Platform
(PCSSP) (Walker et al. 2015) for systematic closed-loop testing in conjunction
with other controllers active during the plasma ramp-up.

On the control side, one could tune ILC for multiple scenarios. Here, we
only used a standard DINA simulation ramp-up scenario, but one could also use
different cases. This work considered only the plasma ramp-up until the L-H
transition. Future studies could focus on density control following the L-H tran-
sition and into the flat-top phase, where slow time-scale feedback control is ex-
pected to play a more important role. The ILC approach lends itself well to other
transient phases of the plasma, in particular the ramp-down, which could also be
studied. Also, many more constraints can still be implemented. For example, the
loss-of-fuelling effect could be severe, and one may need pellets in the feedback
controller to deal with the destabilizing effects of the shot-to-shot differences.
However, the neutral screening effect and the large gas transport delay compli-
cate the choice between the two inputs for the controller. Also, note that in this
paper the focus lies on nav g -control. However, in principle, it is also possible to
choose a different parameter to control, such as the SOL or edge pedestal density.
The controlled variable could also vary in time.

Finally, controller design is just one part of the control loop. In reality, the
volume averaged density on which the robust controller operates may not be
known reliably at any point in time, due to diagnostics errors. Dynamic state
reconstruction algorithms such as a Kalman filter could be used to estimate the
average density, or even the density profile from measurements, as recently ap-
plied to TCV and AUG (Blanken et al. 2018).
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3.9 Conclusions

In this paper, a control-oriented transport model for the plasma density evolution
in ITER is used to design a combined feedback and feedforward control solution
for density control during the ITER ramp-up. The model from (Blanken et al.
2018) was adapted for use in ITER, and it was shown that the model can reproduce
the density evolution in the reference ramp-up scenario from DINA simulations.
It has been shown that it is able to reproduce the expected changes in pumping,
fuelling efficiency, and the severe gas delay during the ramp-up. It has been shown
that simple proportional feedback control lacks performance for the ITER ramp-
up scenarios. ITER density control needs advanced controllers mainly because
of two reasons. Firstly, the delay of the gas valve is so large that feedback alone
inherently fails to achieve enough performance after breakdown. Secondly, feed-
forward is in theory able to achieve this performance, but is difficult to tune for
a new device like ITER. Therefore, a self-learning algorithm based on Iterative
Learning Control (ILC) (Bristow, Tharayil, and Alleyne 2006) has been imple-
mented. This technique has been shown to resolve delay problems and achieve
sufficient reference tracking for deterministic ramp-up scenarios. Unfortunately,
on a real tokamak, not every ramp-up is the same. Therefore, a robustly stabi-
lizing feedback controller has been developed that can deal with the disturbances
due to small shot-to-shot differences. It has been shown that together with ILC,
this robust controller can achieve convergence in the tracking error even though
some model parameters are changed randomly, and is still able to track the desired
reference trajectory after a small number of shots. It can therefore be concluded
that, based on simulation results, Iterative Learning Control in combination with
Robust Control is a promising solution for ITER density ramp-up control.
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Appendix

3.A Parameter values in the nominal model

In the table below the parameter values in the model are summarized. The mean
ionization depth λi z,0, the pellet deposition location ρpe l l e t ,d e p , and the width of
their deposition function ρpe l l e t ,wi d t h are dimensionless like ρ, the normalized

toroidal flux label. This label is defined via ρt o r =
p

Φ/(πB0) as ρ= ρt o r/ρt o r,B ,
where ρt o r,B is the toroidal flux label on the LCFS. More details on the equations
where the parameters occur can be found in Blanken et al. 2018.
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Table 3.3 – Parameter values in the model simulation

PARAMETER VALUE UNIT NOTES

Equilibrium

B0 5.3 T Magnetic field
R0 6.2 m Major radius
qed g e 3 - Edge safety factor
Te ,b0 50 eV Nominal edge electron temperature
Tval ve 393 K Gas valve temperature
Vv,0 1000 m3 Vessel volume

Transport

χLC F S 1 - Transport coefficient on LCFS
ki z,T −1× 10−4 - Ad hoc loss of fuelling coefficient
λi z,0 0.018 - Mean ionization depth
cs w 2 - Sol to wall transport coefficient
cw 1× 10−2 s Wall release balance coefficient
τr e l eas e 10 s Wall release time constant
Nsat 1× 1024 part. Wall saturation level
Nsat ,d 2× 1024 part. Wall saturation level, Div mode
τp u m p,b i g 0.05 s Wall pumping during Lim mode
τp u m p,s mal l 0.05/4 s Wall pumping during Div mode
cs w,d 2 - Sol to wall transport coefficient (Div)
τSOL 0.0017 s SOL particle confinement time
τSOL,d 0.0017 s SOL particle confinement time (Div)
ρpe l l e t ,d e p 0.5 - Pellet deposition location
ρpe l l e t ,wi d t h 0.05 - Pellet deposition function width



Chapter 4

Development of a real-time
algorithm for detection of the
divertor detachment radiation front
using multi-spectral imaging

Abstract

In this paper we present a novel algorithm to extract the optical plasma boundary
and radiation front for detached divertor plasmas. We show that reliable detec-
tion of the divertor leg and radiation front is possible using lightweight image
processing tools. Using a non-tomographic approach, the detected divertor leg
and radiation front can be mapped to the poloidal plane. This approach is fast
and accurate enough for real-time control purposes, allowing in particular real-
time plasma shape and detachment control, and post-shot detachment physics
and dynamics analysis.

4.1 Introduction

One of the major challenges in realising a commercially viable fusion reactor
is the handling of the power and particle exhaust. In a tokamak fusion device,
closed magnetic field lines confining the core plasma are surrounded by open field
lines in the scrape-off-layer (SOL) region. Various shaping coils surrounding the
vacuum vessel are used to control the magnetic equilibrium. By adding a null (‘X-
point’) to the magnetic geometry, better separation of the core plasma from the
plasma-wall interaction regions can be achieved, diverting the heat and plasma

This chapter is published as T. Ravensbergen, M. van Berkel, S.A. Silburn, J.R. Harrison, A.
Perek, K. Verhaegh, W.A.J. Vijvers, C. Theiler, A. Kirk, M.R. de Baar, the EUROfusion MST1 and
TCV teams, Nuclear Fusion 60, 066017 (2020)
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leaking out of the core to the divertor region. Cross-field transport causes high
heat fluxes to enter the SOL, which are transported into this divertor region.
Without precautions, the heat fluxes on the divertor targets in next generation
fusion devices such as ITER and DEMO will be well above the material limit
of 10 MW/m3 (Loarte, Lipschultz, et al. 2007). One proposed solution is so-
called divertor plasma detachment, which leads to a simultaneous reduction of
plasma temperature and ion flux at the divertor target. Detachment is widely
studied both experimentally and in terms of modelling, extensively summarized
in for example (Krasheninnikov and Kukushkin 2017) or (Leonard 2018). Here,
we only briefly discuss the aspects relevant for this work. Volumetric radiative
dissipation is not sufficient to achieve a reduction (roll-over) in both the ion flux
Γi on (Loarte, Monk, et al. 1998) and target temperature Tt . A low plasma pres-
sure pt is necessary, since the ion flux Γi on is a function of the plasma pressure
(Γi on ∝ pt T −1/2

t ) (Lipschultz, Parra, and Hutchinson 2016). To keep the up-
stream pressure unaffected, necessary for core plasma performance, momentum
losses need to be introduced along the SOL to achieve a low pt . Detachment is
a collection of volumetric atomic and molecular reactions that can lead to sig-
nificant momentum losses, at the same time introducing significant power and
particle losses along the SOL. These atomic and molecular reactions take place
in different temperature and density regimes, and thus, considering the tempera-
ture gradient in the divertor, spatially (2D) different parts of the divertor plasma.
While being favorable for target erosion and heat flux, the detached regime has
been observed to be prone to radiative instabilities (Reimold et al. 2015) or ra-
diative collapses originating from a MARFE instability (Lipschultz 1987). The
dynamics of detached divertor plasmas are known to differ between existing de-
vices and plasma confinement modes, varying from bifurcation-like jumps of
cold regions to the X-point (Reimold et al. 2015; Jaervinen et al. 2018) to slow
progressive evolution on TCV in L-mode (Theiler et al. 2017) and ELM free H-
mode (Harrison, Theiler, et al. 2019). The fronts of these cold regions are often
referred to as thermal fronts or detachment fronts. These fronts are considered to
be regions of steep temperature gradients, and therefore also represent the front
of regions where a particular process in the cold detached divertor plasma domi-
nates. Examples of such processes include charge exchange dominating over ion-
isation (∼5 eV), or volumetric recombination (∼1 eV) (Post 1995). These de-
tachment fronts are observed to move all the way from the target towards the
X-point (Lipschultz, Parra, and Hutchinson 2016), where it can lead to confine-
ment degradation and facilitate easier penetration of neutrals and impurity across
the separatrix (Goetz et al. 1999). Clearly, active real-time feedback control of the
detachment front location is a requirement to maintain any divertor solution and
prevent target degradation (Lipschultz, Parra, and Hutchinson 2016; ITER Or-
ganisation 2018). Consequently, real-time usage of plasma diagnostics is required.
Therefore, in this paper, we present and motivate a novel technique to fully re-
construct the outer divertor leg and emission front location in the poloidal plane
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using optical boundary reconstruction. This method is real-time capable, such
that embedding in (future) feedback control experiments is possible.

The remainder of this paper is organized as follows. After a brief overview
on equilibrium reconstruction and detachment control, Sec. 4.3 introduces our
approach and motivation, and the working principle of the detection algorithm
is shown. In Sec. 4.4 the approach to map image coordinates to tokamak coordi-
nates is briefly discussed. Then, in Sec. 4.5, the performance of the algorithm is
shown, including direct comparison with tomographic inversions and magnetic
reconstruction methods.

4.2 Background

4.2.1 Boundary reconstruction for plasma shape control

Magnetic equilibrium reconstruction for control purposes is usually performed
using real-time codes like rtEFIT (Lao et al. 1985) or RT-LIUQE (Hofmann and
Tonetti 1988). These codes take flux loop measurements and coil currents as
inputs. Additional inputs can be provided by magnetic probes, and sometimes
estimates of the plasma current and the diamagnetic flux. However, for pro-
longed plasma discharges, the inherent integration drift of these measurements
and estimates is expected to yield inaccurate equilibrium estimates (Hutchinson
2002). Optical boundary reconstruction has been suggested as an alternative or
to correct the magnetic reconstructions, as this technique does not suffer from
integration drift (Zhang et al. 2018; Hommen, de Baar, Duval, et al. 2014). Fur-
ther, optical reconstruction is more reliable when regions of magnetic null are
larger (Hommen, de Baar, Duval, et al. 2014), for example divertor plasmas with
large flux expansion and snowflake configurations. This is especially relevant for
alternative divertor solutions (Reimerdes, Duval, et al. 2017). Taking this optical
boundary to be the plasma boundary yields sufficiently accurate results for shape
control and equilibrium reconstruction purposes (Zhang et al. 2018; Hommen
2014). We will show that optical boundary reconstruction is readily applicable
to the detached divertor plasma.

4.2.2 Real-time control of divertor detachment

In previous detachment experiments on the JET tokamak, real-time measure-
ments of Jsat were used for successful heat flux mitigation (Guillemaut et al. 2017).
Feedback control using divertor tile current measurements is routinely applied
on ASDEX Upgrade, which was the first demonstration of succesful divertor
heat flux mitigation via feedback (Kallenbach, Dux, et al. 2010). Another suc-
cessful approach is approximating the inversion of three bolometry channels by
taking their weighted sum (Kallenbach, Bernert, Beurskens, et al. 2015). On Al-
cator C-Mod, surface thermocouples were used in real-time to control the tile
temperature (Brunner, Burke, et al. 2016). DIII-D recently developed a real-time
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infrastructure to estimate the radiated power in the divertor using 12 bolometry
channels (Eldon, Kolemen, Humphreys, et al. 2019). In all these experiments,
feedback control with neutral gas injection was applied, using gas valves embed-
ded in the divertor tiles. However, on EAST, the much faster supersonic molec-
ular beam injection (SMBI) system was used in feedback, with additional gas in-
jection programmed as a feedforward waveform (Wu, Yuan, et al. 2018). During
those experiments, the AXUV diagnostic was used to estimate the radiated power
in real-time. Finally, on TCV neon seeding experiments have been performed us-
ing feedback control, relying on real-time measurements of the intensity of the
UV Ne-VIII line at 77 nm, measured by the V-UV diagnostic (Pitts, Refke, et al.
1999).

4.2.3 Motivation

The experiments listed in Sec. 4.2.2 routinely achieved successful lowering of the
divertor heat load. However, as detachment is a volumetric phenomenon, hav-
ing the ability to perform volumetric measurements is a strong advantage in de-
tachment studies and its control. In this work, we therefore propose a novel
approach based on real-time analysis of camera images originating from multi-
spectral imaging, which provide information on the location of the various emis-
sion fronts, and in certain conditions, the impurity radiation front. Controlling
the impurity radiation front is important for obtaining simultaneously accept-
able core performance (avoiding the movement of the radiation front beyond the
X-point) and an acceptably large cold temperature region in the divertor, and
to experimentally characterize such trade-off (Lipschultz, Parra, and Hutchinson
2016). Additionally, ‘conventional’ target temperature measurements with Lang-
muir probes (<5 eV (Février, Theiler, De Oliveira, et al. 2018)), as well as divertor
Thomson scattering (<1 eV (Hawke et al. 2013)), become unreliable in (strongly)
detached conditions.

The reconstruction method presented in this work needs to be both accurate
and fast enough for its use in real-time feedback control. In this work, the real-
time requirement for the imaging system is set by the gas valves used for feedback
control. Taking into account their intrinsic delay in opening, gas transport in
the divertor, and subsequent response of the plasma, their typical time scale is
around ∼15 ms. To prevent signal processing issues like aliasing and ghosting,
the Nyquist-Shannon theorem (Mallat 2008) states sampling should be at least
twice as fast. As a rule of thumb in control engineering practice, a factor∼8-10 is
often used, implying any real-time camera analysis must be performed within∼2
ms. This is compatible with hardware performance of the MANTIS diagnostic,
which typically operates at 200-800 Hz (Perek et al. 2019).

The desired level of control performance and post-shot reconstruction deter-
mine the required accuracy of optical reconstruction of the divertor leg and emis-
sion front. The radial accuracy of the reconstructed plasma edge are extensively
discussed in (Zhang et al. 2018; Hommen, de Baar, Duval, et al. 2014) and less rel-
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evant for detachment control purposes. Here, we focus mainly on reconstruction
errors in the distance to the target, which is the relevant parameter for control. In
principle, the purpose of real-time detachment control is to prevent excessive heat
loads on the divertor tiles while preventing core confinement degradation. How-
ever, the targets and performance requirements for detachment control remain
to be defined (ITER Organisation 2018), such that requirements on the accuracy
of emission front reconstruction are uncertain. Nevertheless, the accuracy of
our real-time method compared to conventional post-shot reconstructions is dis-
cussed in Sections 4.4.2 and 4.5.3.

4.2.4 Multi-spectral imaging as divertor diagnostic

In the TCV tokamak, the C-III emission front at 465 nm wavelength is found
to be a good indicator for the impurity radiation front position (Theiler et al.
2017). This emission front is defined as the location where a 50 percent emissiv-
ity decrease along the divertor leg is first achieved in tomographically inverted
images (Carr, Meakins, Bernert, et al. 2018; Harrison, Theiler, et al. 2019). The
unique capabilities of the MANTIS multispectral imaging system (Vijvers et al.
2017; Perek et al. 2019) allow real-time analysis of spectrally filtered images us-
ing lightweight algorithms. In the following, such an algorithm and its analy-
sis capabilities are introduced to approximate the poloidal location of the C-III
emission front. Analysis is performed on MANTIS images, and on synthetic C-
III images from the MAST-U tokamak using the CHERAB synthetic diagnostic
ray-tracing package (Carr, Meakins, Baciero, et al. 2017) based on SOLPS simu-
lations of a core density ramp. While TCV has a very open divertor geometry,
facilitating spectral imaging, MAST-U has a more complicated divertor structure
(super-X compared to the conventional TCV case) and more limited diagnostic
access, making it a useful test case for our algorithm. While in this paper atten-
tion is given to C-III filtered images, similar emission characteristics are observed
in He-II (468 nm). However, due to its different radiating properties, the He-II
emission front can be at a different poloidal location. Further, a possible advan-
tage of multispectral imaging for control is the availability of multiple spectrally
filtered images simultaneously in real-time. This allows usage of multiple spectral
lines in the control loop. However, a physics basis for such a routine is lacking
so far, as interpretation and better understanding of spectroscopic data originat-
ing from detached plasmas is still being developed (Verhaegh, Lipschultz, Duval,
Harrison, et al. 2017).

4.3 Real-time capable divertor leg and emission front
detection

In this section, our procedure to detect and reconstruct the divertor plasma is in-
troduced. First, we motivate the non-tomographic approach by comparing our
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analysis with a full tomographic inversion and magnetic reconstruction of the di-
vertor plasma. In Fig. 4.1a) a representative raw C-III filtered input image from
MANTIS is shown during the onset of detachment, e.g. just before the roll-over
in the target particle flux. The low-field side in this image is on the right. Based on

Fig. 4.1 – a) Raw C-III filtered image of a detached TCV plasma. Note that the
low-field side is located on the right. b ) Tomographic inversion of a C-III filtered
camera image in the HSV representation. c) Non-tomographic localization of the
C-III emission as presented in this paper. d ) Both approaches plotted together, with
additionally the LIUQE reconstruction of the LCFS in dashed black. Clearly, it can
be concluded that, especially for control purposes, the differences (less than 4 mm for
the radial position of the reconstructed divertor legs) are negligible.

this image, a post-shot tomographic inversion is performed (Harrison, Theiler,
et al. 2019; Carr, Meakins, Bernert, et al. 2018) which is shown in Fig. 4.1b ).
The figure shows a sharp decay of the C-III emission region, indicative of this
cold front having left the target. In c) the novel non-tomographic reconstruc-
tion is shown for the same raw input image. Then, in d ) the two approaches are
plotted together, along with the LIUQE reconstruction of the last-closed-flux-
surface (LCFS) using a black line. From this figure two important conclusions
can be drawn. Firstly, the close overlap between magnetic and optical bound-
ary reconstruction that was observed earlier (Hommen 2014) is also present in
the divertor region. However, since we use spectrally filtered images, the optical
boundary can only be reconstructed in regions where emission of the associated
wavelength is present. Secondly, even though the emission front is strictly de-
fined as a localized decrease in emissivity along the divertor leg, we can use the
same definition for the intensity in the raw image. However, this approximation
breaks down when the emission front is in the X-point and/or not coming from
a localized region around the divertor leg. These two observations motivate the
approach presented in this paper: a real-time capable reconstruction of the di-
vertor leg and C-III emission front without the need for tomographic inversion,
based on matured image processing techniques. In the remainder of this section
these processing steps are discussed.

In Fig. 4.2 the necessary algorithmic steps are shown for C-III images of the
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TCV divertor originating from MANTIS. In the remainder of this section, the
steps needed to extract the relevant features from the raw images are introduced
in more detail.

Fig. 4.2 – Algorithmic steps to detect the optical divertor boundary and associated
emission front, applied to C-III images originating from the MANTIS diagnostic on
TCV. a) Sampling of a fixed region-of-interest (ROI), corners indicated with colored
asterisks. Linear interpolation of pixel intensities is applied to get square matrices
for further processing. b) Convolution with Derivative-of-Gauss (DoG) kernel with
original ROI corners indicated. c) Threshold tε on original image intensity while
discarding negative DoG gradients. d) Nonlinear eroding with median filter. e) Final
detected divertor leg points in ROI image with location of the maximum intensity
(red circle) and emission front (red star). f) Final result in the original image with the
divertor leg and front being robustly detected.

1. First, a fixed, unchanging region-of-interest (ROI) is sub-sampled from the
higher resolution MANTIS image, see Fig. 4.2a). This ROI can be rectan-
gular or a circle segment, in which case interpolation of pixel intensities is
performed to obtain a rectangular matrix for further processing. This map-
ping is visualized with colored corners indicating how the semi-circle ROI
in the image frame in Fig. 4.2a) is stretched to a square matrix (Fig. 4.2b )).
The size of the ROI matrix is typically less than 100× 100 pixels, making
the consecutive processing steps computationally inexpensive.

2. Next, the convolution of the ROI with a 2D derivative-of-Gauss kernel
(DoG) (Mallat 2008) is computed. By sliding over the image, this operation
smooths the image, and takes the derivative of its pixel intensity in the
horizontal direction. Sharp gradients in pixel intensity arise perpendicular
to the divertor leg, such that this operation allows straightforward isolation
of the associated divertor leg pixels.The kernel has its derivative in the x-
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or horizontal pixel direction:
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In here G(x, y,σ) is a Gaussian kernel in the pixel coordinates (x, y), hav-
ing standard deviation σ . The constant A is chosen such that the 2-norm
of the DoG-filter is 1. Note that in practice, the filter has a finite support,
here taken to be 15 pixels. By changing σ the amount of smoothing can
be varied. For our application we choose σ = 6, for which the result is
shown in Fig. 4.2b ). Computing the convolution between ROI-matrix
R(k , l ) (indexing via column-major matrix coordinates) and DoG-matrix
Gx convolution equation results in a matrix C with elements (i , j ) (again
in column-major matrix coordinates):

C (i , j ) =
∑

k

∑

l

R(k , l )Gx (i − k + 1, j − l + 1). (4.3)

Note that k and l run only over values that result in legal indices for both
R and Gx . Boundary pixels in the ROI therefore require (zero-)padding to
compute C . Here, we only compute the convolution in the ‘valid’ region
to prevent fictitious gradients due to zero-padding around the ROI.

3. After the convolution with the DoG, negative gradients are discarded, and
a threshold tε is applied on the convoluted image using the pixel intensity
in the original ROI. By carefully tuning this threshold tε, the selected re-
gion in the DoG-filtered image is bounded by the emission front, as points
further downstream have a lower intensity. The remaining pixels have a
positive intensity gradient and at least intensity tε in the original frame. To-
gether, these two properties bound the divertor leg and its emission front.
This is shown in Fig. 4.2c).

4. Consecutive nonlinear median filtering with support N = 3 greatly reduces
residual salt-and-pepper noise (Lim 1990), cf. Fig. 4.2d ).

5. The pixels that are left after median filtering comprise the divertor leg (char-
acterized by a sharp gradient), and are bounded by the emission front (due
to the tε threshold). Any outlier pixels are eroded by the median filter. The
residual pixels are shown in the ROI frame in Fig. 4.2e) as white dots. The
maximum used for the threshold tε is indicated by a red circle, and the lo-
cation of the emission front is marked with a red X . Finally, the residual
pixels are transformed back to the original image, and the emission front is
again marked with a red X , see Fig. 4.2 f ).



4.4. COORDINATE TRANSFORM: MAPPING TO POLOIDAL PLANE 73

Next, the detected divertor leg and emission front need to be mapped to the pol-
oidal plane, which is discussed in the following section.

4.4 Coordinate transform: Mapping to poloidal plane

A common method to map pixel coordinates in R2 to a world frame in R3 is
to retrace a suitable modelled camera projection. The classic pinhole camera
model (Hartley and Zisserman 2003) can be used to project a set of world co-
ordinates (X ,Y,Z) ∈R3 expressed in the Cartesian world frame (denoted by w)
onto pixel coordinates (x, y). The camera is located on position ~xw

cam expressed
in the world frame. The camera has its own local frame indicated by c , which
has its z-axis pointing along its optical axis. Then, the camera projection can be
described by:
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In here, the (by definition) orthogonal rotation matrix Rcw ∈ R3×3 rotates the
world frame w to the camera frame c , and matrix K ∈R3×3 contains the intrinsic
camera parameters. These intrinsic and extrinsic camera properties can be ob-
tained by camera calibration, here performed using the CALCAM routine (Sil-
burn, Meakins, and Farley 2018). This routine also takes radial and tangential
lens distortion into account, by fitting a nonlinear distortion correction model,
known as the Brown-Conrady model (Brown 1966):
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Here, subscript n denotes the normalized undistorted pixel coordinates, and d
the distorted coordinates. The radius r is defined as r ≡

Æ

x2
d + y2

d . Note that
for real-time undistortion of pixel coordinates, we apply a distortion correction
model of the form xn = f (xd ), not the distortion model xd = g (xn) implemented
by popular packages like openCV (Bradski and Kaehler 2008). The latter requires
solving a nonlinear equation for every distorted pixel, which is not applicable to
our real-time application.

Clearly, the inverse mapping from pixel to world coordinates is not unique,
as each measured pixel intensity is the result of integrated emission along the
sight line. This sight line, however, can be uniquely determined. For physics
analysis, computationally demanding tomographic inversions are then applied
to determine emissivity plots (Theiler et al. 2017). Here, we apply a faster non-
tomographic approach presented in (Hommen, de Baar, Nuij, et al. 2010). In
this approach, the sight lines associated with the divertor leg and emission front
are projected onto the vertical plane X = 0 passing through the tokamak center.
All the residual points comprising the divertor leg are mapped onto this plane
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to determine their coordinates (Y0,Z0). Then, a second order polynomial is fit-
ted through these coordinates. The order of the polynomial is sufficiently high
to capture the relevant shape, but is also low enough to have a desired analyt-
ical property, which is explained later in Sec. 4.4.1. From the camera location
in the world frame and the coordinates (Y0,Z0) in the plane X = 0, the point
of tangency (R,Z) between the camera sightline and the plasma can be uniquely
determined, cf. (Hommen, de Baar, Nuij, et al. 2010, Fig. 4). This location can
be uniquely recovered when axisymmetry of the plasma is assumed and a (poly-
nomial) fit with analytical derivative is available. More details on the mapping
method are provided in (Hommen, de Baar, Nuij, et al. 2010).

In Sec. 4.3, it has already been discussed that for the cases of interest here, even
though the image is not tomographically inverted, the resulting emission front
location is close to the one obtained from full tomographic inversion, cf. Fig. 4.1.
In Sec. 4.4.2 the consistency and error of the reconstruction is discussed, and in
Sec. 4.5.3 a qualitative comparison between the full tomographic inversion and
our real-time approximation is performed. The quantity that is compared is the
distance along the divertor leg to the target, which is introduced next.

4.4.1 Calculation of the distance along the divertor leg to the
target

The distance along the divertor leg to the divertor target is a useful controllable
quantity for future feedback experiments. This quantity is always monotoni-
cally increasing when detachment proceeds, which is especially useful for curved
divertor leg geometries near the target like in the super-X configuration. Here,
we assume that the discharge equilibrium is constant during the time the recon-
struction algorithm is actively used, allowing a constant fit of the divertor leg, for
example Rl e g ≈ p2(Zl e g ), with p2 a second order polynomial. Then, the length
along the LCFS is given by:

Lpol =
∫ Zd e t
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In here, Zt a r g e t and Zd e t are the vertical target position and detected emission
front position respectively. For second order polynomials (4.6) has an analytical
solution, making real-time evaluation slightly faster than numerical evaluation of
the integral.

4.4.2 Emission front reconstruction error

The error in estimating the emission front location is an accumulation of 1) the
approximation in not performing a full tomographic inversion, 2) systematic er-
rors in the image processing steps, and 3) a systematic error in the mapping to the
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poloidal plane. The total error in Lpol between the real-time approximation and
the full tomographic analysis is typically less than 4 cm RMS, which is discussed
in more detail in Sec. 4.5.3. In this section, we focus on the contribution of the
image processing and mapping error. As discussed in Sec. 4.3, the image process-
ing smooths the image and takes the gradient with a derivative-of-Gauss filter,
having a standard deviation of 6 pixels. By definition, the smoothing diffuses the
edge feature in the original image in the direction of smoothing. Therefore, in
the worst case, the smoothing results in a deviation of 6 pixels of the true edge
location. The subsequent mapping error is determined by the accuracy of the
Calcam calibration. As the CHERAB forward modeling code uses the same cam-
era model as Calcam, making an error estimate somewhat arbitrary, we continue
our error analysis for the MANTIS specific case. Calcam calibrations for MAN-
TIS typically have an root-mean-square deviation of less than 2 pixels. As such, if
we take an upper bound of 10 pixels error in image processing, and perform the
subsequent mapping to the poloidal plane, the final error in the distance to the
target is in the order of 1 cm. This is within the accuracy required for control
purposes.

4.5 Results

In this section, we process C-III filtered images originating from two sources:
CHERAB synthetic data for the MAST-U tokamak, and real camera data from
the MANTIS diagnostic on TCV. For experimental data on TCV, the influence
of the target radius on the reconstruction is investigated in Sec. 4.5.2, and a direct
comparison between further analysis of a full tomographic inversion is made in
Sec. 4.5.3. This analysis relies on magnetic reconstruction of the divertor leg
location, such that it is different to the quantitative comparison already shown
in Fig. 4.1.

4.5.1 Comparison to magnetic reconstructions

First, we analyze synthetic data originating from the CHERAB forward mod-
elling code. Given the emission front detection scheme in Fig. 4.2, the resulting
detection is shown on the left in Fig. 4.3. The ROI is plotted as a green circle seg-
ment, the detected divertor leg is shown in red, and the emission front is marked
with a red X. The subsequent mapping to the poloidal plane is shown on the
right, including a cross section of the MAST-U divertor chamber and surround-
ing coils. For this simulation case without camera distortion, the reconstruction
is near perfect as long as the emission front is not reattaching. During reattach-
ment, the divertor leg becomes horizontal in the super-X configuration, causing
tangent sight lines to the plasma to disappear. Next, with the same thresholds
and settings in the image processing algorithm as for MAST-U, the analysis is
performed on images of a representative detached single-null TCV plasma, origi-
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Fig. 4.3 – Left: Raw C-III filtered input image from CHERAB for the MAST-U
divertor, together with the ROI, the detected divertor leg, and the emission front.
Right: Poloidal mapping of the detected divertor leg (red) and emission front (red
circle) in a cross-section of the MAST-U divertor chamber, together with the LCFS in
black. The divertor coils and vacuum vessel are also plotted.

nating from the MANTIS system. The resulting detection is shown on the left in
Fig. 4.4. In the same plot on the right, the magnetic reconstruction of the LCFS
from LIUQE is shown in black. The difference between the magnetic recon-
struction of the LCFS and the optical boundary is less than 4 mm for the radial
position of both reconstructed divertor legs: Even in this case of finite non-zero
camera distortion for a real experiment. A typical analysis as shown here takes
on average 1 ms per frame on a regular 2019 dual core laptop processor, utilizing
non-optimized, compiled Matlab Simulink code1. As MANTIS operates at least
on 400 Hz sampling rate, the analysis is fast enough to meet current acquisition
speeds. If necessary, further speedup can be obtained utilizing a dedicated com-
putational node in the plasma control system, having faster and newer hardware
and optimized compiled code. Nevertheless, with the current processing time,
the real-time control requirement set in Sec. 4.2.2 is met.

4.5.2 Detection for varying the target radius

To verify whether the target radius has influence on the accuracy of the optical re-
construction of the divertor leg, we compare three TCV discharges with varying
target radii. Discharges #62152 (Rt = 0.68 m), #62135 (Rt = 0.75 m), and #62154
(Rt = 0.90 m) are otherwise similar, all having a poloidal flux expansion of∼5. In
Fig. 4.5 the magnetic equilibria are plotted together with the optical reconstruc-
tions for the three discharges under consideration. Clearly, for all considered
cases, the reconstruction is sufficiently accurate for our control purposes.

1https://www.mathworks.com/products/simulink.html

https://www.mathworks.com/products/simulink.html
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Fig. 4.4 – Left: Original image originating from MANTIS, with ROI indicated.
Note again the image orientation with the LFS on the right-hand side. Poloidal map-
ping of the optical boundary of TCV discharge #62154 at t = 0.87 s, together with
the LIUQE reconstruction of the LCFS. Clearly, the difference is marginal, being less
than 4 mm in terms of the radial position of the reconstructed divertor legs.
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Fig. 4.5 – Magnetic equilibria (dashed black) and optical reconstruction for three
different target radii: TCV #62152 (Rt = 0.68 m) in blue, #62135 (Rt = 0.75 m)
in red, and #62154 (Rt = 0.90 m) in yellow. Divertor leg reconstruction quality is
similar for all considered cases.
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4.5.3 Comparison with analysis on full tomographic inversions

In Sec. 4.3 it was already discussed that the approximation of taking a line inte-
grated image to reconstruct the emission front breaks down when the (actual)
emission front comes close to the X-point. In this section, we directly compare
the real-time reconstruction of the emission front based on raw, line-integrated
images, with analysis on full tomographic inversions. A common approach in
such analysis (Theiler et al. 2017) is to take the divertor leg location in the poloidal
plane from magnetic equilibrium reconstruction, and determine the 50 percent
emissivity decrease in a group of pixels of the tomographically inverted image
surrounding the magnetically reconstructed divertor leg. Clearly, this leads to a
combination of optical methods with magnetic reconstruction, such that a com-
parison with our real-time approach is not a direct comparison between two op-
tical methods. It was already discussed in Sec. 4.2.1 that magnetic reconstruction
can deviate significantly in some configurations. However, taking a group of pix-
els around the magnetically reconstructed divertor leg allows for some deviation
between the magnetic reconstruction and tomographic inversion. Nevertheless,
for our comparison, we choose a discharge where the optical boundary in the
tomographic inversion are close. An example of such a discharge is TCV #65349,
which is a detached single-null L-mode experiment with Ip = 320 kA and sig-
nificant movement of the C-III front. First, in Fig. 4.6 we plot the tomographic
inversion in the divertor region at t = 0.95 s together with both reconstruction
methods and the magnetic boundary. The LCFS is plotted in dark dashed blue,
with in dashed cyan the bounds of the poloidal group of pixels that was used to
allow some error between LIUQE and the tomographic inversion. The detected
divertor leg and emission front as reconstructed with the real-time algorithm pre-
sented in this paper is plotted in black, with the emission front marked as a black
cross. Furthermore, some artifacts of the inversion can be observed in the top
right corner, which are not relevant for this analysis. Like in Sec. 4.3, the cor-
respondence between both optical methods (tomographic and real-time non-to-
mographic) with the magnetic reconstruction is apparent. There is a small error
between the tomographically reconstructed location of the emission front and
our real-time reconstruction. However, if we plot Lpol for both methods for the
whole discharge under consideration in Fig. 4.7, we see that the particular time
frame of Fig. 4.6 (t = 0.95 s) is among the worst cases. The approximation error
stays below 6 cm for the whole duration of the discharge, with an RMS error
of 4 cm. Further, we see the two methods are almost identical for front posi-
tions around the middle and lower end of the divertor leg. The error between
the two signals is separately plotted in Fig. 4.8. As the poloidal leg length for this
particular plasma scenario is around 40 cm, the relative error is below ∼10 %.
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Fig. 4.6 – Tomographic inversion at t = 0.95 s in the divertor region together
with magnetic reconstruction of the LCFS and divertor leg (blue dashed line). The
tube region which is used to find the C-III front location for the mixed tomo-
graphic/magnetic reconstruction method is plotted in dashed cyan. The correspond-
ing emission front is indicted with a white cross. The detected divertor leg using the
real-time approach is plotted in black, with the emission front marked with a black
cross. The mismatch in both emission front locations is small, but in fact among the
largest for the discharge under consideration: See Fig. 4.7.
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Fig. 4.7 – Comparison between the C-III front tracking for the tomo-
graphic/magnetic approach (orange) and the real-time analysis presented in this paper
(blue). As discussed in Sec. 4.3, the reconstruction error becomes larger for front loca-
tions closer to the X-point. However, the overall error is below 6 cm, with < 4 cm
RMS which is sufficient for control.
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Fig. 4.8 – Error in terms of Lpol between the analysis of tomographically inverted
images and the real-time algorithm discussed in this paper. The error stays below 6
cm with an RMS error of 4 cm, which is accurate enough for control purposes and
quick post-shot analysis.

4.6 Discussion and outlook

In this paper, we apply matured image processing tools to experimental and syn-
thetic multi-spectrally filtered camera data to reconstruct the divertor plasma
boundary and emission front in detached tokamak plasmas. Using a non-tomo-
graphic inversion procedure, a poloidal reconstruction of the divertor plasma
can be obtained, which closely matches the magnetic reconstruction of the diver-
tor leg from established reconstruction codes. The non-tomographic approach is
compared to a full tomographic procedure. The results are plotted in the poloidal
plane and it is shown that the correspondence of the two methods is good. Besides
this direct quantitative comparison between two optical methods, a third method
is qualitatively compared to the real-time capable reconstruction, which relies on
magnetic reconstruction methods to find the divertor leg. The error between this
mixed method and the real-time reconstruction is around 4 cm root-mean-square
in the poloidal plane, with the largest systematic error for front positions close
to the X-point. The real-time reconstruction approach presented in this paper is
therefore promising for application in dynamic characterization of detachment
dynamics, called system identification, in which perturbative experiments are
carried out to analyze the movement of the emission front as a function of the
applied neutral gas puffing in a formalized and systematic fashion. From these ex-
periments data-driven models, or transfer functions, can be extracted which can
be directly used for offline controller design (Skogestad and Postlethwaite 2005).
The results shown in this paper have been obtained using post-processing of our
real-time capable algorithms. Recent results on new experiments have however
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shown identical performance during real-time feedback experiments (Ravenber-
gen, van Berkel, Perek, et al. 2019).

For application in next generation devices, the radiating species are different,
and the control loop should be based on intrinsic plasma species such as hydrogen
and He-II. For example, in (Verhaegh 2018) the hydrogenic radiation front is anal-
ysed using high-n Balmer series. These emissions can be used to directly derive
characteristics on the atomic and/or molecular reactions driving the detachment
dynamics, such as ionisation and recombination (Verhaegh, Lipschultz, Duval,
Fil, et al. 2019). With the techniques developed in this paper, together with the
MANTIS diagnostic and further developments in spectral interpretation, one
could work towards a control loop based on the monitoring of such processes
directly. Furthermore, the 2D coverage and reconstruction approach allows for
inclusion of, for example, strike-point sweeping control on the divertor target.
For such an application, the ROI has to be modified to include the whole swept
volume, or must be updated during the discharge.

It was already discussed that the existing MANTIS hardware is ready for the
real-time interpretation of multiple spectral lines (Perek et al. 2019). However,
the real-time capability is not only set by the time scales concerning the gas fu-
elling, but more importantly the dynamics of the detachment behaviour. These
dynamics are strongly device dependent and can change between H- and L-mode.
In TCV, a gradual evolution of detachment with further gas fuelling is observed
and, consequentially, the C-III emission region is observed to move gradually
towards the X-point. On other devices, however, a detachment ‘cliff’ (Jaervi-
nen et al. 2018) can be observed where the divertor goes into a bifurcation-like
state where small changes in fuelling result in jumps in Te from ∼10 eV to ∼1
eV (Jaervinen et al. 2018); likely resulting in a higher sensitivity of the C-III emis-
sion front to gas fuelling. There are several divertor parameters which can influ-
ence this sensitivity, such as the magnetic field profile along the divertor leg (Lip-
schultz, Parra, and Hutchinson 2016; Theiler et al. 2017). It also, likely, depends
on the precise balance between momentum and power losses (Dudson et al. 2019).

The quality of the emission front reconstruction could be characterized by
the local intensity gradient around the front, which could further improve the
reliability of the algorithm. Unfortunately, cameras are known to quickly break
down in a nuclear environment. For application in ITER and/or DEMO, shield-
ing options and mirror cleaning techniques should be investigated. Also, as op-
posed to carbon, the wall material is highly reflective, possibly lowering the qual-
ity of the reconstruction. Fortunately, the CHERAB code allows for calculation
of reflection for the chosen camera field-of-view, which can be done offline (Carr,
Meakins, Silburn, et al. 2019). Then the reflections can be accounted for in the
subsequent real-time analysis. Further reliability of the detection can be ob-
tained by combining it with other diagnostics, e.g. bolometry and AXUV. In
control engineering practice, such sensor fusion is often realized in real-time us-
ing a Kalman filter approach (Skogestad and Postlethwaite 2005), which relies on
fast physics-based models that are evaluated along with the discharge. The de-
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velopment of such models is aided by the aforementioned system identification,
as both model and experiment lead to a transfer function characterization of the
dynamic behavior which can be directly compared.
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Chapter 5

Real-time feedback control of the
impurity emission front in tokamak
divertor plasmas

Abstract

In magnetic confinement thermonuclear fusion the exhaust of heat and particles
from the core remains a major challenge. Heat and particles leaving the core are
transported via open magnetic field lines to a region of the reactor wall, called
the divertor. Unabated, the heat and particle fluxes may become intolerable and
damage the divertor. Controlled ‘plasma detachment’, a regime characterized by
both a large reduction in plasma pressure and temperature at the divertor tar-
get, is required to reduce fluxes onto the divertor. Here we report a systematic
approach towards achieving this critical need through feedback control of im-
purity emission front locations and its experimental demonstration. Our ap-
proach comprises a combination of real-time plasma diagnostic utilization, dy-
namic characterization of the plasma in proximity to the divertor, and efficient,
reliable off-line feedback controller design.

5.1 Introduction

Nuclear fusion is one of the few future energy sources which has the potential to
fulfill our energy demands whilst remaining virtually inexhaustible, inherently
safe, and deployable in densely populated regions. One of the major unresolved

This chapter is provisionally accepted for publication in Nature Communications. The authors
of the manuscript are T. Ravensbergen, M. van Berkel , A. Perek, C. Galperti, B.P. Duval, O. Février,
R.J.R. van Kampen, F. Felici, J.T. Lammers, C. Theiler, J. Schoukens, B. Linehan, M. Komm, S.
Henderson, D. Brida, M.R. de Baar, and the EUROfusion MST1 and TCV teams.
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challenges in nuclear fusion power research is the heat and particle exhaust (Zohm
et al. 2013; Kallenbach, Bernert, Dux, et al. 2013; Loarte and Neu 2017).

This paper reports on experiments on the most advanced fusion plasma de-
vice configuration, the tokamak (see Fig. 1). The magnetic field lines in a toka-
mak, that charged particles will follow as they precess, self-arrange into what are
effectively toroidally symmetric, nested surfaces. To diminish interaction with
the vessel wall, a poloidal field null, termed X-point, is introduced using shaping
coils. The plasma is thus divided into a confined region where the magnetic field
lines close upon themselves, and an outside, unconfined, region separated by the
magnetic surface that goes through the X-point, termed the separatrix. The two
branches of the X-point that do not enclose the confined region eventually lead
to the machine walls and are called the divertor legs and their impact points, the
divertor strike points. The power reaching these targets, if unmitigated, will ex-
ceed material limits for projected fusion reactor conditions such as ITER (Loarte,
Lipschultz, et al. 2007; Pitts, Bonnin, et al. 2019) and DEMO (Zohm et al. 2013).

Reducing the power density in the plasma exhaust from the confined plasma
boundary (termed upstream) to the targets (termed downstream) is being ex-
plored by adding radiating and/or collisional loss processes along the divertor
legs. These processes, when present to a sufficient degree, lead to the formation
of a pressure and power drop that is not observed during usual operation and is
termed detachment. The power decrease is induced by injection of hydrogenic
and impurity gas and most often accompanied by a strong temperature decrease
along the divertor leg. Such a decrease can be observed as a strong radiation in-
tensity decrease (Lipschultz, Parra, and Hutchinson 2016), in certain impurity
species’ radiation when the electron temperature becomes insufficient to excite
that impurity’s atomic states. In general, if this radiation front enters the confined
plasma, it can degrade the confinement (Goetz et al. 1999). On the other hand,
when the divertor detachment is insufficient, the divertor targets heat load be-
comes excessive (Gunn et al. 2017). This simplified description is complicated in
practice by plasma and/or impurity transport, plasma instabilities (ELMs, (Wes-
son 2004, p. 409), sawtooth instabilities (Wesson 2004, p. 365)), and plasma flows
in the divertor region that these divertor legs occupy. Therefore, to support the
DEMO divertor design, existing facilities are being upgraded (Panek et al. 2017),
and a new tokamak facility to study the plasma exhaust is under construction (Al-
banese and Pizzuto 2017; de Baar et al. 2016).

In view of changes in plasma behavior, feedback control of the divertor plasma
conditions is considered vital to assure safe, high-performance, operating condi-
tions in future fusion devices (Lipschultz, Parra, and Hutchinson 2016). Var-
ious feedback control solutions involving detachment have been tested experi-
mentally, using controlled variables based on either local target measurements or
from spatially resolved diagnostics. Implementations based on target measure-
ments rely on, for example, tile current (Kallenbach, Bernert, Eich, et al. 2012b)
or target ion saturation current measurements (Guillemaut et al. 2017), or tar-
get proximity thermocouples (Brunner, Burke, et al. 2016). Among the spatially
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resolved methods are those based on Thomson scattering (Kolemen et al. 2015)
and radiated power from bolometry (Kallenbach, Bernert, Beurskens, et al. 2015;
Eldon, Kolemen, Humphreys, et al. 2019) or AXUV (Bernert et al. 2020; Xu et
al. 2020). These experiments rely on (impurity) gas fueling through controlled
valves as actuators. In addition, supersonic molecular beam injection (SMBI) was
successfully applied as feedback actuator (Wu, Yuan, et al. 2018).

In this paper we demonstrate a strategy to control impurity emission front
locations, as a proxy for divertor detachment, on the Tokamak à Configuration
Variable (TCV) (Coda et al. 2019). i) We apply real-time analysis of multi-spectral
video images obtained from the MANTIS diagnostic (Perek et al. 2019) to recon-
struct the poloidal location of a chosen spectral line’s emission front. ii) We per-
form system identification experiments, both in low (L) and high (H) confinement
modes (Doyle et al. 2007), to characterize the dynamic relationship between gas
valve actuation and displacement of the emission front when above the divertor
target. iii) We perform an offline feedback design using these characterizations,
leading to dedicated feedback controllers for both confinement modes. iv) We
verify experimentally that the controllers function successfully during their first
closed-loop feedback application. These dedicated experiments request different
reference trajectories of the emission front location, where the active gas fueling
changes are used to track the requested waveforms.

5.2 Results

5.2.1 Real-time reconstruction of the C-III emission front

The state of divertor detachment is generally well characterized by the divertor
electron temperature (Lipschultz, Labombard, et al. 2007). In this work, we con-
trol the position of the C-III emission front (465 nm) along the divertor leg. This
emission front has been shown to be a good marker for a relatively low tem-
perature region (Reimerdes, Duval, et al. 2017; Smolders et al. 2020). Note that
the divertor plasma is mostly tied to the magnetic field lines, such that the front
movement is predominantly in the direction along the divertor legs and approxi-
mately toroidally symmetric. This reduces and simplifies the control of the emis-
sion front position to a single dimension: the distance along the divertor leg to
the target, denoted with Lpol in Fig. 5.1 and throughout this paper.

Experimental setup: A poloidal cross-section of the TCV tokamak is shown in
Fig. 5.2a, together with a typical diverted plasma equilibrium. TCV is a medium-
sized tokamak whose advanced distributed control system (Anand, Galperti, et
al. 2017) facilitates rapid implementation of various control strategies. Optional
physical baffling in the divertor increases neutral particle compression, facilitat-
ing detachment (Reimerdes, Duval, et al. 2017). Such baffles were installed during
a majority of the experiments presented here. The multi-spectral imaging diag-
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Fig. 5.1 – Detachment in a tokamak divertor plasma. Left: Diverted plasma
configuration in a tokamak with schematic poloidal flux surfaces. The confined re-
gion (red curves) is separated from the open field line or scrape-off-layer (SOL) region
by the separatrix, shown as a thick blue line. Right: Summary of the relevant aspects
of the detachment process. High heat fluxes densities q‖ along the SOL field lines are
mitigated by a gas buffer, which is controlled by local gas puffing Γpuff. This causes
a combination of volumetric loss processes (e.g. momentum, energy, and particle
losses), resulting in significantly lower downstream target pressures and temperatures
compared to the upstream conditions. These conditions give rise to the formation
of emission fronts. The distance along the divertor leg to the target of the impurity
emission front (the arc length) is denoted by Lpol. (Cross-sectional mock-up reproduced
from: (c) ITER Organization, http://www.iter.org/)

Fig. 5.2 – The TCV tokamak and MANTIS view. a Cross-section of TCV show-
ing the plasma magnetic flux surfaces (blue) for diverted discharge #65349, the vac-
uum vessel including baffles (light grey), the MANTIS view port, and the location of
the fueling gas valve (green). b Rendering of the MANTIS view into the TCV vac-
uum vessel (Silburn, Meakins, and Farley 2018). The field-of-view is restricted by the
TCV floor (bottom) and outer baffle structure (top).

http://www.iter.org/
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nostic MANTIS installed on TCV acquires up to 10 spectrally filtered 2D images
of an identical view of the divertor plasma (Perek et al. 2019). The system is
mounted on an outside lower (divertor) port, whose view is shown in Fig. 5.2b.
In this image, the carbon plasma facing components on the TCV floor and inner
wall are clearly visible, but the field-of-view is restricted from the top by the outer
baffle.

Real-time tracking of the emission front: Fig. 5.3 shows raw C-III spectrally
filtered images for various snapshots during a core plasma particle density ramp.
Depending on the electron temperature of the divertor plasma, emission can be
present across the entire divertor leg (shown in Fig. 5.3a), can cease along the
divertor leg where the plasma temperature is sufficiently low (see Fig. 5.3b), or
enter the confined plasma region (shown in Fig. 5.3c). By looking for sharp gra-

poloidal view/

tomographic

inversion

Fig. 5.3 – Progressive cooling of the TCV divertor. C-III emission in TCV toka-
mak discharge #62154 for increasing radiative cooling of the divertor. The detected
emission front is indicated in red. a Emission throughout the divertor leg: Emission
front touches the wall. b The emission front creeps up towards X-point c Emission
front close to the X-point. d Poloidal mapping of the divertor leg (blue) and emission
front (black cross) in a in the TCV vacuum vessel with plasma emissivity from tomo-
graphic reconstruction in the background. The control parameter Lpol, the arc length
from emission front to divertor target, is highlighted in white.

dients, the detection algorithm (Ravenbergen, van Berkel, Silburn, et al. 2020)
first locates the divertor leg in these spectrally filtered images. It then tracks
the location of the 50th percentile (decrease) of light emission along the diver-
tor leg: a common definition of the emission front that is extensively discussed
in (Theiler et al. 2017; Harrison, Vijvers, et al. 2017) together with its physical in-
terpretation. Strictly speaking, this emission decrease along the leg is defined for
tomographically reconstructed images, where the line collected integrated light
intensity is inverted to obtain local emissivities (Harrison, Theiler, et al. 2019;
Carr, Meakins, Bernert, et al. 2018). This procedure corrects for changes in in-
tersection length between each line of sight and the plasma, but is computation-
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ally too expensive for real-time use. Fortunately, taking the raw image as input
(which thus contains toroidally integrated light along the line-of-sight) yields a
well resolved and sufficiently parametric measurement of the emission front po-
sition (Ravenbergen, van Berkel, Silburn, et al. 2020). Fig. 5.3 shows the leg and
emission front detection in the divertor plasma. A subsequent mapping of the
pixels associated with the divertor leg and emission front to the poloidal coordi-
nates of TCV gives the parameter of interest Lpol (Figure 5.1). Fig. 5.3d shows
this mapping in blue for the divertor leg in Fig. 5.3a, with the full tomographic
inversion of the same frame in the background. The details of the detection al-
gorithm, including its accuracy and comparison with post-discharge analysis are
highlighted in (Ravenbergen, van Berkel, Silburn, et al. 2020).

5.2.2 Dynamic characterization of the C-III emission front in TCV

In the following, we discuss the experiments used to identify the dynamics of the
displacement of the C-III emission front in the poloidal cross-section of TCV as a
result of variations in the fueling. Reliable, systematic off-line feedback controller
design requires an understanding of the dynamics of the to-be-controlled system.
This is quantified by a frequency response function (FRF) that can be obtained from
dynamic modeling (Skogestad and Postlethwaite 2005), or directly from experi-
mental data (Pintelon and Schoukens 2001). The resulting FRF can be used for
offline assessment of performance limitations and stability margins (Skogestad
and Postlethwaite 2005). Accounting for the system dynamics within the physi-
cal modelling of divertor plasmas is challenging, as the dynamics themselves are
often strongly affected by kinetic effects in the plasma-neutral interaction calling
for Monte Carlo methods (Zohm et al. 2013; Loarte, Lipschultz, et al. 2007; Leo-
nard 2018; Krasheninnikov and Kukushkin 2017). We instead apply techniques
from system identification to extract sufficient information directly from exper-
iments. Such an approach leads to a locally valid dynamic description around
an operating point that can be used in subsequent controller design. In the loop-
shaping method applied here, the controller design consists of defining and as-
sessing stability and performance criteria in the frequency domain for different
controller choices and their parameters.

5.2.3 System identification experiment design and goal

Fig. 5.1 and Fig. 5.4 schematically show the to-be-identified dynamical system
under consideration. The gas puff Γpuff acts as a dynamic, time-varying input to
the SOL plasma that leads to an emission front position Lpol (i.e. the emission
front is no longer located at the divertor target where Lpol = 0) which is used
as output of the system. The piezo-type gas valve (Burell, Ahlgren, and Crosbie
1997) that controls Γpuff has its own internal feedback controller aiming to track
a gas puff request. We directly control the voltage on the piezo valve: Higher
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voltage increases the gas flow, as the valve opens further. Besides Γpuff several ex-
ternal parameters may intervene and affect Lpol. Particle removal in the divertor
is dominated by absorption by the first wall material, known as wall pumping,
which cannot be actively controlled. The variations in the heat flux from the
core plasma q‖ are considered to be another unknown disturbance. Significant
additional disturbances on Lpol are present due to coupling with the vertical po-
sition of the plasma and, depending on the plasma conditions, instabilities like
ELMs and sawteeth, which can temporarily disturb Lpol by changing the carbon
emission profile.

The dynamic multi-dimensional relationship between Γpuff and Lpol is simpli-
fied in a one-dimensional control problem, which is expressed in abstract form in
Fig. 5.4. Modifying Γpuff results in a strongly correlated response of Lpol, which
needs to be captured in an FRF. This is shown bounded by the grey box in Fig. 5.4
and describes the combined dynamics of gas valve, plasma, and camera.

System identification provides a framework to efficiently sample frequency
points in a system’s FRF. This measurement allows direct controller design via
loopshaping, and verification of the accuracy and applicability of existing dy-
namic transfer function models (Pintelon and Schoukens 2001). In principle both
an FRF measurement or a transfer function model can be used for offline con-
troller design with loopshaping. However, in this particular case, the transfer
function model is preferred as the FRF measurement consists of a limited num-
ber of frequency data points. Therefore, a simple transfer function model is fitted
through the measured FRF points, which is then used for subsequent controller
design. After controller tuning and assessment, the controller (in red in Fig. 5.4)
connects the same two channels Lpol and Γpuff previously used for system identi-
fication in a closed-loop.

5.2.4 Choice of gas valve excitation signal

A dynamical system is often characterized by applying a perturbation to its in-
put. Applying a kick or white noise perturbation allows an identification of
the entire frequency response function for all frequencies (Pintelon and Schouk-
ens 2001). The applied energy for these perturbations is distributed, however,
over the whole spectrum, often leading to poor signal-to-noise ratio (SNR) per-
formance in the output that comprises the FRF. This especially holds for sys-
tems with significant external disturbances on the measurement, such that the
applied perturbation becomes indistinguishable from the experimental fluctua-
tions. While these disturbances on Lpol are generally significantly faster than e.g.
the MANTIS measurement or the gas valve, they worsen the FRF content in the
lower frequency range of interest due to effects like ghosting and/or aliasing (Mal-
lat 2008). Although the SNR would be improved by longer measurement times,
a typical plasma discharge on TCV lasts 1.5 seconds. As appropriate measure-
ment time is therefore both expensive and short, and significant disturbance on
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Lpol is present, it becomes more appropriate to maximize the input energy den-
sity of the perturbation signal in the relevant frequency range to maximize the
SNR. Therefore, a multisine signal on the input side was chosen that only excites
specific frequencies (Schoukens, Godfrey, and Schoukens 2018). The choice for
such a signal leads to higher a priori design effort and less frequency points in the
final FRF, but is strongly justified by the improved SNR.

 

-

+

Fig. 5.4 – Schematic representation of system identification and feedback con-
troller. A simplified, one-dimensional cartoon of the dynamic SOL plasma (Fig. 5.1)
under consideration. The dynamic response of Lpol upon fueling needs to be character-
ized for feedback controller design. Even though many parameters affect the divertor
plasma, only the input-output behavior in the grey box has to be captured by a transfer
function model. This transfer function model then describes the combined linearized
dynamics of the gas valve, plasma, and camera system.

5.2.5 Experimental plasma scenarios

Two sets of experiments were performed: An L-mode scenario, and an H-mode
scenario, which employed 850 kW of additional neutral beam injection. The di-
vertor plasma dynamics are known to differ between L-mode and H-mode (Leo-
nard 2018), calling for separate system identification for each case. A significant
high frequency disturbance on Lpol can result from ELM activity in the H-mode
scenario. The ELM size progressively decreases for the scenario used here, end-
ing in the attractive ‘small-ELM’ regime, where the ELM strength is relatively
small (Labit et al. 2019). During all experiments a core density feedback con-
troller was used together with a programmed density ramp to bring the divertor
plasma to a sufficiently cooled state. The output of this controller is then frozen
and the perturbation signal started. This perturbation (schematically shown in
Fig. 5.4) is summed with a feedforward waveform that keeps the core density
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approximately constant. The SNR was maximized by employing an optimized
perturbation, whose design is discussed in Sec. 5.4.

5.2.6 Perturbative measurements and transfer function estimation

Fig. 5.5 shows the results of the perturbation experiments in both the time and,
by applying the Discrete Fourier Transform (DFT), the frequency domain for all
considered cases. The response of the divertor plasma in terms of Lpol is shown in
red, and the gas valve perturbation signal in black. In the experiment, this zero-
mean perturbation is summed with a feedforward gas trace that keeps the core
density approximately constant. The total signal that is sent to the gas valve in
these experiments is therefore always positive. For all studied cases, the response
of the plasma is dominantly linear, as the largest response on the output side is
at frequencies that match the input (Pintelon and Schoukens 2001) in the DFT.
However, as discussed, significant uncertainty is present on the signal due to ver-
tical plasma displacement and sawteeth (L-mode) with additional contribution
from ELM disturbances for the H-mode case. The magnitude of the total noise,
including originating from less well-known sources, is estimated in the DFT by
averaging the response for frequencies higher than 1/4 of the sampling frequency.
A black dashed line shows this noise floor estimate. During the unbaffled L-mode
experiment, Fig. 5.5a, MANTIS was operating on 200 Hz instead of 800 Hz, con-
tributing to a higher noise level compared to the baffled L-mode.

A comparison between experiments in terms of the DFT leads to the obser-
vation that nonlinear contributions of ELMs to the system dynamics result in
significantly higher responses at non-excited frequencies (van Berkel et al. 2020)
compared with the ELM-free L-mode case. These responses are clearly above
the indicated noise floor, but well below the response at excited frequencies. In
all experiments, a decrease in plasma response amplitude at higher frequencies
(known as roll-off) is apparent. This indicates a system that is significantly slower
than the typical time-scales of plasma processes. Combined with the significant
overall system delay, this limits the bandwidth a possible feedback controller can
achieve (Skogestad and Postlethwaite 2005). From these identification experi-
ments two important conclusions can be drawn: 1) The disturbance on the mea-
surement due to vertical plasma oscillation, sawteeth and/or ELMs, and other
sources is significant. However, as we applied suitable multi-sines as perturba-
tion signals, we could raise the responses at the applied frequencies well above
the noise floor in the DFT. 2) Especially for the H-mode experiment in c, Lpol

is significantly drifting upwards in time. Further, a transient effect in the early
phase of the measurement is apparent in the DFT, leading to a high response at
frequencies below the lowest excited frequency (Pintelon and Schoukens 2001).
Both effects need to be accounted for in subsequent data processing to obtain
the FRF. Here, we apply the Local Polynomial Method (LPM) to estimate the
transient and drift effects in the data (van Berkel et al. 2020). Then, the FRF is
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Fig. 5.5 – System identification experiments. Overview of system identification
results as obtained on the TCV tokamak. Each separate measurement plot contains
as a top trace the time evolution of the multi-sine perturbation (black) and response
in the emission front Lpol (red). In the experiment, the perturbation is summed with
a feedfoward waveform to yield the total (always positive) gas valve command. Each
bottom plot shows the Discrete-Fourier transform (DFT) of the perturbation (black)
and the plasma response (red), a dashed black line shows an estimate of the noise floor.
This noise floor in the unbaffled L-mode experiment a is high due to the lower (200
Hz) MANTIS frame rate. The baffled L-mode experiment b has the highest SNR with
MANTIS running at 800 Hz. In contrast, the H-mode experiment (in c) shows a
high measurement noise floor due to the additional disturbance in the form of ELMs,
which also cause significant contributions at non-excited frequencies. Furthermore,
the plasma response is overall evidently smaller compared to the L-mode cases in a
and b. Finally, the less favorable experimental conditions in H-mode lead to a more
pronounced drift of Lpol over time in c, which is compensated in further analysis.

obtained by taking the ratio of the DFT of Lpol( f ) and Γpuff( f )with the estimated
transient and drift effects removed.

Fig. 5.6 shows the obtained FRFs for all experiments, as obtained with the
LPM. The differences in dynamic response between experiments are minor, and
appear to be mostly in the steady-state gain of the FRF. One aspect of the fre-
quency response characteristic is reflected in the phase of the FRF, i.e. the phase
difference between Lpol(t ) and u(t ), Fig. 5.6b. We observe that the dynamics we
measure are considerably different from that expected from standard gas-valve
dynamic models alone. Such gas valve models are often in rational form (Raven-
bergen, Felici, et al. 2018) and have a low, finite number of poles and zeros in
their transfer function model. For such rational systems provided they are linear
and minimum-phase (Skogestad and Postlethwaite 2005), each pole results in a
-20 dB/decade gain change and -90° phase change. Therefore, a first order sys-
tem (with one pole) has a slope of 0 for frequencies below its pole, whereas for
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-10dB

-20dB

Fig. 5.6 – Overview of estimated frequency responses. Magnitude (a) and phase
(b) of the FRFs of all perturbation studies as obtained with the LPM (van Berkel et
al. 2020): Unbaffled L-mode #63163 baffled L-mode #65305, and baffled H-mode
#65309. The gain of the H-mode experiment is lower and close to the unbaffled L-
mode case. The phase characteristic of all FRFs is reminiscent of an irrational transfer
function model (Söderström and Bhikkaji 2000). 2σ -Error bars are calculated from
the LPM (van Berkel et al. 2020).

higher frequencies the slope is -20 dB/decade (accompanied by a phase of -90°).
However, we measure (within the frequency window) an approximately constant
magnitude slope of -10 dB/decade (Fig. 5.6a), with gradual phase decrease start-
ing from ∼45° at our lowest excited frequency (Fig. 5.6-bottom). This indicates
an irrational transfer function model, originating from a partial differential equa-
tion (Söderström and Bhikkaji 2000; Curtain and Morris 2009). Although this
may merit further investigation, more identification experiments are needed to be
conclusive. We therefore focus on robustness and stability over performance in
the proof-of-principle control design by fitting a simple gain-delay transfer func-
tion model through the obtained FRFs. This transfer function model is of the
form:

SΓpuff→Lpol
( jω) =Ke−θ jω, (5.1)

where K denotes the open-loop gain, and θ the total time delay of the system.
The frequency ω is in radians/second. As such, the delay θ incorporates the
total delay from gas valve signal to actual front position in a simplified descrip-
tion, allowing subsequent feedback controller design with sufficient stability mar-
gins (Skogestad and Postlethwaite 2005). This controller design and its applica-
tion are discussed next.
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5.2.7 Feedback control experiments

In the following we will show the achieved feedback control results of the C-III
emission front for two plasma discharges. With all L-mode and H-mode trans-
fer function models identified, the loopshaping method was used to tune three
proportional-integral (PI) controllers on Eq. (5.1) for the various configurations
in Fig. 5.5. The PI controller has the following FRF:

C =Kp
jω+Ki

jω
, (5.2)

in which Kp denotes the controller gain, and Ki the zero (cut-off frequency) of the
integral action. The controllers were designed to achieve a closed-loop bandwidth
of 7 Hz. This choice of bandwidth allows sufficient performance for clear ref-
erence tracking of Lpol during the experiment, and simultaneously, sufficient ro-
bustness in terms of phase margin (Skogestad and Postlethwaite 2005). To achieve
the same bandwidth for both confinement regimes, the controller gains were ad-
justed to compensate for the differences in the identified system gain K and delay
θ in (5.1). The additional integral action in the controller increases tracking per-
formance in the low-frequency range, but has a zero to reduce the lowering of
the phase margin for frequencies around the bandwidth. For the H-mode exper-
iment, a low-pass filter (with its passband edge frequency at 40 Hz) was added to
reduce the influence of high frequency ELM disturbances on the tracking error.
Like in the identification experiments, in the feedback control experiments the
output of the core density feedback controller is frozen when the plasma is signif-
icantly cooled (i.e. Lpol is between the strike point and the target). The total gas
valve command is therefore the sum of the pre-programmed feedforward wave-
form and the feedback control command using the MANTIS-computed Lpol. Var-
ious reference tracking experiments were performed in both confinement modes.
The controller performed as expected upon its first implementation, following
its design from data obtained in the same scenario and frequency range.

Figs. 5.7 and 5.8 summarize the results of two of these experiments. An
H-mode discharge with a stair-case reference, and an L-mode experiment with
bump-like reference. From left to right, we show the following: a A time slice
of the raw C-III filtered MANTIS frame near the end of the discharge, with the
region-of-interest used for detection, the detected divertor leg, and the emission
front indicated. b The mapping of the divertor leg to the TCV cross section,
and the comparison to (offline) magnetic equilibrium reconstruction (Hofmann
and Tonetti 1988). c The requested trajectory of Lpol (blue), and the MANTIS
reconstruction (orange). Finally, in d the feedforward waveform of the gas valve
(yellow), and the total gas command (feedforward and feedback) is shown in pur-
ple.

In both experiments, the feedback controller clearly tracks the requested emis-
sion front position by strongly modifying the pre-programmed gas flux. Nev-
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Fig. 5.7 – H-mode feedback control results. Feedback control of the C-III emission
front in H-mode confinement for a stair-case like reference trajectory. a Snapshot
of a MANTIS image with region-of-interest, detected emission front, and divertor
leg. b Mapping of the detected divertor leg and front to the poloidal cross section of
TCV, together with the (offline) LIUQE magnetic equilibrium reconstruction of the
separatrix (Hofmann and Tonetti 1988). c Reference tracking with the requested Lpol
in blue, and real-time reconstruction in orange. The controller is active from t = 0.8
s onward. The ELM size and frequency change during the discharge due to the increase
in core density, leading to a progressively smaller disturbance on the emission front
measurement. d The gas valve feedfoward waveform in yellow, with superimposed
feedback control signal in purple. The delivered NBH power is plotted in blue.

Fig. 5.8 – L-mode feedback control results. Feedback control of the C-III emis-
sion front for bump-like reference trajectory in L-mode. These experiments were per-
formed with MANTIS running on a lower 200 Hz, leading to a lower SNR. The
feedback controller is active from t = 0.6 s onward. Plot d shows how initially the
gas flux is increased to move the front upwards, followed by a decrease of gas to move
the front back down.
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ertheless, as for the identification experiments, considerable fluctuations in the
emission front position are present, originating from sources that are mostly out-
side the algorithm itself (see (Ravenbergen, van Berkel, Silburn, et al. 2020) for
details). For the L-mode experiments, these originate from vertical position fluc-
tuations of the plasma, with further contributions from the sawtooth activity.
The sawtooth frequency is higher than the 200 Hz MANTIS frame rate for this
unbaffled experiment, so the SNR worsens due to aliasing and ghosting effects.
For H-mode cases, running at 800 Hz, significant disturbances arises from ELM
activity. During the experiment ELMs of various sizes occurred, which is clearly
reflected in the size of Lpol disturbance. The changing ELM size is further high-
lighted in Fig. 5.9 which shows the time trace of the vertical photodiode (PD)
signal and the plasma line averaged core density ne. The ELM size, reflected by
the height of the peaks in the photodiode signal, significantly decreases during
the discharge and is related to the increase of the plasma density.

Fig. 5.9 – Edge Localized Mode evolution. a Time trace of the vertical photodiode
(PD, equipped with with Dα-filter) for TCV discharge #65329. The varying ELM size
over the course of the discharge is reflected in the amplitude of the photodiode signal.
b Evolution of the line averaged core density ne as measured by interferometry.

5.3 Discussion

In this paper we have identified the dynamic relationship between the gas valve
command and the location of the C-III emission front during tokamak opera-
tion. The approach of using tailored perturbation signals in a system identifi-
cation procedure has enabled reliable estimation of the local dynamics with lit-
tle experimental time. These estimates then allowed offline feedback controller
design. By applying the resulting feedback controllers in real-time, a requested
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reference position for the emission front could be successfully tracked in both L-
and H-mode, demonstrating control of a cool divertor state.

This paper reports on the real-time use of a spectral imaging diagnostic to in-
fer the divertor plasma state. The use such a diagnostic for control purposes has
some advantages over existing methods. Firstly, our approach yields a 2D spatial
measurement of the temperature in the divertor, which is compatible with other
heat load mitigation techniques like strike-point sweeping (Reinke et al. 2019).
Additionally, a full 2D view is relevant as it has become clear that the onset of de-
tachment is driven from a high density, low temperature region in the private flux
region (Lipschultz, Terry, et al. 1999). This makes analysis of diagnostics with
a small measurement volume (e.g., Thomson scattering) or with a line-of-sight
across the divertor leg (like bolometry or AXUV) challenging. Secondly, MAN-
TIS’ line of sight is tangential to the plasma, such that (real-time approximations
of) inversions are not necessary for control purposes. As such, sampling frequen-
cies up to 800 Hz are achieved, which is significantly faster than e.g., Thomson
scattering (∼50 Hz (Eldon, Kolemen, Barton, et al. 2017)), but somewhat slower
than AXUV photodiodes at 1 kHz (Bernert et al. 2020). Thirdly, MANTIS en-
ables control in attached, marginally/partially detached, and (strongly) detached
conditions, which is not the case for target probes (only attached or marginally
detached), or AXUV photodiodes (only detached) (Xu et al. 2020; Bernert et al.
2020).

Carbon, used as a first wall material on TCV and the source of C-III emission
in the experiments presented here, is not a suitable first-wall material or seed-
ing species for future nuclear devices (Loarer, Brosset, et al. 2007). This proof of
principle work will therefore be extended to the control of emission fronts from
other radiating species. Metal-walled machines will require some kind of impu-
rity seeding to detach, whereas the presented feedback loop in this work has, to
date, only employed the plasma main ion species where there is a strong link be-
tween the plasma core density and the radiation front position. The capabilities
of the MANTIS diagnostic and the methodologies presented here are well suited
to allow tailoring of the radiation distribution in the SOL with multiple impurity
lines and/or species. Actually, a system with the same properties as MANTIS on
TCV is already under construction for the MAST-U tokamak (Harrison, Akers,
et al. 2019), to gain new insights in the detachment dynamics and achievable con-
troller performance for significantly different divertor designs.

5.4 Methods

5.4.1 Perturbation signal design

In our system identification experiments we use a tailored excitation signal that
aims to maximize the signal-to-noise ratio. Our choice for such a perturbation
signal is a multisine waveform. This multisine is characterized by a number of
discrete excited frequencies within a bandwidth, and their precise frequencies,
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amplitudes, and phases. We briefly discuss the method to design these parameters
for our specific experiments with the procedure and mathematical background
described in more detail in (Pintelon and Schoukens 2001).

Frequency range The range of possible frequencies for the multi-sine pertur-
bation signal is limited. The lowest (fundamental) frequency is set by the mea-
surement time (< 1 s) and the chosen number of averaging windows (two in this
case) whereas the highest frequency is constrained by the gas valve, which was
identified in a separate experiment: for frequencies higher than 50 Hz the valve
is unable to follow the requested trace. Furthermore, earlier experiments indi-
cated that the total expected plasma response time after a sudden increase in gas
injection is in the order of 15 ms (Ravenbergen, van Berkel, Silburn, et al. 2020),
additionally limiting the available frequency range.

Number of frequencies Choosing fewer frequencies in the multi-sine pertur-
bation signal results in a higher SNR per excited frequency, but less informa-
tion to construct the FRF. Here, the number of applied multi-sine frequencies
was chosen differently for the L-mode and H-mode experiments: The additional
ELM disturbance in H-modes lowers the SNR, so fewer input frequencies, 3 in-
stead of 4, were chosen.

Frequency selection Common nonlinear system dynamics lead to clear contri-
butions in measured system response at non-excited frequencies, particularly at
integer multitudes (harmonics) of the excited frequencies (Pintelon and Schouk-
ens 2001; van Berkel et al. 2020). To disentangle and quantify such effects in
the measurement, some harmonics are removed in the perturbation (Schoukens,
Godfrey, and Schoukens 2018). Choosing integer harmonics of the fundamental
frequency ensures that all harmonics fit exactly into the measurement window.
Fig. 5.5 summarizes the selected frequencies for the various experiments.

Amplitude The amplitude of the perturbation must be sufficient to obtain a
detectable response. It must, however, remain small enough for the response to
be (dominantly) in the linear regime. In this particular case, further constraints
require that the measurement avoid reattachment and excitations close to the X-
point, where the estimation of Lpol is known to fail (Ravenbergen, van Berkel,
Silburn, et al. 2020). The amplitude for the H-mode experiments was chosen
higher due to the expected lower sensitivity to fueling.

Phases The phases of the harmonics were calculated via crest factor optimiza-
tion (Pintelon and Schoukens 2001). The crest factor C of a perturbation signal
u(t ) is defined as the ratio of the squared peak value of u over its energy, i.e. the
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∞-norm of u over the 2-norm:

C f =
‖u‖∞
‖u‖2

∼
peak value
penergy

(5.3)

Changing the phases of the harmonics in u(t )whilst keeping the same amplitude
spectrum leads to different ‘peakedness’ in the perturbed signal, and hence in C f .
For a given amplitude, the lowest crest factor corresponds to a maximized energy
put into the system, while minimizing the displacement of (in this case) Lpol. This
maximizes the SNR for a given displacement, as is desired. We apply the common
approach of taking the lowest crest factor given a large number of random phases
in the multi-sine with set frequencies (Pintelon and Schoukens 2001).

The resulting system response to this tailored perturbation signal is shown in
Sec. 5.2.
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Chapter 6

Analysis of plasma emission in the
divertor

Impurity radiation is an efficient power loss process that can facilitate the access
to detached conditions by lowering the plasma temperature in the SOL. In ma-
chines equipped with carbon plasma facing components, for example TCV, and
in the absence of seeding, impurity radiation in the divertor is dominated by car-
bon (Theiler et al. 2017). The C-III emission line is therefore often used as a
proxy of a low temperature region during detachment on TCV (Février, Theiler,
Harrison, et al. 2020; Theiler et al. 2017; Harrison, Theiler, et al. 2019). The pre-
cise temperature of the C-III emission front, however, might change during the
evolution of detachment. The feedback experiments that are shown in Chap. 5.2
induce particularly fast movement of the C-III emission front, providing a unique
opportunity to further study this emission as a parameter to quantify the di-
vertor state. Such an analysis is presented in this chapter. Nitrogen emission
is then introduced in Sec. 6.2 as additional impurity emission front, after which
the promising Balmer series to approximate the ionization front are discussed in
Sec. 6.3.

6.1 Carbon emission in the divertor

In principle, emission fronts of impurity species like carbon or nitrogen act like
a spatial temperature sensor, as various charge states radiate at different temper-
atures. This is shown for carbon in Fig. 6.1a)− c). As such, when the divertor
plasma temperature changes, in theory, specific emission regions move to a dif-
ferent spatial location. However, Fig. 6.1a)− c) assume coronal equilibrium in
the plasma, implying that impurity species are confined long enough for spon-
taneous radiative decay to dominate de-excitation (Fantz 2006). In reality, the
plasma conditions are more challenging: in the divertor, the residence time τ of
impurity species can be below 1 ms such that coronal equilibrium is usually not

101
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established (Kallenbach, Bernert, Dux, et al. 2013).
Based on Fig. 6.1c , the C-III emission front in coronal equilibrium condi-

tions should lie in the temperature range in which C-III (C 2+) emits, i.e. 3-10 eV.
Shorter τ broadens this range (cf. Fig. 6.1 f )). The residence time depends on the
divertor conditions, which change during the discharge. As such, in addition to
the broadening of emission for a given finite residence time, the broadening in
itself might change during the detachment onset when the conditions setting τ
are evolving. In addition, the curves in Fig. 6.1 are calculated using a constant
electron density of 1× 1019 m−3, while in reality a minor density dependence is
observed (Henderson et al. 2017).

In practice, however, the effect of non-coronal enhancement appears to be
minor: In SOLPS simulations, the temperature of the C-III fronts corresponds
to 9-11 eV (Smolders et al. 2020), and experiments yield 5-8 eV (Theiler et al.
2017). In addition, there is in fact a strong link between the target conditions
and the location of the C-III emission front, which will be discussed in the next
section.

6.1.1 The relation between C-III and the target conditions

Even though the precise temperature of the C-III front is uncertain, there is a
strong and experimentally observed relation between the position of the C-III
emission front and the heat flux on the target qt , evidently an important parame-
ter for target survival. This relation is shown for the feedback controlled L-mode
discharge #65349 in Fig. 6.2.

Fig. 6.2 shows that when the C-III emission is positioned further away from
the target, lower peak- and integrated target heat fluxes are achieved. While this is
an important requirement for target survival, it is generally not sufficient: an ad-
ditional reduction in particle flux is expected to be necessary (Sec. 3.1). Achieving
a particle flux reduction is discussed in the remainder of this section.

In Fig. 6.3 important parameters setting or characterizing the divertor state
are plotted for TCV discharge #65349. This includes the target particle flux Γt ,
the average core density, line integrated Dα- emission (a measure for total ioniza-
tion and recombination in the plasma), and Γt/〈ne〉. Similarly, a controlled den-
sity ramp experiment is shown in Fig. 6.3-right, which employs a similar plasma
scenario.

On first glace, it appears that the particle flux rolls over when the C-III emis-
sion front moves upwards. However, the particle flux is a strong function of the
density. During the feedback experiment, the density is evolving significantly
together with the C-III emission front. It is therefore necessary to correct for
changes in the particle flux that are due to changes in density, which is done in
the following paragraph.

In the two-point model Eq. (1.2), in the absence of significant loss factors, the
target particle flux is a quadratic function of the upstream density. Detachment
is therefore often experimentally characterized as a deviation of the particle flux
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Fig. 6.1 – Plots (a), (b), and (c) respectively show the line power coefficients (or PLT co-
efficients), the fractional abundance, and the total cooling coefficient for each carbon
charge state. The graph in (c) is the product of figures (a) and (b), and shows the contri-
bution of each charge state to the overall radiative loss (in black). Figure (d) is a repeat
of (a), but only focusing on the PLT coefficient for C-III (or C2+). Similarly, figures (e)
and (f), respectively, show the fractional abundance and cooling coefficient for C-III
alone, with the different dashed lines corresponding to a finite residence/confinement
time of the ions of 100, 1, and 0.1 ms. All graphs have been calculated at constant
electron density 1× 1019 m−3 and using ADAS year 96 data for carbon. Figure and
analysis kindly provided by S. Henderson, CCFE, UK.
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Fig. 6.2 – Top: Shown are the feedback controlled C-III emission front position and
its reference, including the time window when control was active. Middle and bot-
tom: time evolution of the peak target heat flux (middle) and total integrated power
(bottom) from the VIR-camera diagnostic. Evidently, moving the C-III front upwards
leads to both a lower peak and integrated heat flux. VIR diagnostic data kindly pro-
vided by C. Colandrea, SPC-EPFL.

from this quadratic scaling (Loarte, Monk, et al. 1998). However, on the TCV
tokamak, this dependence is actually found to be linear due to an observed loss
of upstream plasma pressure during detachment (Verhaegh, Lipschultz, Duval,
Février, et al. 2019). Therefore, assuming the upstream density is linearly depen-
dent on the core density, a flat Γt/〈ne〉 over the discharge duration is a strong
indication that the TCV target conditions are dictated by the upstream plasma.
Conditions where the downstream conditions are dictated by the upstream pa-
rameters are characteristic for an attached plasma. Similarly, a deviation from a
flat ratio indicates that the local plasma conditions in the divertor start to mat-
ter in dictating the particle flux, and it is generally assumed that a sharp drop
indicates plasma detachment. In the bottom plot in Fig 6.3, the ratio is flat for
the feedback controlled experiment, whereas the density ramp is detaching near
the end of the discharge. Note, however, that the core density corresponding to
the detachment onset in the density ramp experiment is only marginally higher
than the highest density achieved in the feedback experiment. Such conditions,
signaled by a sharp drop in Γt/〈ne〉, only exist for a C-III emission front position
close to the X-point. It is challenging in these high positions to distinguish the
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Fig. 6.3 – Left: L-mode feedback experiment #65349 with challenging reference for
C-III (top panel). Target particle flux Γt , average core density, top-view photodiode
with Dα-filter, and Γt/〈ne〉 are plotted in the panels below. As the latter remains
flat throughout the shot, the plasma was not fully detached. Right: time evolution of
TCV discharge (#64333) with a similar scenario but core-density controlled, having
a ramp in 〈ne〉 as reference. This discharge shows a clear drop in Γt/〈ne〉, indicating
detachment is achieved.
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emission of the front region from emission in the (most often) bright X-point
region, as these regions effectively largely overlap. This makes reliable detection
of the emission front location difficult, see also Sec. 4.3.

In summary, while the precise temperature of the C-III emission front is un-
certain and might change during the discharge, upwards movement of C-III is
strongly correlated to a reduction in target heat flux. The particle flux roll-over
is only achieved for higher front positions where the assumptions underlying the
detection algorithm start to break down. Furthermore, as discussed before, car-
bon is undesirable as wall material in a reactor environment as it porous struc-
ture leads to unacceptable tritium retention (Loarer, Brosset, et al. 2007). As
such, tungsten is currently foreseen for ITER and DEMO, which radiates at much
higher temperatures than typically arise in the SOL. Therefore, other measures
of detachment are necessary in future feedback control implementations, for ex-
ample nitrogen emission. This emission front is discussed in the next section.

6.2 Impurity emission from nitrogen

In metal-walled machines, active impurity seeding is used to induce radiation in
the divertor and convert a portion of the incoming power (Kallenbach, Bernert,
Dux, et al. 2013). One of the foreseen seeding species is nitrogen, whose radiative
properties are similar to carbon. As such, nitrogen-seeded detachment experi-
ments are widespread on tokamaks today (Février, Theiler, Harrison, et al. 2020;
Kallenbach, Dux, et al. 2010; Brunner, Burke, et al. 2016). During nitrogen seed-
ing experiments on TCV, the MANTIS diagnostic (Sec.1.5.4) is equipped with
N-II filters of typically two wavelengths: the dimmer but less contaminated 399
nm line and the brighter 458 nm line, which is contaminated by neighboring car-
bon and oxygen emission lines. In Fig. 6.4 the detached divertor plasma as seen
through a N-II filter at 399 nm is shown next to the C-III image. Emission in
N-II extends longer along the divertor leg towards the target, but is otherwise
similar in its image feature. Detection using the established methods in Chap. 4
is therefore straightforward.

Emission front analysis of N-II is peformed in Fig. 6.5, which shows the time
evolution of the N-II emission front together with C-III. The seeding time trace
and core density are indicated as well. The positions of the two emission fronts
are poloidally separated by a few centimeters. However, the N-II emission front
has a different ramp-rate earlier in the discharge, which appears to match the seed-
ing ramp. Even though the density remains relatively constant, the C-III front is
moving upwards. This indicates that the movement of N-II and C-III are coupled
upon seeding. In the bottom plot, a strong indication of detachment is apparent
in the significant drop in Γt/〈ne〉, the ratio between particle flux and core density.
Note, however, that an H-L back transition occurs after approximately 1.4 s in
discharge #65313, leading to the clear drop in density. This back transition was
confirmed by checking the estimated stored energy from the diamagnetic loop
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C-III N-II Dα /Dε

TCV #65234, t=1.5 s

Fig. 6.4 – A detached, nitrogen seeded divertor plasma as seen through C-III (left)
and N-II (middle) filters. The image on the right shows the raw ratio of D2

α/Dε, which
forms a proxy for ionization in the divertor. While the location along the divertor
leg is different, the features are similar, making detection straightforward.
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signal (DML, not shown).
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Fig. 6.5 – Time evolution of the location of the N-II and C-III emission front during
seeded discharges #65234 (left, L-mode) and #65313 (right, H-mode before 1.4 s). The
nitrogen seeding and core density fuelling time traces are indicated. The divertor is
detached, apparent from a sharp drop in the ratio between particle flux and density
Γt/〈ne〉.

6.2.1 Nitrogen in a reactor environment

The applicability of nitrogen as a seeding species in a future reactor is hemmed
by the formation of tritiated ammonia. Such a formation may lead to limitation
of the achievable duty cycle, since the permissible amount of tritium is strictly
limited (Pitts, Bonnin, et al. 2019). One promising method to extract tritium
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from ammonia, thereby increasing the duty cycle, is catalysis-driven isotope ex-
change, which is not yet assessed to be applicable in tokamaks, but is widely stud-
ied within pharmaceutical chemistry (Perillo 2019).

Furthermore, the amount of nitrogen that is necessary to yield sufficient cool-
ing in the divertor might be significantly smaller than previously assumed, po-
tentially increasing the duty cycle. Molecular hydrogen is known to increase
recombination via a process known as molecular assisted recombination (MAR),
reducing the expected seeding levels that are required for a given power and parti-
cle flux reduction (Perillo et al. 2019). Additional studies are therefore necessary
to assess how this MAR-process scales for a larger machine.

6.3 Emission from Balmer lines

The emission lines associated with higher excitation stages of hydrogen decay-
ing to the second principal level are known as the Balmer series. Such lines are
widely studied in divertor plasma physics and give insight into ionization pro-
cesses that are taking place in the divertor volume (Verhaegh, Lipschultz, Duval,
Fil, et al. 2019). Of particular interest in this thesis are Dα and Dε, which can be
used to approximate the location of the ‘ionization front’, whose lifting from the
divertor target has been directly linked to a reduction in the particle flux (Ver-
haegh, Lipschultz, Duval, Février, et al. 2019). Roughly speaking, emission in
Dα is dominated by ionization and recombination processes, whereas emission
in Dε is mostly due to recombination alone. Therefore, in a simplified picture,
the contribution of light in Dα due to recombination at the target can be ex-
cluded by using the ratio Dα/Dε as a weighting on the original Dα-image. This
then yields D2

α/Dε, a resulting proxy for ionization in the divertor. Fig. 6.4, the
right image shows this ratio in the raw camera data, clearly providing a feature
similar to the emission fronts in N-II and C-III. With modest tuning, the emis-
sion front detection algorithm can be used to infer the location of the ionization
front in real-time, which would provide a new relevant control parameter. In
Fig. 6.6 post-shot analysis of the this proxy for the ionization front is shown for
a feedback controlled discharge of the C-III emission front. The C-III emission
front and its reference are shown in red and blue respectively, and the approxi-
mate position of the ionization front is shown in yellow.

It is interesting to note that the ionization feature remains closer to the diver-
tor target compared to the C-III impurity emission front, as ionization processes
are typically significant at lower temperatures. This explains why the impurity
emission front(s) need to be relatively high up in the divertor leg before the roll-
over in the particle flux is observed, as the latter is more strongly correlated to
ionization front movement (Verhaegh, Lipschultz, Duval, Février, et al. 2019).

A sufficiently fast implementation of a scheme to detect the poloidal location
of the ionization front on the MANTIS hardware is plausible, since each camera
has its own real-time thread (Perek et al. 2019) enabling camera processing in
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Fig. 6.6 – C-III Emission front position (red) and its reference (blue), and the D2
α/Dε-

proxy for the position of the ionization front for TCV #65349 in yellow. The position
of the ionization front is clearly lower than C-III, but nevertheless follows the same
trend upon rapid fueling changes.

parallel. An additional thread is available to separately calculate the line ratio.
However, before this proxy for the ionization front can be used in real-time, a
few points need to be addressed.

Firstly, for the analysis in Fig. 6.6, the influence of camera distortion on the
line ratio is neglected. In reality, since two different cameras are involved in the
ratio, the images are slightly misaligned. This could affect the subsequent analysis
of determining the location of the emission front. It therefore remains to be
investigated whether image distortion correction for each separate image in the
line ratio is strictly necessary before performing the actual division. Correcting
all pixels in the region-of-interest for distortion is significantly slower than only
correcting the detected divertor leg pixels (the approach followed before), which
could lead to significant processing delay in the analysis. This could cause the
algorithm to lose its real-time capability.

Secondly, the validity of the D2
α/Dε-proxy to infer the ionization front loca-

tion should be rigorously compared to other diagnostics such as spectroscopy to
fully assess its applicability across plasma scenarios and devices.



Chapter 7

Preview on the future of
detachment control

This chapter provides an outlook on detachment control in future fusion reactors
and what is required to reach such control. In the previous chapters, advanced
methods to control the impurity radiation front in the divertor have been pre-
sented in detail. However, these chapters also show that many open questions
remain before the methods that are developed in this thesis can be routinely ap-
plied on a high-power, next generation machine. In this section an outlook will
therefore be provided on the necessary steps to embed the methods presented in
this thesis in such machines. This chapter is organized as follows. In Sec. 7.1
possible methods to obtain dynamic detachment models for controller develop-
ment are introduced. In Sec. 7.2 and Sec. 7.3 respectively, the options for reactor
relevant diagnostics and actuators are explored. Finally, in Sec. 7.4 the road to
integrated control of the divertor state is discussed.

7.1 Detachment dynamics in future devices

Reliable, high performance controller design requires a dynamic model. Obtain-
ing such a model for a next generation device is challenging, as the relevant dy-
namics need to be scaled to future machines. This extrapolation of detachment
dynamics to ITER and beyond is uncertain due to the large step in size and power.
It is therefore not yet clear if current observations of the detachment dynamics
will hold for larger machines. ITER will gradually increase the plasma current
and heating power during its first years of operation before reaching fusion power
operation (FPO) (ITER Organisation 2018). This will, in theory, allow detach-
ment control to mature in phases where reattachment is less perilous, before the
FPO phase. In fact, only in the FPO phase the unmitigated heat loads are ex-
pected to be high enough to attain the engineering limits (ITER Organisation
2018, App. C), relaxing detachment control requirements during the first years
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of operation. However, the controller implementation must (still) be scaled from
lower power operation to the full performance FPO, which could be challenging
as it is still unclear how the detachment dynamics change across plasma scenarios,
even within the same machine.

In general, a control-oriented model can be obtained from dynamic measure-
ments or first principle based modeling. In practice these extremes often overlap,
and dynamic measurements are commonly used to estimate parameters in a phy-
sics-based model. In this section, some of the challenges involved with obtaining
a model from first-principles or system identification are discussed. Then, the
influence of ELMs on the detachment dynamics are highlighted.

7.1.1 Control-oriented modeling for detachment

Physics-based control-oriented models have proven to significantly reduce the
machine time required for controller tuning while guaranteeing a certain level of
controller performance (Felici, Kudlacek, et al. 2018; Blanken et al. 2018). If such
a model can be build for future machines, most (if not all) of the controller design
and testing can be done in simulation. Increasingly complex models allow inclu-
sion of more physics details, up to a full simulation of a discharge on the actual
target hardware (Anand, Galperti, et al. 2017; Walker et al. 2015). In general, such
control-oriented models include simplified physics, and must be dynamic in the
sense that a time dependence is explicitly taken into account. To date, one-dimen-
sional models of the SOL are promising, as they are sufficiently lightweight to be
run in real-time (Kinkelder 2019). An example of such a model is SD1D (Dudson
et al. 2019), which includes a 1D power, momentum, and particle balance for the
SOL. So far, this model has been solely used to obtain machine-independent phy-
sics insight into detachment, but could potentially be tuned such that its dynamic
predictions match experiments.

7.1.2 System identification experiments

Perturbative studies have to be performed in high-performance discharges in case
predictive dynamic modeling alone is too challenging to obtain a reliable control-
model for the relevant scenarios. During high-performance discharges prolonged
reattachment of the divertor plasma to the tiles is detrimental (ITER Organisa-
tion 2018, App. C). The previously discussed frequency response measurements
on TCV were all performed in an open-loop configuration by applying feedfor-
ward multi-sine waveforms to the gas valve. This might be unacceptable for high
power machine operation due to the risk of reattachment or disruptions during
the perturbation. It is, however, not uncommon to perform system identifica-
tion in closed-loop by perturbing a feedback controlled experiment (Pintelon and
Schoukens 2001). In general, such an approach leads to lower SNR in the signals
of interest, since the feedback controller counteracts the perturbation. Periodic
signals are advantageous in such cases, as averaging over periods can improve the
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SNR and will be more straightforward in the long flat-top phase in ITER as com-
pared to the short TCV discharge.

7.1.3 Detachment control during ELMs

During high power operation unmitigated ELM power will lead to melting of
the divertor tiles (ITER Organisation 2018). Therefore, other plasma scenarios
and ELM mitigation and/or suppression techniques are being investigated, which
have to be actively combined with seeding control (ITER Organisation 2018).
It is not yet known, however, whether such scenarios or ELM mitigation tech-
niques will be successful during high power reactor-relevant operation. As such,
it remains to be determined to which degree the influence of ELMs on the de-
tachment dynamics has to be taken into account. In the inter-ELM period, the
effect of ELMs on the detachment dynamics is actually observed to be marginal,
indicating that detachment control on slower time scales is not influenced by the
much faster ELMs (Field et al. 2017). However, the ELMs still lead to large tran-
sient heat loads and will momentary affect the detached state. In the following,
two relevant observations are highlighted, namely the substantial buffering of the
incoming ELM power by impurity radiation, and the effect of the ELM power
on the tile conditions.

The experiments in Sec.5.2, and studies on other machines, have shown that
small type-III ELMs can be buffered, as the incoming power causes additional
impurity radiation (Loarte and Neu 2017). On machines in operation today, the
SOL conditions in plasma scenarios that lead to the formation of small ELMs
appear to be compatible with detachment (Labit et al. 2019).

Buffering of larger type-1 ELMs is less successful, as the amount of power
per ELM is significantly larger (Rapp et al. 2004). Even though full buffering
appears to be challenging, recent studies on JET indicate that a significant portion
of power is radiated away promptly after the ELM passes (Field et al. 2017). Also,
analysis of larger ELMs during detachment on the JET tokamak indicates that
most of the power and particles during an ELM are injected into the far SOL,
and as such, interact with the target further away from the strike points (Field
et al. 2017). This might be beneficial for the divertor lifetime.

A radically different plasma scenario that employs a core plasma with a neg-
ative triangularity has some potential benefits for power exhaust and ELM ac-
tivity. In such a configuration the usual D-shape of the core plasma is mirrored
in the vertical axis. In both modeling and experiments this has shown to drasti-
cally decrease ELM activity and has shown to widen the plasma wetted area on
the target (Medvedev et al. 2015). As such, plasmas with negative triangularity
are currently seriously considered for DEMO (Siccinio et al. 2020). Other vi-
able plasma scenarios that are explored for their reduced ELM activity include
for example the QH-mode (Garofalo et al. 2011), the I-mode (Whyte et al. 2010),
and the attractive small-ELM regime (Labit et al. 2019) that was also used for the
feedback experiments described in this thesis.
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Evidently, the significant reduction of MHD activity that leads to ELMs in
such plasma scenarios would greatly relax the bandwidth requirements for de-
tachment control.

7.2 Reactor relevant diagnostics and their interpretation

One of the challenges for detachment control in a reactor is the real-time usage of
diagnostics in an environment with a large number of highly energetic neutrons.
In this section, a discussion on reactor relevant sensors is provided.

The highly energetic neutrons that are formed during DT-fusion are not con-
fined by the magnetic field. As such, they have a detrimental effect on any fiber
optic, view port, or mirror surface that is not carefully shielded, particularly caus-
ing swelling, erosion, and distortion (Donné, Costley, and Morris 2012). The
neutrons also cause excitation of the metallic wall, leading to ionizing radiation.
As such, maintenance of in-vessel components has to be performed via remote
handling. Additionally, it is expected that only limited diagnostic access will be
available in DEMO due to the space required for tritium breeding blankets (Or-
sitto et al. 2016). DEMO is therefore expected to be a sparsely diagnosed machine:
in fact, only diagnostics which are essential for the control of DEMO are to be
included in its design (Donné, Costley, and Morris 2012). In this section, focus
will be given to two aspects of detachment control in DEMO: the scenario and
the possibility of diagnostic access for camera systems.

One of the main differences in operation of a DEMO reactor compared to
ITER is the variety in plasma scenarios: after the scenario exploration in ITER,
DEMO will operate in a small number of plasma configurations. It is expected
that understanding of these scenarios will increase over time, facilitating control-
oriented modeling. By employing real-time control models, the divertor state can
be dynamically estimated and reconstructed from a limited number of real-time
measurements, a technique known as Kalman filtering (Skogestad and Postleth-
waite 2005).

The importance of spatial control of the divertor detachment and/or emis-
sion fronts is stressed multiple times throughout this thesis. Such control re-
quires a view into the divertor chamber that is tangential to the plasma, which
is problematic when (for example) cameras are mounted close to the vessel. Re-
cent studies, however, suggest that a direct line-of-sight into the divertor plasma
and sufficient neutron-shielding are in fact possible while still maintaining a suffi-
ciently wide tangential field-of-view (Gonzalez et al. 2020). This opens the way to
further control possibilities with a multispectral imaging diagnostic, for example
using the Dε-Balmer line to determine the recombination front location (Ver-
haegh, Lipschultz, Duval, Février, et al. 2019).

Another possibility for spatial control is the scattering of microwave radia-
tion on the divertor plasma, known as reflectometry. A photon of ∼30 GHz is
only scattered on charged particles, such that measuring the time of flight of the
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‘wave’ can be used to infer an approximate position of the recombination front.
A reflectometer could potentially be embedded directly into the divertor tiles
where it would be shielded from neutron damage. However, the temperature at
the divertor target must already be below about 1 eV for a recombination front to
arise, which might be lower than required for target survival in a future machine.

An important consideration for future detachment control diagnostics is the
observed two-dimensional, poloidal nature of detachment: the onset of detach-
ment is observed to be driven from a high density, low temperature region in the
private flux region (Lipschultz, Terry, et al. 1999). Further significant poloidal
asymmetry is introduced by magnetic perturbation coils for possible ELM con-
trol: recent modeling indicates that applying magnetic perturbations upstream
leads to the formation of two strike points on the outer target with detachment
behavior (Frerichs et al. 2020). These poloidal asymmetries make real-time inter-
pretation of diagnostics with a line of sight intersecting the divertor plasma chal-
lenging, and may advocate for 2D resolved imaging diagnostics in detachment
control.

7.3 Reactor-relevant actuators for detachment control

In Chap. 5 it was already discussed that the phase characteristics of the obtained
FRFs on TCV in Fig. 5.5 are also typically seen in gas diffusion partial differential
equations. In fact, the measurements can be well reproduced in both the time
and frequency domain using a simple model of such gas dynamics coupled to a
static plasma (Koenders 2020). The dynamic behavior of the emission front upon
fueling is therefore dominated by the gas transport, this was at least the case on
TCV and in the measurement conditions studied here.

It remains to be investigated, however, whether this observation holds in dif-
ferent regimes and in larger devices, especially for machines with higher upstream
pressures and powers than typically achieved for TCV. However, if true, the im-
mediate consequence is that the gas valve actuator is the limiting factor in the
achievable bandwidth of the detachment controller. It is therefore important to
further study and optimize means to induce radiation in the divertor. Various of
such means are discussed in the remainder of this section.

Operation in a nuclear environment calls for low maintenance and remote
maintainability of actuators. For ITER, the gas injection system is therefore de-
signed with robustness in mind to not rely on piezo-actuated valves (Yang et al.
2010). This does make the system slower compared to other tokamaks, especially
in combination with the long gas pipes necessary because of ITER’s large cryo-
stat (Li et al. 2012). As discussed however, it remains to be determined whether
the additional delays will lead to performance or stability degradation of the con-
trol loop, as the relevant dynamical timescales are as of yet unknown.

Faster methods of seeding and fueling are possible by moving away from dif-
fusive gas dispersion. Supermolecular beam injection (SMBI) relies on a high-
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pressure source of 1-2 MPa to deliver gas much faster to the plasma compared to
conventional fueling (Zheng et al. 2013): On the EAST tokamak, gas injection
with piezo-actuated valves yields a detectable response on the AXUV photodi-
odes within∼100 ms, whereas the effect of SMBI is visible within 8 ms (Xu et al.
2020).

Another option to deliver impurity particles fast to the divertor plasma will
be available in the MAST-U tokamak, where the flexible Divertor Science Facil-
ity can be equipped with a carbon spark plug (Allan 2017). This spark plug can
inject small flakes of carbon into the plasma upon actuator request, which quickly
ablate and lead to localized increase of impurity radiation. While carbon as first-
wall material leads to unacceptable levels of tritium retention (Loarer, Brosset,
et al. 2007), active seeding of carbon flakes is not necessarily incompatible with
reactor conditions, making a carbon spark plug a viable option to explore.

In Sec. 1.5.3 the flux expansion, and divertor geometry in general, are men-
tioned as parameters influencing the detached state. Changing the magnetic ge-
ometry in the divertor can be done significantly faster than gas seeding or fueling:
typically within a few ms. While varying the flux expansion is not a ‘strong’ ac-
tuator in terms of the total range over which the divertor state can be changed,
recent experiments suggest it could assist in reacting to fast disturbances in the
divertor (Anand, Humphreys, et al. 2020). Evidently, this method can only be
applied to disturbances that are small enough to fall in the range of effectiveness
of flux expansion as actuator.

7.4 Simultaneous control of multiple parameters

In a future reactor the simultaneous control of multiple plasma profiles and pa-
rameters will be necessary to maintain core performance with compatible target
conditions. So far in this work, we have focused on emission fronts to character-
ize plasma detachment. These emission fronts will yield proxies for ionization,
impurity radiation, and recombination, which together constitute the most im-
portant loss channels in the conservation equations in the SOL. As additional
outputs, or controlled quantities, the upstream density and temperature profiles
are important, as these set the inputs to the 2PM (see Eq. (1.2)), and hence, con-
strain the target conditions.

As discussed in the previous sections, possible actuators that affect these out-
puts are piezo-actuated gas valves and potentially faster methods like SMBI or
spark plugs. The choice and amount of multiple impurity seeding species needs
to be optimized for application in a future reactor, as a significant portion of
the upstream power needs to be radiated away along the SOL (Kallenbach, Bern-
ert, Dux, et al. 2013). In practice, the combined control of multiple outputs
using multiple actuators will lead to a multi-input-multi-output (MIMO) descrip-
tion (Skogestad and Postlethwaite 2005), in which the various in- and outputs are
tightly coupled due to the underlying physical conservation laws.
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Fig. 7.1 shows a schematic cartoon of a possible MIMO feedback control
framework for detachment control. The real-time measurements include mul-
tiple emission lines and the upstream conditions. These n measurements feed
into a controller, which in its turn determines the time traces for tailored core
(argon, krypton) and divertor (nitrogen) radiating species, fueling, and flux ex-
pansion 〈F X 〉. For simplicity, the inherently coupled system P is shown to be
linear and square.

Fig. 7.1 – Control structure of a possible MIMO controller for the divertor state.
Actuators are species leading to core radiation (Ar, Kr) and divertor radiation (N),
along with the fueling rate and flux expansion. Real-time usage of multiple emission
fronts and the upstream conditions allows full control over the spatial distribution of
loss processes in the SOL. The actuators and diagnostics are tighly coupled, leading to
the system matrix P with non-zero off-diagonal elements. The system matrix is here
assumed to be linear and square for brevity. The reference signal that feeds into the
controller is a vector of length n.

In engineering practice, a MIMO-controller is generally synthesized in one
step on a locally valid, linear control-oriented model to fully exploit knowledge of
the physical coupling between actuators and sensors in the system (Skogestad and
Postlethwaite 2005). Examples of such synthesis techniques include robust con-
trol (Scherer, Gahinet, and Chilali 1997), H∞-synthesis (Skogestad and Postleth-
waite 2005), or the sequential closing of multiple SISO feedback loops (Hovd
and Skogestad 1994). After initial controller synthesis, multiple levels of higher
fidelity models that include more and more detailed physics are used to iteratively
test controllers before deployment on the actual machine.

A layered, systematic approach to MIMO-controller development therefore
calls for the design of new models of various degrees of complexity: higher de-
grees of complexity for testing, and simplified, linear models for controller syn-
thesis. In addition, the development of tailored MIMO system identification
techniques will enable model benchmarking and the estimation of model param-
eters. In fact, control-oriented models of all degrees of complexity can, and must
be benchmarked on the system identification experiments, as the local linearized
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dynamics about an operating point need to match. Otherwise, design and test-
ing of controllers using these models is futile. Furthermore, data-driven models
for direct controller design can be obtained using MIMO system identification.
The identification of MIMO-systems has received and continues to receive sig-
nificant attention (Dobrowiecki, Schoukens, and Guillaume 2006), as in many
engineering fields the increasing demand for performance calls for MIMO sys-
tem descriptions (Skogestad and Postlethwaite 2005).

In practice, the finite amount of real-time diagnostics and actuators yield a
finite dimensional system P . However, in theory, the underlying divertor phy-
sics is dictated by partial differential equations, which are by definition infinite-
dimensional. Further development of coupled PDE-models and benchmarking
them on MIMO system identification experiments will yield models that are fast
enough for iterative offline controller testing. Additionally, for some classes of
(linear) PDEs model-based control techniques exist, for example the port-Hamil-
tonian framework (Jacob and Zwart 2012). An important question to be an-
swered is whether explicitly taking into account the infinite dimensional nature
of the underlying physics in a controller is ‘better’ than a less exotic controller
based on MIMO techniques.



Chapter 8

Summary and conclusions

Next generation fusion devices are generally foreseen to be larger compared to
machines in operation today. This gives rise to a plethora of challenges, one of
which is the control of the plasma density. In today’s machines, such control is
generally peformed using gas valve actuators in feedback. However, for future
machines, in particular ITER, this might be too slow due to the fact that valves
are positioned far from the vessel. Furthermore, considerable uncertainty is in-
volved with the fueling dynamics, as the plasma edge in ITER might be too hot
for neutrals to penetrate. Also, particularly during plasma ramp-up, tight limits
should be kept in the plasma density to prevent a radiative collapse or instabili-
ties due to the presence of small errors in the magnetic field. The first research
objective as set in Sec. 2.4 therefore is:

Research objective 1: Develop a control scheme that can handle large actua-
tor delays and model uncertainty in the control of the plasma density during
ramp-up in next generation fusion devices.

This objective was adressed in Chapter 3, which describes how a dedicated con-
trol-oriented model of the plasma density evolution can be used to design and
test controllers. For ITER, the combination of large actuator delays, tight con-
straints, and a small number of shots dedicated to controller tuning lead to the
choice of iterative learning control (ILC) to determine optimal time traces for ac-
tuators. As this method iteratively updates feedforward time traces, it is able to
deal with large time delays in a non-causal manner. Furthermore, both actuator
and density limits can be explicitly taken into account. Pure feedfoward con-
trol, however, might not be sufficient in the presence of shot-to-shot differences
and disturbances during operation. Therefore, robust control synthesis is used
to design a robustly stabilizing feedback controller using linearizations of the
control-oriented model about the ramp-up trajectory. This technique is shown
to achieve good tracking performance in simulations, even in the presence of sim-
ulated shot-to-shot differences, model mismatches, and tight constraints.
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In the near future, the control-oriented model for plasma ramp-up needs to
mature to include the latest insights of the expected plasma dynamics and density
limits. Furthermore, the model and the controller can be included in the ITER
Plasma Control System Simulation Platform (PCSSP) to aid systematic closed-
loop testing in conjuction with other controllers that are active during plasma
ramp-up. If gas fueling turns out to be already problematic early in the ramp-up,
the robust feedback controller could be extended to include pellet fueling. Such
pellets generally lead to faster response times in the plasma density, which could
also be beneficial to act on fast disturbances.

In the flat-top phase of high power tokamak plasmas, the phase after success-
ful plasma density and current ramp-up, the exhaust of heat and particles is a
major challenge. Plasma detachment, a regime characterized by a low plasma
temperature at and a low particle flux on the divertor target, is therefore required
and foreseen to prevent excessive erosion of the divertor material surface. Such
a regime relies on active feedback control of the divertor conditions, for which
schemes need to be developed. The second research objective, which is set in
Sec. 2.4, therefore is:

Research objective 2: Systematically investigate whether spatial and time-
resolved real-time control of the degree of detachment is possible.

This objective was addressed in Chapter 4 and Chapter 5, in which a system-
atic approach towards control of impurity emission fronts was presented. In this
approach, a new lightweight image processing algorithm was developed which
yields a real-time estimate of the poloidal location of in particular the C-III im-
purity emission front. Detachment in the divertor is generally well character-
ized by the electron temperature. The emission fronts, particularly the impurity
emission front, are a rough proxy of divertor detachment, as the emission from
impurity species is a strong function of the electron temperature. In a direct com-
parison with existing offline methods, this algorithm has proven to yield accurate
reconstructions of the emission front position without the need for real-time in-
versions of filtered camera images.

Embedding this real-time algorithm in the digital control system of TCV al-
lowed characterization of the dynamic response of the impurity emission front
upon gas fueling in the divertor in terms of a frequency response function (FRF).
FRFs were estimated for baffled and unbaffled divertors, and in L- and H-mode
plasmas in TCV. Based on the marginal differences between the estimated FRFs
and their phase behavior, it appears that the neutral gas transport in the divertor
is the dominating factor in the overall, dynamic frequency reponse.

Subsequent offline loopshaping controller design based on the FRFs resulted
in simple PI-controllers for the various studied cases. These controllers were then
successfully applied without any additional tuning in multiple real-time feedback
control experiments.
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The overall integrated and systematic approach towards control of the C-III
emission front as presented in this thesis demonstrated how the number of dis-
charges required for controller tuning can be significantly reduced, and how dy-
namics across configurations can be systematically compared.

Future machines are equipped with a metallic first-wall and rely on extrinsic
impurity seeding to induce radiation in the divertor. In Chapter 6 initial analysis
of the emission fronts of these impurity species shows they have features similar
to C-III. Characterization and control of these other impurity lines is therefore
possible using the tools developed in this thesis. As detachment is characterized
by both a reduction in temperature and particle flux, additional real-time proxies
are likely necessary for control. One promising approach is the use of ratios
in Balmer line emission, particularly Dα and Dε, which when combined yield a
direct estimate of the location of recombination and ionization processes that are
associated with detachment.

Simultaneous control of multiple parameters associated with detachment re-
sults in a MIMO1 system description, in which the coupling between actuators
and control parameters must be investigated. Dedicated system identification
techniques exist for such studies, which could help in the design and testing of
real-time capable plasma detachment models.

The detachment dynamics were studied in relatively low power and low den-
sity cases in the TCV tokamak. In the near future, TCV will be equipped with
additional heating to study reactor-relevant, higher power and higher density
regimes. This will allow scaling of the observed detachment dynamics to reac-
tor conditions. As the detachment dynamics in the studied cases and scenarios
in this thesis appear to be dictated by the gas transport in the divertor chamber,
other, faster means of actuation might be necessary and worthwhile to investi-
gate. Super molecular beam injection (SMBI) and carbon spark plugs lead to fast
injection of impurity particles in the divertor and are options that should be ex-
plored.

1A system with multiple in- and outputs
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