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Abstract

In next step tokamaks such as ITER and future fusion power plants, wall materials will be

subjected to considerably higher heat and particle fluxes than in present-day machines. Main-

taining plasma facing components in good condition and simultaneously assuring acceptable

core performance will be an outstanding challenge. This situation is further complicated

by the fact that extrapolations towards future tokamaks are difficult and the mechanisms

governing transport of energy and particles are still being investigated. Proper diagnostic

coverage of the boundary plasma of currently operational machines is therefore crucial.

In the Tokamak à Configuration Variable (TCV), wall-embedded Langmuir probes (LPs) are

one of the most powerful diagnostics to describe local properties in the boundary region of

the plasma. The present thesis work includes operation, maintenance and upgrades of this LP

system. In particular, the TCV wall probe coverage has been extended from 114 to 194 probes.

Furthermore, a new set of amplifiers has been installed, featuring a number of improvements,

including protection against amplifier damage from transient plasma events.

In parallel, a novel fast probe array, the Reciprocating Divertor Probe Array (RDPA), has

been designed, built and commissioned at TCV, providing unprecedented Langmuir probe

measurements across the divertor volume. In contrast to reciprocating probes accessing the

divertor region of other major tokamaks, the RDPA provides 2D measurements in a single

reciprocation, enabled by a radial array of Mach probe tips moved vertically across an extended

region of the divertor volume. The probe has been already operated reliably for more than

200 experiments. The physics results are consistent with other reference diagnostics (electron

Thomson scattering upstream and wall embedded Langmuir probes downstream) for most

plasma conditions, showing that the design is sufficiently compact to provide measurements

representative of the unperturbed plasma parameters.

The RDPA capabilities have allowed for a detailed particle balance study in the outer TCV

divertor in attached and detached conditions and both with and without the recently installed

divertor baffles. It has been observed that the contribution of the E ×B drift to the poloidal

ion flux is comparable and sometimes larger than that due to the ion flux parallel to the

magnetic field. The observation of upward parallel flux in the downward E ×B region near the

target further illustrates the important role of E ×B flows in attached conditions. Except for

strongly detached conditions, most of the particle flux arriving at the outer target is shown

to be due to ionization along the outer divertor leg, justifying the ’closed-box approximation’
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Abstract

frequently used in detachment models and previously inferred on TCV from spectroscopic

measurements. Likewise, the presence of the baffles results in a substantial increase of the

divertor ionisation level.

E ×B drifts also play an important role in terms of heat transport, as found from a divertor

heat flux balance study in attached conditions. Together with parallel heat conduction, the

ExB-convected heat flux dominates the poloidal heat flux, while parallel heat convection plays

a lesser role in the example studied.

A new feature of RDPA is also to provide detailed, local measurements of fluctuation charac-

teristics across the divertor volume of TCV, thanks to acquisition frequencies of up to 2 M H z.

The first findings include the development of a strong poloidal gradient of the density fluctu-

ation level, observed towards the onset of detachment, and the surprising presence of high

fluctuation levels in the narrow region of downward E ×B (on the high-field side of the peak

electron temperature) for well attached reversed field discharges. Ongoing efforts focus on

using RDPA results to validate the global 3D two-fluid code GBS in diverted TCV simulations

and thus helping to improve its predictive capabilities.
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Résumé

Dans les futurs tokamaks comme ITER et DEMO, les matériaux en contact avec le plasma

seront soumis à des flux de chaleur et de particules considérablement plus élevés que dans les

machines actuelles. Garantir le bon état des parois et assurer simultanément des performances

acceptables pour le cœur du plasma est un défi majeur qui devra être considéré pour rendre

possible la production d’énergie de fusion. Le comportement du plasma pour les futurs

tokamaks est difficile à prévoir en se basant sur les expériences faites dans les machines

actuelles et les mécanismes régissant le transport de l’énergie et des particules sont encore à

l’étude. Une couverture complète du plasma avec des diagnostics appropriés est donc cruciale

pour faire progresser la recherche sur les machines existantes.

Dans le Tokamak à Configuration Variable (TCV), les sondes de Langmuir (LP) sont parmi

les diagnostics les plus utilisés pour décrire les propriétés locales du plasma dans la région

du bord. Le présent travail de thèse comprend l’exploitation, la maintenance et la mise à

jour de ce système. La couverture des sondes murales TCV a été étendue de 114 à 194. De

plus, un nouvel ensemble d’amplificateurs a été installé, comportant un certain nombre

d’améliorations, avec une protection renforcée contre les dommages dus aux événements

transitoires du plasma.

En parallèle, une nouvelle sonde rapide, la Reciprocating divergeur Probe Array (RDPA), a été

conçue, construite et mise en service sur TCV, fournissant des mesures Langmuir inédites

dans le divergeur. Contrairement aux sondes rapides installées dans le divergeur des autres

tokamaks principaux, la RDPA fournit des mesures 2D en un seul mouvement de va-et-vient,

grâce à une batterie de 24 sondes distribuées radialement (organisées en une configuration

‘Mach’) qui se déplace verticalement à travers le divergeur. La sonde a fonctionné de manière

consistante pour plus de 200 expériences. Les résultats physiques sont cohérents avec d’autres

diagnostics de référence (diffusion Thomson pour le plasma en amont et sondes de Langmuir

pour le plasma en aval) pour la plupart des conditions de plasma, montrant ainsi que la RDPA

est suffisamment compacte pour fournir des mesures représentatives des paramètres du

plasma non perturbé.

Les capacités de la RDPA ont permis une étude détaillée sur le bilan des flux de particules dans

des conditions attachées et détachées, avec et sans les déflecteurs récemment installés dans le

divergeur. Il a été observé que la contribution de la dérive néoclassique E ×B au flux ionique

poloïdal total est comparable et parfois plus importante que celle due au flux ionique parallèle
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au champ magnétique. L’observation d’un flux parallèle ascendant dans la région descendante

de la dérive E ×B près du sol de TCV illustre le rôle dominant du flux E ×B dans des conditions

attachées. La majeure partie du flux de particules arrivant au sol est due à l’ionisation le long

de la jambe externe du divergeur, ce qui justifie “ l’approximation de boîte fermée ” pour le

divergeur, fréquemment utilisée dans les modèles de détachement et précédemment déduite

sur TCV à partir de mesures spectroscopiques. De plus, la présence des déflecteurs entraîne

une augmentation sensible du niveau d’ionisation dans le divergeur.

La dérive E ×B joue également un rôle important en termes de transport de chaleur, comme

le montre une étude sur le bilan du flux thermique dans le divergeur en conditions attachées

sur TCV. La conduction thermique parallèle et la convection E ×B dominent le flux thermique

poloïdal tandis que la convection thermique parallèle joue un rôle moindre dans l’exemple

étudié.

Une autre fonctionnalité de RDPA est de fournir des mesures locales détaillées des fluctuations

du plasma à travers le divergeur de TCV, grâce à des fréquences d’acquisition allant jusqu’à

2 MHz. Les principaux résultats comprennent le développement d’un fort gradient poloïdal

du niveau de fluctuation en densité, observé pendant la transition vers un plasma détaché,

et la présence surprenante d’une région avec un niveau de fluctuation élevé dans la région

étroite où la dérive E ×B est dirigée vers le bas (sur le côté haut-champ du pic de température

des électrons) dans le cas d’une décharge attachée. Plusieurs études en cours se concentrent

sur l’utilisation des résultats de RDPA pour valider le code 3D à deux fluides GBS avec des

simulations du divergeur de TCV et pour ainsi améliorer ses capacités de prédiction.
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1 Introduction

1.1 Increasing world energy demand

Figure 1.1: a) Historical world energy consumption 1860-2017 [1] and b) energy consumption
per person, world average 1860-2017 [1]. M toe stands for Million Tonnes of Oil Equivalent.

There has been a strong increase in the world energy consumption from 1900 to 2010, see

FIG. 1.1 a). This trend is the combination of the increase in world population, as well as the

increase in energy consumed per person, see FIG. 1.1 b). In the strict physical sense, energy is

not ’consumed’, but rather converted from a concentrated state such as chemical energy into

more diffuse states such as heat.

1



Chapter 1. Introduction

1.2 Problems and limitations from current energy sources

Humanity has shifted its energy use from the most readily available energy (wood) before the

industrial revolution to a broader mix of sources, see FIG. 1.1 a). Interestingly the modern

energy sources are not replacing the historical sources but have been instead added to them.

Both historical and modern energy sources have their own limitations and problems, as briefly

discussed in the following.

1.2.1 Fossil fuels

The vast majority of the current energy mix comes from fossil fuels made of carbon rich

molecules (oil, natural gas and coal), see FIG. 1.1 a). Fossil fuels are problematic: they are

responsible for the strong increase in atmospheric CO2 concentration and can possibly lead

to fierce competition and tension between the different consumers once the reserves are

diminishing. The increase in the CO2 concentration, from 280 ppm before the industrial

revolution to 400 ppm in 2017 [2], has been shown to be responsible for negative effects to the

environment such as global warming [2] and ocean acidification [3].

1.2.2 Controllable renewable energies

’Controllable’ renewable energy sources, such as biomass, geothermal energy, hydroelectricity

and tidal energy continuously deliver a predictable quantity of energy throughout the year.

Their main disadvantage is that their capacity does not manage to follow the increasing energy

demand because they rely on a a limited pool of specific sites. In the case of biomass (wood,

ethanol, plant oil) a major increase in the production could lead to deforestation. Geothermal

energy for house heating can be an attractive solution to mitigate seasonal temperature

variation. However, extraction of high temperature steam to produce geothermal electricity is

difficult because of the poor heat conductivity of the ground over large distances. Geothermal

electricity can be cost competitive in a few specific locations such as in Iceland, near the rift in

continental plates. In the case of hydroelectricity, most of the river sites in wild mountainous

regions have been already occupied in industrialised countries and the realisation of new

projects has been less frequent in recent years [4]. The suitable coast lines in shallow waters

necessary for tidal energy are rare and potential improvements in tidal energy are much more

limited than for conventional hydroelectricity.

1.2.3 Intermittent renewable energies

Intermittent renewable energy such as wind, photovoltaic, concentrated solar power and

direct solar heating do not suffer from a limited pool of specific locations and could potentially

grow with the energy demand. Their drawback, in contrast to controllable renewable energy

sources, is their intermittent character. Modern society is used to spending energy when it

is needed rather than when it is available. Balancing the grid becomes increasingly difficult

2



1.2. Problems and limitations from current energy sources

as the fraction of the intermittent energy grows [5] without any storage system providing the

adequate capacity.

Energy storage has been historically done with pumped-storage hydroelectricity which can be

cost competitive with fossil fuels [6]. However, as mentioned in SEC. 1.2.2, available sites for

hydroelectricity are limited on the planet.

Some modern storage solutions are currently investigated such as battery storage (lithium ion

battery, flow battery), thermal storage (concentrated solar power), synthetic fuels (hydrogen,

synthetic natural gas, synthetic ammonia), compressed air and mechanical storage (flywheel,

gravity storage). So far these solutions are not cost competitive with fossil fuels and remain

strongly dependent on favourable policy environments [7]. Energy storage on a daily basis

is believed to be feasible in the near future. However, seasonal energy storage will be an

outstanding challenge to address.

1.2.4 Nuclear fission

Nuclear energy is exempt from some of the concerns discussed for the other energy sources,

such as CO2 emissions and intermittency. However, nuclear energy comes with its own set of

challenges:

1) The nuclear fuel reserves are limited with the current reactor technology and the nuclear

park should be replaced on the long term. Indeed the reserves strongly depend on the reactor

technology being employed: only ≈ 90 years for the estimated 235U land reserves with the

current nuclear power installed [8] [9], using conventional water cooled reactors, and a much

longer time, ≈ 12700 years, if the 238U reserves are used with fast neutron breeder reactors

[10] or CANDU breeder reactors [8]. Indeed 235U represents only 0.7 % of natural uranium

while 238U represents 99.3 % of the total. 232T h is another candidate fuel for nuclear fission

breeder reactors but has not been included in this introduction because the T h reserves are

currently less accurately evaluated than the uranium reserves.

2) Nuclear fission reactions produce long lived radioactive waste (plutonium, actinides).

Their re-treatment in a breeder reactor would increase the overall cost of electricity and

therefore underground waste storage is the currently used solution [11]. Nuclear energy can

be unpopular among the public opinion in some countries, mainly due to the fear of the long

term nuclear waste. For instance, Germany is currently phasing out nuclear energy [12]. The

public perception of the nuclear waste problem is sometimes disproportionate due to a lack

of readily available information on the issue.

3) A catastrophic runaway event can breach the containment building of the reactor and

lead to the release of radioactive matter into the environment, e.g. the Chernobyl disaster.

However, modern reactor designs (second generation and beyond) with thick reinforced

concrete containment buildings are much safer in this regard [13] and nuclear energy is

actually a relatively safe way of generating electricity with less causalities caused per unit of

3
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Figure 1.2: Binding energy per nucleon for the most stable isotopes of each elements [16].

energy produced than fossil fuels (mining, air pollution) or even hydroelectricity (dam failure).

4) Nuclear engineering knowledge and facilities can help in the process of creating a nuclear

bomb. Indeed, the 235U enrichment process required for conventional water cooled fission

reactor employs the same technology as the enrichment process necessary for high 235U con-

tent weapon grade fuel [14]. Consequently, nuclear power technologies are hardly transferred

to developing nations, limiting the wide adoption of nuclear power.

1.3 Thermonuclear fusion

Thermonuclear fusion, the energy powering the stars, was proposed for the first time in 1920

as a potential source of energy for humanity by Arthur Eddington: “A star is drawing on some

vast reservoir of energy by means unknown to us. This reservoir can scarcely be other than the

subatomic energy which, it is known exists abundantly in all matter; we sometimes dream

that man will one day learn how to release it and use it for his service. The store is well nigh

inexhaustible, if only it could be tapped.” [15].

In this section, we will introduce basic fusion concepts, discuss the different confinement

schemes with a focus on magnetic confinement, the most promising confinement solution,

and finally briefly introduce the future perspectives for fusion by comparison with the current

nuclear fission industry.

1.3.1 Fusion reactions

All the nuclei found in the universe originate from one of the first stable particles from the

primordial universe, the proton. The succession of nuclear reactions leading to the creation of

the second most lightweight element, helium, is called the ¨Proton–proton chain reaction¨.

Lightweight nuclei gain energy from fusion reactions and the reaction is said to be ’exothermic’.

Fusion reactions leading to the formation of heavy elements beyond iron are ’endothermic’,
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1.3. Thermonuclear fusion

Figure 1.3: Values of the reactivity coefficient averaged over a Maxwell-Boltzmann energy
distribution for various fusion reactions [17].

necessitating an energy input, see FIG. 1.2. This can be explained because the attractive

nuclear strong interaction between protons and neutrons acts on a shorter distance than the

coulomb repulsion and therefore is relatively less important in large nuclei. Fusion reactions

only occur at high temperatures > 1 keV because of the coulomb repulsion between nuclei:

particles require high kinetic energy to overcome the coulomb potential in order to attain

the short distance necessary for the strong nuclear interaction to dominate. At these high

temperatures > 1 keV , electrons and nuclei are separated from each other and the matter is

said to be in a ¨plasma¨ state.

1.3.2 The DT fusion reaction

Although many different fusion reactions are possible within the immense pressure found in

the core of some stars, scientists are mostly interested in the DT (Deuterium Tritium) fusion

reaction to generate a substantial amount of power. Indeed, the reactivity coefficient for this

reaction is much higher than for the other reactions over a broad range of temperature, see

FIG. 1.3: the reactivity of the DT reaction is ≈ 100 times higher than its competitors in the

relevant temperature range 0 keV < T < 50 keV . The formula for the DT reaction is [17]:

2
1D +3

1 T →4
2 He(3.5 MeV )+1

0 n(14.1 MeV ). (1.1)

4
2He products are also called α particles and are useful to heat the plasma and thus to sustain

the fusion reaction. The fusion power per unit volume in a DT plasma, 50 % deuterium and 50

% tritium, scales with the plasma density squared and a reactivity coefficient 〈σν〉 has been
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introduced to describe the temperature dependence [18]:

P = 1

4
n2〈σν〉E , (1.2)

where E = 17.6 MeV is the total energy released per DT reaction.

1.3.3 Confinement methods

A hot plasma does not hold together by itself and a force is necessary to oppose the plasma

pressure. Sustained fusion energy must rely on a confinement scheme in order to succeed.

Gravitational confinement fusion is the process maintaining the plasma pressure in the stars.

Interestingly, the gravitational confinement of the stars is not perfect. Indeed, in the case

of the sun, stellar winds (fast particles) are able to separate from the sun surface and travel

throughout the solar system. Gravitational confinement fusion is obviously considered to be

impossible to recreate on earth.

Inertial confinement fusion

Inertial confinement fusion has been the first successful confinement scheme: fusion energy

has been released in large quantities by mankind for the first time in 1952 with the detonation

of the "Ivy Mike" US bomb [19]. Thermonuclear bombs are triggered with a nuclear fission

runaway reaction that assures that the temperature in the vicinity of the explosion stays high

enough during a sufficient time for fusion reactions to occur. A shield placed around the fusion

fuel improves the confinement of particles and radiation in the first phase of the explosion.

The heated volume expands, loses energy through radiation and the fusion reaction is stopped.

There has not been any power plant built relying on the frequent triggering of a nuclear bomb

so far, probably because it is impossible to design a containment building that can store both

heat and radioactive particles even for the smallest bomb that can be built.

Another inertial confinement design relies on the use of lasers that concentrate the energy

during a short pulse onto a small DT pellet. The record performance for such a design was

achieved at the National Ignition Facility (NIF) [20] where a fusion power of 60 k J was released

while the pellet absorbed 100 k J of external power. The actual electrical power required by the

experiment systems is much larger than 100 k J , because the process that converts electrical

energy into laser light is highly inefficient. A high frequency of pellet explosions, 100 H z,

would only generate ≈ 60 k J ×100 H z = 6 MW with NIF explosion power levels. Therefore,

even if the power gain of this process would permit net electricity production, the largest

challenge for this design would remain: all the reaction products should be cleared and the

new pellet installed in a fraction of a second for the next laser pulse to occur in the perfect

conditions [20].
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1.3. Thermonuclear fusion

Magnetic confinement fusion

Finally, the last confinement scheme experimented so far is magnetic confinement. Beyond a

certain temperature, matter is ionised, forming a gas of electrically charged particles (electrons

and nuclei) called a plasma. These plasma particles interact with the ambient magnetic field

through the Lorentz force. The Lorentz force is perpendicular to the velocity of the particles

and they undergo helicoidal orbit along the magnetic field lines. The magnetic field can

therefore be used as a tool to control the particles trajectories and to separate the plasma from

the reactor walls.

It was quickly understood that in the case of straight magnetic field lines, most of the energy

is lost at the walls at the extremities of the system due to the parallel velocity (parallel to the

magnetic field vector) of the particles. A possible solution is to bend field lines into a loop in

order for the particles to circle the machine indefinitely. The created magnetic volume has a

torus shape. Scientists tried to build a first toroidal confinement machine prototype as early

as 1938 [21].

The coils needed to generate a toroidal magnetic field are necessarily closer to each other near

the center than at the periphery of the machine and the toroidal magnetic field is, therefore,

higher near the center. The toroidal magnetic field is proportional to the inverse of the major

radius according to the law ∇·B = 0:

|B(R)| = B0R0

R
, (1.3)

where B0 is the magnetic field at the major radius R0. The change in magnetic field strength is

sometimes used to name the different regions of the magnetic volume: the High Field Side

(HFS), near the center of the machine and the Low Field Side (LFS) near the periphery of the

machine.

This gradient in magnetic field is problematic for the confinement of the plasma because it

is responsible for a vertical drift, see FIG. 1.4. The electron ∇B drift motion is directed in the

opposite direction to the ion motion, creating a local vertical electrical field. The consequence

is an outward radial E ×B drift for both ions and electrons, leading to a rapid loss of particles

to the walls.

Figure 1.4: Illustration of the ∇B drift [22].
.

In 1951, Lyman Spitzer found a brilliant idea to solve the ∇B drift problem: the stellarator
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concept, see FIG. 1.5. The field lines are twisted by the arrangement of the toroidal field coils

(with a poloidal component). The twist is chosen to create a complete poloidal rotation of the

field lines that cancel the net effect of drifts after a poloidal revolution. The drift effect in the

vertical direction is directed away from the starting field line for half of the poloidal revolution

and towards the initial field line for the remaining half. Interestingly, this poloidal revolution

does not need to be completed within a single toroidal revolution but can be achieved over

several toroidal revolutions.

Figure 1.5: Lyman Spitzer in 1953 in front of the ”Model A” stellarator at the Princeton Plasma
Physics Laboratory [23].

.

The stellarator design represented a huge step in the history of magnetic confinement, but

another design would soon revolutionize the field. Later in the 1950s, Andrei Sakharov and

Igor Tamm introduced a new concept [20]: the tokamak (Toroidalnaya Kamera Magnitnaya,

toroidal magnetic chamber in Russian). In the tokamak design, the poloidal rotation of the

magnetic field line is provided by a toroidal electrical current carried by the plasma itself.

This electrical current can be driven with external current sources, such as radio waves, or

inductively, using a central primary coil, the inner poloidal field coil shown in FIG. 1.6. Outer

poloidal field coils, shown in FIG. 1.6, are used to control the plasma position and shape in the

poloidal plane.

After several years of improvements and various prototypes, the tokamak design became

extremely efficient with the milestone of T = 1 keV being reached with the T −3 machine in

1968 [20]. Since the first Russian designs, tokamaks have dominated the competition in terms

of confinement time and plasma pressure by an order of magnitude. As discussed later in

SEC. 1.3.4 and FIG. 1.7, it is the product of these quantities that needs to be sufficiently high in

order to attain sustained fusion energy.

A large part of the fusion community effort in the past 15 years has been invested in the

construction of the largest tokamak to date, ITER [25], which is expected to deliver its first

plasma in 2025 and first burning DT plasma in 2035. It is currently anticipated by the majority

of the scientific community that a reactor design would then resemble the ITER project [26].

8



1.3. Thermonuclear fusion

Figure 1.6: Schematic view of a tokamak [24].

This DEMOnstration reactor (DEMO) will need to be larger and/or have a stronger magnetic

field in order to produce more fusion power and to be less dependent on external heating

systems.

1.3.4 The fusion reactor concept

Net electricity production and the concept of ignition

Figure 1.7: Product of the density and confinement time plotted as a function of ion tempera-
ture for the key magnetic confinement experiments performed [27].

A fusion reactor must produce more energy than it consumes in order to produce a net quantity

of electricity. Since both external plasma heating systems (electron/ion cyclotron resonance

heating, neutral beam heating, etc...) and electricity production systems (electric turbine)

have limited conversion efficiencies, a reactor must have a power ratio Q = P f usi on/Pi n > 20

in order to produce a sufficient amount of electricity [28]. The plasma heating should be

ensured by α heating for the major part. If the reaction no longer relies on external heating
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and is entirely sustained by α heating, the plasma is said to ’ignite’. A plasma state close to

ignition Q = P f usi on/Pi n =∞ is therefore mandatory for fusion energy production.

In order to determine the plasma properties necessary to reach ignition, the confinement time

concept can be introduced, which, in stationary condition is given by:

τ= W

Pi n
=

∫
3nT dV

Pα+Pext
, (1.4)

where Pi n = Pα +Pext is the sum of the power absorbed by the plasma from α particles

and external heating sources and W = ∫
3nT d v is the thermal energy in a plasma where

T = Te = Ti and n = ne = ni are assumed.

In order to sustain the fusion reaction with minimal external energy input, a high confinement

time is necessary in order to satisfy the power balance. The power balance equation is:

Pi n > Pout ⇔ Pα+Pext > W

τ
. (1.5)

Let us introduce the formula for the power from alpha particles Pα and assume that the plasma

pressure is constant throughout the plasma volume, while neglecting Pext . The condition for

ignition then becomes [18]:
1

4
n2〈σν〉EαV > 3nT V

τ
(1.6)

nτ> 12T

〈σν〉Eα
(1.7)

The reactivity coefficient is assumed to be proportional to the square of the temperature in

the reactor relevant temperature range 10−20 keV [18]:

〈σν〉 = 1.1 ·1024 T 2m3s−1, (1.8)

Further numerical application with Eα = 3.5 MeV enables us to find the final criterion for

ignition which is the product of ion density, temperature, and energy confinement time, also

called the triple product:

nTτ> 3 ·1021m−3keV s. (1.9)

The product of density and confinement time as a function of the ion temperature for several

key fusion experiments performed so far is shown in FIG. 1.7. The highest triple products

attained are therefore located in the top right of this graph. It can be seen in this figure that

tokamaks went close to Q = 1. Interestingly, the ITER planned reference at Q = 10 is not far

from the ignition requirement Q =∞.
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1.3. Thermonuclear fusion

Figure 1.8: Scheme showing the most important components of a nuclear fusion reactor.
Labels have been added onto the original figure [29].

Fusion power plant components

A nuclear fusion power plant does not only include the tokamak and the plasma. A long list of

external systems is required such as a breeding blanket, a tritium plant, a cryogenic plant, a

steam generator, a cooling tower, a turbine and a transformer. A simplified scheme represents

how these systems are interconnected in FIG. 1.8.

1.3.5 The impact of nuclear fusion on modern society

The promise of nuclear fusion energy ?

Fusion is sometimes advertised as the energy of the future in public media [30]. Public

communication is important for increasing interest and investments in fusion research to

drive progress towards a possible reactor design.

However, the promise of nuclear fusion energy can also convey the idea that the unsustainable

and increasing energy demand of modern society will be fulfilled by nuclear fusion, therefore

reducing the incentive for a prompt reduction in the current energy consumption levels.

The fusion community should therefore try to find the right balance between securing enough

funds to make scientific progress and avoiding the creation of false illusions among the public

audience, that does not necessarily possess the technical competency to apprehend the

outstanding difficulties involved in the realisation of a fusion reactor.

Advantages compared to nuclear fission ?

The advantages of fusion frequently mentioned [30] [25] are: a reduced risk of a catastrophic

events, a reduced production of radioactive waste and abundant fuel reserves.
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While these advantages when compared to nuclear fission will certainly become relevant on

the long term, mentioning them implies that nuclear fission is a high-risk source of energy,

producing dangerous waste and whose fuel supply is limited. While these implied statements

are irrefutable, as discussed in SEC. 1.2.4, they might overshadow the larger problems caused

by the other energy sources such as fossil fuels, see SEC. 1.2.1.

1.4 The heat exhaust challenge

At the time of writing, it is still unclear if the plasma facing components can withstand the

steady state heat flux expected in a fusion reactor and the transient power loading for more

than several seconds [31]. Experiments and simulations are continuously improved in order

to strengthen the boundary plasma physics knowledge to design the most adequate heat

exhaust system for future reactors. Improvements on the engineering design of plasma facing

components are limited because of the intrinsic limits from material, see SEC. 1.4.1. The

divertor concept and considerations on the effect of magnetic geometry on the heat exhaust

are presented in SEC. 1.4.2. Finally some strategies employed to maximise divertor cooling are

presented in SEC. 1.4.3 and the concept of detachment is discussed in SEC. 1.4.4.

1.4.1 Limitations from the materials used in plasma facing components

Tungsten is the candidate material for plasma facing components in future reactors such as

ITER (International Thermonuclear Experimental Reactor) [32] and DEMO (DEMOnstration

Power Station) [31] due to several intrinsic qualities such as a low tritium retention, a short half

life for the radioactive products created upon neutron activation, the highest melting point of

any known solid, a high thermal conductivity and a high resistance towards both physical and

chemical sputtering. However, this material has some drawbacks such as a brittle behaviour, a

high cost and the difficulty to make complex shapes. The maximum perpendicular steady state

heat flux tolerated with water cooled tungsten mono-block is expected to be ≈ 16 MW /m2

[32] for the ITER design.

Graphite is also extensively used as a plasma facing component in tokamak research [33]

[34] due to an excellent thermal conductivity, absence of melting point, high sublimation

temperature and simple machinability. Graphite was excluded from the ITER design [32]

because of the high chemical affinity between hydrogen isotopes (tritium and deuterium) and

carbon atoms which would produce unacceptable amounts of radioactive tritium retention.

Moreover the erosion rate due to chemical sputtering would be unacceptable in a reactor even

at low plasma temperature ≈ 1 eV (temperature close to the energy required for chemical

reaction).
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Figure 1.9: Scheme of the poloidal section in a) a limited plasma and b) a diverted plasma
with two distinct regions, the core and the SOL, separated by the Last Closed Flux Surface
(LCFS). Red arrows represent the direction of the main energy transport mechanisms: cross
field transport from the core to the SOL and transport along the field lines from the upstream
SOL to the targets.

1.4.2 Geometrical consideration for the heat exhaust in diverted plasmas

Historically, tokamaks had a limited plasma, see FIG.1.9 a), where the last closed flux surface

(LCFS) is in direct contact with the tokamak walls. Limited plasmas suffered from a feedback

loop that prevented sufficient fusion power to be generated: once the core plasma power

was increased, energetic particles in the SOL would cause increased sputtering of the wall

materials and thereby cool down the core plasma through heavy impurities line radiation and

reduce the fusion power through hydrogenic fuel dilution.

An ingenious solution to overcome the proximity between the core plasma and the plasma

wetted areas was proposed for Stellarators by Lyman Spitzer in 1951 [35]: the divertor. In

tokamaks, the divertor is created by a region of zero poloidal magnetic field, called an X-

point, that defines the LCFS position. This X-point is obtained by driving an electrical current

in the divertor field coil of approximatively the same magnitude and in the same direction

as the plasma current. Electrical currents flowing in the same direction attract each other

and therefore a subset of controllable poloidal field coils is required in order to stabilise

the diverted plasma vertical motion, which adds some complexity as compared to a limited

plasma tokamak.

In the diverted plasma, heat is continuously expelled from the core plasma into the Scrape-

Off Layer (SOL), i.e. the region with "open" field-lines, through cross-field transport. In the

SOL, this exhaust heat is then transported primarily along the magnetic field lines towards a

relatively narrow width on the target plates, see FIG.1.9 b).

Geometrical modifications of the magnetic equilibrium can be employed in the divertor region
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(the region around and below the magnetic X-point) in order to reduce the peak heat flux. In

the absence of volumetric power losses and cross-field heat transport in the divertor leg, the

peak heat flux at the target can be written as [36]:

q t
⊥,peak = Pdi v

2πRtλq

sinβ

fx
. (1.10)

Pdi v is the power entering a single divertor leg, β is the angle of target tilting in the poloidal

plane, Rt is the major radius at the target, λq is the radial e-folding length of the heat flux

profile in the SOL at the outer mid-plane and fx is the poloidal flux expansion defined as:

fx = Δr t

Δr u , (1.11)

where Δr t and Δr u are the perpendicular flux surface spacings at the target and upstream, see

1.9 b).

From equation (1.10), it can be seen that both increasing fx and decreasing β lead to a

reduction of q t
⊥,peak . The ratio sinβ

fx
is proportional to tanα, with α the total grazing angle

between the magnetic field and the divertor plate. Due to limited engineering precision, α

is limited to ≈ 1deg to 2deg to avoid inhomogeneous heat flux deposition [36] and therefore,

there is an upper bound for the heat flux reduction caused by wall tilt and flux expansion.

Increasing Rt is another means to decrease q t
⊥,peak but is limited by the available space within

toroidal field coils.

When applied to the ITER specifications, equation (1.10) yields an excessive peak heat flux at

the target, about 20 times above the acceptable 10 MW /m2 [36]. The q t
⊥,peak expected from

the equation (1.10) is even larger for the generation of tokamaks beyond ITER, which will have

a larger plasma volume and/or a higher magnetic field strength.

Additional reductions must therefore be achieved with the remaining parameters λq and

Pdi v in equation (1.10). Increased cross-field transport will lead to larger λq . The turbulent

spreading of heat along the divertor leg can often be described by a width S, the spreading

factor, according to the Eich fitting procedure [37], and λq can then be replaced by λq+1.64S in

equation (1.10). Since S is typically of the order of λq or smaller, the turbulent spreading effect

is not sufficient in its own. Pdi v can be reduced by volumetric power/momentum losses such

as impurity radiation, hydrogenic radiation, and charge exchange reactions. Besides reduced

target heat fluxes, this results in a cooling of the divertor plasma and eventually pressure loss

of the plasma near the target. In order to ensure adequate energy confinement and acceptable

levels of plasma-wall interaction, one must therefore promote divertor geometries with both

enhanced turbulent cross-field transport and increased volumetric losses.

14



1.4. The heat exhaust challenge

1.4.3 Divertor cooling strategies

SOL physics is a complex interplay between heat transport channels, such as parallel electron

conduction, parallel convection, E ×B convection and turbulent cross field transport and

volumetric losses such as ionisation, radiation and charge exchange reactions. Different

strategies that can be pursued to enhance volumetric losses and to impede parallel heat

transport channels are presented in this section.

Hydrogenic volumetric processes

Figure 1.10: a) Rate coefficients for atomic and molecular hydrogen[38] and b) the radiation
loss or power function R as a function of Te for the elements C , O, Fe and W [38]. The
numbered reactions in a) are (1): e + H2 → H+

2 + 2e, (2): e + H2 → 2H 0 + e, (3): e + H2 →
H 0+H++2e, (4): e+H+

2 → 2H 0, (5): e+H+
2 → H 0+H++e, (6): e+H 0 → H++2e, and charge

exchange (7): H 0 +H+ → H++H 0.

The relative importances of some hydrogenic volumetric processes as a function of electron

temperature are shown in FIG. 1.10 a) for a plasma in coronal equilibrium where Te = Ti is

assumed. The rate coefficient for the various paths toward ionisation, (1), (3) and (6) in FIG.

1.10 a) strongly increases with electron temperature for Te ≈ 5 eV and above. Interestingly the

rate coefficient for charge exchange, (7) in FIG. 1.10, is higher than for ionisation processes

over the entire temperature range. Recombination, a process that dominates only at very low

temperatures Te < 1 eV , has not been shown in this plot.

Divertor fuelling and the density limit

Increasing the plasma density enables to increase the hydrogenic radiation and the rate of

charge exchange reactions [38]. The local ion flux towards the divertor targets increases

non linearly with the neutral fuelled flux. These ions recombine on the wall surfaces and

travel back to the plasma as recycled neutral particles (single atoms or molecules). Once the
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recycled neutral flux becomes much larger than the fuelled flux, the plasma is said to be in the

high recycling regime. Above a certain fuelling rate, the plasma undergoes an edge radiative

instability and disrupts [39], thereby setting an upper value for the amount of hydrogenic

gas that can be fuelled. Note that the disruptive limit depends on other factors such as the

impurity concentration.

Divertor geometry relative to the recycled neutrals

Increased neutral baffling can enhance volumetric losses in the SOL with little effect on

the core plasma [40] [41]. The divertor plates can be inclined to redirect the neutrals from

the relatively cold far SOL into the near SOL (near the LCFS). This configuration is called

the vertical plate divertor and is the preferred choice for the most recently built large size

tokamaks [40]. Advanced divertors, such as the snowflake, super-X, X-point target and double

null plasmas are currently being investigated in medium sized tokamaks [36] [42]. These

alternatives could enable stronger neutral confinement and higher volumetric losses than the

vertical plate divertor design, albeit at potentially higher costs.

Impurity seeding

Above ≈ 10 eV , hydrogenic particles are almost entirely ionised and generate negligible

volumetric losses. Another process, such as impurity radiation, is then required to drive

the SOL towards a higher collisionality state where the hydrogenic volumetric losses can be

activated.

Impurity radiation from low atomic number elements such as carbon, nitrogen and neon is

one of the most promising tools to dissipate a substantial fraction of the power in the relevant

reactor upstream SOL temperature range [38]. By chance, these lightweight impurities are fully

ionised in the core region and generate negligible amounts of line radiation above a certain

critical temperature, see FIG. 1.10 b). Hydrogenic nuclear fuel dilution in the core can however

become an issue at high impurity fraction [38].

Impurity transport is a complex process: the core impurity fraction does not necessary scale

with the SOL impurity fraction. The divertor geometry is supposed to enhance the ratio of

impurity concentration in the divertor SOL to that in the upstream SOL thanks to the friction

with the main hydrogenic ion species which is streaming towards the walls near the divertor

plates [43]. However, friction with the main ion specie is not necessarily the most important

force acting on impurity ion [43], leading to possible impurity transport from the edge to the

core plasma.
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1.4.4 Concept of detachment

¨Detachment¨ is often referred to as the last stage of the divertor cooling process. Detached

divertor regimes are experimentally characterized by large radiation losses and a “roll-over”

of plasma flux to the targets [44] [38] [45]. The transition to detachment is correlated with a

decrease in the electron temperature near the target and with a shift of the ionisation and

impurity radiation fronts towards the X-point region [46]. Although a high level of detachment

would be the ideal state for the divertor plasma in a fusion reactor, the potential cooling of the

edge plasma would not be necessarily compatible with the best performing core confinement

scenario. Therefore, the optimal operational point for a reactor in terms of divertor wall

protection and core performance is still to be determined.

1.5 The TCV tokamak

The Tokamak à Configuration Variable (TCV) [47] at EPFL is a medium size machine with a

major radius R0 = 0.88 m, toroidal magnetic field B0 ≤ 1.5 T and plasma current Ip ≤ 1 M A.

Figure 1.11: a) Picture of the TCV vacuum vessel covered with graphite tiles with a superim-
posed poloidal cross section with an advanced magnetic equilibrium (a snowflake ’minus’ HFS
plasma) shown as an example and b) recent baffles upgrade featuring an increased divertor
closure [41] [48].

A picture taken inside the vacuum vessel highlights the full graphite tile wall coverage, see FIG.

1.11 a). An advanced divertor magnetic equilibrium is superimposed to the real picture to

illustrate an example of the TCV magnetic shaping capabilities. Thanks to its 16 individually

powered poloidal field coils, TCV is one of the few tokamaks in the world able to provide the

necessary magnetic flexibility needed to test the efficiency of advanced divertor geometries.

A substantial amount of pioneering work in edge physics has been performed over the past

years [49] [36] [50].
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The heat and particle exhaust characteristics of the TCV tokamak have been recently modified

with a divertor upgrade [41] [48] where an in-vessel structure of solid graphite baffles forms

a divertor chamber of increased closure in order to decouple divertor and main chamber

regions, see FIG.1.11 b). Alternation between a closed and open divertor can be performed

in between experimental campaigns in order to isolate the effect of the baffles on results by

repeating experiments [41].

1.6 Review of diagnostics relevant for heat exhaust studies

A large panoply of diagnostics are required in order to give the most complete and accurate

description of the boundary plasma as possible, needed to improve our physics understanding

of this critical region and to validate numerical models. A non exhaustive list of the most

relevant diagnostics to the context of this thesis is given in this section.

1.6.1 Wall embedded Langmuir probes

Among the edge diagnostics, Langmuir probes (LPs) are one of the most common tools to

describe local SOL/divertor properties. They typically provide measurements of ion saturation

current Isat , electron density ne , electron temperature Te , floating potential Vf l , plasma

potential Vpl and ion Mach number M . In the single probe arrangement (local measurement

of the plasma properties), Isat , Vf l and M can be easily measured with high time response, e.g.

200kH z. On the contrary, Te , Vpl and ne are usually obtained by relatively slowly sweeping

the probe voltage, resulting in a time response of ≈ 100H z [51]. With considerably more effort,

it is possible to use custom electronics in order to increase the time response of Te , Vpl and

ne up to the highest frequency of relevant SOL fluctuation, i.e. ≈ 1M H z [52]. LPs, essentially

consisting of a conducting wire exposed to the plasma, can be conveniently installed within

the plasma facing components. Such wall-embedded LPs then provide local measurements of

plasma parameters near the wall.

More details on the physical principles involved in the Langmuir probe analysis will be given

in SEC. 2.

1.6.2 Fast scanning Langmuir probes

In order to obtain LP measurements in regions more distant from the walls, Langmuir probes

are mounted on reciprocating systems, undergoing a fast radial motion. Such systems are

typically installed at the outer mid-plane, accessing a region from the wall to the LCFS [53] [54]

[55] [56]. The upstream profiles are usually cross checked with electron Thomson scattering

results. The measurements of fluctuations in the outer mid plane region is highly valuable to

understand the turbulent cross field transport and its impact on the SOL width [57] [58] [53]

[59].
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The divertor and X-point region have also been diagnosed with fast reciprocating Langmuir

probes, more details on this subject will be given in SEC. 3.1.

1.6.3 Infrared camera

Infrared thermography (IR) is extensively used to monitor the plasma facing component

surface temperature with high spatial and temporal resolution. In TCV, the thermography

system consists of a vertical and a horizontal infrared camera [60]. The vertical camera is

mounted on the top of the machine and covers the outer strike point of a typical single null

plasma. The camera is sensitive in the wavelength range 1.5 to 5.1 μm. The typical frame

rate and spatial resolution are 400 H z and 2.5 mm in full frame respectively. The frame rate

can be increased to 15 kH z for a sub-frame. The THEODOR code is used to solve the heat

diffusion equation using the measured temperature as a boundary condition [60]. IR analysis

can be challenging, depending on the target surface condition: the redeposition of carbon

rich residue on top of the graphite surface necessitates the introduction of a correction factor

in the analysis.

1.6.4 Neutral pressure gauges

There are many different types of neutral pressure gauges. In TCV presently, the neutral

pressure measurements are performed with magnetically shielded and vibrationally isolated

baratron pressure gauges [36]. Three baratrons are presently installed on the outer wall (at

Z = 0 m), on the floor (at R = 0.75 m) and on the 45◦ tiles on the LFS. The neutral pressure can

be used as a proxy to determine if the SOL plasma is in high recycling conditions. The neutral

pressure measurement is difficult to accurately translate into a neutral atomic and molecular

density measurement because of the complex interactions between heated neutrals and the

tokamak surfaces [61].

1.6.5 Divertor Thomson electron scattering

Thomson electron Scattering (TS) is one of the most important diagnostics in a tokamak.

The measurement of electron density and electron temperature over the full plasma range is

obtained by recording the spectrum from laser light scattered by electrons. The laser pulses

have a negligible effect on the plasma which is an advantage over intrusive diagnostics such

as fast scanning Langmuir probes for example. A divertor Thomson electron scattering system

has been recently installed in TCV [62]. 20 new TS spectrometers have been installed to

measure electron temperatures down to ≈ 1 eV with vertical spatial resolution of 15−18 mm

at the same radial position as the core TS, R = 0.9 m.
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1.6.6 Line integrated spectrometer

High resolution spectrometers can be used to measure the emission lines from hydrogenic

and impurity species. The measurement of the line width and intensity enables the estimation

of important quantities such as the plasma density and ionisation and recombination rate.

In TCV, the Divertor Spectroscopy System (DSS) consists of vertical and horizontal viewing

systems, each employing 32 lines of sight with spatial resolution of ≈ 13 mm [63]. The spec-

trometer contains a triple grating turret which can be turned to change the grating used and

to change the wavelength region covered, e.g. to enable measuring different Balmer lines [63].

Although current analysis is performed with line average measurements, a future version of

the diagnostic could include a tomographic reconstruction by combining the two viewing

systems.

1.6.7 Multi spectral tangential imaging

Cameras are often mounted tangentially in order to produce a high quality video of the divertor

plasma. The light can be spread in several channels mounted with different filters. The desired

frequency range of the incoming light is chosen to correspond with the most interesting

atomic lines. The spectral resolution is obviously much lower than for a typical line integrated

spectrometer and therefore choosing the appropriate filter to deduce basic plasma quantity

is challenging. In TCV, a 10-channel Multispectral Advanced Narrowband Tokamak Imaging

System (MANTIS) is currently installed [64], based on a similar principle as its 4-camera,

predecessor system [65]. MANTIS coverage includes the inner and the outer divertor legs as

well as the X-point in most experiments.

1.6.8 Bolometry

Bolometry is one of the solutions that can be used to measure the total radiated power from

the plasma, including both hydrogenic and impurity radiation over a large wavelength range.

The radiated power density is estimated from the changes in the resistance of a thin electrically

conducting foil whose surface is exposed to the plasma. The foil should behave ideally as

a black body in order to absorb the complete spectrum of radiated power. In TCV, the total

radiated power is presently measured using a 64 channel system based on metal foil resistor

bolometers [66]. Tomographic reconstructions of the poloidal emissivity distribution are

routinely performed with a spatial resolution of ≈ 4 cm and a temporal resolution of ≈ 10 ms,

limited by the integration time of the metallic resistor bolometers.

1.7 Motivations and outline of the thesis

Langmuir probes provide detailed profiles at the mid-plane and at the target in TCV, see FIG.

1.12 a) and b). The region in between the upstream plasma and the plasma at the target
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Figure 1.12: a) Poloidal cross section of the TCV tokamak with the Langmuir probe coverage
and b) example of the difference between the electron temperature at the target and near the
outer mid plane [36].

is not routinely diagnosed with Langmuir probes. Instead, this region is covered by other

systems such as multispectral imaging [64], divertor electron Thomson scattering [62] and

spectroscopic measurements [63]. However, these measurements differ in many aspects from

the quantities obtained from Langmuir probes, e.g. different quantities measured and limited

spatial and/or temporal resolution. In particular, these other diagnostics are not able to resolve

the turbulent time scales.

In order to overcome this lack of probe coverage, the main focus of this thesis is to design

and build a new probe diagnostic in the divertor of TCV, the fast-moving Reciprocating Di-

vertor Langmuir Probe Array (RDPA). Unlike the 1D profiles given by the wall LPs and by the

mid-plane reciprocating probe, the aim of RDPA is to provide 2D measurements of plasma

quantities across a poloidal section of the divertor. Such a 2D probe scanning system has, to

our knowledge, not been implemented in any major tokamak, which makes the RDPA project

challenging and unique.

With the enhanced diagnostic capabilities provided by this new tool, the goal is to explore

a number of key divertor plasma issues and to provide stringent benchmarks for numerical

models. The main subjects of study where RDPA can provide unique insight include the

particle and power balance in the divertor and in particular the assessment of the competition

between parallel velocity and E×B drift velocity as a function of divertor regime, the spreading

of heat and particle flux profiles along the divertor leg in different magnetic geometries, the

spatial distribution of turbulence fluctuation levels in the divertor and the identification of the
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nature of turbulence via cross-phase measurements between different quantities. In terms of

code validation, such measurements can provide stringent tests for the models used both in

edge transport codes such as SOLPS-ITER (a transport code that couples a multi-fluid solver

with the kinetic Monte Carlo neutral code EIRENE [61]), and first-principles turbulence codes,

such as the Global Braginskii Solver (GBS) code developed at the SPC [67]. Furthermore, the

localised nature of LP measurements and the relatively large number of quantities obtained

would allow a combination with the results from other divertor diagnostics, such as the

multi-spectral imaging system (MANTIS) [64]), the divertor Thomson [62] and in particular

the diagnostics relying on line-integrated measurements such as the Divertor Spectroscopy

System (DSS) [63].

Some of these new possibilities opened up by the RDPA could already be explored within

this thesis, others will be the subject of future work. The remainder of this thesis is organised

as follows: Chapter 2 presents the TCV LP system in detail together with recent upgrades

performed as part of this thesis. Chapter 3 discusses the RDPA diagnostic design, construction

and commissioning. Chapter 4 presents divertor particle balance studies including detailed

assessments of the role of parallel and E ×B flows in different divertor regimes and in both

baffled and non-baffled discharges. Chapter 5 covers the topic of heat flux profiles from both

convection and conduction. Chapter 6 introduces the various fluctuation measurements that

have been performed so far with RDPA. Finally the conclusions will be presented in Chapter 7.
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2 The wall-embedded Langmuir probe
system at TCV and recent enhance-
ments

Part of the diagnostic responsibilities of this thesis work included the operation, maintenance,

and upgrade of the TCV wall-embedded Langmuir probe system. This system, together with

its recent upgrades, is presented in the following chapter. Some theoretical concepts required

for Langmuir probe theory, their basic working principle and the system on TCV are briefly

introduced in SEC. 2.1. An overview of an amplifier upgrade performed in 2018 is shown

in SEC. 2.2, followed by a more in-depth description of the TCV wall-embedded LP design

and the transmission lines connecting them to the amplifiers is presented in SEC. 2.3. The

design of a new amplifier circuitry is presented in detail in SEC. 2.4, discussing in particular

the amplification, the current limitation, and the voltage and current measurements circuit.

Protection strategies against amplifier damage are discussed in SEC.2.5. A possible future

improvement to the current measurement system is introduced SEC. 2.6. The Langmuir probe

analysis routines are described in SEC. 2.7 and an introduction to inter-ELM analysis is given

in SEC. 2.8. Finally, a summary of the chapter is presented in SEC. 2.9.

The following chapter content has been already partially published: SEC. 2.3, SEC. 2.4 and

SEC. 2.5 are entirely based on the reference [68]. Co-authors of the paper have agreed to share

the content for the chapter of this thesis.

2.1 Physical principles involved in Langmuir probe analysis

A Langmuir probe is a measurement apparatus made of an electrical conductor in contact with

the plasma [69]. The electrical current passing through the probe depends on the probe voltage

and on the local plasma properties. Some of the local plasma quantities can be experimentally

deduced from the voltage and current measurements by using theoretical models [38] [70].

Applying a different voltage between a Langmuir probe and the neighbouring components

in contact with the plasma requires an electrical insulation. In order to present the physical

principles involved in Langmuir probe analysis, several concepts, related to the behaviour of
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the plasma near a physical surface, need to be introduced first.

2.1.1 The plasma sheath

Hydrogenic ions, such as deuterium ions, are ≈ 3600 times heavier than electrons. In a suffi-

ciently collisional plasma, the ion and electron distributions are close to thermal equilibrium

Te ≈ Ti . In this case, the mean velocity of the electrons is ≈
�

mi�
me

= 60 times higher than the

mean deuterium ion velocity. This velocity imbalance results in a somewhat counter intuitive

process in the region where the plasma comes in contact with the wall: the formation of the

plasma ’sheath’, a narrow layer at the plasma-wall interface where quasi-neutrality is violated

[38].

The plasma voltage increases relative to the wall voltage because the electron flux to the

wall is initially larger than the ion flux. The resulting electric field is mostly confined in the

sheath, whose dimension is equal to a few Debye lengths [38]. Indeed, the Debye length is the

characteristic distance required for the plasma to screen an external charge [38]:

λDebye =
√

ε0Te e

ne e2 , (2.1)

where ne is the plasma density, Te is the electron temperature expressed in [eV ] rather than in

[J ] and e is the elementary electron charge. Throughout this work, plasma temperatures are

expressed in [eV ], which is why the multiplication with the elementary charge is required to

obtain the correct numerical factor.

The charge equilibrium between the ion and the electron fluxes is attained once the plasma

floats at Vsh ≈+3Te relative to the wall voltage for a deuterium plasma with Ti = Te and where

secondary electron emission is absent [38]. The equilibrium between the plasma potential

and the electrical current is attained on a short timescale, approximatively equal to the sheath

dimension divided by the velocity of the electrons.

2.1.2 Ion and electron contributions to the sheath heat flux

Interestingly, the voltage drop across the sheath transfers energy from the electron population

to the ion population. Let us consider the same deuterium plasma where T ≡ Ti = Te and

where secondary electron emission is absent. If we neglect the energy deposited due to

recombination at the target surface, the formula describing the different contributions to the

surface heat flux according to the model described in [38], chapter 25.5 is:

q = qe +qi , (2.2)
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2.1. Physical principles involved in Langmuir probe analysis

where qe and qi are the electron and ion contributions to the heat flux:

qe = 2TeΓe , (2.3)

qi = (2.5T +Vsh)eΓi ≈ (2.5T +3T )eΓi ≈ 5.5TeΓi . (2.4)

Γi and Γe are respectively the ion and the electron particle flux densities trough the sheath

expressed in [m−2s−1]. In general, Γi ≈ Γe is respected in order to satisfy the overall charge

balance. In this case the ion contribution is 5.5/2 times higher than the electron contribution

to the total heat flux at the target. However, the assumption Γi ≈ Γe is not necessarily true

locally in the presence of electrical currents that can be caused by drifts or thermal gradients

[71]. In order to simplify the heat flux formula, the total sheath heat flux transmission factorγsh

is usually introduced to account for both ion and electron contributions [38]. The expression

of the target heat flux for the same plasma, as previously assumed, becomes:

q = γshTeΓi = (γe +γi )TeΓi = (2+5.5)eΓi = 7.5TeΓi , (2.5)

where γe and γi are respectively the electron and ion sheath heat transmission factors. The

value of 7.5 is close to the experimental observations, e.g. γsh ≈ 6 has been obtained from the

comparison between Infrared thermography (IR) and LPs in TCV [72].

2.1.3 The Bohm velocity

In the presence of a wall, which acts as a particle sink, the plasma is strongly accelerated by the

pressure gradient in a region of the plasma called the pre-sheath. The final ion velocity at the

entrance of the sheath in many situations is equal to the plasma sound speed, the so-called

Bohm velocity [38] [70]:

vse = cs =
√

e(Te +γTi )

mi
, (2.6)

where e is the elementary charge, Te and Ti are the electron and ion temperature expressed

in [eV ], mi is the ion mass, and γ is the adiabatic index. γ= 1 is a default value, often used

in previous TCV edge studies [51]. Since Ti is difficult to measure in the boundary plasma of

tokamaks, the assumption that Ti = Te is also usually made [51]. It should be noted that in the

presence of a magnetic field perpendicular to the wall, EQ. (2.6) remains unchanged. For small

(but not too small) grazing angles between the magnetic field and the wall, another sheath

forms on top of the Debye sheath, called the Chodura sheath or magnetic pre-sheath [73] [38]

[74]. At the entrance to this sheath, the ions usually still satisfy the Bohm condition for their

velocity parallel to the magnetic field. However, corrections to this velocity appear in case of

spatial gradients of potential and pressure perpendicular to the magnetic field [38] [74].
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Figure 2.1: a) Langmuir probe facing an un-magnetised plasma and b) Langmuir probe facing
a strongly magnetised plasma.

2.1.4 The ion saturation current measurement

Based on the Bohm condition, EQ. (2.6), we can deduce what a Langmuir probe will measure

in case it is biased to a highly negative potential. The resulting change in voltage between

the plasma and the Langmuir probe is taken up almost entirely by the probe sheath [38]. The

highly negative bias voltage will repel the entire electron population such that essentially only

ions are collected by the probe. The Bohm condition still remains valid in these conditions

and the resulting probe current, called ion-saturation current, can be expressed as [38]:

Isat = ne,se ecsS, (2.7)

where ne,se is the electron density at the entrance of the sheath and S is the effective ion

collection area of the probe. The later is reduced in the case of a magnetised plasma, see FIG.

2.1, because of the Lorentz force which limits ion trajectories perpendicular to the magnetic

field. The ion saturation current is therefore equivalent to the ion flux in ’normal’ conditions,

i.e. when the probe voltage is referenced to ground. The heath flux formula can be expressed

as a function of the ion saturation current density Jsat = Isat /S:

q = γshTeΓi = γshT Jsat (2.8)

2.1.5 Sweeping of the bias voltage for single Langmuir probe

Changing gradually the bias voltage of the probe from a negative value (ion saturation) to a

positive value (electron saturation) enables to record the so called ’IV curve’, characteristic

of the local plasma conditions. The IV curve recorded with conventional electronics can

not resolve the plasma characteristics at the turbulence time scale, because high frequency
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sweeping with large voltage extrema poses many technical difficulties. A four parameters

equation [75] [51] can be used to describe how the current flowing to the probe changes as a

function of the bias voltage:

Ipr = Isat
[
1+α(Vpr −Vf l )−e

Vpr −V f l
Te

]
, (2.9)

where Vf l is the potential at which there is no net current drawn from the plasma, α is a

coefficient taking into account the increase in the effective ion collection area with voltage in

the ion saturation domain due to sheath expansion, Te is the electron temperature expressed

in eV and Isat corresponds to the ion current drawn at Vpr =Vf l . In the case of probe tips with

relatively small ion collection area, e.g. flush probes, the parameter α is mandatory for the

interpretation of measurements. It is less critical in the case of proud probes with a sufficiently

large effective area. Once the electron temperature is determined, the plasma density at the

sheath edge is obtained by combining the Isat measurement with the Bohm condition:

ne,se = Isat

ecsS
≈ Isat

e
√

2eTe
mi

S
(2.10)

Moreover, the plasma potential can be deduced from the combination of the electron temper-

ature measurement and from the floating potential measurement, as explained in SEC. 2.1.1:

Vpl ≈Vf l +3Te (2.11)

2.1.6 TCV wall embedded LP system

There exist many different Langmuir probe types such as single probes, double probes, triple

probes and mirror probes [52]. The wall-embedded LP system in TCV consists of 194 single

probes with voltage sweeping capabilities thanks to a total of 216 dedicated amplifiers. The

typical acquisition frequency for the voltage and current measurements is 200 kH z. The bias

voltage is usually swept from −110 V up to 80 V at a frequency of 900 H z. The system and

its recent upgrades are presented in SEC. 2.2, SEC. 2.3, SEC. 2.4 and SEC. 2.5. The analysis

routines and some example results are presented in SEC. 2.7 and SEC. 2.8.

2.2 Overview of the recent amplifier upgrade

A new amplifier circuitry to operate single LPs on TCV with an arbitrary bias-waveform or

in floating potential mode has been recently developed at TCV [68]. Compared to the first

generation of custom-built amplifiers, the new circuitry features an improved amplification

final stage with simpler and cheaper components, an improved current measurement and a

custom current limitation system based on suspended OP-amps. 180 of these third generation

amplifiers have been built and tested in 2018, extending the total number of amplifier from 48

to 228 units. Before 2018, a limited number of probes could be connected at the same time,
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Figure 2.2: Poloidal cross-section of TCV with the location of the 114 Langmuir probe tips prior
to the 2019 upgrade. Red dots indicate LPs connected to an amplifier, blue dots are LPs that
are not acquired. Before the 2018 electronics upgrade, the amplifiers needed to be re-wired
manually to accommodate the different plasma shapes and positions as shown in a) for the
shot #51262 and in b) for the shot #51324. After the 2018 electronics upgrade, e.g. in c), shot
#61943, full coverage is attained.

see FIG. 2.2 a) and b). In 2019, the number of Langmuir probes has been increased from 114

to 194 [68] in the frame of the TCV divertor upgrade [48]. The electronics upgrade allows the

simultaneous operation of all the 194 wall-embedded single LPs currently installed on TCV as

shown in FIG 2.3, and thus substantially improves the operational flexibility.

2.3 Design of the Langmuir probes and characteristics of the trans-

mission line

Langmuir probes have been present in TCV since 1992 [76]. They have evolved over time

and only the most recent design is presented here. The first details of the spatial location

of installed probes have been given in 2003 [77]. The different probe tip geometries used in

TCV are shown in FIG. 2.4. Domed probes represent the majority of the installed tips. They

are preferred over flush probes due to several practical reasons: reduced sheath expansion,

less relative error on the height of the probe tips and better signal to noise ratio for grazing

magnetic field line angles α ≈ 0◦. The greater erosion rate of domed probes is, however, a

disadvantage and replacement of eroded probes is sometimes required after an experimental

campaign.

The probe assembly is housed in the TCV polycrystalline graphite tiles which armor the main
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Figure 2.3: 2019 Langmuir probe coverage upgrade [68]. The average distance in between
probe tips is displayed for the upgrade with the first version of the baffles installed in 2019 in
a) and the probe numbering is shown for the upgrade without baffles for the 2020 campaign
in b).

Figure 2.4: a) Picture of the different probe heads installed in TCV: dome-shaped head (red),
rooftop (green) and flush (blue), b) probe types installed for the first version of the baffles
installed in 2019 and c) for the upgrade without baffles during the 2020 campaign.

wall and the divertor, as shown in FIG. 2.5. Electrical contact is provided by nickel based alloy

springs (R ≈ 1 Ω) positioned between the inner conductor of the mineral insulated coaxial
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Figure 2.5: Cross-sectional view of the probe assembly and photos of the individual compo-
nents labelled [68]: 1© Graphite tile housing 2© Vertical aluminum nitride electrical insulation
tube 3© Gold coated copper beryllium finger electrical contact 4© Stainless steel housing for
the cable inner conductor (end of the Thermocoax® cable) 5© Horizontal aluminum nitride
electrical insulation tube 6© Graphite probe tip 7© Nickel based alloy spring and 8© Gold
coated copper beryllium contactor (tiny ring mounted onto the cable inner conductor).

cable 1 Z s Ac 10 from the company Thermocoax® and the probe tips are manufactured in

polycrystalline graphite SGL® Sigrafine R6650. The springs used to be made out of copper

beryllium alloy with high electrical conductivity (R ≈ 0.1 Ω) and were later discarded: some

springs lost their shape because of the annealing process happening at high temperatures. The

measured electrical resistance of the assembly (R ≈ 0.5 Ω) is often lower than the resistance of

the nickel based alloy springs because the current can find a direct path from the stainless

steel housing 4© in FIG. 2.5 to the copper beryllium finger electrical contact 3© in FIG. 2.5. If

the current goes through the nickel based alloy spring, the electrical resistance of the assembly

is ≈ 1.4 Ω. Adding copper springs in parallel with the nickel based alloy springs and electro-

deposition of copper on top of the nickel based alloy springs are possible solutions considered

for future installations in order to reduce the electrical resistance of this component. The

mechanical link between the probe tips and the assembly is assured by the same spring.

Probe tip maintenance requires the tiles to be unfastened and taken out of the machine, as

illustrated in FIG. 2.6 a). The ease of replacement, thanks to the spring assembly, is important

to minimize the downtime during manned entries in TCV. Langmuir probe tips need to be

replaced when the erosion is large enough to reduce their projected area along the magnetic

field. Furthermore, it was observed during the 2019 opening that a resistive layer has been

deposited on most probe tip surfaces. The contact resistance measured with round-shaped

electrodes is high (Rcont act ≈ 100 Ω) when the voltage applied is within ±1.7 V and then

suddenly drops (Rcont act ≈ 0.6 Ω) once the applied voltage is larger than ±1.7 V , showing

variable resistance behavior. It is difficult to evaluate the effective resistance as seen by the

plasma, probably an order of magnitude lower than the measured contact resistance because
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of the larger contact area wetted by the plasma. Such resistive layers can affect the evaluation

of the electron temperature [51], particularly in the case of low electron temperature and

high density, where the most important part of the IV curve is found in a limited voltage

range. It is believed that both carbon redeposition and boronisation play a role in their

formation. The resistive layer is supposedly very thin since a gentle sanding with a scouring

pad enabled to recover both proper electrical conductance and dull appearance. High heat

flux from the plasma can have the same effect as sanding: eroded probes frequently found in

the near scrape-off-layer have the characteristic dull appearance from pure graphite and show

negligible contact resistance.

Figure 2.6: Langmuir probe tile a) ready for installation with a single Thermocoax® cable
connected to the first probe for illustration and vacuum feed-through b) seen from inside the
tokamak vessel after the protective tiles have been removed.

Specific care is required when making the Thermocoax® cable termination in order to ensure

ultra-high vacuum (UHV) compatibility and proper electrical connection. The magnesium

oxide ceramic powder electrical insulation in the Thermocoax® cable acts as a moisture

reservoir and therefore the cables must be oven dried before the connectors are brazed to

seal the cable terminations. Moisture is problematic because the magnesium oxide powder

becomes slightly electrically conductive when exposed to the ambient humidity level. The

electrical insulation must be tested with +250 V DC voltage to verify if the resistance across

the inner conductor and the shield of the cable is sufficiently high, i.e. at least 100 MΩ.

The length of the Thermocoax® cables between probe tips and vacuum feedthroughs, see FIG.

2.6 b), is typically ≈ 2m. The vacuum feedthroughs are special units from the Kurt J. Lesker

Company® . They are mounted on DN 63 C F vacuum flanges. Each unit carries a maximum

of 35 conductors. Electrical contact is provided by male pins embedded into the ceramic body

of the feedthroughs and by specific female copper contactors that are brazed onto the inner

conductor of the Thermocoax® cables.

The in-vessel transmission line is then followed with ≈ 20 m of 19 twisted pairs Mueller®

cables, connecting the vacuum feedthroughs with the Langmuir probe electronics cubicle.

Each probe conductor from the vacuum feedthrough is connected to both conductors of each

twisted pair in the Mueller® cable in order to minimize the line resistance. The advantage of
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twisted pairs is lost by using both conductors to carry the same signal but the high frequency

properties are maintained thanks to the individual grounded screens wrapped around each

pair. Each of the 19 pairs Mueller® cable carries a maximum of 19 signals.

The overall capacitances of the transmission lines have been measured directly at 10 kH z

and 100 kH z and the values are found between Cli ne = 3.5 nF and Cli ne = 6 nF depending

on the line. These measurements are consistent with measurements on spare Thermocoax®

cables CT her mocoax = 0.61 nF m−1 and on twisted pairs from spare Mueller® cables CMuell er =
0.19 nF m−1.

The overall resistances and inductances of the entire lines have not been measured directly.

Estimates are given here based on measurements done on spare cables:

• The overall resistance is estimated to be Rl i ne ≈ 1.3 Ω, given the measured DC resistance

≈ 0.5 Ω of the probe assembly shown in FIG. 2.5 connected to a 2 m long Thermocoax®

cable and given the measured resistance per unit length of a twisted pair from the

Mueller® cable RMuell er ≈ 0.04 Ωm−1. The resistance of the Thermocoax® is included

in the ≈ 0.5 Ω value. In the scenario where nickel based alloy springs are taken into

account as explained earlier, the overall resistance is estimated to be Rli ne ≈ 2.2 Ω.

• The overall inductance of the line is estimated to be Lli ne ≈ 15.4 μH , given the measured

inductance per unit length of the Thermocoax® cable LT her mocoax = 0.7 μHm−1 and

the measured inductance per unit length of a twisted pair from the Mueller® cable

LMuell er ≈ 0.7 μHm−1 (measurements performed at 100 kH z).

Figure 2.7: Electrical connections in between the tokamak and the electronics cubicles for the
divertor upgrade with biased conductors in red and grounded conductors in black. The RDPA
diagnostic has been included in the image because it relies on the same electronics as the LPs.
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Langmuir probe electronics are necessarily referenced to the vacuum vessel ground, as op-

posed to most diagnostics at TCV which are referenced to the TCV building ground. The

electronics cubicles are therefore separated from the building ground using an isolation

transformer.

The 19 pairs Mueller® cable shield connects the electronics cubicles to the vacuum vessel

ground, as sketched in FIG. 2.7. The cables do not encircle the vacuum vessel to avoid receiving

the loop voltage induced by the central solenoid.

During a discharge, the time derivative of the vertical magnetic field can be as high as ≈
0.05 T /s in the region between the vacuum vessel and the cubicles (r ≈ 2 m, z ≈ −1.5 m)

mainly due to the contribution of poloidal field coils. The inductive current going through

the shield can be estimated from the resistance Rshi eld ≈ 0.1 Ω. The stray current can be

approximated with the laws of Ohm and Faraday:

I = U

Rshi el d
= S dB

d t

Rshi eld
≈ 10 m2 ·0.05 T /s

0.1 Ω
≈ 5 A (2.12)

This relatively modest stray current is not expected to perturb the measurements or the TCV

magnetic field.

2.4 Design of the amplifier circuitry

Figure 2.8: Single amplifier a) and complete cubicle b). A few amplifiers have been removed
where the in-vessel transmission line has been damaged.

There have been three different generations of Langmuir probe amplifiers developed at SPC.

Only the third generation is described in detail here. The first generation did not have any
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Figure 2.9: Custom Langmuir probe electronics [68]: 1© Custom amplifier in blue (see FIG.
2.11), 2© Overall negative feedback loop, 3© Shunt resistors, 4© Shunt relays (here the 3 Ω

resistor is bypassed to select the large current measurements ±2A), 5© OP-Amp used to
amplify the current measurement signal (the potential drop across the shunt resistors), 6©
High common mode unity gain OP-Amp referencing to ground the current measurement
signal, 7© OP-Amp used as a voltage divider for the potential measurement, 8© Switch to select
either the biased probe potential mode Vpr or the floating potential mode Vf l and 9© Surge
protection.

custom amplification module and was based on PB58A APEX® amplifiers. In the second

generation, the APEX® amplifier was replaced by a patch developed at SPC. The patch will

not be described here because it can be considered as obsolete when compared to the latest

generation. Indeed, the third generation features an improved current measurement and an

improved current limitation system over the second generation.

This section is organized in five subsections. SEC. 2.4.1 presents the general constraints

given from plasma parameters while SEC. 2.4.2, SEC. 2.4.3, SEC. 2.4.4 and SEC. 2.4.5 cover,

respectively, the choice of power supplies, the amplification system, the potential and current

measurement system and the current limitation system.

A single amplifier module is shown in FIG 2.8, as well as the cubicle installed in the TCV

basement level. The organization of the electronics of a single amplifier within the complete
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diagnostic environment is illustrated schematically in FIG 2.10 and a complete drawing of the

circuitry is given in FIG 2.9.

Figure 2.10: Diagram including the main components of the electronic system and the equiva-
lent circuit for the Langmuir probe with the current flowing between the probe tip and a larger
return surface.

Amplifiers, waveforms, acquisitions and power supplies are all referenced to the torus ground.

Electrical insulation from the building ground is provided with optical fibers once the signal

has been digitized, see FIG 2.10.

2.4.1 Requirements

In order to measure the current-voltage characteristics described in EQ. (2.9), Vpr must be

swept from a strongly negative voltage V− ≈Vf l −3Te to obtain sufficient saturation for the ion

flow, up to the plasma potential Vp ≈Vf l +3Te [38]. The floating potential is usually found in

between Vf l =−30 V and Vf l =+15 V in TCV plasmas. Target electron temperatures typically

do not exceed Te ≈ 30 eV . Therefore the biased probe voltage should range at least from

Vmi n ≈ −30 V −3 ·30 V = −120 V up to Vmax = 15 V +3 ·30 V = 105 V . Two separated DC

power supplies have been selected to provide the sufficient extrema voltages Vpr =±110 V . It

should be noted, however, that for some discharges, the floating potential is extremely low

and Te above 30 eV , e.g Vf l =−45 V and Te = 45 eV for shot #58182 (low density, high plasma

current, high confinement mode discharge). In this particular case, the amplifiers are unable

to apply a voltage low enough to fully approach ion saturation.

Target electron densities at the sheath edge typically do not exceed ne,se ≈ 1.5 ·1019 m−3. It is

possible to obtain an estimate of the corresponding ion saturation current:

Isat = ne,se eS

√
e(Te +γTi )

mi
≈ 0.36 A, (2.13)

with ne,se = 1.5 ·1019 m−3, S = 2.8 mm2 the projected area of the domed probes used in TCV

with incident field lines at grazing angle α = 0◦, Te = Ti = 30 eV , mi = 3.32 ·10−27 kg in a
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deuterium plasma and γ= 1. Therefore, the −110 V power supply has been chosen to deliver

9 A DC, sufficient to provide the maximum current calculated in equation 2.13 to at least

9/0.36 ≈ 25 probes.

The electron saturation current with the same plasma parameters can be estimated as follows

[38] [51]:

Isat ,e =−|Isat | ·
√

2mi

πme

(
Te

Te +γTi

)
≈−12.3 A. (2.14)

The theoretical ratio |Isat ,e /Isat | ≈ 34 is usually much higher than the experimental ratio

of Isat ,e /Isat ≈ 6 [78], mainly because the electron depleted region in magnetized plasmas

becomes longer than the mean free path of electron ion collisions [78] and the collisionless

assumption required in sheath theory is no longer valid. Nevertheless, the estimated maximum

electron saturation current Isat ,e ≈ 6Isat ≈ 2.16 A is found beyond the acquisition range limit

of ±2 A in experiments with high target temperature and density.

The positive +110 V DC power supply has been sized to deliver 18 A, enough to attain the 2 A

acquisition limit in electron saturation simultaneously on 9 different probe tips.

2.4.2 Power supplies

The positive +110 V power supply consists of 2 Camtech® HPV 10001 9.1A units and the

negative −110 V power supply consists of a single one. These units include galvanic insulation

and can therefore be directly connected between the standard 220V AC network and the

torus ground. Both positive and negative terminals are connected to large capacitances

Cout = 2800 μF . These large capacitances add up to the Camtech® power supplies internal

capacitances in order to provide a current transiently exceeding 19A in the case of electron

saturation with swept bias voltage.

The positive +15V power supply consists of a 26A Camtech® HSE04801 and the negative

−15V supply consists of a 5A Camtech® HSW 00751. The current requirement is larger for

the positive voltage since it supplies current for the ±15V F DC-DC power supply, item 4© in

FIG. 2.11. The highest current drawn per amplifier is ≈ 55 m A for the DC-DC power supply, as

explained in SEC. 2.4.5. Therefore the 26A unit is sufficient to power hundreds of amplifiers at

the same time.

A delay switch ensures that the ±15V power supply is always activated once the ±110 power

supply turns on.

2.4.3 Amplification

The probe voltage is remotely controlled by changing the waveform generator settings. The

waveform generator voltage is amplified 50 times with the overall negative feedback loop on

the custom amplifier circuitry, see item 2© in FIG. 2.9 and item 2© in FIG. 2.11. The gain is
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Figure 2.11: Detailed circuit of the custom amplifier (item 1© in FIG. 2.9): 1© First OP-Amp
2© Overall negative feedback loop from probe voltage, 3© Second OP-Amp used to step up

the voltage 4© DC-DC power supply for the second OP-Amp with the "common" reference
being close to the probe potential, 5© Silicon power transistor delivering the negative current,
6© Silicon power transistor delivering the positive current, 7© Transistor used to limit the

negative current, 8© Transistor used to limit the positive current and 9© Shunt relays (here the
3Ω resistor is bypassed to select the large current measurements ±2A).

precisely tuned on each amplifier by changing the resistance of the 500 Ω potentiometer.

A 2.2 nF capacitance has been set on the negative feedback loop of the first OP-Amp, see

item 1© in FIG. 2.11. This capacitance primarily determines the measured cutoff frequency

of the overall amplifier fcuto f f ≈ 25 kH z for stability purposes. The cutoff frequency is

much higher than the typical sweeping frequency necessary for time-averaged measurements

fsweep ≈ 300 H z. However, it does not allow the ultra fast sweeping required to resolve

fluctuations from plasma micro-turbulence [52].

The second OP-Amp, see item 3© in FIG. 2.11, is a so-called suspended OP-Amp: the potential

reference V F of the positive and negative power supplies V F ±15 V is very close to the probe

voltage, therefore suppressing the need for any large potential differences at the OP-Amp

terminals.

2.4.4 Potential and current measurement system

The voltage measurement consists in dividing the probe voltage by a factor of 15 before the

analog-to-digital conversion with a resistive divider. The OP-Amp OP42GS, item 7© in FIG.

2.9 is connected as a voltage follower and the resistances are selected in order to obtain ±10 V
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Figure 2.12: a) Virtual current measurement recorded after the end of the plasma discharge
(no load) for a triangular voltage sweep from the first generation of amplifier in shot #52062
and from the third generation amplifier in shot #57870, b) current limitation test with a 1 kH z
triangular voltage sweep, 100 Ω load and the shunt selection for small current measurements
±0.2 A and c) same measurement with a 10 Ω load and the shunt selection for large current
measurements ±2 A.

at the digitizer when the probe voltage is ±150 V . The acquisition is provided by D-TACQ

Solutions Ltd® ACQ196CPCI 16 bits digitizers sampling at 200kS/s. The voltage measurement

range is sufficient to cover the power supply range ±110 V . Probe voltages beyond ±150 V are

obtained only in the non-stationary case of plasma disruptions with the probes in Vf l mode.

The current measurement system is more complex than the voltage measurement one. In the

first generation of amplifiers, the voltage drop across the shunt resistors was directly sent to

the differential inputs of a high common mode unity gain OP-Amp. The voltage drop range is

±0.66 V and it was then amplified to match the digitizer input voltage range ±10 V . Virtual

currents originating from the imperfect common mode rejection were acquired, as shown

in FIG. 2.12 a). These residual currents have to be subtracted from the data by averaging the

traces before or after the plasma discharge. OP-Amps AD629 have also been used in other

Langmuir probe systems in a similar fashion in order to address the issue of common mode

rejection [79].
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In the third generation of amplifiers, the potential drop through the shunt resistors is first

amplified with an OP-Amp, see item 5© in FIG. 2.9. The signal is then referenced to ground

potential through the high common mode unity gain OP-Amp AD629 in order to be acquired,

see item 6© in FIG. 2.9. Virtual currents have been highly reduced thanks to the higher signal

to common-mode ratio, as seen in FIG. 2.12 a). The subtraction of virtual currents is still

maintained in the routines for the Langmuir probe analysis [51] because capacitive currents

are still present with the new electronics.

The current measurement is calibrated in order to obtain ±10 V at the digitizer when the

current is ±0.2 A in low current mode and ±2 A in high current mode. Dense and hot plasma

at the probe can regularly attain the 2 A acquisition limit in electron saturation. The saturation

of the acquisition does not represent any significant information loss since data points in the

electron saturation region are not taken into account by the minimum temperature method

chosen for the 4 parameters fit of the IV curve [51] given in equation 2.9.

In the case of negative bias and when the shunt selection for large current ±2 A is chosen,

the current limitation is always above the probe current, which is typically Isat < 0.36 A, see

equation (2.13).

The measured resonance frequency point of the current measurement system is fr es ≈
250 kH z. Therefore any current fluctuation faster than the upper cut-off frequency fcm ≈ fr es

can not be seen in the acquired data.

2.4.5 Current limitation system

Current limitation is necessary to avoid over-currents in the silicon power transistors, to limit

heat-flux onto the probe tips (in the electron saturation region) and to avoid the current

starvation of the high voltage power supplies ±110 V which can happen when many probes

draw high currents at the same time.

The current limits are determined by the sum of the diode threshold voltages from the tran-

sistors BC 817 and BC 807, see items 7© and 8© in FIG. 2.11, and from the 2 diodes 1N 4148W .

Once the voltage drop across the shunt resistors overcomes the sum of the diode threshold

voltages Vthr eshol d ≈ 0.6 V +0.6 V ≈ 3.33 Ω ·0.35 A or 0.33 Ω ·3.5 A, the OP-Amp OPA551U A

delivers current directly to the Langmuir probe and the silicon power transistor is bypassed.

The large current requested by the overall feedback loop can rapidly damage the OP-Amp

OPA551U A. This is why a 270 Ω resistor has been installed to starve the floating power supply

of the OP-Amp OPA551U A once the return current becomes larger than Imax ≈ 15 V
270 Ω ≈ 55 m A.

Therefore, even though the voltage required by the overall feedback, item 2© in FIG. 2.11, is

still very high, the effective voltage at the OP-Amp OPA551U A output and the probe voltage

are lower, just enough to supply the current limit ±0.35 A/±3.5 A.

Tests of the current limitation system are presented in FIG. 2.12 b) for the ±0.2 A shunt mode

and in FIG. 2.12 c) for the 2 A shunt mode. A specific setup with a voltage isolator device
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connected to an oscilloscope referenced to ground is required to measure the actual current

limit. Indeed, the maximum current measurable by the amplifier circuitry is lower than its

actual current limitation ≈±0.35 A/±3.5 A, due to the finite voltage V F ±15 V supplying the

OP-amp AD629, item 6© in FIG. 2.9. The test frequency f = 1000 H z is chosen to be similar to

the typical sweeping frequency used at TCV. The test peak voltages and the test resistors 10 Ω

and 100 Ω have been chosen in order to attain the current limit.

The probe current is limited to Ipr ≈±0.35 A as shown in FIG. 2.12 b) when both shunt resistors

are connected. It is limited to Ipr ≈±3.5 A when the 3 Ω shunt resistor is bypassed as shown in

FIG. 2.12 c). The ±0.27 A and ±2.7 A plateaus observed with an oscilloscope for the amplifier

current measurement, plotted in blue in the bottom panels of FIG. 2.12 b) and FIG. 2.12 c),

correspond to the saturation of the high common mode OP-Amp due to the finite voltage

supply ±15 V . The measurement would have been limited to ±10 V if the measurement had

been done with the digitizers instead of an oscilloscope, as explained in SEC. 2.4.4.

2.5 Protection against amplifier damage

The silicon power transistors, items 5© and 6© in FIG. 2.11, are the most frequent components

responsible for amplification failure. Usually both components are damaged at the same time.

This may lead to a short circuit between the power supply terminals ±110V which is rapidly

stopped by 2A fuses installed in series with the power supply terminals of each amplifier. The

transistors for the current limitation, items 7© and 8© in FIG. 2.11, are also damaged in ≈ 20%

of the cases. The typical rate of failure is one amplifier per week of probe operation at TCV

with the loss of 29 amplifiers between July 2017 and April 2018 (with 48 amplifiers installed at

that time).

These failures can be caused by current surges faster than the time response of the current

limitation system described in SEC. 2.4.5. It can be also caused by absorption of energy when

the plasma itself transiently acts as a power supply instead of a load. The power transistors are

indeed vulnerable to non-standard operation such as base-emitter junction breakdown in this

case.

These processes mostly occur during transient plasma events such as: tokamak plasma current

disruptions, Edge Localized Mode (ELM) transients and electron cyclotron microwave power

not absorbed by the plasma. The corresponding timescales of these processes are ≈ 0.5 ms

and ≈ 1 ms (typical durations of the plasma thermal quench and the plasma current quench),

≈ 0.5 ms (ELMs) and ≈ 1 s (microwave power).

2.5.1 Attempt to prevent amplifier damage with fuses

Cartridge fuses FSF5X20250V2A (reference 0034.1519) were used in series with the transmis-

sion line on the first generation of amplifiers. Due to the inefficiency of these fuses, it was
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decided to eliminate them in the latest generation.

The lack of fuse effectiveness is believed to be linked to the fuse breaking time. Even if the

current is large enough to provide the integrated energy RI 2Δt necessary to melt the conductor,

at least a few milliseconds are required for any fuse to completely stop the current [80] due to

the formation of an electrical arc. Therefore, the fuse would not protect the transistors during

the first Δt = 1 ms of any off-normal events, regardless of the current value.

2.5.2 Attempt to prevent amplifier damage with surge protectors

The main purpose of using surge protectors is to prevent the probe potential from exceeding

the power supply range ±110 V .

Surge protectors, as well as varistors [81] fulfill protection requirements because of their fast

time response (ranging from ≈ 50 ns to 10 μs depending on the product). Surge protectors

Bourns® 2049−13 with the specified DC spark-over 130 V were connected directly in between

the transmission line conductor and ground, see item 9© in FIG. 2.9. Once the voltage differ-

ence between the grounded electrode and the electrode at probe voltage is higher than the

surge protector breakdown voltage, a Paschen discharge is initiated in the low pressure gas

chamber to short-circuit the transmission line. The surge protector breakdown was tested

in the laboratory, as described in the next two paragraphs and surge protectors were then

installed in the machine to evaluate the protection effectiveness.

Figure 2.13: a) Time traces of the surge protection being switched on with a triangular wave-
form at 2 kH z. Each sawtooth oscillation consists of three different phases: the discharge
time, a glow period and the voltage ramp-up time of the amplifier and b) time traces during
a disruption where the amplifier connected to the probe #103 is damaged. For comparison,
time traces of neighbouring amplifiers are also shown.
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Testing surge protectors before installation at TCV

A test has been done without any resistive load at the amplifier output in order to see the

bare surge protector current. Once the surge protector is triggered, current and voltage show

a characteristic sawtooth behavior oscillating at ≈ 100 kH z as shown in FIG. 2.13 a). The

maximum current rating Icol l ector = 16 A according to the manufacturer for the silicon power

transistors has been plotted on the same figure. All of the current signals shown in FIG. 2.13

a) correspond to the current flowing through the surge protector. The ≈ 10 μs period of this

sawtooth oscillation is the sum of the measured breakdown time tbr eakdown ≈ 1 μs, a glow

period tg l ow ≈ 4 μs and the voltage ramp up time constant tr amp ≈ 5 μs. Once triggered, surge

protectors switch off again once the voltage applied is reversed. Therefore, it assures reliable

data acquisition 0.75 ms after any event that could have triggered the surge protector (1/4 of

the typical triangular waveform sweeping period applied).

Installation of surge protectors at TCV and unsuccessful protection

The installation of surge protectors on 30 amplifiers out of 114 did not decrease the failure

rate. From March 2018 to July 2018, 3 out of the 13 damaged amplifiers were equipped with

surge protectors. The surge protectors on the damaged amplifiers did not show any sign of

fatigue. For one of these damaged amplifiers, the time traces of the event were recorded in

the experiment #60093, as shown in FIG. 2.13 b). On this figure, it can be seen that after the

disruption, the amplifier #103 is no longer able to provide the −100 V voltage required for

Isat measurement, proving that the silicon power transistor lost its semiconductor properties.

It is interesting to notice that the time derivatives of the current are very high, sometimes

exceeding 2 A/5 μs (the positive acquisition limit divided by the acquisition period).

The lesson learned is that amplifier failure can happen within the voltage range from the

power supplies ±110 V and therefore surge protectors do not offer an adequate protection.

2.5.3 Preventing amplifier damage by increasing the transmission line inductance

In order to limit the peak current flowing before the current limitation system has time to

trigger, a simple solution is to increase the inductance of the transmission line. Any sudden

current change would change the probe voltage in order to oppose the increase in current

following the equation UL =−Ld I /d t . The second positive effect would be to stabilize the

emitter and collector voltages of the transistor in order to avoid the emitter voltage to tran-

siently surpass the base voltage.

This possible solution has not been implemented in TCV because of the possible perturbation

to the measurement. Detailed calculations are given in [68].
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Figure 2.14: Equivalent circuit for the positive +110V power supply. All of the 120 amplifiers in
the cubicles 1 and 2 are connected to the same large capacitor. The same circuit applies for
the negative −110V power supply. The additional protective resistances Rextr a are highlighted
in blue.

2.5.4 Preventing amplifier damage by decreasing the effective power supply ca-
pacitance

The large capacitor mounted in parallel with the high voltage supply of each amplifier is a

disadvantage during plasma transient events because it can provide large amounts of energy

to the individual probe tips having the smallest sheath resistances. The issue can be partially

solved by adding a resistor in series with the amplifier, see FIG. 2.14, in order to drop the line

voltage in case of high current excursions.

For instance, in the presence of a 20A surge during a disruption when the bias voltage is

+100 V , the effective sheath resistance is Rsheath = 100V /20A = 5 Ω. In this case an additional

resistance Rextr a = 10 Ω would lower the current down to I =U /R = 100V /(5Ω+10Ω) ≈ 6.7A.

This reduction in current would likely be sufficient to prevent transistor damage.

During normal operation, the current can attain 2A in electron saturation. In this case the

voltage of the power supply would be lowered down to V = 110V −Rextr a I = 110V −2A ·10Ω=
90V . The voltage drop would be acceptable from a physics point of view because most of the

voltage range in the IV curve would remain accessible.

Circuit safety is always maintained when the voltage command is higher than the power

supply voltage at the amplifier. Indeed, the floating power supply voltage ±15V F of the

second amplification OP-Amp, item 3© in FIG. 2.11, will drop through the 270Ω resistor and

therefore limits its current.

The resistance protection solution is thought to be more effective than the inductance protec-

tion solution because it can address the problem of current surges regardless of the temporal
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characteristics. The combination of surge protectors and 10 Ω resistors on all the 216 Lang-

muir probes amplifiers of TCV has led to a substantial decrease in the frequency of amplifier

damage. The full protection was already installed in the months of August and September

2019, and the failure rate remained low throughout 2020, with 35 amplifier failures over the

whole year of operation.

It is important to emphasize that the additional resistance must be used in conjunction with

the surge protectors. Indeed, the probe voltage is allowed to make large excursions during

off-normal events because of the additional resistance and therefore a voltage limit must be

installed to protect the current measurement system.

The ±15 A power supply used for the current measurement system is not fused and some

current measurement chips have been burned when electrical faults developed due to the

absence of surge protectors. The fire partially extended to the rest of the board but did not

reach other amplifiers. Installing fuses on the ±15 A power supply would increase safety in

this regard, although the probability of such an incident is currently much lower thanks to the

installation of the surge protectors.

2.6 Possible future improvement to the current measurement sys-

tem

The current measurement system suffers from two issues: 1) the time response is quite slow,

≈ 250 kH z, as discussed earlier in SEC. 2.4.4, primarily because of the slow time response of

the AD629 OP-Amp and 2) the component AD629 can sometimes fail because it is directly

exposed to the voltage difference between the probe and the tokamak ground. While the

presence of surge protectors should avoid any large voltage excursions, these components are

prone to ageing and do not assure an absolute protection on the long term.

A possible solution for a future upgrade of the current measurement system on the long term is

proposed in the FIG. 2.15. Instead of the low shunt resistance value used in the current design

(0.33 Ω/3.33 Ω), a larger shunt resistance value would be used, e.g. 10 Ω, in order to enable the

division of the measured voltage ±150 V down to the OP-Amp ±15 V working voltage range.

Furthermore, the large resistance would give an additional protection to the amplifier against

large current excursions.

Let us make the calculations for a typical example in ion saturation: the probe voltage is

maintained at −100 V by the amplifier and the current passing through the probe is 2 A. A

shunt resistor of 10 Ω would lead to a voltage drop of 20 V : −100 V on the probe voltage

and −120 V at the amplifier output behind the shunt. The resistive voltage divider in both

voltage measurements by a factor of 15 gives us −6.66 V on the probe voltage and −8 V at the

amplifier output behind the shunt. The voltage drop is only 1.3333 V and therefore needs to

be amplified by a factor 15/2 = 7.5 with a dedicated OP-Amp in order to match the acquisition

range ±10 V , see FIG. 2.15.
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To conclude, this proposed measurement circuit is believed to have a faster time response and

to be more resilient to voltage transients. The possibility to switch to a higher shunt value to

measure low current could be implemented as for the existing circuit.

Figure 2.15: A possible solution for a future upgrade of the current measurement.

2.7 Analysis routines

Once the data is acquired, the analysis routine can be launched. The routines have been

written in the Matlab® environment. The fitting functions have been written in Fortran in

order to speed up computational time [51].

The different steps performed by the analysis for the voltage sweeping mode have been listed

here: 1) Virtual currents from the circuit imperfections are corrected based on the signal

recorded before and/or after the plasma discharge. 2) Current values are scaled accordingly to

the shunt selection 0.33/Ω/3.33Ω. 3) Current densities are calculated from the current values

and from the effective probe collection areas that depends on the probe geometries and on the

pitch angle of the magnetic field at the probe location. The pitch angle of the magnetic field is

obtained from the magnetic equilibrium reconstruction system LIUQE [82]. 4) A single voltage

sweep is usually statistically not sufficient to obtain a reliable fit because turbulent events

can sometimes distort the IV curve during the most critical part of the fit, i.e. during the

exponential decay of the electron current. Therefore, the data points are split in overlapping

bins of time duration 2∗per i od where per i od is an arbitrary time duration chosen by the

user. The overlap is 1∗per i od . A period of 10 to 25 ms has been usually found to produce

results of higher quality. An example of a time window for the shot 64766 is shown in FIG. 2.16

a) where the data from ≈ 20 fits has been merged into a single IV plot. 5) The data points are
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then binned as a function of voltage in order to create a smooth IV curve, see the red curve

in FIG. 2.16 b). The voltage bins are arbitrarily chosen to be ≈ 2 V wide and therefore, there

are approximatively 200V /2 = 100 points defining the IV curve. 6) A hyperbolic tangent fit

is applied to the data set in order to obtain first estimates for the ion saturation current and

electron temperature. These estimates are used as initial guesses for the subsequent fits. 7) A

series of four parameters fits are applied to the data points, see equation (2.9). A vector named

vm4par must be given by the user in order to determine how far the data should be fitted into

the positive probe voltage range. vm4par is defined in units of ion saturation currents, e.g. if

vm4par = [1,3], the fit is applied to the points of the IV curve above −1∗ Isat and then to the

points of the IV curve above −3∗ Isat . In a magnetized plasma, the IV curve deviates from an

exponential variation well below the plasma potential. If the values from the IV curve at the

floating potential and/or beyond are fitted, EQ. (2.9) may results in an overestimation of the

electron temperature [78]. 8) In order to determine the best fit from all the results obtained in

7), the result with the lowest electron temperature is chosen [51]. 9) (optional) An asymmetric

Langmuir probe fit can be optionality chosen [51]. This fit is mostly relevant in relatively low

electron temperature conditions, as the electron saturation current must be recorded within

the acquisition limits ±2 A. It should be noted for the user that the asymmetric Langmuir

probe fit requires a longer computational time than the four parameters fit. 10) The average

and standard deviation of the raw data for the lowest probe voltages (ion saturation current) is

performed at the sweep frequency. The values obtained have a finer temporal resolution than

the four parameters fit results and can be used as a sanity check for the fits. The ion saturation

current obtained with this method is usually ≈ 15 % larger than the four parameters result in

the case of domed probes because sheath expansion is not taken into account. 11) (optional)

The results are then optionality saved on the MDS tree and can be accessed by all users. Since

the computational time required for a single TCV experiment is usually less than 10 minutes,

overwriting another user’s results is not a critical issue. 12) (optional) The results of the fits

can be accessed by calling a specific routine: LP _TCV _4(shot_number,’show_fit’). A window

similar to FIG. 2.16 is then displayed. The user can then select the desired probe position, see

FIG. 2.16 c), and the desired time in order to display the corresponding fit.

2.8 Inter-ELM analysis routines for H-mode studies

ELM events are not long enough to allow resolving the IV curve with conventional Langmuir

probe electronics. The ion saturation current measurement is also impossible to obtain during

an ELM in TCV, because the limited voltage from the amplifier is not sufficiently negative to

repel the entire electron population. Therefore, LP analysis is mostly performed during the

inter-ELM time windows in H-modes. ELM heat fluxes are obtained more easily with other

diagnostic types, such as IR.

ELM times are detected based on the strong D −α (Balmer line for the 3 → 2 transition) light

burst emitted once the hot plasma from the ELM comes in contact with the neutral particles

in the main chamber and in the divertor. D −α light is recorded with photodiodes equipped
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Figure 2.16: Shot 64766, REVB, Ip ≈ 320 k A. a) Time window with the considered data point
for the fit, b) IV curves of the raw data, smoothed IV curve and four parameter fit obtained
with the lowest electron temperature and c) position of the probe tip considered in the TCV
poloidal plane.

with a specific filter. The photodiodes have a high temporal resolution and collect photons

from a large solid angle covering almost an entire sector at a specific toroidal location. ELMs

consist of toroidally elongated filamentary structures moving from the plasma edge to the SOL

and therefore the toroidal location of the camera is not important.

The ELM-detection routine requires two different inputs from the user in order to properly

function: 1) A threshold value for the D −α light, any value above this threshold is potentially

considered as an ELM. 2) A threshold value for the time derivative of the D −α light, any value

above this threshold can be considered as the onset of an ELM. Both conditions must be met

to consider that the D −α light burst corresponds to an ELM. Once the routine is launched by

the user, a prompt appears, asking for a visual confirmation of the ELM-detection process, see

the top plot from FIG. 2.17.

Two other parameters specified by the user are also needed to determine how much of the

data during the ELM time window should be discarded: 1) The beginning of the inter-ELM

time window, which must be set between 0 and 1, represents the starting point of the relevant

inter ELM period. Data points before the beginning of the window are excluded from the fit.

The typical value used is 0.3 in order to avoid recording data from the previous ELM. 2) The

end of the inter-ELM time window, which must be set between 0 and 1, represents the ending

point of the relevant inter ELM period. Data points after the end of the window are excluded

from the fit. The typical value used is 0.8 in order to avoid recording data from the incoming

ELM.

The discarded data is highlighted in red in the bottom plot shown in the FIG. 2.17. The probe
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voltage is shown on top of the D −α signal. Although the sweeping frequency shown in FIG.

2.17 is equal to 330 H z, a sweeping frequency of ≈ 900 H z is better suited to resolve inter ELM

periods, whose frequency are in the 100−400 H z range in TCV [83].

Figure 2.17: Prompt requiring user’s approval for the validation of the ELM-removal routines.

The electron temperature, ion saturation current and sheath heat flux profiles from the floor

probes are shown as an example result in FIG. 2.18. These results corresponds to the inter-ELM

period from an ELM-ing H-mode forward field plasma with Ip ≈ 380 k A and PN B H ≈ 200 kW

and have been published in reference [84]. The parallel peak heat flux ≈ 10 MW m−2 from

the Langmuir probe is of the same order as the IR result ≈ 13 MW m−2 for a chosen sheath

heat flux transmission factor γ= 7. Interestingly, the ion saturation current presents a double

peaked structure, probably because of complex SOL physics such as drifts which were not

included in the simulation [84]. The description of the physical processes involved in this

doubled peak profile is beyond the scope of this thesis chapter.

In H-mode experiments, special care should be taken regarding the magnetic coordinates.

Indeed, fluctuations in the strike point location can induce large broadening of the profile if

the magnetic motion timescale is shorter than the averaging period chosen to run the four

parameters fits. In H-mode and more generally in high plasma current discharges, the SOL

width λq obtained from the Eich fit [37] can be quite narrow, as low as ≈ 2 mm in TCV [85].

Such a narrow SOL width increases the requirement for a fine spatial and temporal resolution.

In order to improve the spatial resolution, an attempt to fit data as a function of magnetic

coordinate instead of fitting the data as a function real position (probe position) has been

performed. The results were quite similar to the standard analysis performed on a short period,

and therefore, the magnetic coordinate method has not become a standard analysis.

48



2.9. Conclusion

Figure 2.18: Examples of inter-ELM outer target profiles obtained from the LPs and compar-
isons to IR measurements and simulations with the SOLEDGE2D-EIRENE code for a 320kA
Type-I ELMy H-mode (shot 58182) [84]: a) ion saturation current profile, b) electron temper-
ature profile, c) parallel sheath heat flux profile. d) Magnetic equilibrium reconstruction at
t = 1.00 s for the same experiment.

2.9 Conclusion

The TCV tokamak is equipped with a powerful system of wall-embedded Langmuir probes,

providing a rich set of local measurement near the wall of time-averaged plasma parameters

(Jsat , ne , Te , Vf l , Vpl , q , and ground current J0) as well as turbulence resolved quantities

(Jsat , Vf l , and J0) [76] [51]. The present thesis work includes operation, maintenance and

upgrades of this system [68]. In particular, the TCV wall probe coverage has been extended

from 114 to 194 probes, including the coverage of the upper part of the vessel for Double-Null

divertor studies, of the new divertor baffles, and in previously non-diagnosed regions in the

lower divertor, notably the large major radius region. In order to operate all these probes

simultaneously, rather than switching probe connections between different experiments,

the array of Langmuir probe amplifiers has been extended from 48 to 216. Compared to

the first generation amplifiers developed at the SPC-EPFL, the new set features a number of

improvements [68]. The higher number of amplifiers operated simultaneously results in a

larger failure rate, occurring mostly during off-normal events such as disruptions and ELMs.
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Among the different solutions explored to date, the most efficient is the addition of extra

resistors to avoid current surges in combination with surge protectors to avoid voltage spikes.

Finally, the standard analysis for swept Langmuir probes on TCV [51] has been extended to

obtain inter-ELM profiles in H-mode plasmas, achieved by an interactive tool to correctly filter

out the ELM periods from the raw data.
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3 Design, construction and commis-
sioning of the Reciprocating Divertor
Probe Array (RPDA)

In this chapter, the RDPA diagnostic is presented in detail, starting with a brief overview of

similar existing systems in SEC. 3.1, followed by a quick introduction to the RDPA diagnostic

in 3.2. The various design constraints are discussed in SEC. 3.3. The resulting engineering

design fulfilling the aforementioned constraints is presented in SEC. 3.4. Relevant examples of

experimental data are presented in SEC. 3.5. Future perspectives regarding possible hardware

and theoretical improvements for the interpretation of the results are discussed in SEC. 3.6.

Finally, a brief summary of the most relevant content from the chapter is given in SEC. 3.7.

In this chapter, the content of SEC. 3.3, SEC. 3.4 and SEC. 3.5 is largely based on a conference

paper submitted to the journal Review of Scientific Instrument [86]. There are more details

and figures given in this thesis chapter than in the paper because the strict 9 pages limit for the

conference paper. Co-authors of the paper have agreed to share the content for the chapter of

this thesis.

3.1 Overview of existing reciprocating divertor probes and probe

arrays

As stated in SEC 1.7, RDPA is a new tool designed to provide 2D measurements of plasma

quantities across a poloidal section of the divertor. In order to apprehend the similarities and

the differences compared to previous systems, a non exhaustive overview of various divertor

probes and LP arrays is given in this section.

The divertor and X-point regions of tokamaks have been diagnosed with fast reciprocating

Langmuir probes, such as in DIII-D [87], Asdex Upgrade [88] [89] and JT-60U [90]. A rotating

design in the toroidal plane was chosen for the former divertor probe in Asdex Upgrade [89].

However most of the recent designs rely on linear reciprocations [87] [88] [90].
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The divertor probe from DIII-D [87] has been particularly influential for the design of RDPA.

Both diagnostics share similar design features, such as the absence of an external vacuum

system separated by a gate valve, contrary to what is usually the standard design choice for

reciprocating probes at the outer mid-plane. The DIII-D probe also comes closest to providing

2D measurements in the tokamak divertor. The probe shaft consists of a cylindrical graphite

structure with a diameter of ≈ 30 mm, undergoing a vertical reciprocation [87]. The radial

range covered by the probe tips ≈ 20 mm does not allow to scan the entire divertor leg within

a single reciprocation. Therefore, sweeping of the magnetic equilibrium between repeat

discharges combined with several reciprocations have been used to reconstruct ’reduced’ 2D

maps [91] [92].

Langmuir probe arrays have also been built in various machines. In the Caltech tokamak

(R = 45 cm, a = 16 cm, Ip = 20 k A), 1D and 2D arrays have been mounted on limiters at the

outer-mid plane [93] and enabled one of the earliest studies performed to describe the plasma

turbulence properties in the SOL. Another example of a similar system installed in the WEGA

Stellarator is a 1D poloidal probe array undergoing a radial motion with 13 tips aligned to

the flux surfaces [94]. In the divertor region of the large stellarator Wendelstein 7-X, several

LP arrays have been mounted on a large reciprocating manipulator [95], aimed primarily to

expose samples to reactor relevant target plasma conditions. The Wendelstein 7-X divertor

manipulator can act as a limiter, intersect magnetic islands and/or the separatrix, depending

on the depth setting. 2D Langmuir probe arrays are also used routines in basic plasma devices,

such as TORPEX [96] and TJ-K [97].

3.2 Short presentation of RDPA

The Reciprocating Divertor Probe Array (RDPA), shown in FIG. 3.1, covers a 2D region in the

poloidal plane of the TCV divertor by combining the fast vertical motion of a linear motor

(up to 38 cm into the chamber) and a radial array of 12 rooftop Mach probes (1 cm radial

resolution). The plunge duration is typically 0.35 s, the maximum speed can be as high as

2.5 m/s and the maximum acceleration reaches 80 m/s2. The diagnostic structure, ≈ 4 m

high, is mounted on the TCV basement floor, as represented in the point d) in FIG. 3.1. The

diagnostic has been built in the limited space (≈ 5 cm by ≈ 15 cm) available between the TCV

toroidal coils.

FIG. 3.1 a) shows the probe head during assembly. The system installed in the TCV vacuum

vessel is shown when fully deployed, see FIG. 3.1 b) and in rest position, see FIG. 3.1 c). The

dark grey parts of RDPA, with the same colour as the rest of the TCV walls in FIG. 3.1 b), are

graphite heat shields. The white parts shown in the same image are made from boron nitride,

a refractory electrical insulation with low atomic number (ZB = 5 and ZN = 7). FIG. 3.1 f )

shows a specially filtered snapshot (D −β line from the MANTIS imaging system [64]) of the

plasma at a time when RDPA is close to the maximum vertical position. Some plasma-probe

interaction is clearly visible, as well as a characteristic shadow along the magnetic field, which
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Figure 3.1: a) RDPA during assembly, b) RDPA inside the vacuum vessel at maximum height,
c) RDPA inside the vacuum vessel in rest position, d) poloidal view of the entire diagnostic
mounted in the TCV environment, e) example of a measured profile: ion saturation current
density from the upstream RDPA probe tips, discharge #63023 and f ) D −β light snapshot
recorded with the MANTIS camera system [64] of the RDPA plunge in a lower single null
plasma, discharge #63023.

points mainly out of the image plane. FIG. 3.1 e) shows an example of the 2D measurements

achieved with the RDPA, in this case time-averaged profiles of the ion saturation current

density recorded by the upstream probe tips.

3.3 Main design constraints

In this section, after some considerations about probe tip geometry and bandwidth require-

ments, the main design constraints needed to minimize plasma perturbation by the probe,
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to limit probe erosion and impurity release, and to assure probe integrity during off-normal

events are presented.

3.3.1 Probe tip requirements for ion saturation and Mach number measurements

In a strongly magnetized plasma, the effective ion collection area of the probe is not computed

as the total probe surface but rather as the projection of the probe surface in the direction

of the magnetic field [70]. This approach is justified if the ion Larmor radius and the Debye

length are smaller than the probe dimensions across the magnetic field.

The typical ion temperature in the TCV SOL is expected to be Ti ≈ 15 eV , the TCV magnetic

field is ≈ 1.5 T and we consider deuterium ions. The corresponding Larmor radius is:

ρLar mor = mi 〈v⊥〉
eB

=
�
πmi Ti�

2eB
≈ 0.43 mm,

where 〈v⊥〉 is taken as the average norm of the velocity in a 2 dimensional Maxwellian distri-

bution. It can be noted that the characteristic scale length of the Debye sheath (equal to a

few times the Debye length [38]) is much smaller than the ion Larmor radius for typical TCV

plasmas:

λSheath ≈λDebye =
√

ε0eTe

ne e2 ≈ 0.01 mm.

Probe tips heights of 1 mm > 2ρLar mor have been chosen for RDPA. This 1 mm dimension

has also been historically used for dome shaped wall-embedded probes in TCV [51] [68]

and enabled to obtain more consistent results than wall-embedded flush probes for various

reasons (reduced sheath expansion, less relative error on the height of the probe tips and

better signal to noise ratio for grazing magnetic field lines angles α≈ 0◦).

Probe tips must be split in two to allow for measurements of parallel Mach numbers [70],

separating them in an upstream and a downstream part. The Gundestrup Mach probe design

[98], [59], [99] would enable to obtain more information such as perpendicular flows but it

has been discarded because it adds complexity to build an array of tightly packed probes.

3.3.2 Bandwidth requirements

Acquisition systems can be increasingly difficult to procure with increasing sampling frequency.

Hence, determining the relevant sampling frequency is important during the diagnostic design

phase. Most of the plasma fluctuations were found below ≈ 500 kH z at TCV [100], in a study

performed with a fast reciprocating probe with a fast acquisition sampling rate of 6 M H z.

Therefore, an acquisition sampling frequency of 2 M H z is believed to be sufficiently high in

order resolve micro-turbulence fluctuation in the TCV SOL.
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3.3.3 Spatial coverage requirements

Figure 3.2: Different motions considered for RDPA.

Several probe motions are possible such as rotation [101], horizontal translation [88] and

vertical translation [87]. See FIG. 3.2 for the different motions considered. A rotational system

can hardly rest within the limited shadow of the TCV tiles, protruding only 20 mm above

the vacuum vessel inner surface. Coverage of the inner divertor leg is therefore probably

impossible to engineer. If the rotational system is installed in the largest port diameter

available in the TCV divertor (≈ 10 cm radius), it would be impossible to probe the X-point

region. In the case of horizontal motions, the disadvantage is that the region near the target

can not be covered because the lowest lateral ports axis at TCV are located 38 cm above the

tiles on the machine floor.

Due to these limitations for the rotary and horizontal motions, a vertical motion for the

divertor outer leg was considered optimal. The large vertical range combined with the TCV

magnetic shaping capabilities provides highly flexible operation.

Multiple vertical probes at different radial positions (like a candelabra) would have been a

possibility but self shadowing of the magnetic field lines behind the probe arm would have

been an issue for a vertical divertor leg. Therefore, a radial array of probe tips mounted on

a horizontal arm was found to be the best choice. This arm is held in place by a vertical

shaft, as shown in FIG. 3.1 a), and can be conveniently positioned in a place with little plasma

interaction. The necessary radial dimension of this array is determined by experimental results

on relevant TCV plasmas: the upstream e-folding lengths of the heat flux λq , the electron

temperature λTe and the density λn are usually found in the 2−20 mm range [102]. This width

increases in the divertor due to the geometry of the magnetic field (poloidal flux expansion

by factors of 2−20 [36]). Let us consider an intermediate case: λu = 10 mm and fx = 10. If

the outer divertor leg is vertical, the heat flux decay width at the target can be estimated as

follows: λt ar g et ≈ λu ∗ fx = 100 mm. Therefore the RDPA, radial coverage should be larger

than ≈ 100 mm.
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Figure 3.3: a) Magnetic field lines in the SOL from the mid plane to the outer target and b)
highlighted magnetic field line intercepted by RDPA.

Figure 3.4: a), b) and c), illustration of different probe arm widths (10 mm, 30 mm and 50 mm)
and the magnetic equilibrium chosen for the calculations and d) Calculated fractions of
magnetic field lines being intercepted by the different probe arm.

3.3.4 Minimizing plasma perturbations: probe shadow and recycling

Heat and particles are expelled from the core plasma, predominantly at the outer mid plane

and flow along the magnetic field to the wall, see FIG. 3.3 a). This flow can be intercepted by
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the probe, essentially generating a false floor, and thus perturbing the local plasma. In order

to avoid unacceptable levels of perturbation, the fraction of intercepted field lines should be

minimized, requiring a compact design.

In order to limit the fraction of intercepted field lines, an inverted L-shape has been chosen

for the in-vessel structure of the probe, see FIG. 3.4: the vertical pole remains in the private

plasma/far SOL (depending on the chosen orientation) and the horizontal beam hosts the

radially distributed probe tip array. This geometry enables to strongly reduce the fraction of

field lines intercepted by the probe body in the SOL. This fraction increases linearly with the

vertical extent of the horizontal beam, see FIG. 3.4 d). 15% shadowing, considered to be an

acceptable fraction, requires a probe arm of not more than ≈ 3 cm in width.

The shadowing fraction on a given flux surface becomes ≈ 100 % once the magnetic field

lines are purely toroidal in the vicinity of the X-point. The perturbation caused by the RDPA

measurement is therefore expected to be larger at the X-point than near the target.

3.3.5 Minimizing impurity release and material erosion

Plasma facing components must be built from refractory materials, such as graphite or tung-

sten, in order to avoid substantial impurity release causing dilution and radiation losses in the

core plasma [103]. Solid materials must remain at a reasonable temperature, in order to avoid

any melting or sublimation. In the present case, graphite is the preferred choice for plasma

facing components because the entire TCV wall is currently covered with graphite tiles [104].

The grade chosen for the main heat shield of the RDPA is SGL® R6650, the same grade as the

TCV wall [104]. This poly-crystalline graphite material has outstanding thermo-mechanical

properties, thanks to its low porosity, around 10%, such as an excellent thermal conductivity, a

relatively high tensile strength, and a low thermal expansion coefficient. It shows excellent

thermal shock resistance and can be easily machined. The maximum service temperature is

considered to be the onset of radiation enhanced thermal sublimation at Tsur f ≈ 2200 K [33].

The main drawback of graphite is the relatively high electrical conductivity that represents a

risk in the presence of halo currents, as discussed later in Sec. 3.3. Therefore, some parts of

RDPA must be made with refractory insulating materials. Most ceramics are unsuitable be-

cause manufacturing ceramic pieces with small radii is challenging due to the risk of cracking

during machining, assembly and operation. Likewise, plastics are problematic because all

organic based insulators have a limited service temperature, e.g. 700 K for the highest melting

point of technical polymers such as polyimide. Muscovite mica sheets were found to resolve

both the toughness and temperature concerns because this material can tolerate high service

temperature ≈ 900 K and can be easily cut to the appropriate shape with scissors.

In order to determine the adequate graphite heat shield thickness and the acceptable exposure

times, 1D thermal analysis have been performed in this study. Precise material properties

and heat flux values are required as inputs for the calculations. The thermal properties as a

function of temperature for the SGL® R6650 graphite are shown in FIG. 3.5. In order to simplify
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Figure 3.5: Temperature dependent properties of the Graphite Grade SGL® R6650. The data is
reproduced from an internal report written at the Swiss Plasma Center [104] on the central
column tiles of TCV.

calculations, and as proposed in a previous study [104], the graphite properties have been set

to be constant as a function of temperature for the rest of this study by calculating the average

quantities in the relevant temperature range 293 K < T < 2000 K . The thermal conductivity is

λaver ag e = 47 W /(m.K ) and the heat capacity is caver ag e = 1720 J/(kg .K ). In order to estimate

the heat flux onto the probe body, the worst conditions were chosen: Te = Ti = 50 eV and

ne ≈ 1.5 ·1019m−3 (measurements from Thomson scattering during an ELM-ing H-mode at

the separatrix [105]). The transmitted power through the sheath, parallel to the magnetic field,

is approximated with the following formula [38]:

q∥ = γ ·e ·Te ·Γ≈ 25 MW m−2, (3.1)

assuming Ti = Te and γ= 6 [72], and with Γ the particle flux density, defined as:

Γ= 1

2
ne ·

√
e · (Ti +Te )

mi
. (3.2)

The heat flux chosen for the calculations has been set above this result with some margin:

q∥ = 30 MW m−2.

The results from a single simulation of the 1D model are shown in FIG.3.6 in the case of a

3 mm thick shield, 0.3 s plunge duration and perpendicular incidence of the magnetic field

q∥ = q⊥. In this example, the peak surface temperature of the graphite heat shield is ≈ 1730 K .

The calculations have been performed for various shield thicknesses and various exposure

times, see FIG. 3.7. As expected in case of inertial cooling, increasing the shield thickness is
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Figure 3.6: Output from the 1D model for the heat diffusion within the graphite thermal shield
at a given shield thickness d = 3 mm, plunge duration t = 0.3 s, energy conservation of the
simulation E = 101.6 %, heat flux q∥ = 30 MW.m−2, heat capacity cp = 1.72 k Jkg−1K −1 and
heat conductivity λ= 47 W m−1K −1. The applied heat flux as a function of time is shown in a)
and the temperature at the graphite shield surface is shown in b).

not sufficient to remain below the surface temperature limit. After a certain shield thickness,

the reduction in surface temperature with increasing thickness is negligible, see the orange

curve corresponding to the long plunge time δt = 0.8 s in FIG. 3.7. A relatively short exposure

time and therefore a fast probe motion, less than δt = 0.5 s, is therefore mandatory. The best

compromise is found at δt = 0.4 s and shield thickness 2.5 mm.

In order to reciprocate within the 0.4 s allocated along the 0.38 m distance from the floor to

the X-point, the necessary acceleration of the system is a = 80 m.s−2 and the necessary peak

velocity is v = 2.5 m.s−1.

3.3.6 Ensuring probe integrity during off normal events

Off normal plasma events such as Edge Localized Modes (ELMs) and disruptions threaten the

probe integrity. Although these events occur on the same timescale, disruptions are expected

to be more hazardous due to the larger energy released per event. The first approach to

avoid any damage from plasma disruptions is to operate far from stability limits. Nonetheless,

disruptions are frequent and sometimes unpredictable in TCV experiments, so RDPA must be

able to withstand a large number of disruptions. In typical tokamak disruptions, the sudden

loss of energetic particle confinement, the thermal quench, is followed by a current quench

due to the drop in plasma conductivity [106]. The current quench is the most hazardous

to the probe integrity due to the large halo currents which dissipate some of the magnetic

energy stored in the plasma. Halo currents are driven both by the time variation of the toroidal

magnetic flux across the shrinking plasma poloidal cross-section and by the decay of the

plasma current in the core [106]. The maximum halo current can amount to 50% of the pre-
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Figure 3.7: 1D model results for the heat diffusion within the graphite thermal shield for differ-
ent graphite shield thicknesses and different plunge times. The y axis shows the maximum
surface temperature, for an assumed heat flux of 30 MW.m−2.

disruption plasma current [106], which can be as high as 500 k A in TCV. Once the plasma

becomes more resistive than the vacuum vessel, the worry is that a substantial fraction of the

current could be transferred from the plasma to the vessel through the probe arm.

Figure 3.8: Grounded probe arm potentially in danger once the plasma undergoes an uncon-
trolled vertical motion during a disruption.

In the case where 5% of the overall plasma current in a typical experiment, with Ip = 320 k A,

would flow vertically in the RDPA structure, the corresponding Lorentz force would be:

�F =�I ×�BL = (15 k A.1.5 T.0.35 m) ·±�er ≈ 8400 N ·±�er .
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It becomes clear that such a large transversal force would damage the structure. Any electrical

current path must therefore be interrupted between the plasma and the vacuum vessel.

Thus, the graphite and metallic structure must be electrically insulated from each other.

The electrical insulation must withstand the voltage difference without breaking down. The

expected voltage is of the same order as the plasma loop voltage during the current quench:

Ul oop = L
d I

d t
≈ 0.6 μH ×300 k A/0.5 ms ≈ 360 V ,

where L is the inductance of a TCV plasma during the steady state phase of a typical inductive

experiment (the actual inductance of the plasma is expected to change during the disruptive

process).

3.3.7 Various external constraints

TCV baking

The baking temperature of the TCV vacuum vessel is ≈ 220 ◦C . Due to this high baking

temperature, parts made of low melting point material such as tin, aluminum and polymers

are forbidden due to the potential creep and out-gassing. Creep in polymers is particularly

worrying in the case of electrical insulation washers, because the applied torque in the screw

can be lost after the TCV baking. All electrical insulation washers must be made from creep

free material such as ceramic materials (Muscovite mica sheet, aluminum nitride).

Magnetic field

The magnetic field in the toroidal coils is usually higher than 1 T , thus preventing the in-

stallation of any magnetic component such as an electrical motor very close to the plasma.

Under the toroidal coils, the highest magnetic field is generated by the central solenoid and its

direction is close to vertical. The vertical magnetic field is ≈±0.05 T in the beginning of the

discharge and is ramped up/down at ≈∓0.05 T /s. This magnetic field is low enough to permit

the use of magnetic components. However, the inductors present in electronic circuits are

sometimes built with magnetic materials such as ferrite and can be affected by the ambient

magnetic field. This issue can be solved for example with ferromagnetic plate shielding around

the control electronics.

Space available below TCV

The space available is constrained by the port availability in TCV. Fortunately, there is less

competition for the ports under the machine because access is more difficult and most

diagnostics and heating systems are installed around the periphery of the machine. The ports

available of the TCV vacuum vessel in the divertor region are represented in FIG. 3.9 a). At the

sector 4, shown in FIG. 3.9 b), the vacuum port is centered at R = 0.8 m and has a diameter
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d = 150 mm, therefore sufficiently large to satisfy the radial coverage requirement presented

in SEC. 3.3.3. Moreover, the vertical motion system must fit in the limited space between the

toroidal coils, see FIG. 3.9 b), located ≈ 0.7 m below the vacuum vessel.

Figure 3.9: a) Top view of the TCV vacuum vessel floor with available ports and b) final choice
for the RDPA position, the sector 4 port centered at R = 0.8 m.

3.4 Probe design

The main conclusions drawn from the discussion in SEC. 3.3 are that the diagnostic motion

must be fast, the probe arm must be as compact as possible while maintaining a critical

thickness necessary for heat protection, and proper insulation is needed to avoid large currents

to flow in the structure during disruption. The final engineering design that satisfies all these

constraints is described in the following section.

3.4.1 Probe head design

Figure 3.10: a) Drawing of the probe head cross section with labelled parts and b) picture of
the probe head during the assembly.

The probe head is made of a titanium hollow structure in order to provide the highest stiffness

to weight ratio possible. The hollow structure enables to host the 24 transmission lines, with
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more details presented later in SEC. 3.4.4. If not in use, the probe head rests ≈ 2 cm below the

upper surface of the carbon floor tiles in order to avoid unnecessary damage from experiments

unrelated to the diagnostic. Therefore the 38 cm plunge is actually only 36 cm in the plasma,

just enough to reach the X-point for diverted plasma at Z = 0 m. The horizontal beam height

is 26 mm, as shown in FIG. 3.1 c). Further reducing the beam height by a substantial amount

is believed to be impossible while maintaining the same number of cables with the current

design.

The only surfaces in contact with the plasma are the probe tips, the graphite and the boron

nitride thermal shields. The thermal shields are slid radially in place during the probe assembly,

as illustrated in FIG. 3.10 b). The last shields at the extremities are screwed in place to secure

the assembly. The tight tolerances and the friction in between parts is sufficient to avoid any

jiggling motion. Probe tips are pushed upward by canted springs resting on copper parts, see

FIG. 3.10 a). The spring provides electrical contact to the transmission line conductors and

ensures that the probe tip position relative to the boron nitride shield does not change.

Electrical insulation layers

In order to ensure proper protection from the halo currents discussed in SEC. 3.3.6, 5 different

protections have been implemented: 1) The grounded metallic structure of RDPA (connected

to the tokamak ground voltage) is always maintained below the level of the floor in TCV, even

for the maximum plunge height. 2) The L-shaped titanium structure is disconnected from the

rest of the diagnostic with electrically insulated screws, see FIG. 3.11 a). 3) The transmission

lines are separated from the structure in a ceramic tubing inserted in both the vertical and

horizontal parts of the L-shape structure. The horizontal section is shown FIG. 3.11 b). This

protection is required because the transmission lines outer jackets are connected to the

tokamak ground in order to reduce capacitive and inductive effects for the measurements. 4)

The graphite thermal shield (electrically conductive) are insulated from the L-shaped titanium

structure. The parts are mechanically linked through ceramic rods, as illustrated in FIG. 3.11

b). The ≈ 1 mm gap between the structure and the shield can fail to electrical insulate because

an electrical arc can develop. However, the resistivity of the electrical arc is sufficiently high

to limit the highest current excursions. 5) All the graphite thermal shields (10 mm wide)

are insulated from each other with mica sheet insulations. The shield voltages are therefore

following the local floating potentials dictated by the plasma sheath condition.

Probe tips and anti arcing design

The probe tips are shown in FIG. 3.12. They protrude 1 mm above the boron nitride shields. A

thin Muscovite mica sheet is inserted to insulate the upstream from the downstream Mach

probe tips, see FIG. 3.12 b). The probe tips have the so-called ’rooftop’ shape with a reasonably

low angle between the magnetic field and the surface in order to reduce the perpendicular

heat flux. A significant heat sink volume is located below the surface: the probe tips are larger
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Figure 3.11: a) Cross sectional view of the L-shaped structure with the different parts labelled
depending on their voltage reference and b) cross-sectional view of the RDPA beam with the
insulation barrier between the structure and the thermal shields being highlighted.

below the surface than at the top, as shown in point a) in FIG. 3.10. The heat sink part of the

probe tips is a parallelepiped volume, longer (10 mm) than the probe tips (4 mm) in the radial

direction. This larger dimension enables to increase the number of electrical contact points

with the canted copper spring located below the probe tip.

A significant issue that appeared during the first experiments is the phenomenon of probe

tips "arcing": when a negative voltage is applied to the probe tips, a large transient current

corresponding to electrons exiting the surface is collected instead of the standard incoming ion

saturation current. Smoothing the probe tip edges with sandpaper, see 3.12 c), has solved the

problem. Since electron emission is possible only at high temperature and/or high electrical

field [107], it is believed that the smoothing process helped by reducing the electrical field and

the temperature at the tip of the conductor.

Graphite thermal shields

The lateral graphite heat shields are 2.5 mm thick, in accordance with the result from SEC. 3.3.

The smallest machined radius is larger than ≈ 2 mm to avoid any stress concentration point.

The shields at the horizontal probe arm extremities are split in two parts to facilitate thermal

expansion and are screwed to the titanium structure. The screws were successfully electrically

insulated with several washers made of Muscovite mica. The complex lateral and extremities

shield shapes and the addition of holes for the screws could lead to thermal shock cracking.

Thus, several design iterations have been performed to find the necessary distance ≈ 5 mm

in between the critical region (screw holes and rod slots) and the surface exposed to the heat

flux.
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Figure 3.12: a) Picture of the RDPA probe tips after exposure to the plasma near the separatrix
with the diffraction pattern caused by the carbon co-deposit, b) magnified picture of the Mach
tips and the mica sheets and c) probe tips modified (edges have been rounded up to avoid
arcing) ready for the next experimental campaign.

A thermo-mechanical analysis for the final design of both lateral and extremities shields with

the software ANSYS® is shown in FIG. 3.13. The same exposure time Δt = 0.3 s and the same

perpendicular heat flux input q∥ = q⊥ = 30 MW.m−2 were chosen as previously assumed in

SEC. 3.3. The resulting surface temperature Tmax ≈ 1440 K was below the 2200 K limit (FIG.

3.13), the maximum tensile stress, σtensi on ≈ 15 MPa, below the 30 MPa limit (FIG. 3.14 a))

and the maximum compressive stress, σcompr essi on ≈ 84 MPa, below the 150 MPa limit (FIG.

3.14 b)). Stress limits for the graphite have been documented in the appendix, FIG. 3.5.

Boron nitride thermal shields

The boron nitride thermal shield surfaces have been designed to intercept field lines at a

shallow angle, see FIG. 3.15 a), in order to reduce the peak perpendicular heat flux to the

surface from qpar a ≈ 30 MW.m−2 down to:

qper p ≈ qpar a · sinθtot ≈ 12.2 MW.m−2,
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Figure 3.13: Thermal simulation performed with ANSYS® to determine the peak surface
temperature on the graphite thermal shield. a) and b) represent two different positions of the
heat flux corresponding to a different position of the outer divertor leg.

Figure 3.14: Thermo-mechanical simulation performed with ANSYS® to determine a) the peak
tensile stress and b) the peak compressive stresses in the graphite thermal shield.

Figure 3.15: a) Cross-sectional view of the RDPA horizontal beam with the angle θtot between
the magnetic field and the boron nitride shield surface and b) the thermal simulation result
performed with ANSYS® to determine the peak surface temperature of the boron nitride
thermal shield.

where θtot = θB +θsur f ≈ 24◦ is the highest angle possible between the inclined surface and

the divertor magnetic field line.
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An ANSYS® simulation has been performed to check if the peak temperature would stay below

the maximum service temperature under such conditions. For this simulation, the material

properties have been taken from the Combat® grade A hexagonal boron nitride data-sheet

from Saint-Gobain®. The thermal conductivity is k = 30 W.m−1.K −1 and the specific heat

capacity is Cp = 860 J .kg−1.K −1 in the simulation. However, it was decided in a later stage that

the higher purity hexagonal boron nitride grade HeBoSint® PL 100 from Henze® (< 1%[w/w ]

oxygen content) would be the definitive material candidate. The actual high purity boron

nitride used has similar thermal properties: the thermal conductivity is k = 20 W.m−1.K −1

and the specific heat capacity is Cp = 500 J .kg−1.K −1. The maximum service temperature for

the HeBoSint® PL 100 boron nitride is Tmax ≈ 2600 K . The maximum calculated temperature

after the plunge, T ≈ 1365 ◦C , is lower than the maximum service temperature according to

the simulation, see FIG. 3.15 b). As expected, the highest temperature is located at the tip of

the shield, where the shield is the thinnest.

It was initially believed that the deuterium ion flux from the plasma could lead to premature

erosion of the boron nitride parts and lead to plasma contamination. However it was found

experimentally that erosion of the boron nitride was absent and instead a deposited layer of

carbon was found on the boron nitride surface, as shown in FIG. 3.12 a) and b). Concentric

rings of the entire visible spectrum are reflected, and the thickest deposit corresponds to the

second purple ring of reflected light, as shown in FIG. 3.12 a). Using Snell’s law, the expected

deposited thickness can be computed for the constructive interference of the purple reflected

light:

d = mλ

2n cos(θ)
≈ 400 nm,

where the carbon deposit index of refraction is assumed to be equal to the refraction index of

amorphous graphite n ≈ 1.5 [108] (the actual refraction index is expected to depend on the

porosity fraction and on the hydrogen content of the carbon deposit), the incident angle of the

light is chosen to be intermediate, θ = 45 ◦, the wavelength of the purple color is λ= 430 nm

and the integer number m = 2 corresponds to the second diffraction pattern ring. The reflected

light at the air/carbon deposit interface and at the carbon deposit/boron nitride surface are

both assumed to undergo 180◦ phase shifts because of the increasing refractive index values

[108] [109]: nai r = 1 < ncar bon ≈ 1.5 < nB N ≈ 2.1. The layer of carbon rich residue in this figure

has been deposited over the course of ≈ 15 experiments corresponding to ≈ 6 s of plasma

exposure and ≈ 3 s in ion saturation mode. The thickness deposited, ≈ 400 nm, is consistent

with a deuterium ion flux density ΓD2 = 6.25e23 m−2.s−1 and a carbon ion flux density of

ΓC = 2.5e22 m−2.s−1 with a 100% chance of deposition for the carbon atom upon contact with

the surface and assuming that the deposited carbon is porous with ≈ 30 % of empty space.

The absence of boron nitride erosion could be explained by the high stability of boron nitride

against chemical erosion by deuterium ions due to the strong chemical bond between boron

and nitrogen atoms [110].
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3.4.2 Out-of-vessel mechanical structure and vacuum assembly

Figure 3.16: a) RDPA complete structure, b) close up of the parts near the bellow and c)
simplified sketch of the vacuum assembly cross-sectional view.

The outer structure of the RDPA is made of vertical aluminum profiles and is bolted to the

TCV concrete ground floor, almost 4.5 m below the vacuum vessel, see FIG. 3.16 a). The outer

structure is covered with transparent plastic panels to avoid any accident. An additional safety

system is a 12 V line that triggers an emergency stop (disconnect the motor electrical power

supply) if a single plastic panel is removed from the structure.

The structure supports a thick aluminum plate on which the motor and guidance systems are

mounted. 2 THK® linear bearings HSR 20 R ensure the guidance of the vertical motion. An

electrical brake Zimmer® LC E2001AS1−01 clamps the rail of the linear bearings when the

motor controller is turned off in order to avoid any motion. The force on the brake is usually

less than 40 N because the weight of the moving assembly is almost entirely offset by the

atmospheric pressure subjected to the bellow (force proportional to the bellow cross-sectional

area).

Guidance of the motion inside the vacuum is assured by PEEK bearings ≈ 30 cm apart from

each other, see FIG. 3.16 b) and c). The PEEK bearings are located in a region of the vacuum

vessel which remains at room temperature during the baking process. Radial misalignment

of up to ≈ 3 mm are tolerated between the vacuum vessel and the RDPA structure thanks to

the flexibility of the RDPA shaft. Beyond 3 mm, the friction on the PEEK bearings inside the

vacuum becomes unacceptable for a smooth motion. The vacuum vessel expands during the

TCV bake and therefore, fast motions are not recommended when the vessel is still warm due

to the radial misalignment.
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It was not possible to install a vacuum gate valve in between the TCV vacuum and the probe

vacuum due to the space limitation from the toroidal coils. Instead, the diagnostic vacuum

relies on the tokamak turbo pumps (same situation for glow antennas for example), see FIG.

3.16 c). Relying on the TCV vacuum constitutes a certain risk because any error or malfunction

of the system could lead to failure of the tokamak vacuum. The feedthroughs for the 24

transmission lines are ceramic insulated SM A connectors and were assembled and welded to

a custom designed vacuum flange. After several weeks of testing, frequent vacuum electrical

discharge (between the conductors of the transmission lines and the tokamak ground inside

the SM A connectors) were observed. The problem was later solved with additional electrical

insulation jackets around the SM A conductor.

3.4.3 Motion system

Figure 3.17: Masses of all the moving components of the RDPA diagnostic.

The choice of a linear electrical motor with permanent magnets was motivated by the recent

success of a similar system on the Alcator C-Mod tokamak [55]. Linear motors have several

advantages over pneumatic systems: better position control, more flexibility in the choice of

the trajectory, better reproducibility in between identical plunge motion and less auxiliary

systems required. Position is monitored in real time by the motor controller using inputs from

a Renishaw® optical encoder with sub-mm accuracy. Aerotech® BLMX 502 motor was chosen

for RDPA because of the large trust 4400N developed in the relevant speed range considered,

2−3 ms−1. The sum of all the masses of the moving parts of the RDPA diagnostic is ≈ 20 kg ,

as shown in FIG. 3.17. The maximum theoretical acceleration a = F
m ≈ 4400 N

19.4 kg = 227 m.s−2

is therefore sufficient for the reference motion (L = 0.38 m, a = 80 ms−2 and v = 2.5 ms−2)

determined in SEC. 3.3.5.
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At the time of writing, the maximum acceleration is not limited by the motor specifications

but rather by the electrical connection to the power supply. The motor controller Soloist®

HPe 100 (100 means 100 A peak DC current) can be fed either with the three phase US grid

voltage AC 110 V or to a single phase European grid voltage AC 220 V . In order to avoid the

installation of a large transformer in the TCV zone (necessary to convert the 3 phase European

voltage AC 220 V down to the US standard), it was decided that the motor controller should be

supplied with a single phase 35 A European voltage AC 220 V . The AC voltage is rectified in the

motor controller where some energy is stored in a capacitor bank. This capacitor bank does

not store enough energy for several reciprocations: it was experimentally seen that the system

could no longer apply the desired voltage after the 4th plunge with the reference motion.

3.4.4 Transmission lines

Figure 3.18: a) Assembly phase of the Thermocoax® lines in the RDPA probe arm and b)
electronics cubicles with acquisition and Langmuir probes amplifiers at the TCV basement.

The transmission lines consist of ≈ 8 m of standard coaxial cables outside the machine (at

atmospheric pressure) and ≈ 2 m of Thermocoax® cables inside the machine (in the TCV

vacuum). The assembly phase of the Thermocoax® is shown in FIG. 3.18 a). The assembly

process is tedious and the transmission line would benefit from a redesign for a future version

of the diagnostic.

The line outside the machine has a 50 Ω impedance, a DC resistance R1 ≈ 1.48 Ω, an induc-

tance L1 ≈ 9.4 μH and a capacitance C1 ≈ 0.67 nF . The line inside the vacuum has a ≈ 20Ω

impedance, a DC resistance R2 = 1 Ω, an inductance L2 ≈ 2 m ∗0.78 μH/m = 1.56 μH and a

capacitance C2 ≈ 2 m∗0.61 nF /m = 1.22 nF . The mismatch in line impedance is not expected

to affect the time dependent measurement [68] (impedance matching only becomes relevant

at higher frequencies, e.g. > 5 M H z). The electrical contact between the graphite probe
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tips and the Thermocoax® conductor contributes to the overall resistance by adding a DC

resistance R3 ≈ 1Ω. This DC resistance value comes from a copper spring placed around

the nickel alloy spring in between the graphite probe tips and the copper inner conductor of

the Thermocoax® cable. The copper spring is prone to creep at temperatures above ≈ 700 K

and therefore can lose its original shape when the neighbouring probe tips are subjected to

intense plasma heat flux. Therefore, the nickel alloy spring is required to hold the shape of

the copper spring. This solution of adding a second copper spring around the nickel alloy

spring is not ideal because it can lead to dissimilarities of the DC resistance between different

lines. The overall DC resistance, inductance and capacitance are R ≈ 3.58 Ω, L ≈ 10.96 μH

and C ≈ 1.89 nF . The large DC resistance R ≈ 3.58 Ω (compared to ≈ 1.4 Ω for wall embedded

probes [68]) is problematic in the case of low electron temperature measurements [51]. The

most straightforward improvements would be to use thicker coaxial inner conductors for the

line outside of the machine and to coat the nickel alloy spring with a sufficiently thick copper

conducting layer in order to bring the overall DC resistance of the line down to R ≈ R2 = 1 Ω.

The transmission lines end at the electronics cubicles, see point b) in FIG. 3.18 where the

2 Mhz acquisitions and the custom built amplifiers are located [68].

3.5 Example results

Figure 3.19: a) Poloidal plane view of the TCV wall, vacuum vessel and the plasma magnetic
equilibrium. b) Focus on the RDPA coverage. A contour color plot is given here as an example
for the ion saturation current density. c) A grid has been plotted to explicitly display the
positions of the data points from b).
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2D plots of the plasma quantities in the poloidal plane have been reconstructed, using a colour

map for the scale. In the following, some example results are presented.

One of the most straightforward plasma quantity that can be derived from Langmuir probe

analysis is the ion saturation current density, shown for the upstream probe tips in FIG. 3.19

a) and b). The aspect ratio between the Z and the R coordinates is conserved in FIG. 3.19 a).

However, in the upcoming result examples, the aspect ratio is not conserved, see FIG. 3.19

b), in order to highlight the gradients along the vertical direction (in the flux surface plane)

relative to the gradients in the radial direction (normal to the flux surface plane).

Figure 3.20: a) ion saturation current density for the upstream RDPA probe tips in the shot
#63029 (L-mode, Ip = 320 k A, unfavourable field direction for H-mode access) and b) compar-
ison near the target with the wall-embedded probe measurements. c) and d) ion saturation
current density for the downstream RDPA probe tips. e) Mach number computed from the
ratio between upstream and downstream ion saturation currents and f ) Mach number values
near the target.

The upstream ion saturation current density is usually in agreement with the wall-embedded

probe profile, see FIG. 3.20 a). The downstream signal is usually lower than the upstream

signal, see 3.20 b), indicating a net ion flow towards the target. The ratio between the upstream

and downstream signals enables to calculate the Mach number, see FIG. 3.20 c), with the

following expression [70]:

M = ln(
Jsat ,upstr eam

Jsat ,downstr eam
)/2.2

In general, subsonic Mach numbers are measured M < 0.8. Negative Mach numbers have also

been measured locally −0.4 < M < 0, corresponding to a parallel ion flux going away from the

target, caused by either E ×B drifts or when the measurement is performed near the X-point,

above the ionisation front.
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Figure 3.21: a) Time averaged floating potential measured by the upstream tips of RDPA for
the shot #66284 (L-mode, Ip = 160 k A, 〈ne〉/ng r = 0.27, favourable field direction for H-mode
access) and b) standard deviation of the floating potential for the same case.

The floating potential, FIG. 3.21 a), can be measured at the acquisition sampling frequency of

2 M H z. The standard deviation of the signal, see FIG. 3.21 b), can be used as a proxy for the

fluctuation level at the micro-turbulence timescale.

Sweeping of the probe voltage enables to determine time averaged quantities such as the

electron temperature. The results have been obtained with a 4 parameters fit of the IV curve

[51] (see also EQ. (2.9)). In the example shown in FIG. 3.22, the upstream and downstream

electron temperature profiles agree with both the Thomson scattering measurement near the

X-point and with the wall-embedded LPs at the target. The difference between the upstream

and downstream temperature is relatively small, which is a necessary criterion for the validity

of the Mach probe model [70] used to interpret plasma flows (this model has been derived

based on the assumption of an isothermal plasma).

Another quantity that can be obtained with the diagnostic is the plasma potential. The plasma

potential is an important quantity, e.g. to estimate the velocity of the E ×B drift, which can be

a key player in the particle and heat balance [92] [111]. The plasma potential measurement

has been obtained from sheath theory [38]:

Vpl = (Vf l ,downstr eam +Vf l ,upstr eam)/2+3Te,upstr eam ,

where Te,upstr eam ≈ Te,downstr eam is expressed in [eV ]. The theoretical constant ≈ 3 cor-

responds to a deuterium plasma with Te ≈ Ti and with negligible coefficient of secondary

electron emission [38]. The average between the upstream and downstream probes floating

potential values is taken for the floating potential value in order to obtain a quantitative

agreement with the Vpl target profiles, as shown in FIG. 3.23 a). The derivation of a theoretical

model would be required to interpret the asymmetries often seen between the downstream
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Figure 3.22: a) , b) and c) Electron measurement from the upstream RDPA probe tips compared
with Thomson scattering measurements a) near the X-point and with wall-embedded probes
c) near the target for the shot #68567 (L-mode, Ip = 160 k A, 〈ne〉/ng r = 0.26, unfavourable
field direction for H-mode access). d) , e) and f ) same profiles for the downstream RDPA probe
tips.

and upstream floating potentials, suspected to be caused by electrical currents in the divertor

plasma, see SEC. 3.6.

3.6 Future hardware improvements and theoretical models require-

ments

3.6.1 Asymmetric floating potential and asymmetric electrical current drawn with
grounded probes: an opportunity for an interpretative model ?

A large difference between the upstream and the downstream ground current is often seen in

experiments, see FIG. 3.24 a) and b). The same observation holds for the floating potential, see

FIG. 3.24 c) and d). This asymmetry potentially holds relevant information about the plasma

properties that could be used in an interpretative model. The mismatch between upstream
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Figure 3.23: a) Time averaged plasma potential from RDPA (average between the upstream and
the downstream plasma potentials) for the shot #68567 (L-mode, Ip = 160 k A, 〈ne〉/ng r = 0.26,
unfavourable field direction for H-mode access) and b) comparison between RDPA data near
the target and the plasma potential from the wall-embedded probes.

Figure 3.24: a) Upstream J0, b) downstream J0, c) upstream Vf l and d) downstream Vf l profiles
for the discharge 65964 (〈n〉 ≈ 5.0e19[m−3]).
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and downstream J0 and Vf l is relatively less important for discharges with high core density

(not shown here), possibly because the low electron temperature region near the target, which

is highly electrically resistive, restricts the electrical current values. Discharges in forward

field (favorable H-mode access) have also shown some asymmetries between upstream and

downstream floating potentials (not shown here).

Unfortunately, to our knowledge, no model exists which could relate these J0 and Vf l asym-

metries to local plasma parameters, such as potentially the parallel current densities in the

absence of the probe.

3.6.2 Challenging interpretation of the electron pressure profile differences be-
tween RDPA and Thomson and a possible hardware improvement to isolate
the effect of recycling on the probe body.

Figure 3.25: a) Electron temperature, b) density and c) electron pressure in the low density dis-
charge 65964 (Ip ≈ 320 k A, unfavourable field direction for H-mode access, 〈n〉 ≈ 5.0e19[m−3]).
d) Electron temperature, e) density and f ) electron pressure in the high density discharge
66222 (Ip ≈ 320 k A, unfavourable field direction for H-mode access, 〈n〉 ≈ 11.0e19[m−3]).

Electron pressure profiles from RDPA agree with the upstream Thomson scattering data in

most cases. However, the electron pressure measured by RDPA is higher than that measured by

the Thomson scattering system at high plasma density and high plasma temperature (near the

X-point region), see FIG. 3.25 f ). Different hypothesis are proposed to explain the mismatch:

1) If the ion temperature is larger the electron temperature near the separatrix, some of the

ion pressure could be transferred to the electron pressure as the ion-electron collisionnality

increases towards the divertor.
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2) A shift in the magnetic equilibrium reconstruction could be partially responsible for the

disagreement.

Figure 3.26: a) Electron temperature, b) density and c) electron pressure in the discharge
64145 (Ip ≈−192 k A, favourable field direction for H-mode access, 〈n〉 ≈ 5.0e19[m−3]).

3) A radial shift of the profile could be caused by the radial E ×B drift acting within the X-point

(parallel transport is inefficient in the vicinity of the X-point and therefore radial transport

plays a relatively important role). Indeed, reversed field configurations (unfavourable H-mode

access) show a shift of the entire pressure profile towards the LFS throughout the divertor

leg. The opposite is true for the forward field discharges (favourable field direction for H-

mode access), where the pressure profiles usually agree. A forward field example, with similar

magnetic geometry as for the discharges in FIG. 3.25 (although at much lower plasma current)

is shown in FIG. 3.26 to illustrate the better agreement.

4) A possible overestimation of the density due to the Mach probe theory from [70]. The

formula used is presented in detail in SEC. 4.3.1.

5) A collected ion flux virtually enhanced by the local recycling process on the RDPA body

could explain the high density measurement from RDPA. This hypothesis is motivated by the

observation of a strong hydrogenic light emitted on the probe body and by the increasing

mismatch between the Thomson and the RDPA profiles with increasing core density, see 3.25

c) and f ).

A careful analysis of the relative importance of these different possible processes should be

carried out. Regarding the last hypothesis, which, if verified, would confirm the importance of

keeping the probe body dimension as small as possible, which was one of the most challenging

engineering design constraints of the diagnostic. Moreover, the inclined surface of the boron

nitride shields is believed to redirect the recycled neutrals into the measured flux tube, see

FIG. 3.27 a). The position of the probe tips relative to the probe body could be modified in a

future design of the diagnostic (e.g. moved to the front of the probe body) in order to evaluate

the magnitude of this effect on the result, see FIG. 3.27 b).
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Figure 3.27: a) Current RDPA configuration with recycled neutrals originating from neighbour-
ing flux tubes entering the probe collection volume and b) alternative design with the probe
tips on the middle of the probe body in order to deflect the recycled neutrals away from the
measured flux tube.

3.7 Conclusion

A novel fast probe array, dubbed RDPA, has been built at TCV [86], providing unprecedented

2D Langmuir probe measurements across the divertor of quantities temporally resolved at the

turbulence time scales (Jsat , M , Γ∥ and Vf loat ) and time averaged quantities that necessitate a

sweeping of the bias voltage (Te , ne , Vpl asma , v∥, vE×B ). The RDPA features innovative design

characteristics. In contrast to reciprocating probes accessing the divertor region of other major

tokamaks, the RDPA provides 2D measurements in a single reciprocation, enabled by a radial

array of probe tips moved vertically across an extended region of the divertor volume.

The engineering design answered the main constraints and challenges posed by the harsh

tokamak environment. No sign of damage could be seen on the probe after more than 200

experiments performed, including more than ≈ 20 disruptions happening while the diagnostic

was in motion. The physics results are consistent with other reference diagnostics (electron

Thomson scattering and wall embedded Langmuir probes) for most plasma conditions, show-

ing that the design is sufficiently compact to provide measurements representative of the

unperturbed plasma parameters.

Further RDPA development and interpretation tasks have been identified such as improving

the transmission lines, lowering the amount of recycled neutrals in the measured flux tube

(to improve the interpretation of the density measurement) and developing a model for the

interpretation of the asymmetries between upstream and downstream floating potentials.
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4 Particle balance in the TCV divertor

The first detailed physics study with RDPA focuses on the particle balance in the divertor. The

relative importance of parallel flows, ExB drifts, and upstream and divertor particle sources

are explored in attached and detached conditions and with/without the recently installed

TCV divertor baffles. The chapter is organised as follows. An introduction to the typical

dynamics of the SOL and divertor relevant for particle balance studies in TCV is given in SEC.

4.1. A description of the experimental setup is presented in SEC. 4.2, followed by a detailed

presentation of the analysis performed to deduce the most relevant quantities from the RDPA

diagnostic in SEC. 4.3. The main experimental results are presented in SEC. 4.4. Finally, a

summary of this chapter is presented in SEC. 4.5.

4.1 SOL and divertor dynamics expected in TCV

As presented in SEC. 1.4.2, heat is continuously expelled from the core plasma into the SOL,

through cross-field transport. Most of the cross-field transport from the core into the tokamak

SOL has been shown to be caused by turbulence near the outer mid plane in the region

of ’unfavourable’ magnetic field curvature [112] [113]. Indeed, the outer mid-plane is a

destabilizing region for curvature driven instabilities. Also, in this region, non-linear turbulent

structures can easily be shown to cause a self-induced electric field with an outward directed

ExB drift [114].

Particle balance in a tokamak can differ substantially from that of heat: if the core is perfectly

screened from incoming neutral particles, the ionisation process mostly occurs in the SOL and

there is no cross field particle flux passing through the separatrix in steady state conditions. In

this particular case, radial profiles of plasma density tend to be flat [38]. However, in realistic

cases, some ionisation occurs in the core, for various reasons such as a long ionisation mean

free path (seen in TCV), pellet injection (planned in ITER) and neutral beam heating. Besides

fluctuation induced cross-field fluxes, parallel fluxes, E ×B drift fluxes, and �B ×∇B drift fluxes

are the dominant particle transport channels [115]. The direction of these fluxes are shown for

a reversed field discharge (upward ion �B ×∇B drift from the X-point to the core), see FIG. 4.1
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Figure 4.1: The most important parallel and poloidal flows illustrated for a a) reversed field
discharges and b) forward field discharge in TCV.

a), and for a forward field discharge (downward ion �B ×∇B drift from the core to the X-point),

see FIG. 4.1 b).

The vertical �B ×∇B drifts are responsible for cross field transport mostly at the top and at

the bottom of the plasma. As they are directed in opposite directions for ions and electrons,

they are responsible for parallel return electrical currents in the upstream SOL. These return

currents are called Pfirsch-Schluter currents in the literature [116]. Ions being much more mas-

sive than electrons, experimentalists usually consider that the plasma velocity is equivalent to

the ion current velocity and, therefore, �B ×∇B drifts are also responsible for Pfirsch-Schluter

parallel ’flows’. E×B are not responsible for any electrical current because they do not generate

any charge separation. However, they can be responsible for strong parallel return flows [116].
�B ×∇B drifts are much weaker than E ×B drifts, but their contribution is integrated over the

entire separatrix because they are partially directed across flux surfaces, unlike the steady-

state E ×B drifts, which, near the LCFS, are mostly directed tangential to the flux surfaces

(poloidal flow) and create ’local’ parallel return flows within a given flux surface. It can be

experimentally difficult to figure out the different contributions to the overall parallel current

in the SOL [116]. At the outer mid plane, the ion �B ×∇B drift is aligned with the flux surface

and its magnitude is negligible in comparison with the E ×B velocity for the typical TCV OMP
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conditions (Te = Ti = 30 eV , B = 1.4 T , R0 = 0.9 m, λTe ≈ 0.03 m, E ≈ 3Te /λTe = 3000 V m−1):

v∇B ,i on =
1
2 mi 〈v⊥〉2

qB

|�B ×∇B |
B 2 ≈ 18 ms−1 � vE×B = |�E ×�B |

B 2 ≈ 2150 ms−1. (4.1)

Therefore, the �B ×∇B drift is not a key player in the nearly vertical outer divertor leg, later

studied in this chapter. This simplified considerations are supported by the results of SOL/di-

vertor transport code studies including drift terms, which highlighted the dominant role of

E ×B drifts in the divertor [115] [117].

Figure 4.2: a) Plasma shape and RDPA diagnostic with d) corresponding SOLPS grid. Plasma
potential inferred from RDPA downstream probes in b) low and c) high density TCV discharges.
Black dots indicate the measurement locations. Corresponding e) low and f ) high density
SOLPS-ITER simulations [118].

We note here, however, that in some conditions, the �B ×∇B can be indirectly responsible for

enhanced divertor E ×B fluxes. In reversed field discharges and at high collisionnality, SOLPS

simulation have shown that a negative plasma potential can develop near the X-point [119]
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which was later experimentally confirmed with RDPA measurements [118], see FIG. 4.2. A

careful study enabled to understand the role of the asymmetry between the ion and electron

∇B drifts in the X-point region which leads to a parallel electrical return current to the target

in the private flux region. At very low electron temperatures, a parallel electrical field builds

up in order to overcome the electrical resistivity of the plasma. The negative potential then

strengthens the radial electrical field and, therefore, increases the poloidal E ×B flux. It should

be noted that this specific feature is only present at high plasma collisionnality, where E ×B

fluxes are generally weaker than for attached discharges, because of the lower plasma potential

values and wider SOL characteristic widths.

The role of divertor cross field transport channels, such as turbulence and E×B due to poloidal

E field, are beyond the scope of this chapter, although RDPA measurements could be used to

improve understanding on the subject. The content of the following sections is rather focused

on the description of parallel and poloidal E ×B particles fluxes.

4.2 Experimental setup

Figure 4.3: Time traces of relevant plasma properties from the low density reference #65964
without baffles and the low density reference #64766 with baffles: a) plasma current, b) ohmic
power (no external heating source has been used in this study), c) vertical position of the RDPA
probe, d) stored energy computed from magnetic measurements, e) line averaged density
from interferometry measurements, f ) total radiated power from bolometry measurements, g)
deuterium gas flow and h) divertor neutral pressure from baratron measurements.

The experiments to explore the TCV divertor particle balance have been performed in Lower

Single Null (LSN) Ohmic L-mode plasmas with constant magnetic field Bt ≈ 1.4 T and constant
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plasma current Ip ≈ 320 k A. The toroidal field is said to be ’reversed’ which correspond to

an upward ion �B × �∇B drift and unfavourable access to H-mode. The reversed field direction

has been chosen to avoid H-mode transitions while operating at maximum toroidal magnetic

field, which translates into a more stable plasma (operation with less magneto-hydrodynamics

instabilities). Ip = 320 k A is a compromise between respecting the experimental disruptive

limit in TCV q95 < 2.15 and having magnetic field lines sufficiently pitched to limit the total

fraction of field lines being intercepted by the RDPA probe body (< 15%) in the divertor outer

leg. High plasma current also enables to attain a higher line averaged density by delaying

the density disruptive limit. The line averaged core density has been varied from 5 ·1019 m−3

up to 11 ·1019 m−3 in order to access both attached and detached divertor conditions. Edge

physics experiment are often performed with density ramps in TCV [36] in order to study

the plasma evolution from attached to detached within a single experiment. Since RDPA

plunges last typically ≈ 0.35 s (time limited by the motor force), performing the measurements

during a density ramp would lead to inaccurate profiles. Instead, multiple shots have been

performed with constant core densities. RDPA was found to have a negligible effect on the

relevant main plasma properties such as radiated power, stored energy, line averaged density,

Ohmic power, gas fuelling and divertor pressure. Indeed, these quantities are constant during

the reciprocation time, as shown in FIG. 4.3. RDPA produces a characteristics shadow in the

downstream region where the plasma density is lower than in the surrounding plasma and,

therefore, data from the floor LPs within the shadow needs to be discarded.

The integrated ion flux density at the outer target, the C I I I emission front position along

the outer leg [36] and the divertor neutral pressure, given as a function of the line averaged

density, are found to be very similar for the density ramp experiments and the constant density

experiments, as shown in FIG. 4.4. This indicates that the divertor conditions, including neutral

dynamics and impurity levels, can be considered to be close to an equilibrium at any given

time for the density ramp experiments in TCV.

The heat and particle exhaust characteristics of the TCV tokamak have been modified with

a recent divertor upgrade [48] where an in-vessel structure of solid graphite baffles forms

a divertor chamber of increased closure, in order to decouple divertor and main chamber

regions. Experiments have been performed with an open divertor, see FIG. 4.4 a), b), c) and

d), as well as in the presence of the baffles, see FIG. 4.4 e), f ), g) and h). The integrated ion

flux does not roll over in the absence of the baffles in these shots, see FIG. 4.4 b), unlike the

integrated ion flux in the baffled shots, which rolls over once 〈ne〉 > 10 ·1019[m−3], see FIG. 4.4

f ). Likewise, the effect of the baffles can be clearly seen with an earlier movement of the C I I I

front towards the X-point and a substantially higher neutral divertor pressure (up to a factor 5

higher) for the same core conditions. These effects of the baffles are similar but even stronger

than other L-mode results obtained at Ip = 250 k A [41] [120].

The gas flow required for fuelling, shown in the point g) in FIG. 4.3, was lower with the baffles

installed for the low core density references 〈n〉 ≈ 5.5e19[m−3]. This counter-intuitive observa-

tion is, however, not always observed: in other experiments, the gas flow required was larger
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Figure 4.4: a) and e) Magnetic equilibrium reconstruction and relevant Langmuir probe
coverage highlighted on the walls, b) and f ) Integrated inner and outer target ion fluxes
deduced from Jsat radial profiles as a function of 〈ne〉 obtained from FIR measurements, c)
and g) CIII front altitude obtained from the multi spectral imaging MANTIS system and d)
and h) neutral divertor pressure obtained from the baratron gauge. Shots without baffle are
shown in a), b), c) and d): constant density experiments #65964, #66210, #66220 and #66222
represented with triangles and the density ramp #66208 represented with scattered points.
Shots with baffles are shown in e), f ), g) and h): constant density experiments #64766, #63963,
#64965 and #64962 represented with triangles and the density ramp #64900 with scattered
points. CIII data for the shot #64766 could not be acquired.

with the baffles installed. It can be explained by the fact that the dominant plasma fuelling

source comes from recycled neutrals, such that small changes in the recycling coefficient, a

property of the wall surface condition, can indeed substantially influence the required gas

puffing rate.

4.3 Parallel and ExB flow calculations with RDPA

This section discusses how the parallel ion Mach number, the electron density, the ion flux

along the magnetic field and the E ×B fluxes are deduced from the time averaged quantities

obtained with RPDA. To illustrate these steps, example results from RDPA in an attached

L-mode plasma without baffles, at a line-averaged density of 〈n〉 ≈ 6.75 ·1019m−3, and with the

same geometry and experimental parameters as for the discharges in Fig. 4.4 (unfavourable

ion �B × �∇B drift, Ip ≈ 320 k A) are presented in FIGs. 4.6 to 4.9. These figures are divided into

three regions listed here by their order of appearance from top to bottom: 1) 1D profile near

the top of the plunge (region within the dashed red rectangle near the X-point), 2) 2D contour

plot from RDPA in the middle plot and 2) 1D profile near the bottom of the plunge (region
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within the dashed red rectangle region near the target at Z =−0.75 m).

4.3.1 Parallel flow and ion flux measurements

Figure 4.5: Mach probes of the diagnostic RDPA and their position relative to the magnetic
field: upstream or downstream.

Figure 4.6: a) Upstream ion saturation current density, b) Downstream ion saturation current
density, c) Mach number and d) Parallel particle flux density for a non-baffled, LSN L-mode
plasma, Ip ≈ 320 k A, 〈n〉 ≈ 6.75 ·1019m−3.

The parallel Mach number is deduced from the ratio of downstream and upstream Jsat [70]:

M = ln(
Jsat1

Jsat2
)/2.2. (4.2)

Here, Jsat1 and Jsat2 can be obtained from swept probes or with a higher time resolution,

when the probes are operated in ion-saturation current mode.

The electron density ne , in the presence of possible flows, is calculated with a viscous plasma
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model based on diffusive perpendicular transport [70]:

ne = Jsat1/e

cs exp(−1+1.1M)
, (4.3)

where cs is the plasma sound speed, usually calculated as
�

(Te +Ti )/mi [51]. Unlike the sign

convention given in [70], M is here defined as positive for a particle flux directed into the

upstream surface and out of the downstream surface. A positive Mach number therefore cor-

responds to a plasma flow directed towards the target. EQ. (4.3) shows reasonable agreement

with expressions used for density measurements with LPs in the bulk plasma and for M = 0, as

well as for measurements near a wall with M = 1. Indeed, for M = 0, EQ. (4.3) becomes:

ne = Jsat1/e

csexp(−1)
≈ 2.7Jsat1/e

cs
, (4.4)

which agrees within 35% with the usual expression[38]:

ne = 2Jsat1/e

cs
. (4.5)

In the case where M = 1, the density from EQ. (4.3) becomes:

ne = Jsat1/e

cs exp(0.1)
≈ 0.9

Jsat1/e

cs
, (4.6)

which is close to the commonly accepted formula for the sheath edge density:

nse = Jsat1/e

cs
. (4.7)

ne is meant here to represent the plasma density in the unperturbed plasma (in the absence

of the probe) and in particular differs from the sheath edge densities nse1 and nse2 on the

upstream and downstream probe tips. A different model, derived in the case of a drift based

perpendicular transport, gives a similar formula for the density [121] and could have been

chosen as another suitable option. The contributions from perpendicular drifts (represented

by the Mach number M⊥ perpendicular to the magnetic field) to the calculated plasma density

have been explicitly calculated for this drift based model [121]:

ne = Jsat1/e

cs exp(−1− (M −M⊥cot (θ)))
, (4.8)

where θ is the angle (in the plane of field and drift velocity) of the object surface to the magnetic

field and M is here defined with the sign convention given in [70]. As stated in [121]: "If a

facet lies in a concave region of the object [...], then it does not possess its own plasma region.

Instead, the solution(s) of the earlier region(s) applies right up to the respective fractions of that

facet." and, therefore, the relevant angle θ for the RDPA probe tip is not the angle of the probe

tip surface because of the concavity of the RDPA cross-sectional geometry in the case of a

downward E ×B velocity. Instead, the angle between the boron nitride thermal shield surface
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and the magnetic field direction, θ ≈ 15◦, is relevant for EQ. (4.8). The term M⊥cot (θ) brings a

noticeable contribution to the density calculation in the case of large E ×B velocities, such as

for the experimental results shown in FIG. 4.7 and 4.8 (Te ≈ 27 eV , vE×B ≈ 3000 ms−1):

M⊥cot (θ) = vE×B

cs
cot (θ) ≤ 3.7 ·3000 ms−1/51000 ms−1 ≈ 0.22. (4.9)

This density correction due to the perpendicular velocity has not been calculated in the present

work and therefore could possibly lead to an error of up to 20% on the density calculation in

the worst case (region of strong downward E ×B velocity).

Finally, the parallel particle flux density is calculated from the relation between the sound

speed and the Mach number:

Γ= v∥ ·ne = M · cs ·ne = M Jsat1/e

exp(−1+1.1M)
. (4.10)

It is interesting to notice that the flow measurement is independent of the temperature mea-

surement. This is an advantage in the case of detached plasmas, where the electron tempera-

ture can be overestimated for Langmuir probes measurements [51]. As shown in FIG. 4.6 a),

the upstream ion saturation current collected by RDPA is usually similar to the ion saturation

current collected by wall probes. On the other hand, the downstream current is usually a factor

2 lower, see FIG. 4.6 b), resulting in a moderate Mach number, M ≈ l n(2)2)/2.2 ≈ 0.3 shown in

FIG. 4.6 c).

4.3.2 Measurement of ExB particle fluxes

E ×B particle fluxes are calculated as the product between the local plasma density and the

E ×B drift velocity:

�ΓE×B = ne · �vE×B = Jsat1/e

cs exp(−1+1.1M)

�E ×�B

B 2 (4.11)

The drift velocity is calculated from the plasma potential measurement obtained from sheath

theory:

Vpl = (Vf l ,downstr eam +Vf l ,upstr eam)/2+3Te,upstr eam , (4.12)

where Te,upstr eam is expressed in [eV ] and the constant 3 corresponds to a deuterium plasma

where Te ≈ Ti and where the coefficient of secondary electron emission is zero [38]. Example

measurements of these quantities are presented in FIG. 4.7 and 4.8. In the absence of any

valid theory explaining occasionally observed discrepancies between upstream and down-

stream floating potential measurements, apparent in FIG. 4.7 c) and d), the average between

the upstream and downstream values is taken. This default choice is motivated by a quan-

titative agreement with the Vpl target profiles, see FIG. 4.8 a), although it does not address

the discrepancies seen near the top of the plunge where comparison with wall LPs is not

meaningful.
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Figure 4.7: a) Upstream electron temperature, b) Downstream electron temperature, c) Up-
stream floating potential and d) Downstream floating potential. Data from the same discharge
as in FIG. 4.6.

In the case of electron temperatures, the difference between upstream and downstream

values is usually less pronounced than for the Vf l profiles, see points a) and b) of FIG. 4.7. The

upstream electron temperature value has been chosen for the calculations but the downstream

value would be suitable as well.

The electric field in the toroidal direction can be neglected because the loop voltage in steady

state conditions is negligible. For the case of a predominantly toroidal field (Bz , Br � Bφ), the

E ×B drift velocity can then be written as:

�vE×B ≈ −Ez Bφ

B 2
�er +

Er Bφ

B 2
�ez . (4.13)

Here, the second term dominates in the present case with a near-vertical divertor leg. In

FIG. 4.9 b), an example of the 2D measurements of the projection of the E ×B drift along the

vertical direction is given. In FIG. 4.8 c), the vertical E ×B velocity has been defined to be

positive when directed towards the target and is therefore projected along the vector −�ez . This

graphical choice has been made in order to have the same sign convention as the parallel ion

flux in FIG. 4.6 d) (positive towards the target).

A clear result arising from these measurements is that E×B flows, although being much weaker

than parallel flows in the divertor, bring a substantial contribution to the total poloidal ion

flux due to the shallow pitch angle of the field lines (field lines being almost purely oriented in

the toroidal direction). This poloidal contribution can be larger than the parallel flows in the

case of attached discharges as seen in FIG. 4.9, where the high electron temperatures lead to

steep plasma potential profiles. A similar observation of strong E ×B flows has been already
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Figure 4.8: a) Plasma potential, b) Radial electrical field and c) Vertical ExB velocity. Data from
the same discharge as in FIG. 4.6 to 4.7.

observed experimentally in D I I I −D [91][92][122][111].

Wall embedded LPs measure the E ×B flux which is, together with the parallel flux, included

in the Jsat measurement according to the Bohm-Chodura criterion, which in the marginal

form is (for Btor ≈ B) [38] [123]:

v∥ +
vE×B

si nθ
= cs , (4.14)

where θ is the grazing angle between the magnetic field and the surface. A fairly good agree-

ment between the Jsat measurement from LPs and the total flux from RDPA is observed.

However, in low density cases, such as the example shown in FIG. 4.9, the E ×B flux measure-

ment from RDPA seems to be overestimated when compared to the Jsat measurement from

the domed probes on the floor (not shown). A possible hypothesis could explain the mismatch:

once the ion temperature is sufficiently high, the ion Larmor radius becomes comparable in

size with the probe tips. In this case, the angle θ sharply increases at the transition between the

floor and the domed probe surface, and the parallel velocity must rapidly change to satisfy EQ.

4.14. Collisions between ions in the pre-sheath could be working against this sharp transition

of the parallel velocity and therefore explain the ’missing’ flux on floor LPs.

Another experimental finding which illustrates the dominant role of E ×B flows is the observa-

tion of upward parallel flux in the downward E ×B region, see FIG. 4.10. In this experiment,

the electron temperature is higher than in the example previously discussed due to a lower
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Figure 4.9: a) Vertical particle flux density from the parallel Mach measurement, b) Vertical ExB
particle flux density and c) Total vertical particle flux density. Data from the same discharge as
in FIG. 4.6 to 4.8.

core density. The strong E ×B flux ’forces’ the parallel flux to be reversed (directed to the inner

target). The appellation of flow ’reversal’ is not even well suited to the situation because the

parallel flow seems to be directed upward even in the region near the target, i.e. the stagnation

point of the parallel velocity is expected to be close to the pre-sheath region. In the region of

upward E ×B flow, a supersonic flow would instead be expected near the target but has so

far not been observed experimentally. The difficulty to satisfy EQ. 4.14 also applies for the

proud probes of the RDPA Mach measurement (rapid change in the incidence angle) and

could possibly explain some of the underestimation of the Mach number in this situation.

Reversal of the flows should be also studied in the future for attached forward field discharges

to see if the same trend is still observed.

4.4 Divertor particle balance

4.4.1 The influence of core density on the divertor particle balance

In the following, we perform a 1D particle balance along the divertor leg, obtained by integrat-

ing the vertical ion flux densities due to the parallel and E ×B flows, determinant from the
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Figure 4.10: a) Vertical particle flux density from the parallel Mach number measurement,
b) Vertical ExB particle flux density for the shot 65964, a non-baffled, LSN L-mode plasma,
Ip ≈ 320 k A, 〈n〉 ≈ 5.25 ·1019 m−3.

Figure 4.11: The total ion flux to the outer target is obtained from integrating the vertical flux
density, represented by the red profiles, both radially and toroidally.

RDPA. The integration is performed both along the radial and the toroidal direction. Thus,

this integration allows removing effects due to radial cross-field transport. The radial poloidal

integration allows to neglect radial cross field transport. Indeed, radial transport leads to a

wider spread in the profile but it does not change the overall poloidal ion flux along the leg.

Only source and sink terms such as volumetric ionisation and recombination can change the

overall ion flux. An illustration of the integration performed with the relevant geometry is

shown in FIG. 4.11.

Results for the three non baffled experiments with different core density are shown in the FIG.

4.12. Reproducibility of the results between different RDPA plunges is usually excellent, as
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Figure 4.12: Profiles along the outer leg of the total vertical ion flux (left column) and the peak
electron temperature (right column) for different discharges. a) Low core density references
#65964 〈ne〉 ≈ 5.5e19[m−3], b) High core density reference #66220 〈ne〉 ≈ 8.5e19[m−3] and c)
Highest core density reference #66222 〈ne〉 ≈ 11e19[m−3]. The blue and red lines on the left
plots correspond respectively to the integrated parallel flux and to the integrated total flux
(parallel and E ×B) along the vertical divertor leg.

shown for the shot 65964, where 4 curves from two up-down plunges have been plotted in the

same graph, see FIG. 4.12 a).

The low density reference, see FIG. 4.12 a), has a non negligible ion flux coming from the up-

stream SOL (above the RDPA coverage),
	

Γupstr eamd s/
	

Γt ar g et d s ≈ 20%. The proportion

of ions coming from the upstream plasma is higher than for the baffled case, as shown later in

SEC. 4.4.3. However, since the RDPA is not reaching all the way up to the X-point, it is possible
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that the actual contribution from the upstream SOL is close to zero or even negative (net flow

of particle towards the inner target via the common and/or the private flux region) in the

plasma region above the RDPA coverage. The plasma shows a high peak electron temperature

Te,max ≈ 30 eV and little electron temperature gradient, as expected from efficient electron

heat conductivity in this high electron temperature range.

In all these shots, the electron temperature (Te,max > 15 eV ) is high enough to ionise neutral

particles along the entire divertor leg. The intermediate core density and the high density

references, see FIG. 4.12 b) and c), have a larger amount of divertor ionisation, attested by

the steeper increase in the total ion flux towards the floor and by the higher flux measured

by the floor probes. The parallel ion flux even slightly reverses near the top of the plunge

for the highest density and is close to zero when including the E ×B drift contribution. This

observation would agree with the ’closed box’ divertor approximation [124] [46], where most

of the ionisation is assumed to happen in the divertor. More studies should be performed in

this regard in TCV, taking advantage of the upstream fast scanning probe measurements to

determine the source of particles originating from the core and the upstream SOL.

4.4.2 The influence of core density on the divertor particle balance in the presence
of baffles

RDPA results (integrated ion flux and peak electron temperature) for three different baffled

experiments with increasing core density are shown in FIG. 4.13. The fraction of the target ion

flux coming from the upstream SOL (above the RDPA coverage) is Γupstr eam/Γt ar g et ≈ 15%

for the low density reference a). The plasma shows a high peak electron temperature at

the top of the plunge and a substantial temperature gradient from Te,max ≈ 25 eV down to

Te,max ≈ 12 eV .

The intermediate core density reference, see FIG. 4.13 b), has the largest amount of divertor

ionisation and reveals no ion flux coming from the upstream SOL. The parallel flux is directed

upwards (negative parallel flux) and the total flux (including the E ×B drift) is close to zero at

the top of the RDPA scan. Note that the parallel flux is dominantly reversed in the region of

downward E ×B velocity, which is close to the separatrix in these discharges. The electron

temperature is not high enough to ionise neutrals near the target. Te ≈ 7 eV according to the

wall-embedded Langmuir probe measurement, however, Te < 5 eV is expected because of

the overestimation of Te at high collisionnality [51]. The consequence of the absence of any

ionisation near the target can be seen in the total ion flux curve, which remains flat due to the

absence of any divergence term in this region.

The high core density reference, see FIG. 4.13 c), has a negligible amount of divertor ionisation

and the entire ion flux originates from the upstream SOL, above the RDPA coverage. This is

apparent from the nearly flat total vertical ion flux along the entire outer divertor leg. The

Mach number (not shown here) is fairly constant throughout the entire profile and stays within

the 0.4 to 0.6 range. As opposed to the other discharges, the ion flux even slightly decreases
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Figure 4.13: a) Low core density references #64766 〈ne〉 ≈ 5.5e19[m−3], b) High core density
reference #64965 〈ne〉 ≈ 10.5e19[m−3] and c) Highest core density reference #64962 〈ne〉 ≈
11.5e19[m−3] (beyond roll-over).

towards the target, with ≈ 20% of the flux missing. This missing flux could be attributed to

volumetric recombination. Indeed, both spectroscopic studies [63] and SOLPS simulations

[61] have shown the presence of modest levels of recombination for detached L-mode TCV

plasmas. The probability for recombination becomes larger than the probability for ionisation

below Te ≈ 1.5 eV . However, molecular activated recombination (MAR) is a possible candidate

to explain the missing ion flux [125] [126] occurring at higher electron temperatures, up to

Te ≈ 3 eV . It should be emphasized that the recombination measurement from the RDPA data

is prone to a large error since any absolute error on the particle flux density measurement

could lead to a much larger relative error on the recombination fraction estimation.
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The electron temperature is not high enough to ionise neutral along the entire scan. Te ≈ 6 eV

according to the Langmuir probe measurement, however due to the Te overestimation in this

regime, Te < 5 eV is expected.

4.4.3 The effect of baffles for a given core density

Figure 4.14: Low core density reference 〈ne〉 ≈ 5.5e19[m−3] without baffles #65964 and with
baffles #64766. a) Total ion flux to the outer target, integrated radially and toroidally, and b)
Peak electron temperature value.

The effect of the baffles on the detachment onset, already seen in FIG. 4.4, became clearly

apparent for the particle balance analysis shown in FIG. 4.12 and 4.13. Here, we compare in

more detail the lowest density discharge, for which an excellent match of the core quantities

was achieved, see FIG. 4.3. Indeed, in this figure, it can be seen that the significant differences

between the non baffled reference and the baffled reference are present only in the radiated

power, the gas flux required for fuelling and the divertor neutral pressure. Bolometry data

shows that the increase in radiated power is mainly originating from the divertor (inner leg,

outer leg and X-point region), whose lower temperature and higher density than the case

without baffles are expected to enhance both carbon impurity and hydrogenic radiated power.

However the carbon impurity fraction in both discharges is unknown and could also be a key

player to explain the difference in radiated power.

The direct comparison enables to see clearly the higher level of divertor ionisation in the

baffled case, see FIG. 4.14 a): more flux arrives at the target. Similar or even slightly smaller

amounts enter from upstream. This higher ionisation level is expected [61] because the larger

neutral density combined with sufficient plasma temperature lead to a larger ionisation term.

Moreover, the lower electron temperatures in the baffled case becomes explicitly apparent in

FIG. 4.14 b).

95



Chapter 4. Particle balance in the TCV divertor

4.5 Conclusion

This chapter reported detailed 2D Langmuir probe measurements across a large part of

the divertor region in TCV. The measured quantities include plasma density, temperature,

potential and parallel Mach number. Deducing from these measurements vertical particle

flux densities associated both with parallel flows and E ×B flows allows for a particle balance

analysis in the divertor. These measurements are applied to Ohmic L-mode plasmas in

both baffled and non-baffled configurations and different divertor regime, are accessed by

varying the plasma line-averaged density. In order to access high-density conditions, these

experiments are performed at a relatively high plasma current of approx. 320 k A and in

unfavourable ion-grad B drift direction to avoid transitions to H-mode.

The baffles are found to substantially increase divertor neutral pressure and to facilitate the

detachment onset, effects similar yet even stronger as in recent experiments with the new

TCV baffles in 250 k A L-mode plasmas [41] [120]. Results from density ramps and constant

density shots agree, at corresponding densities, in terms of the integrated ion flux, the C I I I

front position and the divertor neutral pressure.

This study reveals that the contributions of the E×B drift to the poloidal ion flux is comparable

and sometimes larger than that due to the ion flux along the magnetic field, consistent with

previous observations in D I I I −D [91] [92] [111]. Detailed particle balance in the divertor

reveals that in most cases and both with and without baffles, most of the particle flux arriving

at the outer target is due to ionization along the outer divertor leg. This justifies the closed-

box approximation frequently used in detachment models [124] [46] and previously inferred

on TCV from spectroscopic measurements [127]. Close to the detachment onset in these

reversed field conditions, the integrated parallel flow is even ’reversed’ just below the X-point,

i.e ions are flowing upstream, while the total flow including the E ×B drift remains positive,

i.e. directed towards the target.

In the most detached conditions, the divertor leg become too cold for any ionization to occur.

In this extreme case, achieved only with baffles in these experiments, the entire particle source

is located around and above the X-point, and the flux along the divertor leg even drops slightly,

ascribed to plasma recombination [125].

A close match between the attached, lowest density discharges with and without baffles, in

terms of upstream properties such as line-averaged density, reveal a substantial increase

of the divertor ionisation level in the presence of the baffles. In addition, divertor electron

temperatures are reduced by approximately 35%.

96



5 Insights on the competition of con-
ductive and convective heat fluxes in
the TCV divertor

Following the detailed divertor particle balance study in the previous chapter, we explore here

the different contributions to divertor heat fluxes in the outer divertor leg, along the vertical

direction. As the outer divertor leg if nearly vertical, this heat flux analysis corresponds, to

a good approximation, to a heat flux analysis in the poloidal direction. Similarly as for the

particle fluxes, the heat flux terms considered include contributions due to parallel flows

and E ×B drifts. Furthermore, the contribution from parallel conductive heat transport is

included, which, in many SOL models, is assumed to be the dominant contributor in attached

divertor conditions [38]. Turbulent heat flux measurements are not accessible with RDPA.

However, since they act mainly in the radial direction, their omission is not expected to have

a large impact on the present study. A brief discussion on the model used to interpret the

data is given in SEC. 5.1, followed by the presentation of an example result in SEC. 5.2 and a

conclusion in SEC. 5.3. This chapter serves as a proof of principle, however, uncertainties on

the results are high due to the limitations of the diagnostic (spatial resolution, error on the

electron temperature measurement at high collisionnality).

5.1 Procedure for heat flux calculations

A formula for the heat flux equation in 1D along the magnetic field direction can be found in

[38], section 9.9, for a fluid isothermal plasma:

d

d x

[
(

1

2
mi v2

∥ +5eT )nv∥ −κ0T 5/2
e

dTe

d x

]
=QR +QE , (5.1)

where v∥ is the plasma fluid velocity, T = Ti = Te is the plasma temperature expressed here

in [eV ], κ0 ≈ 2000 [38] is the thermal conductivity coefficient (thermal conduction is almost

entirely due to electrons), QR is the volumetric joule heating (expected to be small in the

SOL in TCV) and QE is the term accounting for other heat flux sources and sinks (power

from neutrals being ionized, power lost to ionization, power lost to excitation, power lost to
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impurities, etc...).

The kinetic energy term 1
2 mi v2

∥ can be neglected for typical TCV conditions (M ≤ 0.5) when

compared to the convective term 5eT :

1
2 mi v2

∥
5eT

=
1
2 mi

(
M

√
2eT
mi

)2

5eT
= M 2

5
≤ 5%. (5.2)

The relevant formula for the parallel heat flux is then:

q∥ = 5eT nv∥ −κ0T 5/2
e

dTe

d x
(5.3)

Figure 5.1: Illustration of the projection of the magnetic field vector onto the vertical vector.

The computations performed to obtain the n and v∥ measurements are described in SEC. 4.3.

Once we project the 1D equation in the vertical direction (close to the poloidal direction), the

pitch angle of the magnetic field line must be taken into account, see FIG. 5.1. The parallel

heat flux projection on the vertical direction becomes:

qz,∥ = q∥
�B

‖�B‖ ·
�Bz

‖�Bz‖
= q∥ sinα. (5.4)

In addition to the parallel heat fluxes due to convection and conduction, cross-field heat

convection due to E ×B drifts is also accounted for in the following. The computations

performed to obtain E ×B measurements are described in SEC. 4.3.2. If projected in the

vertical direction, the E ×B contribution to the heat flux is given by:

qz,E×B = 5eT n
�vE×B ·�Bz

‖�Bz‖
= 5eT n‖�vE×B‖cosα. (5.5)

5.2 Heat flux profiles

In order to calculate the temperature gradient in the parallel direction, as needed for EQ. (5.3),

the RDPA temperature matrix needs to be interpolated radially, see the transition from FIG. 5.2

a) to b) and then later interpolated in the parallel direction (interpolation of the data points

with the same magnetic coordinate drsep ). The second interpolation is necessary to avoid

artificial bumps in the temperature gradient dTe
d x . Such interpolations of the RPDA data have
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5.2. Heat flux profiles

Figure 5.2: a) Electron temperature measurement from upstream tips of RDPA, b) spline
interpolation of the data in a) necessary for the parallel temperature gradient calculation and
c) parallel connection length obtained with the routine sol _geometry.m for the shot 64766
(Ip ≈ 320 k A, unfavourable field for H-mode access, with baffles, 〈ne〉 ≈ 5.5e19 m−3).

been done here as an exception in this thesis, all the other results have been computed from

the RDPA grid results.

The connection length as a function of R and Z coordinates is obtained for the main SOL from

the routine sol_geometry.m. This routine does not track field lines in the private flux region

and, therefore, the connection length values in the private flux region have been obtained

from a constant extrapolation of the value at the separatrix. This simplification could lead

to a large error on the connection length close to the X-point and should be improved in the

future. However, this simplification is not expected to change the results for the example

shown in this section, far from the X-point region. Eventually, to obtain the parallel electron

temperature gradient, the finite difference along a flux surface of the electron temperature in

FIG. 5.2 b) is divided by the finite difference along a flux surface of the connection length in

FIG. 5.2 c). Finally, the parallel heat flux evaluated in this way is projected along the z-axis.

The heat fluxes from parallel convection, E ×B convection, electron conduction and the

total heat flux, projected along the vertical direction, have been evaluated for the shot 64766

(attached L-mode, Ip ≈ 320 k A, unfavourable field for H-mode access, with baffles, 〈ne〉 ≈
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Figure 5.3: Different contributions to the heat fluxes projected onto the vertical direction (close
to the poloidal direction): a) parallel convection, b) E ×B convection, c) electron conduction
and d) total heat flux for the shot 64766 (Ip ≈ 320 k A, unfavourable field for H-mode access,
with baffles, 〈ne〉 ≈ 5.5e19 m−3). The heat flux profile from floor LPs is shown in the bottom
plots as a reference, calculated with a sheath heat transmission factor of γsh = 6.

5.5e19 m−3), see FIG. 5.3. Electron conduction and E ×B convection represent the most

important contributions to the overall heat flux. The peak heat flux is ≈ 20% lower at the target

than near the X-point, possibly because of a heat sink and/or due to cross field radial heat

transport. Interestingly, the total heat flux profile from RDPA agrees with the heat flux profile

from the floor LPs, obtained with a sheath heat transmission factor of γsh = 6, see FIG. 5.3

d). The same agreement is not always observed in other experiments, mostly because of the

large uncertainties from electron temperature measurements, which has repercussion of the

conductive and E ×B convective heat fluxes.

An attempt at using the Eich fit [37] for the total heat flux profiles along the divertor leg was

not successful for the example from FIG. 5.3: the scatter on the S and λq results from the

fit was unacceptably large. The presence of negative heat flux values (directed towards the

upstream SOL) caused by E ×B drifts renders the fit and the interpretation of the S and λq

results difficult.

5.3 Conclusion

A proof of principle test of divertor power balance with RDPA has been performed for an

attached L-mode plasma. This reveals that, in the case of attached plasmas, the parallel

conductive and the ExB convective heat fluxes have the most significant contribution to the

total heat flux, while parallel convection plays a weaker role. The sum of all these heat fluxes

agrees with heat flux measurements from the floor probes for the given example. However,
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5.3. Conclusion

this is not always the case in other experiments, probably because of the large uncertainty of

electron temperature measurements, which has direct repercussions on the conductive and

E ×B convective heat fluxes calculations. Future studies would benefit from a higher spatial

resolution, achievable from grouping data from several RDPA plunges combined with slight

divertor leg movements. Such a study could then also allow to evaluate the level of poloidal

heat flux spreading along the divertor leg.
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6 Insights on divertor fluctuations

Turbulence and related transport in the SOL and divertor of tokamaks and their dependence on

divertor regime and magnetic geometry is one of the main open issues for the development of a

robust exhaust solution. A key new feature of RDPA is to provide detailed, local measurements

of fluctuation characteristics across the divertor volume of TCV, opening up new paths to

experimentally explore divertor turbulence and provide stringent benchmarks for numerical

simulations. These capabilities have only been started to be explored and a few examples and

works in progress are presented in this final chapter.

6.1 Procedure for the calculations of the RDPA density fluctuations

measurement

Performing electron temperature or even ion temperature measurements at the plasma tur-

bulence timescale is not possible with the conventional single Langmuir probe electronics

used in this study. Fortunately, density fluctuation measurements are more accessible be-

cause Jsat ∝ csne fluctuations are dominated by the density fluctuations [128], [129]. This

observation can be partially explained by the relatively weak dependence of cs on the electron

temperature (square root dependence). It should, however, be noted here that the electron

temperature fluctuations can not be neglected in the case of plasma potential fluctuations

studies [128] [130].

Density fluctuations are calculated from the standard deviation of the Isat time windows. The

typical duration of a time window is approximatively 1 ms (equivalent to 2000 acquired time

points at a 2 M H z frequency). The time windows can be recorded while operating the probe

in Isat mode or in voltage sweeping mode, considering only the intervals when the probe

voltage is sufficiently negative for the probe to record Isat . In the private flux region, the J̃ sat

and ñe signals (the tilde symbol stands for the standard deviation of the signal) are dominated

by the instrumental noise. The standard deviation of the noise is recorded before the plasma

discharge and then subtracted assuming that the signal and the noise are independent random
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variables, and therefore, the variance of their difference is given by:

σsi g nal =
√

σ2
measur ement −σ2

noi se (6.1)

The density fluctuations are given from the formula discussed in SEC. 4.3.1:

ñe =
( Jsat1/e

cs exp(−1+1.1M)

)�
. (6.2)

Fluctuation levels are then approximated as follows:

ñe ≈ 1

〈cs〉
( Jsat1/e

exp(−1+1.1M)

)�
, (6.3)

where 〈cs〉 is the time-averaged, local sound speed, obtained from processing the time aver-

aged data from swept probes. The normalised fluctuation level is approximated as follows:

ñe

〈ne〉
=

( Jsat1/e

exp(−1+1.1M)

)�
/

〈Jsat1〉/e

exp(−1+1.1〈M〉) . (6.4)

6.2 Effect of baffles and core density on fluctuation levels

The measurements enabled by RDPA allow us to gain insights on divertor density fluctuation

levels in different divertor regimes. We will focus on two examples here: a well-attached, low

density, non baffled discharge (#65964 in a), b) and c) from FIG. 6.1) and a high density baffled

discharge (#64965 in d), e) and f ) from FIG. (6.1), which is just at the onset of detachment.

In the low density example, fluctuation levels are almost constant along flux surface in the

divertor leg, see FIG. 6.1 c). The data has been arbitrarily divided in four distinct regions to

facilitate the description of the results, see FIG. 6.2 and FIG. 6.1 c): 1© The first region, in the

private plasma, is characterised by a relatively quiescent region with faint plasma. 2© In the

second region, close to the separatrix, on the left of the electron temperature peak (region of

strong downward E ×B drift), a large fluctuation level is surprisingly observed, with ñe /〈ne〉 ≈
0.5. The origin of the large fluctuation intensity is unknown. A hypothesis would be that the

turbulence could be generated at the divertor inner leg and then be transported poloidally by

the strong E ×B drifts. Another hypothesis would be that the local shear properties can drive

Kelvin-Helmholtz instabilities. 3© The third region is near the electron temperature peak. The

density fluctuation level in this region is the lowest ñe /〈ne〉 ≈ 0.1. 4© The fourth region is on

the right of the electron temperature peak. The density fluctuation level increases gradually

from ñe /〈ne〉 ≈ 0.1 to ñe /〈ne〉 ≈ 0.25 in the far SOL. The higher fluctuation level in the far SOL

is believed to be caused by reconnection with upstream turbulence. Indeed, the reconnection

process was recently shown in the far SOL of TCV in similar low collisionnality discharges by

tracking convective cells with the Gas Puff Imaging (GPI) diagnostic [131] and with wall LPs at
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Figure 6.1: Data from the low density shot #65964 and the high density shot #64965 to illustrate
the density fluctuation profiles in various conditions: a) and d) time averaged electron density,
b) and e) standard deviation of the density and c) and f ) standard deviation normalised by the
time averaged density. The labels 1© to 4© correspond to the position of the Jsat time traces
shown in FIG. 6.2 and 6.3.

the same time and mapped along field lines.

In the high density example, the turbulence behaviour is very different than for the low

collisionnality plasma. The relative fluctuation levels are not constant along flux surfaces, as

shown in FIG. 6.1 f ). The data has been once again arbitrarily divided in four distinct regions,

although at slightly different positions, to facilitate the description of the results, see FIG.

6.3 and FIG. 6.1 f ): 1© As for the low density reference, the private plasma is characterised

by a relatively quiescent region with faint plasma. 2© The second region, on the left of the

electron temperature peak, has little fluctuation level ñe /〈ne〉 ≈ 0.2 which contrasts with the

low density reference. The narrow, high fluctuation level feature, seen in the low density

reference, seems to have disappeared with increasing collisionnality. 3© In the main SOL

region, where fluctuations are believed to be related to the upstream turbulence, a strong

reduction in fluctuation levels is observed from ñe /〈ne〉 ≈ 0.45 near the X-point down to

ñe /〈ne〉 ≈ 0.2 near the target. This drop coincide with the electron temperature drop shown in
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Chapter 6. Insights on divertor fluctuations

Figure 6.2: Ion saturation current density time traces from the low density shot without baffles
#65964: signal from the a) upstream and b) downstream probe tips. The labels 1© to 4© and
the positions of the corresponding data point in the poloidal plane are shown in FIG. 6.1 a).

FIG. 4.13 b) and with the associated increasing collisionnality. 4© Finally, in the fourth region,

the far-SOL, turbulent events are less frequent, probably due to the lower probability for the

blobs to arrive this far in the SOL.

6.3 Ongoing contributions to turbulence code validation studies

The global, two-fluid boundary turbulence codes GBS [67], developed at the SPC-EPFL, pro-

vides a first-principles approach to explore tokamak boundary physics. Relatively recently, the

code has been updated in order to allow so simulate arbitrary, diverted tokamak geometries

[132] [133]. Ongoing studies are carried out where divertor physics is explored in a combined

effort of numerical simulations and dedicated experimental studies on TCV, and where data

from the RDPA is playing a significant role.

These ongoing efforts include the modelling of a realistic TCV diverted L-mode plasma. Plasma

density profiles for a forward field GBS simulation of TCV are shown in FIG. 6.4 a), b) and c)

and the RDPA results for the corresponding experiment are shown in FIG. 6.4 d), e) and f ). The

comparison is only qualitative in this case since the simulation has been performed on half

the size of TCV, in order to reduce the computational time necessary to attain convergence of
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Figure 6.3: Ion saturation current density time traces from the high density shot with baffles
#64965: signal from the a) upstream and b) downstream probe tips. The labels 1© to 4© and
the positions of the corresponding data point in the poloidal plane are shown in FIG. 6.1 b).

the simulation. However, recent progress on the code will soon allow full size simulations of

TCV. The toroidal field has been chosen experimentally to facilitate the simulation Btor = 0.9 T

instead of the commonly used value in TCV Btor = 1.4 T .

The time averaged density in the outer divertor leg is ≈ 2 times larger in the experiment

than in the simulation, see FIG. 6.4 a) and d). The relative fluctuation levels of the density

in the experiment, ñe /〈ne〉 ≤ 0.4, are comparable with that of the simulation snapshot (n −
〈ne〉)/〈ne〉 ≤ 0.3. Interestingly, the high fluctuation level observed near the separatrix in the

reversed field, high plasma current discharge in FIG. 6.1 c) is absent the present experiment in

forward field, see FIG 6.4 f ). Instead, the separatrix region is quiescent and the fluctuation

levels are the highest in the far-SOL. A quiescent plasma near the outer divertor leg separatrix

and a turbulent far-SOL are also observed in the simulation, see 6.4 b) and c).

6.4 Conclusion and future work

A variety of fluctuation results have been presented in this chapter, in order to introduce the

capabilities of the RDPA. Some of the main observations include the development of a poloidal

gradient of the fluctuation levels, observed with increasing collisionnality, and the surprising

107



Chapter 6. Insights on divertor fluctuations

Figure 6.4: Results from a forward field GBS simulation of half-size TCV: a) time average
density, b) difference between a density snapshot and the time averaged density and c) relative
difference between the density snapshot and the time averaged density. RDPA results from
one of the corresponding experiment (Ip ≈ 160 k A, Bt ≈ 0.9 T , 〈ne〉 = 2.9e19 m−3, favourable
field direction for H-mode access): d) time averaged density, e) standard deviation of the
density fluctuations and f ) standard deviation of the density fluctuations divided by the time
averaged density.

presence of a narrow, high fluctuation level, region in the downward E ×B region for a well

attached, reversed field, discharge.

Ongoing efforts focus on using RDPA results to validate the turbulent fluid code GBS. A

first, qualitative, comparison between the density fluctuation profiles from a half-size TCV

simulation and the RDPA results for the corresponding experiment has been given. The time

averaged density in the divertor is higher in the experiment than in the simulation. However,

the relative density fluctuations have similar values. Recent progress on the GBS code will

permit full size TCV simulations and, therefore, an improved comparison in the future.
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6.4. Conclusion and future work

Several tasks could be initiated in the future to make progress in the description of the divertor

fluctuation properties for RDPA such as: cross correlation with Jsat and Vf loat signals thanks

the split Mach tip configuration, and the estimation of blob sizes, which could be approxi-

mated with the product of the fluctuation period and the cross field velocity, which is often

dominated by E ×B drifts.
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7 Conclusion

The present thesis work includes operation, maintenance and upgrades of wall-embedded

Langmuir probe system in the TCV tokamak. In particular, the TCV wall probe coverage has

been extended from 114 to 194 probes. In order to operate all these probes simultaneously,

rather than switching probe connections between different experiments, the array of Langmuir

probe amplifiers has been extended from 48 to 216. Compared to the first generation amplifiers

developed at the SPC-EPFL, the new set features a number of improvements. The higher

number of amplifiers operated simultaneously results in a larger failure rate, occurring mostly

during off-normal events such as disruptions and ELMs. Among the different solutions

explored to date, the most efficient is the addition of extra resistors to avoid current surges in

combination with surge protectors to avoid voltage spikes. The standard analysis for swept

Langmuir probes on TCV has been extended to obtain inter-ELM profiles in H-mode plasmas,

achieved by an interactive tool to correctly filter out the ELM periods from the raw data.

In parallel, a novel fast probe array, dubbed RDPA, has been designed, built and commissioned

at TCV, providing unprecedented 2D Langmuir probe measurements across the divertor of

quantities temporally resolved at the turbulence time scales , such as Jsat , M , Γ∥, Vf loat and

ne (assuming a constant cs), and time averaged quantities that necessitates a sweeping of

the bias voltage, such as Te , ne , Vpl asma , v∥ and vE×B . In contrast to reciprocating probes

accessing the divertor region of other major tokamaks, the RDPA provides 2D measurements

in a single reciprocation, enabled by a radial array of probe tips moved vertically across an

extended region of the divertor volume. No sign of damage could be seen on the probe after

more than 200 experiments performed, including more than ≈ 20 disruptions happening

while the diagnostic was in motion. The physics results are consistent with other reference

diagnostics (electron Thomson scattering upstream and wall embedded Langmuir probes

downstream) for most plasma conditions, showing that the design is sufficiently compact to

provide measurements representative of the unperturbed plasma parameters. Further RDPA

development and interpretation tasks have been identified such as improving the transmission
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lines, lowering the amount of recycled neutrals in the measured flux tube to possibly improve

the density measurement, and developing a model for the interpretation of the asymmetries

between upstream and downstream floating potentials.

The RDPA capabilities have allowed for a detailed particle balance study in the outer TCV

divertor in attached and detached conditions and both with and without the recently installed

divertor baffles. These measurements are applied to Ohmic L-mode plasmas and different

divertor regimes, accessed by varying the plasma line-averaged density. The baffles are found

to substantially increase divertor neutral pressure and to facilitate the detachment onset,

effects similar yet even stronger as in recent experiments with the new TCV baffles in 250 k A

L-mode plasmas. The particle balance study reveals that the contributions of the E ×B drift

to the poloidal ion flux is comparable and sometimes larger than that due to the ion flux

along the magnetic field, consistent with previous observations in the D I I I −D tokamak.

Except for strongly detached conditions, most of the particle flux arriving at the outer target

is due to ionization along the outer divertor leg. This justifies the closed-box approximation

frequently used in detachment models and previously inferred on TCV from spectroscopic

measurements. Indeed, in the most detached conditions, the divertor leg become too cold

for any ionization to occur. In this extreme case, the entire particle source is located around

and above the X-point, and the flux along the divertor leg even drops slightly, ascribed to

plasma recombination. A close match between the attached, lowest density discharges with

and without baffles, in terms of upstream properties such as line-averaged density, reveal a

substantial increase of the divertor ionisation level in the presence of the baffles.

A proof of principle test of identifying the dominant divertor heat flux channels with RDPA has

been performed for an attached L-mode plasma. This reveals that, in attached plasmas, the

parallel conductive and the ExB convective heat fluxes have the most significant contribution

to the total heat flux, while parallel convection plays a weaker role. The sum of all these

heat fluxes agrees with heat flux measurements from the floor probes for the given example.

However, this is not always the case in other experiments, probably because of the large

uncertainty of electron temperature measurements, which has direct repercussions on the

conductive and E ×B convective heat flux calculations. Future studies would benefit from

a higher spatial resolution, achievable through grouping data from several RDPA plunges,

combined with slight divertor leg movements. Such a study could then also allow evaluating

the level of poloidal heat flux spreading along the divertor leg.

Finally, a variety of fluctuation results have been presented, in order to introduce the capabili-

ties of the RDPA in this respect. Some of the main observations include the development of a

poloidal gradient of the fluctuation levels, observed with increasing collisionnality, and the

surprising presence of a narrow, high fluctuation level region in the downward E ×B region

for a well attached, reversed field, discharge. Ongoing efforts focus on using RDPA results

to validate the turbulent fluid code GBS. A first, qualitative comparison between the density

fluctuation profiles from a half-size TCV simulation and the RDPA results for the correspond-

ing experiment has been presented. Recent progress on the GBS code will permit full size
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TCV simulations and, therefore, an improved comparison in the future. Several tasks could be

initiated to improve the description of the divertor fluctuation properties for RDPA such as:

cross correlation with Jsat and Vf loat signals thanks to the split Mach tip configuration, and

the estimation of blob sizes, which could be approximated with the product of the fluctuation

period and the cross field velocity, which is often dominated by E ×B drifts.

To conclude, strong enhancements of the wall-embedded Langmuir probe system in the

TCV tokamak and the design and construction of a novel fast probe array, dubbed RDPA,

have enabled a better description of the plasma properties in the TCV divertor as well as

advanced physics studies, such as a divertor particle balance, a first assessment of the nature

of the dominant poloidal heat flux channels in the TCV divertor and the measurement of 2D

turbulent fluctuation profiles in the divertor volume.

113





A Appendix: RDPA user manual

A.1 RDPA disassembly in TCV

a. Remove all the Plexiglas protections.

b. Remove all the aluminum structure in order to clear access.

c. Disconnect the safety switches. There is a 24 V tension across the safety line with ≈ 8 safety

switches in series. If the line is open, the contactor will cut the high voltage 220 V supply

to the motor driver, resulting in the fault “Amplifier fault” on the Soloist® software as soon

as the motor is enabled. This is not a problem since using the motor is not required during

disassembly.

d. Disconnect cables from the BNC patch panel and from the atmospheric side of the SMA

feedthrough.

e. OPTIONAL STEP: The vacuum technician can go in the torus in order to install the red plastic

protection around RDPA. This protection serves as a sliding layer between the rectangular

vacuum vessel extension and the RDPA graphite PFCs during disassembly. This step is optional

and should be discarded in the future.

f. A rope (climbing rope) is attached around the TF coil from sector 3.b. A manual hoist is

attached to the rope. The rope length must be chosen in order for the hoist chain to span the

range of movement necessary for the disassembly.

g. At the end of the manual hoist chain, a carabiner is attached to the metallic structure of the

moving assembly of RDPA, near the entrance of the cable chain. Sometimes the carabiner is

stopped by the RDPA aluminum structure. It is therefore important to clear the path for the

carabiner motion.

h. The manual hoist is set slightly under tension before removing the brake.

i. The manual switch on the RDPA Plexiglas is turned on in order to be able to remove the
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brake by typing the command “BRAKE OFF” on the Soloist® software.

j. The moving assembly of RDPA should now be at a position Zmotor ≈ −5 mm due to the

tension in the rope/chain released from the position Zmotor = 0 mm.

k. Remove the stop at Zmotor ≈ 5 mm by removing the 6 screws on the vertical plate.

l. The RDPA moving assembly is slowly lowered by releasing the chain of the manual hoist

until the length is sufficient to install the wooden support. This wooden support is necessary

to support the weight the flange that will be unscrewed in the next step. If the wooden support

is not installed, the flange would fall and compress the vacuum bellow.

m. Unscrew the vacuum flange at the beginning of the rectangular vacuum vessel extension.

n. The RPDA moving assembly is lowered ≈ 5 cm, until there is enough space to screw the

wooden support to the flange with M8 screws on top of plastic washers to protect the flange

knife. The wooden support can stand without these two screws. However it could quickly fall

in case of a wrong movement.

o. The RDPA moving assembly is lowered ≈ 50 cm until the aluminum part holding the motor

will hit the lower stop (the lower stop is never disassembled). At this point all of the RDPA

system should be out of the rectangular vacuum vessel extension.

p. The manual power switch on the RDPA Plexiglas is turned off. The system will automatically

turn the brake once the power switch is turned off.

q. The optional tape around the red plastic protection is removed and the RDPA Plasma Facing

Components (PCFS) are now visible.

r. A plastic cover is installed on the vacuum vessel extension in order to protect the stainless

steel knife of the flange.

s. All the RDPA PFCS are covered with a thick layer of bubble wrap packing to avoid any

damage to the PFCS in the next disassembly steps.

t. The 3 M5 screws responsible for holding the Shapal® electrical insulation in between the

titanium structure and the shaft are unscrewed with a torque meter screwdriver. It must be

checked that the applied torque was still above 5 N m.

u. The titanium structure is now rotated 180 degrees in order to have the RDPA beam touching

the flange previously disconnected and the RDPA pole touching the bearing supports. During

the rotation, the bending radius of the Thermocoax® cables must always be larger than a few

centimeters in order to avoid fatigue failure of the cables.

v. The titanium structure (covered with bubble wrap packing at this point) is tied to the

bearings support with electrical scotch tape.

116



A.2. RDPA disassembly in the vacuum workshop

w. Unscrew the 6 screws connecting the motor moving part to the vacuum assembly. Collect

the 6 glass reinforced epoxy washers and the star shaped PEEK insulation. The 6 PEEK tubes

in the stainless steel connection part have been forced in place and are not supposed to move.

x. WARNING DANGEROUS STEP: Two people can manually lift the vacuum assembly out of

the RDPA aluminum structure and place it onto a cart. The vacuum assembly is quite heavy

≈ 20 kg and could quickly hurt someone or being damaged if dropped on the floor. Do not

hesitate to use a fork lifter to bring it down to a cart.

A.2 RDPA disassembly in the vacuum workshop

a. Remove all the graphite PFCS on the RPDA pole. In order to do so, unscrew the 2 M4 screws

with a torque meter screw driver. It must be checked that the applied torque was still above

2.5 N m.

b. In the process of removing the pole graphite PFCS, mica spacers, silicon nitride rods and two

stainless steel spacers will fall off. They should be collected and stored for the next assembly.

Using a white piece of paper on the table enables to clearly see all the mica spacers.

c. Unscrew the 8 stainless steel M2 screws on the vertical bar in the titanium structure in order

to release 2 Macor® insulation parts. This step will free the Thermocoax® cables from the

titanium structure throughout the pole. The cable will still be held in place by the beam.

d. Unscrew the flange of the SMA vacuum feedthrough and pull the Thermocoax® cables on

30 cm in order to get access to the vacuum side of the SMA vacuum feedthrough.

e. A M8 modified open end wrench is used to disconnect the SMA connectors from the

feedthrough.

f. Warning: delicate step. The Thermocoax® cables are now pulled once at a time out of

the RDPA shaft. This step is delicate since the SMA connectors often get stuck due to the

interweaving of Thermocoax® cables inside the shaft. Applying force would make the problem

worse by bending the Thermocoax® cables and reinforcing the interweaving process.

g. The titanium structure with the Thermocoax® cables are now free from the vacuum assem-

bly and are mounted on a table using a thick wooden piece and two clamps, one attached to

the table and the other to the lower part of the titanium structure.

h. The RDPA beam can now be disassembled by unscrewing 4 M5 screws from the side graphite

PFCS with a torque meter screw driver on one side of the beam. It must be checked that the

applied torque was still above 0.25 N m. The beam side disassembled should be close to the

vertical pole in order to be able to remove the bridge mica insulation through the vertical slits.

The beam side mica sheet will fall after unscrewing the side graphite PFCS. Collect it for future

assembly.
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i. The first Bridge boron nitride PFC can be slid out, dragging the graphite tips, the spring

contactors and the inter graphite tips mica insulation along. The first side boron nitride PFCs

can be slid out right after.

j. Warning: delicate step. The bridge mica insulation can only be removed from the vertical

slits in the titanium structure after bending the copper connectors upward. The process must

be gentle in order to avoid any damage to the copper connectors or to the inner conductor of

the Thermocoax® cable. In the case of a failure, reparation is often possible (see next steps).

Once the bridge mica insulation is removed, the copper connectors must be bent to their

original orientation in the horizontal plane in order to permit motion for the bridge boron

nitride PFCS.

k. Repeat the last two steps until disassembly is completed.

l. The copper connectors at the end of the Thermocoax® cables can be repaired or silver

brazed after being properly tied in place by using thin copper wire. Doing the reparation on

the titanium structure is less time-consuming than unfastening all the Thermocoax® cables

and repairing them one at a time.

A.3 RDPA assembly in the vacuum workshop

a. Clean all parts with isopropanol.

b. Clean the vacuum bellow in the ultrasound ethanol bath (impossible to clean it from the

outside). Cleaning is not necessary if the probe has been kept in a cleaned environment after

disassembly.

c. Place the titanium horizontal part in the titanium structure with the two stainless steel

shims on both sides. Mica sheets on both sides of the stainless steel shims ensure electrical

insulation from the titanium structure. The stainless steel shims have a rectangular section

with two chamfers. These chamfers must be oriented towards the mica sheets in order to

avoid the possibility to generate any electrical arc in between the edges of the stainless steel

shims and the titanium structure.

d. Place the 2 copper undulating shims in between the stainless steel shims and the Thermocoax®

cables in order to push the cables toward the symmetry axis of the probe. This step will facili-

tate the next assembly steps.

e. Make sure that the titanium horizontal part is in contact with the bottom of the titanium

structure. It the contact is not perfect, it will be impossible to slide in place the boron nitride

plasma facing components. Placing custom made shims to force a good contact can facilitate

the process but it is not mandatory to do so.

f. It is now time to slide in place all the components starting from the side of the beam next to
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the vertical RDPA pole towards the side of the beam opposite to the vertical RDPA pole.

g. Warning: delicate step. The boron nitride plasma facing component will suffer wear from

the friction with the titanium structure, with the copper conductors and with the Thermocoax®

cables resulting in the formation of a white powder. This white boron nitride powder is not

problematic to the diagnostic operation of to the TCV operation.

h. Warning: delicate step. Make sure the copper conductors at the end of the Thermocoax®

cables are not interrupting the motion of the boron nitride plasma facing components. If

it is the case, use a small instrument such as a fine spatula to temporarily bend the copper

conductors at the end of the Thermocoax® cables.

i. Slide the first side boron nitride PFCS in place.

j. Place the spring contactors and the inter probe tips mica insulation. There is a risk to lose

the spring contactors if they fall inside the titanium horizontal part. Placing small flexible

plastic foam parts on the top of the holes is effective at avoiding the problem. The spring

contactors should be placed in the middle of the copper connectors. Any movement will

results in misalignments in between the spring contactors and the copper connectors.

k. Warning: delicate step. The graphite tips are forced below the side boron nitride plasma

facing components. The graphite tips are held only from one side and will tip over. It is

preferable in order not to avoid complete compression of the spring contactors. Sometimes

the side boron nitride PFCS can break during the process. It seems like the mechanical failure

is always catastrophic and the probability to generate hidden cracks during the assembly is

low.

l. Warning: delicate step. Use a tool with a straight edge such as the flat side from a spatula to

push on the horizontal part of the probe tips in order to compress the spring contactors. Hold

the force while sliding the bridge boron nitride PFC in place. Remove the applied force once

the bridge boron nitride PFC can hold the compressive force of the spring contactors.

m. Warning: delicate step. The bridge mica insulation can only be slid in place through

the vertical slits in the titanium structure after bending the copper connectors upward. The

process must be gentle in order to avoid any damage to the copper connectors or to the inner

conductor of the Thermocoax® cable. In the case of a failure, reparation is often possible.

Once the bridge mica insulation is removed, the copper connectors must be bent to their

original orientation in the horizontal plane in order to permit motion for the bridge boron

nitride PFCS.

n. Repeat the last 5 steps until assembly is completed.

o. Test the electrical properties of the lines before closing the beam. 5 values must be evaluated

with the 4 points measurement device from the electronics lab at low frequency (100 H z for

example):
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1. Resistance in between Mach probe tips should be higher than 1 MOhm.

2. Probe tips resistance to ground should be higher than 50 kOhm (this resistance is only

dependent on the moisture intake in the magnesium oxide powder in between the conductor

and the sheath of the Thermocoax® cables).

3. Probe tips resistance to the titanium structure should be higher than 1 MOhm.

4. Probe tips resistance to the inner conductor of the corresponding SMA connector should

be lower than 2 Ohm (a good contact with the copper spring is required in order to provide

R < 2 Ohm).

5. Titanium structure resistance to ground should be higher than 1 MOhm.

p. Use a file to plane the vertical face of the last bridge boron nitride PFC. Indeed it is important

at the end of the assembly that the last part should be at the same position as the end of the

titanium structure. In that case, there would not be any gap in between the side graphite PFCS

and the last bridge boron nitride PFC.

q. Close the beam by screwing in place the 4 M2 screws onto the side graphite PFCS with a

torque meter screw drive. At least 4 layers of Mica washers must be placed in between the

screw and the side graphite PFCS. Make sure that the applied torque is 0.3 Nm. Make sure that

the side graphite PFCS are levelled and make sure that there is proper contact in between the

bridge boron nitride PFC and the side graphite PFCS.

r. Check the protruding height of each set of probe tips with a dial indicator. Write the values

into a table in order to determine the probe surface and therefore the ion saturation current

density [A/m2] during experiment with more accuracy.

s. Warning: delicate step. Straighten all the 24 Thermocoax® cables and separate them into

2 groups (1-12, 13-24) prior to insertion in the shaft. This step will facilitate disassembly if

properly executed.

t. Connect the vacuum flange in between the vacuum bellow and the flange corresponding to

the vacuum vessel extension.

u. Place the 3 copper rings (3 flanges below the vacuum bellow) around the Thermocoax®

cables.

v. Connect the 24 SMA connectors on the vacuum side of the SMA feedthrough.

w. Tighten the 3 flanges below the vacuum bellow.

x. Bend the Thermocoax cables to conform the titanium structure shape and close again the

Macor® insulator around the cable by screwing the 8 stainless steel M2 screws on the vertical

bar in the titanium structure with a 0.3 N m torque.
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y. Place all the graphite PFCS on the vertical part of the titanium structure. The stainless steel

spacers are placed first with the silicon nitride rods. The silicon nitride rods have various

lengths. Make sure to choose them in order to obtain the proper length when they are put end

to end. The graphite PFCS are slid in place once at a time interleaved with mica spacers. A

proper clamp can be used to place the mica spacers because fingers are too large to access the

limited space. Warning: when manipulating the mica spacers with the clamp make sure not

to crack the edges of the mica spacers. Otherwise they could escape from the silicon nitride

rods during operation. If such an event would happen, there is a risk that the whole assembly

would become loose. The risk of losing a graphite PFCS would still remain very low. Visual

inspection of the gap in between graphite PFCS enables to quickly know if a mica spacer has

been forgotten.

z. Screw in place all the boron nitride PFCS, making sure that a tiny space is left in between

them for thermal expansion. A stainless steel M2 washer must be placed in between the boron

nitride PFCS and the titanium structure.

aa. The assembly is now ready to be covered with bubble wrap packing in order to be shipped

to the TCV building.

A.4 RDPA assembly in TCV

In this section, the same steps as for the RDPA disassembly apply in reversed order. Neverthe-

less, two steps are different because they require a visual inspection of the adjustment before

screwing RDPA in place:

a. Adjustment of the vertical alignment. A straight and rigid bar should be clamped to the

vertical stainless steel part hosting the vacuum bearings. The titanium structure is screwed

in place and the vertical alignment can be visually checked thanks to the rigid bar. Once

the nominal torque is applied on the three M5 screws responsible for holding the Shapal®

electrical insulation, the position is set and the rigid bar is no longer needed.

b. Adjustment of the rotational alignment. Once RDPA is in the TCV vacuum vessel, it is

possible that the RDPA beam is not rotated properly (purely radial direction). A vacuum

technician should check in the machine that the alignment is correct before using the RDPA

motor.

A.5 Components relevant to RDPA operation

The SOLOIST controller H pe100 is fed with a single phase from a 3 phase socket. Connecting

all three phases will result in damaging the electronics since the controller can only work at

220V AC and not at three phases 380V AC (the three phase feed is designed for American three

phase 240V AC ). It does not matter to use a single phase since the current is rectified and
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stored in a capacitance inside the device.

The motor could not provide more than three plunges in a row with the following parameters:

a = 85 m/s2 v = 3 m/s and d x = 380 mm. It is possibly due to the limit of the capacitance

in the controller. Increasing the current feed to US three phase 240 V AC with large current

possibility (≈ 50 A) could maybe help increasing both speed and acceleration? However a

large transformer would be required.

A contactor has been put in order to cut the high voltage feed from the motor in case of

emergency. The voltage is cut in the case where the 24 V safety line is interrupted (if someone

removed a Plexiglas panel) or if the emergency button is pushed. The contactor has not been

installed on the motor high voltage feed since this could lead to some damage to the power

electronics of the controller.

The brake Brake Zimmer LCE 20 is controlled with the Soloist software with the command

BRAKE ON and BRAKE OFF. When the controller is no longer fed with diagnostic voltage

220 V AC (normal socket), the brake will clamp the probe by default. Therefore one must turn

on the voltage of the structure if motion is required, such as during the assembly.

The trigger is a +5 V on/off signal from the Langmuir cubicles 3 and 4. The longer on/off

signal has been chosen because the TCV triggers are too fast to be detected by the J205 input

of the Soloist controller. The trigger signal is at the torus ground, unlike RDPA motor and

controller that are both at the building ground. This is not an issue because the differential

input J205 of the controller is isolated. Moreover, an optical fiber has been installed for the

trigger. During experiment, it is highly recommended to arm the motor ≈ 3 minutes before

the shot in order to avoid any early trigger, e.g. triggers from diagnostic shots.

The linear encoder reads a scale and count the number of lines on the scale. At both ends of

the scale, there are small magnets strongly glued with epoxy. These magnets will disable the

motor if crossed. During operation at TCV, the magnetic limits can be disabled through the

software, otherwise the magnetic field given by the central solenoid can trigger these limits.

WARNING: these magnetic limits must be enabled in order to successfully home the motor

with the HOME command in the beginning of the day for example. The limits are by default

automatically turned on before the homing process by the software.

A.6 Software

List of software relevant to the RDPA operation installed on the RDPA PC: Soloist digital scope:

similar to jScope, showing the results from the motor after the shot. Soloist motion composer:

software to program and execute the movement.

When launching RDPA, use the connect button in both Soloist digital scope and Soloist

motion composer. Check if the Ethernet connection is properly working because some

Ethernet sockets are sometimes malfunctioning in the TCV control room.
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List of programs written in the Aero-basic language that can be executed in Soloist mo-

tion composer: GUI_interaction_ascii_2 : main program to execute the RDPA motion.

Check_CW_CCW_limits: program to check that limits for magnets are turned on (commentary

in the script).

GUI for the RDPA operation written in MATLAB language:

/home/oliveira/Matlab/12_RDPA_Control_GUI/RDPA_Control_GUI.m

Magnetic limits need to be disabled once motor has been homed. It is to avoid any false end

of travel limit from the TCV magnetic field. This is done automatically when enabling motion

with the GUI MATLAB script. When homing the motor, the CW/CCW limits should be on.

To do list to execute RDPA motion:

1. Start program GUI_interactive_ASCII_2 in Soloist motion composer.

2. Launch MATLAB GUI.

3. ’Enable motor’ on the MATLAB GUI (RDPA head will go in machine, so don’t do that during

a shot).

4. ’Ping motor’ to check the Ethernet connection with the Soloist.

5. Set distance, speed, acceleration (usually at the maximum values).

6. Step 4 : calculate and save plunge.

7. Step 5: save plunge time 1 (t = 0 s reference is equivalent to t = 0 s of the TCV shot).

8. Repeat the same sequence for plunge 2 and 3 if wanted.

9. Start shot procedure.

10. Confirm (GUI will then stop responding). If something needs to be changed after this step,

the Aero-basic program and the MATLAB GUI must be stopped (requires improvement in the

future).

11. After the shot, the system will send back data to be saved by the MATLAB script on MDS.

Sometimes, the connection with SOLOIST fails, usually because LAC machines are highly

used in the post shot process. In that case, the MATLAB GUI crashes and must be close. The

data from Soloist digital scope should be exported and saved on MDS manually (requires

improvement in the future). Writing the GUI in python language could possibly solve this

issue.

12. To turn RDPA off : check that the motor ’pings’ response is correct and click ’disable motor’.

Check on Soloist motion composer that the brake is on, stop the program, lock the computer

and turn off the screen.
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