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Abstract
Thermonuclear fusion of light atoms is the primary energy source of stars, such as our Sun,

that led to the emergence of life on Earth. However, its economic exploitation as a virtually

unlimited and clean energy source is yet to be developed. One of the most promising designs

for a nuclear fusion reactor is the tokamak, a toroidal device that uses strong magnetic fields to

contain matter so it may be heated to fusion-relevant temperatures of ∼ 108 ◦C. A substantial

fraction of the heating power, required to maintain fusion-relevant plasma conditions, is

transported across magnetic flux surfaces and channeled through a thin region of open

magnetic field lines that surround the confined zone, the scrape-off layer, towards the plasma

wall interface at the divertor targets. If left unmitigated, anticipated target heat fluxes in

current reactor designs exceed the material limit and raise the need for an accurate predictive

model of heat transport and power dissipation in the plasma edge to achieve a viable reactor

configuration.

This doctoral thesis is devoted to further understanding of divertor power exhaust, a key

challenge on the way towards fusion energy, and contributes to the validation of such a

predictive model, the SOLPS-ITER code. This work employs stringent comparisons between

simulation results and experiments on the TCV tokamak to validate this model, where possible,

and/or indicate remaining problems. This thesis presents the first scrape-off layer simulations

that fully account for drifts, currents, carbon impurities and kinetic neutrals, for the TCV

tokamak, and thereby provides unprecedented insight into drift-driven transport and plasma-

neutral interaction within its divertor.

In an initial stage, the SOLPS-ITER code was used to predict the effectiveness of divertor

gas baffles to guide the first baffled TCV campaign. The experimental assessment in 2019

confirmed the essential simulation predictions. Drift simulations identify the diamagnetic

current as the dominant cross-field contribution to the divertor charge balance. The resulting

characteristics of target current profiles are tested and confirmed in TCV measurements. It

is demonstrated, for the first time, that such electric currents give rise to a potential well

below the magnetic X-point for the unfavorable magnetic field direction for H-mode access in

highly resistive, i.e. low temperature, divertors. The simulation result is supported by reduced

analytic models that highlight the underlying physics. The prediction is tested and confirmed

in TCV experiments following novel diagnostic capabilities. The presence of such a potential

well is shown to substantially reshape the divertor transport in detached divertor conditions.

The simulations identify the E ×B-drift as the dominant radial transport channel for particles,

heat and momentum in the divertor. A stringent comparison of simulation results to a wide
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set of edge-relevant diagnostics yields typically excellent qualitative agreement, but quantita-

tive differences remain: the simulations conclude a colder and denser divertor plasma state

with an overestimated neutral pressure. The identified shortcomings in this approach will

contribute to further development towards a predictive divertor model of present day, and

future fusion devices.

Keywords: tokamak, scrape-off layer, divertor, plasma exhaust, guiding-center drifts, plasma-

neutral interaction

ii



Zusammenfassung
Die thermonukleare Fusion von leichten Atomen ist die primäre Energiequelle von Sternen

wie unserer Sonne, die die Entstehung von Leben auf der Erde erst ermöglichte. Ihre wirtschaft-

liche Nutzung als nahezu unerschöpfliche und saubere Energiequelle ist jedoch noch nicht

erschlossen. Eines der vielversprechendsten Konzepte für einen Kernfusionsreaktor ist der To-

kamak, ein toroidales Gefäß, in dem Materie mittels starker Magnetfelder eingeschlossen und

auf fusionsrelevante Temperaturen von 108 ◦C erhitzt werden kann. Ein wesentlicher Teil der

Heizleistung, die zur Aufrechterhaltung fusionsrelevanter Plasmabedingungen erforderlich

ist, wird senkrecht zu magnetischen Flussflächen transportiert und innerhalb einer dünnen

Region offener Magnetfeldlinien, der Plasmarandschicht, in Richtung der Reaktorwand auf die

Divertor-Targets kanalisiert. Ohne weitere Abschwächung überschreiten die zu erwartenden

Target-Wärmeflüsse die Toleranzgrenze des Wandmaterials in derzeitigen Reaktorentwürfen.

Zur Entwicklung eines praktikablen Reaktorkonzeptes wird daher ein akkurates prädiktives

Modell des Wärmetransports und der volumetrischen Dissipation in der Plasmarandschicht

benötigt.

Diese Doktorarbeit ist der Untersuchung der Plasma-Wand-Wechselwirkung gewidmet, einer

zentralen Herausforderung auf dem Weg zur Fusionsenergie, indem sie zur Validierung eines

solchen prädiktiven Modells, des SOLPS-ITER Codes, beiträgt. Simulationsergebnisse werden

mit Experimenten am TCV-Tokamak verglichen, um dieses Modell zu validieren und/oder

verbleibende Probleme aufzuzeigen. Diese Arbeit präsentiert die ersten Plasmarandschicht-

Simulationen für den TCV-Tokamak, die Driften, elektrische Ströme, Kohlenstoffverunreini-

gungen und kinetische Neutralteilchen vollständig berücksichtigen, und bietet dadurch einen

beispiellosen Einblick in den driftgetriebenen Transport sowie die Plasma-Neutralteilchen-

Wechselwirkung innerhalb seines Divertors.

In einer ersten Phase wurde der SOLPS-ITER Code zur Vorhersage der Effizienz von Divertor-

trennwänden verwendet, um die erste TCV-Kampagne mit geschlossenem Divertor anzuleiten.

Die darauffolgende experimentelle Auswertung im Jahr 2019 bestätigte die wesentlichen

Simulationsvorhersagen. Driftsimulationen identifizieren den diamagnetischen Strom als

dominanten Beitrag zur Divertor-Ladungsbilanz senkrecht zum Magnetfeld. Die daraus resul-

tierende Charakteristik der Target-Stromprofile wird in TCV-Messungen getestet und bestätigt.

Es wird erstmals gezeigt, dass solche elektrischen Ströme für die ungünstige Magnetfeld-

richtung für den Zugang zur H-Mode in hochohmigen, d.h. Niedertemperatur-Divertoren,

zu einem negativem Plasmapotential unterhalb des magnetischen X-Punktes führen. Die

Simulationsergebnisse werden durch reduzierte analytische Modelle unterstützt, die die zu-
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grundeliegenden physikalischen Mechanismen verdeutlichen. Die Vorhersage wird durch

neuartige Diagnosemöglichkeiten in TCV-Experimenten getestet und bestätigt. Es wird ge-

zeigt, dass der Divertortransport durch die Präsenz eines solchen Potentialtopfes unter det-

achten Plasmabedingungen wesentlich umgestaltet wird. Die Simulationen identifizieren

den E ×B-Drift als dominanten radialen Transportkanal für Teilchen, Wärme und Impuls im

Divertorvolumen. Ein stringenter Vergleich der Simulationsergebnisse mit einer Vielzahl an

Randschicht-Diagnostiken zeigt typischerweise ausgezeichnete qualitative Übereinstimmung,

obwohl auch quantitative Unterschiede herausgestellt werden: Die Simulationsergebnisse

liefern einen kälteren und dichteren Divertor-Plasmazustand mit überschätztem Neutralteil-

chendruck. Die identifizierten Unzulänglichkeiten tragen zur weiteren Entwicklung eines

prädiktiven Divertormodells für heutige und zukünftige Fusionsanlagen bei.

Schlüsselwörter: Tokamak, Plasmarandschicht, Divertor, Plasma-Wand Wechselwirkung, drift-

getriebener Transport, Plasma-Neutralteilchen Wechselwirkung
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Résumé
La fusion thermonucléaire d’atomes légers est la principale source d’énergie des étoiles,

comme notre Soleil, qui a permis l’émergence de la vie sur Terre. Cependant, son exploitation

économique en tant que source d’énergie propre et pratiquement illimitée reste à développer.

L’un des concepts les plus prometteurs pour un réacteur à fusion nucléaire est le tokamak,

un dispositif toroïdal qui utilise de forts champs magnétiques pour contenir la matière afin

qu’elle puisse être chauffée à des températures nécessaire pour la fusion d’environ 100 millions

de ◦C. Une fraction importante de la puissance de chauffage, nécessaire pour maintenir les

conditions de fusion du plasma, est transportée à travers les surfaces de flux magnétiques vers

une région de lignes de champ magnétique ouvertes qui entourent la zone confinée. Au sein

de cette région, dite de "plasma du bord", elle est canalisée au sein d’une couche mince vers

une région particulière du mur du tokamak, les cibles du divergeur. S’ils ne sont pas atténués,

les flux de chaleur vers le divergeur anticipés dans les futurs réacteurs dépassent les limites

physiques imposées par les matériaux des cibles du divergeur, rendant ainsi nécessaire un

modèle prédictif précis du transport de chaleur et de la dissipation de puissance en bordure

du plasma, et ce afin d’obtenir une configuration de réacteur viable.

Cette thèse de doctorat est consacrée à une meilleure compréhension de l’extraction de puis-

sance dans le divergeur, un défi clé sur la voie de l’énergie de fusion, et contribue à la validation

d’un modèle prédictif, le code SOLPS-ITER. Ce travail utilise des comparaisons rigoureuses

entre les résultats de simulation et les expériences sur le tokamak TCV pour valider ce modèle,

lorsque cela est possible, ou indiquer les problèmes qui subsistent. Cette thèse présente les

premières simulations de bord du plasma pour le tokamak TCV qui tiennent pleinement

compte des dérives, des courants, des impuretés (carbone) et des neutres cinétiques, et fournit

ainsi un aperçu sans précédent du transport par dérive et de l’interaction plasma-neutres au

sein du divergeur de TCV.

Dans un premier temps, le code SOLPS-ITER a été utilisé pour prédire l’efficacité du dia-

phragme du divergeur afin de guider la première campagne experimentale de TCV utilisant

ce diaphragme. L’évaluation expérimentale réalisée en 2019 a confirmé les prévisions des

simulations. Les simulations incluant les dérives identifient le courant diamagnétique comme

la contribution dominante, dans la direction perpendiculaire aux surfaces de flux, au bilan

de charge du divergeur. Les caractéristiques des profils de courant aux cibles du divergeur

sont évaluées et confirmées par des mesures expérimentales sur TCV. Il est démontré, pour la

première fois, que de tels courants électriques donnent lieu à un puits de potentiel au point

X magnétique dans le cas d’une direction de champ magnétique défavorable à l’accès au
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mode H et d’un divergeur hautement résistif, c’est-à-dire à basse température. Les résultats

de simulation ont été étayés par des modèles réduits analytiques qui mettent en évidence

la physique sous-jacente. La prédiction du puits de potentiel est testée et confirmée dans

des expériences TCV grâce à de nouvelles capacités de diagnostic. Il est démontré que la

présence d’un tel puits de potentiel remodèle considérablement le transport du plasma dans

le divergeur lorsque celui-ci est détaché. Les simulations identifient la dérive E ×B comme le

canal de transport radial dominant pour les particules, la chaleur et le quantité de mouvement

dans le divergeur. Une comparaison rigoureuse des résultats de simulation un large ensemble

de diagnostics pertinents pour étudier le plasma de bord donne généralement un excellent

accord qualitatif, mais des différences quantitatives subsistent : les simulations concluent à

un état de plasma du divergeur plus froid et plus dense avec une pression neutre surestimée.

Les lacunes identifiées dans cette approche contribueront à l’évolution vers un modèle de

divergeur prédictif pour les dispositifs de fusion actuels et futurs.

Mots clés : tokamak, bord du plasma, divergeur, interaction plasma-paroi, dérive du centre-

guide, interaction plasma-neutres
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1 Introduction

Thermonuclear fusion is the primary energy source of stars, like our sun, and provides the

basis for the existence of life on earth. Despite global efforts, over the past 70 years, towards

its exploitation, its feasibility to pose an economic energy source is yet to be demonstrated.

Nonetheless, since the first military realisation of fusion reactions in 1952, a hydrogen bomb

detonation [78, p. 285], immense progress towards the realisation of controlled fusion has

been made for peaceful purposes. This doctoral thesis contributes to the international effort

towards fusion energy as a clean, safe, low-priced and virtually unlimited energy source.

This chapter is structured as follows. The underlying physics principles of thermonuclear

fusion are presented in section 1.1. At fusion relevant conditions all matter is ionised and in

the plasma state, it is discussed in section 1.2. A fusion reactor will require to efficiently enclose

the plasma, the presently most promising confinement method, magnetic confinement, is

presented in section 1.3. Plasma confinement inevitably involves regions where the plasma-

wall interaction is particularly intense. The ability of solid wall material to sustain its structural

integrity sets the necessity of power dissipation in the plasma edge and defines the heat

exhaust challenge, section 1.4. The severity of the heat exhaust is predominantly defined by

the magnitude of cross-field transport of particles and heat in the edge region, understanding

of which still remains elusive. Mechanisms of cross-field transport are introduced in section

1.5 and studied throughout this thesis.

1.1 Thermonuclear fusion

Nuclear fusion reactions transmute light nuclei to heavier ones, thereby releasing energy

corresponding to the mass difference of the educts ∆E =∆mc2. The process is exothermic

if the binding energy per nucleon, i.e. per proton and neutron, is increased (cf. Figure 1.1).

The corresponding binding energy difference is then distributed as kinetic energy on the

reaction products. Otherwise, net-energy has to be supplied. At low mass number A the

binding energy per nucleon increases with A, as the short-ranged nuclear force can act on

more neighbouring nucleons, whereas for high mass numbers the nuclear-force per nucleon

1



Chapter 1. Introduction

cannot grow further and the long-ranged electrostatic repulsion becomes more important.

This competition leads to 56Fe being the most stable among all isotopes [1]. Energy release is

hence possible by nuclear fission with A > 56, i.e. splitting of a heavy nucleus, or by nuclear

fusion with A < 56, i.e. combining two light nuclei. Due to its conceptual simplicity nuclear

fission has been economically used since the 60s, whereas the economic use of nuclear fusion

has yet to be demonstrated.
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Figure 1.1 – Binding energy per nucleon. Up to nuclei as heavy as 56Fe fusion reactions release
energy (blue shaded region), for heavier nuclei fission reactions release energy. Data taken
from: [22][56][148]

To enable a fusion reaction the positively charged nuclei must have a distance of the order

of a nuclear diameter ∼ 1 fm= 10−15 m, i.e. the interaction range of the the attractive nuclear

force, whereas, the repulsive long-ranged Coulomb interaction inhibits the reaction. Such

conditions can be fulfilled in the center of stars under high particle density and temperature

(gravitational confinement) or at even higher temperature in laboratory plasmas on earth

(magnetic confinement or intertial confinement). Even in the center of stars, such a proximity

of protons is a rather rare event due to the strong electrostatic repulsion [2]. Fusion reactions

can hence only take place at extraordinary high temperatures, e.g. the temperature in the core

of the sun is ∼ 15,000,000 ◦C, at which light atoms are completely ionised. This is the fourth

state of matter, the plasma state (→ section 1.2).

A practical condition for net-power output in a fusion device, i.e. breakeven, is provided by the

Lawson criterion, stating that the fusion power has to exceed the external heating needed to

[1]In stars, elements up to iron can be created by exothermic fusion reactions, whereas the creation of heavier
elements is endothermic and destabilizes the force equilibrium between plasma pressure and inwards-directed
gravitational force. If a star’s core is depleted of light fuel the fusion reaction stops and the star either collapses to a
white dwarf or explodes in a super nova. During such a supernova explosion also heavier elements can be created.
Consequentially, heavy elements beyond the mass of iron are relatively rare on earth.

[2]The necessary energy to approach two protons to a distance d = 1 fm can be estimated as 1
4πε0

e2

d ∼ 1 MeV,
an energy much higher than the thermal energy of the particles in the center of stars. The reaction is, however,
catalysed by the quantum mechanical tunneling effect that significantly reduces the necessary temperature.

2



1.1. Thermonuclear fusion

maintain the plasma conditions, P f us ≥ Pheat ,ext . The external heating has to compensate the

heat losses of the plasma, which for a magnetically confined plasma are mainly constituted by

cross-field transport[3], that is typically expressed with an energy confinement time τE ,Pl oss =
3ne TeV /τE . The released energy from the fusion reaction ∆E f us is distributed onto the fusion

products inversely to their mass ratio as a consequence of momentum conservation. Charged

fusion products are confined by the magnetic field, and hence contribute to plasma heating

by thermalisation with the background plasma, whereas neutrons are not confined by the

magnetic field and deposit their energy in the reactor walls. If the fusion heating is sufficient to

compensate all direct losses such that the energy content is self-sustained, no external heating

is needed, Pheat ,ext = 0, and the plasma is called ignited. The Lawson criterion for a hydrogen

plasma with equal temperature for ions and electrons reads

P f us

Pheat ,ext
=

1
4 n2

e 〈σv〉∆E f us

3ne Te
τE

− 1
4 n2

e 〈σv〉∆Echar g ed

≥ 1 (1.1)

⇒ neτE ≥ 12T

〈σv〉(∆E f us +∆Echar g ed
) . (1.2)

Here σ is the reaction cross-section for the fusion reaction, v is the velocity of ions and

∆Echar g ed denotes the fraction of the fusion energy that is carried by charged fusion products

and contributes to plasma heating. The brackets 〈...〉 denote the average over the Maxwellian

distribution function at temperature T . Often, it is more useful to formulate the Lawson

criterion as function of plasma pressure, as it is constraint by stability (β limit, for magnetic

confinement). Multiplying equation (1.2) with T yields the triple product that is necessary for

break-even and ignition

breakeven: ne TτE ≥ 12T 2

〈σv〉(∆E f us +∆Echar g ed
) (1.3)

ignition: ne TτE ≥ 12T 2

〈σv〉(∆Echar g ed
) . (1.4)

Among all possible isotope combinations for reaction, the fusion of the hydrogen isotopes

deuterium (D=2
1H) and tritium (T=3

1H) has the highest reaction probability (cross section,

cf. Figure 1.2). In fact, the peak cross-section for the D-T reaction is 25 orders of magnitude

higher than for the proton-proton fusion [63, p. 255], posing the rate-limiting step in the fusion

cycle in light starts, and ultimately the reason why fusion reactors on earth may possibly be

feasible despite their enormous size difference [4]. The necessary plasma temperature is at a

technically feasible level of 10 keV≈ 100,000,000◦C, Figure 1.2.

Nowadays, such temperatures can routinely be reached in tokamak experiments. The fusion

[3]Bremsstrahlung losses are negligible for Te À 1 keV.
[4]Our sun has a radius of ∼ 7 · 108 m, whereas fusion reactors are envisioned to have a radius of 6 − 8 m,

constituting a size difference by eight orders of magnitude.
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Temperature [keV]

7 8 9 10

Temperature [°C]

Figure 1.2 – Necessary triple product for ignition for few selected fusion reactions, Image
source: adapted from [157].

reaction between deuterium and tritium reads

D+T →4He+n+17.6 MeV. (1.5)

The fuel for the reaction, deuterium and tritium, is obtainable everywhere on earth. Deuterium

is a stable element and naturally abundant in water with a ratio of 1:6700[5]. Tritium, on the

other hand, is a β−-radiatior and does only occur in traces in nature due to its relatively short

half-life of about 12 years. Therefore, tritium needs to be bred artificially in nuclear reactions

within the reactor itself, e.g. employing lithium, abundant in stone and ocean water, according

to the reactions

7Li+n → 4He+ 3T+n−2.47 MeV, (1.6)
6Li+n → 4He+ 3T+4.78 MeV. (1.7)

The neutron, needed for the tritium breeding, is emerging from the DT-fusion reaction itself.

Naturally occurring Lithium predominantly has mass number 7 (92%), so the tritium breeding

process is endothermic, unless isotope separation is employed, and hence reduces the overall

power output of a reactor. However, without a method to increase the number of neutrons

every single neutron would have to react with a lithium atom to produce as much tritium

as what is used in the fusion reaction. For this purpose beryllium or lead can be used as a

neutron multiplier to close the fuel cycle (e.g. 9Be+n → 24He+2n).

The electrically neutral neutron is not confined by the magnetic field and carries 80% of

the fusion energy, 14.1 MeV, that is ultimately deposited in the walls of the reactor. Heat

exchangers transport the thermal energy to generators to produce electrically usable power,

[5]The natural abundance of D results mainly from primordial nucleosynthesis, the nuclear reactions in the
first ∼ 20 minutes after the big bang [83][24]. The synthesis of deuterium in stars contributes little to the overall
abundance of deuterium in the universe as it is quickly fused to He with respect to the rather slow p-p-fusion.
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1.1. Thermonuclear fusion

as in conventional coal or fission power plants.

The fusion reaction is extremely energy-efficient. The released amount of fusion energy from

1 g of deuterium-tritium mixture equals the amount of energy from combustion of 12 t of

coal [78, p.287]. This is enormous difference reflects the magnitude of the underlying binding

states in the nucleons in the nucleus with respect to electrons in molecules. The high energy

density in nuclei, involved in nuclear reactions, is in the MeV-GeV range, whereas the electric

binding energy in the atomic orbits is orders of magnitude weaker, in the eV-keV range, that

are converted into heat in chemical reactions such as combustion.

The presence of neutrons in a reactor inevitably involves activation processes in the surround-

ing reactor material. Nevertheless, by selection of structural materials with reduced activation

and/or short-lived isotopes, a surveillance time of about 100 years is sufficient until the mate-

rials are harmless for the environment and can possibly be recycled for reuse in reactors [80].

The need of a long-term radioactive waste repository for the materials does hence not arise, in

contrast to conventional fission power plants.

The most advanced concept to enable the fusion reaction under controlled conditions is the

tokamak (see section 1.3). As gravitational confinement is unfeasible on earth, the plasma is

instead confined using magnetic fields (magnetic confinement). The presently biggest tokamak

experiment worldwide, JET (Joint European Torus, Figure 1.3), has already demonstrated the

feasibility of D-T plasma fusion. It transiently obtained P f us = 16 MW, which equals 62% of

the external heating power and hence approaches breakeven [60].

The next-generation fusion reactor experiment ITER (International Thermonuclear Experi-

mental Reactor, latin: iter, the way), that is currently under construction in Cadarache, France,

aims to demonstrate that net power gain from fusion, which exceeds the external heating

power by a factor of 10, is possible under controlled conditions. It will clarify important

technical and physical questions to lead the way towards a demonstration power plant DEMO.

To summarize, thermonuclear fusion potentially offers a sustainable, safe and affordable

energy source that is independent of geographical prerequisites due to the natural abundance

of the raw materials. Terrestrial lithium reserves would permit fusion power plant operation for

more than 1,000 years, while sea-based reserves would fulfil the energy demand of humanity

for millions of years. Contrary to fossil fuel reactions, the fusion reaction does not involve

greenhouse gas emission, such as CO2, and thus does not contribute to global warming.

The reaction itself produces no inherent radioactive waste. By suitable choice of structural

material the creation of long-lived radioactive waste due to neutron-activation is entirely

avoided. Fusion reactors do not employ fissile materials like uranium or plutonium that

can be used for military purposes. The fusion concept is inherently safe, as the reactor only

contains fuel for several seconds of operation at any time, thus unlike for fission reactors, a

reactor meltdown is physically impossible. The presently anticipated cost of fusion electricity

per kWh, after a transitional period to economize the technology, is expected similar to fission

reactors [37].
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Chapter 1. Introduction

Figure 1.3 – Photomontage of the JET tokamak before (left) and during (right) a plasma
discharge. The core plasma is transparent as no light in the visible range is emitted at fusion
relevant temperatures T ∼ 10 keV, the luminous regions correspond to the plasma edge where
the temperature is significantly lower T < 100 eV. Image source: EFDA-JET

1.2 The plasma state

At fusion-relevant temperatures all matter is ionised, the so-called plasma state. The term

plasma (from greek πλασµα, moldable substance) refers to the fourth state of matter, in

which significant gas ionisation takes place, either at elevated temperatures or in presence

of large electric fields procuring collisional ionisation of neutrals. A plasma thus constitutes

a (partially) ionised mixture of atomic/molecular particles that contains both positive and

negative charge carriers and that remains charge neutral on length scales larger than the

Debye length λD =
√
ε0Te /ne2. The term plasma was first labeled by Nobel laureate Irving

Langmuir who pioneered study of ionised gases [72].

The majority of the observable matter in the universe, about 99%, is in the plasma state, the

solid, liquid or gaseous state is rather exceptional but more common on earth. On earth,

naturally occurring plasma appears in the form of lightning or as aurora borealis near the

earth’s magnetic poles. In the laboratory, plasma generation is often performed under vacuum.

The low gas pressure allows to maintain Tg as À Tw all either by resistive heating or shining

radio/microwaves through the gas that lead to electron-atom collisions and a resulting ionisa-
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1.2. The plasma state

tion cascade liberating further electrons. The pulse duration of a plasma discharge is either

sufficiently short to avoid overheating of wall material or the walls are actively cooled. Plasma

physics has a broad range of technical applications: e.g. in plasma chemistry employing highly

excited atomic states, in microchip manufacturing using plasma etching and deposition, as

basis for short-wavelength (X-ray) lasers as well as in theromuclear fusion due to the extremely

high temperatures required for the fusion process [51].

As a natural consequence of the very large mass ratio of charge carriers in a plasma, the

positively charged ions and negatively charged electrons, the particle Coulomb collision

times differ substantially between species. This results from the strong mass and velocity

dependence of the Rutherford cross section, with significant impact on the resulting plasma

state. The characteristic energy equilibration time scales τE are related by

τE
ee : τE

i i : τE
ei = 1 :

√
mi

me
:

mi

me
. (1.8)

Intra-species collisions, or collisions between species of similar mass, allows energy transfer

of a large fraction of the kinetic energy between particles. The characteristic time scales

for energy exchange τE
ee ∼ τee and τE

i i ∼ τi i are hence comparable to the time scale of the

collision processes themselves. Through collisions, the particle populations approach thermal

equilibrium and can often be described by a Maxwellian velocity distribution with thermal

velocity vth =p
T /m, density n and temperature T

f (v) = n(
2πv2

th

)3/2
exp

(
− v2

2v2
th

)
. (1.9)

The collisions between particles of large mass ratio can however only transfer a small fraction

of the kinetic energy between the particles, leading to a separation of the energy equilibration

of electrons and ions, τE
ei ∼ (mi /me )τE

ee . Due to the very large mass difference of electrons

and ions (mi /me ∼ 1,800 for hydrogen), the electron and ion population separately approach

equilibrium on time scales much shorter than required for the equilibration between each

other. In plasmas with energy confinement time comparable to the e-i equilibration time, the

electron and ion temperature are hence not necessarily equal, Te 6= Ti . For similar electron

and ion temperature Te ∼ Ti , the collision mean-free path for collisions with thermal velocity

λm f p = vthτ is, however, similar for both species due to cancellation of the mass dependence

by the thermal speed, λee
m f p ∼ λi i

m f p . The transfer of momentum from ions to electrons τm
i e

occurs on the time scale as the transfer of energy τE
ei ¿ τE

i i . Momentum transfer from electrons

to ions occurs however on the much shorter time scale as electron-electron collisions τm
ei ∼ τE

ee .

Hence, the ion distribution function is mostly unaffected by ion-electron collisions whereas

the electron distribution function can be significantly impacted by collisions with ions even

though the equilibration is only happening on the much larger time scales τE
ei À τei [14].
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Figure 1.4 – Schematic presentation
of helical gyromotion along straight
field lines: ions (red) with right-
handed gyrorbits and large ρL with
respect to electrons (blue) with left
hand gyration.

The fact that a plasma is composed of charged par-

ticles (velocity v, charge q) makes it susceptible to

electromagnetic fields E,B through the Lorentz force

F = q(E+v×B). In particular, magnetic fields provide

a force perpendicular to B and results in helical parti-

cle orbits around magnetic field lines, Figure 1.4. The

corresponding angular frequency of the circular mo-

tion in the plane perpendicular to B is the so-called

gyrofrequency or also cyclotron frequency

ωc = |qB|
m

, ωc,e = 176 GHz ·B [T ] (1.10)

ωc,D = 47.9 MHz ·B [T ]. (1.11)

It is given here in engineering units for electrons and

deuterium ions. Note that ωc,e À ωc,D . The corre-

sponding gyroradius, also Larmor or cyclotron radius

is

ρL = v⊥
ωc

= mv⊥
|qB | =

p
2mT

|qB | , ρL,e = 3.37µm ·
p

Te [eV]

B [T ]
, (1.12)

ρL,D = 0.20 mm ·
p

Ti [eV]

B [T ]
. (1.13)

A magnetic field thus offers a convenient method of plasma confinement in the direction

perpendicular to its field lines. Particles may however freely transit parallel to B which results

in loss of confinement in a linear geometry as depicted in Figure 1.4. Such parallel losses

can, however, be fully eliminated by introducing curvature to the magnetic field and close the

plasma in a toroidal topology, leading to the tokamak and the stellerator concepts.

1.3 Magnetic confinement: the tokamak

Magnetic confinement enables the fusion reaction in a reactor on earth by creating a magnetic

field that forces the plasma into a toroidal shape. Presently, the most-promising fusion concept

is based on the tokamak (from russian, toroidal chamber with magnetic coil) that goes back to

the initial concept by I.E. Tamm and A. D. Sacharov developed in the 1950s, Figure 1.5. The

tokamak is a toroidally symmetric device that employs toroidal and poloidal magnetic field

components created by a combination of electric currents in external coils as well as a toroidal

current induced within the plasma itself. The set of external coils consists of the poloidally-

wound toroidal field coils, which create the toroidal magnetic field Bφ, the toroidally-wound

poloidal field coils, contributing to the poloidal field Bθ and thus plasma shaping, as well

as the inner poloidal field coils necessary for driving a plasma current Ip in the MA-range.

The current in the inner poloidal field coils acts as primary transformer circuit and creates a

8
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Poloidal magnetic field

Inner poloidal field coils
(primary transformer circuit)

Outer poloidal field coils
(for plasma positioning and shaping)

Toroidal field coils

Toroidal magnetic field

Resulting helical magnetic field

Plasma electric current
(secondary transformer circuit)

Figure 1.5 – Basic concept behind the tokamak, Image source: [73]

toroidal electric field E according to Faraday’s law
∮
∂A E ·d s =−∂tΦ, whereΦ is the magnetic

flux created by the current in the central solinoid in an area A within the toroidal plane with

boundary ∂A. The combination of the resulting induced toroidal plasma current Ip and

poloidal field coils creates the poloidal magnetic field Bθ. The vectorial superposition of

toroidal and poloidal magnetic fields results in helical field lines

B = Bφ+Bθ. (1.14)

The helical field lines are primarily aligned in the toroidal direction with Bφ ∼ 10Bθ. The

poloidal contribution is, however, essential for the plasma stability. It prevents the up-down

separation of charges due to ∇B and curvature drifts ( discussed in section 1.5) that would

involve an electric field along z Ez and consequentially give rise to a E ×B drift that drives the

plasma towards the reactor walls. Helical magnetic field configurations cancel this charge

accumulation and thus provide indefinite confinement for single particle trajectories. Cross-

field losses, which may still arise due to collisions and collective transport, are discussed in

section 1.5.

The necessity of continuously driving the plasma current by induction with constant magnetic

flux change
d

d t
Φ results, conceptually, in a pulsed operation as the central solenoid can

only tolerate a maximal coil current I max
c . It is continuously ramped from −I max

c towards

I max
c throughout the plasma operation, resulting in discharge times on the order of seconds

9
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to minutes in present day tokamaks. For ITER, a pulse duration of up to 30 minutes is

envisioned. Alternative methods for non-inductive current-drive are presently an active field

of research that may extend the discharge time or even allow for stationary operation. A

magnetic confinement concept that does not require the presence of a plasma current is

the stellerator (lat. "stella", star) and was already proposed by Lyman Spitzer in the 1950s

even before the tokamak [128]. A stellerator is a non-toroidally symmetric device in which all

components of the magnetic field are fully created by external magnetic coils. It does hence

not require a plasma current nor a primary transformer circuit. Presently, the most advanced

stellerator is the Wendelstein 7-X in Greifswald, Germany, that commenced operation in 2016.

Both, the stellarator and the tokamak concept, are actively pursued in the fusion community

and, to present knowledge, pose promising concepts for a fusion reactor. The remainder of

this thesis is focussed on tokamak plasmas.

In order to achieve the extreme temperatures required for the fusion reaction, of the order of

∼ 10 keV, various heating mechanisms are employed. For tokamaks, the inductively-driven

plasma current results in Ohmic heating due to the finite electrical resistivity of the plasma.

Unlike for metals, the electrical resistivity η= e2ne /(meτei ) ∝ T −3/2
e decreases with increasing

temperature in a plasma due to the reduction of the Rutherford crosssection with increasing

impact energy and the resulting increase in electron-ion scatter time τei . Hence, Ohmic

heating can be used to heat the plasma but becomes less effective at very high temperatures.

Therefore, additional heating mechanisms are required. Auxiliary heating can be either

provided by injecting high energy neutrals into the plasma (neutral beam heating NBH), or by

shining electromagnetic waves in the frequency range of radio- or microwaves in the plasma:

electron cyclotron resonance heating ECRH (30-170GHz), lower hybrid current drive LHCD (1-

8 GHz) and ion cyclotron resonance heating ICRH (20-100MHz). For NBH, ions are accelerated

to high energies of tens to hundreds of keV through an electric field and are neutralised prior

entering the plasma vessel to avoid deflection of the beam particles by the magnetic field. The

fast neutrals ionise within the plasma and transfer their energy to the plasma. High frequency

heating systems employ electromagnetic waves that interact resonantly with the plasma and

thus transfer their energy content to the plasma particles, ICRH employs resonances of the

ion cyclotron frequency ωc,i and predominantly heats the ions, lower hybrid drive interacts

with collective plasma oscillations and ECRH allows electron heating by resonance with the

electron cyclotron motion ωc,e . The combination of these methods allows to provide heating

powers in the MW range. Fusion-relevant temperatures, ∼ 10 keV, are routinely reached in

tokamak experiments worldwide. A selection of a few important tokamak experiments is given

in Table 1.1.
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Name Machine operation Location R0[m] Bφ[T] Ip [MA]

T-1 1957-1959 Moscow, Russia 0.63 1.0 0.04
JET 1983-today Culham, UK 2.96 4.0 7.0
DIII-D 1986-today San Diego, USA 1.67 2.2 2.0
Alcator
C-Mod

1991-2016 Cambridge, USA 0.67 9.0 2.0

Asdex
Upgrade

1991-today Garching, Germany 1.65 3.1 1.6

TCV 1992-today Lausanne, Switzerland 0.88 1.4 1.2
EAST 2016-today Hefei, China 1.85 3.5 0.5
KSTAR 2008-today Daejeon, South Korea 1.80 3.5 2.0
WEST 2016-today Cadarache, France 2.50 3.7 1.0
JT60-SA assembly completed

2020
Naka, Japan 2.96 2.3 5.5

ITER under construction Cadarache, France 6.20 5.3 15.0

Table 1.1 – Selection of a few important tokamak experiments, R0 denotes the major radius,
Bφ the maximal toroidal magnetic field on axis and Ip the maximum plasma current.

1.4 The plasma exhaust challenge

There are several technical challenges towards the development of a nuclear fusion reactor.

The proximity of a thermonuclear plasma (∼ 108 ◦C) to a material wall (∼ 1000◦C), only spatially

separated by a few meters, raises the question of feasibility of reactor operation while avoiding

destruction of the first wall material and without excessive impurity contamination of the

main plasma. The heat exhaust problem in a future fusion reactors has been marked as one of

the main challenges towards the realisation of magnetic fusion by the European roadmap for

fusion energy [30]. Here, we state the main criteria that the divertor has to fulfill in a future

fusion reactor and illustrate them in the following sections.

First, a stationary plasma operation requires to mitigate the inevitable power losses, through

cross-field transport over the separatrix, prior to deposition on the specifically designed solid

wall materials, the divertor, to prevent mechanical failure of the wall material. These power

losses occur both as stationary and as transient heat loads (cf. H-mode and edge-localized

modes) on the wall surface. Second, to avoid excessive release of wall material into the plasma

(impurities) the plasma in the vicinity of the divertor plates needs to have sufficiently low

plasma temperature. Third, the product of the fusion reaction, the He-atoms, need to be

removed from the confined flux regions to prevent dilution of the main plasma and the

accompanied reduction in fusion reactions (cf. Helium exhaust). These conditions must be

met simultaneously without degrading plasma core performance. This states the principal

and still unsolved challenge in plasma boundary research.
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The divertor concept

Ip

Ic

scrape-off 
layer (SOL)

confined plasma

reactor wall
(target)

external poloidal
field coil

separatrix

inner strike
point (ISP)

outer strike
point (OSP)

(plasma core)

SOLX-point

Figure 1.6 – The basic divertor concept repre-
sented in the poloidal plane: external poloidal
field coils create a point of vanishing poloidal
magnetic field (X-point). The SOL plasma be-
comes diverted and plasma-wall interaction is
localized in an area remote to the main plasma.

Already in the early days of fusion research,

in the 1950s, it was evident that the accumu-

lation of impurities within the plasma has to

be restrained as much as possible. Lyman

Spitzer proposed in the context of the stel-

larator concept to bent away magnetic flux

tubes to locate the points of strongest plasma

wall interaction in some distance from the

main plasma and hence reduce its contam-

ination by impurities [128]. Diverting flux

tubes is achieved by tuning external poloidal

field coil currents such that Bθ vanishes in

a certain point in the vessel, the X-point, cf.

Figure 1.6. The magnetic flux surface that

contains the X-point, the separatrix, is the

interface between closed flux surfaces, con-

fining the plasma, and the open field lines

that connect directly to the reactor walls. The

region of open field lines is called scrape-off layer (SOL). The power crossing the separatrix PSOL

is channeled within the relatively narrow layer of width ranging between λSOL ∼ 1−10 mm[6],

resulting in high heat and particle fluxes onto the reactor wall in the vicinity of the strike points.

The strike points are located at the interception between the separatrix and the plasma-facing

components (PFCs) and pose the region of most intense plasma-wall interaction. Conse-

quentially, the divertor needs to be specifically designed to withstand the immense incoming

heat and particle fluxes in high power operation, typically by active cooling and geometric

alignment to the field for optimal distribution of the heat load. Incoming plasma particles

recombine with surface electrons on the divertor plates and give rise to a high neutral pres-

sure, mandatory for efficient pumping of hydrogen gas and helium ash. In comparison to

limited plasmas, diverted configurations offer easier access to hot core plasma conditions

with relatively cold strike points. Furthermore, the access to the high confinement mode is

facilitated in diverted plasmas. Nowadays, the divertor is considered as an essential element

of modern tokamaks and fusion reactors.

Even though the present understanding of divertor and scrape-off layer physics may not

be complete enough to provide a sufficient divertor solution for a future reactor, the aim,

designing a divertor that can withstand the plasma load for years of reactor operation, is evi-

dent. Presently, divertor PFCs, e.g. actively cooled tungsten targets, are expected to withstand

no more than ∼ 10 MW/m2 of steady state heat flux. For a power crossing the separatrix of

Psol channeled in a SOL of characteristic width λq the deposited heat flux at the wall can be

[6]The different plasma parameters (density, temperature, heat flux profile, current etc.) falloff lengths in the SOL
can differ substantially but they lie typically within the range of 1−10 mm if mapped to the outboard midplane.
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1.4. The plasma exhaust challenge

estimated as

q t
dep = cdi v

(
1− f SOL

power

) PSOL

2πRtλq

∣∣∣∣ B

Bθ

∣∣∣∣
u

sinα. (1.15)

Here, cdi v denotes the fraction of PSOL that is channeled towards the respective divertor

target and depends predominantly on the plasma geometry and magnetic field direction, cf.

studies on the TCV tokamak by Maurizio [84]. f SOL
power denotes the power that is dissipated

volumetrically in the SOL by line radiation and plasma-neutral interaction [7], Rt the target

major radius and α the grazing angle of the magnetic field line to the target plate. For modular

divertors composed of tungsten monoblocks, as foreseen in ITER, the target field line angle

α cannot be arbitrarily reduced due to exposure risk of tile edges to excessive heat loads,

essentially posing an engineering limit of α∼ 3◦ for a modular divertor containing tungsten

monoblocks [8].

For reactor operation, it will be desirable to operate below, but not too far under, the material

limit, as excessive cooling in the SOL is known to cause degradation of confinement of the

core plasma and even plasma disruptions. Assuming a stationary wall heat flux of q t ,max
dep ∼

5 MW/m2, which leaves some margin for operation as well as for radiation and neutral heat

loads that are not accounted for in equation (1.15), we can estimate the necessary volumetric

power dissipation in the SOL, f SOL
power , for a reactor-sized tokamak (assuming PSOL ≈ 150 MW,

Rt ≈ 8 m, heat flux channel width λq ≈ 3 mm, |B/Bθ|u ≈ 3 and equal power sharing cdi v = 0.5

for simplicity):

f SOL
power ≥ 1−

q t ,max
dep 2πRtλq

PSOLcdi v sinα

∣∣∣∣Bθ

B

∣∣∣∣
u
∼ 0.94. (1.16)

This poses the first criterion of the power exhaust challenge: the reduction of wall loads by

∼ 94%, or equivalently reduction of target heat flux q t
dep < 10 MW/m2, without unacceptable

derogation of core plasma performance. The largest uncertainty contributing to equation

(1.16), and therefore the severeness of the heat exhaust problem, is the heat flux channel

width λq . This uncertainty is closely linked to the still incomplete understanding of cross-field

transport in the scrape-off layer, cf. section 1.5, that is central to the studies presented in

this thesis. The predicted λq for a reactor, according to an empirical multi-machine scaling

developed by Eich [36], may be as low as 1 mm, whereas first-principle gyrokinetic simulations

predict λq to 5−6 mm for reactor-sized machines, cf. [100, section 3.1.2].

[7]Excluding the contribution from ionisation and molecular dissociation as these remain as potential energy in
the plasma and are deposited in the wall unless volumetric particle sinks are present.

[8]This restriction can be lifted in tokamaks with demountable toroidal coils, e.g. foreseen for the ARC design
[127], where the entire, highly-aligned, monolithic divertor structure can be pre-assembled and installed in the
machine which allows to go to field line angles as low as α∼ 1◦ and consequentially low target heat fluxes [131].
However, the technology for demountable coils is to date not yet well established, so we use the conservative
assumption α∼ 3◦.
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Chapter 1. Introduction

The use of tungsten, as high-Z divertor material, also poses an upper limit on the impurity

release by wall erosion. Erosion of tungsten becomes, however, negligible below target electron

temperatures of

T t
e < 5 eV. (1.17)

This poses the second criterion in the plasma exhaust challenge: maintaining sufficiently low

target temperatures to prevent excessive impurity release by wall erosion.

H-mode and edge-localized modes (ELMs)

pl
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m
a 
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edge
transport
barrier

Figure 1.7 – Typical pressure profiles
for low and high confinement mode.

The energy confinement time τE determines the nec-

essary plasma conditions to reach breakeven (1.3) and

ignition (1.4) and increases with reactor size. Plasma

scenarios with increased τE are therefore advanta-

geous from an enomic point of view as they allow sig-

nificant reduction of the device dimensions and hence

capital costs.

An operation regime which features favorable energy

confinement time is the so called high confinement

or H-mode. In H-mode plasmas a transport barrier

emerges in the core edge region and inhibits turbulent

transport. It is accompanied with steep pressure gradients in the edge and an increased

pressure over the entire radial extent of the plasma, Figure 1.7. The access to H-mode re-

quires sufficient heating power. An empirical threshold for transition between low and high

confinement mode is provided by the Martin scaling [82] and states that PSOL is required to

exceed

PSOL > PLH = 2.15 MW× (
ne [1020m−3]

)0.78
(Bt [T])0.77 (a[m])0.98 (R0[m])1.0 . (1.18)

In a reactor, a re-transition to L-mode would result in a significant drop in fusion reactions

and would occur if the power crossing the separatrix Psep falls below PLH . For a DEMO

sized reactor an L-H threshold of PLH ∼ 135 MW is anticipated, yielding an estimate for the

necessary exhaust power that needs to be mitigated PSOL ∼ 150 MW [82, 104].

The H-mode is typically accompanied by edge-localized modes (ELMs), periodic outbursts

of particles and heat expelled from the core plasma into the scrape-off layer due to periodic

relaxation of the transport barrier. Consequentially, ELMs cause large transient particle and

power loads to the wall materials. The periodic bombardment of material surfaces with

particles and heat is detrimental to the divertor lifetime due to material fatigue. The inter-

ELM heat flux channel width λH−mode
q is reduced by factor ∼ 2 w.r.t L-mode due to inhibited

turbulent transport in the edge and aggravates the heat exhaust challenge.
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1.4. The plasma exhaust challenge

The compatibility between fusion performance and a divertor solution poses the third criterion

of the power exhaust challenge: e.g. operation in H-mode requires that edge radiation must

be compatible with the L-H threshold, equation (1.18).

Helium exhaust

The presence of non-hydrogenic elements in the core plasma reduces the hydrogenic densities

due to donation of electrons [9]

cD/T = 1−∑
a Zaca

2
(1.19)

where ca = na/ne denotes the concentration of species a and we assumed equal deuterium

and tritium content nD = nT . From (1.19) it is clear that even moderate impurity content can

lead to a significant reduction of the hydrogenic concentration and consequently reduces

the fusion power output P f us ∝ n2
D/T . Fuel dilution should hence be reduced as much as

possible.

The Helium production rate is determined by the D-T fusion reaction rate and hence linked

with the fusion power. In stationary conditions, the removal of helium ashes by pumping

elements in the wall is required to equal the production rate

Γ
pump
He = P f us

17.6 MeV
. (1.20)

For a reactor with P f us = 2 GW, approximately Γpump
He = 7 ·1020 He-atoms need to be pumped

per second. The pumping throughput, on the other hand, is determined by the pumping

speed Spump of the installed pump and the helium density nHe in the vicinity of the pumping

duct

Γ
pump
He = Spump nHe = Spump ne cHe . (1.21)

Efficient helium pumping thus reduces core plasma dilution and hence facilitates access to

break-even and ignition. From an operational point of view, effective pumping also benefits the

control of the plasma density. Lastly, a high neutral pressure decreases the space requirement

for the pump ducts, a clear engineering advantage, as more space is available for neutron

shielding, coils, etc.

This marks the fourth and final criterion of plasma exhaust, efficient pumping of Helium.

[9]Quasineutrality requires ne = nD +nT +∑
a Za na .
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Chapter 1. Introduction

Summary: heat exhaust challenge

1. The total deposited heat flux, composed of plasma energy, potential energy, radia-

tion and neutral heat load, on plasma-facing components must not exceed q t
dep <

10 MW/m2, for actively cooled tungsten monoblocks as used for ITER [100]. Equiva-

lently, the limit can be expressed for the parallel heat flux q t
|| = q t

dep /sinα< 200 MW/m2.

2. The sputtering level of wall material must be kept low, putting an upper limit on the

target electron temperature: T t
e < 5 eV.

3. The exhaust solution needs to be compatible with fusion performance in the plasma

core.

4. The Helium density in the divertor must be sufficiently high to enable efficient pumping

and thus reduce dilution of the core plasma.

Divertor regimes

Heat and particle transport in the SOL can change drastically depending on SOL density

and temperature. Often the divertor state is characterised by its collisionality in the SOL,

a dimensionless parameter comparing the spatial extent of a flux tube with length L|| the

collision mean-free path (here for electrons),

ν∗SOL,e =
L||
λee

≈ 10−16 nu[m−3]L||[m]

Te [eV]
. (1.22)

Stangeby [130, chapter 4] categorises the divertor into three distinct regimes of which each

shows characteristic features, that we briefly review here:

• the sheath limited divertor

• the conduction limited divertor

• the detached divertor

The sheath limited divertor is expected at low collisionality ν∗SOL < 10, i.e. low density and

high temperature, and features only small parallel Te gradient, hence heat conduction is weak

compared to convection. Volumetric power losses are relatively small and a large fraction

of the ionisation is happening outside of the divertor region. It often coincides with the

low recycling regime for which the target particle flux Γt scales linearly with the line-average

plasma density n̄e , Γ∝ n̄e .

The Conduction limited divertor appears at intermediate collisionality 10 < ν∗SOL < 50 and

develops significant parallel Te gradients due to finite electron heat conductivity. The parallel

heat transport is primarily taken by electron conduction. Within the high recycling regime
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1.5. Mechanisms of cross-field transport

most of the ionisation for a high recycling divertor takes place in the divertor itself rather than

in the confined plasma the recycling particle flux is Γ∝ n̄2
e or even stronger. This reduces the

divertor temperature even further and leads to an increased divertor density scaling stronger

than upstream plasma density n2
e . The total pressure along a flux tube remains approximately

constant. The sheath limited and low recycling regime, as well as the conduction limited and

high recycling regime, often correspond to similar plasma states [130, chapter 5.3] and no

distinction between the two will be made in the following.

A detached divertor is attained by further increasing the upstream density and/or increasing

volumetric power dissipation, e.g. by introducing radiating impurities to the divertor. Charac-

teristic features of detachment are parallel temperature and pressure gradients a displacement

of the ionisation region from the target and a reduction of the recycling flux. The reduction of

target flux is only possible with either a reduction the ionisation source and/or the presence

of a volumetric sink, such as electron-ion recombination [69]. The underlying mechanisms

leading to a detached divertor state are still not completely understood but it is evident that

impurities, atomic neutrals and possibly even molecules contribute.

On the TCV tokamak, which is central to the studies in this thesis, detachment behaves some-

what anomalously as atomic recombination has been excluded as possible cause of particle

flux reduction in spectroscopic investigations by Verhaegh [142, 144]. As will be shown in

the following Chapters, a roll-over, i.e. reduction of the integrated target particle flux during

density ramps, is also not obtained in scrape-off layer simulations of TCV. Previous SOLPS5.0

modelling by Wischmeier suggested main chamber impurity sources as a possible explanation

[154]. In fact, with TCV’s first wall upgrade in late 1998, which increased the coverage of

carbon protection tiles from ≈ 65% to ≈ 90%, detachment has been observed in discharges

with deuterium puffing alone, indicating an influence of the main chamber on the detach-

ment behavior [101]. Recent spectroscopic investigations indicate, however, that molecular

reactions also affect the particle balance through molecular activated recombination (MAR)

and may explain the anomalous behaviour of TCV [145]. However, in Chapter 8 it is shown

that the target current roll-over often coincides with a strong reduction in upstream pressure,

suggesting that target pressure reduction is not solely achieved by parallel pressure gradients.

1.5 Mechanisms of cross-field transport

The severeness of the heat exhaust problem is strongly linked with the SOL-width, that largely

affects the peak heat flux at the targets. This width results from the balance of plasma transport

parallel and perpendicular to the magnetic field lines in the vicinity of the separatrix. This

section introduces the principal mechanisms of cross-field transport that take place in fusion

plasmas. First, in section 1.5.1, we will consider single-particle motion of charged non-

relativistic particles in a magnetic field B and demonstrate that inhomogenities or external

forces will give rise to a guiding-center motion perpendicular to the magnetic field. Additional

cross-field motion is invoked by particle collisions, these give rise to classical and neoclassical
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Chapter 1. Introduction

diffusion. These are discussed in section 1.5.2. Lastly, plasma transport invoked by fluctuations

and the resulting collective particle motion are discussed in section 1.5.3.

1.5.1 Single-particle motion in (inhomogenous) force fields

The equation of motion for a non-relativistic particle, (v/c)2 ¿ 1, in a magnetic field B submit-

ted to an external force F is given by

m
dv

d t
= qv×B+F. (1.23)

Here it is sufficient to consider the component of F perpendicular to B, F⊥ as its parallel

component would lead to an acceleration along the field lines, md v||/d t = F||, and hence does

not contribute to transport perpendicular to field lines. We further assume that the spatial and

temporal variation of the force is small w.r.t to the characteristic scales of the gyromotion of

particles ρL ¿ F /|∇F |,ω−1
c ¿ F /|∂t F |. The velocity v corresponds to the laboratory frame. By

a Galilean change of reference frame w = v−vg.c we find the particle guiding-center reference

frame in which the equation of motion simplifies to the gyromotion

m
dw

d t
= q(w+vg c )×B+F⊥ = qw×B+qvg .c ×B+F⊥︸ ︷︷ ︸

!=0

(1.24)

By requiring the second term on the R.H.S to vanish we find the guiding center velocity

vg .c = F⊥×B

qB 2 . (1.25)

The guiding-center motion is perpendicular to the magnetic field and the external force F .

Next, we will consider various forces that lead to drift motion in (fusion) plasmas.

Gravitational drift

The presence of gravity provides a force F⊥ = mg leading to the drift motion

vg r av = mg×B

qB 2 . (1.26)

The gravitational drift can be important in astrophysical plasmas, but for fusion experiments

the gravitational drift is negligible and will not be considered further.
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1.5. Mechanisms of cross-field transport

E ×B-drift

In presence of an electric field the charge-dependent force F⊥ = qE leads to the E ×B-drift

vE×B = E×B

B 2 (1.27)

directly resulting from (1.25). The E×B-drift acts equally on electrons and ions and hence

does not drive an electric current. The processes leading to an electric field E, especially in the

divertor, are discussed in detail in Chapter 6.

∇B-drift

In presence of gradients of the magnetic field ∇B , assumed to be weak compared to the

gyroradius ρL |∇B/B |−1 ¿ 1, the magnetic moment of particles µ= mv2
⊥/(2B), related to the

individual gyromotion of the particles, is subject to the force F∇B = −µ∇⊥B , note that µ is

charge-sign independent, that results from incomplete cancellation of the Lorentz force in

the low and high field side regions of the gyro orbit. The resulting force can thus be written as

F∇B =−µ∇⊥B =−mv2
⊥

2 ∇⊥lnB .

Insertion into (1.25) leads to the grad B-drift (∇B-drift)

v∇B = mv2
⊥

2q

B×∇B

B 3 . (1.28)

The magnetic field in a tokamak decreases with increasing major radius R, such that the grad

B-drift is directed along the Z-direction, and its direction depends on Bφ-direction and the

charge sign.

Curvature drift

Next, we consider the case of curved magnetic field lines with local curvature radius Rc but

with locally constant field strength. The particles in a curved magnetic field are subject to

the centrifugal force Fc =−mv2
||e|| · (∇e||), with e|| = B/B . It is possible to show that e|| · (∇e||) =

∇⊥l nB . Note, that also the centrifugal force is charge-sign independent. We find the so-called

curvature drift

vcur v =
mv2

||
q

B×∇B

B 3 . (1.29)

Notably, the grad B-drift, equation (1.28), and the curvature drift, equation (1.29), have the

same direction. We can thus conveniently combine the two into a single expression

v∇B +vcur v = m

q

(
v2
⊥

2
+ v2

||

)
B×∇B

B 3 . (1.30)
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Averaging over Maxwellian distribution[10]
〈

v2
||
〉
= v2

th ,
〈

v2
⊥
〉= 〈

v2
x + v2

y

〉
= 2v2

th with thermal

velocity vth =p
T /m yields

〈v∇B +vcur v 〉 = 2T

q

B×∇B

B 3 . (1.31)

From equation (1.31) it is evident that for Ti = Te the grad B and curvature drifts are equally

strong for electrons and ions but have opposite direction. To counteract the resulting spatial

charge separation in a tokamak helical field lines are employed, as discussed above in section

1.3. The direction of guiding-center drifts is summarized in Figure 1.8.

ion electron

q>0 q<0

+constant E-field

constant B-field

*electron gyroradius
rescaled for better visibility 

+charge-independent
force (e.g.                    )

Figure 1.8 – Schematic drift directions due to an external force perpendicular B for electrons
and ions. Electron gyroradius is magnified for better visibility.

Diamagnetic drift

Unlike the guiding-center drifts above, that lead to direct displacements of guiding-centers of

particle trajectories, the diamagnetic drift is a fluid drift in magnetised plasmas in the presence

of a pressure gradient ∇p. It reflects the diamagnetic character of electron and ion Larmor

orbits. It will play a central role in Chapter 6 for the electrostatic potential in the divertor.

[10]Appendix C provides an overview of moments of a Maxwellian distribution function
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1.5. Mechanisms of cross-field transport

constant B-field q>0

Figure 1.9 – Schematic diamagnetic drift for ions in presence of only a temperature or only a
density gradient. Note, that for a homogenous magnetic field not a single guiding center is
displaced.

We can obtain the diamagnetic drift from the fluid momentum equation for fluid species α

with pressure pα and fluid velocity uα, in a magnetic field B in steady state

0 =−∇pα+qαnα (E+uα×B) , (1.32)

⇒∇pα×B = qαnαE×B+qαnα (uα×B)×B︸ ︷︷ ︸
B(B·uα)−uα(B·B)=−(uα−uα,||)B 2

, (1.33)

⇔ u⊥,α = E×B

B 2 + B×∇pα
qαnαB 2 . (1.34)

The first term on the R.H.S of (1.34) is the E ×B-drift that was also found in the guiding-

center picture. The second term is the so-called diamagnetic drift. It reflects the intrinsically

diamagnetic behavior of the particles Larmor motion and results in a fluid drift in presence of

density or temperature gradients, as will be shown below. Qualitatively, the diamagnetic drift

can be understood due to the overlap of adjacent Larmor orbits with increased radius due to a

temperature gradient and/or due to increased overlap due to a density gradient, Figure 1.9.

Note, that the guiding-centers in Figure 1.9 are not displaced for a homogeneous magnetic

field, in contrast to guiding-center drifts that were discussed above. In fact, for a homogeneous

magnetic field the diamagnetic drift does not contribute to a guiding-center displacement

and thus no net transport of particles, while in a non-uniform magnetic field it includes a

component of guiding-center motion related to the ∇B and curvature drift. The fluid- and

guiding-center picture, however, give identical results for any physical observable if carried

out to the same order [51]. One must, however, be careful not to mix the guiding-center and

the fluid picture, e.g. adding both the diamagnetic drift and the ∇B+curvature drift in a single

calculation.

The diamagnetic drift acts differently on electrons and ions and thus, unlike the E ×B-drift,

naturally drives an electric current

j =∑
α

jα =∑
α

qαnαuα =−∑
α
∇pα× B

B 2 =−∇P × B

B 2 , (1.35)
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where P =∑
α pα denotes the total static pressure.

This current (1.35) creates a magnetic field Bi nt opposed to the external magnetic field Bext ,

as can be verified employing Ampere’s law

∇×B =µ0j =−µ0∇P × B

B 2 ,

⇒ 1

µ0
(∇×B)×B =− 1

µ0
(∇B 2 − (∇B) ·B) =−∇ B 2

2µ0
=∇P,

⇒∇
(
P + B 2

2µ0

)
= 0 ⇒ P + B 2

2µ0
= const . (1.36)

The gyromotion of plasma particles creates an internal magnetic field Bint in such a way that

the total magnetic field B = Bext +Bint fulfills equation (1.36). Hence, the plasma displays a

diamagnetic behavior, thus giving the diamagnetic drift its name.

The full particle velocity, to this order, is hence given by:

v = v||+v⊥
= v||+vg yr o +vE×B +v∇B +vcur v +vpol . (1.37)

The above list of guiding center drifts is indeed complete in the sense that all perturbations due

to inhomogenity in the electromagnetic fields have been included up to the first correction

order. Here, we also included the first correction order linked to a time-dependent electric

field, the polarization drift vpol =∓ 1
ωcB

dE⊥
dt

[45, Ch. 8]. The polarization drift plays a role in

the evolution of plasma fluctuations.

1.5.2 Collisional transport: (neo)classical diffusion

Additionally to the single particle motion, associated with drift effects, also particle collisions

can lead to plasma cross-field transport. In a fully ionised plasma only inter-species collisions,

i.e. ion-electron or collisions between different atomic species, give rise to net transport,

whereas intra-species collisions, i.e. between identical particles, lead to an exchange of guiding

centers among them. On average, the collision processes lead to random displacements events

of the width of the respective particle orbits, the Larmor radius ρL . The corresponding classical

diffusivity for electron and ion collisions, with collision times (cf. section 1.2), is given by

Dcl
⊥,e ∼ ρ2

L,e /τe,i (1.38)

Dcl
⊥,i ∼ ρ2

L,i /τi ,e (1.39)

The classical transport is ambipolar Dcl
⊥,e ∼ Dcl

⊥,i , provided the temperatures of electrons

and ions are similar Te ∼ Ti . Note, that Dcl
⊥ ∝ B−2T −1/2, so the plasma confinement should

become easier by increasing the magnetic field B . Let us consider the JET tokamak (a ≈
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1.5. Mechanisms of cross-field transport

1 m,τE = 0.5 s,B = 3 T,Te = 10 keV,n = 1020 m−3) and compare the classical prediction with

experimentally observed cross-field transport.

With the electron collision frequency for a hydrogen plasma is τe,i ≈ 2·1010(Te [eV])3/2/ne [m−3] ≈
0.2 ms, we have for the classical diffusivity

Dcl ,i e
⊥,e ∼ (10−4 m)2

2 ·10−4 s
≈ 5 ·10−5 m2

s
. (1.40)

Estimating the cross-field transport based on the experimental energy confinement time

yields

Dexp
⊥,e ∼ a2

τE
= 2 m2/s (1.41)

which is five orders of magnitude bigger than the classical prediction.

Figure 1.10 – Banana orbit along the torus, Image source: EFDA-JET

The next level of sophistication is introduced by neoclassical theory and accounting for grad B

and curvature drifts leading to distorted particle orbits by parallel reflection. The magnetic

moment of gyrating particles µ= v2
⊥/2B is an adiabatic invariant, hence the perpendicular

velocity increases when a particle transits to a region of higher magnetic field, due to the

conservation of energy v2 = v2
⊥+ v2

|| the perpendicular velocity of a particle cannot increase

indefinitely as the kinetic energy m/2(v2
||+v2

⊥) is conserved. Particles with high pitch angle are

reflected when approaching the inboard side of a tokamak where the magnetic field is higher

(the high-field side, HFS). Such particles are trapped and the ∇B and curvature drifts lead to

extended banana-shaped orbits on the low field side (LFS) of the torus, cf. Figure 1.10. The

displacement due to collisions for trapped and passing particles should hence be replaced by
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the width of the drift orbit that leads to the neoclassical diffusivity estimate

Dneo−cl assi c
⊥ ∼ 50Dcl

⊥ ¿ Dexp
⊥ . (1.42)

Hence, the collisional neoclassical model still underestimates the cross-field transport by

three orders of magnitude w.r.t. the experimentally observed values[11]. This is likely the

most critical physics problem in fusion research. While these transport processes do take

place, another transport mechanism is by far dominant. The underlying processes are still not

entirely understood and pose a very active field of research. It is nowadays widely accepted that

microinstabilities in the core edge region lead to strongly non-linear and seemingly random

particle motion, commonly referred to as turbulence, that pose the largest contribution to

cross-field transport and are briefly discussed in the next section.

1.5.3 Microinstabilities and collective transport

Presently, it is commonly agreed in the community that cross-field transport of particles and

energy is predominantly driven by turbulence. This is the result of small-scale fluctuations

of the electric and magnetic fields that give rise to E ×B drifts. Despite, the fact that the

fluctuations of electromagnetic fields, by definition, vanish over time integration, 〈δE〉t =
〈δB〉t = 0 the resulting drift fluxes do not necessarily. For illustration, we consider a plasma

with constant density but fluctuating electromagnetic fields

〈ΓE×B 〉t = 〈nvE×B 〉t ≈
〈

n
(E0 +δE)× (B0 +δB)

B 2
0

〉
t

(1.43)

= n
E0 ×B0

B 2 +n

〈
δE×δB

B 2
0

〉
t

. (1.44)

In the following we will refer to the first term in (1.44) as equilibrium E ×B drift, i.e. the

E ×B-drift for a static electromagnetic field, that was also found above. It poses the cross-field

contribution that can be self-consistently computed if fluctuations are neglected as done in

transport codes (see transport codes in section 3.4) and that will be central to the remainder

of the thesis. The second term is fully invoked by fluctuations in the plasma and requires

a description by first-principle turbulence codes. Such fluctuations may arise, e.g. from

unfavorable magnetic curvature (interchange, ballooning modes) or driven by temperature

gradients (of electrons: ETG, or ions: ITG), and appear on length scales of the order of the ion

gyroradius. The growth of these instabilities lead to seemingly chaotic particle motion that is

commonly referred to as plasma turbulence and the resulting cross-field transport is likely the

most critical physics problem for fusion research.

[11]The estimate for the neoclassical ion heat conductivity is larger by factor (mi /me )1/2 and can be comparable
with turbulent transport coefficients, e.g. inside of transport barriers where the latter are reduced.
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1.6. Aim of this thesis

1.6 Aim of this thesis

This doctoral thesis is devoted to further the understanding of divertor power exhaust, a

key challenge on the tokamak path towards fusion energy, and aims to contribute to the

validation of a predictive model of the scrape-off layer, the SOLPS-ITER code. The code has

been previously used for the design of the ITER divertor [71]. Repeated tests of the code on

present-day devices are important as any revisions of the model may bear consequences for

the operation of ITER and affect the design of next step devices.

This doctoral thesis constitutes such a test of the SOLPS-ITER code through, a stringent

comparison with experiments on the TCV tokamak. Special focus is given to two aspects of

the model: the drift-related transport and the plasma-neutral interaction.

The influence of equilibrium drift contributions to scrape-off layer transport is thought to be

significant for plasma transport even in the presence of turbulence [110]. The understanding of

their global effect on the scrape-off layer remains elusive, despite considerable experimental

and computational efforts [17, 18, 52, 59, 116]. This thesis assesses the equilibrium drift

contribution to divertor particle and heat transport of TCV L-mode plasmas. Scrape-off

layer simulations highlight drift-related effects and suggest suitable experimental observables

that allow to test the model predictions in TCV experiments employing the wide range of its

edge-relevant diagnostics.

The plasma-neutral interaction model of SOLPS-ITER is tested in the light of the TCV divertor

upgrade [39, 103]. The TCV divertor upgrade is centered around the installation of divertor

gas baffles that aim to suppress the transit of recycling neutrals to closed flux surfaces, thereby

enhancing volumetric losses in the divertor volume. Scrape-off layer simulations highlight

the significance of plasma-neutral interaction for the plasma state in the divertor and provide

predictions that are then tested in the first baffled TCV campaign.

1.7 Outline

The scrape-off layer experiments on the TCV tokamak with its large set of edge diagnostics

provide the basis for the SOLPS-ITER simulations presented in this thesis. TCV and relevant

edge diagnostics are presented in chapter 2. Chapter 3 discusses the essential aspects of a

(fluid) description of the scrape-off layer. The SOLPS-ITER code is presented and detailed

illustrations for a typical TCV single-null case are provided. The sensitivity of simulation

results on important input parameters is studied in chapter 4. Chapter 5 presents predictions

based on the SOLPS-ITER neutral model in the light of the TCV divertor upgrade, for which

gas baffles have been installed in the divertor chamber. As will be shown, the qualitative

impact of increased gas closure is explainable by neutral dynamics alone and does not require

inclusion of drift effects. In Chapter 6 we present the first SOLPS-ITER drift simulations for

the TCV tokamak. It is shown that accounting for the diamagnetic drift is essential to correctly

describe electric currents in TCV’s divertor, especially for low temperature conditions. Our
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Chapter 1. Introduction

simulations predict, for the first time, the emergence of an electric potential well in the vicinity

of the X-point for a detached divertor with unfavorable magnetic field direction for H-mode

access. Such a potential well is shown to substantially reshape the E ×B-transport in the

divertor. Experimental evidence for the predictions is provided. Chapter 7 assesses the impact

of drifts on cross-field transport by comparing simulations and experiments in both magnetic

field directions. An attempt to quantitatively reproduce TCV experiments employing all edge-

relevant diagnostics is presented in chapter 8. The comparison yields reasonable agreement

between simulation and experiment but also reveals remaining discrepancies, in particular

the divertor neutral pressure tends to be overestimated by the simulation with colder/denser

target condition than experimentally observed for given upstream profiles.
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2 Scrape-off layer research at TCV

The experiments presented in this thesis are performed on the tokamak á configuration

variable (TCV) and provide the basis for the scrape-off layer simulations in the following

chapters. This chapter presents the TCV tokamak and its vast set of edge-relevant diagnostics.

TCV’s general machine parameters are presented in section 2.1 followed by a discussion of the

magnetic geometry, section 2.2. An extensive set of edge-relevant diagnostics, mandatory for

the comparison to edge simulations performed in this thesis project, is discussed in section

2.3.

Figure 2.1 – Schematic drawing of the TCV tokamak: ports for gyrotron injection (yellow),
vacuum chamber and access ports (cyan), poloidal field coils and Ohmic transformer (orange),
toroidal field coils (green), graphite-covered PFCs (white), plasma (pink).
Image source: SPC, EPFL
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Chapter 2. Scrape-off layer research at TCV

2.1 The TCV tokamak

The fusion experiment tokamak à configuration variable (TCV), operated by the Swiss Plasma

Center, EPFL (École Polytechnique Fédéral de Lausanne), is a medium-sized tokamak with a

major radius of R = 0.88 , Figure 2.1. It features unique plasma shaping capabilities provided

by its 16 independently powered poloidal field coils that enable plasma operation with a large

variety of conventional (limited and single null) and alternative geometries (e.g. Super-X,

snowflakes, doublets, double nulls), Figure 2.2.

60663, 1.0s

single null

62807, 1.0s

long legged
divertor

52726, 1.0s 62507, 1.0s

Double null

58202, 1.0s

LFS SF-

52571, 1.0s

HFS SF-

52551, 1.0s

SF+

53436, 1.0s

a) b) c) d)

e) f) g) h)

Super-X

limited

Figure 2.2 – TCV shapes: a) limited plasma,
b) conventional single null, c) long-legged
divertor, d) Super-X, e) connected double
null, f) LFS snowflake minus (SF-), g) HFS
snowflake minus, h) snowflake plus (SF+)

The plasma chamber is highly elongated with

a minor radius of a0 = 0.25m and a vertical

extension from the axis of b0 = 0.75 m. Six-

teen toroidal field coils provide a toroidal mag-

netic field |Bφ| up to 1.4T and the Ohmic trans-

former coils drive a plasma current |Ip | up

to 1 MA. Both, the plasma current and the

toroidal field direction can be reversed be-

tween shots. TCV is equipped with a neu-

tral beam heating system that provides up to

1.3 MW of auxiliary heating power as well as

ECRH systems providing heating power up to

1.4 MW (X2) and 0.95 MW (dual X2 or X3)[1].

Typical TCV discharges have a duration of up

to ∼ 2 s with plasma densities 〈ne〉l in the range

1−20 ·1019 m−3 and core temperatures up to

Te ≤ 15 keV, Ti ≤ 2.5 keV.

TCV’s first wall is almost fully (> 95%) covered

with graphite tiles, thus carbon provides the

main plasma impurity. Graphite has the ad-

vantage that it does not melt in vacuum but

sublimes above temperatures of 3750 ◦C, the

resulting plasma radiation makes it robust against accidental plasma wall contact. It is further-

more a low-Z material whose radiation losses do not degrade the core plasma performance

as much as high-Z materials like tungsten. Carbon has therefore been the material of choice

for fusion experiments over many decades but is unfortunately unsuitable for a reactor due

to its large retention of hydrogen isotopes that would lead to kilograms of tritium retained in

the PFCs of a reactor [16]. The shot preparation in TCV is performed with the free-boundary

equilibrium code FBTE [55] and the equilibrium construction follows the LIUQE code [89].

In 2019, modular unmountable divertor baffles were installed with the aim of increasing its

neutral tightness [39, 103], Figure 2.3. Predictions for the first experimental baffled campaign

were carried out during this thesis project, presented in Chapter 5.

[1]Presently foreseen heating system upgrades aim to increase the total auxilliary power to up to 5 MW [39].
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2.2. The magnetic geometry

Figure 2.3 – Fish-eye photo from a lateral port, Left: unbaffled TCV, Right: baffled TCV divertor
after 2019 divertor upgrade. Image source: SPC, EPFL

2.2 The magnetic geometry

0 0.5 1 1.5
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Figure 2.4 – Commonly used coordinate
systems on TCV, magnetic equilibrium cor-
responds to a typical single null discharge
(#62807, t = 1.0 s). Poloidal field coils and
Ohmic transformer coils are shown in blue

Various coordinate systems are routinely used

in fusion research, each of which can be con-

venient for certain applications, cf. Figure 2.4.

A right-handed cylindrical coordinates system

(R, φ, Z ) is defined for TCV with R positive to-

wards the outside of the torus and R = 0 on TCV

vertical axis, φ positive counter-clockwise seen

from the top and vertical axis Z taken positive

upward with Z = 0 on the equatorial plane of

TCV. The magnetic field components are

B(R,φ, Z ) = BR +Bφ+BZ . (2.1)

The inherent toroidal symmetry of tokamaks[2],

i.e. utilizing ∂φ = 0, allows to introduce conve-

nient flux coordinates. The flux function ψ can

be defined such that

Bφ ≈ B0R0

R
, Bθ =

1

2πR
∇ψ×eφ, (2.2)

BR =− 1

R

∂ψ

∂Z
, BZ = 1

R

∂ψ

∂R
, (2.3)

and fulfills that ∇ ·B = 0. Here, R0 and B0 de-

note the major radius and the corresponding

magnetic field on the magnetic axis.

[2]This is an idealisation as gaps between toroidal field coils and inhomegenities in PFCs can lead to 3D effects.
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Chapter 2. Scrape-off layer research at TCV

Physically, ψ relates to the poloidal magnetic flux, i.e magnetic flux penetrating a closed loop

Az (R, Z ) normal to the Z -direction[3] ψ= 1
2π

∮
Bθ ·Az , cf. Figure 2.4.

In the right-handed flux coordinates (ψ, θ, φ) the radial coordinate ψ is increasing towards

the outside of the plasma, poloidal angle θ positive clockwise seen with TCV vertical axis on

the left and toroidal angle φ, again, positive counter-clockwise seen from the top [88]. In this

coordinate system the magnetic field has only poloidal and toroidal components

B(ψ,θ,φ) = Bθ+Bφ. (2.4)

Also the normalized flux-coordinate ρ = √
(ψ−ψ0)/(ψsep −ψ0) = √

1−ψ/ψ0 is commonly

used. The latter expression is obtained by requiring that ψ vanishes on the separatrix ψsep ≡ 0.

For scrape-off layer considerations it is often useful to relate the radial coordinate w.r.t. its

distance from the separatrix ∆ru = Romp −Romp,sep . A representation as function of ∆r u has

the advantage of providing a flux surface label in dimensions of length [cm], in contrast to ψ

or ρ, and can therefore readily be compared to the SOL-width. The contour lines, shown in

Figure 2.4, correspond to surfaces of constant ψ, and thus constant ρ and ∆r u , and are called

flux surfaces. In absence of cross-field transport mechanisms, cf. section 1.5, particles remain

indefinitely on closed flux surfaces.

For this thesis, the direction of the magnetic field is of central importance as it determines

the direction of guiding-center drifts. In TCV, the toroidal magnetic field Bφ > 0 is defined

positive when turning counter-clockwise seen from the top, corresponding to the φ-direction

displayed in Figure 2.4. In this field direction the ∇B-drift points upwards and represents the

unfavorable magnetic field direction for H-mode access in lower single null plasmas, in the

following we will refer to positive Bφ as reversed field direction. On the other hand, Bφ < 0 is

negative when turning clockwise, seen from above. Here, the ∇B-drift points downwards and

provides favorable H-mode access, we will refer to negative Bφ as the forward field direction.

Next, convenient definitions to characterize the magnetic geometry in the SOL are introduced:

the poloidal and total flux expansion, the poloidal target tilt angle, the grazing angle and

the parallel connection length. The distance between flux surfaces in real space is generally

varying along the poloidal direction. The poloidal flux expansion fexp describes its broadening

with respect to the upstream location

fexp (ψ,θ) ≡ dr (ψ,θ)

dru(ψ)
= RuBθ,u

RBθ
, (2.5)

where dr and dru are radial displacement from the respective flux surface to the next. The

expression on the R.H.S of equation (2.5) is obtained employing dψ= (∇ψ ·er )dr = |∇ψ|dr

and equation (2.3).

[3]Up to a normalisation factor 2π.
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2.2. The magnetic geometry

The poloidal flux expansion affects the plasma-wetted area, i.e. the area over which the

majority of heat is exhausted,

Awet = 2πRtλ
u
q

f t
exp

sinβt
θ

(2.6)

where λu
q is the characteristic radial width of the heat flux channel, βt

θ
the poloidal tilt angle

at the target and Rt the major radius at the target, cf. Figure 2.5a. Also the cross section

area of a flux tube A varies along its extent parallel to B due to the conservation of total

magnetic flux, a result that holds in ideal MHD theory, when plasma resistivity is negligible,

Φ = ∮
B · dA = const . The so-called total flux expansion is a measure of the variation of

crosssection area with respect to the upstream location

f tot
exp = d A

d Au = B u

B
≈ R

Ru . (2.7)

The total flux expansion affects the variation of fluid quantities such as the heat or particle

flux along B , due to the change of its cross section area along B, cf. Figure 2.5b.

SOL

strike point

a) b)

Figure 2.5 – Illustration of a) poloidal and b) total flux expansion

SOL flux surfaces intercept the divertor target at an angle α, the so-called grazing angle and

has typically a lower limit set by engineering constraints, cf. section 1.4. This implies an upper

bound for the plasma-wetted area as grazing angle, poloidal flux expansion and poloidal

tilt-angle are related by

sinβt
θ

f t
exp

≈ B u

B u
θ

tanαt . (2.8)

A derivation of this relation is presented by Maurizio [84, equation 4.24].
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Chapter 2. Scrape-off layer research at TCV

The length of a SOL flux tube parallel to B, linking the upstream position to the respective

target, is called connection length. It sets the distance over which parallel heat conduction acts

and thus affects the in/out power sharing between the targets. It is given by

L||(ψ) =
∫ t

u
d s|| =

∫ t

u
d sθ

B(ψ,θ)

Bθ(ψ,θ)
. (2.9)

The choice of upstream location in the integration interval may be based on the application,

e.g. one is often interested in the connection length from the outer midplane to one of the

targets.

2.3 Edge-relevant diagnostics

TCV is equipped with a large set of edge diagnostics that allow direct or indirect comparison

of various plasma parameters to simulation predictions and will thus be extensively used in

this thesis. A brief overview of the considered diagnostics is provided in Table 2.1, followed by

a more detailed discussion about each diagnostics in the following sections.

Name provides information about measurement location time resolution

FIR line averaged density 〈ne〉l 14 vertical lines 50µs
BAR neutral pressure pn 4 positions in areas remote

from the plasma
0.1 ms

BOLO incident power from radia-
tion and neutrals

64 lines of sight spanning the
vessel interior

10 ms

TS ne ,Te along a vertical line R = 0.90 m,
−0.69 < Z < 0.55 m

17 ms

RCP ne ,Te , jsat ,V f l ,Eθ,Er

parallel Mach number M||
horizontal plunge at Z = 0 m
(typically)

0.2 µs ( jsat )
0.5 ms (swept)

CXRS nC 6+ ,Ti , poloidal and
toroidal C flow velocity

plasma core and edge region 20 ms

LP ne ,Te ,V f l , jsat , j|| almost full poloidal coverage 5µs ( jsat )
3 ms (swept)

IR target heat flux q t
dep horizontal IR: inner column

vertical IR: floor
HIR: 5 ms
VIR: 1.1 ms
(full frame)

RDPA ne ,Te ,V f l , jsat Z <−0.37 m, 0.75 < R < 0.86 m 0.5µs ( jsat )
10 ms (swept)

DSS various spectrally resolved
emission lines, nSt ar k

e

32 lines of sight through the
divertor volume

10 ms

MANTIS 2D images of various spec-
tral lines (neutral densities)

full coverage of the
divertor volume

5 ms

Table 2.1 – Overview of edge-relevant diagnostics on the TCV tokamak
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2.3. Edge-relevant diagnostics

2.3.1 Far-infrared interferometer (FIR)
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Figure 2.6 – TCV poloidal cross-
section with 14 vertical FIR
channels, main channel at R =
0.903 m (red), ducts leading to
the baratron gauges (green)

An essential element of a fusion device is an electron density

ne estimate of the core plasma. Particularly, the transport

regime in the SOL is primarily influenced by the density,

section 1.4, and therefore of central importance for this

thesis. Interferometry provides a convenient measurement

principle for the line-averaged density 〈ne〉l along lines of

sight reaching through the plasma.

The Far-infrared interferometer (FIR) of TCV is a 14-channel

Mach-Zehnder type interferometer. It measures the line-

integrated electron density along parallel chords in the ver-

tical direction. The system comprises a laser in the far-

infrared range, wavelength 184.3 µm, and a detector unit

allowing a sampling rate of 20 kHz. A laser beam is divided

into a reference and 14 probe beams which transit vertically

through the TCV chamber, Figure 2.6. By passing through

the plasma the beams accumulate a phase delay with re-

spect to the reference beam caused by the difference in

refractive index. For the wavelength and polarization of the

FIR beams, the refractive index of the plasma is directly re-

lated to the line-integrated electron density. A frequency

shift of the reference beam, obtained by a rotating grating,

allows to obtain the phase delay from a comparison of the

detector signals. Division by the vertical path length through plasma core yields the line-

averaged density 〈ne〉l . In the following, 〈ne〉l will be evaluated at the chord at R = 90.3 cm.

2.3.2 Baratron gauges (BAR)

On TCV, neutral pressure measurements are obtained from magnetically shielded and vibra-

tionally isolated capacitive baratron pressure gauges (BAR) similar to those employed in JET

[70]. High divertor neutral pressures are considered beneficial for heat exhaust as strong

plasma-neutral interaction procures volumetric power dissipation and thus a reduction of

target heat loads.

The baratron pressure is determined by measuring the capacitance between a metal di-

aphragm, that is displaced by the applied pressure w.r.t a reference side, and an adjacent

fixed electrode. The high vacuum on the reference side is typically maintained by means of

a chemical getter pump. Presently four such gauges are installed in different poloidal loca-

tions, Figure 2.6. Typically, three independent estimates for the divertor neutral pressure are

obtained by gauges on the floor, on the 45 degree tile and in the turbopump duct, pdi v
n , p45

n

and ppump
n , respectively. A fourth baratron yields neutral pressures at the equatorial midplane,
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Chapter 2. Scrape-off layer research at TCV

pmi d
n . All four baratrons feature a sampling rate of 10 kH z. The baratrons are installed outside

the toroidal field coils and connected to the vessel by extension tubes. A time delay of the

signal, i.e. a rigid shift with respect to the actual change of pressure, of about τdel ay ≈ 60 ms

and a response time, resulting in smoothing of the signal, of τbar atr on ≈ 60 ms were measured

experimentally upon variation of the gas puff [79]. Since the baratrons are mounted on ex-

tension tubes, the measured pressure does not necessarily represent the in-vessel pressure,

and can differ from the vessel neutral pressure by more than an order of magnitude. A model

relating the pressure at the tube entrance with the gauge pressure was first introduced by

Niemczewski [91, p. 144], and later used by Wischmeier [154, p.192] for interpretation of

SOLPS simulation results. The model is revisited in section 5.3 in light of the TCV divertor

upgrade.

2.3.3 Bolometers (BOLO)
#62807
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Figure 2.7 – TCV bolom-
etry system prior to the
2020 diagnostic upgrade

TCV is equipped with 64 gold-foil bolometers[4] to measure the

plasma radiative emission and reconstruct its spatial distribution

in the poloidal plane.

The bolometers are located behind eight pinhole cameras, one

located at the top of the vessel, one at its bottom and six on the

LFS, Figure 2.7. The foils absorb a fraction of the incident radiative

heat flux and heat flux associated neutral particle impact. The

measured chord brightness along lines of sight with coordinate s

is thus given by

q f oi l

[
W

m2

]
=

∫
Qr ad

[
W

m3

]
d s +qneut

[
W

m2

]
. (2.10)

A change in foil temperature ∆T is linked to the absorbed power

q f oi l A f oi l , where A f oi l is the exposed surface area (accounting

for the involved solid angle), via

d∆T

d t
= q f oi l A f oi l

c f oi l
+ ∆T

τ f oi l
(2.11)

where c f oi l is the effective heat capacity of the foil and τ f oi l is

its characteristic cooling time. The gold foils have a thickness of only 4 µm to reduce their

thermal mass and therefore their response time τ f oi l . The change of foil temperature ∆T

yields a variation in its electric resistivity that is proportional to the applied voltage if a constant

current is conducted through the foil. The voltage drop is hence proportional to∆T . Following

equation (2.10), the radiation profile Qr ad of the plasma can thus be inferred employing

tomographic inversion under the assumption that the contribution from neutrals is negligible.

Inversions provide a spatial resolution of ∼ 4 cm and a time resolution of 10 ms.

[4]We describe the BOLO system prior to its upgrade in 2020, since then the number of chords is increased to 140.
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2.3.4 Thomson scattering (TS)
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Figure 2.8 – TCV Thomson
scattering system, TS chords
marked in red

The main diagnostic for the measurement of spatial profiles

of electron density ne and temperature Te in the plasma core,

edge and SOL of TCV is the Thomson Scattering system (TS).

Thomson scattering describes the elastic scattering of pho-

tons upon collision with unbound charges (here electrons),

it corresponds to the low-energy limit of Compton scattering,

the central wavelength of the incident beam is thus conserved

in the process. A Doppler broadening of the scattered light

due to the thermal motion of electrons allows to deduce the

local electron temperature Te and the intensity of the scat-

tered light is proportional to the electron density ne .

Three short-pulsed high power Nd:YAG laser beams (∆t ∼
10 ns, λ = 1.06 µm) pass vertically through the plasma at

R = 0.90 m[5]. The scattered light from the observation vol-

umes in the plasma is collected via wide-angle camera lenses

and focussed onto sets of fiber bundles guiding the signal

to detector units. At present, there are 109 observation posi-

tions covering the region from Z ∈ [−0.69,+0.55] m. The ver-

tical integration length of the individual channels is typically

10−12 mm, smaller ∼ 6 mm in the region of high resolution-

TS (−0.22 m ≤ Z ≤−0.34m) and by trend larger in the divertor area to ensure sufficient photon

collection (up to 19 mm).

The scattered light is analyzed using filter polychromators equipped with 4 to 5 spectral

channels. These are optimized to permit measurements of the electron temperature over a

certain range specific to the given chord. In 2018, TS channels in the divertor were added that

allow measurements to Te as low as 1 eV [7]. The measurement sampling rate is determined

by the repetition rate of the lasers, that each emit pulses at a rate of 20 Hz. Individual laser

triggering thus allows a sampling time of ∼ 17 ms. To probe low density plasmas, all three lasers

can also be triggered simultaneously to increase the beam power and thus the signal-to-noise

ratio.

2.3.5 Charge-exchange recombination spectrometer (CXRS)

TCV is equipped with four charge-exchange recombination spectrometers (CXRS) that provide

measurements of C6+ density, its temperature and the toroidal and poloidal velocity in the

plasma core and edge region [81]. Two systems observe the LFS and HFS respectively in the

[5]The three TS lasers are not exactly parallel and intersect near Z = 0 m, implying divergence of the beams in the
divertor. The radial distance between outer and inner beam in the lowest measurement volume is ∼ 13 mm.
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Chapter 2. Scrape-off layer research at TCV

toroidal direction (not shown), and two systems have poloidal lines of sight, one of which is

specifically designed to take measurements in the plasma periphery, Figure 2.9.

Figure 2.9 – Poloidal
CXRS systems, measure-
ment volumes at the in-
terception between CXRS
lines of sight and the
DNBI

The charge exchange reaction of a plasma ion and a neutral atom

results in the transfer of an electron from the neutral to an ex-

cited state of the target ion, characterized by principal quantum

number n and orbital quantum number l. The reaction tends to

populate high n energy and angular momentum levels l . An often

employed CX-reaction for plasma diagnostics involves the reac-

tion D0+C6+ → D++C5+(n, l ). For this reaction, the most probable

state to be populated is n = 4 but also higher n have a finite popu-

lation probability. Under typical conditions in fusion plasmas the

relaxation time of atomic levels is much shorter than the collision

time scale. Hence, excited states, that are populated by charge ex-

change reactions, decay to the ground state n = 1, predominantly

through a cascade of dipole transitions (n, l ) → (n −1, l −1) with

accompanied photon emission of characteristic wavelength. The

structure of the CX cascade spectra depends on the probability of

occupation and transition of the populated states, which in turn

depends on the plasma parameters. In TCV, the CX measurement

is optimized for the observation of the atomic line at 529.06 nm

corresponding to the n = 8 → 7 transition.

In TCV, the deuterium neutrals are supplied by a pulsed diagnostic

neutral beam (DNBI) with energy of ∼ 50 keV with near perpendic-

ular injection angle w.r.t flux surfaces to ensure penetration of the

beam over the entire extent of the plasma core to the HFS. Carbon atoms occur as the primary

impurity in TCV due to the near full coverage of vessel walls with graphite tiles [6]. Fully

stripped carbon atoms are present with sufficiently high density across the plasma core and

occur in the edge region due to radial transport. The local ion parameters from the emitting

volume are obtained at the intersection of the diagnostic view lines and the neutral beam. The

integral of the charge exchange emission line is linearly proportional to the impurity density,

its spectral shift of the peak position is caused by the Doppler shift linked to fluid velocity and

its spectral width relates to the Doppler shift related to the ion temperature. Photon statistics

and the requirement of accurate background subtraction limit the CXRS time resolution to

20−40 ms. The CXRS diagnostic is sensitive to the plasma parameters of carbon ions which in

turn are related to the behavior of the main plasma ion species, deuterium. For the energy

relaxation times in TCV, carbon and main plasma ions are in thermal equilibrium. CXRS can

thus, to good approximation, measure the main ion temperature T D
i ≈ T C

i .

[6]Carbon concentrations of the order of 1% are typically observed in TCV.
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2.3.6 Langmuir probes (LP)
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Figure 2.10 – a) Poloidal
coverage of TCV’s first
wall with Langmuir
probes, b) types of probe
heads employed in TCV,
Image source: b adapted
from [46]

TCV’s first wall has almost full poloidal coverage with Langmuir

probes (LP), that provide measurements of electron density ne ,

temperature Te , particle flux jsat , floating potential V f l and the

parallel electric current j|| at the targets, Figure 2.10 [27][46].

Presently, 194 wall-embedded probes are installed, which mostly

have dome-shaped tips (cf. Figure 2.10b, A). The HFS wall probes

in the range −0.25 m < Z <−0.1 m are flush (C), those in −0.1 m <
Z < 0.25 m have a roof-top shape (B). The probe tips have a diam-

eter of 4 mm.

Langmuir probes are electrodes with an applied voltage V with

respect to the surrounding machine vessel. The probe collects a

current I (V ) that depends on the applied voltage and the plasma

parameters in its vicinity. Typically, the Langmuir probes at TCV

are operated with swept-bias with 200 kHz sampling rate: the ap-

plied voltage is a triangular signal shape between −100 V to +80 V

with a sweeping frequency of 330 Hz thus allowing to acquire the I-

V characteristic which is then parametrised using a four-parameter

model [46]

I (V ) = Isat

(
1+αsheath(V −V f l )−exp

(
V −V f l

Te

))
. (2.12)

The floating potential V f l corresponds to the applied bias at which

the particle flow is ambipolar and no net-current is drawn. The

parameter αsheath accounts for extension of the Debye sheath

over the probe head that can significantly increase the collection

area thus leading to an incomplete saturation of the ion current

at negative voltage. The fit (2.12) provides estimates for the ion

saturation current Isat , the sheath expansion factor αsheath , the

floating potential V f l and the electron temperature Te at the probe

position. The Bohm criterion, cf. section 3.2, yields an estimate for the elctron density ne

following

ne = Isat

ecs As
(2.13)

with effective ion collection area As , the probe tip surface area projected perpendicular to B.

Here, the sound speed cs =
p

(Te +Ti )/mi , equation (3.32), corresponds to isothermal ions

assuming an adiabatic coefficient of unity. Further, Te = Ti is assumed as measurements of Ti

are rarely available[7]. With known electron temperature and jsat = Isat /As also an estimate

[7]SOLPS-ITER simulations for TCV typically yield T t
i /T t

i ∼ 1−2 and support this choice, cf. Chapter 4.
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Chapter 2. Scrape-off layer research at TCV

for the heat flux on the target can be obtained from Langmuir probes using the relation

qdep,t =
j sat

e

(
γTe +ε

)
sinα. (2.14)

Typically, the sheath heat transmission coefficient γ is taken as γ= 5 (cold ions) and deposited

potential energy is ε= 13.6+2.2 eV. It is important to note, that this yields a lower estimate

for the deposited heat flux, as additional contributions due to finite ion temperature, neutral

particle impact and power deposition by radiation are not accounted for. Langmuir probe

measurements are affected strongly by the high-energy tail of the electron distribution func-

tion. Hence, possible deviations from a Maxwellian may lead to misinterpretation of the signal

and an error on the derived Te , which typically results in an overestimation, as observed in

comparison between divertor TS and target Langmuir probes on DIII-D [98]. This is primarily

of concern for divertor operation with low temperature Te < 5 eV. Further discussion on this

topic is provided by Fevrier [46, section VI]. Besides the swept-bias mode, LPs can also be

operated with strongly negative potential thus measuring the ion saturation current (referred

to as jsat -mode in the following) or with bias to the machine potential to measure the electric

currents in the divertor ( j0-mode). The latter operation mode is utilised in Chapter 6 to obtain

the divertor currents with high resolution in space and time.

2.3.7 Infrared camera systems (IR)

Heat flux measurements in regions of plasma-surface interaction will be of vital importance

in future reactors to secure the integrity of plasma-facing components. Also in experimental

devices, heat flux measurements are crucial for the study of transport mechanisms in the

SOL. In TCV, the primary diagnostics for the measurement of wall heat loads are the infrared

camera systems, Figure 2.11.

Infrared thermography is based on thermal emission of electromagnetic radiation from sur-

faces with temperature T . For a perfect absorber and emitter at all wavelength λ, a so-called

black body, the spectral radiance I , in [W/(sr ·m3)], in thermal equilibrium is described by

Planck’s law

I (λ,T ) = 2hc2

λ5

1

exp
(

hc
λkB T

)
−1

(2.15)

and only depends on the object temperature. The emissivity maximum is temperature depen-

dent and, for temperatures up to ∼ 3000 ◦C, in the infrared spectral range corresponding to

wavelengths above ∼ 1µm.

Three infrared camera systems are installed at TCV [84]. A horizontal camera (HIR), that can

be mounted on the lower or the midplane port, allows to probe strike points at the inner

column of TCV, Figure 2.11 a,b. A vertical camera (VIR) observes the floor, Figure 2.11c,d, and

a tangential system (TIR) measures the signal on the port protection tiles at the outer wall
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Figure 2.11 – a) Setup of the horizontal IR camera, heated tiles are used for in-situ calibration,
b) field of view of the HIR, c) setup of the vertical IR system, d) field of view of the VIR
Image source a,c from [84]

(not shown, not employed in this thesis). The horizontal IR is equipped with an interference

filter in spectral range 4.1−4.8 nm, the vertical IR is not filtered but is sensitive to wavelengths

3.7−4.8 nm. The cameras are typically operated with sampling frequencies of 1 kHz (HIR) and

500 HZ (VIR) for L-mode discharges. In-situ calibration of the IR-signal employs pre-heated

tiles of known temperature. Monitoring the wall temperature during discharges, assuming

low infrared light emission from the plasma itself in the IR spectral range, allows to infer the

deposited heat flux on the wall if the thermal properties of the wall tiles, heat conductivity,

specific heat capacity and tile geometry are known. Infrared thermography is sensitive to wall

heat fluxes due to direct deposition from the plasma, but also captures heat flux contributions

from radiation and neutral particle heat loads, contrary to Langmuir probes, section 2.3.6.
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Chapter 2. Scrape-off layer research at TCV

2.3.8 Reciprocating Probe (RCP) a) b)

c)
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Figure 2.12 – a) RCP mounted at the outer mid-
plane, b),c) probe head with graphite electrodes
extending out of a boron nitride insulator (in
white) which is held in place and protected by a
graphite shroud (black).
Image source b,c: adapted from [138]

The reciprocating probe (RCP) provides

high spatial resolution measurements of sat-

uration current jsat , electron temperature

Te , density ne , floating potential V f , paral-

lel mach number M|| and to some extent

corresponding fluctuation statistics. It was

previously operated on the NSTX tokamak

by the University of California (San Diego)

[8], has been installed on the TCV tokamak

in 2016 and is typically mounted on the LFS

midplane [138], Figure 2.12a.

The RCP’s probe head harbours 10 graphite

electrodes, Figure 2.12 b,c. The electrodes

are embedded in a boron nitride insulator

and surrounded by a graphite shroud. As for

the Langmuir probes, section 2.3.6, a subset

of the electrodes are used to measure the

ion saturation current jsat and the floating

potential V f l . The latter at three poloidally

separated and two radially separated posi-

tions which allows to infer the poloidal Eθ
and radial electric fields Er , respectively.

The double probe, coloured in green in Figure 2.12c, consists of two electrodes that are

operated with voltage sweeps (300 V peak to peak amplitude) and provide ne ,Te measurements

with an acquisition frequency of 2 kHz inferred from fitting the measured I-V characteristic

with

I (V ) = jsat Acol l tanh

(
e
(
V −Vo f f

)
2Te

)
+ Io f f (2.16)

that yield the saturation current jsat , the electron temperature, and the offsets Io f f and

Vo f f . The density at the sheath entrance follows, as for wall mounted Langmuir probes, from

equation (2.13) taking adiabatic coefficient γ= 2, again assuming that Te = Ti . The area Acol l

accounts for the formation of a Debye sheath that expands the collection area with respect

to the geometric surface area of the probe head itself, for further details see [138]. The Mach

probes, colored in red in Figure 2.12c, are operated in jsat mode and allow to infer the parallel

Mach number. Therefore, their orientation needs to be aligned with the direction of B and

requires a rotation of the probe head if the helicity is reversed. The ratio of saturation currents

allows to deduce the parallel Mach number, M|| = 0.41ln
(

jsat ,1

jsat ,2

)
, as done in [139].
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2.3. Edge-relevant diagnostics

2.3.9 Reciprocating divertor probe array (RDPA)

Figure 2.13 – RDPA diagnostic, a) Schematic
probe head harbouring pairs of electrodes in-
tercepting flux tubes and separately acquiring
data from the up- and downstream connec-
tion, b) RDPA head fully reciprocated into the
TCV vessel, c) RDPA plunge into a diverted TCV
plasma observed by the MANTIS diagnostic
Image sources: a courtesy of H. de Oliveira, b,c
[28]

The recently installed reciprocating divertor

probe array (RDPA) [28] provides measure-

ments of two-dimensional plasma profiles in

the TCV divertor leg.

The RDPA probe head harbours 12 indepen-

dently isolated rooftop Mach probes provid-

ing a linear radial resolution of 1 cm. The

probe head is reciprocated up to 38 cm ver-

tically through the divertor chamber (Figure

2.13a), where it measures the I-V characteris-

tics of the plasma. It thus provides measure-

ments of the electron density ne , the elec-

tron temperature Te , the ion saturation cur-

rent jsat and the plasma floating potential

V f l in the region Z ∈ [−0.75,−0.37] m and

R ∈ [0.75,0.87] m. At each position on the

RDPA head, a pair of probes intercepts field

lines and thus provides separate measure-

ments on the flux tube connecting up- and

down-stream, Figure 2.13a. The indepen-

dent measurements on up- and downstream

probes enable to estimate the background

parallel ion flux density based on Mach probe

theory [58]. The characteristic features of

the plasma profiles are typically consistently

seen on both, up- and downstream probes.

RDPA measurements are found to give de-

cent comparison with wall-mounted Lang-

muir probes on the floor in the vicinity of the floor, i.e. with only small reciprocation [28]. The

individual probes are sampled at 2 MHz with a usual voltage sweeping rate of 900 Hz.

The fully reciprocated RDPA probe head is shown in Figure 2.13b. The white components are

composed of boron nitride, as impurity release of low-Z materials is generally less pollutant

to the core plasma performance. An image of the reciprocated RDPA during a diverted TCV

plasma discharge is shown in Figure 2.13c, provided by the MANTIS diagnostic, section 2.3.11,

equipped with an interference filter corresponding to the Balmer 4 → 2 transition. The probe

head is seen to cast a shadow in the direction parallel to the magnetic field, thought to be

caused by a local drop in plasma density behind the probe head.
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2.3.10 Divertor spectroscopy system (DSS)
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Figure 2.14 – TCV divertor spec-
troscopy system, a) after and b) before
its upgrade in 2019

The TCV divertor spectroscopy system (DSS) provides

line-integrated spectrally-resolved measurements of

radiation in the divertor.

The divertor plasma hosts a vast set of reactions be-

tween plasma species, neutral atoms and molecules.

Spectroscopy allows to investigate the underlying

physics, as such reactions often procure character-

istic radiation. In particular, the hydrogen Balmer

line series, with wavelengths in the visible range up

to near-UV, holds information about excitation and

recombination processes. Higher n-Balmer lines are

subject to comparably high Stark broadening, a broad-

ening of atomic lines due to the presence of plasma-

density dependent microscopic electric fields due to

the Stark effect[8]. The broadening of high-n Balmer

lines thus provides a measure of the plasma density

nSt ar k
e .

TCV features a divertor spectroscopy system [141, 143, 144] with 32 lines of sight with a spectral

resolution of up to 0.06 nm (FWHM). The system is absolutely calibrated in intensity (∼ 15%

accuracy) and wavelength (< 0.1 nm inaccuracy). Background subtraction is performed

using dark frames before and after TCV discharges. The DSS features a typical acquisition

frequency of 100 Hz and provides a poloidal resolution of ∼ 12 mm. The spectral range,

spectral resolution and acquisition frequency of the DSS can be changed on a shot to shot

basis. The spatial coverage of the divertor has been optimized with the DSS upgrade in 2019,

Figure 2.14. The chord brightness Bn→2, for a given Balmer transition (n → 2), as measured by

the DSS, relates to the plasma emissivity profile corresponding εn→2 via

Bn→2

[
photons

m2s

]
=

∫
εn→2

[
photons

m3s

]
d s, (2.17)

where s is the coordinate along the line of sight for a given chord. Following equation (2.17),

a synthethic diagnostic has been developed [144, section 5], employing emissivities εn→2

obtained using the ADAS database [92, 133], to allow direct comparison between SOLPS

predictions with DSS measurements, as presented in Chapter 8.

[8]Due to its directional dependence, an electric field may change the energy level of degenerate atomic orbits
with angular momentum quantum numbers l . This can be understood as a deformation of the corresponding
orbits. The effect is thus more pronounced for electrons in high-n quantum states as corresponding such electrons
have a larger average distance to the nucleus and therefore experience stronger deformation of their orbit, resulting
in a splitting of corresponding atomic lines. In a plasma, the microscopic electric fields are not uniform and
therefore the splitting results in a statistic broadening of atomic lines.
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2.3. Edge-relevant diagnostics

2.3.11 Multispectral Imaging - MANTIS and MSI

The MANTIS diagnostic (Multispectral Advanced Narrowband Tokamak Imaging System[9])

[95] provides two-dimensional, simultaneous, absolutely calibrated images of up to ten spec-

tral wavelength channels with ∼ 1 nm bandwidth in tangential view of the TCV divertor plasma.

MANTIS was installed on TCV in 2018.

It is based upon the same cavity design [90] as the 4-channel multi-spectral imaging system

(MSI) [74], developed at MIT, that employs a novel polychromator design and individual

interference filters for each camera channel. After the successful test of the MSI diagnostic

on TCV, the MANTIS design, developed by DIFFER in collaboration with SPC-EPFL and MIT,

incremented the number of spectral channels to 10 and introduced real-time capability for

plasma control applications. The radiation emitted from the plasma is viewed from a lower

lateral port of TCV and enters the MANTIS cavity through its light entrance hole, Figure 2.15a.

Upon reaching the first interference filter, only wavelength in the corresponding spectral range

pass forward to the camera behind. Remaining light is reflected towards concave mirrors

at the front side of the cavity from which light rays move forward to the nine consecutive

cameras, each equipped with a bandpass filter selected for a certain atomic line, Figure 2.15b.

b) Zeemax ray tracinga) MANTIS diagnostic

Figure 2.15 – a) MANTIS cavity and relay optic, b) Zeemax ray tracing in MANTIS cavity,
light rays are shown colored corresponding to their respective wavelength, Image sources: a)
courtesy of A. Perek, b) [95]

The images with toroidal view on the plasma also allow to infer the poloidal emissivity profile

of the plasma employing a tomographic inversion. Recent improvements of the inversion

technique adopt an iterative process aiming to minimize the norm between input images and

forward modeled inversions [94]. MANTIS typically operates at acquisition frequencies 200−
800 Hz with a spatial resolution of ∼ 3 mm. Recent work focusses on volumetric estimates of

the neutral density based on the Balmer-α light emission in regions where the electron density

ne and temperature Te are known from other measurements, e.g. by Thomson scattering.

[9]The name also refers to the mantis shrimp, an animal whose eyes hold 12 different types of photoreceptor cells
each sampling a narrow subset in spectral range from ultraviolet to far-red, 300−720 nm [136].
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3 Introduction to scrape-off layer mod-
elling

The aim of modelling is to acquire an understanding of complex phenomena through cre-

ation of a simplified image of reality. Models are thus by definition incomplete and either a)

omit mechanisms, believed to be negligible to describe certain phenomena of interest, or b)

treat certain mechanisms in a simplistic way if the mechanism itself is not well understood.

Models require validation by repeated comparison to experimental observables. In return

models provide an understanding of the complex interactions in nature and may eventually

provide predictions for phenomena or values that are not (yet) experimentally accessible. The

scientific method is based on the concept or re-iteration of such models, or theories, of our

understanding of nature by continuous attempts to devalidate them in experiments. In this

chapter, models of different level of sophistication for the scrape-off layer of fusion plasmas

are presented.

The SOL features open magnetic field lines that connect to the solid wall and is relatively cold,

w.r.t to the hot core plasma, and hence inter- and intra-species particle collisions play a bigger

role allowing to attain a local thermal equilibrium. Then, a fluid approach, a description

with only a few moments of the particle distribution function fα(x,v, t) for particle species

α, is often sufficient to model the plasma dynamics. The lowest three moments relate to the

particle density nα, the fluid velocity uα and the temperature Tα

nα(x, t ) =
∫

fα(x,v, t )dv, (3.1)

nαuα(x, t ) =
∫

v fα(x,v, t )dv, (3.2)

3

2
nαTα(x, t ) =

∫
mα

2
(v−uα)2 fα(x,v, t )dv. (3.3)

The evolution of the distribution function is given by the Boltzmann equation,

∂ fα
∂t

+v · ∂ fα
∂x

+ Fα
mα

· ∂ fα
∂v

=
(
∂ f

∂t

)
col l

, (3.4)

with the Lorentz force Fα = qα(Eα+v×B), associated with macroscopic electromagnetic fields,
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Chapter 3. Introduction to scrape-off layer modelling

and a Collision operator on the R.H.S of equation (3.4) that accounts for binary Coulomb

collisions. Moments of equation (3.4) yield an infinite hierarchy of fluid equations, where

the time evolution of each is coupled to moments of the next order. This is known as closure

problem.

A fluid closure, often suitable for the edge plasma, is the Braginskii-closure for a collisional,

magnetized two-fluid plasma. The Braginskii equations are presented in section 3.1. For

regions of low collisionality the fluid approximation fails, such as at the interface to the

material wall, the plasma sheath, and a kinetic treatment is required. The plasma sheath

provides boundary conditions for fluid models of the SOL and is discussed in section 3.2.

Simple analytic models for the scrape-off layer, based on momentum and energy balance,

can be formulated. The so-called two point model (2PM) is presented in 3.3. An overview

of edge fluid codes, that often employ a multi-species version of the Braginskii equations, is

presented in chapter 3.4, followed by a more detailed discussion of the SOLPS-ITER code, that

will be used in the remainder of this thesis, in section 3.5. The equations of SOLPS-ITER are

illustrated with simulation results for the TCV tokamak.

3.1 Braginskii equations

In 1963, Braginskii summarized the fluid equations for a strongly magnetized (ωc,αταÀ 1 or

equivalently ρL,α¿λm f p,α), collisional (λm f p,α¿ L), fully-ionised plasma for electrons and

a single ion species [13][14]. Here τα denotes the collision time of particle species α and L the

macroscopic length scale of the system, ωc,α and ρL,α are the gyrofrequency, equation (1.10),

and gyroradius, equaiton (1.12). This section presents the Braginskii equations following the

procedure in [14] and [118]. An extension for multispecies plasmas was provided by Zhdanov

[156] on which the SOLPS-ITER model is based.

The Braginskii equations are derived from the moments of the Boltzmann equation. The

various balance equations of fluid quantities ψk can be formally written in a compact form

∂tψk +∇· (ψk v+Γk ) = Sk . (3.5)

Here,ψk represents the various fluid quantities: densityψ1 = n, momentum densityψ2 = nmv,

thermal energy densities ψ3 = 3/2nT and the electric charge density ψ4 = ρe . The first term

in the divergence of equation (3.5) describes advection, the transport of a fluid quantity ψk

through bulk motion of the fluid with velocity v . In the context of energy transport, the term

convection is often used for advection, as done in the following. Transport mechanisms that

are not caused by bulk motion, e.g. from single particle motion (diffusion) or heat exchange

due to collisions (conduction), are here denoted by Γk . Additionally, local source terms Sk

(k = 1 particle sources, k = 2 forces, k = 3 heat sources and sinks, S4 = 0) can exist. In essence,

equation 3.5 states that the change of a fluid quantity in time equals its variation due to

transport and local creation/annihilation processes. In the following, the Braginskii equations,

i.e. the balance equations of continuity (k = 1), momentum (k = 2), heat (k = 3) and charge
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3.1. Braginskii equations

(k = 4), are presented and discussed in more detail. In Braginskii’s original formulation,

interaction with neutrals and radiation losses were neglected. These will however, be crucial

for the understanding of the processes in the SOL and are here added for convenience as

source terms of the R.H.S. of the various balance equations Snα
,Spi ,SEe ,SEi in accordance with

[118, chapter 2] and the description in the SOLPS-ITER model, cf. section 3.5. For simplicity, a

pure hydrogen plasma, Ze f f = 1, is assumed.

Particle balance

The conservation of the particle number for electrons and ions is

∂t ni +∇·Γi = Sni

∂t ne +∇·Γe = Sne

(3.6)

(3.7)

with particle flux Γα = nαuα and particle source Snα
.

Momentum balance

The momentum equation for electrons and ions is derived from the first moment of the

Boltzmann equation. Electron inertia terms are neglected here (due to me ¿ mi )

∂t (mi ni ui )+·∇(mi ni ui ui ) =−∇pi −∇·Πi +Zi eni (E+ui ×B)

−R+Spi −mi ui Sni ,

0 =−∇pe −ene (E+ue ×B)+R.

(3.8)

(3.9)

The isotropic pressure of ions and electrons is denoted by pi and pe . The viscous stress

tensorΠ j k
α = nm

〈
v j
αvk

α− (v2/3)δ j k

〉
, with vα denotes the velocity relative to the bulk motion

vα = v −uα, arises if the distribution function is non-isotropic in velocity space and relates to

viscosity in the plasma. The stress tensor is symmetric and expressions for its components in

a strong magnetic field are given by Braginskii [14, eq. 2.21]. The total stress tensor is given by

P j k
α = pαδ j k +Π j k

α , where δ j k is the Kronecker symbol. The term −mi ui Sni describes the loss

of momentum necessary to accelerate/decelarate to fluid velocity u originating from particle

source Sni
[1] [118, equation 2.10].

To ease the comparison to the formulation used in fluid codes, we already neglected electron

inertia in equation (3.9) due to their relative low mass and used that the components of the

stress tensor are negligible for electrons w.r.t to those ofΠi . Without these simplifications the

momentum equations for electrons and ions are indeed symmetric [14, eq. 2.2e,i].

The collisional transfer of momentum between electrons and ions are the so-called friction

[1]For example, consider hydrogen neutrals with zero mean-velocity 〈vn〉 = 0. Ionisation of such neutrals and
accompanied acceleration to D+ fluid velocity ui involves a sink of plasma momentum −mi ui Sni .
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and thermal forces. In the Braginskii-form, their parallel component is given by

R|| = ene
j||
σ||

−0.71ne∇||Te . (3.10)

The parallel friction force, ene j||/σ|| with σ|| = 1.96e2neτe /me , is caused by a difference of

electron and ion fluid drift velocities [2]. The thermal force −0.71ne∇||Te emerges in presence of

an electron temperature gradient due to the velocity dependence of the electron-ion collision

frequency, τ−1 ∝ v−3. Electrons streaming from a high Te - to a low Te -region undergo less

collisions w.r.t. counter-flowing electrons (from cold to hot), thus resulting in an imbalance

of friction forces [3]. Projecting equation (3.9) along B yields the parallel electron momentum

balance, sometimes called generalised Ohm’s law, that will be central for the discussion of the

electric field in the SOL, cf. Chapter 6,

E|| = η|| j||−
∇||pe

ene
−0.71

∇||Te

e
(3.11)

with parallel resistivity η|| = 1/σ||. It reflects that the electron force balance results from

electric, friction, pressure and thermal forces. It is important to note that the plasma resistivity

η|| decreases with temperature, η|| ∝ T −3/2
e , and is independent of the plasma density, as

increasing density equally increases the number of charge carriers and the number of collisions

with ions.

Summation of the electron and ion momentum balance equations (3.8), (3.9) yields the total

momentum equation

∂t mi ni ui +∇· (mi ni ui ui ) =−∇p −∇Πi + j×B+Spi (3.12)

where p = pe + pi . For stationary conditions (∂t = 0) this can formally be written into the

conservation of total pressure, i.e. static plus kinetic pressure, along field lines [122].

d

d s
(p +ni mi v2) = Spi +viscosity+cross-field momentum transport (3.13)

and will be central to reduced SOL models, cf. section 3.3.

[2]Additional friction forces due to ion intra-species collisions arise in multispecies plasmas or in presence of
neutrals.

[3]Additional thermal forces may arise between different ion species, due to ion-neutral or electron neutral
collisions. The relevant collision frequency for collisions of particles with very different mass is always determined
by the temperature of the lighter particle (electrons). In case of electron-neutral collisions the sign of the thermal
force even reverses due to the different velocity dependence of the collision cross section [118].
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3.1. Braginskii equations

Energy balances

The ion and electron energy equations are derived from the second moment of the Boltz-

mann equation

∂t

(
3

2
ni Ti + mi ni

2
u2

i

)
+∇·

[(
5

2
ni Ti + mi ni

2
u2

i

)
ui +Πi ·ui +qi

]
= (Zi eni E−R) ·ui −Qei +SEi ,

∂t

(
3

2
ne Te

)
+∇·

[
5

2
ne Te ui +qe

]
=−ene E ·ue +R ·ui +Qei +SEe .

(3.14)

(3.15)

The first term specifies the temporal change in total energy consisting of the internal en-

ergy density 3
2 nαTα and the kinetic energy density 1

2 mαnαu2
α, that is here neglected for the

electrons, again, due to their low mass me ¿ mi . The term(
3

2
nαTα+

mαnαu2
α

2

)
uα+qα (3.16)

is the total energy flux, composed of thermal heat flux (unordered motion in the fluid’s

reference frame), kinetic energy (bulk motion) and microscopic energy fluxes qα. The re-

maining terms in the square brackets ∇· (nαTαuα+Πα ·uα) = ∂

∂x j
P j k
α uk

α correspond to the

work provided by the total pressure gradient. The heat flux in the fluid reference frame

qα = mαnα

2 〈(v−uα)2(v−uα)〉 denotes the unordered transport of energy. In the Braginskii-

form, it is related to heat conduction with parallel components given by

q||
i =−κi

||∇||Ti , (3.17)

q||
e =−κe

||∇||Te −0.71
Te

e
j||. (3.18)

The term −0.71 Te
e j|| is the heat flux related to the thermal force. Expressions of cross-field

heat fluxes due to electron-ion collisions are provided by Braginskii [14]. As these classical

transport channels are typically negligible w.r.t to turbulent transport, as outlined in section

1.5, they are replaced with empirical terms in transport codes and discussed in section 3.5.

The energy exchange term due to ion-electron collisions is given by

Qei = 3
me

mi

ne

τe
(Te −Ti ) . (3.19)

The electron and ion heat conductivities are

κe
|| = 3.16

ne Teτe

me
∝ T 5/2

e m−1/2
e , (3.20)

κi
|| = 4.66

ni Tiτi

mi
∝ T 5/2

i m−1/2
i , (3.21)
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Chapter 3. Introduction to scrape-off layer modelling

where we used that the respective collision times scale as τα ∝ m1/2
α T 3/2

α [14]. We note,

that for Te = Ti the heat conduction is dominated by electrons as
p

me /mi ≈ 1/40. Despite

the suppression of ion heat conduction through its mass dependence, the ion conduction

can become comparable to electron heat conduction if Ti exceeds ∼ 3Te due to the strong

temperature dependence of the conductivities.

For a computational implementation, it is often more convenient to eliminate the kinetic

energy term 1
2 mi ni ui in the time evolution by utilizing particle and momentum balance.This

yields the ion and electron heat balance equations

∂t

(
3

2
ni Ti

)
+∇·

(
3

2
ni Ti ui +qi

)
+ni Ti∇·ui = SEi −Π j k

i

∂u j
α

∂xk
,

∂t

(
3

2
ne Te

)
+∇·

(
3

2
ne Te ue +qe

)
+ne Te∇·ue = SEe .

(3.22)

(3.23)

This formulation has the advantage of avoiding the simultaneous evolution of ui and T in

a single equation and is therefore used in SOLPS[4]. Note, that the so-called compression

term pα∇·uα emerged analytically and is not present in the energy equations (3.14), (3.15).

It corresponds to the change of internal energy due to compression (heating) or expansion

(cooling) of the plasma volume. The termΠ
j k
i

∂u j
α

∂xk
represents the production of heat due to

viscosity.

It is also illuminating to sum the ion and electron energy, equations (3.14) and (3.15), to obtain

the total energy equation

∂tω+∇·qtot = j ·E+SEi +SEe , (3.24)

where the total energy density, constituted of thermal energy, i.e. heat, of electrons and ions

and the kinetic energy of the ions is

ω= 3

2
ne Te + 3

2
ni Ti + mi ni

2
u2

i (3.25)

with total parallel energy flux

q||,tot = 3

2
Γe,||Te −κe

||∇||Te + 3

2
Γi ,||Ti −κi

||∇||Ti +
mi u2

||
2

Γi −0.71Te
j||
e

. (3.26)

The components of (3.26), from left to right, contain the convective electron heat flux 3/2Γe,||Te ,

the parallel conductive electron heat flux −κe
||∇||Te , the convective ion heat flux 3

2Γi ,||Ti , the

parallel conducted ion heat flux −κi
||∇||Ti , the parallel kinetic energy

mi u2
||

2 Γi and heat flux

associated with the electron thermal forces −0.71Te
j||
e . The kinetic energy flux can also be

[4]Note, the different prefactor of the convective heat/energy fluxes: 3
2 with respect to 5

2 in the energy balances
(3.15), (3.14)
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3.2. The solid material interface - the plasma sheath

written as 1
2M 2(Te +Ti )Γi and is usually small w.r.t to the convective terms even for near-sonic

flows with Mach-number M ∼ 1. For TCV, our simulations also indicate that the heat flux

associated with thermal forces is often negligible, cf. section 3.5.4.

The source term j ·E on the R.H.S. of equation (3.24) is caused by electron and ion friction due

to their acceleration in an electric field and gives rise to Ohmic heating.

In analogy to the conservation of total pressure from the momentum balance (equation (3.13)),

we can formally write the conservation of parallel energy flux along a flux tube

d

d s

(
q||,tot

)= j ·E+SEi +SEe +heat transp. across flux surfaces. (3.27)

Charge balance

Lastly, the conservation of electric charges is formulated in the charge balance equation. That

states that charges are neither created nor destroyed.

∂tρe +∇· j = 0 (3.28)

If one employs the quasineutrality of a plasma ρe vanishes and the charge balance simplifies

to the conservation of electric current ∇ · j = 0. In this formulation no more explicit time

dependence is present, unlike for the previous balance laws, but may come in if the cur-

rents are fluctuating, e.g. invoked by the polarisation current which is typically ignored in

transport codes but fully taken into account in turbulence codes and mandatory to develop

microinstabilities.

3.2 The solid material interface - the plasma sheath

The Braginskii equations describe the evolution of the plasma state in the bulk. As for every

system of differential equations, boundary conditions are required to close the system. The

interface between wall material and the plasma requires a special treatment, as a fluid ap-

proach, due to its small spatial extent, becomes invalid, λm f p > Lsheath . Here, we present a

basic treatment of the plasma sheath and state the most important consequences for the SOL

plasma.

As the thermal velocity of electrons
p

Te /me is typically much higher than that of ions
p

Ti /mi

a current would be drawn from the plasma at the interface that charges the wall negative

w.r.t to the plasma, the resulting electric field inhibits further build up of charge such that

the net-current falls to zero in steady state. This narrow region, only a few Debye lengths λD

wide, of plasma wall contact is called the plasma sheath. As the extent of the sheath is much

smaller than the inter-particle collision mean-free path, the plasma is mostly collisionless and

a kinetic treatment of the sheath becomes mandatory. A kinetic treatment seeks to determine
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Chapter 3. Introduction to scrape-off layer modelling

the relevant features of the particle distribution function in phase-space. Here, we will present

a simple treatment of the 1D plasma sheath in absence of a magnetic field. The entrance

plasma velocity at the sheath entrance, the particle flux towards the wall and the corresponding

heat flux are presented. Modifications to the simple approach in a magnetic field and resulting

guiding-center drifts are addressed afterwards.

Bohm criterion

presheath

sh
ea

th
 e

nt
ra

nc
e

bulk
plasma

wall

Figure 3.1 – 1D unmagnetized
sheath model

Far away from the wall quasi-neutrality holds, ne ≈ ni . To

maintain ambipolar flow towards the wall quasi-neutrality

must be violated at the plasma wall interface. The corre-

sponding charge density involves an electric field that repels

electrons from the wall and accelerates ions. We denote the

electrostatic potential as a function of the distance from the

wall x as φ(x) and the density of electrons and ions by ne (x)

and ni (x), respectively, cf. Figure 3.1.

Ions are assumed cold Ti = 0, collisionless and with zero ve-

locity far away from the wall u(−∞) = 0. The conservation of

particle flux requires ni (x)u(x) = nse use , where subscript se

denotes variables evaluated at the sheath entrance. With the

particle energy conservation 1
2 mi u2(x)+eφ(x) = 1

2 mi u2
se an

expression for the ion density is obtained

ni (x) = nse

(
1− 2eφ(x)

mi u2
se

)−1/2

. (3.29)

Electrons are assumed to satisfy a Boltzmann relation, ne ∝ exp(−Epot /T ) with potential

energy Epot (x) = qφ(x). This is justified if the average velocity of electrons 〈ve〉 =
∫

d 3v ve fe

is small compared to their thermal velocity. We will show that the ion drift velocity equals

the sound speed cs and thus for ambipolar flow, j = 0, the electron drift velocity needs to be

identical. The approximation of a Boltzmann distribution for the electrons is hence valid as

cs =
p

Te /mi ¿
p

Te /me = vth,e .

ne (x) = nse exp

(
eφ(x)

Te

)
(3.30)

We can now obtain an equation for the plasma potential in the vicinity of the sheath entrance.
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3.2. The solid material interface - the plasma sheath

This leads to the so-called Bohm criterion for the ion entrance speed to the sheath:

d 2φ(x)

d x2 =−ρe (x)

ε0
=−e(ni (x)−ne (x))

ε0

= nse e

ε0

exp

(
eφ(x)

Te

)
︸ ︷︷ ︸

≈1+ eφ(x)
Te

−
(
1− 2eφ(x)

mi u2
se

)−0.5

︸ ︷︷ ︸
≈1+ eφ(x)

mi u2
se


≈ nse e2

ε0

[
1

Te
− 1

mi u2
se

]
︸ ︷︷ ︸

≥0

φ(x) (3.31)

Requiring a physical, i.e. non-oscillatory, solution in the sheath region yields the Bohm

criterion us ≥ uB =
√

Te
mi

. The sound speed cs is modified if for finite ion temperature Ti 6= 0. A

separate analysis yields us ≥ cs with

cs =
√

Te +γad Ti

mi
(3.32)

where γad is the adiabatic coefficient. For γad = 1 this corresponds to an isothermal plasma

(in the sheath). For a non-isothermal plasma γad is comprised between 5/3 and 3, depending

on the collisionality in the sheath, cf.[46] and references therein.

Particle flux

Next, we consider the particle flux of electrons and ions towards the wall. Ions are accelarated

towards the wall through the sheath potential drop and only ions with energy higher than
1
2 mi v2

mi n,i = e(φse −φw all ) can escape the drag of the electric field. For typical ion tempera-

tures the fraction of ions which can achieve this is negligible, so we can assume that all ions

reach the wall. We approximate the ion population by a drifting Maxwellian with drift velocity

cs following the Bohm criterion[5]. Due to the conservation of particle flux the particle flux

arriving at the wall (solid surface, subscript ss) equals the one at the sheath entrance (se).

Note, that both density and ion velocity, however, change within the sheath. Moments of a

drifting Maxwellian distribution function are summarized in Appendix C.

[5]Generally, the situation is more complicated and requires a fully kinetic analysis where the velocity distribution
is computed at each position within the sheath. The ion distribution function depends on details as the degree of
collisionality and its velocity distriubtion at the sheath entrance. Further discussion on this topic is provided by
Stangeby [130, chapter 25]
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Chapter 3. Introduction to scrape-off layer modelling

Γi
se =

∫ ∞

−vmi n,i

d vx

∫ ∞

−∞
d vy

∫ ∞

−∞
d vz

(
vx f M ax,dr i f t

)
≈

∫
R3

d 3v
(
vx f M ax,dr i f t

)
= nse cs = Γi

ss (3.33)

Only electrons that can overcome the electric field, i.e. which have kinetic energy higher

than 1
2 mv2

mi n,e = e(φse −φw all ), can reach the solid surface. Also here due to conservation of

particle flux, and electric charge, the flux of electrons towards the wall has to be equal at the

sheath entrance and at the solid surface

Γe
se =

∫ ∞

vmi n,e

d vx

∫ ∞

−∞
d vy

∫ ∞

−∞
d vz vx f M ax = nse c̄e

4
exp

(
−e(φse −φw all )

Te

)

= nse

√
Te

2πme
exp

(
−e(φse −φw all )

Te

)
= Γe

ss . (3.34)

Electric current

The electric current per flux surface arriving at the wall is, however, not generally zero and

depends on the electric potential at the sheath entrance [6]

jss = e
(
Γi

se −Γe
se

)
= nse cse

[
1−exp

(
−e

(
φse −φw all

)
Te

+Λ
)]

, (3.35)

Λ= ln

√
mi

2πme
≈ 3.18 for a Deuterium plasma. (3.36)

Equation (3.35) is a valid approximation for φse >φw all . A reversal of the sheath electric field

φse <φw all can occur with strong external biasing, cf. [76].

In chapter 6 it will be shown that electric currents can arise due to processes in the divertor.

Global charge balance then requires that these currents are evacuated at the sheath boundary

by locally adapting φse , in accordance with equation (3.35).

By measuring the divertor currents via Langmuir probes, section 2.3.6, the plasma potential

at the sheath entrance can be inferred. For a floating surface, i.e. with equal potential to the

machine wall φw all = φ f loat , the current has to become ambipolar jss = 0 in steady-state

conditions. From equation (3.35) we find the corresponding potential at the sheath entrance

φse =φ f loat +ΛTe /e. (3.37)

[6]The total current
∫

w all jss d A, integrated over all plasma-facing components, has to equal zero due to global
charge conservation.

54



3.2. The solid material interface - the plasma sheath

Heat flux

Next, we consider the heat flux to the wall. As discussed above, the ions are accelerated towards

the wall whereas the electrons are decelerated due to the presence of the sheath potential. The

total potential drop equals

φpl asma −φw all =∆φpr esheath +∆φsheath ≈ Te

2
+ΛTe ≈ 3.7 Te for a D-plasma. (3.38)

For the ion population, here assumed to be a drifting Maxwellian distribution function with

drift velocity cs , the corresponding heat flux (cf. Appendix C) is given by

q i
se =

(
5

2
Ti + 1

2
mi c2

s

)
Γi

se (3.39)

= γi TiΓ
i
se with γi = 7

2
assuming Te = Ti ,γad = 1. (3.40)

The prefactor γi is the ion sheath heat transmission coefficient and relates particle flux, tem-

perature and heat flux. Due to the limitation of assuming a drifting Maxwellian γi = 7/2 is only

an approximation. Different kinetic models are compared by Stangeby [130, Table 25.1], and

values for γi were found in the range 1.50−2.93.

The corresponding electron sheath heat transmission coefficient is defined through

qe
se = γe TeΓse , (3.41)

⇒ γe = 2+ |e∆sheath |
Te

+ |e∆pr esheath |
Te

≈ 2+3+0.7 = 5.7. (3.42)

Contrary, to the case for the ions, the description of the electron velocity distribution within

the sheath by a truncated Maxwellian is relatively precise, so that more complete fully kinetic

analyses yield values close to the simple estimate γe ∼ 4.83−5.12 [130, Table 25.1].
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Figure 3.2 – Schematic en-
ergy transfer from electrons
to ions in the sheath.

These are the heat fluxes in the sheath entrance. Due to the

presence of the sheath potential drop the electrons lose energy

|eVs f | and the ions gain the exact same amount, Figure 3.2, so

that the total energy flux caused by electron and ion impact to

the solid surface is given by

qss = qe
ss +q i

ss = qe
se +q i

se = (γe Te +γi Ti )Γse = γTΓse (3.43)

where Te = Ti was assumed. Usually, γ ≈ 7−8 is used. Even

though a certain level of uncertainty is invoked by the exact

value of γ, it is relatively small compared to other uncertainties

of plasma parameters in the divertor. Equation (3.43) thus states

the heat flux that is removed from the plasma, i.e. its loss of

thermal and kinetic energy.
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Chapter 3. Introduction to scrape-off layer modelling

The total heat flux deposited on the wall, however, includes additional contribution to the

plasma heat flux according to equation (3.43). When a plasma ion impinges the target wall,

one of the following happens a) the ion picks up an electron from the wall and return to the

vacuum vessel as a neutral atom, b) it sticks to the solid surface.

Case a): The ion gets neutralized at the wall, the electron from the solid falls into the ener-

getically more favorable atomic state. For hydrogen atoms the binding energy of ≈ 13.6 eV

is released. Neutral deuterium atoms quickly recombine to molecules if the temperature is

sufficiently low. Then the additional dissociation energy is released (for 4.5 eV H2). This then

acts as an energy source for the gas/plasma.

Case b): The deuterium atom will eventually desorb into the vacuum depending on tempera-

ture and binding energy to the surface, which is usually a function of the surface density of

hydrogen atoms. For the high particle fluxes and temperatures in fusion divertors this process

will take place almost immediately, so that the energy difference for atomic and molecular

recombination (13.6 eV per D and 4.5 eV per D2) gets released.

Summarizing: per impinging ion, the energy Ei on = 13.6 eV is released, if each atom also

recombines to a molecule Edi ss/2 = 4.5/2 eV is released. Both potential energy sources can in

principle be distributed onto the plasma and the surface. However, it is usually completely

attributed as surface heating term. ε= Ei on +Edi ss/2. The total deposited heat towards the

reactor walls, accounting also for radiation and neutral particle heat loads, is then

qdep,t =
(
γTe +ε

)
Γse sinα+qr ad

dep +qneut
dep (3.44)

where α is the grazing angle. The potential energy contribution εΓse becomes significant w.r.t.

γTeΓse for temperatures below ∼ 3 eV.

The deposited stationary peak heat flux at the divertor qmax
dep,t must remain below ∼ 10 MW/m2

for an actively cooled tungsten divertor to ensure the integrity of the target material. This

criterion poses the main challenge for the divertor heat exhaust, as discussed in section 1.4.

Modified Bohm criterion in presence of E ×B-drifts

In presence of E ×B drifts the boundary condition is modified [130, Chapter 25.4]. A rigorous

derivation for a collisionless sheath is provided by Hutchinson [57]. For a uniform electric

field, giving rise to E ×B drift motion, the solutions of the magnetic presheath equations can

be obtained by a Galilean transform of the solutions of the driftless problem

v se
|| + 1

tanα
vE×B
θ = cs , (3.45)

where α denotes the grazing angle to the target. The parallel flow velocity is hence modified

in such a way that equation (3.45) is fulfilled. This implies supersonic parallel flow v|| > cs if

the poloidal E ×B-velocity is directed away from the target plate. For vE×B
θ

directed towards
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3.3. Analytic SOL-modelling: the two-point model (2PM)

the target, the parallel velocity is reduced and can even reverse for vE×B
θ

/tanα > cs if the

electric fields are sufficiently strong or α sufficiently shallow. Equation (3.45) is valid for

vE×B
θ

/tanα< 2cs .

3.3 Analytic SOL-modelling: the two-point model (2PM)

The two-point model (2PM) poses a simple 0D model of a SOL flux tube of parallel length

L|| and aims to connect plasma parameters (n,T, q) at the target (index t) to the upstream

location[7] (index u), employing momentum and energy balance. The particle balance is, in

the most common form, not considered. Also electric currents are assumed to be ambipolar

everywhere j = 0. An overview of various levels of sophistication of the 2PM is provided in a

recent publication of Stangeby [131, Section 4]. In this section, we state the most important

assumptions and equations of the 2PM.

Based on the parallel momentum equation we were able to derive the pressure balance

along a single flux tube, equation (3.13), in section 3.1. It states that the total pressure ptot =∑
α(nαmαu2

α+nαTα) along a flux tube is conserved in absence of source terms on the R.H.S.

of equation (3.13). Momentum losses, e.g. by ion-neutral interaction or cross-field transport

that lead to a reduction of ptot along the extent of the flux tube towards the target, are formally

included through a parameter fmom(
1− fmom

)
pu

tot = p t
tot . (3.46)

Similarly, one can formulate the conservation of total parallel heat flux from the energy balance

(3.27), where the subscript tot is dropped(
1− fpow

)
qu
|| Ru = q t

||Rt . (3.47)

The total heat flux q|| along a flux-tube varies due to the volumetric losses, cross-field transport

and due to change of its cross section perpendicular to B, i.e. total flux expansion, equation

(2.7).

For simplicity, we further assume a pure hydrogen plasma, Ze f f = 1, with equal temperature

for electrons and ions, Ti = Te , sonic flow at the sheath, i.e. Mach number Mt = 1, and

stagnation upstream, Mu = 0. These assumptions can readily be relaxed but lead to less

compact equations (cf. [131, equations 15-17]). The system of equations is closed by the heat

flux, removed from the plasma, at the sheath boundary[8]

q t
|| = γnt Tt c t

s (3.48)

[7]That may be chosen based on the application, e.g. the outer midplane location considering power entering the
SOL from to ballooning-turbulence or the divertor throat when studying volumetric dissipation in the divertor.

[8]Note, that the potential energy flux εΓt does not contribute to a cooling of the plasma and does not enter (3.48)
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Chapter 3. Introduction to scrape-off layer modelling

with isothermal sound speed cs =
√

Te+Ti
mi

=
√

2Te
mi

. For given upstream heat flux qu
|| and total

upstream pressure pu
tot we can solve equations (3.46)-(3.48) for the target parameters T 2P M

t

and n2P M
t . The so-obtained relations for the extended 2PM are given in the right column of

Table 3.1.

Quantity Basic conductive 2PM Extended 2PM [131]

Upstream temperature Tu

(
7
2

q||L
κe
||,0

)2/7
/

Target temperature T 2P M
t

2mi

γ2

(
8
7

κe
||,0

L||

)2 T 5
u

n2
u

[
8mi

γ2

][
q||,u
pu

tot

]2 [
1− fpower

1− fmom

]2 [
Ru

R t

]2

Target density n2P M
t

n3
u

mT 4
u

(
7L||

4κe
||,0

)2 [
γ2

32mi

][
p3

tot ,u

q2
||,u

][
(1− fmom )3

(1− fpower )2

][
R t

Ru

]2

Table 3.1 – Summary of the basic conductive 2 point model expressed as function of upstream
nu ,T u and the connection length. The extended 2PM makes no assumption of the nature of
the heat flux (convective or conductive) and formally includes pressure and momentum loss
terms. Here a pure hydrogen plasma with equal electron and ion temperature and sonic flow
at the targets is assumed, relaxation of these assumptions are further discussed in [131].

The extended 2PM provides an understanding how the crucial reduction of divertor tempera-

ture can be achieved in a tokamak:

1. reduction of q||,u , e.g. by reducing PSOL via radiation on closed field lines, increasing λq ,

increasing Ru

2. increasing pu
tot , e.g. increasing plasma density

3. increasing volumetric power losses, e.g. increased line radiation by impurities in the

edge region, plasma-neutral interaction

4. less momentum losses[9]

5. increasing the target radius Rt , e.g. as in Super-X configurations

To this point no assumption on the transport regime (sheath limited, conduction limited,

detached) was made. The relations are hence, apart from the assumption on Ze f f , Te = Ti

and sonic flow at the target, general, but only formal as the loss factors fmom and fpow must

be determined by other considerations. The loss factors incorporate, as discussed above, all

(non-linear) volumetric loss mechanisms along the divertor leg but also include the effect of

cross-field transport, with contributions of equilibrium drifts and turbulence, for which the

present physics understanding remains elusive. Progress beyond this point typically requires

sophisticated numerical simulations that allow to include volumetric processes and cross-field

[9]Somewhat counter-intuitively momentum losses tend to increase the target temperature as momentum losses.
However, all reactions that lead to momentum loss also cause power losses and both are temperature dependent.
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3.3. Analytic SOL-modelling: the two-point model (2PM)

transport. A full model that includes all crucial elements, self-consistent volumetric losses

as well anomalous cross-field transport, has not yet been developed. Typically, numerical

modelling of the SOL focuses either on a) the detailed description of volumetric processes via

inclusion of impurities and sophisticated neutral models (→ transport codes) while describing

anomalous cross-field transport analytically with empiric parameters or b) a consistent evolu-

tion of the (electromagnetic) fluctuations that give rise to anomalous cross-field transport at a

computational cost that typically prevents a full treatment of such volumetric reactions (→
turbulence codes). Transport and turbulence codes are further discussed in section 3.4.

For plasma conditions where heat conduction is dominant and volumetric dissipation is

weak, some further analytical progress can be made. So we assume that −κe
||∇||Te is the

dominant term in (3.26), where κe
|| = κe

||,0T 5/2
e is the Spitzer-Härm conductivity, equation

(3.20). Furthermore, we neglect the loss factors fmom , fpow ∼ 0[10] and assume R t /Ru ∼ 1.

Integration of the heat flux conservation (equation (3.27)) yields a direct relation between the

upstream temperature and the heat flux at the target

Tu =
(

T 7/2
t + 7

2

q t
||L

κ0e

)2/7

≈
(

7

2

q t
||L||
κ0e

)2/7

, (3.49)

where we used that for sufficiently high heat flux q|| the target temperature Tt can be often

neglected on the R.H.S. The basic conductive 2PM is summarized in Table 3.1.

An expression for the heat flux distribution can be obtained noting that equation (3.49) holds

for the inner and outer target. Taking the upstream location identical for both divertor legs,

T i n
u = T out

u , it is found that the heat flux distribution towards the targets is inverse to the

respective connection lengths

q t ,i n
|| /q t ,out

|| = Lout
|| /Li n

|| . (3.50)

The two-point model can also be used to interpret transport code simulation output, so called

two point model formatting [68]. It will be employed in later chapters of this thesis, section

5.2.5 and 7.3.2, to quantify dissipation in the divertor. For that it is useful to exclude the

influence of radial redistribution of power and momentum, i.e. radial transport, by radial

integration. We obtain the integrated loss factors for momentum and power

f i nt
mom = 1−

∫
t ptot dr u∫

u,C F R ptot dr u
, f i nt

pow = 1−
∫

t q t
θ

d Aθ∫
u,C F R qθd Aθ

, (3.51)

as previously used for TCV by Fevrier [43] and Smolders [126]. The ’upstream’ profiles will

be evaluated at the divertor entrance, on the level of the X-point, and integrated over the

common-flux region (CFR), whereas the full radial profile, including the private flux region

[10]This approximation is rather poor, as even in attached plasma conditions radiation, neutral interactions and
cross-field transport transport pose significant contributions.
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(PFR), at the respective target plate is integrated. This choice of upstream location has little

influence on the value of the total pressure which is approximately constant in poloidal

direction before the divertor entrance but more important for the heat flux which shows a

stagnation point poloidally located somewhere between the two divertor entrances. Setting

the upstream location at the divertor entrance hence allows us to ignore the details of the heat

flux pattern along the LCFS.

3.4 Overview: plasma edge codes

To fully account for all balance equations (particle number, momentum, energy and elec-

tric charge) including volumetric processes and transport parallel and perpendicular to the

magnetic field, numerical simulations in at least two spatial dimensions are necessary. The

drift-reduced Braginskii equations are used in various transport codes, often extended for

multi species plasmas (Table 3.2).

Transport codes # of spatial
dimensions

neutral
treatment

features/limitations

SOLPS-ITER
[11][153][122]

2 fluid or Eirene flux aligned grid, various
topologies implemented

SOLEDGE2D [15] 2 fluid or Eirene flux aligned grid extending
towards the first wall

EDGE2D
[125] [102]

2 fluid or Eirene similar to SOLPS

UEDGE
[111] [112]

2 fluid fully implicit equation
solver

TecXY [155] 2 analytic model quasi-rectangular grid cells,
simplified target geometry

EMC3[40] 3 fluid or Eirene 3D transport code, drifts are
not yet implemented

SONIC [67] 2 Monte-Carlo:
NEUT2D

fluid code for main ion
species, impurities treated
via MC code IMPMC

Turbulence codes # of spatial
dimensions

neutral
treatment

features/limitations

GBS [108] [93] 3 kinetic [152] flexible geometry [50]
Tokam3x [134] 3 Eirene [38] flexible geometry
Bout++ (STORM)
[33] [109]

3 -

Grillix [132] 3 - flexible geometry
HESEL [137] 2 fluid evolution of profiles at the

outboard midplane in a
plane perpendicular to B

Table 3.2 – Overview of plasma edge codes
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The defining characterstic of transport codes is the neglect of polarization current which

precludes fluid instability growth and consequently removes turbulence from the system in

order to find the non-fluctuating part of each fluid quantity, i.e. its equilibrium value. The

cross-field transport is instead described by empirical, often diffusive, transport chosen to

reproduce experimental profiles. In comparison to first principle codes, that describe the

turbulent cross-field transport self-consistently, the transport codes are computationally

generally less demanding and hence allow to include further complexity, e.g. by treating

impurities, a realistic wall geometry or kinetic neutral models. Such level of sophistication is

essential to describe the processes in dissipative divertors. Due to the complexity of physics

that these codes wish to describe, they themselves become very complex to handle which

often results in a lack of user-friendly interfaces and the need for dedicated personel to run

them.

In early SOLPS (Scrape-Off Layer Plasma Simulation) versions self-consistent eletric fields,

drifts and currents were not included. These were introduced in SOLPS5.0. The present

version, SOLPS5.2 or SOLPS-ITER, is now maintained by the ITER organization. Still for long

time, the code demonstrated poor stability for drift simulations [65]. This is largely related

to the code’s explicit numerical solver, the multifluid balance equations are independently

linearized and solved using an implicit Euler scheme using the plasma parameters from the

previous time step. As will be shown in section 6.1, these often result in a strict upper limit for

the time step to solve the equations. Drift effects are implemented in most transport codes in

Table 3.2 which however often suffer from poor numerical stability.

The UEDGE code features a more stable algorithm to incorporate drift effects. It solves the

balances equations simultaneously, employing a fully implicit scheme. Plasma profiles are

thus solved self-consistently for each time step. This approach, however, comes at the price

of increased dimension of the matrix that has to be inverted (factor 5 for a single species

plasma, factor 29 for a simulation with deuterium, helium and neon impurities) and hence is

significantly more computationally demanding. Furthermore, the coupling to kinetic neutral

models like Eirene is hardly possible which limits the UEDGE code to the use of fluid neutrals

[65].

3.5 The SOLPS-ITER code

This section presents the balance equations and the respective boundary conditions in a

simplified form, in the sense that numerical correction factors and herein unused physics

models were omitted for the sake of clarity and readability. Furthermore, terms are simplified

to ease the understanding, wherever possible. For a more rigorous review of the implemented

equations the reader is referred to the SOLPS-ITER manual[11], [113] and an extensive review

for the earlier SOLPS5.0 version [122]. An extensive derivation of the various equations was

given by Baelmans in 1993 [4]. Note however, that the code has since gone through some

[11]Distributed with the code.
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substantial changes. Numerical stability enhancements for simulations including drift effects

were recently presented by Kaveeva et al. [65] and successfully applied to first simulations for

ITER fully accounting for drifts and currents [64].

The coupling between the Braginskii multi-fluid solver B2.5[12] and the kinetic neutral Monte-

Carlo model Eirene forms the basis of the SOLPS-ITER code, Figure 3.3. The fluid solver

provides local information about plasma parameters (ne , Te , Ti etc.) that allow evaluation of

reaction crosssections from various atomic and molecular databases used by Eirene. Power

losses are calculated with the species resolved cooling rates provided from the ADAS database.

Surface reflection of ions and neutrals is treated by the TRIM database.

Figure 3.3 – Information flow in the SOLPS model

Free variable obtained from

na ion continuity equation
ne quasineutrality ne =∑

a Zana

Te electron heat balance
Ti ion heat balance
φ current balance with j|| from equation (3.9)
u||,a parallel ion momentum balance
u||,e ue,|| =

(∑
a e Zanaua,||+ j||

)
/ene with j|| from equation (3.9)

Table 3.3 – Summary of free variables in the fluid equations and the respective equations from
which they are determined [65].

The B2.5 equations are separately linearised and solved using an implicit Euler scheme for

which the remaining free variables are taken from the previous time step (or the initial plasma

state) to calculate the quantities in Table 3.3. The particle continuity equation is solved for

each ion species a and yields the particle densities na . The electron density ne then follows

[12]Reaching back to the first code by Braams [12]
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3.5. The SOLPS-ITER code

from quasi-neutrality, hence eliminating the need to solve the electron particle balance w.r.t

the full Braginskii equations. SOLPS considers one temperature for electrons Te and one that

is shared among all ion species Ti . These temperatures are obtained from the respective heat

balance equation. The electric potential φ is obtained from the current balance equation

and the generalised Ohm’s law, that provides the link between the parallel current and the

electrostatic potential. The parallel momentum balance is solved for each ion species a and

yields its fluid velocity u||,a . The electron velocity u||,e is then obtained from u||,a and the

parallel current j||. Hence, for Ns fluid species the B2.5 code has to solve 3+2Ns differential

equations[13] for each time step on nx (poloidal) ×ny (radial) grid cells.

Further assumptions w.r.t to the full Braginskii equations, discussed in section 3.1, are the

following: a multi-species version of the equations is used in order to include impurities,

toroidal symmetry is assumed, cross-field fluxes are due to E ×B and magnetic drifts whereas

analytic anomalous cross-field particle and heat fluxes are used to mimic turbulent transport

parametrised with empirical transport coefficients D AN
⊥ ,χAN

e,⊥ and χAN
i ,⊥ . The assumption of

toroidal symmetry and neglecting the polarisation current inhibits the growth of most fluid

instabilities [14]. For most cases of interest these oscillations are however negligible and

the system of balance equations hence describes the plasma equilibrium state in which

fluctuations are absent. Turbulent flows can however not be neglected as they are often

the dominant transport mechanisms perpendicular to the magnetic field. These are then

mimicked by simple diffusive fluxes for particles (ΓAN
a,⊥ → −D AN

⊥ ∇⊥na) as well as electron

and ion heat (q AN
⊥ →−χAN

e/i ne/i∇⊥Te/i ). The code also offers the possibility to describe the

anomalous contributions with anomalous pinch velocities and pressure-driven diffusivities as

well as spatial variation of all these parameters, these are however not employed in this thesis

unless explicitly stated.

In this thesis, only single null geometries are considered. A typical simulation grid is shown

in Figure 3.4. The balance equations are solved on the cell centers of a nx = 98 (poloidal)

×ny = 38 (radial) computational grid, Figure 3.4a,b and d. The flux-aligned B2.5 grid is locally

quasi-rectangular with the strongest cell-deformation found in the X-point region, Figure

3.4b. The radial extent of grid cells is chosen smaller near the separatrix. For TCV, this allows

∼ 1 mm radial resolution near the separatrix, typically adequate to resolve fine structures in

radial plasma profiles. The radial resolution in the far-SOL is decreased as plasma profiles

there typically show less spatial variation. The poloidal length of cells is nearly uniform along

the upper SOL and chosen to decrease towards the strike points near both targets to ∼ 5 mm,

which is adequate to resolve steep transitions near the targets. Internally, the fluid grid is

mapped on a rectangular computational mesh employing a cut from PFR through the X-point

to the core boundary, Figure 3.4d. The poloidal and radial directions are denoted with x and

[13]Potential+ electron heat + ion heat + Ns×(ion continuity and ion momentum balance)
[14]Principally, modes with toroidal mode number n = 0 can still occur. Typically, the simulations are performed
by evolving an initial plasma state in time until convergence is reached. Non-oscillatory solutions are, however,
not always guaranteed, even in absence of turbulent transport. Oscillatory behavior of SOLPS5.0 results was
observed for certain choices of plasma conditions (plasma density, input power and impurity content) by Coster
[25]. Therein a numerical origin of the oscillations was excluded by variation of the numerical time step.
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Chapter 3. Introduction to scrape-off layer modelling

Figure 3.4 – Typical single null TCV simulation grids: a) B2.5 grid of unbaffled TCV vessel
contour, simulation grid colored differently for the distinct regions: core (blue), upper SOL
(light blue), inner divertor (green) and outer divertor (yellow), b) zoom into divertor region, c)
triangular Eirene mesh, d) B2.5 grid in the computational domain, colors correspond to the
distinct regions in a)

y , respectively. The cut causes the PFR regions of the inner and outer divertor, which are

connected in real space, to be separated on the computational mesh. Hence, it is taken care of

by appropriate boundary conditions that transfer fluxes crossing that surface to the respective

other region. On the core boundary a periodic boundary condition is required at the region

cut for the x-directed cell faces. Neutral quantities are evaluated on the triangular Eirene grid,
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3.5. The SOLPS-ITER code

Figure 3.4c. In the area of the fluid grid triangles are created by subdivision of B2.5 rectangles.

In the region outside from the fluid grid a triangulation is performed. The fluid and Eirene

grids are extended a few centimeters from the separatrix into the region of closed field lines

(core). Here, boundary conditions for both Eirene and B2.5 are required. These are discussed

with the various B2.5 equations below. The equations, presented in the following sections, are

formulated using metric coefficients hx = 1/|∇x|−1,hy = 1/|∇y |−1,hz = 1/|∇z|−1 = 2πR with

cell volume
p

g = hx hy hz .

The remainder of this chapter is structured as follows. Limitations of the fluid model of the

edge plasma are discussed in section 3.5.1. We then present the B2.5 equations: continuity

equation - section 3.5.2, parallel ion momentum balance - section 3.5.3, electron heat balance

- section 3.5.4, ion heat balance - section 3.5.5 and the current balance equation - section 3.5.6.

Then the Eirene model is discussed in section 3.5.7. The assumptions taken for plasma and

neutral interaction with the first wall are stated in 3.5.8. Lastly, the role of carbon as radiator in

the SOL is pointed out and the distribution of ionisation stages is compared to expectations

based on a coronal equilibrium 3.5.9.

Throughout this thesis, SOLPS-ITER code version 3.0.6 is used. The terms involved in the

various balance equations are illustrated for a TCV simulation for forward (or normal) Bt

direction, i.e. ion ∇B directed in negative z-direction, i.e. from the magnetic axis towards

the X-point with all drift and current-terms activated. All ionisation stages of Deuterium

and Carbon are evolved in the simulation and neutrals are treated kinetically using Eirene.

Simulation parameters are stated and discussed below with the equations where they appear.

In Chapter 8 we show that such parameters indeed lead to a reasonable comparison to TCV

diagnostics. A summary of upstream and target parameters of the simulation is given in

Table 3.4. Note, that the target temperatures are relatively low and that the particle flux to the

targets is much larger than the particle flux crossing the separatrix, hence we are describing a

divertor state in the high recycling regime. The simulation data is stored on the SOLPS MDS+

server, maintained by the IPP Garching, Germany. The corresponding data is accessible under

MDS-number #150657. For all simulations in this thesis we provide the corresponding MDS

numbers which allows the reader to access the respective simulation data.

3.5.1 Limitations of a fluid model of the edge plasma

A fluid model of the edge plasma requires sufficient collisionality with all characteristic lengths

of the system being smaller than its spatial extent (the connection length L||). Generally, this

is violated in the plasma sheath which cannot be resolved by a fluid model, as the plasma in

the sheath is nearly collisionless. In the code the presence of the sheath is accounted for by

suitable kinetic boundary conditions that ensure consistent flows at the target plates. Chankin

emphasizes that kinetic effects in the SOL can be important for fast electrons with velocities

v in the range 3-5 vth
[15] as the Coulomb-collision mean-free path λ scales like λ∝ v4 [19].

[15]With electron thermal velocity vth =p
Te /me
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Outer midplane Outer target Inner target

nomp,sep
e [m−3] 2.6e+19 not ,max

e [m−3] 7.3e+19 ni t ,max
e [m−3] 8.3e+19

T omp,sep
e [eV ] 33.6 T ot ,max

e [eV ] 1.4 T i t ,max
e [eV ] 2.0

T omp,sep
i [eV ] 47.3 T ot ,max

i [eV ] 3.3 T i t ,max
i [eV ] 4.8

PSOL,e [W ] 1.6e+05 qot ,max
⊥ [W m−2] 2.4e+05 q i t ,max

⊥ [W m−2] 8.1e+05
PSOL,i [W ] 1.3e+05 Pot [W ] 4.5e+04 Pi t [W ] 5.0e+04

ΓSOL,e [s−1] 6.2e+21 Γot ,max
⊥ [m−2s−1] 5.1e+22 Γi t ,max

⊥ [m−2s−1] 1.3e+23
ΓSOL,i [s−1] 6.0e+21 I ot

⊥ /e[s−1] 9.9e+21 I i t
⊥ /e[s−1] -8.5e+21

pomp,sep
pl asma [Pa] 355.3 pot ,max

pl asma[Pa] 39.5 p i t ,max
pl asma[Pa] 85.9

nomp,sep
D0 [m−3] 7.6e+16 not ,max

D0 [m−3] 7.7e+18 ni t ,max
D0 [m−3] 8.1e+18

nomp,sep
D2

[m−3] 3.4e+15 not ,max
D2

[m−3] 4.1e+19 ni t ,max
D2

[m−3] 2.8e+19

pomp,sep
D0 [Pa] 0.2 pot ,max

D0 [Pa] 3.5 p i t ,max
D0 [Pa] 5.7

pomp,sep
D2

[Pa] 0.0 pot ,max
D2

[Pa] 0.7 p i t ,max
D2

[Pa] 0.7

Table 3.4 – Main parameters of reference simulation #150657 discussed in this chapter

Hence, λ is increased by two orders of magnitude w.r.t to thermal electrons. Fast electrons

in this range behave essentially collisionless. For TCV L-mode plasmas investigated in this

thesis with upstream separatrix parameters T u
e ∼ 30 eV and nu

e ∼ 2 ·1019 m−3 the self-collision

mean-free path for thermal electrons (and ions) [130, equation 1.9] is

λee ≈λi i ≈ 1016m
T 2

e [eV ]

ne [m−3]
∼ 0.5 m. (3.52)

The connection length, measured from the outer midplane to the respective divertor target,

is of the order of ∼ 10 m for both targets. This yields λ/L ∼ 0.05 and a fluid approximation

should be valid for the thermal particles. Note, however, that for fast particles with v ≈ 2vth ,

thus λ∼ L and kinetic corrections are expected. Particularly, in plasma conditions with large

poloidal gradients, e.g. during detached conditions, the characteristic scale length of plasma

parameters can become comparable to λ. Kinetic simulations with a Fokker-Planck code

were reported by Batishcev et al. [6] for upstream parameters corresponding to λ/L ∼ 0.1 and

substantial parallel temperature gradients. A significant distortion of the electron distribution

function with an overpopulated high-energy tail with respect to a Maxwellian was observed

there. In the following kinetic effects are not discussed further, as a separate analysis would be

required which is beyond the scope of this thesis.

In the SOLPS-ITER code so-called flux-limiters are applied on open field lines to prevent

heat fluxes that surpass the physically-possible value, according to neoclassical formulation

[4, p.53]. It corresponds to electron heat convection corresponding to an average electron

velocity equal to the thermal speed
p

Te /me for α f l = 1. The corresponding heat conductivity
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is introduced as

κ|| = κSH

1+|qSH /q f l |
(3.53)

qSH =−κ||,SH∂||Te (3.54)

q f l =α f l ne T 3/2
e /

p
me (3.55)

where qSH is the heat flux due to electron heat conduction according to Spitzer-Härm with

conductivity κ||,SH and q f l the heat flux limit that is modified with prefactorα f l . Similar limits

are imposed for the ion heat transport, the momentum flux, the thermoelectric coefficient

and the friction force. For the sake of completeness, these are summarized in Table 3.5. For a

reference simulation we verified that these flux limiters are inactive, i.e. the plasma solution

was unaffected by increasing the limiters by a factor 2, cf. MDS numbers listed in appendix B.

Flux variable el.heat ion heat momentum thermoel. coeff. friction force

limiter coefficient 0.3 0.6 0.5 0.5 0.5

Table 3.5 – Flux limiter coefficients employed in the simulations.

3.5.2 Continuity equation

The ion particle continuity equation, cf. equation (3.6), is solved for the particle density na for

each ion species a. The electron density follows from quasi-neutrality ne =∑
a Zana .

∂na

∂t
+ 1p

g

∂

∂x

(p
g

hx
Γ̃ax

)
+ ∂

∂x

(p
g

hy
Γ̃ay

)
= Sn

a (3.56)

The effective poloidal and radial particle fluxes are denoted by Γ̃a,x , Γ̃a,y and the particle source

as Sn
a .

The particle fluxes are given by

Γ̃ax = (bx v||a + vE×B
ax )na −D AN

⊥,a
1

hx

∂na

∂x
+ Γ̃di a

ax +Γnon−amb
ax , (3.57)

Γ̃ay = vE×B
ay na −D AN

⊥,a
1

hy

∂na

∂y
+ Γ̃di a

ay +Γnon−amb
ay . (3.58)

The poloidal particle flux Γ̃ax consists of the poloidal projection of the parallel velocity, with

bx = Bθ/B , the E ×B contribution, anomalous particle diffusion, the diamagnetic component

and other non-ambipolar terms due to inertia, viscosity and ion-neutral friction Γa
non−amb =

(ji n + jvi s + js)/e, cf. current balance 3.5.2. The turbulent particle flux is parametrised by

anomalous cross-field transport with empirical diffusivities D AN
⊥,a . D AN

⊥,a can be chosen dif-

ferently for each plasma species and also spatial variation can be introduced. Here, we use

D AN
⊥,a = 0.2 m2s−1 spatially constant and identical for all species, unless stated otherwise in the

following chapters. The code furthermore offers the possibility of employing pressure-driven
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diffusivities and anomalous pitch velocities, these are however not used in this thesis. The

diamagnetic term poses a large particle flux but is almost divergence free. For numerical

stability reasons, it is replaced by an effective diamagnetic particle flux, represented by the

tilde symbol "∼", where divergence-free parts are cancelled analytically in the earlier SOLPS5.0

version. Physically, Γ̃di a represents the particle flux due ∇B and curvature drifts and gives

the same contribution to the divergence of particle fluxes as the full diamagnetic particle

flux [117]. Later, with the introduction of SOLPS-ITER (or the SOLPS5.2 model) further ana-

lytical rescaling of the diamagnetic drift was introduced, again not affecting the value of its

divergence, to improve treatment of steep pedestal regions for H-mode simulations [113]. In

the following, when referring to the diamagnetic particle flux or its current we will refer to

its divergent part, coinciding with the ∇B and curvature drift flux/current. The additional

artificial rescaling, introduced in the SOLPS5.2 model, is then not applied.

The source term Sn
a accounts for ionisation, recombination and charge-exchange processes

not involving neutrals on the B2.5 side. Additional particle sources involving atomic or molec-

ular neutrals are provided by Eirene, section 3.5.7.

Sn
a = Sn,B2

I a +Sn,B2
Ra +Sn,B2

C X a +Sn,Ei r ene
a (3.59)

Boundary conditions for the continuity equation are listed in Table 3.6. At the targets, sheath

boundaries state that the total poloidal particle flux, excluding the diamagnetic drift, equals

the poloidal projection of nc̄s , where c̄s is a collective plasma sound speed. Accounting for

the diamagnetic component is discussed by Rozhansky and was found to pose only a small

contribution [117]. As shown below, the dominant components of the poloidal particle flux

are the parallel and the E ×B contributions. Remaining terms due to anomalous transport and

non-ambipolar terms pose only small contributions. Hence, the sheath boundary condition

essentially coincides with the Bohm-Chodura criterion, equation (3.45). The radial far-SOL

boundary is artificial but needs to be imposed due to the finite radial width of the computa-

tional grid. In codes such as SOLEDGE2D, where the grid extends towards the wall, it would

be replaced by sheath boundary conditions on all PFCs. The far-SOL boundary is specified

as radial fall-off length of the particle flux. The corresponding particle flux is transferred to

Eirene neutrals. Typically, this does not strongly affect the plasma solution in the near-SOL

unless the radial extent of the grid is comparable to the characteristic radial fall-off lengths. At

the core boundary all neutral particles are returned as fully-stripped ions such that the core

boundary conserves the total particle number in the simulation. Other species C+-C5+ are

chosen to have zero radial flux at the core boundary.

Poloidal and radial components of particle fluxes and their respective divergence in the

divertor region are shown in Table 3.7 for the reference simulation. The respective colorbars

are chosen as the 95% quantile of the absolute value in the divertor volume and hence allow

comparison between the various terms. For this simulation the poloidal particle flux is

dominated by the projected parallel flow and E ×B poses the largest radial flux in absolute

magnitude. The divergence shows that also the anomalous diffusion contributes albeit only in
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Boundary BCCON equation

sheath 14 Γ̃ax − Γ̃di a
ax =±|bx |c̄sna with c̄s =

√ ∑
a pa∑

a ma na

far-SOL 9 Γ̃ay =− 1
L D AN

n,a na + Γ̃di a
ay +ΓE×B

ay with L = 3 cm

core 26, 27 ΓD+y =−ΓEi r ene
D0 y

, ΓC 6+y =−ΓEi r ene
C 0 y

Table 3.6 – Boundary conditions for the continuity equation used in this thesis. BCCON:
corresponding continuity equation boundary condition number as labelled internally in the
code.

the near-SOL region where gradients are strong, whereas the diamagnetic contributions in the

divertor are small. A more detailed discussion regarding particle transport and the impact of

drifts is given in Chapter 7.

D+ particle flux components - forward Bφ - #150657

poloidal flux [m−2] radial flux [m−2] divergence [m−3]

To
ta

lfl
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x
Γ
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n
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Table 3.7 – Continued on next page
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Table 3.7 – Flux-terms of the particle balance, equations (3.57),(3.58). The respective col-
orbars limits are set to the 95% quantile of the absolute value of the corresponding fluxes
in the divertor volume and thus allow comparison of the magnitude of the different terms.
Positive/negative poloidal fluxes are directed towards the outer/inner divertor, positive radial
fluxes are directed towards the farSOL (radially outwards) and negative radial fluxes towards
the core boundary or the radial PFR boundary. MDS number: #150657

In steady-state (∂t = 0) the continuity equation implies that the divergence of the total particle

flux equals the source term provided by the reactions from Eirene (cf. section 3.5.7), here

for the main ion species: D+. We decompose the particle source from Eirene into the source

by ionisation, volumetric atomic recombination and the various molecular reactions, Table

3.8. The source terms here are primarily due to ionisation of D0, but molecular reactions

also contribute and may either act as a sink or a source of hydrogen due to molecular acti-

vated recombination (MAR) or molecular activated ionisation (MAI), respectively. Atomic

recombination is typically found negligible for the particle balance in TCV simulations.
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D+ source/sink terms [m−3s−1] - forward Bφ - #150657
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Table 3.8 – Source term of the particle balance, equation (3.59), and its decomposition,
see section 3.5.7 Table 3.20. The respective colorbars limits are set to the 95% quantile of
the absolute value of the corresponding source/sink in the divertor volume and thus allow
comparison of the magnitude of the different terms. MDS number: #150657.

3.5.3 Parallel Ion-Momentum balance

The parallel ion momentum equation, cf. equation (3.8), is solved for the parallel velocity

u||,a of ion species a. The electron velocity follows from the parallel electric current ve,|| =
(
∑

a Zaena va,||− j||)/(ene ).

ma
∂

∂t
(nau||a)+ 1

hz
p

g

∂

∂x

(
hz

p
g

hx
Γ̃m

ax

)
+ 1

hz
p

g

∂

∂y

(
hz

p
g

hy
Γ̃m

ay

)
= Sm

a (3.60)

Poloidal and radial particle momentum fluxes are denoted by Γ̃m
a,x , Γ̃a,y and the momentum

source as Sn
m .

The fluxes of parallel momentum are given by

Γ̃m
ax = mau||aΓax +mau||a Γ̃(di a)

ax −ηax
∂u||a
hx∂x

, (3.61)

Γ̃m
ay = mau||aΓay +mau||a Γ̃(di a)

ay −ηay
∂u||a
hy∂y

, (3.62)

where mau||a Γ̃ax and mau||a Γ̃ay denote the poloidal and radial advection of parallel momen-

tum. The origin of the additional contribution mau||aΓ(di a)
ay due to ∇B drifts is discussed in

[117]. The viscosity coefficients ηax ,ηay can be classical or anomalous.

The source term of parallel momentum

Sm
a =− bx

hx

∂naTi

∂x
−Zaena

bx

hx

∂ϕ

∂x
− (∇·π||

a)||+Sm
C F,a +Sm

f r,a +Sm
ther m,a +Sm

Ei r ene

+Sm
I ,a(B2)+Sm

R,a(B2)+Sm
C X ,a(B2) (3.63)

has contributions from static ion pressure − bx
hx

∂naTi

∂x
, the electric field −Zaena

bx
hx

∂ϕ

∂x
, from
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Chapter 3. Introduction to scrape-off layer modelling

parallel components of the pressure tensor −(∇·π||
a)||, centrifugal forces Sm

C F,a , friction forces

Sm
f r,a , thermal forces Sm

ther m,a and momentum sources from Eirene linked to plasma-neutral

interaction Sm
Ei r ene , cf. section 3.5.7. The last three terms are the momentum sources due to

ionisation, recombination and charge-exchange on the B2.5 side linked to processes solely be-

tween plasma ions. These momentum sources act as force densities that accelerate/decelerate

the plasma flow towards a certain direction.

Boundary conditions for the parallel momentum equation are listed in Table 3.9. At the targets,

sheath boundaries state that the poloidal velocity has to follow the Bohm-Chodura criterion

(3.45). At all radial boundaries it is required that no parallel momentum is passing radially

over this surface. For NBH-heated discharges it may make sense to include a source of parallel

ion momentum at the core boundary, however, we focus on Ohmically heated discharges in

the following without external momentum sources.

Boundary BCMOM equation

sheath 13 Va,x = bx c̄s + vE×B
ax

far-SOL 2 Γm
ay = 0

core 2 Γm
ay = 0

Table 3.9 – Boundary conditions for the parallel momentum equation 3.60 used in this the-
sis. BCMOM: corresponding momentum equation boundary condition number as labelled
internally in the code.

The fluxes of parallel momentum consist of the advective (due to bulk motion) and viscous

contributions, Table 3.10. Here, we multiplied all fluxes with si g n(ua) in order to remove the

sign dependence of the magnetic field direction and the poloidal sign dependence in the inner

divertor, this way blue poloidal fluxes indicate a transport of parallel momentum towards the

inner target, orange to the outer, purple indicates transport radially inwards[16] and yellow

radially outwards. The divergence can then be interpreted as an acceleration/decelaration of

D+-ions towards the respective targets and is displayed by red/green colors, respectively. The

viscous flows are low in absolute magnitude but their divergence can become comparable to

the advected fluxes, nevertheless the advection dominates the total momentum flux for the

reference simulation in the divertor. The divergence of the total momentum flux reveals that

the sum of forces provide acceleration towards the target in the upper half of the divertor and

deceleration in the lower part.

[16]A reduction of parallel momentum on the corresponding flux surface and an increase on an adjacent flux
surface located radially inward.
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D+ flux components of parallel momentum - forward Bφ - #150657

poloidal flux [Nm−2] radial flux [Nm−2] divergence [Nm−3]
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Table 3.10 – Flux-terms of the parallel momentum balance, equations (3.61),(3.62). The re-
spective colorbars limits are set to the 95% quantile of the absolute value of the corresponding
fluxes in the divertor volume and thus allow comparison of the magnitude of the different
terms (forward Bt , ΓD = 6e20 D0

s [#150657]. Positive/negative poloidal fluxes are directed to-
wards the outer/inner divertor, positive radial fluxes are directed towards the farSOL (radially
outwards) and negative radial fluxes towards the core boundary or the radial PFR boundary.
All terms are multiplied with si g n(ua) to remove the sign dependence of the magnetic field
direction and the poloidal sign dependence in the inner divertor. Positive divergence hence
represent a local acceleration of D+-ions in the direction towards the target.

The various source terms of parallel momentum, i.e. the force densities, are listed in Table 3.11.

The most important acceleration terms in the divertor are the forces by the static ion pressure
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Chapter 3. Introduction to scrape-off layer modelling

gradient, the electric field[17], and smaller contributions from the el. friction force[18] and the

ion thermal force. Decelaration of D+ is provided by the ion friction force, due to friction

between D+ and slower carbon ions, electron thermal force and interaction with neutral

atoms through charge-exchange and elastic collisions, momentum losses due to collisions

with molecules is here lower by one order of magnitude.

Sources/Sinks or parallel momentum of D+ [N/m3]- forward Bφ - #150657
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Table 3.11 – Source-term of the parallel momentum balance, equation (3.63), and decompo-
sition of Eirene sources, see section 3.5.7 Table 3.20. The respective colorbars limits are set
to the 95% quantile of the absolute value of the corresponding source/sink in the divertor
volume and thus allow comparison of the magnitude of the different terms. MDS number:
#150657.

[17]Typically, E points towards the target. In Chapter 6 it will be shown that the electric field in the PFR can also
point away from the target in certain conditions. Then, this term acts as a deceleration.
[18]The electron friction force is proportional to the electric current. The opposite signs left and right from the
separatrix reflect that the electric current in our simulation is predominantly given by Pfirsch-Schlüter currents,
section 6.2. Hence, the electron friction force pattern changes sign with Bφ.
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3.5. The SOLPS-ITER code

3.5.4 Electron heat balance

The electron heat equation, cf. equation (3.15), is solved for the electron temperature Te .

3

2

∂

∂t
(ne Te )+ 1p

g

∂

∂x

(p
g

hx
q̃ex

)
+ 1p

g

∂

∂y

(p
g

hy
q̃e y

)
= Sheat

e (3.64)

where q̃ex and q̃e y are the poloidal and radial effective heat fluxes and Sheat
e denotes corre-

sponding source terms.

The poloidal and radial heat fluxes are

q̃ex = 3

2
Γex Te −

(
κAN

e +κC L
ex

) 1

hx

∂Te

∂x
−0.71Te j ||x /e, (3.65)

q̃e y = 3

2
Γe y Te −

(
κAN

e +κC L
e y

) 1

hy

∂Te

∂y
. (3.66)

The convective heat flux is 3/2Γe[x y]Te . The heat conductivities contain classical κcl
e[x y] and

anomalous contributionsκAN
e . In the poloidal direction the anomalous contribution only gives

small contributions and the electron heat conduction is predominantly described classically

with conductivity κex , equivalent to the Spitzer-Härm conductivity, equation (3.20). The

anomalous cross-field conductivity coefficient is provided by κAN
e = neχ

AN
e with χAN

e being an

empirically chosen value, here 1.0 m2/s. The classical contribution κcl
e y is also included but

typically has negligible contribution with respect to other cross-field heat fluxes. The electron

heat flux connected with thermal forces is −0.71Te j ||x /e.

The source term of electron heat is given by

Sheat
e =−pe∇· (ve,||+ vE×B )−Q∆+QR +QFei +QEi r ene

e . (3.67)

The first two terms on the R.H.S. relate to the compression term pe∇·v. The energy exchange

by electron-ion Coulomb collisions is Q∆∝ ne ni (Te −Ti )/T 3/2
e . Volumetric radiation losses

due to line radiation and Bremsstrahlung, as well as energy used for ionisation of non-neutral

species, are computed on the B2.5-side with ionisation stage-resolved cooling coefficients from

the ADAS database, QR =∑
a rQane na . Energy sources from volumetric atomic recombination

are by default not taken into account [19]. The heat generated by friction and thermal forces

is denoted by QFei = Ve||
∑

a

(
Sm

f r,ea +Sm
ther m,ea

)
. Heat sources/sinks due to interaction with

neutrals is computed by Eirene QEi r ene
e .

Boundary conditions for the electron heat balance are listed in Table 3.12. At the targets, the

electron heat flux depends on the secondary electron emission coefficients γ, that by default

is chosen to be 0.5. Unlike, for the ion heat balance an electron sheath heat transmission

coefficient is not directly set, but this choice yields 3/2 to the thermal contribution to γe , i.e.

the part that is not related to the drop in electric potential, it was estimate to be 2 in equation

[19]Except for D+, where atomic recombination is included in QEi r ene
e .
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(3.42). The contribution due to the potential drop from the magnetic presheath entrance

towards the targets is accounted for using the value of the electrostatic potential φ in the

respective cell adjacent to the target surface. At the radial extent of the grid, far-SOL and PFR,

a decay of radial heat flux of 3.0 cm is assumed. On the core boundary, the total power to the

electron population is specified. We assume equal power sharing to electrons and ions.

Boundary BCENE equation

sheath 15 q̃ex = bx n
√

Te
2πme

exp
(
− eφ

Te

)
(1−γ)

(
Te

1+γ
1−γ +eφ

)
=

(
3
2 Te + eφ

2

)
Γex

far-SOL 9 specify radial fall-off length of the radial el. heat flux λ f ar
qe ,y = 3.0 cm

core 16 specify total electron power crossing the core boundary

Table 3.12 – Boundary conditions for the electron equation used in this thesis. BCENE: corre-
sponding electron heat equation boundary condition number as labelled internally in the code.
Using bcene_15_style=1. Here, γ= 0.5 denotes the secondary electron emission coefficient.

The components of electron heat flux are illustrated for the reference case in Table 3.13.

Convective and conductive poloidal contributions are directed towards the divertor targets

and have similar magnitude for this simulation. The term −0.71Te j||/e is found to have

only small contributions for our simulations. The radial electron heat flux has contributions

both from the convective, primarily due to E ×B particle fluxes, and conductive parts by

anomalous transport. Next to the colorbar we give the spatially integrated divergence of the

heat fluxes in the outer divertor volume, cf. region definition Figure 3.4a, which also shows

that both conduction and convection approximately equally influence the divergence in the

heat balance.

Electron heat flux - forward Bφ - #150657

poloidal flux [Wm−2] radial flux [Wm−2] divergence [Wm−3]
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Table 3.13 – Continued on next page
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poloidal flux [Wm−2] radial flux [Wm−2] divergence [Wm−3]
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Table 3.13 – Flux-terms of the electron heat balance, equations (3.65), (3.66). The respective
colorbars limits are set to the 95% quantile of the absolute value of the corresponding fluxes
in the divertor volume and thus allow comparison of the magnitude of the different terms
(forward Bt , ΓD = 6e20 D0

s . Positive/negative poloidal fluxes are directed towards the out-
er/inner divertor, respectively, positive radial fluxes are directed towards the farSOL (radially
outwards) and negative radial fluxes towards the core boundary or the radial PFR boundary.
MDS number: #150657

Sources and sinks of electron heat are summarized in Table 3.14. The compression terms

−pe∇·ve are typically small. The main source term of electron heat is provided by electron-ion

Coulomb collisions that transfer heat from the hot ions to the colder electrons. Volumetric

power losses due to radiation and interaction with atomic/molecular neutrals are typically of

similar magnitude for our TCV simulations.
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Sources/Sinks of electron heat [W/m3]- forward Bφ - #150657
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Table 3.14 – Source terms of electron heat, equation (3.67), and decomposition of Eirene
sources, see section 3.5.7 Table 3.20. Volumetric recombination contribution to el. heat is
neglected in the code. The respective colorbar limits are set to the 95% quantile of the absolute
value of the corresponding source/sink in the divertor volume and thus allow comparison
of the magnitude of the different terms. The integrated power over the volume of the outer
divertor leg is shown next to the colorbar. MDS number: #150657

3.5.5 Ion heat balance

The ion heat equation, cf. equation (3.14), is solved for the ion temperature Ti , assumed to be

equal for ionic species a.

3

2

∂

∂t
(ni Ti )+ 1p

g

∂

∂x

(p
g

hx
q̃i x

)
+ 1p

g

∂

∂y

(p
g

hy
q̃i y

)
= Sheat

i (3.68)

with poloidal and radial ion heat fluxes q̃i x and q̃i y and ion heat source term Sheat
i .

The poloidal and radial heat fluxes

q̃i x = 3

2
Γi x Ti −

(
κAN

i x +κcl
i x

) 1

hx

∂Ti

∂x
, (3.69)

q̃i y = 3

2
Γi y Ti −

(
κAN

i y +κcl
i y

) 1

hy

∂Ti

∂y
. (3.70)

Similarly, to the electron heat fluxes, the ion heat conductivities have an anomalous (su-

perscript AN ) and a classical (superscript cl ) contribution. The anomalous component is

provided by κAN
e = naχ

AN
a,⊥ with χAN

i being an empirically chosen value, here 1.0 m2/s and
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equal for all ion species a.

The ion heat source is given by

Sheat
i =−∑

a
pa∇· (ua,||+ va,E×B )+Qvi sc +Q∆+QFab +QB2

I ,i +QB2
R,i +QB2

C X ,i +QEi r ene
i . (3.71)

The R.H.S states the source terms to the ion heat, i.e. the compression term pi∇ ·ua , vis-

cous heating Qvi sc , the energy exchange from electrons to ions Q∆ (appears with a "+"

sign here), heat sources due to friction and thermal forces between different ion species

QFab =−∑
a va||(Sm

f r,a+Sm
ther m,a) and correspondingly for thermal and friction forces with elec-

trons QFei . The heat source terms QB2
I ,i ,QB2

R,i and QB2
C X ,i denote heat sources due to ionization,

recombination and charge-exchange, and correspond to the energy needed to compensate the

kinetic energy difference between species with charge z and z+1, QB2
R/I /C X ,i ∝ (Vaz ,||−Vbz+1,||)2,

on the B2 side. Ion heat sources due to interaction with neutrals is computed by Eirene QEi r ene
i .

Boundary conditions for the electron heat balance are listed in Table 3.12. At the targets, the ion

heat flux depends on the ion sheath heat transmission coefficient γi = 1.5. Note, that the total

heat sheath transmission coefficients is hence γ≈ γe +γi = 1.5+1.5+eφ/Te ≈ 5.7, somewhat

below the simple estimate of γ∼ 7−8 given in section 3.2. Radial boundary conditions are

chosen analogous to those for electrons.

Boundary BCENI equation

sheath 15 q̃i x = γi |bx |c̄sTi ne sheath heat transmission coeff. γi = 1.5

far-SOL 9 specify the radial fall-off length of the radial ion heat flux λ f ar
qi ,y = 3.0 cm

core 27 specify total ion power crossing the core boundary

Table 3.15 – Boundary conditions for the ion heat equation used in this thesis. BCENI: cor-
responding momentum equation boundary condition number as labelled internally in the
code.

As for the electron heat flux, we separately evaluate the convective and conductive contri-

butions to the ion heat flux, Table 3.16. The poloidal convective contribution exceeds the

conductive part by one order of magnitude, as the parallel ion heat conductivity is relatively

low. The radial ion heat flux is dominated by cross-field convection, primarily due to E ×B

flows. Anomalous cross-field conduction is somewhat lower, albeit not being negligible and

has comparable effect on the local ion heat flux divergence w.r.t. the convective part.
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Ion heat flux - forward Bφ - #150657

poloidal flux [Wm−2] radial flux [Wm−2] divergence [Wm−3]
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Table 3.16 – Flux-terms of the ion heat balance, equations (3.69), (3.70). The respective
colorbars limits are set to the 95% quantile of the absolute value of the corresponding fluxes
in the divertor volume and thus allow comparison of the magnitude of the different terms.
Positive/negative poloidal fluxes are directed towards the outer/inner divertor, respectively,
positive radial fluxes are directed towards the farSOL (radially outwards) and negative radial
fluxes towards the core boundary or the radial PFR boundary. MDS number: #150657

Ion heat source terms are illustrated in Table 3.17. As for the electron heat sources, the

compression term is relatively small. The main sink for ion heat is heat exchange due to

Coulomb collisions with electrons. The friction with Carbon ions was found to lead to a

momentum loss, section 3.5.3, and results in an increase of thermal motion, or ion heat.

Interestingly, the interaction with neutral atoms poses a relatively strong local source/sink of

ion heat. This is primarily due to elastic and CX collisions with atoms with relatively small
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reaction mean-free pathΛC X ∼ 1 cm, comparable to the radial extent of the SOL. It acts as a

sink term in the near-SOL, where Ti is high, and a source term where Ti is smaller, and hence

essentially acts as an additional cross-field diffusion. In Chapter 4.1, we will argue that this

mechanism is partially responsible for relatively large ion-temperature falloff lengths in the

divertor.

Sources/Sinks of ion heat [W/m3]- forward Bφ - #150657
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Table 3.17 – Source-term of the ion heat balance, equation (3.71), and decomposition of Eirene
sources, see section 3.5.7 Table 3.20. Volumetric recombination contribution to el. heat is
neglected in the code. The respective colorbar limits are set to the 95% quantile of the absolute
value of the corresponding source/sink in the divertor volume and thus allow comparison
of the magnitude of the different terms. The integrated power over the volume of the outer
divertor leg is shown next to the colorbar. MDS number: #150657

3.5.6 Current balance

The current continuity equation, cf. equation (3.28), is solved for the electric potential φ

1p
g

∂

∂x

(p
g

hx
jx

)
+ 1p

g

∂

∂y

(p
g

hy
jy

)
= 0. (3.72)

with poloidal and radial currents jx and jy . The current balance has no source terms. The

poloidal and radial currents are described as

jx = j ||x + j AN
x + j di a

x + j i n
x + j vi s||

x + j vi s⊥
x + j i on−neutr

x , (3.73)

jy = j AN
y + j di a

y + j i n
y + j vi s||

y + j vi s⊥
y + j i on−neutr

y . (3.74)
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The parallel current is according to the parallel electron momentum balance, equation (3.11),

j ||x =σ||
(

bx

e

1

hx

(
∂nTe

n∂x
+0.71

∂Te

∂x

)
− bx

hx

∂φ

∂x

)
. (3.75)

The anomalous current contribution is artificial and introduced for code stability reasons

[117]

j AN
x =−σAN ∂φ

hx∂x
, j AN

y =−σAN ∂φ

hy∂y
. (3.76)

The effective diamagnetic current is described through the ∇B current which has the same

divergence

j di a
x = Bz

∑
a

na(zaTe +Ti )
1

hy
∂y

1

B 2 , (3.77)

j di a
y =−Bz

∑
a

na(zaTe +Ti )
1

hx
∂x

1

B 2 ., (3.78)

Expressions for inertia-driven current, effective viscosity currents j vi s,||
x , j vi s,||

y , j vi s,⊥
y and cur-

rents due to ion-neutral friction j i on−neutr
x and j i on−neutr

y are given in [113].

The above equations pose a second order differential equation for the electrostatic potential

φ, that is closed with appropriate boundary conditions, Table 3.18. At the targets, the electric

current is described similar to equation (3.35). At the radial boundaries we require zero

gradient of φ for simplicity and numerical stability reasons. Typically this choice yields

negligible radial current at the core boundary.

Boundary BCPOT equation

sheath 11 jx = bx en
(
c̄s − (1−γe )

√
Te

2πme
exp

(
− eφ

Te

))
far-SOL 2 ∂yφ= 0 zero radial gradient

core 2 ∂yφ= 0 zero radial gradient

Table 3.18 – Boundary conditions for the current equation used in this thesis. BCPOT: corre-
sponding potential equation boundary condition number as labelled internally in the code.
γe = 0.5 denotes the secondary electron emission coefficients. At the wall φ is defined zero.
In the center of the adjacent fluid cell, the potential φ relates to the potential at the sheath
entrance.

The poloidal and radial components and divergences of the various currents are compared for

the TCV reference simulation, Table 3.19. In the divertor, the terms contributing most to the

current balance are the parallel, the diamagnetic and the anomalous current this will be the

starting point to provide a simple model for the divertor potential φ and is discussed in detail

in Chapter 6.
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Electric current components - forward Bφ - #150657
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Table 3.19 – Continued on next page
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Table 3.19 – Continued on next page
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Table 3.19 – Flux-terms of the charge balance (electric currents), equations (3.73), (3.74).
The respective colorbars limits are set to the 95% quantile of the absolute value of the corre-
sponding fluxes in the divertor volume and thus allow comparison of the magnitude of the
different terms. Positive/negative poloidal fluxes are directed towards the outer/inner divertor,
respectively, positive radial fluxes are directed towards the farSOL (radially outwards) and
negative radial fluxes towards the core boundary or the radial PFR boundary. MDS number:
#150657

3.5.7 Eirene - the kinetic neutral model

The neutral gas transport code Eirene[20] provides a stochastic treatment of neutrals including

atomic and molecular reactions in a realistic three-dimensional geometry [107][21]. Eirene was

initially developed in the early 1980s to provide a tool to investigate neutral gas transport in

experiments on the TEXTOR tokamak in Jülich, Germany, and magnetically confined plasmas

in general. Nowadays, it has been coupled to a variety of two- and three-dimensional fluid

transport codes, cf. Table 3.2, and became the workhorse for SOL neutral modelling in the

fusion community with applications both for tokamaks and stellarators. In particular, the

various versions of B2-Eirene were used for the design of the ITER divertor [71]. The Eirene

code employs a Monte-Carlo method to solve linear stationary Boltzmann equation for a given

plasma background. Various atomic and molecular reactions as well as surface reflection

models are available in Eirene through coupling to external databases. Also a crude model for

transport of ionized particles along magnetic field lines is included, but not employed in this

work.

The simulations presented in this thesis include the plasma species D+,C+...C6+, treated on

the B2 side, and the Monte-Carlo (MC) species D0,C0,D2 and D2+, that are treated by Eirene[22].

The MC-species can undergo reactions either with the plasma background, provided by B2, or

with the other MC-species, e.g. as neutral-neutral collision. As will be discussed in section

5, an inclusion of neutral-neutral interaction is, however, not needed for the relatively low

neutral pressures in TCV and would unnecessarily increase the computational cost of the

simulations. Hence, only reactions between plasma and neutral species are considered here.

The reactions included in this thesis are summarized in Table 3.20 and constitute the presently

recommended set of reactions used for runs with deuterium and carbon. The respective

reaction rate coefficients, e.g. as velocity averaged crosssection 〈σv〉 are provided in form of

8th order polynomial coefficients in databases (AMJUEL, HYDHEL, METHANE and ADAS) that

are then interpolated for given plasma and neutral parameters.

[20]It is named after Eirene, one of the daughters of Zeus and the personification of peace, from greek mythology.
[21]Extensive documentation about the code can be found on its homepage http://www.eirene.de/, including the
manual and various atomic and molecular databases.
[22]Despite being positively charged, D2+ is not treated on the B2 side. Instead it is assumed immobile by Eirene
and is hence not traced along the magnetic field line. This practice can be justified with the very short mean-free
path of D+

2 -molecules, that leads to fast dissociation.

85

http://www.eirene.de/
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Reaction Database Number
Hydrogenic reactions
H+e→ H++2e AMJUEL H.4, H.10 2.1.5
H++H→ H +H+ HYDHEL H.1, H.3 3.1.8
e+H2 → 2e +H +H++e AMJUEL H.4 2.2.9
e+H2 → e +H +H AMJUEL H.4 2.2.5g
e+H2 → 2e +H +H+ AMJUEL H.4 2.2.10
p+H2 →p+H2 AMJUEL H.0, H.1, H.3 0.3T
p+H2 →H+H+

2 AMJUEL H.2 3.2.3
e+H+

2 →e+H+H+ AMJUEL H.4 2.2.12
e+H+

2 →2e+H++H+ AMJUEL H.4 2.2.11
e+H+

2 →H+H AMJUEL H.4, H.8 2.2.14
H++e→H AMJUEL H.4, H.10 2.1.8
Carbonic reactions
e+C→C++2e AMJUEL H.4, H.10 2.6A0
C++e→C ADAS H.4 H.10 prb96
H++C→H+C+ METHANE H.1 H.3 3.2

Table 3.20 – Reaction set employed in the thesis.

Figure 3.5 – Principle processes in hydrogen plasmas at scrape-off layer relevant densities for
TCV ne = 1018 m−3(dashed line) ,ne = 1019 m−3(dotted line) and ne = 1020 m−3(solid line), we
assume here ED0 = 10 eV and ED2 = 0.1 eV.

For example, a crucial term in the continuity equation (3.6) is the particle source of deuterium

ions SnD+ that origins from ionisation of D0 (AMJUEL H.4 2.1.5), volumetric recombination of
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3.5. The SOLPS-ITER code

D+ (AMJUEL H.4 2.1.8) as well as molecular processes (AMJUEL H.4 2.2.9 - 2.2.12). The atomic

ionisation rate per time and volume is

Si on
nD+ = ne nD0〈σi on ve〉(ne ,Te ), (3.79)

where the electron density is provided by B2, the D0 density by Eirene and the velocity-

averaged cross-section is evaluated from the local plasma parameters from B2, assuming a

Maxwellian electron distribution at temperature Te . The velocity averaged cross-sections

of the various hydrogenic reactions are compared in Figure 3.5 as function of electron/ion

temperature. Reactions that depend on the energy of D0 and D2 are evaluated for this overview

Figure as 10 eV and 0.1 eV, respectively. From Figure 3.5 we observe that ionisation of D0

and dissociation of D2 are strong functions of temperature below Te ∼ 10 eV, with a relatively

small density dependence, and are thus expected to become negligible if Te is sufficiently low.

Volumetric recombination[23] on the other hand, can only become significant at temperatures

below Te ∼ 1 eV and shows strongly increasing reaction probability with electron density. Note,

that the molecular ion D+
2 has a relatively high dissociation probability at all temperatures

and can also be created at temperatures where ionisation of D0 and dissociation of D2 are

negligible (Te ∼ 1 eV).

It can also be illuminating to observe the relative strength of the different reactions in our

reference simulation (#150657) that was discussed above. Note however, that the magnitude

and also the spatial distribution of the various reaction rates can strongly change with the

divertor regime, here we discuss a medium density case (nsep,omp
e = 2.5 · 1019 m−3). The

reaction rates per volume and time are here obtained in postprocessing. The reaction rate

coefficients from the respective database are evaluated with the plasma parameters for each

fluid cell on the B2 grid (Figure 3.6) and the characteristic MC-energies from Eirene output.

For this simulation, we find that the hydrogen ionisation takes place in the entire divertor and

further upstream up to the midplane location. The spatial distribution will, however, change

with plasma density and will be further investigated in section 5.3. Carbon, on the other hand,

does not penetrate as deeply into the scrape-off layer plasma and is quickly ionised. This can

be understood from the mean-free path for the ionisation reactions of both species, discussed

in section 5.2. Notably, the magnitude of molecular reactions rates are comparable and

sometimes even larger than the atomic rates, underlining their importance in edge modelling.

Figure 3.6 allows also to identify the dominant D+
2 reaction channel: D++D2 →D+D+

2 , i.e.

molecular CX. Furthermore, we notice that atomic volumetric recombination is negligible and

that atomic CX and elastic collisions with molecules are quite prevalent in the divertor.

3.5.8 Interaction with plasma-facing components

Next, we discuss the interaction of ions and neutrals in SOLPS-ITER model with solid walls.

Upon wall collision, an impinging particle can generally undergo one of the three processes in

[23]AMJUEL H.4 2.1.8 provides a combined cross section for both: radiative and three-body recombination.
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a) b) c) d) e) f)

g) h) i) j) k) l)

Figure 3.6 – Postprocessed Eirene reaction rates for #150657 - a) hydrogen ionisation, b)
carbon ionisation, c-e) hydrogen dissociation, f) elastic ion-molecule collision, g) polecular
CX, h) dissociation of H+

2 , i) molecular-activated ionisation (MAI), j) molecular-activated
recombination (MAR), k) atomic recombination, l) atomic CX .

the model: fast reflection, thermal reflection or absorption.

1. Fast surface reflection event returns an impinging particle neutralised and lets it maintain

a substantial fraction of its kinetic energy upon wall collision. The probability for fast

reflection events is taken from the SDTrimSP database[24] and accounts for incidence

angle, incidence energy as well as the elements of the incoming particle and the wall

material [34].

2. Thermal reflection releases the impinging particle with a thermal energy according to

the wall’s temperature. Associative species, like hydrogen, are reflected as molecules.

3. Absorption of an impinging particle occurs with a user-defined probability pp and allow

to simulate wall pumping or pumping elements. The trajectory of an absorbed particle

is stopped and the corresponding particle flux is saved for the affected wall segment.

The corresponding user-defined recycling coefficient or albedo is 1−pp .

[24]An overview of particle, energy and momentum reflection probabilities of deuterium atoms impinging a
carbon surface are presented on the Eirene homepage (http://www.eirene.de/cgi-bin/trim/trim.cgi?dat=d_on_c).
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Typically, a pumping albedo > 0 is only attributed to a wall element at the location of the

pumping system in the experiment. However, in TCV experiments with disabled turbopumps

no significant difference in plasma state w.r.t active turbopumps was found. This indicates

that the reactor wall poses the main pump during TCV’s relatively short discharge duration,

typically ∼ 2 s. This observation motivates a fixed pumping albedo on all plasma-facing

surfaces for our TCV simulations. In the following we will use 1− pp = 0.99. This choice

yields gas puffing rates for given upstream density that are compatible with the experimental

order of magnitude. However, for a constant gas puff in TCV one does typically not reach

stationary plasma conditions. The recycling coefficient of the TCV wall is approaching unity

as the impinging saturates the wall and the fixed recycling coefficient, chosen here, can only

be an approximation of the time-averaged recycling coefficient for the duration of a TCV pulse.

The gas puff itself can therefore not pose a suitable ordering parameter for the comparison

and we will instead assess the use of upstream density (TS, section 2.3.4), line-average density

(FIR, section 2.3.1) and divertor neutral pressure (BAR, section 2.3.2) for this purpose.

TCV’s inner wall is almost completely cladded with graphite tiles. Consequentially, carbon

poses the intrinsic impurity in TCV. In the simulations, impinging particles can trigger sputter-

ing processes in which wall material is released as neutrals. In this thesis sputtering is the sole

source of carbon (unless otherwise stated in the following). Sputtering of carbon can occur

as physical sputtering, i.e. an impinging energetic atom or ion breaks carbon atom from the

solid matrix, or by formation of chemical bonds. Physical sputtering depends on the imping-

ing particles energy and incidence angle and is calculated according to the Roth-Bohdansky

formula [10]. Chemical sputtering is quite complex as chemical bonds between hydrogen and

carbon can form hydrocarbon molecules of varying size that then detach from the material

and dissociate upon contact with the plasma. In Eirene, chemical sputtering is described by

an empirical parameter sputtering coefficient Ychem . We use Ychem = 3.5% in the following.

This value is compatible with experimentally measured sputtering rates (cf. [26]) and yields

reasonable carbon levels in the edge plasma when compared with spectroscopic techniques

(CXRS, DSS) as will be demonstrated in Chapter 8 and in similar studies on TCV by Smolders

[126] and Verhaegh, Fil [142] employing the same sputtering yield. In our simulations chemical

sputtering dominates the carbon source. Carbon atoms and ions that impinge on a surface

are assumed to be sticking, i.e. perfect pumping pC
p = 1, whereas all other hydrogenic species

have pD
p = 0.01.

Interaction of neutrals has also to be defined at the core-boundary of the B2-grid as no

underlying plasma state in the enclosed region is provided. In this work, this core boundary is

set to be fully absorbing for incoming neutrals and the corresponding particle flux is returned

as fully-stripped ions to the B2-side. Hence, an incoming D0-flux is returned as an outgoing

D+-flux of equal magnitude, that can be an important contribution to particle balance for our

TCV simulations where the core boundary is located ∼ 5 cm inwards of the separatrix [25]. The

[25]The behavior at the core boundary for C0 and D2 on the other hand is of little importance due to significantly
shorter mean-free path of ionisation and dissociation, respectively.
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global particle balance for the simulations reads∣∣∣ΓEi r ene
pump −ΓEi r ene

pu f f −ΓB2
cor e

∣∣∣
ΓEi r ene

pump

¿ 1 (3.80)

where ΓEi r ene
pump is the amount of deuterium atoms removed from the simulation by wall ab-

sorption or at the core boundary, Γpu f f is the deuterium source from gas puffing and ΓB2
cor e is

the amount of D+ atoms returned flowing out of the core. In practice, this particle balance

offers an observable, among others, to judge whether a simulation is converged, as the particle

balance time is often the largest physical time scale in the system. Equation (3.80) can also act

as an indicator of numerical problems. For most converged simulations, the L.H.S of equation

(3.80) is however < 0.1%.

3.5.9 Comparison: coronal equilibrium and impurity radiation

Here, the importance of a self-consistent evolution of ionisation stages is demonstrated by

comparison of SOLPS results with predictions for a plasma in coronal equilibrium (CE). In

CE, the ionisation stage for each species is determined by a 0D-balance between volumetric

recombination and ionisation, fully neglecting particle transport. The equation system for the

fractional abundance of ionisation stage a, na/
∑

b nb , in coronal equilibrium for deuterium

and carbon as function of Te
[26] is derived in Appendix D. The fractional abundance is evalu-

ated in each divertor fluid cell of the reference simulation, #150657, as function of the local

Te in comparison to the expectation for a coronal equilibrium, Figure 3.7. The maximum

temperature is reached at the separatrix close to the X-point, ∼ 30 eV, and falls below 1 eV

near the targets. For deuterium, we find, on the one hand, cold fluid cells which, according

to CE, should contain no significant D+ and, on the other hand, also hot SOLPS cells with

relatively large number of neutrals. This is the result of transport of ions and neutrals that yield

fractional abundances that deviate strongly from CE. For carbon, we also find that ionisation

levels are shifted and broadened with respective to CE, mostly towards higher temperatures

for the low ionisation levels and towards colder temperatures for the high levels, and even find

10% of C5+ and C6+ at the divertor entrance that are principally excluded for a plasma in CE.

The different ionisation stages also contribute to the total radiation losses. In SOLPS the

radiation is introduced as a sink term in the electron heat balance using radiation rates PLT

from the ADAS database. The power loss density Qr ad
a in [W/m3] for species a with local

electron density and temperature is given by

Qr ad
a = ne naPLT (ne ,Te ) (3.81)

and includes line radiation due to excitation emission. These rates are handled by B2.5 for

ionic species and by Eirene for neutrals. For the reference case, the contribution of radiation

[26]A small density dependence results from the weakly density dependent velocity-averaged crosssections 〈σv〉
for ionisation and recombination. For comparison, we fix the density here at ne = 1019 m−3.
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Figure 3.7 – Fractional abundance of hydrogen and carbon. Predictions based on coronal
equilibrium are displayed as solid lines, dots represent the value for individual fluid cells in
the divertor volume.

of each species is shown in Figure 3.8. Fully-ionised species hold no excitable electrons and

can therefore not contribute to the radiation by excitation (not displayed).

Figure 3.8 – Line radiation per species for the reference case, #150657.

For the refernce simulation, #150657, we find that most radiation origins from carbon impuri-

ties (≈ 85%), with the rest being radiated by hydrogen neutrals (≈ 15%).

The parameters and settings outlined in this Chapter will be used for all simulations, presented

in the following Chapters, unless stated otherwise.
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Transport code simulations depend on a variety of physical parameters with corresponding

experimental uncertainties, e.g. strength of cross-field transport, heating power, plasma den-

sity, recycling behaviour of neutrals and impurity particle content, and numerical parameters

e.g the anomalous resistivity or the simulation time step. With the complexity of these codes

and the underlying physics models it is often not clear a priori which quantities are affected by

the choice of the various parameters. Here, we present the influence of important simulation

parameters on the resulting plasma state. Note, that after all the divertor plasma is a highly

non-linear system, so that the conclusions presented herein cannot claim generality for all

cases, we rather aim to develop an intuition for their respective importance to aid the analysis

in the following chapters. The simulations presented in this chapter correspond to the TCV

equilibrium (#62807, t = 0.7 s) discussed in Chapter 3, Figure 3.4, without gas baffles. First, the

influence of anomalous cross-field transport coefficients D AN
⊥ , χAN

⊥,e and χAN
⊥,i is investigated in

section 4.1. Also the impact of ballooning-like transport is assessed and shown to influence

the in/out power sharing and yields variation in the parallel flow pattern upstream. The varia-

tion of the heating power Pcor e is studied, and consequentially sets the power crossing the

separatrix PSOL , in section 4.2. The particle recycling coefficient R, and consequentially the

wall-pumping, for ions, atoms and molecules on plasma-facing components is investigated in

section 4.3, where we show that for a given upstream density the gas puff strength ΓD and R

are dependent variables, it is thus often sufficient to scan only one of them for a particular

study. Hence, in the following, Chapters 5-8, the recycling coefficient is typically fixed and

the variation of plasma density is studied. Lastly, the significance of carbon impurities on the

plasma solution is pointed out in section 4.4 by varying the chemical sputtering yield Ychem .

4.1 Anomalous cross-field transport

First, the effect of anomalous cross-field transport parameters on the upstream and outer

target profiles is investigated. The transport coefficients set the strength of cross-field particle

and heat flux, cf. sections 3.5.2, 3.5.4 and 3.5.5, and often pose the largest uncertainty in the

SOL transport. For these simulations, the upstream density nu ≈ 1.5 ·1019 m−3 is kept constant
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via feedback control of the gas puff strength. Hence drift effects are excluded here, but taken

into account for the other scans in this Chapter. For each scan, only one parameter at a time is

changed. We consider the ne ,Te and Ti upstream profiles and quantify the change in the SOL

profile shape with a fitted exponential fall-off length. At the target we additionally study the

heat flux q⊥, the particle flux jsat and the neutral pressure pneut = pD0 +pC 0 +pD2 . The default

transport coefficients are D AN
⊥ = 0.2 m2/s and χAN

⊥,e/i = 1.0 m2/s, as used in earlier SOLPS

simulations for TCV by Wischmeier [154], Havlikova [39] and Fil [44] as well as in SOLEDGE2D

simulations by Galassi [47]. These previous studies omitted drift effects in the simulations due

to the involved numerical complexity. This choice yields upstream decay length λn ,λT ∼ 1 cm

for TCV simulations. Modifications of these due to the presence of drift effects are discussed

in Chapter 7.

4.1.1 Particle diffusivity D An
⊥

The anomalous particle diffusivity sets the strength of radial particle transport in simulations

without drifts, equation (3.58). It is chosen spatially constant on the entire simulation grid and

here varied in a range D AN
⊥ = 0.1−0.3 m2/s. The resulting upstream density profile evidently

changes strongly with the chosen D AN
⊥ , variations of the temperature profiles are however

small, Figure 4.1. The exponential fits, f ∼ exp(−dr u/λ), provide a reasonable approximation

of the actual profiles but are not shown here for the sake of clarity, where dr u = Ru −Ru
sep

denotes the radial distance from the separatrix at the outer midplane.
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Figure 4.1 – Impact of the perpendicular anomalous particle diffusivity D AN
⊥ on outer mid-

plane profiles of plasma density and electron/ion temperatures.

For a single null plasma with negligible SOL ionisation source an estimate of the density

decay length λn can be deduced from the continuity equation ∇·Γ= 0, taking the diffusive

radial particle flux, Γr =−D AN
⊥ ∇r ne , and assuming the maximum possible, i.e. sonic, outflow

parallel to B . This leads a minimal estimate for the density decay length λn ≈
√

D AN
⊥ L||/cs .

For the chosen equilibrium we have L|| ≈ 15 m and based on the upstream temperature we

estimate cs ≈
√

T u
e /mD ≈ 5 ·104 m/s with T u

e = 50 eV. From the simple estimate we obtain
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λn ≈ 0.55 − 0.95 cm for D AN
⊥ = 0.1 − 0.3 m2/s. The model underestimates the simulated

upstream falloff length by approximately 50%. Reasons for the deviation are the divertor

particle source, which is not negligible w.r.t the core ionisation for this value of nu , and the

sub-sonic parallel flow into the divertor throat with Mach number M ∼ 0.3 for the reference

case in the near-SOL. The corresponding temperature at the divertor entrance is ∼ 30 eV[1].

The scaling λn ∝
√

D AN
⊥ , nevertheless, holds approximately for the simulated profiles.

At the targets ne ,Te ,Ti and q⊥ show strong variation with D AN
⊥ , both for their absolute value

but also the profile shape. Note, the strong reduction in T t
e , Figure 4.2b, that is attributed to

the small change of the upstream temperature. According to the basic conductive 2PM, cf.

Table 3.1, the target temperature T t
e ∝ (T u

e )5 for constant upstream density nu .
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Figure 4.2 – Impact of the perpendicular anomalous particle diffusivity D AN
⊥ on outer target

profiles of a) plasma density and b) electron and c) ion temperatures, d) heat flux, e) particle
flux and f) neutral pressure.

The ion temperature Ti is generally found to be higher or equal to the electron temperature

Te , as a consequence of lower parallel heat conductivity, cf. section 3.1. The primary loss

mechanism of ion heat is the electron-ion heat exchange Q∆∝ ne ni (Te −Ti )/T 3/2
e < 0 due to

Coulomb collisions which aims towards an equilibration of Te and Ti . Interestingly, the Ti

target profile does, unlike the Te profile, not fully decay towards the radial boundary of the

simulation grid and forms a plateau in the PFR at ≈ 5 eV and features only slow radial decay in

the SOL. It is verified that this is not caused by boundary conditions in the heat balance, cf.

[1]Accounting for the slower flow into the divertor yields values that are higher in the simulation λn = 1.15−
1.99 cm
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Table 3.15 and 3.12, as these are chosen identical for electrons and ions, λPF R/ f ar−SOL
Te/i

= 3 cm.

The origin of the elevated Ti , both in the far-SOL as in the PFR, is thought to be linked to the

interaction between ions and atomic/molecular neutrals via elastic collisions and charge-

exchange reactions. Such collisions effectively provide another heat diffusion channel, cf. the

ion heat source in Table 3.16, given the large reaction rates in the entire divertor Figure 3.6 with

a corresponding mean-free path in the centimeter range (not shown). Presently, this effect

cannot be assessed experimentally as ion temperature measurements in the TCV divertor,

following upgrades of the DSS, only emerged recently and cannot yet rule out this effect[2].

The target particle flux amplitude and so the peak neutral pressure do not vary strongly with

D AN
⊥ . Note, however, that both profiles become broader with increasing diffusivity. This also

translates to an increase of the neutral pressure at the divertor baratron gauge. Employing the

synthethic divertor baratron, section 5.12, we find pn = 15−25 mPa for these simulation. It is

worth mentioning that these values, as measured by baratrons, are two orders of magnitude

below the neutral pressure at the strike points as a consequence of the variation of neutral

pressure in the divertor, discussed in section 5.2, and the momentum losses of neutrals along

the baratron tube upon wall collisions, discussed in section 5.3.1.

4.1.2 Electron heat conductivity χAn
⊥,e

The anomalous electron heat conductivity sets the strength of radial electron heat conduction,

equation (3.66). It is chosen spatially constant on the entire simulation grid and here varied

in a range χAN
⊥,e = 0.5−2.0 m2/s. The upstream density shows little variation with χAN

⊥,e , Figure

4.3. Contrarily, the variation of the Te profile is significant and expected as illustrated in the

following simple model.
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Figure 4.3 – Impact of the perpendicular anomalous electron heat conductivity χAN
⊥,e on outer

midplane profiles of plasma density and electron/ion temperatures.

First, we note that PSOL = Pcor e −P cor e
r ad = ∫

LC F S qr d A ≈ qr ASOL remains approximately con-

[2]DSS measurements with the outer divertor leg on the inner column in TCV may possibly be able to resolve the
radial Ti profile in the divertor leg and help assess this simulation result.
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4.1. Anomalous cross-field transport

stant in this scan as core radiation is not strongly affected. Assuming that the radial heat

flux is governed by anomalous conduction[3] qr =−χAN
⊥,e ne∇r Te ≈χAN

⊥,e ne Te /λTe one obtains a

relation between λTe and χAN
per p,e :

λTe ≈χAN
⊥,e pu

e
ASOL

PSOL
. (4.1)

For T u
e = 50 eV, nu

e = 1.5 · 1019 m−3, ASOL ≈ 10 m2 and PSOL = 300 kW we estimate λTe =
0.2−0.8 cm for χAN

⊥,e = 0.5−2.0 m2/s. This estimate is slightly lower than the simulation result

(λTe = 0.67− 1.02 cm) and the difference is primarily attributed to radial heat convection.

The separatrix electron temperature is unaffected by the change of χAN
⊥,e as expected from

the basic conductive two-point model where the dependence of T u on q|| is weak, Table

3.1. Interestingly, also the Ti profile changes clearly due to the coupling with the electron

temperature. The separatrix ion temperature reduces notably with increasing electron heat

conductivity.
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Figure 4.4 – Impact of the perpendicular anomalous electron heat conductivity χAN
⊥,e on outer

target profiles of plasma density and electron/ion temperatures.

The profile variation at the outer target is less pronounced w.r.t to the D AN
⊥ scan, Figure 4.4.

Surprisingly, the change in temperature is more pronounced for the ions than for the electrons.

Again, the plateau in T t
i is visible and also changes with electron heat conductivity. Note,

that the amplitude of jsat increases slightly with χAN
⊥,e due to an increased near-SOL volume

[3]We remark, that both, conductive and convective, contributions are significant for the radial heat flux over the
separatrix in these simulations. However, only the conductive part is directly affected through χAN

⊥,e and therefore
considered in the simple model.
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in which ionisation occurs. The change in jsat amplitude also translates to the peak neutral

pressure pneut due to the increased recycling source. Further extensive discussion on the

neutral pressure is given in Chapter 5.

4.1.3 Ion heat conductivity χAn
⊥,i

The anomalous ion heat conductivity sets the strength of radial ion heat conduction, equation

(3.70). Again, it is chosen spatially constant on the entire simulation grid and here varied

in a range χAN
⊥,i = 0.5−2.0 m2/s. As for the χAN

⊥,e -scan, little variation of upstream density is

observed upon variation of χAN
⊥,e , whereas the Ti -profile is strongly affected as expected, Figure

4.5. Here, λTi increases withχAN
⊥,i , analogous to the discussion about electron heat conductivity

above. The separatrix ion temperature shows little variation with χAn
⊥,i . Again, the electron-ion

coupling also results in a variation of the Te profile.
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Figure 4.5 – Impact of the perpendicular anomalous ion heat conductivity χAN
⊥,i on outer

midplane profiles of plasma density and electron/ion temperatures.

The target profiles, Figure 4.6, show similar variation as observed in the χAN
⊥,e -scan, cf. Figure

4.4. Notable differences are that, the amplitude of nt
e increases withχAN

⊥,i , and that T t
i decreases

with χAN
⊥,i , the opposite of what is found in the χAN

⊥,e -scan.

In summary, the particle diffusivity impacts mainly the upstream ne -profile and the abso-

lute value of T t
e ,T t

i and q t
⊥. Whereas, the heat conductivities primarily affect the upstream

temperature profiles, T t
i and j t

sat and consequentially the peak neutral pressure at the strike

point pneut . The strong sensitivity of target profiles to the particle diffusivity is not only due

to changes in the density but also results from the variation in convective cross-field heat

flux, carried by electrons and ions, which exceeds the anomalous heat conduction across the

separatrix for the reference simulation with D AN
⊥ = 0.2 m2/s, χAN

⊥ = 1.0 m2/s[4].

[4]Note, however that PSOL = Pcor e −P cor e
r ad remains approximately constant as the radiated power in the core

does not vary strongly in these scans.
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Figure 4.6 – Impact of the perpendicular anomalous ion heat conductivity χAN
⊥,i on outer target

profiles of plasma density and electron/ion temperatures.

4.1.4 Ballooning transport

Turbulent-driven transport is known to have a spatial dependence that is typically poorly rep-

resented in transport code simulations. In particular, the pressure gradient-driven interchange

instability is expected strongest in regions of unfavorable magnetic curvature. For tokamaks,

this results in poloidally asymmetric radial transport over the last closed flux surfaces with

strongest outflux near the low-field side midplane. Such ballooning-like transport is therefore

expected to affect the location of flow stagnation points and the in/out asymmetry of target

plasma parameters. A comparison of diffusive cross-field flows with (isothermal) TOKAM3X

simulations for TCV was presented by Gallo [48, Figure 10].

The impact of ballooning-like turbulence is studied here phenomenologically in TCV sim-

ulations. Here and for the remainder of the Chapter drift effects are fully included. These

simulations are performed in reversed Bφ, i.e. the ion ∇B pointing up. The simulations

are performed at fixed gas puff strength ΓD2 = 5 ·1020D0/s. This yields nearly constant up-

stream density nu = (1.73±0.05) ·1019 m−3 throughout this scan. Ballooning-like turbulence

is mocked-up by analytically rescaling all transport coefficients,

D AN
⊥ = D0

(
B0

B

)b

, analogously for χAN
e,⊥ and χAN

i ,⊥ . (4.2)

We here refer to b as the ballooning exponent and B0 is the total on-axis magnetic field. The

corresponding transport coefficients are set to D0 = 0.2 m2/s, χ0
e ,χ0

i = 1.0 m2/s. This choice
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Chapter 4. Parameter sensitivity studies

results in higher D,χ with increasing R, as B ∝ 1/R, and consequentially spatial variation in

the anomalous particle flux ΓAN
r,a =−D AN

⊥ ∂r na , here for the main ions species D+, Figure 4.7.

Figure 4.7 – Scan of ballooning-like transport profiles in reversed Bφ drift simulations.

In this scan the in/out asymmetry of D,χ at the separatrix midplane is varied by up to factor∼ 8.

This yields a particle flux asymmetry of up to factor ∼ 3, Figure 4.7. The flux surface-averaged

radial particle flux due to anomalous transport over the separatrix is, nevertheless, comparable

in all cases with Γsep
r,AN ≈ 3.5·1020D+/m2s. Note that also the magnetic drifts (∇B and curvature)

contribute to the total outflux of particles but are not the dominant contribution with Γsep
r,mag ≈

1.5 · 1020D+/m2s, cf. section 7.2.1. Radial E ×B transport over the separatrix is negligible

as Eθ is small upstream. Hence, in this simulation the anomalous component dominates

the radial particle transport. The same applies to the heat transport. Despite the strong

transport coefficient asymmetries, little variation of target profiles is obtained with respect to

simulations with constant transport coefficients, Figure 4.8. The tendency of higher heat load

and temperature at the outer divertor with increasing ballooning transport is still significant.

The change in/out power asymmetry towards the outer target can be attributed to the poloidal

shift of the stagnation point of q|| towards the outer midplane (not shown). Hence, the

connection length evaluated from that heat flux stagnation point for the outer/inner target

becomes shorter/longer with increasing ballooning exponent. From the basic conductive 2PM,

Table 3.1, we find that the heat flux to the inner and outer target q i n/out
|| is scaling inversely

with the respective connection length Li n/out
|| , equation (3.50). Therefore, the power to the

outer target increases with increasingly ballooning transport.
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Figure 4.8 – Influence of ballooning transport on chosen upstream and target profiles.

Another quantity that is affected by ballooning transport is the parallel flow in the upper

parts of the SOL, Figure 4.9. Here, the parallel Mach number M = u||/c̄s is evaluated with

the collective sound speed c̄s =
√∑

a pa/
∑

a mana , i.e. consistent with its formulation in the

sheath boundary conditions in SOLPS. The profiles at the inner midplane, the crown of the

plasma, i.e. its top position, and the outer midplane show that the Mach number is indeed

influenced by the presence of ballooning transport, consistent with simulation results by

Pigarov employing the UEDGE code [96][97]. The flow pattern itself is, however, not strongly

changed as the parallel flow in the simulation is mostly driven by Pfirsch-Schlüter flows, i.e.

the parallel particle flux that arises due to radial ∇B fluxes, but the absolute value is modulated.

Further discussion on the parallel flow pattern and the role of drifts is given in section 7.2.1.

4.2 Heating power Pcor e

Next, the influence of heating power is studied. Experimentally, we are often interested in

the plasma evolution with varying plasma density that involves a change in Ohmic heating

power POhm . In density ramp experiments, the plasma central temperature decreases for

constant Ip as density increases, which is accompanied by an increase of plasma resistivity,
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Chapter 4. Parameter sensitivity studies

Figure 4.9 – Top: Parallel Mach number pattern with various degrees of ballooning transport,
Bottom: corresponding radial profiles along the inner midplane, the top location of the plasma
(crown) and the outer midplane.

η|| ∝ T −3/2
e . Thus the Ohmic heating power POhm = IpR2

pl asma increases with increasing

plasma density, where Rpl asma ≈ η̄2πR/Apl asma is the electrical resistance of the plasma with

average resistivity η̄ and plasma cross section Apl asma . Bolometric measurements show that

the increase of the core radiation does typically not compensate the increase in POhm . Thus the

power crossing the separatrix PSOL = POhm −P cor e
r ad increases with increasing density. However,

in simulations the heating power, provided as boundary condition at the core boundary, is

typically kept constant. Here, we study the influence of Pcor e in reversed Bφ, unbaffled TCV

simulations including drifts with ΓD2 = 8 ·1020D0/s. Nominally, a heating power of 330 kW is

used for the chosen discharge, cf. Chapter 8. Experimentally, a PSOL variation in the density

ramp of approximately ±10% is observed, we thus vary Pcor e in the range 300−360 kW in this

scan. This power provided over the core boundary is equally distributed between electrons

and ions. The resulting power crossing the separatrix PSOL is slightly reduced, mainly due

to radiation in the core region, and ranges from 288 to 337 kW. The variation of Pcor e is

found to have small effect on the upstream parameters, Figure 4.10. The upstream density
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4.2. Heating power Pcor e

is comparable between all cases, however, the upstream electron temperature T u
e increases

from 28 to 32 eV, and the ion temperature T u
i from 38 to 45 eV. The upstream density falloff

length increases with Pcor e , whereas a small decrease of λTe ,λTi is observed.
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Figure 4.10 – Power scan - outer midplane

At the targets, a small increase in the peak value of ne ,Te ,Ti , q⊥, jsat and pneut is obtained,

Figure 4.11. The increase in temperatures and heat flux, qmax
⊥ = 145−170 kW/m2, shows that

volumetric dissipation increases less than the available power. The increase in ne , jsat and

pneut on the other hand shows that the amount of ionisation in the divertor has also increased

as more power is available.

0

2

4

6

8

10 19

n
e
[m -3 ]

O
ut

er
 ta

rg
et

PFR CFRa)

-2 -1 0 1 2

Ru-Ru
sep

[cm]

0

0.5

1

1.5

2
10 5

q [W/m 2]
d)

0

1

2

3

4

5

T
e
[eV]

b)

-2 -1 0 1 2

Ru-Ru
sep

[cm]

0

2000

4000

6000

8000
j
sat

[A/m 2 ]
e)

0

1

2

3

4

5

T
i
[eV]

c)

15
91

41
15

93
57

15
06

88
15

93
56

15
91

42

-2 -1 0 1 2

Ru-Ru
sep

[cm]

0

1

2

3

4
p
neut

[Pa]
f)

300 315 330 345 360

P
core

[kW]

Figure 4.11 – Power scan - outer target
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For the chosen gas puff, with upstream density nu ≈ 2.7 ·1019 m−3, the target temperatures

T t
e ∼ 1 eV are low. The comparison to various diagnostics, in chapter 7, suggests that this

temperature is underestimating the experimental target temperature, whereas the target

density tends to be overestimated and possible reasons will be discussed there. Here, it is

demonstrated that the uncertainty in heating power PSOL cannot be responsible as a variation

within the experimental uncertainty does not yield significant changes in target parameters.

Also the divertor pressure of pn ≈ 80 mPa, obtained from a synthethic baratron, cf. section 5.3,

does not change notably with heating power.

4.3 Particle recycling coefficient

The particle recycling coefficient R = 1−pp with pumping probability pp , as discussed in

section 3.5.8, is chosen equal on all plasma-facing components to model TCV’s wall pumping.

Here, we study the effect different values for the recycling coefficient. It is found that lower

recycling coefficients result in a lower plasma density for a given gas puff strength. Typically,

one is, however, interested in the plasma state for given upstream profiles. We find empirically

the upstream parameters show only marginal variation if the ratio ΓD /(1−R) is kept constant

(not shown). Also target parameters are barely affected, Figure 4.12. We hence find nearly

identical plasma conditions despite a variation of factor 5 in pumping probability.
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Figure 4.12 – Recycling coefficient scan - outer target, the gas flux ΓD is adapted to keep
ΓD /(1−R) = const with variation of R.

These results indicate that the plasma solution is not significantly affected if we substitute

recycling neutrals with neutrals from a gas valve. The uncertain recycling coefficient, as-
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4.4. Chemical sputtering yield Ychem

sumed identical for D+,D0 and D2, does thus not require further constrain if the gas puff

is scanned instead, which is typically done in the following Chapters presented in this the-

sis. Note, particularly that the divertor neutral pressure is unaffected upon variation of the

pumping probability for given upstream profiles. In the following a recycling coefficient of

R = 0.99 (pumping probability pp = 0.01) is employed for TCV simulations. This choice yields

reasonable gas puff levels with respect to the experiments.

4.4 Chemical sputtering yield Ychem

Carbon poses the intrinsic impurity species in TCV and often dominates the radiated power

in the SOL. Hence, it is important to correctly account for sinks and sources of carbon atoms

in the simulation. Carbon atoms are introduced by physical and chemical sputtering on all

wall elements, cf. section 3.5.8. Here, we study the influence of carbon on the plasma state by

variation of the chemical sputtering yield Ychem . It is varied in the range Ychem = 0.5−10% to

study the impact of impurities on the upstream, Figure 4.13, and outer target profiles, Figure

4.14.
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Figure 4.13 – Carbon chemical sputtering yield Ychem scan - outer midplane

Clearly, the presence of impurities significantly affects the solution. Notably, the upstream

temperature drops, T u
e = 35 → 25 eV, due to line radiation losses upstream, and the target

peak heat flux decreases by factor 2.5, q⊥,t = 250 → 100 kW/m2. Also the target particle flux

and consequently the neutral pressure decrease with increasing sputter yield. This relates to

the radiation losses that determine the remaining available power for ionisation of particles,

leading to a reduction of the particle source and thus jsat and pneut in cases with increased

radiation losses. The variation, studied here, corresponds to a change of the volume-averaged

〈Ze f f 〉V = 1.03−1.17. Despite the strong variation in neutral pressure at the strike point less

than 20% variation is obtained from the synthethic baratron pn ≈ 70−80 mPa.
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Figure 4.14 – Carbon chemical sputtering yield Ychem scan - outer target

4.5 Conclusions

A set of input parameter scans for TCV simulations are presented and it is demonstrated that

for simulations, omitting drift effects, the anomalous transport coefficients D AN
⊥ ,χAN

⊥,e/i set the

upstream profile falloff-lengths which significantly impact the target parameter profiles. In

particular, the variation of D AN
⊥ shows influence of the target peak heat flux and the target

electron temperature. The variation of χAN
⊥,e sets the upstream electron temperature decay

length λTe but is also shown to influence the Ti profile at the outer midplane due to significant

heat exchange between electrons and ions. Accordingly, χAN
⊥,i also affects both λTi and Te .

The relevance of transport coefficients with drifts activated is further discussed in section

6. Inclusion of ballooning-like transport is modelled by re-scaling of transport coefficients

with an inner/outer midplane ratio up to factor 8, resulting a corresponding particle flux ratio

of up to factor ∼ 3. Such changes are found to have small effect on target (< 20% variation)

and upstream profiles, but are found to affect the parallel flow pattern and contribute to the

in/out power sharing. Variation of the core heating power Pcor e = 300 to 360 kW is found to

increase T u
e,i , q t

⊥, j t
sat and pneut , each by less than 20%. A variation of the recycling coefficient

R with fixed gas puff yields primarily affects the plasma density. If we require to keep upstream

conditions unchanged, it is demonstrated that variation of the recycling coefficients has no

significant impact on the solution if the product ΓD /(1−R), and thus the upstream density, is

kept constant. Variation of the chemical sputtering yield Ychem = 0.5%−10% demonstrates

the significance of carbon impurities for the solution with significant changes in upstream

and target parameters.
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5 Neutrals in the divertor - assessment
of divertor gas baffles

Dissipative divertors, as required for ITER and the future demonstration power plant DEMO,

rely amongst other mechanisms on a transfer of energy and momentum from charged particles

to neutrals and hence require a high divertor neutral density. Recycling neutrals in the open

TCV divertor can directly transit from the divertor targets to the main plasma. This flow of

neutrals to the main plasma decreases the divertor neutral density and hence the volumetric

power losses in the divertor. A modular and removable in-vessel gas baffle was installed for

the 2019 TCV campaign as part of a divertor upgrade with the aim of extending the available

scenarios to regimes of greater relevance for future fusion devices [39][103]. The baffle, located

at z ≈−0.35 m, separates the vessel into two regions, referred to as main chamber and divertor

chamber in the following. A scan of the baffle size using SOLPS-ITER predicted a maximal

neutral compression when the baffle surface facing the main chamber limits the SOL at a flux

surface with a distance from the separatrix of 3−4λq [39]. This predicted optimum baffle size,

which is interpreted as trade-off between divertor closure and main chamber recycling on the

baffle tiles, has guided the design of the baffle that have been installed in the first phase of the

upgrade [140].

This chapter examines the performance of the predicted optimal baffle length in terms of

the resulting neutral distribution and detachment behavior. This work provided predictions

to guide the first baffled TCV campaign prior to its experimental assessment employing

SOLPS-ITER simulations including kinetic neutrals. Suitable observables for the experimental

assessment of the effectiveness of baffles are identified: divertor neutral pressure, Balmer line

intensities, spatial characteristics in Balmer line radiation profiles and CIII-front movement.

The simulation setup is presented in section 5.1. The effect of baffles on plasma and neutral

density evolution during density ramps is discussed in section 5.2, followed by a discussion of

the sensitivity of various diagnostics to monitor the expected divertor conditions in section

5.3. In particular, predictions for pressure measurements (baratrons), ionisation and CIII

emissivity front movement as well as Balmer line intensities (DSS/MANTIS) are presented.

The experimental test of the predictions in the first baffled TCV campaign is summarized in

section 5.4.
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Chapter 5. Neutrals in the divertor - assessment of divertor gas baffles

The work described in this chapter has contributed to [150]: M. Wensing et al., SOLPS-ITER

simulations of the TCV divertor upgrade, Plasma Phys. Control. Fusion 61, 085029, 2019,

https://doi.org/10.1088/1361-6587/ab2b1f .

5.1 Simulation setup

The radial heat and particle transport is assumed anomalous and incorporated by introducing

cross-field diffusion with species-independent, spatially constant transport parameters D AN
⊥,α =

0.2 m2s−1 and χAN
⊥,e = χAN

⊥,i = 1.0 m2s−1, as chosen in previous simulations [39]. These values

yield typically measured radial upstream density and temperature falloff lengths (λn ,λT ∼
1 cm) on TCV. Drift effects are not accounted for in this chapter, as this work was completed

prior to first TCV drift simulations. The inclusion of drifts and their impact on the baffling will

be discussed in Chapter 8. It is shown that accounting for drifts does not affect the qualitative

trends that are presented herein as these are mostly determined by the neutral dynamics.

Figure 5.1 – a) B2-grid, b) Eirene grid
including gas baffles.

The gas baffles, included in the simulation, are shown

in Figure 5.1 and feature the same length as the 2019

TCV baffle set. We compare two TCV vessel configu-

rations, with and without gas baffles, for a range of

upstream densities (from 0.5·1019 m−3 to 4·1019 m−3)

and input powers of 330 kW and 1.2 MW to study the

evolution of the divertor plasma parameters during

density ramps in discharges with Ohmic and auxiliary

heating, respectively.

Since the mean-free path of neutral self-collisions

is of the order meters in the TCV divertor volume,

neutral-neutral collisions are disabled in the simu-

lation to save computation time. The smallest self-

collision mean free path in the simulations presented

here reaches 0.1 m and is attained in the baffled case

with high heating power and highest density and re-

lates to a small volume localized at the outer strike

point. It is still large compared to the scrape-off layer

width.

Thermal deuterium molecules are introduced via a gas puff at coordinates close to the experi-

mental location (R = 0.880 m, Z =−0.748 m). The puff is varied via feedback control to obtain

a specified electron separatrix density at the outer midplane nsep,omp
e . TCV experiments show

that the particle balance in the vessel during discharges is barely affected by the turbo pumps,

indicating that the sink of particles is dominated by wall pumping of the graphite wall tiles. In

the simulation, this is accounted for by introducing a constant recycling coefficient of 0.99 over

all plasma facing components, cf. section 3.5.7. The volume averaged effective charge 〈Ze f f 〉V
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5.2. Predictions for the baffled TCV divertor

ranges from 1.1−2.0, depending on input power and upstream density (〈Ze f f 〉V increases

with Pcor e and decreases with nu
e ). The MDS numbers for the simulations in this chapter are

listed in Table 5.1.

TCV baffle scan - MDS numbers
nsep,omp

e [m−3] 0.5e19 1e19 1.5e19 2e19 2.5e19 3e19 3.5e19 4e19

no baffle (330kW) 123342 123310 123309 123312 123311 123314 123313 123315
baffle (330kW) 123316 123318 123317 123320 123319 123341 - -
no baffle (1.2MW) 123142 123144 123143 123146 123145 123148 123147 123149
baffle (1.2MW) 123300 123302 123301 123304 123303 123306 123305 -

Table 5.1 – The 6-digit MDS numbers allow to fetch the corresponding simulation data from
the SOLPS server maintained by IPP Garching.

SOLPS-ITER can presently not simulate plasma-wall interaction on surfaces other than the

inner and outer target. For the chosen equilibrium, the radial extent of the field-aligned

quadrangular simulation grid, Figure 5.1a, is hence limited by the inner baffle. This results

in a distance of the far-SOL boundary of the B2.5 grid to the outer baffle of 5 mm. Radial

flow of charged particles beyond this boundary is converted to neutrals and treated by Eirene.

This limitation of the model may lead to an underestimation of ions flowing from upstream

into the divertor and an overestimation of the particle source in the main chamber. Also

plasma recycling on the baffle surface facing the main chamber cannot be accounted for. In

the simulated cases, the number of particles passed into the main chamber over the far-SOL

boundary is however ≤ 10% of those introduced by gas puffing. Later, simulations with the

SolEdge2D code performed by Galassi aimed to review this constraint and better evaluate the

plasma interaction with the baffle tip [47]. The SolEdge2D simulations confirm the essential

findings presented herein.

5.2 Predictions for the baffled TCV divertor

In the following, the evolution of the plasma and neutral distribution with and without baffles

during an upstream density scan is investigated. The variation of the neutral particle distribu-

tion is assessed in section 5.2.1, followed by a discussion about fuelling rates in section 5.2.2.

The evolution of upstream and target plasma parameters is assessed in section 5.2.3 where

facilitated access to colder and denser divertor conditions is found with baffles installed. In

section 5.2.4 it is shown that the ionisation front detaches from the outer target with increasing

upstream density, a process that commences earlier in a baffled divertor. The changes in

divertor conditions are attributed to enhanced volumetric momentum and power losses in

the baffled divertor, as illustrated in the framework of a two-point model formatting analysis

in section 5.2.5.
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5.2.1 Neutral distribution
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Figure 5.3 – 100 test trajectories of
recycling neutrals originating from
outer target with a) Pcor e = 330 kW
and b) 1.2 MW

The density of atomic deuterium neutrals nD0 and

molecules nD2 as well as their spatial distribution is

found to change significantly with baffling and with heat-

ing power, Figure 5.2a. For the comparison, the neutral

density

nneut = nD0 +2nD2 (5.1)

is averaged over the main chamber and divertor volume,

respectively. With the baffles installed, the average diver-

tor neutral density 〈nneut 〉di v increases by a factor of ∼ 5,

Figure 5.2b, the corresponding main chamber neutral

density 〈nneut 〉mai n is reduced by factor of ∼ 2−3, Fig-

ure 5.2c. The neutral compression, Figure 5.2d, is here

defined as

cD ≡ 〈nneut 〉di v /〈nneut 〉mai n . (5.2)

The compression increases by an order of magnitude
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5.2. Predictions for the baffled TCV divertor

with the baffles and shows further increase (factor ∼ 3) with heating power increased from

330 kW to 1.2 MW. This can be readily understood, as less neutrals escape from the divertor

volume before undergoing an ionisation event for high heating power due to higher electron

temperature and density in the X-point region. This becomes evident considering trajecto-

ries of recycling particles originating from the outer target, Figure 5.3, where less particles

escape the divertor volume in the case with high heating power. The enhancement of neutral

compression with heating power hence results from a shorter ionisation mean-free path

λ
m f p
i on = vn/(ne〈σi on ve〉) of D0 in the vicinity of the baffle opening. The mean-free path de-

creases with ne and Te (at temperatures below ∼ 150 eV which is the relevant regime for the

TCV divertor), which both increase with Pcor e , Figure 5.4a. The dissociation mean-free path for

D2 molecules and the ionisation mean-free path for C0 atoms are much smaller compared to

the ionisation mean-free path of D0, Figure 5.4b. The divertor neutral confinement is therefore

dominated by the ionisation efficiency of atomic deuterium D0 in the vicinity of the baffle

opening and the separatrix.

330 kW 330 kW1.2 MW 1.2 MW

a) b)

Figure 5.4 – Atomic deuterium (a) and carbon (b) ionisation mean-free path at 330kW and
1.2MW heating power at nsep,omp

e = 2.5 ·1019 m−3

In TCV, the ionisation mean-free path in the vicinity of the separatrix can be of the order of the

SOL width. The plasma thus poses a semitransparent barrier for neutrals that becomes more

opaque with increasing plasma density and temperature. It is worth noting that the relatively

large ionisation mean-free in the main chamber poses an important difference between TCV

to future devices, like ITER and DEMO, where the SOL is opaque to neutrals and thus acts

self baffling. For TCV, the baffles thus provide a tool to decrease the core ionisation rates and

localise the accompanied volumetric heat dissipation in the divertor volume. In that sense the

baffles allow TCV to access more reactor-relevant divertor conditions.

The neutral density in the divertor features strong local variations, Figure 5.5. The highest
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Chapter 5. Neutrals in the divertor - assessment of divertor gas baffles

neutral density, unsurprisingly, is found at the inner and outer strike points, where recycling

is dominant. Here the increase in neutral density with the baffles is smallest (factor ∼ 3)

but increases to ∼ 5− 10 after a few centimeters away. Here the neutral density, mainly

governed by molecules, stays approximately constant. A secondary neutral density spike in

the private flux region is related to the gas puff location (R = 0.88 m). The steep radial decay

in neutral pressure from the strike points appears to be in qualitative agreement with TCV

experiments where the neutral pressure, measured at a single point in the divertor using the

divertor baratron, cf. section 2.3.2, decreases quickly as the distance between strike point and

baratron location is increased [135]. The experimental evaluation of the neutral compression,

as defined in equation 5.2, is, however, difficult to interpret as it often relies on few local

pressure measurements.
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Figure 5.5 – Neutral density along the divertor tiles in the region below z=-0.4 m unwrapped
in clock-wise direction, vertical dashed lines correspond to strike point positions, nsep,omp

e =
2.5 ·1019 m−3

An asymmetry of the neutral density between the common and private flux regions is observed

in the unbaffled simulations, Figure 5.5, and was later explained by Gallassi [47]. Recycling

neutrals at the targets follow approximately a cosine distribution centered around the surface

normal from the strike point. In attached conditions, the re-ionisation of recycling neutrals

transiting towards the CFR, where ne and Te are higher compared to the PFR, has a higher

probability (shorter neutral-mean free path λ
m f p,C F R
i on < λ

m f p,PF R
i on ) w.r.t to those transiting

towards the PFR. The distribution of neutrals in the divertor becomes more homogeneous in

detached conditions where ionisation is strongly reduced near the strike points, cf. baffled

cases in Figure 5.5. This is accompanied by an increase of neutral mean-free path below the

ionisation region over several orders of magnitude, cf. Figure 5.4a.
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5.2. Predictions for the baffled TCV divertor

5.2.2 Gas fuelling

The experimental observation that the wall poses the dominant particle pump in TCV moti-

vates the use of equal wall recycling coefficient R on all surfaces in the simulation. For our

simulations, a value of R = 0.99 is chosen such that the simulation resembles experimental

gas fuelling rates. In comparable unbaffled TCV discharges we find a gas puff of ≈ 1 ·1020s−1

to reach an upstream density of nsep,omp
e ≈ 1 ·1019 m−3 (#52312) and ≈ 2 ·1021 s−1 to reach

nsep,omp
e ≈ 3.5 ·1019 m−3 (#62591). These match within factor ∼ 2 with the simulated puffing

rates, Figure 5.6. Note, that the simulated plasma state is, however, insensitive to the specific

value of R, as demonstrated in section 4.3.

The assumption of constant recycling coefficients for all surfaces and plasma/neutral species

results in a wall pumping Γw all
pump that is increasingly dominated by molecular pumping with

increasing gas puff Γpu f f (and thus increasing plasma density), Figure 5.6. For the highest

densities less than < 20% of the toal pumping is provided by the ion pumping on the targets.
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With baffles installed, the gas puff rates required to maintain a given upstream density is factor

∼ 2−5 higher for fixed value of R, Figure 5.6. From the simulation this is readily understood

as a consequence of increased divertor neutral density and therefore enhanced atomic and

molecular particle fluxes to wall elements in the divertor volume. These increased fluxes

procure increased wall pumping as no wall saturation mechanism is present in our scan.

Whether more gas fuelling is needed in baffled TCV experiments thus depends on the sat-

uration time scale of the wall τw all and the typical TCV discharge duration τpul se ∼ 2 s. If

τw all À τpul se it can be expected that the non-saturating wall in our model is adequate and

thus also enhanced gas fuelling will be mandatory to attain comparable plasma density in

baffled and unbaffled discharges. If the divertor wall saturates during the discharge period,

τw all ∼ τpul se , it can be assumed that also the fuelling rates will be comparable in discharges

with and without baffles. The saturation time scale of the TCV wall is, however, presently

unknown.

5.2.3 Upstream and target plasma parameters

Next, the influence of baffling on upstream and target parameters during a density ramp

is assessed. It is expected that with increasing upstream density significant temperature

gradients develop along field lines as the collisionality increases. This is generally thought

to be concurrent with an, often quadratic, increase in the ion target particle flux during the

attached phase. A deviation, i.e. flattening and eventual roll-over, of the ion target particle flux

from this trend is taken to be an indicator for detachment.

The simulations show that the upstream temperature decreases with increasing upstream

density, Figure 5.7a. In these SOLPS-ITER simulations the temperature drop is attributed to the

increasing contribution of heat convection as the divertor cools with increasing plasma density.

In section 8.1.2 we will demonstrate that the reduction of upstream temperature is consistent

with TCV measurements. The outer target density increases with upstream density, Figure

5.7b, leading to a reduction of the ionisation-mean free path and an enhanced ionisation.

The increase of target electron density ends as the ionisation rate reaches stagnation. As the

collisionality increases, a parallel temperature gradient develops due to finite parallel heat

conductivity. Additional volumetric power losses associated with hydrogenic ionisation and

impurity radiation further decrease temperature at the target, Figure 5.7c,d. According to the

simulation, hydrogenic ionisation and impurity radiation contribute with similar magnitude to

the total volumetric losses in the divertor. The increase in the target particle flux with upstream

density is weaker than quadratic, Figure 5.7e, consistent with observations in TCV experiments

approaching detached divertor conditions [135]. The further flattening, and eventual roll-over,

of the target particle flux is again attributed to the saturation of the ionisation particle source.

The power reaching the target is thus reduced as consequence of increasing volumetric losses

as the upstream density increases.

With the installation of the gas baffles, we expect larger volumetric dissipation as the increased
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divertor neutral density enhances hydrogenic excitation and ionisation losses as well as

molecular dissociation. Unless impurity radiation dominates power loss in the divertor, which

is not generally the case in the simulation, cf. section 3.5.4, the presence of the baffle should

have a significant impact on the divertor conditions.

The simulation of the baffled/unbaffled divertor shows an upstream temperature unaffected

by the presence of baffles, Figure 5.7a. The outer target density increases, Figure 5.7b, due

to an increase in neutral density that leads to a reduction of the ionisation-mean free path

and, thus, an enhanced ionisation. The flattening, and eventual roll-over, of the outer target

ion current commences at lower upstream densities (∆nsep,omp
e ∼ 1 ·1019 m−3, Figure 5.7e)

due to saturation of the ionisation source at lower upstream density. The power to the outer

target is significantly reduced as consequence of the increased volumetric losses, Figure 5.7f.
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A strong particle flux roll-over is absent in the simulations. Note, that without such a roll-over

the power to the target stagnates at high upstream density, Figure 5.7f, as in the limit T t
e → 0,

the deposited heat flux, equation (3.44), is given by q t
dep = εΓt where ε= 13.6+4.5/2 eV is the

potential energy due to surface recombination and molecular association.

Previous simulation work on a conceptual small angle slot divertor in DIII-D [53, 120] also

finds significant dependence of the plasma target parameters on the shape of the target and

the resulting change in neutral trapping. Note, that for these studies and herein no effect

would be expected from the basic conductive two-point model arguments, cf. Table 3.1,

where interaction with neutrals and their trapping in the divertor are not accounted for. This

underlines the importance of a global treatment of the scrape-off layer in at least two spatial

dimensions including a sophisticated treatment of neutral particles as implemented in the

Eirene code.

5.2.4 Ionisation front movement

One of the indicators for plasma cooling during density ramp experiments is the displacement

of the ionisation front towards the X-point [144, Figure 13]. This displacement is also observed

in simulations, Figure 5.8a [44]. Herein, the term front is defined as the poloidal location where

90% of the total ionisation has taken place further upstream. As the ionisation region recedes

from the target, the neutral density, Figure 5.2a, and the ionisation mean free path increase

below the ionisation front, Figure 5.4a. The simulated ionisation front position is found to

coincide approximately with the 4 eV contour, Figure 5.8b. This reduction of ionisation below

the ionisation front is attributed to the strong temperature dependence of the ionisation

crosssection below Te < 5 eV, cf. Figure 3.5. As baffles are included in the simulation, the

ionisation front movement is found to commence at lower upstream density, Figure 5.8b, as a

result of the generally reduced divertor temperature, cf. section 5.2.3.

5.2.5 Two-point model formatting analysis

To elucidate the role of plasma-neutral interaction in these simulations, we present a simple

two-point model formatting analysis, cf. section 3.3, for constant upstream density, nsep,omp
e =

1.5 ·1019 m−3. First, the total plasma pressure ptot at the divertor entrance (in the common

flux region) is compared to the respective target, Figure 5.9. The volumetric losses along the

divertor leg are interpreted in terms of momentum loss factors fmom according to equation

(3.46). For both divertor entrances the pressure profiles are comparable between baffled

and unbaffled discharges, Figure 5.9a,b. The target pressure is reduced w.r.t to the upstream

location as a consequence of volumetric momentum sinks and cross-field transport. The

momentum sinks are found to increase when baffles are included due to enhanced plasma-

neutral interaction in the baffled case. The change in volumetric momentum sink as baffles

are included is identified to be primarily due to elastic atom-ion collisions and CX collisions.

However, also in low density simulations, where plasma-neutral interaction is expected to
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Figure 5.8 – a) Ionisation front movement with varying upstream density for the baffled 330 kW
case, b) distance of the ionisation and Te = 4 eV-front from the outer target.

be weak, upstream and downstream pressure profiles ptot are typically not matched as also

cross-field transport of parallel momentum contributes to the pressure balance (not shown).

The pressure reduction due to cross-field transport can be discarded from the consideration

by radially integrating the upstream and target profiles, following equation (3.51), yielding

integrated loss factors, f i nt
mom and f i nt

pow , that are only sensitive to volumetric losses. The

integrated momentum loss factors increase significantly with baffles included for both divertor

legs, Figure 5.9c, d.

A similar analysis is performed for the poloidal heat flux qθ [kW/m2], i.e. the poloidal projec-

tion of equation (3.26), Figure 5.10. Note, that even in absence of cross-field transport and

volumetric dissipation qθ is not generally conserved. Purely geometric effects can lead to a

variation of qθ as the surface area Aθ perpendicular to θ-direction can vary along the divertor

leg. We instead consider the quantity qθAθ/Au
θ
= qθ fexp R/Ru that accounts for this variation.

This modified poloidal heat flux can only be reduced through volumetric dissipation and cross-

field transport. Note, that this formulation is equivalent to equation (3.47). Integrated power
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Figure 5.9 – Total pressure of the a) inner and b) outer divertor, evaluated at the divertor
entrance (upstream) and at the target, corresponding momentum loss factor for the c) inner
and d) outer divertor as two-point model formatting (Pcor e = 330 kW, nu = 1.5 ·1019 m−3)

loss factors f i nt
pow are calculated according to equation (3.51). Significant power losses of 37%

and 61% are already observed in unbaffled cases for the inner and outer divertor, respectively.

Inclusion of baffles increases the power loss fractions to 69% and 90%, respectively. Note, that

the power being removed from the plasma at the wall q t
θ

At
θ

is different from the deposited

power at the target, that additionally includes contributions from potential energy εΓθAθ,

radiation and neutral heat loads. The here inferred integrated loss factors are hence different

from the often experimentally employed fr ad = P SOL
r ad /PSOL . The increased volumetric power

losses in the baffled simulation are found to be predominantly caused by electron-atom and

electron-molecule reactions. This includes ionisation of D0 and C0, line radiation by excitation

and dissociation of hydrogen molecules[1]. We remark, that power losses due to ion-neutral

collisions (CX and elastic collisions) are found to be negligible even though they pose the main

mechanism of volumetric momentum removal. Also impurity radiation is amplified through

the generally lower divertor Te .

In summary, the presence of baffles and the accompanied increase in neutral density leads

to an increasing divertor ionisation source, an increasing electron density and a decreasing

ionisation mean-free path for a given upstream density. As more power is used for ionisation

the target temperature T t
e decreases further. The curves corresponding to baffled simulations,

Figure 5.7, resemble the unbaffled cases but shifted by ∆nsep,omp
e ∼ 1 ·1019 m−3, indicating

[1]Note, that corresponding energy of ionisation remains as potential energy in the plasma and is redeposited at
the targets. It is, however, not accounted for in equation (3.26) (and therefore qθ) that describes the loss of thermal
and kinetic energy of the plasma.
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Figure 5.10 – Geometrically invariant poloidal heat flux qθAθ/Au
θ
= qθ fexp R/Ru of the a)

inner and b) outer divertor, evaluated at the divertor entrance (upstream) and at the target,
corresponding power loss factor for the c) inner and d) outer divertor as two-point model
formatting (Pcor e = 330 kW, nu = 1.5 ·1019 m−3)

that similar divertor conditions are achieved at lower upstream density. The baffles procure

increased momentum losses, dominated by ion-atom collisions, and power losses, corre-

sponding to electron-atom and electron-molecule collisions. The baffled simulations feature

a retraction of the ionisation front from the targets at lower upstream density.

5.3 Synthetic diagnostics

The effectiveness of the baffles is experimentally evaluated using localized neutral pressure

(baratrons, section 2.3.2) and spectroscopic measurements (MANTIS, section 2.3.11/DSS,

section 2.3.10). The interpretation of these measurements is often not directly linked to

the neutral content but convoluted with various physical mechanisms. It is therefore often

easier to calculate the expected signal from a simulated plasma state than inverting the

measurements to obtain an estimate of the plasma state. Predictions for baratron neutral

pressure measurements based on a synthethic diagnostic model are provided in section

5.3.1. Predictions for spectroscopic measurements are provided in section 5.3.2. Tests for the

predictions by the first baffled experimental campaign on TCV in 2019 are summarized in

section 5.4.
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Chapter 5. Neutrals in the divertor - assessment of divertor gas baffles

5.3.1 Baratron

To experimentally compare the effectiveness of the baffled and the unbaffled TCV divertor,

the neutral pressure in the main chamber and divertor volume can be measured using mag-

netically shielded and vibrationally isolated baratron pressure gauges, cf. section 2.3.2. The

baratrons are mounted on the end of tubes in some distance from the torus (∼ 1 m) to help

shield the gauge from the tokamak magnetic field [135]. The neutral pressure is expected

to drop along the tube due to association of atoms and thermalization with the wall thus

hindering a direct interpretation of the measurements in absolute term. Only the baratron

near the outer midplane (at Z = 0 m) and one of the baratrons at the floor (at R = 0.75 m) were

installed in TCV prior to 2019.

A model for the translation of neutral parameters at the vessel edge (n0, p0) to the corre-

sponding parameters seen at the baratron gauge (ng aug e , pg aug e ) is needed to relate the

2D simulation results to experimental measurements. Such a zero dimensional model has

been proposed by Niemczewski [91]. It assumes a molecular flow regime for the neutrals,

i.e. collisions between neutrals are rare compared to collisions with the walls, λm f p À D,

where D is the diameter of the tube. The baratron pressure is of the order of 10 mPa for

typical TCV conditions. For a typical wall temperature of Tw all = 300 K in the baratron

tube and a complete thermalization of neutrals, the molecular self-collision mean-free path

λm f p,col l = kB Tw all /(
p

2πpmol d 2
m) is approximately 15 m, thus justifying the molecular flow

assumption [35]. Here pmol is the molecular pressure and dm = 74 pm is the diameter of a

hydrogen molecule. Assuming thermalization of particles and association to molecules, D0 →
D2, upon wall contact together with the conservation of particle flux yields

ng aug e
mol = n0

atomp
2

√
T 0

atom

Tw all
+n0

mol

√
T 0

mol

Tw all
, (5.3)

pg aug e = ng aug e
mol Tw all . (5.4)

Before applying equations (5.3) and (5.4) to predict the experimental pressure, we check

their validity in a simulation with a tube as radial extension to the TCV vessel at z =−0.4 m

extending for L ≈ 2.7 m with diameter D = 5 cm and Tw all = 300 K, Figure 5.11a. Surface

particle pumping is disabled on the wall segments of the tube. Note that, in such a two

dimensional simulation, this setup describes a toroidally symmetric baratron. For a more

realistic three dimensional tube the probability of wall collisions along a trajectory would

increase and therefore yield a faster pressure drop along the longitudinal extension of the

tube.

Energetic atomic neutrals flow into the baratron tube and are converted to thermal molecules

after only a few wall collisions. In each segment of the tube, the atomic influx equals the

net outflux of molecules, Figure 5.11b, hence the total number of particles is conserved. The

density of atomic neutrals decreases rapidly along the tube, whereas the molecular density
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Figure 5.11 – SOLPS-ITER estimate of the radial dependence of b) particle fluxes, c) densities
and d) pressures along a simplified baratron tube with 90 degree bend (shown in a).

remains constant after a distance of a few centimeters from the opening, Figure 5.11c. The

total pressure decays quickly along the extent of the tube, Figure 5.11d, due to conversion of

energetic atomic neutrals to thermal molecules. Despite the low density of atomic neutrals

their contribution to the total pressure is significant. After the 90 degree bend, the majority of

atomic neutrals are converted to molecules. Hence, the gauge pressure is solely determined

by the wall temperature and the molecular density at the gauge.

The simple 0D-model matches the Eirene estimate of pressure and density at the end of

the baratron tube within a factor of ∼ 5%. Further tests of different baratron geometries

consistently yield satisfactory agreement (≤ 20% deviation) between Eirene and the 0D-model

unless the atomic contribution at the baratron is non-negligible, e.g. in shorter tubes without a

bend in which the pressure gauge is in line of sight to the plasma and hence receives energetic

neutrals.

The TCV midplane baratron gauge, located at Z = 0 m, is mounted on the end of a straight

tube with diameter of D = 4 cm with length L = 0.8 m. The TCV divertor baratron tube is

equal in diameter with L = 1.5 m and two consecutive 90◦ bends. Hence for both baratron

geometries sufficient number of neutral wall collisions are expected to justify the assumptions

of the 0D model.

The synthethic baratron pressure follows equations (5.3), (5.4). The atomic and molecular

densities n0
atom and n0

mol , as well as their temperatures T 0
atom and T 0

mol are obtained from the

simulation parameters near the baratron opening[2]. To account for spatial variation of these

[2]Note, that the Eirene neutrals do not generally follow a Maxwellian distribution function, their "temperature"
is calculated from the simulated energy density U through the relation U = 3

2 nT .
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neutral parameter profiles f at the tube opening, an averaging over the circular tube cross

section, with radius rtube , is employed

f̄ =
∫

w(x) f (x)d x∫
w(x)d x

with w(x) = 2

πr 2
tube

√
1−

(
x −xc

rtube

)2

. (5.5)

The averaged values at the tube entrance can then be related to the gauge pressure using the

0D-model to estimate the measurements following baffle installation on TCV, Figure 5.12.

Generally, the pressures obtained from the synthetic baratrons agree in order of magnitude

with TCV measurements. Also the variation with plasma density are well reproduced, whereas

absolute values are typically overestimated by up to factor ∼ 4 in the simulation. A quantitative

comparison of TCV baratron measurements and SOLPS-ITER predictions employing the

synthethic baratron is presented in section 8.2.4.

With the baffles included, the pressure at the divertor gauge is found to increase by factor∼ 2−5

depending on density and heating power, Figure 5.12, while the pressure in the midplane

baratron will drop by a factor ∼ 2−3. These changes at the baratrons are significant and should

be readily measurable. However, the pressure at the midplane gauge drops to values below

the present dynamic range of the pressure gauges (1.3 mPa-2.7 Pa). Quantitative estimates of

the experimental neutral compression based on present pressure gauges may therefore be

difficult. It would be desirable to increase the diagnostic sensitivity to lower pressures.
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Figure 5.12 – Synthetic baratrons after correction with the 0D-model. Areas shaded in blue
indicate the present dynamic range of the TCV baratron (1.3 mPa-2.7 Pa).
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5.3.2 Spectroscopy

Spectroscopic measurements allow to deduce information about the divertor state with high

sensitivity by measurement of line radiation from the plasma. Line radiation emission is

sensitive to plasma and neutral parameters in the divertor and hence allows to assess the

effectiveness of gas baffles. The recently installed multispectral imaging system MANTIS,

section 2.3.11, enables simultaneous observation of a large set of spectrally filtered images,

corresponding to certain emission lines, using narrow bandpass filters to obtain poloidal

radiation maps of single transition lines [95], cf. section 2.3.11. The divertor spectrometer

system DSS enables quantitative measurement of radiation along single lines of sight in the

divertor volume [143], cf. section 2.3.10.

Evaluation of line emission with SOLPS

The radiation emissivity ε for a given atomic line is calculated by postprocessing the plasma

state of SOLPS using the ADAS database. Atomic radiative emission occurs with de-excitation

of atomic electrons through electron-neutral (excitation, E X ) and electron-ion (volumetric

recombination, RC ) collisions as well as excitation from charge-exchange (C X ). The emission

for each process is obtained by evaluating the photon emission coefficients PEC from the

ADAS database [92] based on the plasma parameters calculated by SOLPS [3]. The plasma

emissivity ε for a given atomic line is then described as

ε

[
photons

m3s

]
= ne nz+

i PEC E X (ne ,Te )+ne nz+1
i PEC RC (ne ,Te )+nD0 nz+1

i PECC X (ne ,Te ) (5.6)

where z denotes the ionisation stage of plasma species i .

Balmer line emission

Balmer series correspond to the hydrogen transition with main quantum number n → 2 and

lies in the visible to near-UV range of the electromagnetic spectrum. As Balmer lines Dn→2

depend on the neutral deuterium density, it is of interest to estimate the variation of Balmer

emission signal strength with the baffles. The Balmer line emissivity is evaluated as

εn→2

[
photons

m3s

]
= ne nD0 PEC E X

n→2(ne ,Te )+ne nD+PEC RC
n→2(ne ,Te ). (5.7)

The Balmer line emissivity integrated over the outer divertor volume
∫
εn→2dV increases by

factor ∼ 3−10 in simulations with divertor baffles, Figure 5.13. This can be attributed to the

simultaneous increase of electron and neutral particle densities. Simulations show that all

Balmer line emission is most intense near the target plates for attached conditions. As the up-

stream density increases, excitation emission becomes dominant closer to the X-point, while

[3]A cross-check of the calculated radiated power yields agreement to within a few percent with the radiated
power directly calculated by SOLPS
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Figure 5.13 – Spatially integrated Balmer line emission in the outer divertor up to n = 9

recombination is only significant at very low temperatures (∼ 1 eV), i.e. close to the targets.

The higher Balmer line intensities then become increasingly recombination dominated. At

high densities, this leads to a poloidal separation of the hot, excitation-dominated radiation

region and the cold, recombination-dominated, radiation region. This effect can be observed

in the lower Balmer lines (Dα and Dβ) showing a poloidal separation of the emission regions,

Figure 5.14, while the higher Balmer line emission remains close to the target plates. The

poloidal separation has also been observed experimentally in TCV discharges using the DSS in

conditions where it was possible to separate the excitation and recombination contributions

of the Balmer lines [144].

Figure 5.14 – Spatial separation of atomic Dα emission due to separation of excitation and
recombination regions (330 kW case)

The simulations indicate that with baffles the spatial separation of low Balmer lines should

be visible at significantly lower upstream densities. Emission rates calculated from ADAS

contain only the atomic contribution to the radiation. So, experimentally, this clear effect

may be clouded by molecular emission which contributes mostly to the lower Balmer lines.
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5.4. Test of predictions in TCV experiments

Nevertheless, it can be hoped that such a separation of excitation and recombination regions

can be observed in some region of the Balmer series.

CIII-radition

The CIII (465 nm) emission line front is often taken as measure of the local temperature, even

though the precise value is still under discussion with values ranging from 5−8 eV [135] to

11−12 eV [126]. For the discussion here, it is sufficient that the CIII-emission is suppressed

below a certain temperature. In simulations with equal upstream density, the CIII front,

utilizing the definition given in section 5.2.4, is located at larger distance from the target

plates for baffled cases w.r.t. to those without baffles, Figure 5.15. Hence, observation of front

positions is suggested as a simple way of testing the simulation predictions and the efficiency

of the gas baffles.
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Figure 5.15 – CIII-front distance from the outer target using the front definition given in
section 5.2.4.

5.4 Test of predictions in TCV experiments

The first baffled TCV campaign took place in 2019. The experimental results of the baffled

experiments are summarized by Reimerdes [105] and Février [42]. Here, we conclude the main

findings in light of the predictions presented in this chapter. The experimental equilibrium,

employed for the assessment of baffles, features a lower plasma current Ip = 250 kA w.r.t to

the simulations presented above with 310 kA. Also the outer leg was shifted inwards by a few

centimeters for better Langmuir probe coverage. The discharges are Ohmically heated with

a heating power comparable to the simulated 330 kW case. Here, the comparison, therefore,

remains on a qualitative level and aims to test the basic predictions discussed above. The

predictions based on our SOLPS-ITER simulations are summarized in Table 5.2 and the out-

come of the experimental test is marked as follows: 3=essentially verified, ?=unclear/not

assessible, 7=essentially disproven. A dedicated experiment-simulation comparison is pre-
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Chapter 5. Neutrals in the divertor - assessment of divertor gas baffles

sented in Chapter 8. Therein simulations, carried out after the experiments, use identical

plasma equilibria and account for drift effects.

SOLPS prediction Experimental test

increased neutral density 3 → Figure 5.20b
increased gas fuelling 7 → Figure 5.16, much less pronounced

than predicted
earlier ionisation front movement ? not yet analysed
generally colder divertor (lower T t

e ) 3 evident from spectroscopic analysis,
section 8.2.3

higher pdi v
n 3 → Figure 5.17

lower pmi d
n ? not measurable with midplane baratron

higher neutral compression ? not measurable with midplane baratron
earlier stagnation of target particle flux 3 → Figure 5.18
stagnation of target particle flux instead
of roll-over

7 → Figure 5.18

increased compression with higher heat-
ing power

7/? discharges with up to 300 kW auxiliary
heating do not show clear evident in-
crease in pdi v

n [41], higher heating power
results in H-mode

higher Balmer line brightness 3 → Figure 5.20a
spatial separation DE X

α and DRC
α 3

earlier CIII front movement 3 → Figure 5.21

Table 5.2 – Summary of qualitative trends predicted for the baffled TCV divertor w.r.t. unbaffled
reference cases. Predictions that are essentially validated by the TCV experiments are marked
with (3), predictions which are not (yet) assessible or where the experimental results are
unclear are marked with (?), predictions that are essentially disproven by experiments are
marked with (7)

In the following, the prediction tests are discussed, sorted by the diagnostic used for their

assessment. The predicted increase of gas fuelling rate is assessed in section 5.4.1. Neutral

pressure measurements from midplane and divertor baratrons are discussed in section 5.4.2.

The evolution of target particle flux during plasma density ramps is assessed in section 5.4.3.

MANTIS measurements of Balmer emission and inferred neutral density in the plasma volume

are presented in section 5.4.4. The movement of the CIII-front is discussed in section 5.4.5.

5.4.1 Gas fuelling

Our SOLPS-ITER simulations predict increased wall pumping as a consequence of the higher

divertor neutral densities and consequential increased amount of gas fuelling needed to attain

a certain plasma density, section 5.2.2.
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Figure 5.16 – Amount of gas puff
needed to attain a maximum line-
averaged density 〈ne〉max

l . Each dot
represents a TCV discharges with (Ta-
ble 8.2) or without baffles (Table 8.1)

TCV experiments generally show large variation of

the total amount of gas
∫
Γpu f f d t needed to attain

a given maximal plasma density in a density ramp

〈ne〉max
l , Figure 5.16. The fuelling amount depends

on the wall condition and thus changes on a shot-

by-shot basis. By taking multiple nominally-identical

discharges with a baffled and unbaffled divertor we

generally find only a small increase of
∫
Γpu f f d t of

the order of ∼ 20% for a given 〈ne〉max
l when baffles

are installed, much less than the factor 2−4 predicted

by simulations.

As discussed in section 5.2.2, the increased fuelling

rate in the baffled divertor follows from the assump-

tion of a non-saturating divertor chamber wall with

identical recycling coefficients R for D+-ions, D0-

atoms and D2-molecules. It can be concluded that this assumption is invalid and that the

time constant for wall saturation must be comparable to the pulse duration τw all ∼ τpul se . In

discharges where the plasma density 〈ne〉l is held constant via feedback control a reduction

of gas puff Γpu f f is observed during the discharge duration thus supporting this notion of a

saturating wall. This shortcoming is, however, not thought to derogate our simulation results

for the plasma state. As argued in section 4.3, the plasma solution is insensitive to the variation

of R if the gas puff is scanned instead.

5.4.2 Neutral pressure and compression

Figure 5.17 – Baratron pressure measurements
in baffled and unbaffled discharges located near
the a) divertor, b) outer midplane (marginal to
the resolution limit), Image source [105]

Following the synthethic baratron, our

SOLPS-ITER simulations predict increased

divertor neutral pressure by factor ∼ 2−5

and a reduction of the midplane neutral

pressure by factor ∼ 2−3, section 5.2.2.

Baratron measurements show a clear in-

crease in divertor neutral pressure pdi v
n for

the baffled TCV divertor, Figure 5.17a. Also

the extent of the increase, factor ∼ 2−5, is

consistent with the simulation predictions.

The absolute value is, however, not matched

and is systematically overestimated by up

to factor 4, cf. section 8.2.4. The midplane

pressure measurement pmi d
n is marginal to

the resolution limit and thus remains incon-
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clusive, Figure 5.17b. A foreseen diagnostic upgrade will enable evaluation of the midplane

neutral pressure and will provide an estimate for the experimental neutral compression

pdi v
n /pmi d

n .

The predicted increase in divertor neutral pressure and neutral compression with additional

heating power is, to date, experimentally not evident (not shown). We remark that so far the

effect of baffles has only been assessed in discharges with a total heating power of up to 600 kW

[41], whereas our predictions assumed a higher heating power of 1.2 MW.

5.4.3 Target particle flux

Figure 5.18 – Evolution of the a) outer, b) in-
ner target particle flux as measured by wall-
mounted Langmuir probes in discharges
with and without baffles, Image source [105]

Our SOLPS-ITER simulations predict a stagna-

tion of the target particle fluxΓt for both targets

that commences at lower plasma density with

baffles installed, section 5.2.3. A strong roll-

over is not observed in simulations with Ohmic

heating power (330 kW).

The target particle flux is measured with wall-

mounted Langmuir probes, cf. section 2.3.6. In

absence of volumetric particle sinks, the target

particle flux must equal the ionisation source

in the plasma. Its roll-over in density ramps

is thus caused by increased volumetric parti-

cle sinks and/or a reduction of the ionisation

source and taken as an indicator for detach-

ment. The baffled TCV divertor features an

outer target particle flux roll-over at approx-

imately 30% lower plasma density w.r.t. the

unbaffled case, Figure 5.18a. For the first time,

also the inner target in TCV features a strong

roll-over even without impurity seeding, Figure

5.18b. The results indicate that the baffled TCV

divertor facilitates access to detachment.

The underlying mechanism for the roll-over of the target particle flux in TCV is, however, still

not clarified, as the simulations yield a saturation or a insignificant roll-over compared to

the measurements. This holds for the SOLPS-ITER simulations presented herein but also

for TCV simulations using SolEdge2d by Galassi [47]. In the literature, the particle flux roll-

over is typically attributed to volumetric recombination, cf. a review by Krasheninnikov and

references therein [69]. Atomic recombination has, however, been ruled out as a significant

volumetric particle sink channel for TCV following spectroscopic measurements by Verhaegh

[142]. Novel Balmer line analysis techniques indicate that molecular-activated recombination
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5.4. Test of predictions in TCV experiments

may be a candidate for the missing particle loss channel [145]. We will argue that also a drop

in the upstream pressure profile in these experiments may contribute to the target particle

flux roll-over in section 8.2.2.

5.4.4 Balmer emission and inferred neutral density

Our SOLPS-ITER simulations predicted an increased neutral particle density in the baffled

TCV divertor, section 5.2.1, and accompanied increase in Balmer line radiation, section 5.3.2. A

spatial separation of excitation- and recombination-dominated emission regions is predicted

to commence at lower plasma density, section 5.3.2.

Figure 5.19 – Separation of Dα excitation and recombination regions commences at lower
plasma density with baffles installed

The Balmer-α (n = 3 → 2 transition, 656 nm) radiation is measured with MANTIS, section

2.3.11. Recent improvements on the MANTIS analysis [94] enable accurate inversion of the
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Chapter 5. Neutrals in the divertor - assessment of divertor gas baffles

plasma emissivity ε[photons/m3/s] in the poloidal plane, Figure 5.19. The Dα emissivity

features a spatial separation along the poloidal direction that resembles the splitting predicted

by our simulations, cf. Figure 5.14. Comparison to higher Balmer line Dε (n = 7 → 2) indicates

that the region close to the target is recombination dominated (not shown). The observation

of enhanced Dα emission in the baffled discharge is also confirmed by DSS measurements,

cf. Figure 8.21. The separation of the excitation and recombination regions commences at

lower plasma density with baffles installed. This indicates that the baffled divertor features a

colder/denser plasma state near the targets, as predicted by the simulations.

The MANTIS measurements also allow to obtain a volumetric estimate of the neutral density

as the Dα emissivity is related to the atomic deuterium neutral density nD0 through equation

(5.7). The neutral density nD0 can be inferred from the MANTIS emissivity profile if electron

density ne and temperature Te can be estimated from other considerations, e.g. Thomson

scattering. It is assumed that deuterium ion and electron densities are similar ne ≈ nD+ in

the considered volume, i.e. assuming low impurity concentration. Additionally, the use of

photon-emission coefficients from ADAS requires that molecular radiation is not dominant in

the respective region, a reasonable assumption far away from the targets. The five brightest

inversion cells are evaluated along the TS-chord, at R = 0.9 m, for the comparison between a

baffled and an unbaffled TCV discharge, Figure 5.20.
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Figure 5.20 – a) MANTIS Dα-peak emissivity evaluated at the divertor entrance, the kink in the
baffled curve corresponds to the emergence of a radiating region on the HFS (MARFE [75]), b)
inferred atomic deuterium neutral density at the same location
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Consistent with simulation predictions, the Dα light is increased by factor ∼ 2−4 in the baffled

discharge, Figure 5.20a, and the corresponding neutral density is increased by factor ∼ 2−5,

Figure 5.20b. Towards the highest achieved plasma density, both Dα-emissivity and nD0

become comparable in baffled and unbaffled discharges, indicating that the baffled divertor

provides access to similar divertor conditions but at lower upstream plasma density.

Independently from MANTIS, also Dα photodiode measurements, taken along a line of sight

passing vertically through the plasma, indicate a systematic increase of the Dα-emission with

baffles included (not shown).

5.4.5 CIII front movement

Figure 5.21 – Evolution of the CIII-front posi-
tion by MANTIS, Image source [105]

Our SOLPS-ITER simulations predict a colder

divertor state for given upstream density with

baffled installed, section 5.2.3. Consequen-

tially, the recession of the CIII-front (465 nm),

whose excitation of corresponding electronic

levels is suppressed below a characteristic elec-

tron temperature, commences earlier during

density ramps, section 5.3.2.

TCV discharges with baffles included, find the

CIII-front generally located closer to the X-

point for given line-average density 〈ne〉l , Fig-

ure 5.21. This indicates a generally reduced

electron temperature Te in the divertor, consistent with the simulations, section 5.3.2.

5.5 Conclusions

SOLPS-ITER simulations, not accounting for drift effects, were carried out to solidify expecta-

tions prior to the first baffled TCV campaign. The simulations predict an increase of divertor

neutral density by factor ∼ 5 and enhancement of the neutral compression by one order of

magnitude. Further increase of the neutral compression by factor ∼ 3− 4 is predicted by

addition of auxiliary heating power. An increase of the fuelling rate needed to attain similar

plasma density in the baffled divertor by factor ∼ 2−4 is predicted due to the assumption

of a non-saturating wall. The simulations indicate that similar divertor conditions can be

reached with baffles albeit at significantly lower upstream density ∆nsep,omp
e ∼ 1 ·1019 m−3.

A retraction of the ionisation front towards the X-point is observed in the simulations and

commences at lower plasma density with baffles installed. An interpretation of the simulation

results using two-point model formatting shows enhanced volumetric momentum and power

losses in the baffled divertor. A signal change of factor ∼ 3 was predicted for the divertor and

the midplane baratrons using a synthethic diagnostic. A benchmark between the synthethic
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baratron against Eirene results for various baratron geometries yields agreement within 20%

unless fast atomic neutrals contribute significantly to the gauge pressure, which may occur if a

direct line of sight between the plasma and the baratron gauge exists. The simulations predict

a significantly increased Balmer light emission as consequence of increased electron and atom

densities. Low−n Balmer lines are found to feature a poloidal separation of excitation and

recombination-dominated emission regions. This spatial separation is found to commence

at lower plasma density with baffles installed. The simulations predict a retraction of the

CIII-radiation front with increasing plasma density that commences earlier with the baffled

divertor due to a generally reduced electron temperature near the targets. The simulations

suggest that divertor neutral pressure, CIII-front position and Balmer line emission pose

suitable experimental observables to evaluate the effectiveness of the baffles.

The essential simulation predictions are validated in the first baffled TCV campaign, con-

cerning divertor neutral pressure pdi v
n , Balmer line emission, divertor neutral density nD0 ,

CIII-front movement and the facilitated access to cold divertor conditions. The predicted

increase of divertor neutral pressure with additional auxiliary heating power is, however, not

evident in the experiments. It can, however, be expected that the effect manifests as more

heating power becomes accessible with foreseen heating power upgrades [39]. A shortcoming,

identified in the simulations, is the lack/weakness of target particle flux roll-over in a density

scan w.r.t to the clear reduction observed in the experiment. A shortcoming of the simulations

is the predicted increased fuelling level (factor ∼ 2−4) required to obtain a given plasma den-

sity with baffles installed, following the assumption of constant wall-recycling coefficient in

the simulations. Baffled TCV experiments show only a small increase of fuelling requirement

(< 20%) w.r.t. the unbaffled divertor.
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6 Divertor currents and the plasma
potential

Electric fields are one of the main drivers for transport in the scrape-off layer as flows due to the

equilibrium E ×B-drift can be of similar magnitude to parallel and turbulent cross-field flows

and thereby impact power and particle sharing between the divertor legs [17, 61, 115] and

divertor impurity retention [123]. Furthermore, E×B flow shear can suppress edge turbulence,

e.g. possibly contributing to the L-H transition [119]. A correct description of the electric

potential φ is, hence, essential for the understanding of transport in the plasma edge of fusion

devices. Generally, the electric field in the SOL is determined from the electron momentum

balance, equation (3.9), [54]

E|| = η||j||−
∇||pe

ene
− 0.71

e
∇||Te , (6.1)

here for a pure hydrogen plasma Ze f f = 1, which reflects the balance of electric, friction,

pressure and thermal forces. As will be shown, the accurate treatment of the electric fields

in a low temperature divertor requires the inclusion of electric currents and drift effects in

fluid simulations. This chapter reviews the underlying physical mechanisms governing the

electric potential in the divertor region. Particular attention is given to highly resistive, i.e. cold,

divertor conditions, in which the electric fields are determined by the electric currents. We

predict, for the first time, the formation of a well of the electric potential in the vicinity of the

X-point in detached, reversed field conditions as a consequence of so-called Pfirsch-Schlüter

currents. The potential well is the inverse effect of the potential hill that has previously been

obtained in forward field simulations of the DIII-D tokamak [62].

Herein, we also present the first SOLPS-ITER simulations with activated drifts for the TCV

tokamak and also aim to contribute to the validation of its drift model.

Technical difficulties, involved with the treatment of drifts and currents in SOLPS-ITER sim-

ulations, are discussed in section 6.1. Electric currents in the divertor are investigated in

6.2. The electric potential in the divertor for low and high electrical resistivity is discussed

and SOLPS-ITER predictions are presented in section 6.3. The simulation predictions are

supported by reduced analytic models, incorporating the essential mechanisms at play, that
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allow to reveal dependencies on divertor geometry and plasma conditions in section 6.4. The

simulation predictions are tested and confirmed in TCV discharges in section 6.5.

The work described in this chapter has contributed to [151]: M. Wensing et al., X-point po-

tential well formation in diverted tokamaks with unfavorable magnetic field direction, Nucl.

Fusion 60, 054005, 2020, https://doi.org/10.1088/1741-4326/ab7d4f and [149]: M. Wensing et

al., Experimental verification of X-point potential well formation in unfavorable magnetic field

direction, Nucl. Mat. and Energy 25, 100839, 2020, https://doi.org/10.1016/j.nme.2020.100839.

6.1 Enabling drift simulations for TCV

It is commonly accepted that drift effects can provide a significant contribution to the plasma

transport in the SOL [17]. Even though drift effects have been implemented in various trans-

port codes for many years, drift simulations often suffer from poor numerical stability. This

section discusses the occurrence of numerical instabilities in SOLPS-ITER simulations and

our strategy to avoid them.

6.1.1 Numerical stability in drift simulations

Simulations with activated drift terms are often numerically challenging for transport codes

with explicit solvers, cf. Table 3.2. Such simulations typically require time steps that are orders

of magnitude smaller compared to drift-less cases. Above a critical time step, numerical

instabilities occur and prevent attaining a stationary solution of the plasma state. Another

approach is taken by the UEDGE code with its fully implicit solver, i.e. all balance equations

are solved simultaneously. The involved bigger matrix inversion renders the simultaneous

treatment of many fluid species (e.g. simulations with impurities) computationally expensive.

Furthermore, it is argued in [65] that the fully implicit scheme precludes the coupling of the

plasma solver to a kinetic neutral model[1].

In SOLPS-ITER simulations of ASDEX-Upgrade and ITER an oscillation of the plasma potential

typically occurs on closed flux surfaces due to an interplay of poloidal E ×B-driven particle

redistribution, radial diamagnetic currents and the anomalous current j AN [65]. These oscilla-

tions can often be suppressed with time steps d t below 10−7 s (ASDEX-Upgrade) and 10−8 s

(ITER), corresponding to a reduction of d t of two orders of magnitude compared to simu-

lations without drifts, and consequentially a drastic increase in computation time towards

convergence of the simulation.

In TCV drift simulations, this type of instability is rarely observed, whereas another numerical

instability at the targets is typically more restrictive. In first attempts to activate drift terms

for TCV the plasma target potential φt and the target electron density nt
e exhibited strong

fluctuations. The density and potential oscillations are found to be phase-shifted by π/2 and

[1]UEDGE hence employs a neutral fluid model
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6.1. Enabling drift simulations for TCV

their oscillation period typically corresponds to only a few time steps d t , Figure 6.1a. The

oscillations can be suppressed by reducing the d t or increasing the anomalous conductivity

σAN , equation (3.76), indicating that these oscillations are purely numerical and do not reflect

a physical instability, Figure 6.1b. A scan of d t and σAN , starting from a plasma state that

initially does not exhibit oscillations, reveals the influence of both parameters on the stability,

Figure 6.1c. It is found, that for simulations with small time steps d t and/or large values of the

anomalous conductivity σAN these fluctuations are suppressed. This target instability shows

some similarities with the core instability discussed by Kaveeva [65]. It also involves repeating

redistribution of particles and radial electric fields and is closely linked to the anomalous

current. Due to the similar dependence of the target instability to the core instability reported

in [65] its origin is possibly also linked. Here, the instability is, however, also likely influenced

by the sheath boundary condition due to the proximity to the divertor targets. The cause of

the problem remains elusive and was not fully resolved during this thesis.

0 20 40 60 80 100
0 20 40 60 80 100

Potential
density

a) b)

c)

Figure 6.1 – Scan of time step d t and anomalous conductivity σAN starting from initially
non-oscillating case (low d t , high σAN ) to assess numerical instabilities at either of the two
targets, a) simulation at high d t , low σAN showing oscillations, b) simulation at low d t , high
σAN remaining stable, c) matrix scan of both parameters

The pragmatic approach, with the aim of assessing the divertor transport, pursued in this

project, was to find a reasonable trade-off between computational cost and accuracy of the

solution of the plasma potential. The work practice to enable drift simulations, developed

during this project, is to large extent based on trial and error. In particular, the following

measures prove to be helpful to avoid the numerical instability described above:

• The anomalous conductivity is chosen to be σAN /ene = 10−4 [a.u.]. At this value the

contribution of the anomalous current to the current balance ∇· jAN is generally not

negligible but also not dominant, cf. section 3.5.6. The influence of this choice on the

solution of the electrostatic potential φ is discussed below, cf. Figure 6.6.

• The radial width of grid cells close to the separatrix near the target is chosen larger than

1 mm.
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• Avoiding large radial gradients in the electric potential near the target, e.g. by accessing

detached divertor conditions. For enabling first simulations it was hence helpful to

consider cases with high upstream density.

• The time step d t is reduced, wherever necessary, for cases with steep target gradients,

e.g. for lower upstream density or small anomalous transport coefficients. In high

density TCV cases, d t = 2 ·10−6 s is in many cases found to be adequate and in more

problematic cases reduced up to d t = 10−7 s.

6.1.2 Speed-up for drift cases

Further progress to avoid unacceptably long convergence times can be made by noting that

the slowest time-scale in scrape-off layer simulations is typically set by the particle balance.

The time-scale of the particle equilibration, i.e. the convergence time of the simulation,

can be significantly reduced by artificially rescaling the ionisation rate proportionally to the

imbalance between pumped and puffed fluxes. The so called method of effective sources,

introduced in [65], is illustrated with a simple model.

Consider the vessel volume V where the constant plasma density n evolves in time governed by

the gas puff Γ and the pumping on wall surfaces nR with effective pumping speed R assumed

constant. The gas density evolves according to V
dn

d t
= Γ−nR. At time t = 0, the gas puff is

changed from Γ0 to Γ. The new plasma density solution is n = Γ/R + (Γ0 −Γ)/R exp(−tR/V ),

yielding a characteristic pumping time V /R. Introducing an artificial volumetric source

S = β(Γ−nR) decreases this time scale by a factor β+ 1. Although a tokamak plasma is

considerably more complex and exhibits strong non-linearities, this model illustrates that a

speed-up, in the particle convergence time, of one order of magnitude can be achieved in

practice, reducing the convergence time from months to weeks. Note, that for a stationary

solution, Γ = nR, so the artificial term vanishes on its own as the simulation approaches a

converged state.

In practice, a reduction of the convergence time by up to factor 10 is achieved (using β= 50)

for TCV cases. For simulations with d t = 2 ·10−6 s and parallelized Eirene (on the IPP Garching

cluster with 16 CPUs) convergence can be reached within a few days. This enables a convenient

working practice that allows relatively broad parameter scans. In practice, the number of

parallel jobs is however limited by the number of available nodes and is only used to develop

base cases for the scans. Further simulations were typically performed with serialized Eirene

increasing the convergence time to a few weeks. To not increase this number further, feedback

loops were avoided where possible, i.e. typically the upstream density is left uncontrolled

while the gas puff is kept constant as feedback control would largely increase the convergence

time. To date, SOLPS-ITER simulations for TCV at low gas puff, i.e. low upstream density,

remain challenging as the time step restriction involves d t < 1 ·10−7 , resulting in convergence

time of the order of months.
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As discussed above, strong radial gradients near the targets may procure the target instabilities

that can only be mitigated by further reduction of the time step. While a simulation with

relatively high upstream density ne ≈ 2.8e19 m−3 can run at d t = 2·10−6 s, a corresponding case

at ne ≈ 1.3e19 m−3 requires a time step reduction by one order of magnitude (d t = 2 ·10−7 s).

To summarize, the methodology for running drift cases with SOLPS-ITER for TCV presented

herein is successfully used on a variety of Ohmically heated, L-mode single null cases for

cold divertor conditions. During this project ∼ 100 simulations with fully activated drifts

for forward and reversed Bφ were converged. However, the treatment of attached divertor

conditions with strong radial gradients near the targets remains, to date, challenging and

computationally expensive.

6.2 Electric currents in the divertor

To assess the electric field, equation (6.1), the electric currents in the divertor are considered

first. As will be demonstrated in section 6.3, the parallel electric current j|| is of central

importance of the electric fields when the plasma resistivity is high, i.e. low temperature

plasmas like in a detached divertor. The parallel current in the SOL is generally determined by

charge balance ∇· j = 0 and the sheath boundary condition at the targets, (3.35).

Generally, the electric current density j includes contributions from the diamagnetic drift,

viscosity, inertia, ion-neutral friction, polarization current and the above stated parallel current.

It is important to note, that the diamagnetic current is nearly divergence-free, as discussed in

section 1.5.1. The non-divergent-free part of the diamagnetic current relates to the ∇B and

curvature drifts that displace particle guiding-centers and is denoted as j̃di a following the

convention employed in [122], hence ∇· j̃di a =∇· jdi a . As previously seen in section 3.5.6, the

dominant contributions to the divertor charge balance are the diamagnetic current jdi a and

the compensating parallel current j||, as argued previously in experiments and simulations for

various tokamaks (JET [121], DIII-D [62], AUG [114, 115], COMPASS [124])

∇· (j||+ jdi a
)≈ 0. (6.2)

The part of the parallel current which closes the diamagnetic current is the so called Pfirsch-

Schlüter (PS) current, Figure 6.2 a,b. As the diamagnetic current reverses with the Bφ-direction

also the PS-current is expected to reverse. A simple model of an isothermal flux tube demon-

strates that PS currents feature a stagnation point between its ends, presented in Appendix E,

leading to the current pattern in a lower single null geometry as shown in Figure 6.2. Further

contributions to the parallel current in the divertor may arise from thermoelectric currents

(TE) and currents from external voltage biasing [129]. Thermoelectric contributions are driven

by the difference in the electron temperatures Te at the divertor targets and the accompanied

difference in sheath entrance potential, implying an electric current from the hot towards the

cold target, Figure 6.2c. TE currents are here defined as divergence-free ∇· jT E
|| = 0. TE currents

drawn from one target will thus flow into the opposing target. Contrary to PS currents, TE
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currents are not directly influenced by the Bφ-directions. In the following we will limit the

analysis to divertors without external biasing.

c)b)a)

Figure 6.2 – Possible divertor current flow pattern in the private flux region: a,b) Pfirsch-
Schlüter currents, c) thermoelectric-dominated currents flowing from high to low Te target

In the following, the electric current at the target j t
|| is defined positive if positive charge flows

towards the respective target, i.e. in the direction of the ion flow. For PS-dominated currents,

one thus expects positive PFR currents on both targets in forward Bφ, Figure 6.2a, and negative

in reversed Bφ, Figure 6.2b. TE-currents appear with opposite sign at the inner and outer target,

Figure 6.2c. PS- or TE-dominated parallel currents can thus be experimentally distinguished

by simultaneously measuring j t
|| on both targets employing Langmuir probes biased to the

machine potential, as previously done in JET [121] and COMPASS-D [124].

The poloidal and radial projection of the parallel current j ||
θ

and the diamagnetic current

j̃ di a
θ

, j̃ di a
r are assessed in SOLPS-ITER simulations for both Bφ directions, Figure 6.3. The

parallel current in the PFR is found to have a stagnation point below the X-Point, consistent

with PS-currents. The parallel current flow pattern also reverses sign with the toroidal magnetic

field Bφ and is directed in opposite poloidal directions on the left and right of the separatrix,

Figure 6.3 a,d. The divergent part of the diamagnetic current j̃ is approximately aligned with

the z-direction, as expected for ∇B- and curvature drifts. The amplitude of parallel current

is an order of magnitude larger than the diamagnetic components. This is expected as their

divergence are nearly equal, equation (6.2), whereas the diamagnetic current acts over a larger

surface area. The current has to compensate I|| ≈ Ĩdi a whereas the current densities fulfill∣∣∣ j ||
θ

∣∣∣ À ∣∣ j̃ di a
θ

∣∣ ,
∣∣ j̃ di a

r

∣∣. The radial current crosses the surface area of the inner divertor leg,

∼ 2πRLθ, with poloidal leg length Lθ, whereas the poloidal projection of the parallel current

crosses, ∼ 2πRλ j , with characteristic current profile width λ j , cf. Figure 6.3 for geometric

definitions.

In the forward field case, Figure 6.3a, a narrow region of equal parallel flow direction in both

divertor legs is observed in the near-SOL (CFR). This region is attributed to TE-currents, as the
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Figure 6.3 – Poloidal and radial projections of the parallel and effective diamagnetic currents.
The absolute value of j ||

θ
is larger by factor ∼ Lθ/λ j than j̃ di a

r .

outer target is typically hotter than the inner in forward Bφ simulations, cf. section 7.2. The

TE-component diminishes as plasma density is increased as the temperature on both targets

becomes low (not shown). The parallel current in the PFR is however PS-dominated for both

divertor legs, both Bφ-directions and for all densities that were simulated [2].

So far, the contribution of the polarization current was neglected as it is omitted in transport

code simulations, cf. section 3.4. Turbulence simulations, however, indicate a weak time-

averaged contribution of the polarization current to the charge balance if the SOL is sufficiently

broad, as 〈∇· jpol 〉/〈∇· jdi a〉 ∼ ρs/λp , where ρs is the ion Larmor radius and λp the equilibrium

pressure fall-off length in the SOL [77].

The experimental verification of these code predictions by comparison to TCV measurements

is presented in section 6.5.2.

6.3 Electric potential in the divertor

In this section the mechanisms that determine the electric fields in the SOL are reviewed.

Our work predicts, for the first time, the formation of a negative potential well in a highly

[2]Note, that no simulations were assessed with strongly attached divertors due to the numerical issues discussed
in section 6.1. We can thus not claim generality here and remark that our results may be limited to the conduction-
limited and detached divertor regime.
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resistive divertor in the unfavorable direction for H-mode access, by using analytic models

and SOLPS-ITER simulations.

Well outside of the separatrix the electric potential is determined by the parallel Ohm’s law,

equation (6.1). Contrarily, well inside of the closed flux surfaces the potential is determined

by the radial component of the ion momentum balance and the radial ion pressure gradient,

as only periodicity can be assumed parallel to the magnetic lines. The connection region in

the vicinity of the core-edge is discussed by Hinton [54]. Notably, the plasma resistivity, in

the friction force term in (6.1), has a strong temperature dependence η|| ∝ T −3/2
e and is thus

expected to become important when Te is low.

6.3.1 Low plasma resistivity

For attached plasma conditions where the divertor electron temperature is high, Te À 2 eV

[115][3], the plasma resistivity η|| is low and the first term on the R.H.S of (6.1) negligible. First,

we will consider the case of negligible plasma resistivity. Both, the pressure gradient- and

the temperature gradient-driven terms in (6.1) are directed towards the targets for attached

conditions[4]. As pressure gradients are typically weak in attached conditions we obtain an

estimate for the electric field strength

E|| =−∇||φ∼−1

e
∇||Te . (6.3)

From equation (6.3) the electrostatic potential φ can be inferred by integration along a flux

tube starting from the the sheath entrance of the target (with potential φse ), with a poloidal

coordinate θ and a radial coordinate r

φ(r,θ)−φse (r ) ∼ 1

e

[
Te (r,θ)−T t

e (r )
]

. (6.4)

The sheath entrance potential is φse = ΛT t
e in absence of electric currents with φw all ≡ 0

[5]. Both, φse and Te − T t
e are positive and therefore the plasma potential in a SOL with

low resistivity is required to be positive everywhere. The local plasma potential φ(r,θ) thus

follows the local temperature Te (r,θ) (with an offset ∼ (Λ−1)T t
e (r )) and is expected to decay

radially, approximately with the electron temperature falloff length λTe . It is thus expected

that the radial electric fields Er =−∇rφ are much stronger than poloidal fields Eθ =−∇θφwith

|Er /Eθ| ∼ Lθ/λTe , where Lθ denotes the characteristic temperature decay length in poloidal

direction[6]. Note, that the toroidal magnetic field direction does not directly influence the

potential φ if the resistivity is low. This notion, φ∝ Te , leads to the classical E ×B-drift pattern

[3]Justification for this value is provided in section 6.4
[4]Note, that without volumetric momentum losses fmom = 0 momentum balance dictates that p t

e = pu
e /2

according to equation (3.46) assuming sonic flow to the target M t = 1.
[5]With j 6= 0 the sheath entrance potential is determined by equation (3.35).
[6]Eθ = −∇θTe /e ∼ Te /eLθ is estimated with an average temperature gradient ∇θ ∼ Te /Lθ . The temperature

gradient for conduction-dominated heat fluxes locally depends on Te and q|| and can be steeper.
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reviewed in [17, 61] and section 7.1.

6.3.2 High plasma resistivity

Figure 6.4 – Effect of Pfirsch-Schlüter cur-
rents on the PFR electric field for low tem-
perature divertor conditions.

Next we will consider the case of high plasma re-

sistivity η||, i.e. low electron temperature Te . The

parallel electric field (6.1) is then determined by

a simple Ohm’s law

E|| = η|| j||, (6.5)

with j|| determined by the charge balance ∇· j = 0

and the boundary conditions at the target plates

[66, 115]. The electric field is thus directly linked

to the direction of the electric currents in the SOL.

Our SOLPS simulations, section 6.2, predict that

the currents in the PFR of the TCV divertor are

predominantly given by Pfirsch-Schlüter currents. It is thus expected that the electric field

follows the current pattern if the temperature is sufficiently low, Figure 6.2. Note, that in

forward Bφ, the electric field E|| is directed towards the target, the same direction as in a

divertor with low resistivity, and leads to a potential hill formation below the X-point that has

previously been described in simulations for DIII-D [62]. In reversed Bφ, the electric field E|| is

however pointing away from the targets. The electric potential at the X-point must, therefore,

remain well below that at the target, φX P <φt , which is referred to as a potential well. It is seen

in SOLPS-ITER simulations, section 6.3.3, and explained by an analytic model in a simplified

geometry, section 6.4.

In the case of TE-dominated divertor currents, arising due to a temperature asymmetry

between both targets, e.g. when one divertor leg is attached and the other detached, the cold

divertor leg may also fulfill (6.5). Accompanied large electric fields in the cold divertor leg were

previously observed in SOLPS-ITER simulations of ASDEX-Upgrade [66, 115].

6.3.3 SOLPS-ITER simulations

The plasma potential φ is studied with SOLPS-ITER simulations for both Bφ-directions for

Ohmic heating conditions (Pcor e = 330 kW) with 250 kA plasma current. The electric potential

in forward field follows the classic picture, i.e. E|| = −∇||φ directed towards the target and

Er =−∇rφ away from the temperature peak[7] independent of density, Figure 6.5a-c. However,

in reversed field, the plasma potential follows this picture only for low upstream density,

[7]We remark that in simulations in forward Bφ also the electric potential in the common-flux region at very high
density can become negative also as a consequence of Pfirsch-Schlüter currents. This is however not thought to be
experimentally accessible as the temperature in the CFR is typically larger than in the PFR.
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Chapter 6. Divertor currents and the plasma potential

Figure 6.5d. At high upstream density, where the divertor reaches low temperatures T t
e ∼ 1 eV,

a well-resolved region below the X-point with negative electric potential emerges, Figure 6.5e,f.

Here, E|| is directed towards the target in the common flux region, as expected for regions with

low Spitzer resistivity (equation 6.5) whereas in the PFR, E|| is directed towards the X-point.

The potential well implies a strongly enhanced Er near the separatrix. The emergence of a

potential well in the simulations was unexpected but it is readily explained by the notion of

PS-currents in the PFR and high plasma resistivity as outlined in section 6.3.2. Note, that the

plasma potential at the targets remains positive and thus does not contradict sheath boundary

conditions, Figure 6.5f.
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Figure 6.5 – Divertor potential in forward Bφ (a-c), reversed Bφ (d-e), with low (a & d) and high
upstream density nu (e & f)

The influence of the artificial anomalous current is not dominant in the simulations but still

poses a significant contribution to the charge balance equation, cf. section 3.5.6. Hence, one

may wonder to what extent the potential φ is influenced by the artificial anomalous current

j AN rather than divertor Pfirsch-Schlüter currents. A scan of σAN /ene = 10−4 −10−5 exhibits

the potential well in all cases and the potential well depth even increases in cases with low

anomalous conductivity, Figure 6.6.
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The simulation with lowest σAN
[8] indicates that

the case at σAN /ene = 10−4 underestimates the ra-

dial electric field Er in the vicinity of the separatrix

by up to 20%, nevertheless the impact on target

profiles for these simulations is much smaller (not

shown). Due to the limitation of computational

resources other simulations presented in the the-

sis are performed using σAN /ene = 10−4, keeping

in mind that the strength of the E ×B drift may be

underestimated.

The formation of the potential well in rev. Bφ simu-

lations sets in gradually as the upstream density is

increased, Figure 6.7. As the resistivity in the diver-

tor increases the contribution of electric currents

becomes increasingly important in equation (6.1)

marking the transition from gradient-dominated

to current-dominated electric fields.

Figure 6.7 – Gradual potential well formation in a density scan for reversed Bφ direction (scan
performed at σAN /ene = 10−4)

[8]The simulation is computationally demanding and required ∼ 1 month wall-clock time employing parallelized
Eirene.
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Chapter 6. Divertor currents and the plasma potential

6.4 Analytic model of the divertor plasma potential

The SOLPS-ITER simulations, section 6.3.3, indicate the formation of a region with negative

plasma potential w.r.t to the target plates in cases with high plasma resistivity and unfavorable

Bφ-direction for H-mode access. To further elucidate the underlying physics mechanisms,

we describe the divertor electric potential through analytic models in simplified geometries

with the underlying assumption that the divertor charge balance is established by parallel

and diamagnetic currents, equation (6.2). A straight divertor leg is considered in the model.

It is demonstrated that charge balance and the electron momentum balance are sufficient

to explain the formation of a potential well or hill structure. The model yields a non-trivial

scaling of the potential well depth with divertor plasma conditions and geometry. Necessary

conditions for potential well formation are stated. The model scalings are compared to the

results from SOLPS-ITER. In Appendix E it is demonstrated that the evacuation of charges is

consistent with the sheath boundary conditions and that Pfirsch-Schlüter currents imply the

existence of a current stagnation point in the flux tube.

The SOLPS-ITER simulations identify the parallel and diamagnetic currents as the main

contributors to the charge balance and, therefore, the deduced electric potentialφ. Leveraging

this result, a simple analytic model is proposed that accounts only for parallel and diamagnetic

currents, equation (6.2), in order to determine the average electric field in the PFR of a straight

divertor leg, tilted horizontally at an angle α, of a LSN configuration, neglecting the variation

of the flux expansion within the leg. A coordinate s is introduced, aligned with the magnetic

field line and pointing from the inner to the outer target, es = e|| · si g n(Bθ), i.e. independently

of the poloidal magnetic field direction, to facilitate comparison with simulations using the

same sign convention. The parallel current, equation (6.6), is expressed through equation

6.1 and the non-divergence-free component of the diamagnetic current, equation (6.7), is

evaluated analytically as expressed in SOLPS-ITER [113, equation 19][9]

j|| = si g n(Bθ)

η||

(
∂s p

ene
+0.71

∂sTe

e
+Es

)
es , (6.6)

j̃di a
r = Bφp

(
∂

∂θ

1

B 2

)
er ≈ 2p

B 0
φ

R0
cosαer , (6.7)

where the assumption of a straight divertor leg ∂θ = cosα∂R is used. The radial direction, er ,

denotes the cross-field direction in the poloidal plane. The diamagnetic current j̃di a
r is hence

directed into the PFR, −er , for Bφ < 0, i.e. forward field, and into the CFR for reversed field.

We consider the charge balance equation ∇· j = 0 within a closed volume extending from the

target to the X-point (width Lθ, height λ j ) in the PFR enclosing the region where j|| does not

change sign, cf. Figure 6.3c. Integration yields

∓ j ||,t
θ
λ j + j̃ di a

r Lθ =∓ j ||,X P
θ

λ j , (6.8)

[9]The Bφ direction is here adapted according to the TCV sign convention, cf. section 2.2.
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6.4. Analytic model of the divertor plasma potential

where j ||
θ
= j|| ·eθ = j||Bθ/B and the upper/lower signs correspond to the inner/outer divertor

legs, respectively. The term j ||,X P represents charge sharing between the divertor legs, e.g. by

thermo-electric currents which may arise due to asymmetries in the temperature between

the two targets [129]. Here, the poloidal component of the diamagnetic current is neglected

as j ||
θ
À j̃ di a

θ
, as argued in section 6.2. Substituting equations (6.6) and (6.7) in equation (6.8)

and solving for Es yields

Es = η||
(

j ||,PS + j ||,X P )− ∂s pe

ene
−0.71

∂sTe

e
, (6.9)

j ||,PS =± 2p

B 0
φ

R0

Lθ
λ j

∣∣∣∣ B

Bθ

∣∣∣∣
t

cosα, (6.10)

where we identified j ||,PS as the Pfirsch-Schlüter current, i.e. the part of the parallel current

which closes the diamagnetic current.

A few key aspects of this simple model should be noted: First, the contribution of electric

currents to equation (6.9) becomes important when the parallel resistivity, ηSpi t zer
|| ∝ T −3/2

e ,

is high, e.g. for detached divertor conditions at low T t
e , while the high-temperature limit E|| =

−∂s pe

ene
−0.71∂s Te

e is recovered at high T t
e . Second, it allows for φ well formation in reversed field

(B 0
φ > 0) whereas the classical electric field is amplified in forward field (B 0

φ < 0), corresponding

to potential hill formation. Third, the term η|| j ||,X P inhibits the formation of a Pfirsch-Schlüter-

type potential structure as it contributes with equal sign to both divertor legs. Hence, a

necessary condition for potential well/hill formation is
∣∣ j ||,PS

∣∣> ∣∣ j ||,X P
∣∣.

In the following, we consider the case of negligible current sharing between the divertor legs,

i.e. j ||,X P = 0 which holds approximately for the TCV simulations (cf. Figure (6.8) a,d). We

obtain a scaling of the potential well depth, δφ ≡ φt −φX P , with divertor conditions and

machine size by further approximating the pressure gradient ∂s p
ene

∼± p X P
e

enX P
e Lθ

∣∣∣Bθ

B

∣∣∣
t
≈±T X P

e
eLθ

∣∣∣Bθ

B

∣∣∣
t

and analogously for the temperature and potential gradients. We obtain

eδφ

T X P
e

≈−
2enX P

e ηt
||

B 0
φ

L2
θ

R0λ j

∣∣∣∣ B

Bθ

∣∣∣∣2

t
cosα+1.71, (6.11)

= m × nX P
e [1019m−3]

(T t
e [eV ]3/2)

+1.71 (6.12)

with m ≈−1.6 ·10−4 Ωm lnΛ
B 0
φ[T]

L2
θ

R0λ j

∣∣∣ B
Bθ

∣∣∣2

t
cosα.

Comparison of analytic model equations (6.9) and (6.12) to the 2D simulation is performed

by calculating the average electric field between target and X-point. The diamagnetic con-

tributions to equation (6.9) acting over the leg are evaluated from the X-point parameters

(superscript X P ) with the parallel contributions evaluated at the target (t). Table 6.1 sum-

marizes the parameters for the simulated TCV discharge (|B 0
φ| = 1.44 T, R0 = 0.88 m, taking

Coulomb logarithm lnΛ≈ 10).
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Chapter 6. Divertor currents and the plasma potential

inner leg outer leg

pol. leg length Lθ 21 cm 37 cm

div. leg angle α 14.0◦ 74.6◦

λ j ≈ 1 cm× f t
exp 1.0 cm 2.3 cm

|B/Bθ|t 9.7 15.7

m/si g n(Bφ) −0.52 −0.50

Table 6.1 – Geometric parameters in the sim-
ulated geometry and resulting slope m for
the potential well depth scaling.

The model (equation (6.9), (6.12)) overesti-

mates absolute values by factors of up to 2-3

due to the simplified geometry (flux expansion

is assumed constant along the leg) and the sim-

plified description of pressure and temperature

gradients. Nevertheless, it correctly captures

the sign of the electric field for both Bφ direc-

tions, Figure 6.8a,b, and describes the potential

drop δφ scaling with varying divertor condi-

tions, Figure 6.8c.
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6.5. Test of simulation predictions

We can also estimate the transition temperature for which the divertor changes from low to

the high-resistivity regime by requiring that δφ≡ 0 for reversed Bφ (m < 0) in equation (6.12)

T t ,cr i t
e [eV ] ≈

(
−m

nX P
e [1019m−3]

1.71

)2/3

. (6.13)

Assuming a divertor electron density nX P
e ≈ 5 ·1019 and using the geometric values for TCV

in Table 6.1, we find the transition temperature as T t ,cr i t
e ≈ 1.3 eV . The simple estimate thus

confirms that current-driven electric fields only become important in a cold divertor. Note,

however, that for this transition the temperature in the flux tube that carries the current in the

PFR is relevant and that it can be substantially lower than the peak temperature at the target.

6.5 Test of simulation predictions

The SOLPS-ITER predictions are tested in TCV experiments. Section 6.5.1 assesses the hy-

pothesis of Pfirsch-Schlüter dominated divertor currents employing wall-mounted Langmuir

probes (LP). Section 6.5.2 provides experimental evidence for the existence of an X-point

potential well structure in a low temperature divertor in reversed Bφ direction employing the

novel reciprocating divertor probe array (RDPA).

6.5.1 Divertor currents (LP) #64479
t=1.0s

a) b)

Figure 6.9 – a) TCV discharge, red
dots indicate the positions of wall-
mounted Langmuir probes (spatial
distance: 1 cm at the outer, 2 cm at
the inner strike point), b) correspond-
ing SOLPS computational grid

The SOLPS-ITER prediction of PS-dominated divertor

currents is tested in TCV experiments, with baffles in-

stalled, employing unbiased wall-mounted Langmuir

probes, where the strike point position is swept across

the target, to obtain high spatial and temporal reso-

lution of the current profiles (strike point sweeping

period τsweep = 200 ms, sweeping distance dsweep =
±1 cm, acquisition frequency νLP = 200 kHz). The di-

vertor currents are measured in Ohmically heated den-

sity ramps (L-mode, 〈ne〉l = 3−9·1019 m−3, Greenwald

fraction fGw = 0.25−0.6) for both Bφ directions, cf. Fig-

ure 6.9 a. The plasma current is set to Ip = 190 kA to re-

main in L-mode for both Bφ directions. The upstream

density, inferred from Thomson scattering, covers the

range nsep,omp
e = 1−2 ·1019 m−3. The discharges re-

main attached throughout the density ramp[10]. For

a given line average density 〈ne〉l , the target current

profile j t
|| is mapped upstream, using the LIUQE equi-

[10]No target current roll-over nor CIII-front movement are observed in these discharges.
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Chapter 6. Divertor currents and the plasma potential

librium reconstruction [89], and averaged over the sweeping period τsweep . This method yields

a spatially well-resolved target current profile within a density window ±0.5 ·1019 m−3 around

the specified 〈ne〉l . In the following, the current is defined positive for the direction towards

the respective target. With this sign convention the analytic estimate of PFR PS-currents (6.10)

reads

j ||,PS =− 2p

B 0
φ

R0

Lθ
λ j

∣∣∣∣ B

Bθ

∣∣∣∣
t

cosα. (6.14)

For PS-dominated currents, one thus expects positive PFR currents on both targets in forward

field, Bφ < 0, and negative in reversed field, Bφ > 0, whereas TE-dominated current would

appear with opposite sign on both targets for a given flux tube, cf. Figure 6.2.

Generally, all target currents exhibit a double peaked structure, Figures 6.10, 6.11. In forward

Bφ direction, the PFR current is positive for both targets, whereas the current flowing in the

common flux region (CFR) is positive at the inner and negative at the outer target, Figure

6.10 a,b. In reversed Bφ direction, the PFR current is negative for both targets, the CFR peak

is positive but with a significantly lower amplitude w.r.t the PFR peak, Figure 6.11 a,b. The

current amplitude reduction with increasing plasma density is observed for both targets and

both field directions. Experimental repeats employing voltage-swept Langmuir probes show

target currents that strongly deviate from ambipolarity with amplitudes comparable to the ion

saturation current, i.e. | j||/ j||,sat ,i | ∼ 1 (not shown).
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Figure 6.10 – Forward field parallel currents for the inner (ISP) and outer strike point (OSP) as
measured by Langmuir probes a,b and predicted by SOLPS-ITER c,d. Both divertor legs are
swept over the target Langmuir probes multiple times during the density ramp.
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Figure 6.11 – Reversed field parallel currents for the inner (ISP) and outer strike point (OSP) as
measured by Langmuir probes a,b and predicted by SOLPS-ITER c,d. Both divertor legs are
swept over the target Langmuir probes multiple times during the density ramp.

Corresponding SOLPS-ITER simulations (MDS numbers listed in Appendix B) with plasma

densities nsep,omp
e = 1.2−3.0 ·1019 m−3, evaluated at the separatrix at the outer midplane,

are obtained by variation of the D2-gas fuelling from a source at the same location as in the

experiment, on the vessel floor at R = 0.88 m. Drifts and current terms are fully included. The

simulations show remarkable agreement with the characteristic features of the experimental

current profiles, Figure 6.10 c,d and Figure 6.11 c,d. Two peaked target current profiles are

observed for all densities, both targets and Bφ directions, and the current signs are captured

correctly with the sole exception of the high density forward Bφ case for the inner target

(discussed below). The order of magnitude of target current amplitudes is reasonably well

captured by the simulations (deviates up to factor 2-3 in some cases, cf. Figure 6.10 a,c).

The experimentally observed reduction of current amplitude with increasing density is also

captured. This reduction is attributed to a decrease in average static pressure p = ne Te +ni Ti

along the divertor leg as a detached state is approached that, in turn, reduces the cross-field

current j̃ di a
r and hence the PS current according to equation (6.14).

A positive double peak structure for the inner target in forward Bφ, Figure 6.10 a,c, is only

observed for low density simulations. The simulation finds higher target peak temperatures

(shown in [149, Figures 3e,f, 4 e,f]) at the target in the poloidal E ×B direction, i.e. at the out-

er/inner target for forward/reversed Bφ, respectively, consistent with previous experimental

observations on TCV [23, 43]. At low density, this drives TE currents that appear as a secondary

positive peak in the CFR, observed in experiment and simulation, Figure 6.10 a,c. The decrease
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Chapter 6. Divertor currents and the plasma potential

in simulated target temperature on both targets with increasing upstream density leads to a

reduction of the TE contribution in the current profile, Figure 6.10 c. Although, a reduction of

the secondary peak with increasing density is, indeed, observed experimentally a transition to

negative values is not, indicating that the target temperature asymmetries in the experiment

may be still sufficient to maintain TE-currents in the CFR, whereas the PFR current is clearly

PS-dominated for both targets and both field directions.

Corresponding simulations where drifts and currents are deactivated fail to reproduce the

characteristics observed in the experimental profiles. These yield a three peak structure that

originates from the balancing of the parallel and anomalous current ∇· ( j||+ j AN ) = 0, the only

remaining terms in the current balance (not shown).

To further assess the effect of divertor conditions, these discharges were repeated with the

unbaffled TCV divertor. Baffled TCV shows more symmetric detachment on both targets

whereas experiments without baffles show only a target current roll-over at the outer target

during density ramps without impurity seeding, section 5.4. Hence, thermoelectric currents

are expected to play a larger role in the unbaffled divertor. The discharges in the unbaffled

TCV divertor reveal, however, that the divertor currents are still PS-dominated for the PFR (not

shown).

In conclusion, we found that the electric currents in the TCV divertor are mainly governed by

Pfirsch-Schlüter currents. These manifest themselves as peaks with equal sign on both strike

points and reverse with the direction of the toroidal magnetic field. Additional thermoelec-

tric contributions to the target current profile lead to a secondary peak in the forward field

direction on the inner strike point.The decrease of the current amplitudes with increasing

line-averaged plasma density 〈ne〉l is attributed to the reduction of static pressure along the

leg and the accompanied reduction of drift-related cross-field currents. SOLPS-ITER simula-

tions correctly capture the characteristic features of the measured target only if drifts, and in

particular the diamagnetic drift, are accounted for in the simulation.

6.5.2 Divertor plasma potential (RDPA)

The SOLPS-ITER prediction of the X-point potential well, section 6.3.3, is tested in TCV

experiments, with baffles installed, employing the reciprocating divertor probe array (RDPA).

The recently installed RDPA, section 2.3.9, offers unprecedented insight into 2D divertor

plasma profiles and is used herein to study the predicted X-point potential well formation.

The potential at the sheath entrance φse in front of the probe is inferred from the mea-

sured floating potential φ f l and the electron temperature via φse = φ f l +ΛTe , where Λ =
ln

p
mi /(2πme ) ≈ 3.16 for a deuterium plasma. The floating potential φ f l corresponds to the

potential at which no net current is drawn from the plasma, i.e. electron and ion particle fluxes

are equal.

The plasma potential is studied in reversed Bφ Ohmic (L-mode, Ip = 320 kA) discharges in
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low and high density plasma conditions (〈ne〉l = 5 ·1019 m−3 and 12 ·1019 m−3) corresponding

to a Greenwald fraction of fGw ∼ 0.2 and fGw ∼ 0.5, respectively. Note, that these L-mode

experiments can only be performed in reversed field as the respective discharges in forward

field would transition to H-mode. In the low density case the plasma potential is found to be

positive, peaked in the CFR, and decaying radially as expected for divertor conditions with low

plasma resistivity, section 6.3.1, i.e. φ∝ Te , Figure 6.12b.

The high density case exhibits a region of negative plasma potential in the vicinity of the

separatrix where φ f l has decreased more thanΛTe w.r.t. the low density case, Figure 6.12c. In

most parts of the common flux region, however, φ remains positive. These measurements,

thereby, fully support the prediction based on SOLPS-ITER simulations [151] and the notion

outlined in section 6.3.2. Corresponding SOLPS-ITER simulations, Figure 6.12 d, at nsep,omp
e =

2.0 ·1019 m−3 and 3.1 ·1019 m−3 allow direct comparison to the measurements, Figure 6.12 e,f.

The region of negative plasma potential φ, Figure 6.12 f, relates to the simulated X-point

potential well structure that emerges continuously during a density scan, Figure 6.7. The

magnitude of measured plasma potential drop is consistent with the simulation predictions

(∼−10 V). The absolute value in the measurement, however, exceeds the simulation result by a

factor ∼ 2. Possible experimental reasons for this deviation are inaccuracies in the temperature

measurement and possible contributions to Λ by impurities. The TCV simulations, on the

other hand, likely underestimate the divertor electron temperature for matched upstream

conditions as will be shown in Chapter 8, and hence yield a more detached divertor state

for similar upstream profiles. Nevertheless, these results confirm that the main mechanisms

of potential well formation are well captured by the SOLPS-ITER code. The potential well

has not been observed in any forward Bφ TCV experiment nor in discharges with high target

temperatures, consistent with the predictions.

6.6 Conclusions

This work features the first SOLPS-ITER simulations for the TCV tokamak with fully activated

drift and current terms. Drift simulations were achieved following recent stability and speed

enhancements of the SOLPS-ITER code [65]. Remaining numerical instabilities mainly occur

at the target plates, but can often be mitigated by avoiding narrow grid cells near the separatrix

at the divertor plates and adapting the time step. Acceptable convergence times (∼ 1 week

computation time) are obtained for TCV in high density conditions by employing the method

of effective sources introduced by Kaveeva [65].

The TCV simulations identify the divertor currents as suitable experimental observable to

test the drift model of the SOLPS-ITER code. The simulations indicate that the diagmagnetic

currents pose the main cross-field contribution to the charge balance equation. The predicted

current profile feature components from both Pfirsch-Schlüter and thermoelectric currents,

where the Pfirsch-Schlüter currents are found dominant towards the PFR. The predicted target

current profile characteristics are tested and confirmed in TCV measurements employing
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Figure 6.12 – a) Plasma shape and RDPA diagnostic with d) corresponding SOLPS grid. Plasma
potential φ inferred from RDPA downstream probes in b) low and c) high density TCV dis-
charges. Black dots indicate the measurement locations. Corresponding e) low and f) high
density SOLPS-ITER simulations, nsep,omp

e = 2.0e19 m−3 and 3.1e19 m−3, respectively.

wall-mounted Langmuir probes biased to the machine potential.

For the first time, we predict the formation of a potential well in the vicinity of the X-point,

which arises due to these Pfirsch-Schlüter currents in high resistive divertor conditions for the

unfavorable (reversed) Bφ direction. Analytic models in a simplified geometry successfully
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reproduce the emergence of such a potential well and highlight the underlying physics. The

simulation results were, shortly after their prediction, tested and confirmed by measurements

of the novel reciprocating divertor probe array (RDPA) in baffled high density TCV discharges.

The analysis suggests that the X-point potential well formation can principally be expected

also in larger machine as it poses a direct consequence of parallel electron momentum balance

and charge continuity and is therefore thought to be rather general for divertors with two cold

targets.
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7 Divertor cross-field transport

Despite major experimental and computational efforts over the past decades on many ma-

chines (AUG [1, 106], DIII-D [61, 87, 110], JET [18, 21], ITER [64], EAST [31, 32], C-MOD [29, 59],

GLOBUS-M [116] and TCV [23]), the significance of equilibrium drifts for the cross-field trans-

port in the scrape-off layer of fusion devices with respect to turbulent cross-field transport still

remains elusive. Chapter 6 reviewed the mechanisms that determine the electric potential

φ. The resulting electric fields give rise to E ×B-drifts that can significantly contribute to the

plasma transport in the divertor. Here, we aim to showcase the effect of drift-related transport

in the SOL employing SOLPS-ITER simulations of Ohmic L-mode plasmas in TCV and con-

tribute to the validation of the code’s drift model. As the drifts are sensitive to the direction

of the toroidal magnetic field Bφ, its reversal can be used as a tool to assess their influence

on the plasma transport. Drift-related trends observed in the simulations are compared to

experimental measurements on TCV and results from literature.

First, we review analytic properties of guiding-center drifts and their expected direction in the

SOL. Basic estimates of the importance of drifts w.r.t the parallel and anomalous cross-field

transport in the SOL plasma are given in section 7.1. The role of drift effects is then investigated

in SOLPS simulations for TCV in section 7.2. Simulations in forward and reversed Bφ are

compared to a simulation where drift effects are disabled to identify the dominant transport

mechanisms in different regions of the edge plasma. The impact of drifts on simulated

SOL plasma profiles is investigated in section 7.3. A review of experimental evidence for

the simulation trends based on TCV experiments and previous work on other machines is

presented in section 7.4.

7.1 Analytic estimates of drift-related transport

This section reviews the expected direction and magnitude of the E ×B , ∇B and curvature

drifts in the SOL. Analytic estimates for their magnitude are provided, following a previous

review of drift phenomena in the SOL by Chankin [17].
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Chapter 7. Divertor cross-field transport

7.1.1 Drift directions

First, the E ×B-drift is considered, equation (1.27), that is identical for electrons and ions. We

decompose it into its poloidal, radial and toroidal components

vE×B B 2 = E×B = (Er +Eθ)× (
Bφ+Bθ

)= Er ×Bφ+Eθ×Bφ+Er ×Bθ. (7.1)

Here, the electric field is assumed to be in the low resistivity limit and thus determined by

gradients of electron temperature Te and pressure pe , section 6.3.1. The electric potential

in the SOL is thus expected to be proportional to the local electron temperature, φ ∼ Te /e,

resulting in the electric field schematically displayed in Figure 7.1a for a given Ip and Bφ

direction. Therefore, the radial electric field Er points away from the separatrix in the SOL.

The poloidal electric field Eθ is typically small upstream, as ∇θTe ,∇θpe are weak there, but can

be substantial in the divertor, i.e. in the conduction-limited and detached divertor regime. As

Te decreases monotonically in the divertor in the direction towards the targets, Eθ is directed

towards the targets. With low resistivity, the electric field direction is independent of the

direction of plasma current Ip and the toroidal magnetic field Bφ. On closed field lines, the

electric field is determined by the radial ion momentum balance and influenced by poloidal

and toroidal plasma velocity and the ion pressure gradient. Here Er is typically directed

radially into the core plasma [54].

a) b) c) d)

R

Figure 7.1 – a) directions of electric and magnetic fields in the SOL in reversed Bφ, reversed Ip ,
in the high resistivity limit, arrow length not for scale, note that Bφ À Bθ and Er À Eθ, b-d)
resulting directions of E ×B-drift components

The first term on the R.H.S of equation (7.1), Er ×Bφ, is directed in the poloidal direction, it has

opposite signs in CFR and PFR, Figure 7.1b, and reverses with Bφ. The second term, Eθ×Bφ, is

directed radially, has opposite signs on the inner and the outer divertor leg and reverses with

Bφ, Figure 7.1c. Lastly, Er ×Bθ, is directed in the toroidal direction, Figure 7.1d. It has opposite

signs in the SOL and PFR/core and reverses with the sign of Bθ and hence with Ip .

The ∇B and curvature drifts, equation (1.31), are mainly directed along the z-axis, as ∇B is

directed towards the high field side. For ions, it is directed upwards (in positive z-direction) if
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7.1. Analytic estimates of drift-related transport

Bφ is directed into the plane with the machine axis on the left (reversed field), Figure 7.1a, and

downwards otherwise. For electrons the directions are reversed. The ∇B and curvature drift

give hence rise to an electric current, that often poses the dominant cross-field current in the

divertor as demonstrated in Chapter 6.

The Bφ-direction determines the direction of radial and poloidal E ×B-flows as well as ∇B

and curvature drifts. It is hence commonly assumed that variations in SOL plasma parameters

that are sensitive to the Bφ direction are directly or indirectly caused by these drifts [17].

A simple order of magnitude estimate for the drift strength can be given for a low resistivity

SOL, where φ∼ Te /e up to a prefactor of order unity, with radial temperature falloff length λT .

The radial electric field is thus estimated as Er ∼ Te /eλT and the poloidal Eθ ∼ Te /eLθ, where

Lθ denotes the poloidal connection length. Furthermore, we employ |B| ≈ Bφ.

∣∣vEr ×Bφ

∣∣= ∣∣∣∣Er ×Bφ

B 2

∣∣∣∣∼ Te /e

BφλT
, (7.2)

∣∣vEr ×Bθ

∣∣= ∣∣∣∣Er ×Bθ

B 2

∣∣∣∣∼ Te /e

BφλT

Bθ

Bφ
, (7.3)

∣∣vEθ×Bφ

∣∣= ∣∣∣∣Eθ×Bφ

B 2

∣∣∣∣∼ Te /e

BφLθ
. (7.4)

The ∇B and curvature drift contribution, averaged over a Maxwellian distribution function,

equation (1.31), with temperature T and charge q is estimated following the same arguments

|〈v∇B +vcur v 〉| =
∣∣∣∣2T

q

Bφ×∇B

B 2

∣∣∣∣∼ 2T /e

BφR
. (7.5)

These scalings allow to discuss the relative importance of the different terms. Magneto-

hydronamic stability in a tokamak requires the edge safety factor to exceeds two, implying

|Bφ|À |Bθ|. This identifies the poloidal Er ×Bφ as the largest E ×B-term, whereas the radial

Eθ×Bφ is smaller by factor λT /Lθ and the toroidal Er ×Bθ is lower by Bθ/B . The latter does

not contribute to plasma redistribution in the poloidal plane and is typically small w.r.t to the

toroidal component of the parallel velocity v ||
φ

. The toroidal Er ×Bθ is therefore not further

considered in the following. Next, we review the relevance of drift-related particle fluxes w.r.t.

the parallel and turbulent cross-field fluxes in the SOL based on simple analytic estimates by

Chankin [17].
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Chapter 7. Divertor cross-field transport

7.1.2 Poloidal transport

For the particle transport in the poloidal direction we compare the Er ×Bφ-drift with the

projection of the parallel velocity, assuming sonic parallel flow v || ≈ cs

ΓE×B
θ = n

∣∣∣∣Er ×Bφ

B 2

∣∣∣∣≈ nT

eBφλT
,

Γ||
θ
≈ (ncs)θ = ncs

Bθ

B
,

⇒ ΓE×B
θ /Γ||

θ
≈ ρθ,s

λT
. (7.6)

Here, the poloidal ion Larmor radius ρθ,s = mcs/eBθ is introduced, where the index s denotes

that it is evaluated at sound speed cs . Following equation (1.13), assuming a SOL temperature

of T ∼ 50 eV and poloidal magnetic field of Bθ = 0.2 T, we have ρθ,s ∼ 7 mm. For TCV, this value

is comparable to the temperature decay length λT ∼ 1 cm. It can thus be expected that the

E ×B-drift contribution to poloidal plasma transport is significant.

7.1.3 Radial transport

For the particle transport in the radial direction we compare the Eθ×Bφ-drift with the radial

anomalous diffusion, as a proxy for turbulent cross-field transport, with radial density decay

length λn ≈√
D⊥L||/cs

ΓE xB
r = n

∣∣∣∣Eθ×Bφ

B 2

∣∣∣∣≈ nT

eBφLθ
,

ΓAN
r =−D⊥∇⊥n ≈ D⊥n

λn
,

⇒ ΓE×B
r /ΓAN

r ≈ Tλn

eBφLθD⊥
≈ Tλn

eBθL||D⊥
≈ T

eBθcs

1

λn
= ρθ,s

λn
, (7.7)

where we used that BφLθ ≈ BθL||. From these simple estimates we find a similar relation for

the importance of drift effects for both directions, radial and poloidal.

While the simple estimates above demonstrate that equilibrium drifts can be expected to be

significant for SOL particle transport, they oversimplify the underlying mechanisms as also

the parallel flow is affected by cross-field drifts as both are coupled through the continuity

and parallel momentum equation (3.6), (3.8) and the sheath boundary condition (3.45). Also

the influence of equilibrium drifts on the turbulent cross-field transport remains elusive in

the discussion above, whereas the E ×B-shear is known to affect the microinstabilities and is

conjectured to contribute to the L-H transition, cf. [119] and references therein. The presence

of cross-field drifts hence extends beyond the modification of poloidal and radial transport

alone but can also affect seemingly unrelated plasma parameters. This reflects the strong

coupling of the manifold of plasma and neutral processes that take place in the SOL which is

often difficult to decouple experimentally, and to some extent even in simulations.
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7.2. Equilibrium drift contribution to SOL transport

For a future reactor, it is also not straightforward to see whether drifts are more important w.r.t.

today’s experiments as the drift strength depends on local SOL temperature Te , toroidal field

strength Bφ and the SOL width λn , λT . Particularly, the uncertainty on the SOL width for a

future reactor makes the assessment difficult. Note, that the SOL width itself can be influenced

by the presence of drifts, as will be shown in the following. Recent SOLPS-ITER simulations for

ITER, assuming λq ≈ 3 mm, however, predict that drifts are also important for large machines

and, unfortunately, result in a smaller operational window w.r.t to simulations where drift

effects are neglected [64].

7.2 Equilibrium drift contribution to SOL transport

Next, the influence of the equilibrium drifts, i.e. their non-fluctuating contribution, on the

transport in the SOL and the plasma solution is assessed. Here, we will first focus on low

density simulations as the presence of a potential well, cf. section 6.3.3, adds additional

complexity to the drift flux pattern. Simulations in forward and reversed Bφ are compared

to a simulation where drift effects are disabled. The simulations are based on the magnetic

equilibrium of the baffled TCV discharge #64479, an Ohmic L-mode plasma with Ip = 190 kA

in a lower single null geometry and 200 kW of Pcor e ≈ PSOL . Higher plasma currents cause a

transition to H-mode in TCV experiments with forward field and are therefore unsuitable for

the comparison[1]. The simulations have equal upstream density, evaluated at the separatrix

midplane, nsep,omp
e = 1.5 ·1019 m−3, Figure 7.2, at the low end of the achievable density range

in drift simulations as for lower gas puff target oscillations occur, cf. section 6.1. Even though

we refer to these cases as ’low density’ the temperature on at least one of the two targets is

already below 5 eV.

forward Bφ no drifts reversed Bφ

163483 165213 163995

Table 7.1 – MDS numbers of simulations
discussed in this Chapter, nsep,omp

e =
1.5 · 1019 m−3. The full density scan is
listed in Appendix B.

Spatially constant transport coefficients of D⊥ =
0.1 m2/s,χ⊥,e = 0.7m2/s,χ⊥,i = 0.1m2/s are em-

ployed[2]. These coefficients are reduced w.r.t

to transport coefficients for discharges at higher

plasma current, discussed in Chapter 5 and 8, as

the connection length L|| in this geometry is larger,

whereas the falloff length is approximately equal ex-

perimentally λn ∼ √
D⊥L||/cs ∼ 1 cm. This choice

yields reasonable upstream plasma profiles. Note that the profiles inside the LCFS are not

necessarily accurately described, which is not thought to be of primary importance for these

studies, cf. section 7.4.2. Two-dimensional profiles of electron density ne , electron tempera-

ture Te and the electrostatic potential φ for the three simulations are shown in Figure 7.3. The

divertor leg towards which the Er ×Bφ-drift is directed (in the CFR) is generally found to be

hotter with lower density, this trend will be further investigated in the following. Note, that

the electric potential φ remains positive throughout the divertor volume in these simulations,

[1]At Ip = 190 kA the experimentally accessible upstream density is limited to n
sep,omp
e < 2 ·1019 m−3.

[2]A scan of χAN
⊥,i = 0.1−0.7 m2/s showed only a small influence on the target profiles for these simulations
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Figure 7.2 – Upstream density evolution in a gas puff scan in 190 kA simulations for forward
field/drifts deactivated/reversed field, encircled cases are used for the comparison in this
Chapter, MDS numbers are listed in Appendix B

Figure 7.3g-i.

The impact of Bφ-direction on divertor particle transport is assessed in section 7.2.1, followed

by heat transport 7.2.2 and momentum transport 7.2.3. Simulations at higher density in

reversed field lead to the formation of an X-point potential well, that leads to further complexity

in the flow pattern and is discussed in section 7.2.4.

7.2.1 Particle transport

The particle transport as described in SOLPS, section 3.5.2, consists of the parallel, E ×B ,

diamagnetic and anomalous contribution. The particle flux in poloidal, equation (3.57), and

radial direction, equation (3.58), is given by

Γθ = Γ||θ+ΓE×B
θ + Γ̃di a

θ +ΓAN
θ , (7.8)

Γr = ΓE×B
r + Γ̃di a

r +ΓAN
r . (7.9)

Again, only the non-divergence-free component of the diamagnetic flux, denoted as Γ̃di a , is

considered as the divergence-free part is largely related to the superposition of gyro-motions

that does not lead to guiding-center displacements and hence does not contribute to particle

transport perpendicular to the magnetic field. This divergent part equals the particle flux due

to ∇B and curvature drifts. In the following we will refer only to the divergent component of

the diamagnetic drift. The transport of main ion species, D+, is assessed in the following.
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7.2. Equilibrium drift contribution to SOL transport

Figure 7.3 – Divertor profiles of a-c) electron density ne , d-f) electron temperature Te and
g-i) potential φ at equal upstream density nsep,omp

e = 1.5 ·1019 m−3 for forward field/drifts
deactivated/reversed field.

Poloidal particle transport

The poloidal particle transport, equation (7.8), is assessed for the three cases with forward

Bφ/no drifts and reversed Bφ, Figure 7.4. The sign convention is used as described in SOLPS

with positive poloidal fluxes directed towards the outer target in the SOL and clockwise on

closed field lines.

The poloidal projection of the parallel flux Γ||
θ

, Figure 7.4 a-c, in the divertor is oriented towards

the divertor plates for all three cases. It poses the largest contribution on the R.H.S. of equation

(7.8). We remark that this is not necessarily general, as sheath conditions only require that the

total poloidal particle flux Γθ is directed towards the target. In conditions where ΓE×B
θ

exceeds

Γ||
θ

the parallel flow may even reverse locally. In our simulations the parallel flux is however

typically dominant in the near-SOL region. However, the reversal of the magnetic field also

affects the simulated parallel flow pattern upstream and will be discussed in the next section.

The poloidal E ×B flow ΓE×B
θ

, Figure 7.4 d-f, is comparable in magnitude with the poloidal

projection of the parallel flow, as expected from the analytic estimate, equation (7.6), and

follows the anticipated flow pattern for attached divertor conditions, Figure 7.1. The divergent
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a) b) c)

d) e) f)

g) h) i)

j) k) l)

Figure 7.4 – Poloidal particle flux components, equation (7.8), for simulations in forward
field/drifts deactivated/reversed field. The colorbars in each row apply to three cases and are
set to the 95% quantile of the absolute value in the divertor volume.
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7.2. Equilibrium drift contribution to SOL transport

part of the poloidal diamagnetic flow Γ̃di a
θ

, Figure 7.4 g-i, is directed in the ∇B direction, hence

mainly along the z-axis. It is found to contribute little to the poloidal particle flux and is two

orders of magnitude smaller than Γ||
θ

. Also, the anomalous particle flux ΓAN
θ

, Figure 7.4 j-l,

contributes little in the poloidal direction and is two orders of magnitude smaller than Γ||
θ

.

Parallel transport

The parallel particle transport is investigated in more detail extending the discussion to the

main SOL, i.e. the region of open field lines above the X-point. Naively, one may expect

that the drifts would not impact the parallel velocity as they are directed perpendicular to

magnetic field, however, the parallel and cross-field flows are coupled through the continuity

equation, momentum equation and the sheath boundary. In stationary conditions in absence

of source terms we have ∇· [n
(
v||+ vE×B + vdi a

)+ΓAN
]= 0. The part of the parallel velocity

that closes the cross-field drifts is referred to as Pfirsch-Schlüter flux (PS). First, we compare

the parallel flow velocity of the main plasma ions uD+ in terms of the corresponding Mach

number M = uD+/cs for the three cases, Figure 7.5.

Figure 7.5 – Parallel Mach number M = u||
D+/cs with collective sound speed cs =

√ ∑
a pa∑

a ma na
.

The ∇B-flow (indicated by →) is closed by parallel transport, i.e. the PS-flow (→), parallel
flow is directed from the recycling region towards the targets (→). Red color indicates a flow
towards the outer target (or clockwise in the core) and blue the opposite direction. The Eirene
particle source is mostly localized in the divertor but extends over the entire divertor leg for
these simulations (not shown)

Generally a near-sonic, M ∼ 1, parallel flow from the recycling region towards the divertor
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Chapter 7. Divertor cross-field transport

targets is observed [3]. Strong differences between the cases are observed further upstream with

a poloidal shift of the stagnation point of parallel flow. The divergence of nvE×B
θ

is relatively

small as the radial electric field is not varying strongly near the LCFS along the poloidal

direction. In section 7.2.1, it will be demonstrated that the radial transport along the LCFS has

significant contributions by the diamagnetic (∇B and curvature drift) drift and has opposite

signs on the top and bottom part of the core plasma. These radial flows are closed by parallel

Pfirsch-Schlüter flows. Hence, the poloidally projected PS flux points up (towards positive z)

in forward Bφ and down in reversed Bφ. In the forward field simulation, the PS-contribution

manifests as flow reversal on the HFS in forward field and with an upwards directed flow on the

LFS. In reversed field the PS-contribution points downwards. The corresponding flow pattern

yields a single stagnation point at the plasma crown. The parallel flow velocity at the outer

midplane becomes approximately half sonic for both field directions, i.e. with parallel Mach

number M ∼±0.5. Its poloidal projection at the outer midplane exceeds ΓE×B
θ

by factor ∼ 3 in

these simulations. A comparison to previously reported flow measurements is presented in

section 7.4.4.

Radial particle transport

The radial particle flux Γr , equation (7.9), is investigated in the divertor region, Figure 7.6. The

sign convention is used as described in SOLPS with positive radial fluxes directed from the

core/PFR into the CFR.

The E×B-contribution to the radial particle flux is found to exceed the anomalous contribution

in the divertor by one order of magnitude, Figure 7.6a-c. In the divertor the radial ΓE×B
r is

directed clockwise in forward Bφ and counter-clockwise in reversed Bφ in the poloidal plane,

as expected for attached conditions, cf. Figure 7.1. The radial diamagnetic particle flux Γ̃di a
r ,

poses a small contribution to the particle transport in the divertor and approximately points

in negative z-direction for forward Bφ and in positive otherwise, Figure 7.6d-f. Below we will

provide indications that it may be important for the radial particle transport along the LCFS

further upstream. The anomalous diffusion ΓAN
r leads, by definition, to a radial spreading of

the particle density profile with a flow radially away from the local peak density. It is the only

radial particle transport channel in SOLPS simulations without drifts.

To further assess the influence of drifts on the radial transport, flux-surface averaged radial

particle fluxes in three regions are computed, Figure 7.7. The first region is the plasma core

and the upper SOL, the second region is the outer divertor, and the third the inner divertor, cf.

Figure 3.4a for the region definitions. The flux-surface average is computed on poloidal cells in

the respective region. First, we consider the influence of drifts on the transport upstream. The

drift simulations show that anomalous diffusion and the ∇B-drift are strong contributors to

[3]The only exception is a small region far in the distant PFR near the inner target in reversed Bφ where the
poloidal E ×B becomes larger than the parallel velocity and is directed towards the target, the Bohm-Shodura
condition then requires that that the parallel flow reverses here. This region however carries negligible amount of
particle flux, cf. Figure 7.4c, and can be ignored in the following.
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7.2. Equilibrium drift contribution to SOL transport

a) b) c)

d) e) f)

g) h) i)

Figure 7.6 – Radial particle flux components, equation (7.9), for simulations in forward field/
drifts deactivated/reversed field. The colorbars in each row apply to three cases and are set to
the 95% quantile of the absolute value in the divertor volume.

radial transport in the upper SOL. Surprisingly, the ∇B-drift poses a net outflux from the core

for both field directions. One might instead have expected that radial ∇B contributions on the

upper half of the confined region cancel with equal and opposite radial fluxes on the lower half.

Rozhansky [116] and Meier [87] attribute the radial net ∇B-outflux to an up-down pressure

asymmetry in the core-edge region, caused by viscosity and the PS-flow, leading to higher

pressure on the half of the core edge which lies in the ∇B-direction. This pressure asymmetry

is found to reverse with Bφ-direction and vanishes when drifts, and thus the PS-flow, are

disabled, Figure 7.8. Note, that the local D+ flux due to ∇B and curvature drifts, equation

(7.5), is given by 2pi /e(B×∇B)/B 3 with ion static pressure pi . The radial particle outflux on

the half in ∇B-direction hence outweighs the corresponding influx on the other half and the
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Chapter 7. Divertor cross-field transport

surface-averaged ∇B-flux is consequentially flowing from the core into the SOL for both Bφ

directions. The ∇B-drift and near-sonic parallel flows have been proposed by Goldston as the

primary mechanism that determines λn in H-mode plasmas in the framework of the drift-

heuristic model that is found to yield reasonable agreement with experimentally observed

falloff-lengths [52]. Rozhansky extended Goldston’s analysis by accounting for E ×B-drifts

which pose corrections of order unity to Goldston’s results [116].

A similar comparison for simulations of an H-mode plasma of the GLOBUS-M tokamak in

forward Bφ-direction is presented by Rozhansky [116, Figure 5]. Consistent with our results,

the radial particle flux is therein dominated by the ∇B drift contribution whereas diffusion

becomes dominant in the far-SOL. Also in DIII-D H-mode simulations by Meier [87, Figure 9]

and [86] drift-related radial fluxes were observed to have similar magnitude as the anomalous

diffusion fluxes for simulations with realistic density fall-off lengths and were found to even

dominate in certain areas. Typically, we find ∼ 30% larger upstream density fall-off lengths λn

in reversed field simulations w.r.t forward field cases for fixed transport coefficients, consistent

with the observed increased 〈Γr,sep〉θ with a larger ∇B contribution w.r.t the forward Bφ case,

cf. Figure 7.7a,c. A comparison of simulated upstream profiles with RCP and TS measurements

is shown in section 7.4.2.

The simulated cross-field particle fluxes in the divertor region for both field directions are

dominated by the Eθ×Bφ-drift due to significant poloidal electric field Eθ that is insignificant

further upstream, Figure 7.7. Anomalous diffusion and ∇B-drift only pose small contributions

to the radial particle flux. According to these SOLPS results, turbulent transport is not the

dominant particle cross-field transport channel in the divertor. Quantitative comparison to

TCV experiments, however, indicates that the total cross-field transport tends to be overes-

timated in these simulations, section 8 possibly indicating overestimated ΓE×B
r -drift fluxes

in the simulations. Nevertheless, these results are consistent with previous modelling by

Jaervinen with the UEDGE code for L-mode discharges in DIII-D that also find the poloidal

particle flux dominated by Γ||
θ

and the radial by ΓE×B
r [61].

The simulated D+ flow pattern in the divertor is schematically summarized in Figure 7.9.

In drift cases the particle flux from one divertor to the other through the PFR is an order

of magnitude larger w.r.t. the driftless case, where the PFR is mainly fuelled by anomalous

diffusion. The larger flux through the PFR in forward Bφ w.r.t to reverse Bφ is attributed to the

longer outer divertor leg in TCV, such that the Eθ×Bφ-flux brings more particles into the PFR

on the LFS. The magnitude of the PFR flux is hence expected to change with divertor geometry

but also with the strength of the electric field in each divertor leg. Such a strong redistribution

is consistent with previous JET simulations by Chankin [21].

7.2.2 Heat transport

The heat fluxes for electrons, according to equations (3.65)-(3.66), and ions, equations (3.69)-

(3.70), are assessed in the following for the divertor region.
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Figure 7.7 – Surface-averaged radial particle fluxes for simulations in forward field/drifts
deactivated/reversed field. The flux-surface average is computed in the respective region,
inner divertor (from inner target to HFS X-point), core + upstream (HFS X-point to LFS X-point)
and outer divertor (LFS X-point to outer target). The radial particle flux, equation (7.9), has a
diffusive component and components from E ×B and ∇B (including curvature) drifts.

Figure 7.8 – Up/down ion pressure asymmetry in the core edge region. The pressure is locally
increased in the ion ∇B-drift direction by up to 15% w.r.t to its flux-surface average 〈pi 〉θ.
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Figure 7.9 – Integrated D+ particle flux crossing various surfaces in the divertor

Poloidal heat transport

The poloidal heat fluxes are considered, consisting of the electron and ion contributions each

with their conductive and convective parts, Figure 7.10,

qθ =
3

2
Γe,θTe −κe,θ∇θTe + 3

2
Γi ,θTi −κi ,θ∇θTi (7.10)

where the heat conductivities κe,θ and κi ,θ contain the classical and anomalous contribution

as outlined in section 3.5.4 and 3.5.5. The electron heat flux connected with thermal forces,

−0.71Te j ||x /e, only poses small contributions to the heat flux and is neglected in this analysis.

The sign convention is used as described in SOLPS with positive poloidal fluxes directed

towards the outer target in the SOL and clockwise on closed field lines.

The electron heat convection 3
2Γe,θTe , Figure 7.10 a-c, is mostly directed towards the respective

target in the divertor and essentially follows the parallel ion flow pattern discussed in section

7.2.1. Deviations from the parallel flow pattern are observed in regions where the poloidal

E ×B flux is dominant, e.g. in the PFR of the forward field case, Figure 7.10 a. The largest heat

flux term in these simulations is the electron heat conduction −κe,θ∇θTe , Figure 7.10 d-f, that

is expected to dominate when particle fluxes and thus convective heat fluxes are insufficient

to exhaust the heat from upstream. Notably, the conduction strongly decreases in cold plasma

conditions, e.g. in the outer divertor leg without drifts and in reversed field, whereas the outer

leg is hotter in forward field, cf. Figure 7.16 f. For TCV simulations, we find that the heat flux

becomes convection dominated below/in the recycling region for local electron temperatures

below ∼ 5 eV. The ion heat convection 3
2Γi ,θTi , Figure 7.10 g-i, has generally a similar pattern

than the electron convection and similar magnitude, whereas the ion heat conduction is here

found to be one order of magnitude lower than the electron heat conduction. This is consistent

to our estimate in section 3.1, arguing that electron heat convection should be dominant unless

Ti > 3Te (for similar gradients). Indeed, in the near-SOL region the ion temperature is in the

range Ti /Te ∼ 1−3, with the largest ratio in regions where the density and consequentially the

electron-ion energy exchange by Coulomb collisions Q∆∝ ne ni (Te −Ti )/T 3/2
e are low, i.e. in

the far-SOL and in the PFR.
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a) b) c)

d) e) f)

g) h) i)

j) k) l)

Figure 7.10 – Electron heat flux components in poloidal and radial direction for simulations in
forward field/drifts deactivated/reversed field. The colorbars in each row apply to three cases
and are set to the 95% quantile of the absolute value in the divertor volume.
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Further upstream, in the simulation without drifts heat is almost fully carried by electron

conduction as poloidal particle flows are weak. In the drift cases E × B-convection and

parallel convection from PS-flows are found to have significant contribution in regions where

temperature gradients are weak, and thus contributing to an in/out asymmetry of power into

the inner and outer divertor throat, cf. section 7.4.1. The convection due to PS flows has

opposite signs for electrons and ions but still gives rise to net convection as typically Ti > Te .

We generally, find the stagnation point of poloidal heat flux shifted towards the vE×B
θ

direction,

i.e. towards the outer divertor in forward Bφ and towards the inner in reversed Bφ. In the

regions with strong Te -gradients, e.g. around the X-point, electron conduction dominates

even with drifts activated.

Radial heat transport

The radial heat fluxes are considered, consisting of the electron and ion contributions each

with their conductive and convective parts, Figure 7.11

qr = 3

2
Γe,r Te −κe,r∇r Te + 3

2
Γi ,r Ti −κi ,r∇r Ti (7.11)

Note, that the convective terms in simulations without drifts corresponds to the anomalous

particle diffusion. Hence, there all cross-field fluxes are anomalous.

The radial electron and ion heat convection 3
2Γr T , Figure 7.11 a-c and g-i, are primarily gov-

erned by the radial E ×B-fluxes as the radial anomalous particle flux is found to be smaller, cf.

Figure 7.6 a-c and g-i. In these simulations, the radial anomalous heat conduction −κe,θΓe,θTe

is comparable to the magnitude of the E ×B-convection, Figure 7.11 d-f, whereas the ion heat

conduction is found to be somewhat smaller due to the choice of smaller ion heat conductivity

χ⊥,i = 0.1 m2/s compared to χ⊥,e = 0.7 m2/s.

To further assess the influence of drifts on radial heat transport, flux-surface averaged radial

heat fluxes in three regions are computed, Figure 7.12, analogously to our analysis for the

particle fluxes above, Figure 7.7. First, we consider the influence of drifts on the radial heat

transport upstream. No qualitative difference between the drift cases to the simulation without

drifts is found, Figure 7.12. Anomalous electron heat conduction provides the dominant heat

transport channel, consistent with the notion that turbulent fluxes provide the main heat loss

channel over the separatrix. However, in both divertor legs ion and electron heat convection,

due to the E ×B-drift, are dominant and lead to radial heat fluxes directed into the vE×B
r -

direction.

The power redistribution in the divertor is schematically summarized in Figure 7.13. The

convective and conductive fluxes that are carried by the plasma are accounted for according

to equations (7.10) and (7.11). Kinetic and potential energy contributions are not considered.

Notably, the most important difference to the particle flux pattern, cf. Figure 7.9, is that

power is transported from upstream to the divertor whereas particle sources are located in
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a) b) c)

d) e) f)

g) h) i)

j) k) l)

Figure 7.11 – Electron and ion heat flux components in radial direction for simulations in
forward field/drifts deactivated/reversed field. The colorbars in each row apply to three cases
and are set to the 95% quantile of the absolute value in the divertor volume.
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the divertor in high recycling conditions. In cases with activated drifts, heat flux through the

PFR is an order of magnitude larger in comparison to the driftless case and attributed to the

E ×B-convection, but is still rather small contribution w.r.t the power into the divertor throat

from upstream. The radial transport into the PFR is primarily provided by the divertor leg

where Eθ×Bφ points towards the PFR, i.e. the outer leg in forward Bφ and the inner in reverse

Bφ. In the simulation without drifts power is transported into the PFR by convection from

anomalous diffusion and anomalous heat conductivity such that both divertor legs contribute

approximately equally. The poloidal heat flux at the targets is larger in the Er ×Bφ direction

(in the CFR). Notably, a strong asymmetry in power towards the target can even exist with

approximately equal power entering the divertor, e.g. driftless and reversed Bφ case where

more power is deposited on the inner target. This is attributed to larger volumetric dissipation

in the outer leg w.r.t the inner one, primarily because the corresponding poloidal leg length

and consequentially also the plasma volume are larger, thus increasing the volume in which

radiation and plasma-neutral interaction can occur.

7.2.3 Momentum transport

The transport of parallel momentum of the main plasma species D+ is found to be mainly

driven by the advection of parallel momentum, cf. section 3.5.3. Hence, our conclusions

regarding the particle transport also apply for momentum transport. We find that poloidal

transport of momentum in the divertor is mainly driven by parallel particle transport, which is

only indirectly influenced by the drifts, whereas the radial transport is E ×B-dominated. The

cross-field drifts thus lead to a radial advection of parallel momentum in the vE×B
r -direction

(not shown).

Most of the volumetric sinks and sources of momentum in the divertor, discussed in section

3.5.3, are not immediately sensitive to the reversal of the magnetic field (not shown). The only

exception is the electron friction force, i.e. the momentum exchange between electrons and

ions if their flow-velocities differ, i.e. which is directly proportional to the electric currents. As

shown in section 6.2, the PS-contribution to the parallel electric current in the divertor reverses

and hence also the electron friction force changes sign, resulting in an acceleration/decelera-

tion of the ion flow depending on field direction and position relative to the separatrix as the

PS-currents have different sign left and right of the separatrix (not shown).

7.2.4 Drifts in presence of a potential well

In a divertor with cold targets, and thus high resistivity, the electric fields are determined

by the electric currents rather than temperature and pressure gradients, section 6.3.2. This

notion leads to a potential well below the X-point in reversed field for a lower single null

if the parallel current is dominated by Pfirsch-Schlüter currents, section 6.3.3. With the

accompanied reshaping of the electric fields also the E ×B-flow is substantially altered. The

principal particle transport channels for forward and reversed field cases are compared for
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high density simulations with nsep,omp
e ≈ 3.8 ·1019 m−3, Figure 7.14.

Contrary to the common notion that drifts reverse with the Bφ-direction, the E ×B-pattern is

instead substantially altered in the reversed Bφ case, Figure 7.14 f,h. In the poloidal direction,

ΓE×B
θ

features a three-fold structure with enhanced transport in the near SOL region due to

locally increased Er . Note that in this near-SOL region ΓE×B
θ

is directed in the same direction

as in forward field. Here, the E ×B-flux becomes comparable in magnitude to Γ||
θ

. In the radial

direction, ΓE×B
θ

shows a two-fold structure which results in a broadening of the density profile

at the outer target and a narrowing at the inner target.
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Figure 7.14 – Principal particle transport channels in forward and reversed field at high
upstream density nsep,omp

e ≈ 3.8 ·1019 m−3, MDS numbers:137065,137041

This unexpected variation of the drift directions in a detached divertor was predicted for the

first time by our SOLPS simulations [151]. Afterwards, the X-point potential well structure was

indeed observed experimentally on TCV [149], cf. section 6.5.2.

7.3 Influence of drifts on SOL profiles

From analytic estimates, section 7.1, and SOLPS-ITER simulations, section 7.2, we find that

drifts pose significant contributions to poloidal and radial transport in the SOL. One can thus

expect that plasma parameters are modified upon reversal of the Bφ-direction. The effect of

field reversal on upstream profiles is showcased in section 7.3.1. Section 7.3.2 discusses the

effect of field reversal on inner and outer target profiles.
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7.3. Influence of drifts on SOL profiles

7.3.1 Upstream profiles

The variation of the poloidal and radial transport upon Bφ-reversal also affects the simulated

upstream profiles and the falloff lengths of density and temperature λn and λT . This is

illustrated for profiles taken at the inner and outer midplane, Figure 7.15.
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Figure 7.15 – Upstream density and temperature profiles for simulations for forward field/drifts
deactivated/reversed field

A plateau in the near-SOL density profile of the forward Bφ case is found. The density plateau

is absent in simulations with disabled diamagnetic drifts (not shown) indicating that diamag-

netic particle fluxes from the core pose the primary mechanism behind the plateau formation

in these simulations. Possible connections to modification of experimental upstream profiles

are discussed below, section 7.4.2. Notably, the activation of drifts results also in poloidal

asymmetries in the density profile along the LCFS, whereas little variation is found in the tem-

perature profile and in the simulation with drifts deactivated 7.15a,b. The choice of employing

the plasma density at the outer midplane as a control parameter for the analysis presented

herein is hence not indisputable for drift simulations. The qualitative results presented in this

Chapter hold, nevertheless, also for a comparison at equal gas puff.

7.3.2 Target profiles and asymmetries

The plasma parameters density ne , temperature Te , particle flux jsat /e and deposited heat

flux qdep at the plasma facing components are of vital importance for future fusion reactors.

The asymmetry of these parameters between the inner and outer divertor targets is still not

sufficiently well understood, as it is influenced by magnetic geometry, volumetric dissipation

and plasma transport. Herein, the influence of drift-related transport on target asymmetries is

investigated, Figure 7.16.
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Target electron density

The target electron density nt
e , Figure 7.16a,b, is found to be larger at the inner target in forward

field in comparison to the reversed field and the simulation without drifts. At the outer target

the peak densities in both field directions are similar but the total amount of electrons in the

outer divertor volume is higher in the reversed Bφ case. This dependence is also clearly seen in

the 2D-profile, cf. Figure 7.3. The total particle number in the inner/outer divertor is higher in

forward/reversed field, respectively. We thus find an accumulation of particles in the divertor

leg which points away from the vE×B
θ

-direction in the common flux region. A broadening of

the target profiles for both field directions is seen with respect to the driftless simulation. This
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7.3. Influence of drifts on SOL profiles

broadening is attributed to the divergence of radial ΓE×B
r . At the outer target, a significant

radial shift of the peak of electron density ∼ 1 cm (mapped upstream) into the vE×B
r -direction

is observed. Double peaked target profiles emerge in forward field direction on both targets,

these are only seen in low density simulations, whereas a single peak is found at higher density

(not shown). Possible reasons are discussed below.

Target electron temperature

Contrary to the density profiles, the target electron temperature profiles T t
e only show a single

peak structure for all simulated densities, Figure 7.16 c,d. At the inner target, a lower electron

temperature in the forward field case is observed with respect to the reversed field case and

the driftless simulation. For the outer target we find higher temperatures in forward field.

This dependence is also seen in the 2D-profiles, cf. Figure 7.3, where isothermal lines are

found to shift towards the vE×B
θ

-direction in the common flux region, i.e. we find the opposite

dependence as for the density. We note, that the simulated temperatures, even for the lowest

upstream density that was achievable in these simulations, are relatively low, hence volumetric

processes are expected to play an important role. Field reversal does not shift the simulated

temperature peaks, contrary to the observations for the density profile. This indicates a

drift-induced radial separation of electron density and temperature profiles.

Target particle flux

The target particle flux jsat ,⊥/e directly relates to variation of ne and Te at the target, as these

quantities are linked through jsat = ene cs , Figure 7.16 e,f. At the inner target, we find higher

ion flux in forward Bφ, i.e. the opposite direction to vE×B
θ

. At the outer target, the peak values

are comparable and the integrated ion flux is slightly larger in reversed Bφ. Hence, the trend is

less clear as for the density and temperature. The integrated target particle flux is highest for

the forward field case at the inner target and for the reversed field case at the outer target. The

increased radial fall-off length and the radial shift in the reversed Bφ case results in outer target

ne and jsat -profiles that have not fully decayed at the computational far-SOL boundary[4].

Deposited power

The target heat flux is related to the above quantities through the relation qdep,t = (γTt +
ε) jsat /e. Here, we find similar heat flux amplitudes at the inner target for both Bφ directions

and lower amplitude at the outer target for reversed field. To study the influence of poloidal

E ×B-convection on the power entering the divertor throat and the deposited power at the

target two-point model formatting (2PMF) is employed to highlight the roles of radial transport

and volumetric dissipation, Figures 7.17 and 7.18.

[4]This is inevitable as the radial extent of the computation grid is limited by the LFS baffle. The radial outflux at
the far-SOL boundary for rev. Bφ is Γ f ar SOL/Γt ≈ 12%, the corresponding power loss is small P f ar SOL/PSOL ≈ 3%.
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tot .

For each poloidal ’flux tube’ in the common flux region, i.e. a line of poloidally connected cells,

we relate the total pressure and the modified poloidal heat flux qθAθ/Au
θ

, as done in section

5.2.5, at the target to its upstream value, which is here chosen to be located at the entrance

to the divertor throat, according to the equations (3.46) and (3.47). The loss factors fmom

and fpow reflect the reduction of momentum/pressure and heat flux/power by the combined

effect of cross-field transport and volumetric processes. Note, that even in these "low density"

simulations the loss factor near the separatrix exceed 0.8 for pressure and heat flux. This is,

however, largely due to radial transport into the PFR. To exclude the effect of transport, the

total pressure and the heat flux are integrated over their radial extent, employing integral loss

factors according to equation (3.51), the respective values are given in Figures 7.17 and 7.18.

The pressure at the inner divertor entrance is lower in reversed Bφ whereas the pressure is

higher at the outer divertor throat, especially for the far-SOL due to increased λn , Figure

7.17a,b. The variation in upstream pressure is consistent with variation of ne at the midplanes

whereas Te remains unaffected, cf. Figure 7.15. For the inner target the integrated pressure

losses are small, 7.17c, indicating that the reduction in peak pressure at the target w.r.t the

divertor entrance is mostly due to cross-field transport into the PFR. For the outer target, 7.17d,

significant pressure losses between f i nt
mom = 0.22 and 0.51 are found as consequence of the

larger divertor volume and the corresponding plasma-neutral interaction.
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The power flowing into the inner divertor entrance is larger in reversed Bφ than in forward Bφ.

The opposite holds for the outer divertor. The simulation without drifts features approximately

equal power into both divertors, Figure 7.18a,b. The change in asymmetry is attributed to E×B-

convection, that increases the heat flux into the divertor in the vE×B
θ

direction. For both, the

inner and outer target, significant power losses in the range 0.54−0.78 and 0.85−0.92 are found,

respectively. These are the results of both plasma-neutral interaction, including ionisation

losses, and radiative losses and explain the low target electron temperatures. Despite the

strong volumetric losses, the in/out asymmetry observed at the divertor throat translates to

the target profiles resulting in larger/smaller target heat fluxes in the reversed Bφ case w.r.t

forward Bφ. Note, that this trend is reversed in the deposited target heat flux q⊥
dep , Figure

7.16e,f, due to the greater contribution of potential energy flux ε j⊥sat /e at the inner target.

Potential energy poses the dominant target heat flux contribution below T t
e ∼ 2 eV. For high T t

e ,

which were not achievable in our simulations due to numerical reasons outlined in section

6.1, it can thus be expected that the in/out power asymmetry follows the heat flux asymmetry

at the divertor throat unless imbalances of the radiation profile counteract the effect of larger

heat flux into the divertor in vE×B
θ

direction.

Recent work by Chankin proposes an alternative perspective [21]. Chankin interprets the

E ×B-particle flux as virtual particle source for the respective divertor volume, by rearranging
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the continuity equation (3.6) as ∇·Γnon−dr i f t = Snα
−∇·ΓE×B , where the non-drift particle

flux Γnon−dr i f t is mainly composed of parallel and anomalous particle fluxes[5]. The local

divergence of ∇·ΓE×B
θ

and ∇·ΓE×B
r has significant spatial variations and often partially com-

pensates. Chankin emphasizes that it is an integration effect and not necessarily linked to

single flux tubes alone, leading to a lower virtual overall particle source in the divertor located

in the poloidal E ×B-direction. However, for our TCV simulations the case is not as clear.

For the inner divertor the term −∇·ΓE×B is positive in forward Bφ and negative in reversed

Bφ, consistent with Chankin’s explanation. However, for the outer divertor volume we find

negative E ×B-flux divergences for both field directions. The associated virtual sink is however

larger in forward Bφ.

Possible explanation for double peaked target profiles

Double peaked target density profiles, as in Figure 7.16a, have been previously observed in

JET density ramp discharges that emerge at medium density and then disappear towards

detachment. Corresponding EDGE2D modelling also features double peaked target profiles

only in simulations with activated drifts [20]. Chankin attributes the dip in target electron

density to a reversal of the parallel electric field and the accompanied particle removal due to

radial E ×B-fluxes. This reversal of the electric field at relatively high target temperature is

related to a reversal of the parallel pressure gradient. These features are however not found in

our simulation, which indicates that multiple mechanisms to produce double-peaked profiles

may exist. Double-peaked profiles were also observed in low density TCV experiments and

were shown to be reproduced in UEDGE simulations, accounting for drifts (fluid neutrals,

D-only) by Christen [23].

Based on our simulations, we propose another mechanism which is based on a competition

between the poloidal projection of the parallel and the E ×B flow, Γ||
θ

and ΓE×B
θ

. We will

focus on the forward field simulation and its inner target, where the phenomenon is most

pronounced, cf. Figure 7.16a,c. As illustrated in Figure 7.4a, the parallel particle flux is directed

from the recycling region towards the targets and is most intense in the CFR. The poloidal

E ×B particle flux is of similar magnitude as the projected parallel flow and changes sign at

the separatrix, it is directed away from the target in the CFR and towards it in the PFR. The

particle flux peak in the PFR can hence be attributed to the poloidal ExB flux towards the target

(where the parallel flux is weak) and the peak in the CFR is due to the larger parallel flow. The

region of low particle flux between the two peaks, at the separatrix, corresponds to the region

where ΓE×B
θ

and Γ||
θ

have similar amplitude and are antiparallel to each other. This explains

the two-peak structure in jsat and hence also to the deposited power qdep,t = jsat /e(γTe +ε).

The target density also exhibits the peak as nt
e = jsat /(ecs,t ), given that the target temperature

profile is smooth.

[5]As shown above diamagnetic drift contributions to the divertor transport are small.
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7.4 Test of predictions - experimental evidence for drift effects in

the SOL

Experimentally, direct measurements of the various transport channels are typically not

available. Nevertheless, the sensitivity of plasma profiles to magnetic field direction offers a

convenient way to test the simulation results. In/out asymmetries are discussed in section

7.4.1 on the basis of results in the literature from TCV and other machines. Upstream profiles

are compared in section 7.4.2. Section 7.4.3 presents the radial shift of outer target profiles,

in the vE×B
r -direction, upon field reversal. Parallel flow measurements from literature are

discussed in section 7.4.4.

7.4.1 In/out asymmetries of target plasma parameters

A review of SOL parameters variation upon reversal of Bφ on various machines by Chankin [17]

finds that the inner target typically features a colder and denser plasma in various machines,

irrespective of the field direction, which is primarily attributed to the magnetic geometry

and ballooning-like turbulence on the LFS midplane. Following (3.50) the target with the

shorter connection length from the outboard midplane is expected to receive more power.

The drifts act as a modulation to this geometric asymmetry. These lead to additional power

redistribution towards the target in direction of vE×B
θ

, i.e. the outer target for forward field and

the inner for reversed field, respectively, consistent with our simulations.

L-mode discharges on Alcator C-Mod [59] found q⊥,t
dep at the outer target in forward Bφ to

exceed the inner target value by factor ∼ 2, resulting in T i t
e ¿ T ot

e ≈ T u
e and ni t

e À not
e (by factor

ten). The target parameters were more symmetric in reversed Bφ. Also L-mode experiments

on ASDEX Upgrade follow this trend with T i t
e < T ot

e in forward Bφ, where simulations using

the SOLPS5.0 code give reasonable agreement in forward field [2]. However, in reversed Bφ

the simulations deviate from the experimental target profiles with overestimated not
e and

underestimated T ot
e . The in/out power sharing Pi n/Pout was investigated on TCV (without

divertor baffles) using infrared cameras upon variation of the connection length ratio towards

the outer and inner target L||,out /L||,i n [85, Figure 8a]. It is found that, contrary to our baffled

simulations in this Chapter, typically more power is deposited on the outer target and that the

sharing scales approximately with Pi n/Pout ∝ L||,out /L||,i n in accordance with the two-point

model estimate, equation (3.50). In reversed Bφ-direction Pi n/Pout tends to be larger w.r.t.

forward Bφ [85, Figure 8a,b] in accordance with our result, Figure 7.18c,d. Langmuir probe

analysis and modelling with UEDGE for TCV by Christen show that the inner target is denser

and colder in forward field w.r.t. reversed field [23, Figure 2]. Only little variation for outer

target profiles were found upon field reversal [23, Figure 3], consistent by observations by

Février [43, Figure 15a]. The simulations herein agree with the previous TCV results for the

trends at the inner target, indicating that indeed heat flux is redistributed towards the divertor

in vE×B
θ

-direction. However, at the outer target our simulations predict larger variations in

target profile amplitudes upon field reversal than observed in TCV experiments.
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Chapter 7. Divertor cross-field transport

7.4.2 Influence on upstream profiles

Our TCV simulations, with fixed transport coefficients, indicate that the drifts cause poloidal

asymmetries along the LCFS and that the upstream density falloff length λn is altered, section

7.3.1. This is tested in a set of TCV experiments for both Bφ-directions employing Thomson

scattering (TS) and the reciprocating probe (RCP) mounted on the equatorial midplane Z =
0 m. The TS polychromators at the upper intersection to the separatrix are designed for high

Te plasma conditions and yield low signal-to-noise ratio in the SOL thus impeding an analysis

of poloidal asymmetries of SOL profiles along the LCFS. A comparison of measurements from

TS at the lower interception with the separatrix and the RCP plunging at the outer midplane

for a set of baffled discharges at equal line-averaged density 〈ne〉l = 6 ·1019 m−3 to SOLPS

simulations is shown in Figure 7.19.

0

20

40

60

80

100

T
e

[eV]
63742 63743 63745 64450 64454 64479 64909

SOLPS - 165214
SOLPS - 163992

Thomson

RCP
forward field
reversed field

-5 -4 -3 -2 -1 0 1 2 3 4

Ru-Ru
sep

[cm]

0

1

2

3

4

5

n
e
[m -3]

Figure 7.19 – Comparison of upstream ne and Te plasma profile measurements from Thomson
scattering, reciprocating probe and SOLPS simulations in forward and reversed Bφ for constant
line-averaged density 〈ne〉l = 6 ·1019 m−3

TS and RCP match reasonably well in the SOL, whereas the RCP in these discharges yields

higher plasma density and lower plasma temperature on closed field lines, the reason remains

elusive and cannot be explained with uncertainties in the equilibrium reconstruction. The

simulations agree with the measurements within the data scatter for the chosen transport

coefficients. Notably the plasma temperature on closed flux surfaces is higher in the simula-
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7.4. Test of predictions - experimental evidence for drift effects in the SOL

tions but agrees reasonably well in the SOL. The measurements show no systematic variation

of the upstream profiles with field direction within the experimental scatter. However, the

predicted profile feature is smaller than what can be resolved with these measurements. The

comparison hence cannot rule out the plateau formation.

The formation of a density plateau or shoulder in the far-SOL has, however, been observed

previously in other discharges, e.g. in high collisionality on TCV [43, 49, 146] but is presently

thought to be related to a change in the turbulent transport, with ballooning-like turbulence

in the near-SOL and blob-driven transport in the far-SOL, and can thus not be captured by

transport code simulations. A similar feature was observed in DIII-D, albeit in very different

plasma conditions: H-mode plasmas with low edge collisionality found the formation of a

density ’shelf’ upstream and the effect was attributed to radial Eθ×Bφ-fluxes in the divertor

[147].

7.4.3 Radial shift of target profiles

Our SOLPS simulations predict radially shifted outer target density and particle flux profiles

into the vE×B
r -direction, section 7.3.2. The prediction is tested in 190 kA Ohmic density

ramp TCV discharges for both magnetic field directions, evaluated at a line-averaged density

〈ne〉l = (6±0.1) ·1019 m−3, corresponding to an upstream density nsep,omp
e ≈ 1.5 ·1019m−3

similar to the simulations discussed in Figure 7.16.
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Figure 7.20 – Wall-mounted Langmuir probes indicate radial shift of target density and
particle flux profiles upon reversal of the toroidal magnetic field, consistent with simulation
predictions, data taken at 〈ne〉l = (6±0.1) ·1019m−3.
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Consistent with the predictions, a peak shift of jsat and ne is found at the outer target towards

the vE×B
r -direction (Figure 7.20). The radial shift of a distance of ∼ 5 mm (mapped upstream) is

consistently observed in a sequence of repeats with the baffled TCV divertor. Also in the earlier

unbaffled experiments this radial shift is visible on the outer target [23, Figure 2]. The target

temperature inferred from Langmuir probes is not systematically affected by the field reversal

but relatively low T t
e ∼ 5 eV in these baffled low-power discharges (not shown). These results

suggest that the electron density and temperature profile are radially shifted with respect to

each other as qualitatively predicted by the simulations. However, the measured extent of the

shift is somewhat smaller than in the simulation (∼ 10 mm), also the variation of target profile

shape is less pronounced in the experiment. Consistent with the simulations, no radial shift of

the peak is observed at the inner target (not shown). The mesaured j⊥sat and not
e amplitude

are smaller by factor 2-3 compared to the simulation results, Figure 7.16b,f. This deviation is

further investigated in Chapter 8.

7.4.4 Parallel flows in the SOL

Measurements of the parallel flow in the SOL using CXRS proved to be difficult as the experi-

mental uncertainties in the SOL were too large for a comparison to simulations.

Previous TCV flow measurements using the RCP are reported by Tsui for forward Bφ-direction

in snowflake minus geometries. Nevertheless, one case with large distance of the secondary X-

point can be reasonably well approximated by a single null to qualitatively test our simulation

results [139, Figure 7e]. The measurement is taken a few centimeters above the X-point at

the entrance to the LFS divertor and yields a parallel velocity that points towards the outer

midplane location, a result that cannot be explained from simulations without drift effects,

cf. Figure 7.5. The measurement is however qualitatively consistent with the corresponding

drift case where such a reversal of flow, away from the divertor target, is related to the Pfirsch-

Schlüter flows above the X-point, Figure 7.5.

Investigations of SOL flows by Boedo on DIII-D conclude that Pfirsch-Schlüter flows alone

can, however, not fully describe the parallel flow and that kinetic corrections are necessary

[9]. Also attempts to match the Mach number M from fast probes using drift simulations in

JT-60U (employing UEDGE) [3], AUG and JET (EDGE2D and SOLPS) [19] and JET (employing

EDGE2D) [99] was of limited success and showed up to a factor 5-10 lower parallel Mach

numbers in the simulations. The JET measurements [99], were performed with a reciprocating

probe plunging at the plasma crown and showed near-zero M in reversed Bφ and M ∼ 0.5

towards the inner divertor, qualitatively consistent with our simulations results, Figure 7.5. A

direct comparison to RCP flow measurements was not performed and would be suggested for

future investigations.
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7.5 Conclusions

Herein, the first SOLPS-ITER simulations with fully activated drifts are presented for the

TCV tokamak. These pose the first drift simulations that include kinetic neutrals and im-

purities for TCV. We investigated the plasma transport in the divertor for TCV discharges in

L-mode through comparison of simulations with forward Bφ, disabled drifts and reversed Bφ.

Drift effects are expected to pose significant contributions to plasma transport in the SOL as

demonstrated through analytic estimates and numeric modelling.

The poloidal particle flux Γθ is found to be dominated by the projection of parallel flows

Γ||
θ

. The radial particle flux Γr is found to be dominated by the E ×B-contribution ΓE×B
r ,

even in the presence of anomalous transport ΓAN
r , that was described with spatially constant

transport coefficients. The poloidal heat flux qθ shows significant contributions from electron

conduction as well as electron and ion heat convection in the divertor region. The radial heat

flux qr is found to be dominated by E ×B-convection. The momentum transport is found to

be carried predominantly by advection. Hence, the conclusions of particle transport apply

also to momentum transport for our simulations. It is demonstrated, for the first time, that

the E ×B-flux in presence of an X-point potential well is substantially reshaped w.r.t. the

typically anticipated drift direction. There the near-SOL flow is enhanced w.r.t. to forward

Bφ while radially widening/compressing the outer/inner divertor leg, respectively. These

results indicate that that the common notion that drifts simply reverse with Bφ-direction is

not generally applicable in detached divertor conditions.

The simulations identify the diamagnetic drift as the dominant contribution to cross-field

currents in the divertor, cf. Chapter 6, and also indicate important contributions to the radial

particle transport over the separatrix. Even for L-mode plasmas, where turbulence is expected

to be strong, diamagnetic contributions are found comparable to the anomalous fluxes for

reasonably reproduced upstream profiles. This study supplements previous works that argued

that the diamagnetic drifts can become comparable to turbulent particle flux for H-mode

cases, where the turbulence is suppressed [87, 116]. The radial net-outflux from diamagnetic

drift arises from an up-down pressure asymmetry that also only emerges with drifts activated

and manifests in a density shoulder at the outer midplane in forward field. TCV upstream

profile measurements indicate no significant variation of the density and temperature profiles

upon Bφ-reversal. The predicted feature is, however, too small to be resolved within the

experimental data scatter in these measurements. An experimental characterisation of the

underlying up-down edge pressure asymmetry employing Thomson scattering is suggested for

future research. The diamagnetic drifts also lead to Pfirsch-Schlüter flows along the LCFS with

Mach numbers of up to M ∼±0.5 in drift simulations. Reversal of the toroidal field direction

results in a poloidal displacement of the flow stagnation point that is qualitatively consistent

with flow measurements from the literature. A comparison of predicted parallel flow and RCP

measurements on TCV is suggested for future research.

The simulations identify the E ×B-drift as the dominant divertor cross-field particle transport
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Chapter 7. Divertor cross-field transport

channel in our simulations, where the nvE×B
r -contribution results mainly in a rigid radial

shift of the plasma density profile with respect to the separatrix but also contributes to its

broadening. The rigid shift is clearly identified in TCV experiments with a displacement

of ∼ 5 mm (mapped upstream) of target density and jsat -profiles, obtained from Langmuir

probes. A radial displacement of the temperature profile is, on the other hand, not predicted

by the simulations nor seen in experiments suggesting that ne and Te profiles are radially

shifted to each other in the divertor volume. An understanding of how much of the E ×B-

transport contributes to the rigid shift of the plasma profiles and how much of it adds to their

deformation remains still elusive. Also in simulations, the assessment is difficult as the profile

shape results from a manifold of entangled mechanisms: the volumetric source distribution,

the poloidal and radial fluxes.

Accounting for drift effects in TCV simulations results in significant variation of target profiles.

Double-peaked target density and particle flux profiles, obtained in the simulations, are

attributed to the competition and partial cancellation of parallel and E ×B-fluxes near the

targets Γ||
θ

and ΓE×B
θ

. Generally, we find increased electron temperature Te and heat flux in the

divertor towards the Er ×Bφ-direction (in the CFR). This is attributed to redistribution of power

in the upper SOL due to E ×B-heat convection. The opposite trend is found for the electron

density ne , that increases in the divertor away from the Er ×Bφ-direction. The simulated

in/out asymmetry is consistent with previously reported experimental and computational

results. The results are also qualitatively consistent with the variation of amplitudes of inner

target profiles in TCV. On the outer target the measured amplitude variation at target profiles

upon Bφ-reversal are, however, smaller than predicted.
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periments

This final chapter presents a quantitative test of SOLPS-ITER simulations against TCV L-mode

experiments. These simulations account for drifts, currents, kinetic neutrals and carbon

impurities providing the most complete edge transport simulations for TCV to date. The com-

parison is performed on nominally identical discharges carried out to assess the effectiveness

of TCV’s divertor baffles in the framework of the European PEX program (Plasma EXhaust)

and employs many available edge diagnostics. Section 8.1 focuses on the most recent results

from TCV discharges without divertor baffles, followed by section 8.2 with baffles installed,

where the focus lies on variations in trends obtained from the unbaffled case. This broad

simulation to measurement comparison generally shows qualitative consistency, as presented

in the previous Chapters 5-7, but quantitative differences remain, that are assessed here. It is

found that the simulations most notably yield a colder, and denser, divertor state with higher

divertor neutral pressure.

The code settings of simulations used for the comparison, listed in Tables 8.1b and 8.2b, are as

outlined in Chapter 3. We recall the basic assumptions for our simulations:

• spatially constant transport coefficients D AN
⊥ = 0.2 m2/s, χAN

⊥ = 1.0 m2/s,

chosen to match radial density and temperature falloff lengths of upstream profiles

• constant chemical carbon sputtering yield Ychem = 3.5%,

chosen to match radiated power in the SOL

• species-independent particle recycling coefficient R = 1−pp = 0.99 on all PFCs,

chosen to match gas fuelling rates

• heating power equally shared between electrons and ions Pcor e,e = Pcor e,i = 165 kW,

chosen to match power crossing the separatrix

Similar parameters were used in previous SOLPS simulations for TCV (without drifts) by Wis-

chmeier [154], Havlickova [39] and Fil [44]. The sensitivity of simulation results to variations

of these parameters is discussed in Chapter 2.
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8.1 Comparison of PEX density ramps - without divertor baffles

TCV L-mode discharges without divertor baffles are compared to corresponding SOLPS-

ITER simulations. The experiments are performed in reversed Bφ, are Ohmically heated and

feature a plasma current of Ip = 250 kA. The plasma geometry is a lower single null geometry

and remains constant for all discharges, Figure 2.8. The connection lengths from the outer

midplane to the inner and outer target equals Li t
|| ≈ 13 m and Lot

|| ≈ 12 m (evaluated 5 mm

from the separatrix). The poloidal flux expansion at the targets is f i t
exp = 1.8 and f ot

exp = 3.0.

These PEX-reference discharges were designed to experimentally assess the effectiveness

of the new divertor baffles using plasma density ramps with frequent repetitions and are

well-diagnosed with a large set of edge-relevant diagnostics. The experimental database,

therefore, provides an ideal testbed for SOLPS-ITER simulations permitting a broad and

stringent comparison.

Diagnostic availability for all considered discharges is summarised in Table 8.1a. The com-

parison excludes the RDPA as the outer leg is too radially outward and the RCP that was not

mounted on the midplane port for this campaign. The corresponding SOLPS-ITER simula-

tions, for a range of densities obtained by varying the gas puff, are listed in Table 8.1b.

a) PEX experiments - no baffle

#shot BAR BOLO TS CXRS VIR HIR LP RCP RDPA DSS MANTIS

65903
66092
66100
66415
66480
66857
67162
67256
67681
67683

b) SOLPS simulations - no baffle

gas puff ΓD2 [1020 D0/s] 1.5 2 3 4 5 6
nsep,omp

e [1019 m−3] 1.02 1.14 1.27 1.61 1.81 2.12
MDS number 181516 179196 161457 179182 176913 179181
(continued)

7 8 10 12 15
2.27 2.46 2.86 3.07 3.80
178560 181757 181751 181759 181758

Table 8.1 – a) Diagnostic availability in TCV discharges without baffles: red=no data avail-
able, green=data acquired, b) SOLPS-ITER density scan with separatrix density at the outer
midplane nsep,omp

e and MDS number.
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8.1.1 Strategy for comparison

Plasma density ramps were used to probe the effect of SOL collisionality. Here the line-average

density 〈ne〉l , measured from FIR, section 2.3.1, is increased until a plasma disruption is

reached using the divertor gas puff. Only the discharges in section 8.1.7 are performed at

constant 〈ne〉l .

The large experimental data set of identically programmed discharges also allows the study of

experimental reproducibility for different operational days. Previously, a high level of repro-

ducibility on TCV edge experiments was found by Verhaegh in experiments during a single

operational day for spectroscopic measurements [141, section 4.4]. In the following it will be

shown that our discharges, separated in time by weeks or months, indicate significant varia-

tions. This complicates any comparison with numerical simulations as parameters, evidently

not controlled experimentally, affect the plasma state. This is, in general, attributed to ma-

chine conditioning, i.e. impurity content, and may be expected to change, for example, with

the number and kind of discharges from the last preceding boronisation. However, discharges

directly after boronisations show also significant scatter, even on the same operation day

(e.g. discharges 67681, 67683). The underlying reason for this experimental variation remains

elusive.

For the simulation to experiment comparison, an ordering parameter is required to assign a

particular experimental time during the density ramp of each discharge to a particular simula-

tion. An unambiguous match requires that such an ordering parameter evolves monotonically

across the density ramp. This restriction rules out the upstream separatrix density nsep,u
e

which, in some discharges, is found to exhibit a roll-over, cf. Figure 8.1 and 8.19, and, similarly,

in the integrated particle flux to the targets.

In the following, the line-averaged density 〈ne〉l will be used as ordering parameter. Experi-

mentally, 〈ne〉l is measured by the FIR, section 2.6, across a vertical chord passing through

the plasma core. In the simulation, 〈ne〉l is not accessible as the plasma core is not modelled.

Nevertheless, the experimental relation between nsep,u
e and 〈ne〉l , Figure 8.1, can be used to

attribute a line-averaged density to each simulation. Here, the upstream separatrix density

nsep,u
e is inferred at the lower TS-separatrix intersection where the TS system obtains high

spatial resolution in the SOL[1]. The TS data within a time window of [−50,+50] ms in a region

of [−1,+1] cm around the separatrix location is used to determine the separatrix values of

electron density nsep,u
e , temperature T sep,u

e and pressure p sep,u
e using a linear least square fit.

For the TCV PEX discharges the relation

nsep,u
e ≈ 0.3〈ne〉l (8.1)

is found adequate for both the unbaffled, Figure 8.1, and baffled divertor, cf. Figure 8.19. The

aim of the comparison here is to reproduce and explain systematic experimental trends and

[1]The high Te TS polychromators at the upper intersection are found to yield poor data quality in the edge.
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Figure 8.1 – Separatrix density upstream inferred by Thomson scattering at the lower
intersection with the separatrix as function of line-averaged density 〈ne〉l . The relation
nsep,u

e ≈ 0.3〈ne〉l is used to attribute a value of 〈ne〉l to each simulation.

identify possible shortcomings of the simulations rather than to reproduce details in single

experiments.

The evolution of the upstream density nsep,u
e , Figure 8.1, shows low experimental scatter at low

〈ne〉l whereas deviations occur at high density, where some shots (#66092) feature a roll-over

in nsep,u
e near 〈ne〉l ≈ 9.5 ·1019 m−3, approximately 100 ms before the final disruption. Such a

roll-over is considerably more pronounced in baffled shots and will be discussed in section

8.2.1. However, the simulated nsep,u
e also increases monotonically with increasing gas puff.

The non-stationary plasma density in these experiments[2] raises the question as to the influ-

ence of the ramp rate on the resulting plasma state and, to what extent, a comparison with

stationary simulations is meaningful. We find that discharges at constant plasma density 〈ne〉l ,

cf. section 8.1.7, feature upstream densities nsep,u
e that is 10-20% lower w.r.t corresponding den-

sity ramp discharges in Figure 8.1 (not shown). This deviation is attributed to the finite particle

transport time scale τp needed to increase the core density through perpendicular transport

following increased ionisation in the edge region. For TCV, we estimate the transport time

as τp ≈ a2/D AN
⊥ ∼ 0.2 s, with minor radius a = 0.2 m and particle diffusivity D AN

⊥ = 0.2 m2/s,

taking the anomalous diffusivity near the separatrix from the simulations as a crude estimate.

The density ramp introduces another time scale τr amp = 〈ne〉l /|d〈ne〉l /d t | ≈ 1 s, such that

deviations between discharges at constant density and density ramps may be expected for

τr amp ∼ τp . Hence, it is important to note that the line-average density 〈ne〉l , by itself, is not

always a suitable ordering parameter and choosing (8.1) for the comparison is only justified

by the resulting reasonable match in the average upstream profiles, cf. section 8.1.2.

[2]Here, the density ramp rates are d〈ne 〉l /d t ≈ 6 ·1019 m−3/s.
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8.1. Comparison of PEX density ramps - without divertor baffles

The comparison includes upstream plasma parameters, section 8.1.2, target plasma parame-

ters, section 8.1.3, divertor neutral pressure, section 8.1.4, radiation and impurity densities,

section 8.1.5, and spectroscopic measurements, all analysed for density ramp experiments,

section 8.1.6. Additional experiments, at constant density, aim to simultaneously compare

electron density and temperature profiles at several poloidally-separated positions in the SOL,

section 8.1.7.

8.1.2 Upstream plasma parameters and profiles

The upstream density ne and temperature Te profiles are inferred from Thomson scattering at

the lower intersection between separatrix and the TS laser. The empirical anomalous transport

coefficients are chosen to best match the experimental profiles (within experimental scatter)

for these L-mode plasmas, Figure 8.2a-h. Spatially constant transport coefficients are found

sufficient to approximate the experimental profiles in the SOL. The agreement is worse on

closed flux surfaces and worsens further into the plasma core. This is, however, not thought

to invalidate the comparison in the SOL as the core only affects the SOL parameters through

fluxes across the separatrix.
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Figure 8.2 – a)-d) TS electron density ne and e)-f) TS electron temperature Te , i)-l) CXRS ion
temperature Ti measurements during density ramp

The ion temperature in the core-edge region is measured with the CXRS diagnostic, section

2.3.5. The measurements suggest that the simulated Ti is underestimated, Figure 8.2, albeit

with relatively large experimental uncertainties in the SOL. Nevertheless, simulations and

experiments consistently find an ion temperature that exceeds the electron temperature,

T u
i > T u

e .
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Figure 8.3 – Comparison of the density
dependence of upstream electron temper-
ature Te and static electron pressure pe

The dependence of electron temperature Te and

electron static pressure pe = ne Te on plasma den-

sity is shown in Figure 8.3. Interestingly, T sep,u
e de-

creases during a density ramp, whereas no change

is expected from the basic, conductive, two-point

model, Table 3.1. The dependence is, however,

readily reproduced in SOLPS-ITER simulations

where it is caused by an increased contribution

of heat convection as the divertor cools for higher

plasma density. Nevertheless, the static elec-

tron pressure p sep,u
e increases with plasma den-

sity. Only discharges #65903 and #66092 feature

a deviation of the simulated trend where T sep,u
e

and p sep,u
e drops strongly before the disruption

(assessed further in section 8.2.1). The discharges

#67681 and #67683 were performed shortly after

a boronisation and feature generally higher T sep,u
e

and p sep,u
e for a given 〈ne〉l with respect to the

other discharges also indicating that the impurity

content influences the upstream parameters.

8.1.3 Target plasma parameters and profiles

Target plasma parameter measurements for particle flux jsat /e, heat flux q⊥, electron density

nt
e and electron temperature Te are provided by wall-mounted voltage-swept Langmuir probes,

section 2.3.6, and infrared cameras, section 2.3.7.

Target particle flux

The target particle fluxes are directly related to the volumetric particle sinks and sources in the

plasma

Ii t + Iot ≈
∫

Spar t dV (8.2)

and thus provide a comparison to the simulated particle balance. Furthermore, the target par-

ticle flux profile shapes and their in/out asymmetry are influenced by the spatial distribution

of the particle source and transport parallel and perpendicular to the magnetic field direction.

The simulated target particle flux profiles jsat /e and their integrals are compared for both

targets, Figures 8.4 and 8.5.
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Figure 8.4 – Comparison of inner and outer
target particle flux profiles employing wall-
mounted LPs

The simulated profile shape at the inner target

is consistent with the LP measurements, but

its fine-structure[3] cannot be verified in these

experiments without strike point sweeping due

to the relatively large spatial separation of the

LPs (∼ 2 cm) at the inner wall. The integrated

particle flux to the inner target is overestimated

in the simulations by up to factor ∼ 2. The sim-

ulated outer target jsat profile is more symmet-

ric than experimentally observed where a steep

flank towards the PFR region prevails. Never-

theless, the integrated particle flux, including

the in/out asymmetry, is reasonably well repro-

duced in the simulations, Figure 8.5.

Note, that neither experiment [4] nor simula-

tions feature a clear roll-over of the particle flux

at the inner or outer targets. In section 8.1.6

it is demonstrated that this deficiency is con-

sistent with spectroscopic measurements that

indicate little volumetric recombination.

2 4 6 8 10 12
0

5

10

15

inner target

outer targetLP

Figure 8.5 – Comparison of inner and outer target particle flux profiles employing wall-
mounted LPs

[3]E.g. the double-peaked profiles at the inner target at low density, cf. section 7.3.2, which have been observed
in previous TCV experiments [23]

[4]An outer-target roll-over is only observed in 65903 and 66092, the discharges with upstream pressure drops.
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Target heat flux

4 6 8 10

66092
66100
66415
66480
66857
67162
SOLPS

0

50

100

150

0

40

80

120

160

200

a)

b) VIR

HIR

Figure 8.6 – Comparison of power to the
outer and inner target (infrared cameras)

The deposited power at both targets is related

to the radiation losses in the plasma

Pi t +Pot ≈ PSOL −
∫

QSOL
r ad dV (8.3)

and thus provides a test of the simulated PSOL

and SOL radiation. Note, ionisation and dis-

sociation do not directly contribute to (8.3) as

the involved energy is retained as potential en-

ergy within the plasma and is redeposited at

the targets whereas the thermal energy density

of the plasma is locally reduced. Equation (8.3)

furthermore assumes that neutral particle heat

loads towards PFCs remote from the targets are

negligible. Target heat flux profiles and their

in/out asymmetry are also influenced by the

spatial distribution of volumetric power sinks

and heat transport parallel and perpendicular

to the magnetic field direction.

The simulated power to the inner target Pi t exceeds the experimental infrared camera mea-

surements at low density but agrees reasonably well for high plasma density, Figure 8.6a. The

horizontal IR indicates decreasing Pi t with increasing density, as predicted by simulations,

albeit to a smaller extent. Contrary to the simulations, the vertical infrared camera indicates

increasing Pot during the density ramp, which is unexpected as the SOL radiation increases

from ∼ 60 to ∼ 140 kW that cannot be explained by a variation in PSOL alone, cf. section 8.1.5.

The simulated target heat flux profiles q t
⊥ and their integrals are compared at both targets

using Langmuir probe and infrared camera measurements, Figure 8.7. The comparison

shows reasonable agreement between LPs and IR for low plasma density, within the limited LP

resolution at the inner SP, Figure 8.7 a-d. However, at high density the LP measurements exceed

the infrared camera heat flux, Figure 8.7 e-h. This result is rejected as LPs can only account for

power deposited by the plasma and the potential energy, whereas the infrared cameras are

additionally sensitive to radiation and neutral heat load contributions, such that q I R,t
⊥ > qLP,t

⊥ .

The simulations indicate, however, that the contribution from neutral and radiation to the

total peak heat flux is small. Accounting for neutral and radiation heat loads most notably

gives rise to a near constant background level. The comparison indicates overestimated T t
e by

the LPs, as the sheath heat transmission coefficient for LPs γ= 5 is already chosen to be low.

Furthermore, a large experimental scatter between the discharges is observed at high plasma

density even within measurements from the same diagnostic, Figure 8.7 g-h.
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Figure 8.7 – Comparison of target heat flux measurements by Langmuir probes (�) and infrared
cameras (•) at the inner (left) and outer (right) target for various plasma densities. Solid black
lines (-) indicate the total heat flux to the target, accounting for plasma, potential energy,
radiation and neutral contributions according to (3.44). Dashed black lines (- -) correspond to
the heat flux excluding neutral and radiation contributions, i.e. those contributions detectable
by LPs.
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At low density, the simulated heat flux profile features a similar shape, albeit with different

amplitude, compared to the experimental profile, with a steep flank towards the PFR. At high

density, especially for the outer target, the simulated heat flux profile is nearly symmetric,

whereas the steep flank towards the PFR prevails experimentally.

It is thought that the infrared cameras may pick up radiation from the plasma in the divertor

volume [5]. This does, however, not explain the disagreement to Langmuir probes and requires

further attention in future experiments.
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Figure 8.8 – Comparison of target ne profiles
employing wall-mounted LPs

Reactions between plasma species, neutrals

and molecules (electron-impact excitation and

resulting radiation, ionisation, recombination,

dissociation etc.) are often strong functions of

electron density ne and temperature Te . Hence,

deviations from these values in the simulation

may significantly enhance certain reactions,

e.g. an underestimation of Te may activate, or

enhance, processes that lead to further reduc-

tions of Te . It is, hence, important to accurately

match ne and Te in the SOL, for which a rea-

sonable match is obtained upstream, section

8.1.2.

The target electron density nt
e is obtained from

wall-mounted LPs, Figure 8.8. The simulated

density exceeds that from the LPs by up to fac-

tor ∼ 4. The measured target densities are com-

parable to upstream densities from TS, whereas

the simulations show significantly larger values

nt
e > nu

e . Similar to particle flux and heat flux profiles, the simulated density profile lacks the

experimental radial asymmetry with steep flanks towards the PFR at high density.

The target electron temperature T t
e from LPs is compared to the simulation results, Figure 8.9.

The simulated target electron temperature decreases strongly with increasing plasma density,

as expected for a conduction-limited regime. Also seen experimentally, a reduction of target

temperature is observed, albeit not below T t ,max
e ≈ 7 eV.

Notably, discharges carried out shortly after a boronization (67681 and 67683) feature system-

atically higher T t
e , lower nt

e and higher T sep,u
e , cf. Figure 8.3. This is consistent with a lower

impurity concentration, cf. section 8.1.5,

[5]Possible candidates are atomic hydrogen lines (Brackett n → 4 and Pfund series n → 5) and molecular radiation.
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Figure 8.9 – Comparison of target Te profiles employing wall-mounted LPs

In summary, the simulations correctly capture the measured particle flux to the target and its

in/out asymmetry. The target heat fluxes, however, are not captured correctly. The simulation

underestimates Pi t for low plasma density and only becomes comparable at high density,

whereas Pot remains underestimated. The disagreement between IR and LP heat fluxes,

together with the unexpected experimental increase of Pot (that may hint at pickup of plasma

radiation from the IR) raises the question of the validity of the measurements as estimates of

power deposition and demands further attention. Langmuir probe measurements indicate

that the simulations overestimate the density nt
e and underestimate the temperature T t

e . As

Langmuir probes are prone to overestimate temperatures in a cold divertor due to kinetic

effects, cf. [46], the result may be simply a shortcoming of the measurements. Supplementary

data from the DSS, section 8.1.6, divertor Thomson scattering and RCP plunges in the divertor

leg aim to clarify the density and temperature discrepancy, section 8.1.7, and provide further

indications that the simulated T t
e is, indeed, underestimated.
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Chapter 8. Quantitative comparison to TCV experiments

8.1.4 Divertor neutral pressure

The divertor neutral pressure pdi v
n is measured with the divertor baratron, section 2.3.2. The

simulations and experiments in preparation of the TCV divertor upgrade, presented in Chapter

4, demonstrate that neutral dynamics may significantly affect the plasma state in the SOL. The

synthethic baratron model, discussed in section 5.3.1, enables a direct comparison of these

simulations with the measurements, Figure 8.10.
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Figure 8.10 – Divertor neutral pressure pdi v
n as measured by the divertor baratron gauge

The comparison reveals that the simulated divertor neutral pressure pdi v
n systematically

exceeds the measured value by factor ∼ 4 for a given line-average density 〈ne〉l .

Only discharge #65903 approaches the simulation predictions reaching values of 95 mPa at

the highest density, whereas all other discharges remain below 50 mPa. Discharge #65903 was

one of the first TCV discharges after the baffle installation in 2019 with freshly sand-blasted

tiles and subsequent a boronisation. As this shot also reaches higher 〈ne〉l , this discrepancy

was first hypothesised to be connected with the boronisation and the low impurity content in

the machine. Surprisingly, comparable repeats #67681 and #67683, with a freshly boronised

vessel, resulted in the lowest divertor pressure pdi v
n in the dataset.

Additional complication is added to the measurement interpretation by the finite delay and

response times of the baratrons, each ≈ 60 ms. These are however insufficient to reconcile

simulated and measured baratron pressure. Further discussion of the discrepancy is provided

in context of the baffled experiments, section 8.2.4.
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8.1.5 Radiation and impurity content

Carbon is the main radiator in the SOL for unseeded TCV discharges and therefore essential in

understanding its power balance. The SOL carbon content and resultant radiation is compared

employing CXRS, section 2.3.5, and BOLO, section 2.3.3, to further assess the discrepancies

between the simulated and experimental density and temperature target profiles discussed in

section 8.1.3.

Core-edge C6+ content - CXRS

The density of fully-stripped carbon ions nC 6+ is measured with the CXRS diagnostic in the

core-edge region, Figure 8.11.
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Figure 8.11 – CXRS measurements of fully stripped carbon in the edge region

The simulated nC 6+ in the core edge region ranges from 1−10·1016 m−3, i.e. nearly one order of

magnitude smaller than measured in shot #67162 only matching carbon levels for shots taken

shortly after a boronisation (#67681 and #67683). This discrepancy cannot be explained by a

lack off local ionisation in the simulation as ne and Te are reasonably matched in that region.

In the simulations shown here, Te at the core boundary is in the range 200−320 eV, where for

a coronal equilibrium (i.e. effectively no transport) nearly all carbon should be fully stripped,

cf. Figure 3.7. Also in the simulation, the fractional abundance of C6+ ranges from 50 and 80%

near the core boundary. Even the total carbon content, i.e. accounting for all ionisation states,

is lower by factor ∼ 4 w.r.t to CXRS measurements 5 cm from the separatrix, but becomes

comparable to CXRS measurements near the separatrix. In practise, recombination of C6+

is negligible in the corresponding area for the simulation. The discrepancy can possibly be

explained noting that carbon C6+ production in the simulation only occurs locally through

ionisation, a radial outflux of C6+ across the core boundary is not permitted as the core

boundary particle flux is set to zero for all plasma species. C6+ can then only be created in the

5 cm broad region around the core boundary while outflux from regions deeper from the core

is neglected.
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Chapter 8. Quantitative comparison to TCV experiments

The density estimates of the CXRS depend inversely on the neutral density from the neutral

beam [81, Equation 2.10]. Spatial misalignment between the CXRS lines of sight and the DNBI

beam would hence yield an overestimated carbon measurement. An order of magnitude error

is, however, considered very unlikely [5].

Contrary to the CXRS results upstream, the following will show that the simulated carbon

content is likely to be overestimated in the divertor.

SOL impurity radiation - BOLO

Bolometers, cf. section 2.3.3, provide line-integrated measurements of incident power from

neutrals and radiation [W/m2]. The measurements can be used to compare the radiated

power in the scrape-off layer P SOL
r ad with the assumption that the neutral contribution to the

measurement is negligible and thus provide another measure of the influence of SOL impurity

content. Furthermore, an estimation of the power crossing the separatrix can be made, given

by PSOL = POhm −P cor e
r ad where POhm is the Ohmic heating power and P cor e

r ad is the radiated

power in the core region according to the tomographic inversion of BOLO measurements.

The Ohmic heating increases during a density ramp, as explained in section 4.2, that is partially

counteracted by enhanced core radiation. The power crossing the separatrix PSOL shows only

an increase with density from approximately 270 kW to 350 kW, Figure 8.12a. The simulated

value stays approximately constant at ≈ 300 kW for the choice of Pcor e = 330 kW supplied over

the core boundary. Variations of PSOL of ±10% were found to have little effect on the simulated

target parameters, section 4.2.

The radiated power is evaluated from the bolometry tomographic inversion in the SOL and

core regions and can be divided between core and SOL radiation using the LIUQE equilibrium

reconstruction. This method is highly prone to uncertainties in the separatrix position. Both

in simulations and experiments P SOL
r ad is found to increase with plasma density 8.12b. The

predominant part of radiated power in the simulation is provided by C2+ and C3+ and their

excitation emission through electron impact that is sensitive to the local electron temperature

Te , cf. section 3.5.9, that increases linearly with density ne . The comparison of P SOL
r ad provides

a test of the simulated carbon source from wall sputtering as the radiated power is linked

to the carbon density. The simulated radiation is overestimated by up to 50% for low and

medium plasma density up to 〈ne〉l ≈ 9 ·1019 m−3, whereas simulated and measured P SOL
r ad

agree within the experimental scatter for high density. The radiated power hence indicates an

overestimated divertor carbon density and/or more favorable divertor conditions for carbon

to radiate, e.g. overestimated ne .

To further investigate the spatial distribution of the radiation in the SOL, synthethic bolome-

ters were developed for TCV’s SOLPS simulations. The simulated radiated power density

Qr ad [W/m3] is integrated along coordinate s of the lines of sight of each of the 64 bolometer
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8.1. Comparison of PEX density ramps - without divertor baffles

chords

q f oi l =
∫

Qr ad d s. (8.4)

To account for the finite width of bolometer chords each viewing cone is subdivided into 50

sub-chords and averaged. The opening angle of the cone is equal to half the angular difference

to adjacent chords. This technique allows direct comparison with calibrated bolometric chord

brightnesses [W/m2], Figure 8.12c-f, without relying on tomographic inversion that was found

insufficient to resolve known features in the radiation profile [141, section 4.3.1].
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Figure 8.12 – a) Estimate of power crossing the separatrix PSOL = POhm −P cor e
r ad , b) power

radiated in the SOL P SOL
r ad , c-f) evolution of line-integrated absorbed power per channel during

the density ramp. The numbering of BOLO chords is shown in Figure 2.7. Shaded areas
correspond to the top (blue), upper lateral (green), midplane lateral (purple), lower lateral
(black) and bottom BOLO cameras (red).

The synthethic bolometer, Figure 8.12c-f, shows remarkable agreement with the TCV data

confirming the spatial distribution of the simulated radiation profile. Discrepancies are visible

in the bottom camera channel for all densities (red shaded area) where the simulated chord

brightness exceeds the measured values. This deviation decreases for higher plasma density.

The synthethic bolometer thus confirms the trend observed in Figure 8.12b indicating overes-

timated P SOL
r ad at low and medium plasma density and enables us to attribute the mismatch to

the divertor region. From the comparison it is, however, not clear whether the divertor carbon
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content is overestimated or the plasma conditions are more favorable to promote carbon

radiation. Such promoted carbon radiation would possibly related to the larger simulated ne

and lower Te as indicated by LPs, section 8.1.3.

8.1.6 Spectroscopic comparison

Spectrally resolved emission from the divertor region is measured by the DSS, section 2.3.10.

It enables further comparison of the divertor plasma state and the underlying atomic pro-

cesses between experiment and simulation from Balmer and Carbon spectral line emission

measurements.

Balmer lines

Balmer line emissivities depend on the electron density ne , electron temperature Te , the deu-

terium ion density nD+ (recombination emission) and the deuterium atomic neutral density

nD0 (excitation emission) under the assumption of negligible molecular contributions and

can be evaluated from the simulation following equation (5.6). Spectroscopic measurements

can therefore probe the divertor plasma conditions with high sensitivity and provide an ideal

testbed for the simulations. Balmer lines become increasingly sensitive to volumetric recom-

bination as a function of primary quantum number n as recombination reactions tend to

populate higher n levels w.r.t. electron impact excitation. Therefore, the ratio between Balmer

line brightnesses of different upper n transitions can be used as an indicator for the excita-

tion to recombination ratio. A quantitative separation of the recombinative and excitative

contributions from TCV Balmer lines was first applied by Verhaegh [142][141, section 7.2].

The comparison employs the DSS diagnostic view lines after its 2019 upgrade, cf. Figure 2.14a.

DSS measurements of D5→2, D6→2 and D7→2 line brightnesses are taken for the unbaffled

discharges, Figure 8.13. The line-integrated DSS measurements correspond to the viewing

chords intercepting the outer divertor leg, numbered in ascending order from the outer strike

point towards the X-point. A synthethic DSS estimation follows the same methodology as that

for the synthethic bolometers and permits a direct comparison with the measurements.

The measured and the synthethic DSS chord brightnesses generally reveal two distinct peaks

corresponding to the outer and inner strike point. The absolute value of the Balmer line

brightness is overestimated near the strike points and suggests a locally overestimated density,

whereas the data agrees quantitatively along the outer divertor leg, within the experimental

scatter, for low plasma density, Figure 8.13 a,e,i. The measured Balmer line signals show

little variation upon increasing plasma density, whereas the simulations predict strongly

increased D6→2 and D7→2 emission near both strike points due to increasing recombinative

contributions to the respective Balmer lines.

The Balmer line ratio D7→2/D6→2 is expected in the range 0.22-0.27 for an excitation domi-

nated plasma and 0.57-0.60 for a recombination dominated plasma for typical TCV densities
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Figure 8.13 – Balmer line comparison between DSS and synthethic diagnostic, chords are
numbered starting from the lowest DSS chord corresponding to the location close to the outer
target and ascending towards the X-point/inner target

ne = 1019 −1020 m−3 assuming a neutral fraction in the range nD0 /ne = 10−3 −1 [143, Figure

2]. The DSS measurements confirm that the outer divertor leg remains excitation-dominated,

whereas the simulation shows recombinative contributions increasing with plasma density,

Figure 8.14. This observation is consistent with the colder/denser target conditions in simula-

tion w.r.t Langmuir probe measurements, section 8.1.3, as volumetric recombination is only

expected to become important at low temperature and features a strong density dependence,

cf. Figure 3.5.

Carbon lines

The predominant volumetric heat sinks in our simulations are impurity radiation and electron-

neutral interaction[6]. Here we aim to examine the carbon content by comparing the CII

[6]Including D0 ionisation and dissociation of D2.

203



Chapter 8. Quantitative comparison to TCV experiments

0 10 20 30
DSS chord

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0 10 20 30
DSS chord

0 10 20 30
DSS chord

0 10 20 30
DSS chord

a) b) c) d)
outer target inner target

X-point

DSS

Figure 8.14 – Comparison of Balmer D7→2/D6→2 line ratios

426.8 nm line[7] emitted by C+-ions in the divertor, Figure 8.15. The comparison shows that

the simulated carbon emission along the divertor leg exceeds the measurement by factor ∼ 2,

qualitatively consistent with the bolometer results, section 8.1.5. This is another indication of

an overestimated divertor carbon content in the simulation and/or that the divertor conditions

are more favorable for carbon to radiate as discussed above. However, the notion of an

overestimated divertor carbon content remain in contrast to the results of CXRS measurements

where lower carbon levels were found in the simulation, section 8.1.5.

The simulations show retraction of the CII emission front towards the X-point with increasing

plasma density, as the corresponding energy level occupation by electron excitation is strongly

suppressed below a certain local electron temperature Te . Experimentally, a detachment of the

CII emission from the target is not observed, whereas its peak intensity is flattened indicating

a cooling of the strike point.
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Figure 8.15 – Comparison of CII (426.8 nm) line brightness

The SOLPS-ITER simulations can be used to generate a relation between carbon front location

of CII and CIII, employing the 90% quantile front criterion as in section 5.3.2, for the Te -front

position, Figure 8.16. The simulation relates the CIII 465.0 nm-front position to a local Te in

the range of 7−10 eV and the CII 426.8 nm-front in the range 2−5 eV. For 〈ne〉l = 9.5 ·1019 m−3,

Figure 8.15, the simulated CII-front features a temperature ∼ 3 eV, whereas the measured

[7]The often employed CIII-line at 465.0 nm is not measured for these discharges.
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Figure 8.16 – Carbon radiation front positions evolution during SOLPS density scan. Front
criterion: 90% quantile, cf. Chapter 5

CII-signal remains attached to the target indicating a higher Te . The DSS measurements

thus qualitatively support the Langmuir probe observations. MANTIS measurements[8] show

that the CIII-front detaches from the outer target during the density ramp (not shown), thus

providing an upper bound for T t
e of 10 eV, according to Figure 8.16, which is compatible with

the bulk of the LP measurements, cf. Figure 8.9 h.

DSS Stark density measurements are unavailable as line broadening during these discharges

falls below the detectable level, thus providing further evidence that high densities, as seen in

the simulation (up to nt
e = 8.4 ·1019 m−3), are not attained in the considered discharges #67162

and #67256.

8.1.7 Simultaneous ne ,Te -comparison in four poloidally separated regions

The density ramp experiments discussed above, section 8.1, indicate that the simulations

underestimate T t
e and overestimate nt

e compared with Langmuir probe measurements. Lang-

muir probes are, however, prone to misinterpretation in low Te condition, where the electrons

in the high energy tail of their distribution function contribute over-proportionally to the

I-V characteristics leading to an overestimation of Te , cf. section 2.1. To check the validity

of the Langmuir probe estimates, and further assess cross-field transport in the divertor leg,

simultaneous measurements of ne and Te profiles along the divertor leg are performed at four

poloidally separated locations employing Thomson scattering (TS), the reciprocating probe

(RCP) and Langmuir probes (LP).

TS provides SOL profiles at three viewing chord intersections with the separatrix: two in the

upper SOL at the upper and lower part of the main plasma and one in the divertor. The upper

intersection with the separatrix is not employed here as the corresponding polychromators

[8]CII-measurements from MANTIS are not available.
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are not optimised for the edge plasma and obtain poor signal-to-noise ratio in the edge for our

discharges, whereas the TS system at the lower separatrix intersection, marked as 1 in Figure

8.18a, features high spatial resolution in the edge. The reciprocating probe was mounted on

the lower lateral port providing measurements below the X-point 2 . RCP measurements

are binned in 40 bins of width ∼ 1.1 mm[9] for better contrast. The lowest TS measurement

volume, ∼ 6 cm above the vessel floor, provides a third poloidal measurement location 3 .

The TS lasers are operated in simultaneous triggering mode to ensure sufficient collected light

limiting the pulse rate to 20 Hz. A slow strike point sweep with low amplitude is used to resolve

the divertor TS profile radially. These discharges were taken at fixed line-averaged density in

the range 〈ne〉l = 4 ·1019 m−3 to 9 ·1019m−3 to obtain many sample points for a given density.

Voltage-swept LPs provide the fourth poloidal measurement location 4 .

separatrix

wall surface

Figure 8.17 – Error
propagation of diver-
tor TS position.

Herein, the upgraded TCV divertor TS spectrometers [7] are used for

the first time for a quantitative comparison with simulations and other

diagnostics. The TS measurements are taken in volumes of finite size

defined by the width of the laser beam and the imperfect superposition

of the three beams in the divertor, corresponding to an estimated radial

width of ∆R ≈ 18.3 mm. The considered measurement volume has a

vertical height of ∆Z = 12 mm. The resulting radial displacement, i.e.

perpendicular to magnetic flux surfaces is obtained geometrically,

dr =
√
∆R2 cos2βθ+∆Z 2 sin2βθ (8.5)

with poloidal leg tilt-angle βθ, here βθ ≈ 18◦, cf. Figure 8.17. Upstream mapping results in

a radial measurement volume extent dr u = dr / fexp reduced by the poloidal flux expansion

fexp , here f ot
exp ≈ 3. For our discharges we obtain dr u ≈ 5.9 mm. Possible uncertainties in

the separatrix position are neglected as these are likely smaller as the profiles in the various

poloidal positions align well with each other.

First, the measurements of electron temperature Te are considered, Figure 8.18b-e. At the

upstream location 1 , Figure 8.18b, the SOLPS simulations agree with the measurements

within the experimental scatter, but notably lie at the higher end of that scatter. Also here,

the previously seen trend of lower Te with higher ne is evident, cf. Figure 8.3. At the RCP

plunge below the X-point 2 , Figure 8.18c, the simulation profiles also agree well with the

measurement. The peak values and radial falloff lengths in both radial directions are matched.

At the divertor TS location above the target 3 , Figure 8.18d, the profiles are still reasonably

matched in absolute value and radial width. However at the outer target 4 , Figure 8.18e, the

simulations yield T t
e that is systematically lower than measured by Langmuir probes, whereas

LP yield temperatures that are comparable to divertor TS results, T t ,max
e ≈ 18 eV (low density)

and T t ,max
e ≈ 10 eV (high density). Nonetheless, the profile shape is still reproduced for the

low density case.

[9]In each bin, with data points yi and uncertainties σi , we calculate the weighted averaged ȳ =(∑
i yi /σ2

i

)
/
∑

i σ
−2
i and bin uncertainty σȳ = 1/

√∑
i σ

−2
i
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Figure 8.18 – Comparison of electron density ne and temperature Te profiles in several poloidal
positions: a) plasma geometry with upstream TS intersection 1©, RCP plunge 2©, divertor TS
3© and wall-mounted LPs 4©, b-e) corresponding Te profiles and f-i) ne profiles. MDS numbers

SOLPS: 179196, 176913

Next, the measurements of electron density ne are considered, Figure 8.18f-i. At the upstream

location 1 , Figure 8.18f, the SOLPS simulations agree with the measurements in the SOL

to within the experimental scatter. At the RCP plunge below the X-point 2 , Figure 8.18g,

deviations between simulations and the measurement are evident. The peak value is underes-

timated and the decay lengths towards CFR and PFR are overestimated. The high density case

features a narrow peak, that is attributed to drifts, as it is absent in simulations without drifts

and not observed in the experimental profile. At the divertor TS location above the target 3 ,

Figure 8.18h, the peak value is again consistent with the measurement, whereas the simulated

profile is broader than experimentally observed. At the outer target 4 , Figure 8.18i, the

density is overestimated w.r.t. wall-mounted LPs and here the profile width is overestimated

for the high density case.

The measurements indicate that the poloidal density and temperature gradients are weak

between position 3 and 4 . Spectroscopic measurements employing MANTIS indicate that,

in both discharges, the CIII-front does not strongly detach from the target (not shown) confirm-

ing that the real target temperature T t ,max
e > 7 eV, cf. Figure 8.16, is indeed underestimated by

the simulation (T t ,max
e = 2.6 eV ). The strong poloidal Te and ne gradients close to the target

in the simulation may possibly explain the stronger outer target Balmer line emission near the

207



Chapter 8. Quantitative comparison to TCV experiments

target w.r.t the DSS measurements, 8.13. Upon searching for reactions in the simulations in

the considered volume close to the target that provide significant contribution to the balance

equations, we find significant momentum losses from atomic charge-exchange and power

losses from electron-molecule reactions (not shown). This suggests a link to the overestimated

divertor neutral pressure, section 8.1.4, as the strength of these reactions is proportional to the

divertor neutral density. Attempts to reconcile the simulated and measured divertor neutral

pressure are discussed in section 8.2.4.

RCP, divertor TS and LPs consistently indicate that the density profile width is overestimated

in the simulation. In simulations without drifts this can be easily corrected by reducing the

anomalous transport. However, improvement of the match to the experimental profile was not

achieved in these drift simulations by reducing of D AN
⊥ and χAN

⊥ by up to factor 4 (not shown),

consistent with the finding that the simulated radial particle transport is E ×B-dominated,

as discussed in Chapter 7. Simulations without drifts do not feature the density peak near

the separatrix seen in Figure 8.18 g,i, that becomes more pronounced in those simulations

where anomalous transport is reduced further. The underlying reason for the overestimated

density profile width remains elusive. Possible candidates are a) an overestimation of the

Eθ×Bφ-transport, b) an underestimation of the parallel flow or c) an overestimation of the

width of the particle source Spar t . Option b) may be discarded as the integrated target particle

flux is reasonably well captured by the simulations, Figure 8.4. Option a) is supported by the

observation that T t
e is lower in the simulations w.r.t to the measurements, likely leading to

larger Eθ in the simulations. We remark that neither these simulations, nor the experiments,

feature a potential well structure[10], contrary to the baffled discharges at higher Ip and

〈ne〉l discussed in section 6.5.2 and lower T t
e was obtained. Ongoing work to enable 2D

reconstruction of the ionisation profile in the divertor using MANTIS may help to qualify

option c).

8.2 Comparison of PEX density ramps - with divertor baffles

We apply the same analysis to nominally identical TCV discharges with installed divertor

baffles. As discussed in section 5.4, the first baffled TCV campaign demonstrated higher

divertor neutral pressure facilitating access to detachment [42, 105]. Generally, the comparison

between simulations and experiments with installed baffles yields the same conclusions as

above: the simulated divertor neutral pressure is higher, the outer divertor colder and denser

and the carbon radiation in the divertor is higher than experimentally observed for matched

upstream conditions. The focus here lies on a few selected aspects: the evolution of upstream

parameters, the target particle flux roll-over, spectroscopic measurements and the divertor

neutral pressure. The considered discharges and simulations are summarised in Table 8.2 a.

A phenomenon, that is only observed in baffled discharges, is an abrupt increase in 〈ne〉l dur-

ing the density ramp, with an accompanied reduction in divertor neutral pressure, indicating

[10]Confirmed by the RCP plunge
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a) PEX experiments - with baffles

#shot BAR BOLO TS CXRS VIR HIR LP RCP RDPA DSS MANTIS

63546
64324
64441
64446
64623
64626

b) SOLPS simulations - with baffle

gas puff ΓD2 [1020 D0/s] 7 10 15 20 25 30
nsep,omp

e [1019 m−3] 1.24 1.43 1.96 2.36 2.94 3.20
MDS number 169206 175209 150140 150141 151651 150142
(continued)

35 40
3.80 4.11
181756 150143

Table 8.2 – TCV discharges without baffles and diagnostic availability (red=no data avail-
able, green=data acquired), b) SOLPS-ITER density scan with separatrix density at the outer
midplane nsep,omp

e and MDS number.

a loss of plasma plugging, after which pdi v
n is comparable to the level in unbaffled discharges.

The phenomenon was labeled BURP (aBrupt Unexpected Reduction of Plasma plugging) [42].

The BURP does, however, not occur in all discharges and appears to be a dynamic process

with hysteresis. Such discharges, where a BURP is observed, are therefore excluded from the

analysis as only the stationary plasma solution is modelled.

8.2.1 Upstream plasma parameters

In unbaffled discharges, where high divertor neutral pressures are attained pdi v
n (#65903 and

#66092) a drop of upstream density, temperature and pressure is observed towards the end of

the density ramp, Figure 8.1, 8.3. This trend is also seen in the high pressure baffled discharges

(#63546, #64623 and #64626), when pdi v
n ≈ 50 mPa is exceeded, but much more pronounced

w.r.t. the unbaffled case, Figure 8.19. These discharges feature a strong reduction of upstream

temperature and pressure and seem to be accompanied by a cold/dense radiating region on

the HFS that is observed with the MANTIS system [94]. These features are not observed in

discharges with lower pdi v
n < 50 mPa. For similar 〈ne〉l evolution we find at least two classes of

distinguished plasma states: those with and without collapse of upstream profiles. Below we

will show that the collapse of the upstream profile is correlated with the roll-over of the target

particle flux.
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Figure 8.19 – Comparison of upstream separatrix ne ,Te , pe in baffled PEX discharges as
inferred by Thomson scattering at the lower intersection with the separatrix

We find that the separatrix density remains below nsep,u
e ≈ 2.8 · 1019 m−3 in these baffled

discharges, in contrast to unbaffled discharges, where values up to 3.5 ·1019 m−3 are obtained,

Figure 8.1. Further increase of the gas fuelling only increases 〈ne〉l rather than nsep,u
e . The

saturation of nsep,u
e does, however, not appear in SOLPS simulations. The fuelling rates in

baffled and unbaffled discharges are comparable, cf. 5.4.1, whereas baffled simulations require

up to factor 3 higher fuelling for equal plasma density to compensate increased divertor neutral

pumping, as discussed in sections 5.2.2, 5.4.1. The reason for the saturation of nsep,u
e despite

increasing 〈ne〉l above 〈ne〉l > 8 ·1019 m−3 is not yet understood.
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8.2.2 Target particle flux roll-over

The target particle flux shows a clear roll-over, only in those discharges where the upstream

pressure drops and a divertor pressure of 50 mPa is exceeded, Figure 8.20. Contrary to dis-

charges without baffles, a roll-over is also observed on the inner target. Spectroscopic measure-

ments with the DSS indicate that atomic recombination contributions to the divertor particle

balance remain small. The roll-over of the target particle flux in these TCV discharges is

therefore attributed to a collapse of the upstream profiles rather than volumetric particle sinks

in the divertor. The simulation confirms this notion, as recombination rates remain negligible

for the particle balance in the divertor, despite the likely underestimated target temperatures

that drop below T t
e < 1 eV, saturating the ionisation source that leads to a stagnating target

particle flux at high plasma density. Even when the modelled density is increased beyond

experimentally accessible values (20% larger) a roll-over is not obtained in the simulation.
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Figure 8.20 – Comparison of ion target current in the baffled TCV divertor

Previous simulation work by Wischmeier [154] on TCV suggests a link between the target

particle flux roll-over to increased impurity sputtering from the main chamber. This main

chamber sputtering is thought to result from a broadening of the density profile in the far-SOL

upon increasing plasma density. Such a main chamber source could possibly contribute

to the collapse of the upstream profiles at high density and reconcile the carbon densities

in the core-edge region with CXRS measurements. However, such a main chamber release

would alter the radiation profile in the edge, which already shows good agreement with our

simulations with the carbon source in the divertor, cf. Figure 8.12.
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Chapter 8. Quantitative comparison to TCV experiments

Recent spectroscopic investigations by Verhaegh [145] suggest that molecular-activated re-

combination (MAR) may provide an additional volumetric particle sink comparable to the

reduction of the target particle flux in TCV density ramps. MAR describes the recombina-

tion of electrons with D+
2 ions that are created either by molecular ionisation or molecular

charge-exchange, cf. Table 3.20. While these reactions are principally accounted for in our

simulations, it is argued that the production of D+
2 may be underestimated.

8.2.3 Spectroscopic comparison

In the following, spectroscopic evidence will be presented that indeed supports a colder/-

denser divertor w.r.t. the unbaffled TCV divertor, discussed in section 8.1.6. DSS measurements

in the baffled divertor are compared for the D5→2 line, Figure 8.21 a-d, D6→2, Figure 8.21 e-h,

D7→2, Figure 8.21 i-l, CII (426.8 nm), Figure 8.21 m-p and CIII (465.0 nm), Figure 8.21 q-t. Here,

the DSS field of view was prior to the 2019 diagnostic upgrade, Figure 2.14 b. At that time, the

first four DSS chords were blocked by the port structure, corresponding to the gray shaded

region in Figure 8.21.

For the Balmer lines, while D6→2 and D7→2 intensities match reasonably well at low density the

measured D5→2 exceeds the simulation values, 8.21 a,e,i, which may be attributed to radiative

contributions from molecular processes or uncertainties in the calibration on the DSS as the

simulated emission at 〈ne〉l = 4.8 ·1019 m−3 is excitation-dominated. With increasing density,

the recombinative contribution to Balmer line emission increases in cold regions leading

to enhanced Balmer radiation near the outer target[11]. For the simulations, this increase

commences at lower 〈ne〉l and is more pronounced than experimentally observed again

indicating colder/denser target conditions in the simulation, Figure 8.21g,k, in agreement

with the conclusions above in the absence of divertor baffles. Notably, the experiments show a

large variation at the higher densities indicating that neither the line-averaged density 〈ne〉l

nor the upstream density nsep,omp
e comprise a sufficient ordering parameter to characterize

the divertor state.

The carbon line intensities and corresponding front movements during the density ramps

are now addressed. Measurements of the CII (426.8 nm) and the CIII (465.0 nm) lines are

available for a subset of baffled discharges. As for the unbaffled cases, section 8.1.6, higher

simulated carbon emission in the divertor is found than experimentally measured by the DSS.

However, according to bolometry, the experimental P SOL
r ad exceeds the simulation by up to 30%

(not shown) and now shows reasonable agreement with the divertor channels.

The retraction of the simulated carbon front from the target sets in at lower density than

experimentally observed, again indicating an underestimated divertor temperature in the

simulation. The measured CII-emission does not detach from the target with increasing

density, with only profile deformation observed with increasing plasma density, Figure 8.21o.

This suggests that the experimental target temperature T t
e does not fall below 2 eV in the

[11]The inner strike point was not covered with the old DSS system.
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Figure 8.21 – Spectroscopic comparison of Balmer and Carbon lines in baffled TCV discharges
between DSS measurements and corresponding SOLPS-ITER simulations. The gray-shaded
DSS chords are shadowed by the diagnostic port and do not see the plasma.

discharges. The CIII-front shows clear retraction towards the X-point in the experiments for

the cases at high density, again with large differences between discharges that reach different

pdi v
n , Figure 8.21s.
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8.2.4 Divertor neutral pressure

The predicted increase of divertor neutral pressure with baffles, cf. section 5.2, is qualitatively

confirmed by TCV measurements, Figure 8.22. However, the simulations yield systematically

higher pdi v
n by a factor of 4, as discussed for the unbaffled cases, section 8.1.4. Here, the

unbaffled simulations exceed the neutral pressure measured in baffled experiments.
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Figure 8.22 – Divertor neutral pressure pdi v
n as measured by the divertor baratron gauge for

the baffled and unbaffled TCV divertor. Gray-shaded region: experimental pdi v
n for unbaffled

discharges.

Attempts to reconcile experimental and simulated divertor pressure by varying the recycling

coefficients R = 1− pp for various species proved unsuccessful. The wall pumping in our

simulations with species-independent recycling coefficient R = 0.99 (chosen constant for all

PFCs) is predominantly determined by the pumping of molecules on the walls of the divertor

chamber, cf. section 5.2.2. Modification of the recycling coefficient alone is insufficient

to reduce pdi v
n primarily setting the upstream density for a given gas puff. Adjusting the

gas puff then yields nearly identical target conditions and pdi v
n , as demonstrated in section

4.3. Here, the effect on the simulated pdi v
n with different recycling coefficients among the

various particle species is discussed. Simulations with disabled molecular pumping Rmol = 1

or strongly increased pumping on neutrals Rneutr al = 0.95 reduce the neutral pressure only

modestly that still exceeds the measurements by factor ∼ 3 for given plasma density 〈ne〉l .

The strongest decrease of pdi v
n is achieved by a reduction of transport coefficients (D AN

⊥ =
0.2 → 0.15 and χAN

⊥ = 1.0 → 0.5), but still fails to reproduce the experiment, Figure 8.23. The

baratron divertor neutral pressure is not a direct SOLPS output but requires postprocessing

through the synthethic baratron model, cf section 5.3.1, whose benchmark with Eirene results

214



8.3. Conclusions

shows deviations of less than 20%, i.e. far less than that needed to explain the discrepancy.

Accounting for the baratron decay time τdel ay ≈ 60 ms in these experiments results in a density

shift of measurements δ〈ne〉l ≈ 4 ·1018 m−3, i.e. a horizontal shift in Figures 8.22, 8.23, again

insufficient, by far, to reconcile simulation and measurement.

2 4 6 8 10 12 14
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

TCV divertor baratron data (with baffle)

BAR

Figure 8.23 – Attempts to reconcile experimental and simulated divertor pressure for the
baffled TCV divertor.

The overestimation of pdi v
n is likely linked to the overestimated nt

e and underestimated T t
e as

it precludes increased plasma-neutral interaction and may pose different facets of the same

underlying problem. A link to the probably overestimated divertor carbon content is less clear,

as simulations with strongly altered carbon content, find little influence on pdi v
n , section 4.4.

The reason for the mismatch in divertor neutral pressure remains elusive. The installation of

additional, more sensitive, diagnostics for neutral pressure measurements (ASDEX-gauges)

is presently foreseen on TCV and will help investigate the discrepancy. A comparison of

volumetric neutral density measurements by spectroscopic techniques, MANTIS and DSS,

may also be of assistance.

8.3 Conclusions

In this chapter, the first experimental test of SOLPS-ITER with drift simulations for L-mode

discharges in the TCV tokamak is presented. The comparison employed the line-averaged

density 〈ne〉l as ordering parameter. The only parameter varied in the simulations is the gas

puff, whereas anomalous transport coefficients, chemical sputtering yield of carbon, wall
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recycling coefficients and heating power are fixed.

These simple assumptions yield simulations that reasonably well model the experimental

ne and Te upstream profiles throughout the density scan. Despite large experimental un-

certainties at the edge, CXRS measurements indicate that the simulated ion temperature Ti

is underestimated. The total target particle flux, and its in/out asymmetry, are reasonably

well reproduced, whereas the outer target profile shape deviates indicating overestimated

radial transport in the simulations. A clear roll-over of target particle flux is not observed in

unbaffled experiments nor corresponding simulations. The comparison of target heat flux

profiles reveals experimental deviations between Langmuir probes and infrared cameras that

could not be resolved in this thesis. The heat flux profile shape at the target is similar to the ex-

perimental profiles, albeit with different amplitude, and thus, unsurprisingly with a difference

in the in/out power symmetry. The comparison to Langmuir probes indicates overestimated

nt
e together with underestimated T t

e in the simulations, consistent with overestimated P SOL
r ad

(BOLO), larger recombinative contribution to Balmer line emission at high density (DSS) and

the lack of CII-front movement in the experiment (DSS).

Simultaneous measurements at four poloidally separated positions in the TCV edge, employ-

ing main SOL and divertor TS, RCP and wall-mounted Langmuir probes, allow a stringent

comparison of density and temperature profiles in the SOL. This indicates a larger simulated

density width in the divertor leg, starting below the X-point region and translating forward

towards to the outer target, whereas the temperature profile shape is accurately described at

all locations but displays a lower peak temperature w.r.t. wall-mounted Langmuir probes. The

discrepancy may indicate an overestimated radial particle transport due to the Eθ×Bφ-drift as

consequence of overestimated poloidal temperature gradients from the colder/denser target

or, alternatively, a mismatched particle source profile. The comparison reveals much smaller

poloidal gradients of ne and Te in the volume ∼ 6 cm before the outer target in the experiment

w.r.t. the simulation, which are argued to be possibly related to plasma-neutral interaction by

charge-exchange and electron-molecular interactions in the corresponding volume that may

suggest a link to the overestimated divertor neutral pressure. Overestimated target density nt
e

and underestimated temperature T t
e have also been reported for previous SOLPS simulations

for ASDEX-Upgrade by Chankin [19] and Aho-Mantila for reversed Bφ [2].

BOLO, DSS and MANTIS indicate overestimated divertor (carbon) radiation in the simulation,

resulting in a colder, denser divertor state. This hints either at an overestimated carbon

content or more favorable conditions for radiative losses (in line with the overestimated

density). Contrary, to the apparently overestimated carbon content in the divertor, CXRS

finds up to one order of magnitude higher carbon (C6+) densities in the core edge region. The

results may be reconciled after noting that C6+ production in the core by ionisation beyond the

core boundary is neglected in the simulation. Simulations with modified impurity boundary

condition on the core are thus suggested for future studies. A robust experimental power

balance, following the recent bolometry system upgrade and ongoing work on the infrared

cameras, would aid to constrain the simulated carbon content.
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The mechanism leading to a target current roll-over on TCV remains elusive. A strong roll-over

is only observed in baffled discharges at high pdi v
n and is accompanied by a simultaneous

collapse in the upstream density, temperature and pressure profiles. However, simulations

only find a stagnation of the ionisation source and, consequentially, a stagnation of the target

particle flux, despite modelling target temperatures well below 1 eV. The underlying reason for

the collapse of the upstream profile has also remained elusive.

Comparison with the baffled TCV divertor qualitatively confirm the expected increase in

divertor neutral pressure pdi v
n whereas the absolute value is overestimated by factor ∼ 4 in the

simulations. This deviation was not reconciled upon modifying the wall recycling coefficients

nor modifying the of anomalous transport and thus remains an open issue. Additional pressure

gauges are foreseen for TCV installation that may contribute to clarifying the mismatch.

While the stringent comparison to TCV diagnostics confirms a large majority of the qualitative

trends from the simulations and, thus, the validity of the main underlying physics model in

SOLPS it also highlights remaining discrepancies that require further attention.
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9 Summary

This doctoral thesis contributes to the international efforts in fusion research and to plasma

heat exhaust in particular, a key challenge on the way towards fusion energy, through experi-

ments on the TCV tokamak and state of the art simulations. Predictive models of the scrape-off

layer are indispensable for the design and operation of future fusion reactors. This work con-

tributes to the validation of such a predictive model, the SOLPS-ITER code, and features the

first scrape-off layer simulations, fully accounting for drifts, currents, carbon impurities and

kinetic neutrals, for TCV L-mode discharges. The simulations provide unprecedented insight

into the role of drift-driven transport and plasma-neutral interaction in the TCV divertor.

Below, the main results are summarized and suggestions for future studies are provided.

Predictions for the baffled TCV divertor

This work provided extensive predictions for the effectiveness of divertor gas baffles, prior

to the first baffled TCV campaign in 2019 in the framework of the European PEX (Plasma

EXhaust) program. The simulations predicted a significant increase of divertor neutral density

(factor ∼ 5) with installed baffles and facilitated access to dissipative divertor conditions

at significantly lower upstream density (∆nsep,omp
e ∼ 1 ·1019 m−3). Suitable observables for

the experimental assessment of the effectiveness of divertor baffles were identified by the

simulations: CIII-radiation front position, divertor baratron pressure pdi v
n , intensity of Balmer

emission and a poloidal separation of excitation- and recombination-dominated Balmer

emission regions. The first baffled TCV campaign validates the essential predictions regarding

increased divertor neutral pressure pdi v
n , Balmer line emission, divertor neutral density nD0 ,

CIII-front movement and the facilitated access to cold divertor conditions. A shortcoming

of the simulations is the predicted increased fuelling level (factor ∼ 2−4) required to obtain

a given plasma density with baffles installed, following the assumption of constant wall-

recycling coefficient in the simulations. Baffled TCV experiments show only a small increase

of fuelling requirement (< 20%) w.r.t. the unbaffled divertor.
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Chapter 9. Summary

Electric currents and potential in the divertor

Drift simulations identify the diagmagnetic current as the dominant cross-field contribution

to the divertor charge balance and therefore suggest the electric currents as suitable experi-

mental observable to test the drift model of the SOLPS-ITER code. Predicted target current

profiles are found to feature components from both Pfirsch-Schlüter (PS) and thermoelectric

currents with PS-dominated currents found dominant towards the private flux region. The

predicted characteristics of target current profiles are tested and confirmed in TCV measure-

ments employing wall-mounted Langmuir probes. For the first time, we show that such PS

currents imply the formation of an X-point potential well structure in cold divertor conditions

for the unfavorable magnetic field direction for H-mode access. Reduced analytic models

successfully reproduce the emergence of such a potential well and highlight the underlying

physics. The simulation results were, shortly after their prediction, tested and confirmed

by measurements with the novel reciprocating divertor probe array (RDPA) in baffled high

density TCV discharges.

Drift-driven transport in the divertor

Drift-driven transport of TCV L-mode plasmas is demonstrated to provide significant contribu-

tions to particle, heat and momentum transport in the divertor. While the transport in poloidal

direction is found to be dominated by projected parallel flows we find E ×B-dominated trans-

port in the radial direction in agreement with previous studies [61]. This E ×B-contribution

results primarily in a rigid radial shift of the plasma density profile with respect to the separa-

trix but also contributes to its broadening. The rigid shift is clearly identified in target density

and particle flux measurements on TCV, whereas the temperature profile is not displaced.

This suggests that ne and Te profiles are radially shifted to each other in the divertor volume.

An understanding of how much of the E ×B-transport contributes to the rigid shift of the

plasma profiles and how much of it adds to their deformation remains, however, elusive. It is

demonstrated, for the first time, that the E ×B-flux in presence of an X-point potential well

is substantially reshaped w.r.t. the typically anticipated drift direction. There, the poloidal

near-SOL flow is enhanced w.r.t. to forward Bφ while radially widening the density profile in

the outer and compressing it in the inner divertor leg. These results indicate that the common

notion that drifts simply reverse with Bφ-direction is not generally applicable in detached

divertor conditions.

Drift-driven transport in the main-SOL

Drift-driven transport contributions are also found further upstream. The simulations feature

diamagnetic contributions comparable to the anomalous particle flux for reasonably repro-

duced upstream profiles in TCV L-mode simulations. This study supplements previous studies

that argued that the diamagnetic drifts can become comparable to turbulent particle flux

in H-mode discharges, where the turbulence is suppressed [87, 116]. The radial drift-driven
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net-outflux over the separatrix arises from an up-down pressure asymmetry that only emerges

when drifts are accounted for. Furthermore, diamagnetic drifts give rise to Pfirsch-Schlüter

flows along the LCFS with Mach numbers of up to M ∼±0.5 in drift simulations. Reversal of

the toroidal field direction results in a poloidal displacement of the flow stagnation point that

is qualitatively consistent with flow measurements from the literature.

Quantitative code-experiment comparison

A stringent comparison of SOLPS-ITER simulations to the large set of edge-relevant diag-

nostics on TCV confirms the large majority of qualitative trends in simulations and thus the

underlying physics model of the code but also reveals remaining discrepancies. The key

discrepancies are a systematically higher simulated divertor neutral pressure (factor ∼ 4)

with colder and denser target conditions for matched upstream profiles. The simulations

feature strong poloidal density and temperature gradients in the first few centimeters above

the target whereas measurements only display small variations. While the simulations repro-

duce the radial profile shape of temperature in multiple poloidally separated locations, they

also feature broader density profiles in the divertor that can not be reconciled by variation

of transport coefficients. While the spatial distribution of the radiation profile is found to

be well reproduced by the simulation, overestimated carbon radiation levels are found in

the divertor region, whereas carbon density measurements in the core-edge region indicate

underestimated carbon densities. It is argued that the deviations are likely interconnected, e.g.

the underestimated target temperature and strong gradients imply overestimated poloidal

electric fields that in turn lead to overestimated radial E ×B-drifts and thus contribute to the

overestimated density profile width. Thus, even in simulations, it is challenging to disentangle

the strongly non-linear mechanisms in the divertor plasma.

Suggestions for future studies

• A comparison of midplane neutral pressure in baffled discharges is hindered by the

resolution limit of the midplane baratron. The foreseen installation of ASDEX pressure

gauges on TCV will enable the experimental comparison of midplane neutral pressure

and thus also provide an experimental estimate of the divertor neutral compression.

• The simulations predict an increased divertor neutral compression with heating power.

The experimental test will follow the foreseen TCV heating system upgrade [39].

• The X-point potential well has been verified in baffled TCV discharges with the RDPA

diagnostic. An independent assessment may be provided by the RCP mounted to TCV’s

lower lateral port in the upcoming baffled campaign to further consolidate the results.

• The simulation indicates a significant drift contribution to radial particle fluxes over the

separatrix upstream. An experimental characterisation of the underlying up-down edge

pressure asymmetry employing Thomson scattering is suggested.
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Chapter 9. Summary

• The simulations identify strong Pfirsch-Schlüter flows with Mach numbers M ∼±0.5

along the LCFS. A comparison of the predicted parallel flows and RCP measurements

on TCV is suggested.

• The simulations indicate an E ×B-induced radial displacement between density and

temperature profiles in the outer divertor leg. Recent progress in the analysis of MANTIS

Balmer emission profiles may allow the reconstruction of 2D ne ,Te profiles in the TCV

divertor and enable a test of the simulation prediction.

• The comparison of target heat flux profiles reveals experimental deviations between

Langmuir probes and infrared cameras that could not be resolved herein. The devia-

tion between experimental and simulated in/out power asymmetry requires further

attention. A robust experimental power balance, following the recent upgrade of the

bolometer system and ongoing work on the infrared cameras, may further contribute to

constrain simulation results.

While the results presented herein generally provide confidence in the SOLPS-ITER drift model

they also reveal remaining discrepancies to TCV measurements. Foremost, this shows that

stringent code comparison to experimental devices remains an indispensable tool towards a

predictive divertor model of fusion devices and ultimately towards the economic exploitation

of fusion energy.
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Appendix

A Overview of TCV experiments

Target current measurements (190 kA):

without baffles
Bφ-direction LP on j0 LP on sweep

forw. Bφ 66094 66097
rev. Bφ 66095 66096

with baffles
Bφ-direction LP on j0 LP on sweep

forw. Bφ 64907 65453
rev. Bφ 64908 65454

Full set of forward/reversed Bφ-comparison discharges (190 kA):

shot number Bφ-direction LP settings baffles?
63741 forward swept yes
63742 forward swept yes
63743 reversed swept yes
63745 reversed swept yes
64450 forward swept yes
64452 forward j0 yes
64454 reversed swept yes
64479 reversed swept yes
64545 forward j0 yes
64562 reversed j0 yes
64907 forward j0 yes
64908 reversed j0 yes
64909 reversed swept yes
65453 forward swept no
65454 reversed swept no
66096 forward j0 no
66097 reversed j0 no

PEX discharges (250 kA):

PEX discharges are summarized in Table 8.1a (without baffles) and Table 8.2a (with baffles).
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Appendix . Appendix

B Overview of SOLPS-ITER simulations

Sensitivity scan flux limiters, section 3.5

flux limiters MDS number

default 175209

el.heat=0.6 175206

ion heat=1.0 175207

momentum=1.0 175208

thermoel. coeff=1.0 181810

friction force=1.0 181809

Sensitivity scans, Chapter 4

D AN
⊥ [m2/s] 0.1 0.15 0.2 0.25 0.3

179496 179498 179501 179503 179505

χAN
e,⊥ [m2/s] 0.5 0.75 1.0 1.50 2.0

179517 179519 179501 179522 179524

χAN
i ,⊥ [m2/s] 0.5 0.75 1.0 1.50 2.0

179508 179510 179501 179512 179515

Ballooning exponent 0 2 3 4 5

176913 177121 177370 179844 178514

Pcor e [kW] 300 315 330 345 360

159141 159357 150688 159356 159142

wall pumping pp 1% 2% 3% 4% 5%

150688 181540 163189 181541 163482

Ychem [%] 0.50% 2% 3.50% 6% 10%

162045 161667 150688 163087 162046

Density scan - with/without divertor baffles, Chapter 5 & [150]

Equilibrium: 109902 at t = 0.51 s

nsep,omp
e [m−3] 0.5e19 1e19 1.5e19 2e19 2.5e19 3e19 3.5e19 4e19

no baffle (330kW) 123342 123310 123309 123312 123311 123314 123313 123315

baffle (330kW) 123316 123318 123317 123320 123319 123341 - -

no baffle (1.2MW) 123142 123144 123143 123146 123145 123148 123147 123149

baffle (1.2MW) 123300 123302 123301 123304 123303 123306 123305 -

Test of baratron model in various baratron geometries, Chapter 5 & [150]

short tube 90◦ bend long tube long tube with 90◦ bend

121366 124538 124539 124641
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B. Overview of SOLPS-ITER simulations

Numerical study: occurence of oscillations, section 6.1

σAN /ene [a.u],d t [s] 10−7 2 ·10−7 3 ·10−7 5 ·10−7 7 ·10−7 10 ·10−7

1 ·10−5 127755 127752 127739 127749 127787 127750

2 ·10−5 127797 127798 127799 127800 127788 127796

3 ·10−5 127764 127767 127760 127747 127789 127748

5 ·10−5 127768 127746 127759 127776 127801 127771

7 ·10−5 127745 127769 127761 127770 127790 127758

1 ·10−4 127778 127779 127780 127781 127782 127777

2 ·10−4 127792 127793 127794 127795 127783 127791

3 ·10−4 127773 127766 127754 127740 127784 127751

5 ·10−4 127742 127762 127753 127743 127785 127775

9 ·10−4 127772 127741 127763 127765 127786 127774

Sensitivity of plasma potential on σAN , section 6.1

σAN /ene [a.u] 1 ·10−5 3 ·10−5 5 ·10−5 10 ·10−5

161880 159219 156149 137041

190kA simulations (in colaboration with C. Colandrea), Chapter 7 & [149]

Gas puff [1020/s] forward field no drifts reversed field

1 166441

2 166181

3 165649

4 165280

4.5 166579

5 166444 165213 164771

6 163483 165088 161138

7 165650

8 163992 156621 163995

10 161136 165211 165214

12 161137 165288 161307

14 161673 165586 163666

15 165884

15.5 167191

16 163484 165587 163832

18 165745 164472

20 165262

22 165381
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250kA PEX simulations, Chapter 8

Gas puff [1020/s] without baffles with baffles

1.5 181516

2 179196

3 161457

4 179182

5 176913

6 179181

7 178560 169206

8 181757

10 181751 175209

12 181759

15 181758 150140

20 150141

25 151651

30 150142

35 181756

40 150143
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C. Moments of a (drifting) Maxwellian

C Moments of a (drifting) Maxwellian

Here, we summarize the moments of a homogenous, isotropic Maxwellian distribution func-

tion with drift speed a

f M ax,dr i f t (v) = n
( m

2πT

)3/2
exp

(
− m

2T
(v−a)2

)
. (1)

Moment

Drift velocity 〈v〉 = 1
n

∫
d 3vv f a

Thermal velocity c̄ = 1
n

∫
d 3|v−a| f

√
8T
πm

Total particle flux Γ= ∫
d 3vv f na

pressure p = ∫
d 3v(mvx )vx f nT +nma2

x

thermal energy density ε= ∫
d 3v m

2 v2 f 3
2 nT + m

2 a2

heat flux q = ∫
d 3v

(m
2 v2

)
v f

(5
2 T + 1

2 ma2
)

na

Further moments with a = 0

Parallel thermal velocity
〈

v2
||
〉
= 〈

v2
x

〉= 1
n

∫
d 3v2

x f T
m

Perpendicular thermal velocity
2 T

m〈
v2
⊥
〉= 〈

v2
y + v2

z

〉
= 1

n

∫
d 3

(
v2

y + v2
z

)
f

One-way particle flux Γ1−w ay
x = ∫ ∞

0 d vx
∫
R2 d vy d vz vx f 1

4 nc̄

One-way heat flux q1−w ay
x = ∫

R+×R2 d 3v( m
2 v2)vx f 2TΓ1−w ay

x

Table 1 – Summary of the moments of the (drifting) Maxwellian velocity distribution. The
integration domain spans R3 unless specified otherwise.
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D Fractional abundance in coronal equilibrium

A coronal equilibrium is characterised by an equilibrium of ionisation and recombination pro-

cesses, i.e. in the absence of transport. Here, we derive formulas for the fractional abundance

Xα = nα/
∑
αnα in such a coronal equilibrium. In the simple case of a hydrogen plasma we

have:

dnD0

d t
=+Rr ec −Ri on =+ne nD+〈σi on ve〉−ne nD0〈σr ec ve〉 (2)

dnD+

d t
=−Rr ec +Ri on =−ne nD+〈σi on ve〉+ne nD0〈σr ec ve〉 (3)

Assuming a stationary distribution
dnα
d t

= 0, the equation simplifies to

(
−〈σi on ve〉 〈σr ec ve〉
〈σi on ve〉 −〈σr ec ve〉

)(
nD0

nD+

)
=

(
0

0

)
(4)

with solutions

nD0 = nD
〈σr ec ve〉

〈σr ec ve〉+〈σi on ve〉
, nD+ = nD

〈σi on ve〉
〈σr ec ve〉+〈σi on ve〉

(5)

where nD = nD0 +nD+ is the total density of deuterium.

For the general problem of a chemical element with Z ionisation stages this generalizes to the

following expression:

−〈σ0
i on ve〉 〈σ+

r ec ve〉
〈σ0

i on ve〉 −〈σ+
i on ve〉−〈σ0

r ec ve〉 〈σ++
r ec ve〉

〈σ+
i on ve〉 −〈σ++

i on ve〉−〈σ+
r ec ve〉

. . .
. . .

〈σ(Z−1)+
i on ve〉 〈σZ+

r ec ve〉




nX 0

nX +

...

nX Z+

=


0

0
...

0

 (6)

The eigenvector of the tridiagonal matrix is readily obtained numerically for given Te and ne .

The fractional abundance is obtained by a normalization Xα = nα/
∑
αnα, where the sum is

over all ionisation states of a species. Xα is valid for a homogenous plasma with negligible

transport and characterized by Te (with only marginal influence of ne ). The comparison of the

fractional abundance of deuterium and carbon to a SOLPS-ITER simulation for each fluid cell

at temperature Te reveals the effect of transport on the charge stage distribution, Figure 3.7.
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E. Plasma potential in an isothermal flux tube model

E Plasma potential in an isothermal flux tube model

In this section, it is verified that the evacuation of Pfirsch-Schlüter currents through the sheath

is indeed possible unless the ion/electron saturation currents are exceeded. The analytic

model presented in, section 6.4, assumes that the current can be evacuated at the wall in

all conditions. One may hence wonder whether this assumption is compatible with sheath

boundary conditions.

Figure 1 – An isothermal flux tube in 1D is
considered with cross-field diamagnetic
current. The resulting Pfirsch-Schlüter
current turns out to feature a stagnation
point in the middle of the tube.

For an analytic treatment it is however necessary

to further simplify the geometry. We consider a

1D-model of a highly-resistive flux tube in the

PFR where constant density and temperature are

assumed (∇||Te = 0, ∇||pe = 0) and show that a

stagnation point of electric field and current must

exist along its linear extent, Figure 1. It corre-

sponds to a straightened flux tube in the PFR of

a lower single null geometry with radial diamag-

netic current into the flux tube (forward Bφ) or

outfwards (reversed Bφ).

The electric field along its linear extent is given by

E|| = η|| j|| =−∇||φ (7)

and is valid in the region where quasi-neutrality

holds, i.e. between the sheath entrance of the left and the right wall. We now assume that

there is a constant source of charge provided by cross-field currents, here the diamagnetic

current j̃ di a
⊥ , that needs to be evacuated along the magnetic field direction. Formally, this

brings the charge balance equation in the form of a 1D Poisson equation where the cross-field

current acts as constant charge density

∇· j = ∇|| · j||︸ ︷︷ ︸
=− 1

η|| ∆||φ

+∇⊥ · j⊥ = 0,

⇔ ∂2
ssφ= η||∇⊥ · j⊥ ≡−ρ = const ,

⇒φ(s) =−ρs2

2
+ δφ

2L
s +φ0. (8)

The analytic solution is a second order polynomial with integration constants φ0 and δφ. The

sheath entrance potential difference between the two plates is denoted by δφ≡φ(+L)−φ(−L)

and φ0 ≡φ(0) denotes the potential in the middle of the flux tube, and needs to be determined

accounting for the sheath boundary conditions. Due to the symmetry w.r.t s = 0 we can expect

that if asymmetric solutions with δφ 6= 0 exist, that such solutions should appear in pairs of at

least two.
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The choice for the sheath boundary condition

j |∓L =∓ene cs

[
1−exp

(
−eφ(s =∓L)

Te
+Λ

)]
!=− 1

η||
∂sφ|s=∓L (9)

⇔∓ene cs

[
1−exp

(
e

Te
{ρL2/2±δφ/2−φ0}+Λ

)]
= ∓ρL−δφ/2L

η||
(10)

sets the wall potential to be φw all = 0 [1]. The sheath boundary condition (9) is a valid ap-

proximation close to the ion-saturation branch of the I-V curve, where the upper sign is for

the inner, and the lower for the outer target, respectively. Here, Λ= ln(
p

mi /(2πme )) ≈ 3.17

for a deuterium plasma. For near-zero target potential φ(±L) = 0, i.e. close to the electron

saturation current, the above description becomes invalid and should be replaced with a

generalised form. However, it turns out that this form is sufficient for the discussion here.

At this stage it is convenient to formulate the problem in terms of suitable dimensionless

variables

a = η||e2ne csL

Te
= η||eL

Te
ji ,sat ∈R+, b = eL2ρ

Te
=−eL2η||

Te
∇⊥ · j⊥ ∈R

x = eδφ

2Te
∈R, φ̂0 = eφ0

Te
∈R, ŝ = s

L
∈ [−1,1]. (11)

Note, that b > 0 relates to positive cross-field current into the flux tube (diamagnetic current

in LNS forward Bφ), while b < 0 removes ions from the system (diamagnetic current in LNS

reversed Bφ). We will investigate which values of b are consistent with the charge evacuation

at the sheath. Intuitively, it is clear that an upper and a lower bound for b must exist which are

given by the maximum positive/negative charge that can be evacuated, i.e. the ion/electron

saturation currents.

a

[
1−exp

(
b

2
±x − φ̂0 +Λ

)]
= b ±x

⇔ exp

(
b

2
±x − φ̂0 +Λ

)
= a −b ±x

a
(12)

⇔ b

2
±x − φ̂0 +Λ= ln

a −b ∓x

a
(13)

As the L.H.S. of equation (12) is positive definite it can only be fulfilled for both targets simul-

taneously if a > b. This reflects that each of the two target plates can maximally evacuate

ji ,sat = ene cs . We can derive an implicit equation for the asymmetry term x by subtracting the

equation (13) with upper sign from the lower sign.

(13)si g n − (13)si g n : 2x = ln
a −b −x

a −b +x
(14)

⇔ exp(−2x) = a −b +x

a −b −x
(15)

[1]Hence, the integration constant φ0 is not arbitrary and needs to be determined.
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The R.H.S of equation (15) is an odd function w.r.t. to its pole x = a−b and goes asymptotically

to -1 for x →±∞, while the L.H.S. is a monotonically decaying positive function. Formally,

there can exist either exactly one or exactly three intersection points of the two curves de-

pending on the value of a −b. It is evident that equation (15) always allows for the solution

x = 0. It can be shown that for a−b <−1 two additional solutions exist which are opposite and

equal, according to our initial guess that if multiple solutions exist these must appear in pairs.

These solutions are however in contradiction to the previously found condition a > b. The

only physical solution is hence x = 0 implying equal target potential φ(+L) =φ(−L) implying

a stagnation point of E|| and j|| at s = 0.

To evaluate the potential, we add the different signs of equation (13) and solve for φ̂0

(13)si g n + (13)si g n : φ̂0 =Λ+ b

2
− ln

√
a2 +b2 −2ab −x2

a2

 (16)

⇒ φ̂0 =Λ+ b

2
− ln

∣∣∣∣ a −b

a

∣∣∣∣ , (17)

where we used that only x = 0 yields a physical solution. We thus obtain the electric potential

φ̂(ŝ) =−bŝ2

2
+ φ̂0

=Λ+b

(
1− ŝ2

2

)
− ln

∣∣∣∣1− b

a

∣∣∣∣ . (18)

Notably, for the absence of cross-field currents b = 0 the plasma potential simplifies to its

value at the sheath entrance as expected for isothermal conditions φ̂=Λ. From the R.H.S of

equation (10) we identify the evacuated current as the Pfirsch-Schlüter current, defining its

direction to be positive corresponding to a flow of positive charges towards the wall

jPS = ρL

η||
= Te b

η||eL
=−L∇⊥ · j⊥ with jPS

{
> 0 forward Bφ

< 0 reversed Bφ.
(19)

With this consideration the physical interpretation of the constrat a > b becomes evident:

jPS < ji ,sat , the Pfirsch-Schlüter current may not exceed the ion saturation current. To find

also a lower boundary for jPS we require the potential at the targets to remain positive,φ (±L) =
Te
e

(
Λ− ln

∣∣∣1− b
a

∣∣∣)> 0 and employ that b/a = jPS/ ji ,sat

jPS > ji ,sat
(
1−exp(Λ)

)= je,sat

Combining the two constraints confirms the initial conjecture, that the PS-current can be

evacuated as long its magnitude is bound between the electron and ion saturation current

⇒ je,sat < jPS < ji ,sat (20)
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Evaluating the plasma potential, equation (18), for valid values of a and b demonstrates the

effect of potential hill (forward Bφ) and potential well formation (reversed Bφ) in this simple

analytic model, Figure 2.

- 1.0 - 0.5 0.0 0.5 1.0
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- 10
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- 4

- 2
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Figure 2 – Plasma potential in 1D isothermal flux tube, according to (18), with a = 1. Left:
forward Bφ case (0 < b < a), Right: reversed Bφ case (a(1−expΛ) < b < 0). For each plot 10
equidistant values of b within the respective parameter range are shown.

We verified that the evacuation of Pfirsch-Schlüter currents is indeed consistent with the

sheath condition and evaluated the shape of the potential analytically in a 1D isothermal flux

tube, Figure 18.
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Figure 5.18: Figure 6 from [105], annotations adapted

Figure 5.21: Figure 5 from [105]
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