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S U M M A RY

Plasma-wall interaction processes in dense thermal plasmas

In a world that is running into the limits of fossil fuel-driven growth, the
utilisation of nuclear fusion energy would provide a compact and sustainable
power source, able to help support the growing population while retaining the
worlds ecosystems. Nuclear fusion can be realised by magnetic confinement of
a deuterium-tritium plasma, i. e. an ionised gas, at a temperature of 150 million
Kelvin. In the research and development of magnetic confinement fusion (MCF),
one of the main challenges is posed by the plasma exhaust, inherent to MCF
devices but possibly damaging to the reactor wall. To demonstrate the feasibility
of nuclear fusion power, an international consortium designed the worlds largest
MCF device, ITER, which is currently under construction in France. The ITER
plasma exhaust flows into the so-called divertor region, and onto the plasma-
facing components (PFCs), where the plasma interacts with the wall. During full
power operation, the expected plasma conditions in the divertor region will be
unprecedented, and might exceed the maximum tolerable PFC heat loads. It is
therefore not yet certain whether we can find a window for realising fusion
conditions, while sustaining the PFCs for long term operation.
In this work, it is shown that precisely in these dense collisional plasma condi-
tions as expected in the ITER divertor, a wall load mitigating process emerges,
within only a few mm from the wall. This concerns the process of near-surface
plasma-neutral coupling, which leads to a neutral-mediated plasma-wall in-
teraction (n-PWI). The plasma-wall interaction (PWI) governs the deposition of
particles and energy on the plasma-facing surface. Plasma electrons are much
more mobile than ions, resulting in the formation of a thin space charge layer
adjacent to the surface: the plasma sheath. The sheath repels part of the electrons
while attracting the ions onto the wall, where plasma recombination occurs,
generating a source of neutral particles. The sheath transmission of particles
and energy depends on the plasma temperature and density, but also on the
surface properties, e. g. the particle reflection and emission rates. In this research,
two PWI processes were studied, both with a possible contribution to heat
load mitigation. These are the near-surface plasma-neutral interaction, and the
thermionic emission of electrons from the surface.
For this purpose, a series of experiments was performed in the linear plasma
generator Magnum-PSI. Using a cascaded arc discharge within a superconducting
magnet, Magnum-PSI generates plasmas with low electron temperature (1 − 5
electron volts) and high electron density up to 1021m−3 in steady state, similar to
the expected ITER divertor conditions. In previous studies, the sheath-transmitted
power in Magnum-PSI was estimated using incoherent Thomson scattering (ITS)
measurements of electron density and temperature, and assuming frictionless
plasma flow and absence of power loss between measurement location and
surface. However, the present research shows that both friction and power loss
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occur near the surface. Firstly, near-surface ITS measurements demonstrated the
presence of electron cooling. Secondly, commissioning of the coherent Thomson
scattering (CTS) diagnostic enabled the first direct, local measurements of the
plasma flow in Magnum-PSI. With increasing plasma density, the flow velocity
was found to drop, which indicates the presence of friction, or in other words,
momentum loss for the plasma flowing onto the surface. By combining the ITS
and CTS diagnostics with surface measurements, the plasma flux densities for
momentum and energy were shown to be reduced by at least 50 % and 20 %,
respectively, within 15mm from the surface, for electron density 8 · 1020m−3.
These observations are explained by the process of near-surface plasma-neutral
coupling (p-n coupling), which originates in the neutral source of surface re-
combination. The surface-recombined neutral particles are – contrary to the
plasma particles – not confined by the magnetic field, but can still collide with
incident plasma particles, resulting in the exchange of momentum and energy.
With increasing plasma density, the collision mean free path is reduced. When
this comes below the plasma dimension perpendicular to the magnetic field,
the plasma and neutral populations are said to be coupled. Upon momentum
exchange, a neutral particle returns to the surface, carrying some momentum
and energy from the plasma to the wall. Such a cycle of interaction and surface
deposition can occur multiple times before a particle leaves the interaction region.
The result is that with increasing plasma density, an increasing fraction of the
surface-deposited power is carried by neutral particles rather than the plasma:
neutral-mediated plasma-wall interaction (n-PWI).
The effects of p-n coupling were further studied through plasma modelling. A
global model of p-n coupling provided a simple scaling of the plasma momentum
transfer to neutrals with electron density squared. Moreover, the model demon-
strates the reduction of upstream flow velocity due to ion-neutral friction. In
a series of simulations using the B2.5-Eunomia code, the effects of p-n coupling
were visualised. With increasing upstream plasma density, these simulations
did indeed show an increasing transfer of pressure and power from plasma
to neutrals. Flux transfers up to 90% and 80%, respectively, of the upstream
values were found, although the used version of the model was later found to
slightly overestimate the interaction rates and flux transfers. Most of the p-n
transferred power still reaches the wall, albeit with low-energy neutrals rather
than high-energy ions. But, the near-surface plasma flux transfers do affect the
plasma flows upstream. As indicated by both experiments and modelling, this
leads to lower flow velocities in Magnum-PSI, and for a given plasma pressure, a
lower PFC heat load.
Based on the overlap in plasma conditions, n-PWI can be expected in ITER as well.
But, the emergence of p-n coupling also depends on the confinement of neutral
particles in the near-surface interaction region. This confinement is affected by
the PFC geometry, and specifically, by the kinetic energy of surface-reflected
particles perpendicular to the plasma flow direction. Therefore, quantification of
these effects in ITER requires further research. Recent ITER scrape-off layer (SOL)
simulations using the SOLPS-ITER code do in fact provide an indication of n-PWI:
the neutral particles were found to carry a significant fraction of the total
heat flux onto the divertor tiles. But, these simulations did not consider the
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near-surface region in detail. Indeed, to properly resolve the interaction region,
a fine simulation grid is required, with a grid size no more than ∼ 0.5mm
for the present simulations in Magnum-PSI. For the aforementioned SOLPS-ITER
simulations, this would require a reduction of near-surface grid size with
approximately an order of magnitude. If n-PWI occurs in ITER, a significant part
of the incident heat flux is carried onto the surface by neutral particles. Moreover,
the plasma friction contributes to a larger upstream pressure for given PFC
particle and heat loads. Considering the maximum acceptable PFC heat loads, the
n-PWI thus implies a larger operation space for the main plasma conditions, and
increased prospects of reaching the conditions required for a fusion power plant.
The second PWI process studied in this thesis, is the effect of thermionic electron
emission from hot plasma-exposed surfaces. Recent theory suggests that when
the thermionic emission exceeds the plasma electron flux, a new sheath regime is
reached: the inverse sheath. In this regime, the near-surface plasma temperature
is equal to the surface temperature. With greatly enhanced plasma-neutral power
transfer and plasma recombination near the surface, presence of the inverse
sheath in a tokamak divertor could contribute significantly to surface particle
and heat load mitigation. In order to find out whether the threshold conditions
to this regime can be realised in fusion-relevant conditions, several lanthanum
hexaboride probes were heated in Magnum-PSI. LaB6 has a low electronic work
function and is frequently used in plasma applications. The probes were heated
up to 2450 °C, which is 300 °C above the calculated threshold to the inverse
regime. However, no signs of the inverse sheath were observed. Instead, various
surface modifications were found to occur while heating the material: impurity
deposition, rapid erosion (attributed to lanthanum self-sputtering), and cavity
formation. It is plausible that these modifications affected the surface work
function, thereby keeping the inverse sheath threshold out of reach. Therewith,
the window of stable operation for LaB6 was found not to overlap with the
ITER-like plasma conditions as realised in Magnum-PSI. In future work, different
materials or operating conditions (e. g. surface temperature and plasma pressure)
may be considered, to further study the possible existence of the inverse sheath
regime.



S A M E N VAT T I N G

Plasma-wandinteractieprocessen in dicht thermisch plasma

Onze wereld loopt aan tegen de limieten van de fossiel gedreven energievoorzien-
ing. Om de groeiende wereldpopulatie te ondersteunen, met behoud van
biodiversiteit, zijn andere energiebronnen nodig. Gecontroleerde kernfusie is
zo’n compacte en duurzame bron van energie. Kernfusie kan worden gere-
aliseerd door het magnetisch vasthouden van een deuterium-tritiumplasma, dat
wil zeggen een geïoniseerd gas, op een temperatuur van 150 miljoen graden
Kelvin. Een van de grootste obstakels in de ontwikkeling van magnetisch
gebonden kernfusie is de onvermijdelijke plasma-uitstoot die de reactorwand
kan beschadigen. Om de haalbaarheid van kernfusie-energie aan te tonen, heeft
een internationaal consortium de fusiereactor ITER ontwikkeld. Deze tokamak is
momenteel in aanbouw in Cadarache, Frankrijk, en zal bij het eerste plasma in
2025 ’s werelds grootste fusiereactor zijn. De plasma-uitstoot van ITER stroomt
naar de zogeheten divertor. Daar komt het plasma in contact met de wand, via
plasma-wandinteractie (PWI). Het plasma in de ITER-divertor is naar verwachting
dichter en draagt meer vermogen dan ooit in een tokamak bereikt. De maximaal
toelaatbare warmtebelasting op de wandcomponenten is echter beperkt. Het is
daarom nog de vraag of de condities voor kernfusie kunnen worden gerealiseerd,
met behoud van de wandcomponenten bij langdurig bedrijf.
In deze scriptie wordt aangetoond dat juist bij de hoge plasmadichtheden zoals
verwacht in de ITER-divertor, een verzachtend proces optreedt binnen slechts
enkele mm van de wand. Dit betreft de interactie tussen plasma en neutraal gas
vlakbij de wand, die leidt tot een neutraalbemiddelde plasma-wandinteractie
(n-PWI). De elektronen in het plasma zijn veel mobieler dan de ionen, waardoor
naast de wand een dunne grenslaag van ruimtelijke lading ontstaat. Deze houdt
een deel van de elektronen tegen maar versnelt juist ionen naar de wand, alwaar
recombinatie een bron van neutrale deeltjes vormt. Op deze manier is de opper-
vlaktedepositie van deeltjes en energie afhankelijk van de plasmadichtheid en
-temperatuur, maar ook van de wandeigenschappen, bijvoorbeeld de reflectie- en
emissiecoëfficienten van verschillende deeltjessoorten. In dit onderzoek zijn twee
PWI-processen bestudeerd, beide met mogelijke bijdragen aan het verminderen
van de wandbelasting. Dit zijn de n-PWI en de thermionische elektronenemissie
van de wand.
Het onderzoek omvat een aantal experimenten in de lineaire plasmagenerator
Magnum-PSI. Met een getrapte vlamboog in een supergeleidende magneet
genereert Magnum-PSI plasmas met een lage temperatuur (1-5 elektronvolt) en
hoge dichtheid, tot 1021m−3 in duurbedrijf, vergelijkbaar met de condities in
de ITER divertor. In een vorige studie is het sheath-doorgelaten vermogen in
Magnum-PSI geschat met de incoherente Thomsonverstrooiingsdiagnostiek (TS).
Onder de aanname dat er tussen het meetpunt en de wand geen energieverlies
optrad, bleek de TS-schatting tot wel vier keer hoger dan de metingen op
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het wandoppervlak. TS-metingen vlakbij de wand tonen nu aan dat zulke
verliezen wel degelijk aanwezig zijn. Het in bedrijf nemen van de coherente
Thomsonverstrooiingsdiagnostiek (CTS) heeft daarnaast de eerste directe, lokale
metingen van de plasmastroming mogelijk gemaakt, en daarmee de fluxen van
impuls en vermogen. Met verhoging van de dichtheid blijkt de stroomsnelheid
af te nemen, wat wijst op de aanwezigheid van frictie in de stroming bij de wand.
Bij een dichtheid van 8 · 1020m−3 bedragen de verliezen voor respectievelijk het
plasma-impuls en vermogen tenminste 50% en 20%, binnen 15mm van de wand.
Deze waarnemingen kunnen worden verklaard door plasma-neutralenkoppeling
(pn-koppeling) tussen het inkomende plasma en de wand-gerecombineerde
neutrale deeltjes, welke – in tegenstelling tot het magnetisch vastgehouden
plasma — vrij diffunderen in de radiële richting. De neutralen botsen met
plasmadeeltjes, en nemen zo impuls en energie over van het plasma. Bij hogere
dichtheid wordt de vrije weglengte voor gerecombineerde neutralen steeds
kleiner, totdat deze kleiner is dan de breedte van het plasma. In dat geval is er
sprake van pn-koppeling. In een cyclus van interactie en oppervlaktedepositie
wordt een deel van het plasma-impuls en vermogen door neutralen naar de
wand gebracht: neutraalbemiddelde PWI.
Naast de experimenten zijn er modellen gebruikt om het proces pn-koppeling
bestuderen. Er is een globaal model van de plasmastroming gemaakt en dat
voorspelt een simpele schaling van de p-n overdracht met de plasmadichtheid in
het kwadraat. Daarnaast voorziet het model een verlaging van de stroomsnelheid
stroomopwaarts, veroorzaakt door de frictie tussen ionen en neutralen nabij de
wand. De effecten van pn-koppeling zijn daarnaast gevisualiseerd door middel
van een serie simulaties in de plasmacode B2.5-Eunomia. Met toenemende
dichtheid is ook hier een grotere overdracht van plasma naar neutralen geschat,
tot respectievelijk 90% en 80% van impuls en vermogen stroomopwaarts,
hoewel in acht moet worden genomen dat de gebruikte versie van het model de
overdracht licht overschat. Ondanks de grote overdracht bereikt het meerendeel
van het plasmavermogen nog steeds de wand, zij het door een groot aantal
koele neutrale deeltjes in plaats van een klein aantal energetische ionen. Zowel
de experimenten als simulaties wijzen erop dat bij n-PWI – met een door frictie
gereduceerde stroomsnelheid - de thermische wandbelasting wordt verlaagd, bij
gelijke plasmadruk stroomopwaarts.
Gegeven de overlap in plasmacondities tussen Magnum-PSI en ITER kunnen
de effecten van n-PWI ook in ITER worden verwacht. De aanwezigheid van
pn-koppeling (en daarmee n-PWI) is echter ook afhankelijk van de opsluiting
van neutralen in het interactiegebied, welke wordt beïnvloed door de geometrie
van de wand, en specifiek de kinetische energie van wand-gerecombineerde
neutralen loodrecht op de stroomrichting van het plasma. Het kwantificeren van
deze effecten in ITER vergt dus nader onderzoek. In recente simulaties van de
ITER-divertor met de SOLPS-ITER code is zo’n warmteoverdracht daadwerkelijk
waargenomen, hoewel in deze simulaties het relevante gebied onvoldoende
ruimtelijk opgelost was. De B2.5-Eunomia-simulaties wijzen op een maximum
simulatieroostergrootte van ca. 0.5mm, waar die in de genoemde SOLPS-ITER-
simulaties meer dan een ordegrootte hoger was. Mocht n-PWI optreden in
ITER, dan wordt niet alleen een significant deel van het plasmavermogen via
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neutralen overgebracht, maar wordt – door frictie in het interactiegebied – een
gegeven wandbelasting bereikt bij een hogere druk stroomopwaarts. Op die
manier zorgt de n-PWI voor een grotere operationele ruimte voor ITER en andere
toekomstige fusiereactoren, en daarmee een beter vooruitzicht op het bereiken
van de condities voor kernfusie als duurzame bron van energie.
Het tweede bestudeerde proces is het effect van thermionische emissie van
hete wandcomponenten. Recente theorie suggereert dat voor een thermionische
emissie groter dan de inkomende elektronenflux, een nieuw sheathregime
wordt bereikt: de inverse sheath. In dit regime wordt de plasmatemperatuur
bij de wand gelijk aan de temperatuur ván de wand, wat een sterk verhoogde
pn-interactie tot gevolg zou hebben. Om te kijken of de drempel naar dit inverse
regime kan worden bereikt in Magnum-PSI, is een serie experimenten uitgevoerd
met lanthaanhexaboridesondes. LaB6 heeft een lage elektronische werkfunctie
(en daarmee hoge thermionische emissie) en wordt regelmatig gebruikt in
plasmatoepassingen. De sondes zijn verhit tot 2450 °C, ongeveer 300 °C boven
de berekende drempeltemperatuur. Heldere tekenen van het inverse regime
bleven echter uit. Daarentegen zijn er verschillende oppervlakteveranderingen
opgetreden: depositie van onzuiverheden, snelle erosie (toegeschreven aan
zelf-sputtering van Lanthaan), en kuilvorming. Het is aannemelijk dat deze
veranderingen de werkfunctie hebben beïnvloed, waardoor de drempelwaarde
buiten bereik bleef. Het toepassingsgebied van LaB6 blijkt daarmee niet te
overlappen met de ITER-achtige omstandigheden in Magnum-PSI. In toekomstige
experimenten met andere materialen of plasmacondities zou het mogelijke
bestaan van het inverse sheathregime verder kunnen worden bestudeerd.
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1I N T R O D U C T I O N

The utilization of new sources of energy is a key driver in the development of
biological ecosystems. With the words of Erwin Schrödinger, living organisms
have the "astonishing gift [...] of concentrating a ’stream of order’ on themselves",
that is, "existing order displays the power of mainaining itself and producing
orderly events" [1]. From the earliest life discovered on earth [2], through the
emergence of photosynthesis [3], up to the development of fossil fuel-powered
engines in the industrial revolution, it was the effective harvesting of surrounding
sources of potential energy that enabled a jump in biological development and
complexity.

Right now, we are running into the limitations of fossil fuel-driven growth, in
the form of climate change [4] and diminishing biodiversity [5]. These problems
make the nullification of CO2 emissions one of the most pressing challenges of
our time. The presently most promising conventional renewable energy sources
of wind and solar energy are temporally intermittent and have a relatively low
areal power density. The transition to sustainable energy production and con-
sumption is thus demanding to both people and environment.

A compact and sustainable power source would be instrumental to sustain-
ing and improving the quality of life of the growing world population, while
retaining a balanced global ecosystem. Such a source of energy might become
available in the near future; an energy source with only very limited footprints
for resources, waste, and space. This concerns the energy contained in the atomic
nuclei of the lightest elements, that can be released through the reaction of nu-
clear fusion.

Nuclear fusion is the energy source of the Sun [6]. In the solar core, density and
temperature are high enough for hydrogen nuclei to fuse and rearrange into he-
lium. A similar reaction can be realised on earth: nuclear fusion of the hydrogen
isotopes deuterium (2

1
H) and tritium (3

1H) into helium (4

2He):

2

1
H +

3

1H⇒ 4

2He (3.5MeV) +n (14.2MeV), (1.1)

with 1

0
n the neutron particle. Deuterium is abundantly available on earth, and

tritium is to be generated in the fusion reactor itself, with 6

3
Li and the neutrons

as reactants. One can calculate the fuel consumption for a working fusion power
plant on the back of an envelope: a 1GW thermal power plant with a duty cycle
of 80% ’burns’ about 89 kg of 6Li, and only 30 kg of deuterium per year, equal to
the deuterium present in 1715 tons of ocean water.

With the reward of realising fusion power plants come many challenges. Bring-
ing two atomic nuclei together close enough for fusion requires surpassing an
electric potential barrier. Due to inevitable collisional energy losses, net energy
gains can only be realised by sufficient confinement of the reactants in a plasma
at high temperature, approximately 150 million Kelvin. The next challenge is to

1
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collect the generated energy, while retaining the device during long-term opera-
tion. Finally, the fusion neutrons serve a double role in the ’breeding’ of tritium
fuel, a necessity for prolonged operation. These challenges, and many more, come
together in the research and development of nuclear fusion.

1.1 the challenge of magnetic confinement fu-
sion

The most advanced branch of fusion research is the field of magnetic confine-
ment fusion (MCF). In an MCF fusion device, such as the tokamak and stellarator,
a plasma (ionised gas) is generated in a torus with a toroidal magnetic field. Ad-
dition of a second, poloidal field component forms a configuration with nested
surfaces of constant magnetic flux. This magnetic configuration is generated us-
ing a series of coils, and in the tokamak, by running a toroidal current, as shown
in figure 1.1. Because ions and electrons are magnetised, plasma transport per-
pendicular to the flux surfaces is strongly reduced. As such, a plasma pressure
gradient can be maintained, comprising confinement of the plasma.

Figure 1.1: Schematic depictions of the tokamak plasma. The magnetic geometry (a) en-
tails a toroidal and a poloidal field components, realised by the toroidal field
coils and an inductively driven plasma current, respectively, resulting in a he-
lical magnetic field. Image from [7]. A poloidal magnetic cross section (with
Bp the poloidal field) for a tokamak in divertor configuration is shown in (b),
image adapted from [8].

Plasma transport along the pressure gradient drives a flux of particles and
energy out of the main plasma, and into the so-called SOL. The SOL for a tokamak
in divertor configuration is depicted in figure 1.1.b. In the SOL, plasma transport
along the magnetic field leads towards the vessel wall. The plasma-facing surfaces
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facilitate recombination of the ions and electrons and form a plasma sink, hence
a source of neutral particles. These are subsequently removed from the system
through nearby vacuum pumps. The resulting mass transfer of the fusion product
helium is essential for maintaining a steady state fuel cycle in the device.

The plasma exhaust carries the power of external plasma heating, and the
power generated by nuclear fusion, in steady state. Compared to its length along
the poloidal field, the width of the SOL is very small: < 10mm for present day
devices and those under construction [9–11]. Consequently, the plasma particle
and heat loads onto the PFCs are a matter of major concern in the development
of MCF devices. In fact, present-day PFC design is pushing the limit of sustainably
attainable heat loads. The maximum heat load prescribes the device operators
an operation domain for the main plasma conditions. A crucial question of MCF
research is therewith, whether we can find a window of operation, that overlaps
with the required conditions for nuclear fusion.

1.2 iter and the power exhaust problem

With the aim of finding a window of operation for sustained nuclear fusion with
net-positive energy generation, an international consortium was set up to design
and build the worlds largest tokamak: ITER. The machine is currently under con-
struction in Cadarache, France, and the first plasma is scheduled in 2025. The ITER
tokamak building is shown in figure 1.2. With more than one million different
components, ITER may be the most complex device ever built. ITER is designed
to generate a fusion power of 500MW with at most 50MW of external plasma
heating, and a fusion energy gain factor Qf > 10 [12]. Following equation 1.1,
20% of the fusion power is released into the plasma. This results in a SOL power
input of approximately 150MW.

power exhaust through the iter scrape-off layer

While the fusion power scales with main plasma volume, the width of the SOL
does not [9]. Correspondingly, the parallel SOL power density in ITER will reach
unprecedented values, of several hundred MWm−2. This power ends up in the
divertor, depicted red in figure 1.2. The divertor tiles are made of tungsten, and
were designed to whitstand up to 10MWm−2 in steady state operation [13, 14],
later extended to 15MWm−2 [15], but still one to two orders of magnitude below
the parallel SOL power density. Fortunately, there are several aspects of design and
SOL physics that act to reduce the particle and heat loads on the PFCs.

Firstly, the divertor geometry is designed to increase the SOL footprint, i. e. the
divertor tiles are placed under an angle with the poloidal magnetic field. This re-
duces the plasma loads, but by itself not enough to keep them below the damage
threshold in high-power operation.

Secondly, volumetric dissipation within the SOL is necessary. The spatial sep-
aration of the divertor from the main plasma allows various volumetric pro-
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Figure 1.2: Artist impression of ITER, showing an intersection of the tokamak building
and the various plant systems in different colors. The plasma torus is shaded
pink and has a major radius of 6.2m. The divertor cross section is shown
right below in red. Four humans are shown for scale. Designed by Lauris
Honoré, iter.org.

cesses to occur in the SOL without strong impact on the main plasma. In partic-
ular, the (surface-recombined) neutral particles play a role here. Various plasma-
neutral interactions occur, including excitation, ionisation, elastic collisions, volu-
metric plasma recombination and a multitude of interaction pathways involving
molecules. These interactions result in the exchange of charge, momentum and
energy between plasma and neutrals, followed by dissipation through neutral
line radiation and diffusion. Near the divertor tiles, this results in lower plasma
temperatures and higher densities. For ITER, near-surface electron densities in the
order 1021m−3 are expected [15], significantly higher than in present day toka-
maks. The ITER divertor plasma is characterized by high collisionality and strong
ion-electron thermal equilibration, and hence described here as a dense thermal
plasma.

A third element of key importance to the SOL, and the main topic of study in
this thesis, is the plasma-wall interaction.
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1.3 plasma-wall interaction in dense thermal

plasmas

In this thesis, we study the processes of plasma-wall interaction (PWI) in dense
thermal plasmas like those expected in the ITER divertor, and how these processes
affect the plasma loads onto the wall. The transmission of plasma particles and
energy onto the plasma-facing surface is regulated by the so-called plasma sheath.
Electrons are three orders of magnitude lighter than ions, and correspondingly
more mobile. The electrons contribute to a build up of negative surface charge.
For an electrically floating surface without emission of charged particles, the sur-
face potential is negative with respect to the plasma. The corresponding ambipo-
lar electric field acts to shield the surface from electrons, while accelerating ions
towards the wall. The ion flow velocity at the entrance of the sheath is given by
the propagation speed of ion pressure perturbations, i. e. the ion speed of sound.
Within the sheath, the electrons create an electrostatic potential difference that
further accelerates the ions onto the wall. The ion impact energy thus scales with
the electron temperature in the sheath. It is noted that for sufficiently high elec-
tron temperatures, ion impact sputtering of PFC material occurs. Especially the
sputtering of impurity ions like nitrogen can be harmful, as these are accelerated
to high impact energies due to ion drag [16]. The threshold temperature for such
impurity sputtering in ITER has been estimated to around 3− 5 eV for tungsten
divertor tiles [16, 17]. As stated above, another limiting factor for long term diver-
tor performance is the total power deposited on the wall, 15MWm−2 for the ITER
divertor. Apart of the energy from the ion impact, the sheath heat transmission
entails an electron heat heat flux, and the potential energy released in surface
recombination. Depending on the wall material and temperature, some of this
energy is released again with the surface-recombined neutral particles. As such,
the particle and energy fluxes on the plasma-facing surface are determined by
the physics of the sheath, and depend on the properties of the plasma as well as
the plasma-facing surface.

By regulating the transmission of particles and energy from plasma to wall,
the sheath also prescribes a plasma boundary condition. Although its thickness
is only ∼ 50µm, the sheath thus affects the plasma conditions in the SOL, and –
through equilibration with the main plasma – in the entire device.

For differing PWI physics, a different boundary condition is obtained. Now,
given that this PWI depends on the properties of both plasma and wall, and that
the dense thermal plasma conditions expected in ITER have not yet been realised
in present-day MCF devices, the following question arises. Do the processes of PWI
change with the plasma conditions expected in the ITER divertor, and how would
this affect the plasma boundary condition? Secondly, one could wonder: would
it be possible to influence the wall and PWI, such that it contributes to reduced
particle and heat loads onto the PFCs?

Both of these questions are addressed in this thesis. For that purpose, several ex-
periments were performed in the high-flux linear plasma generator Magnum-PSI.
Featuring a cascaded arc discharge, a superconducting magnet and a three-stage
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vacuum pumping system, this device generates plasmas with similar properties
to those in the ITER divertor [18]. The setup of Magnum-PSI allows good diag-
nostic access to the plasma region near the plasma-facing components, and has
been used for various studies concerning the physics of plasma-neutral interac-
tion [19, 20], plasma-wall interaction [21, 22], and plasma-material interaction
[23–25]. For the present work, Magnum-PSI’s diagnostics were utilised to char-
acterise the near-surface plasma, investigate the processes at play, and estimate
their effects on the plasma particle and heat loads. Specifically, two processes
were investigated. Firstly, with the increased plasma densities expected in ITER,
comes an increased source of surface-recombined neutral particles. Their possible
role in the PWI is introduced in the following section 1.3.1. Secondly, the sheath
potential distribution can be affected by inducing thermionic emission from the
plasma-facing surface. In section 1.3.2, an experimental study is introduced re-
garding the a sheath regime with potential application in future MCF devices: the
inverse sheath.

1.3.1 near-surface plasma-neutral coupling

The first topic of study is the interaction between surface-recombined neutral par-
ticles and the plasma that flows towards the sheath. The starting point for this
work is a previous experiment, concerning the estimation of particle and heat
loads onto the plasma-facing surface of the Pilot-PSI device [26]. The heat flux
was estimated using measurements of electron density and temperature obtained
at some distance from the wall. Under the assumption that near-surface pres-
sure and power losses were absent, these estimates were up to three times larger
than corresponding thermographic measurements on the surface. Several possi-
ble reasons for this discrepancy were mentioned, amongst which the presence of
ion-neutral collisions. In other works, it has been found that such collisions and
the corresponding plasma momentum losses lead to lower plasma flow velocities
in the upstream region [27, 28].

The experiments in the present work were set up to determine, whether the
near-surface plasma-neutral interaction in the dense thermal plasmas of Magnum-
PSI and other devices does indeed lead to significant losses of plasma power and
pressure. The exchange of charge, momentum, and energy between the plasma
and neutral particle populations is facilitated by ion-neutral interactions, as stud-
ied a. o. in [16, 27, 29, 30]. The interaction rates scale with the density of plasma
and neutrals, and are highest in direct vicinity of the wall, where the surface-
recombined neutrals originate. This near-surface interaction region is shown in
figure 1.3. For sufficiently high density, the collision mean free path of surface-
recombined neutrals becomes shorter than the perpendicular plasma dimensions.
The result is highly localized and strongly enhanced mutual exchange of charge,
momentum and energy. This collisional coupling between the plasma and neu-
tral velocity distribution functions is here called near-surface plasma-neutral cou-
pling (p-n coupling).
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Figure 1.3: Schematic representation of near-surface plasma-neutral interaction. Red ar-
rows represent the trajectories of ions, blue arrows of surface-recombined neu-
trals. Plasma-neutral interaction, charge exchange (CX) depicted here, entails
mutual exchange of momentum and energy, and a coupling of the ion and
neutral velocity distribution functions.

The interaction and its effects are sensitive to many parameters, including
plasma properties, i. e. density, temperature, flow velocity and their perpendic-
ular profile, but also properties of the sheath and surface, which both influence
the energy and direction of surface-recombined particles. After exchange of mo-
mentum with the plasma, as shown in figure 1.3 for charge exchange, a neutral
particle moves towards the surface, depositing its momentum, but also energy
there. As indicated in figure 1.3, such a cycle of interaction and surface deposi-
tion can occur multiple times before a particle leaves the interaction region. This
mechanism, which has been previously described as neutral flux amplification
[16, 29], enables the neutral particles to carry part of the incident plasma momen-
tum and energy onto the surface. As such, the neutral population becomes part
of the interaction between plasma and wall, in a regime that is here described as
neutral-mediated plasma-wall interaction (n-PWI). The increased neutral particle
flux onto the surface implies a lower impact energy per particle, and hence, lower
sputtering yields. Moreover, the neutrals provide a dissipation channel, through
diffusion and radiation. However, these effects will only become significant for
the right combination of plasma and surface properties, and sufficiently high
plasma density. The key question to this study is thus: does near-surface plasma-
neutral coupling occur in the ITER-relevant plasma conditions of Magnum-PSI?
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experiments To answer this question, the near-surface plasma was investi-
gated by performing direct, local measurements of the plasma fluxes of particles,
momentum, and energy. An accurate and direct estimation of the particle flux
requires measuring the plasma flow velocity. Recently, a new coherent Thomson
scattering (CTS) diagnostic system has been developed, for the measurement of
ion properties in high-flux plasmas [31]. The first measurements of ion temper-
ature and flow velocity with this system were performed on Magnum-PSI’s pre-
decessor Pilot-PSI [32]. The system has now been installed on Magnum-PSI and
commissioned as part of this thesis project. The CTS diagnostic and the routinely
operated ITS diagnostic were adapted for application with minimal distance be-
tween the laser and plasma target surface. The first direct and local plasma flux
measurements in Magnum-PSI were performed, down to 3mm from the PFC sur-
face. For comparison, the plasma particle and heat fluxes were estimated at the
surface, using a newly developed Langmuir probe and thermography methods,
respectively.

modelling In complement to the experimental work, we have studied the
mechanisms of n-PWI through plasma modelling. In the field of SOL physics, finite
element modelling (FEM) codes are frequently used for analysis and validation
studies [29, 33, 34]. With their ability to incorporate various relevant physical
aspects in the simulation of a complete SOL, and the option of (almost) effortless
virtual diagnostics, these codes are of great benefit to fusion research, and were
even used to underline the ITER divertor design [14, 15]. The near-surface p-n
interaction studied here, occurs within a small volume, extending no further from
the wall than the width of the plasma column. It is therefore easily overlooked,
and if its effects could be significant, care should be taken to adequately resolve
the interaction region in finite element model (FEM) simulations.

We studied the near-surface region of Magnum-PSI in B2.5-Eunomia, a FEM
code that was developed for simulation of high-density linear plasmas [35]. Based
on the recent developments with this code [36, 37], several B2.5-Eunomia plasma
simulations were performed, in conditions with varying plasma density. These
simulations serve as validation to the experimental work, and to answer the ques-
tion: what is the minimum grid density in B2.5-Eunomia to adequately cover the
near-surface plasma-neutral interaction in the operation space of Magnum-PSI?

Furthermore, a global model of the near-surface plasma-neutral interaction was
formulated, to investigate the mechanism of neutral flux amplification, and its
possible effects on the PWI in Magnum-PSI plasma conditions.

1.3.2 thermionic emission and the inverse sheath regime

The second topic under study was an exploration into a a process that can be used
to actively influence the PWI: thermionic emission. Thermionic electron emission
is the thermal release of electrons from a surface, by overcoming the potential bar-
rier of the material work function Wf. Under plasma exposure, thermionic emis-



1.3 plasma-wall interaction in dense thermal plasmas 9

sion alters the potential distribution of the sheath, and therewith the transmission
of plasma particles and energy. Transient events in tokamaks cause temperature
excursions of the PFCs, which can lead to spontaneous thermionic emission. Given
the possibly detrimental effects on the PFCs, this topic has attracted significant
research interest [38, 39]. But, it might be also possible to utilize thermionic emis-
sion for the sake of mitigating plasma loads on the PFCs. The reason for this
statement is the recent identification of an alternative sheath solution: the inverse
sheath.

inverse sheath For conditions where the thermionic emission rate exceeds
the natural maximum plasma electron flux, a flux of ions onto the surface is no
longer required to keep a plasma-facing surface electrically floating. The float-
ing condition can then be maintained by a balance of plasma electron flux onto
the wall with the emission flux of thermionic electrons [40]. Because the surface
potential with respect to the plasma is positive in this regime instead of nega-
tive, it is named the inverse sheath regime. In the inverse sheath, ions are not
accelerated onto the wall, and the problems of (heavy) ion impact and sputter-
ing are thus strongly reduced! The inverse regime also fundamentally affects the
energy transmission of the sheath. Thermionic cooling reduces the near-surface
plasma temperature. According to recent simulations, even to equal the surface
temperature [41]. In other words, inverse sheath heat transmission is similar to
regular heat conduction, with electrons as the conducting material. Although the
energy transmission of the inverse sheath is increased, the transmission occurs
at lower temperature. It prescribes a sub-eV boundary condition to the upstream
plasma. Plasma detachment studies have shown that the reduction of plasma tem-
perature in SOLs is correlated with momentum loss, especially below ∼ 1 eV [16].
Lower plasma temperature leads to more efficient energy transfer to neutrals, ex-
citation radiation, and even volumetric plasma recombination. This makes the
inverse sheath regime an interesting topic to study from the perspective of mag-
netic confinement fusion.

Putting theory into practice however, is a different type of challenge. A first
step towards application is to determine whether there is a window of operation
for the inverse regime in fusion-relevant plasma conditions. In order to reach the
inverse regime, the emission rate must exceed the natural plasma electron flux,
which scales with neT0.5

e . The emission rate increases with surface temperature.
For a certain setup and given plasma condition, there is a minimum tempera-
ture, i. e. a threshold into the inverse regime. In this thesis, a study is presented
with this first step in mind, and corresponding research question: is it possible
to reach the threshold conditions for the inverse sheath regime through inducing
thermionic emission from the PFCs of Magnum-PSI?
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1.4 research questions

In the preceding paragraphs, the research topic has been expanded into more
specific studies, involving experimental work as well as modelling. In this thesis,
we seek to answer the following research questions:

Research question
Does near-surface plasma-neutral coupling contribute to the mitigation of
surface particle and heat loads in the dense thermal plasmas of Magnum-
PSI?

sub-questions

1. Can coherent and incoherent Thomson scattering measurements be per-
formed in the region between 2 and 10 mm from the target surface with
sufficient accuracy to characterize the Magnum-PSI near-surface region?

2. Does near-surface plasma-neutral coupling occur in Magnum-PSI?

3. How are the PFC particle and heat loads affected by near-surface plasma-
neutral interaction?

4. What are the implications of near-surface plasma-neutral interaction in the
modelling of dense thermal plasmas?

Research question
Is it possible to realise the inverse sheath regime in fusion-relevant
plasma conditions, by inducing thermionic emission from lanthanum
hexaboride probes?

sub-questions

5. Is it possible to reach the experimental conditions corresponding to the the-
oretical threshold to the inverse sheath regime for lanthanum hexaboride in
Magnum-PSI?

6. Does thermionic emission from lanthanum hexaboride probes incite the in-
verse sheath regime in Magnum-PSI?

1.5 thesis structure

These research questions are addressed in the remaining chapters of this thesis.
For readers who are new to these matters, chapter 2 provides a brief overview
of relevant theory on the topics of plasma sheath physics and plasma-neutral
interaction. The experimental setups are described in chapter 3, with special fo-
cus on the coherent and incoherent Thomson scattering diagnostics systems and
their development during this thesis project. Chapter 4 has been published as a
peer-reviewed proceedings article in the Journal of Instrumentation, on occasion



1.5 thesis structure 11

of the third European Conference on Plasma Diagnostics, Lisbon, 2019. In this
article, question 1 is addressed for incoherent Thomson scattering, and the first
near-surface measurements in Magnum-PSI are presented. Chapter 5 is based on
the eponymous article in the International Atomic Energy Agency (IAEA) journal
Nuclear Fusion: "Thermalised collisional pre-sheath detected in dense plasma
with coherent and incoherent Thomson scattering". This chapter provides an-
swers to questions 2 and 3, and considers these from the new perspective of
the thermalised collisional pre-sheath. In chapter 6, the experimental results for
questions 2 and 3 are validated through plasma modelling, with special attention
to the neutral particles. Also, question 4 is addressed in this chapter. The topic
of thermionic emission is addressed in chapter 7, after the Journal of Nuclear
Materials and Energy article "Inducing thermionic emission from lanthanum hex-
aboride probes in Magnum-PSI". Finally, these studies and the answers to the
research questions are summarised and discussed in chapter 8. We will then also
consider the implications for the design and operation of ITER and other MCF
devices in the future research on nuclear fusion.





2T H E O RY O F P L A S M A - WA L L I N T E R A C T I O N

In this chapter, the basic theory is introduced that underlies the studies in this
thesis. The mitigation of plasma particle and heat loads onto the plasma-facing
surfaces of MCF devices is the main motivation for this work, and thus, the physics
of the scrape-off layer (SOL) form a reference point throughout the thesis. The fun-
damental aspects of the SOL are described in section 2.1. Both the plasma sheath
and pre-sheath play a key role in the transmission of particle and heat loads onto
the PFCs, but also in the SOL or plasma system as a whole. These concepts are
introduced in sections 2.2 and 2.3, followed by an explanation of the plasma flux
conservation equations (section 2.4), and why they matter for this research. Fi-
nally, the inverse sheath will be briefly introduced, forming the motivation for
the experimental study in chapter 7.

2.1 fundamental aspects of the scrape-off layer

In a magnetic confinement fusion device, a plasma is generated within a volume
of closed magnetic flux surfaces. Plasma transport perpendicular to the magnetic
field is strongly , but but not completely inhibited. Perpendicular transport causes
a plasma exhaust to cross the last closed flux surface, from the confined main
plasma into a region of open field lines, called the scrape-off layer (SOL).

This layer constitutes a connection between the main plasma and the wall. At
the plasma-facing surface, plasma recombination occurs, constituting a plasma
sink, and a source of neutral particles. Electrostatic shielding of this surface re-
sults in sheath formation, as explained in section 2.2. Compared to the SOL length
along the magnetic field, its thickness is small, as indicated in figure 2.1a. The SOL
footprint on the PFCs is correspondingly narrow; values between 5 and 10mm

were found in turbulence modelling [10] and with inclusion of drifts, respectively
[11], for ITER in high-power operation. The complete plasma exhaust (∼ 100MW)
is funnelled through this thin layer, leading to parallel heat flux densities in the
order of hundreds of MWm−2.

Fortunately, the properties of the SOL can be utilised for mitigation of the actual
heat loads on the PFCs. In the following subsections, we discuss three main ele-
ments that affect the heat loads: SOL geometry, volumetric processes, and plasma-
wall interaction, in relation to the research presented in this thesis.

geometrical configuration

The first aspect, geometrical configuration, affects the plasma flow and distribu-
tion of plasma over the PFC surface. The geometrical configuration of the SOL

13
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Figure 2.1: Schematic representation of the tokamak SOL in divertor configuration. a)
Poloidal plasma cross section with SOL depicted gray, b) plasma flow in the
high-recycling SOL, for comparison with c) plasma flow in Magnum-PSI. Ion-
isation regions are depicted in yellow, and the near-surface region in blue.
Figures adapted from [8].

can be modified through adapting the magnetic field and PFC placement. In the
conventional limiter configuration, the SOL is created by placing the PFCs directly
adjacent to the main plasma. This does not only limit the plasma radius, but also
the configuration flexibility and volume for plasma-neutral interactions to occur.
The divertor configuration, shown in figure 2.1, features ’open’ flux surfaces, cre-
ating a larger separation between main plasma and wall. For the plasma flowing
to the wall, this increased connection length provides more time and volume for
volumetric processes to occur. The same goes for surface-recombined neutrals. In
limiter configuration, these are generated directly adjacent to the main plasma,
and, being free to move perpendicular to the magnetic field, they can traverse the
SOL and enter the main plasma without being ionised. In divertor configuration,
on the other hand, a regime can be reached where ionisation occurs within the
SOL: the so-called high-recycling regime. Figure 2.1.b shows a schematic repre-
sentation of the divertor SOL in high-recycling operation: perpendicular trans-
port from the main plasma brings heat and particles into the SOL, while the
main particle source, ionisation, shown in yellow, is at some distance from the
main plasma. In the high-recycling regime, the average plasma flow velocity is
reduced, and conduction dominates the parallel transport. This leads to lower
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temperatures, and for constant plasma pressure, higher densities in the divertor
region. A lower temperature implies lower ion impact energies and lower risk of
physical sputtering of wall material. Higher densities imply more plasma-neutral
interaction in the divertor region. For these reasons, the divertor configuration is
nowadays the standard for high-power tokamaks.

Also of influence is the geometry of the PFCs themselves. The ITER divertor is
designed with vertical divertor targets, creating an angle of incidence between
the plasma-facing surface and the poloidal magnetic field Bpol, between 30− 50◦.
Compared to normal incidence, this reduces the heat load by approximately a fac-
tor two. Further increases of the plasma wetted area can be achieved by changing
the magnetic topology or fanning out the magnetic field. This leads to novel diver-
tor configurations, amongst others, the snowflake divertor [42] and the Super-X
configuration in the new tokamak MAST Upgrade [43]. Such designs can help
to spread the heat flux over larger areas and aid plasma-neutral interaction in
various ways, at the cost of expensive magnetised volume in the tokamak vessel.

The experiments presented in this thesis were performed in the linear plasma
generator Magnum-PSI, introduced in the following chapter. Compared to a toka-
mak SOL, this device has a much simpler geometry, depicted in figure 2.1. The
potential differences within the source induce a current that heats the plasma as
it flows from the source to the plasma target [44]. Under typical steady-state op-
eration conditions (with plasma temperatures 1− 3 eV), ionisation occurs mainly
in the source, and the plasma beam is in the recombining regime. However, re-
garding volumetric processes and PWI, particularly in the near-surface region
(depicted blue in figure 2.1), Magnum-PSI does display many processes relevant
to the ITER SOL.

volumetric processes

The SOL is a transition region between main plasma and wall, and therefore
houses many different volumetric processes. The neutral particles play a key role:
they are not magnetically confined but do provide the plasma with various dissi-
pation channels. In general, energy transferred to neutrals is dissipated through
radiation and diffusion, while momentum transfer provides friction to the plasma
flow. These effects are best described in the plasma flux conservation equations,
as discussed in section 2.4.

The various interactions between the plasma and (surface-recombined) hydro-
gen gas has been extensively studied for tokamak SOLs, a. o. [8, 16, 30], as well
as linear devices [20, 45, 46]. These interactions include elastic collisions, charge
exchange, recombination, ionisation and a range of molecular interactions. Fig-
ure 2.2 shows the hydrogen atomic rate coefficients for three important plasma-
neutral interactions: charge exchange, ionisation and the effective rate for recom-
bination. The behaviour of plasma and neutrals thus depends strongly on tem-
perature. From the graph, three collisional regimes can be distinguished. In the
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Figure 2.2: Hydrogen atomic rate coefficients, for charge exchange (CX), ionisation, and
effective recombination, as a function of electron temperature [47]. The lat-
ter two are depicted for electron densities 1019 (dotted), 1020 (dashed), and
1021 (full line). For CX, a relative energy of 1eV is used. Note that CX is dom-
inant in most of the relevant temperature range and is almost independent of
Te.

ionising regime (& 3 eV), significant ionisation rates yield a net positive plasma
particle source. Below 1 eV , recombination becomes significant, and we note the
strong dependence of three-body recombination on electron density. In between
these regimes, elastic collisions dominate, here represented by charge exchange.
Elastic collisions do not directly affect the particle source, but do facilitate mo-
mentum and energy exchange between plasma and neutrals, therefore playing
a major role in plasma-neutral interaction [48], wherever neutral particles are
present within the plasma. Surface recombination is a major source of neutral
particles, and for hydrogenic plasmas, yields both atoms and molecules, depend-
ing on the plasma and surface properties [17, 49]. Apart from ion-atom collisions,
molecular assisted ionisation and recombination do also provide important con-
tributions to the balance between source and sink effects [20, 48, 50].

It has been found, that for increasing upstream plasma density, a so-called roll-
over occurs in the particle flux at the plasma-facing surfaces. Such a disconnection
of PFC loads from SOL input is described as divertor detachment [51], and is
currently considered necessary for high-power operation of future tokamaks. To
reach divertor detachment, volumetric losses of both plasma power and pressure
are required [16, 30, 52].

By injecting so-called impurity species, e. g. nitrogen, neon or argon gas, the
plasma-neutral interaction and radiative dissipation in the SOL are enhanced. This
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has been shown to be an effective method to reach divertor detachment [51], and
has even been used for controlled detachment [53]. However, when the impurities
reach the main plasma, their radiation is harmful to plasma performance.

Another source of neutral particles is given by surface recombination on the
plasma-facing surfaces. In the SOL, these particles also interact with the plasma,
contributing to the plasma flux-losses. This contribution scales with the residence
time of neutral particles in the SOL, and can thus be enhanced by adapting the
geometry of the SOL magnetic field [34] and divertor tiles [21, 43], such that the
neutral particles are better confined in this region. In the present study, the main
topic is the role of these surface-recombined neutral particles in the plasma-wall
interaction, and the effects thereof on the volumetric processes that constitute di-
vertor detachment.

plasma-wall interaction

The third fundamental aspect of SOL physics, and the topic of the present research,
is the plasma-wall interaction (PWI) itself. The central element of plasma-wall
interaction is the plasma sheath, which is introduced in the following section
2.2. The effects of this boundary condition penetrate into the plasma through the
so-called pre-sheath, introduced in section 2.3.

For now, we take note of a striking observation by Stangeby and Chang [54]: us-
ing the SOL code SOLPS, they found an unexpectedly strong correlation between
the neutral gas density and electron temperature near the divertor target, namely
that these are almost inversely proportional. Moreover, they found a positive cor-
relation between the near-target neutral density and the total volumetric power
loss term along the magnetic field. In a following publication, the near-target
electron temperature Te,t was proposed as an indicator for divertor detachment
[16].

And in fact, the near-surface parameters might not only indicate, but also deter-
mine what happens in the SOL. In an earlier study, Kotov and Reiter [29] pointed
out that significant momentum losses occur near the surface, and ascribed this
to ion-neutral momentum transfer near the surface. It is possible that a surface-
recombined neutral particle efficiently exchanges its momentum and energy with
the plasma, followed by deposition at the surface, before it leaves the plasma.
These processes are the topic of study in chapters 4, 5, and 6, in particular consid-
ering under what conditions they occur, and how they affect the PFC loads and
plasma flow upstream.

Finally, we note the interdependence between these aspects of the SOL. What
affects the sheath, affects the upstream plasma, and the other way around. There-
fore, the SOL should always be considered a system as a whole.
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2.2 the plasma sheath

The plasma-facing surface is an almost perfect plasma sink. The solid wall mate-
rial is dense and cool compared to the plasma, effectively absorbing the incident
energy. Plasma recombination – an exothermic process – occurs very efficiently
at the surface, making the wall a particle sink as well. However, the plasma sink
action is fundamentally limited by the plasma sheath.

A basic summary of sheath physics is now provided. Electrons are more than a
thousand times lighter than ions, and much more mobile. This leads to negative
charge accumulation on the wall, and consequently, an adjacent region of net
positive space charge: the electrostatic sheath. The sheath is sustained by the
basic plasma principle of Debye shielding, and its characteristic length scale is
the Debye length:

λDe =

√
ε0Te

nee2
, (2.1)

with ε0 the vacuum permittivity, e the electron charge, and ne and Te the plasma
electron density and temperature, respectively. In absence of collisions, Te is con-
stant within the sheath, and the electron density follows the Boltzmann distribu-
tion of electric potential:

n(x)

nse
= e

e(Vx−Vse)
kBTe , (2.2)

with kB the Boltzmann constant, and Vx, Vse the electric potentials at position
x and at the sheath entrance, respectively. The one-way Maxwellian electron flux

is then given by Γe(x) = 1
4ne(x)

√
8kBTe
πme

. While the electron flux onto the wall
depends on the potential difference over the sheath, the ion flux depends on
the plasma pressure. More precisely, evaluation of the 1D Poisson equation with
inclusion of equation 2.2 yields the generalised Bohm criterion of ion flux into
the plasma sheath [8]: ∫∞

0

fise(v)dv

v2
6

mi
kBTe

, (2.3)

with v the parallel ion flow velocity, fise(v) the ion velocity distribution at the
sheath entrance (denoted se), mi the ion mass, and Te the electron temperature.
Moving towards a fluid description, the Bohm criterion states that the ions enter
the sheath with a fluid flow velocity vse equal to or larger than the ion velocity
of sound [55]:

vse > cs =

√
kB(Te + χiTi)

mi
, (2.4)

where Ti is the ion temperature and χi the ion polytropic coefficient. It is difficult
to assign χi with a single scalar value, as it depends on various aspects of the
plasma flow, and therefore changes within the sheath [56]. Values between one
(isothermal flow) and three (adiabatic flow) are frequently used [8], while kinetic
modelling yielded values up to χi ≈ 7 [56]. For simplicity, χi ≡ 1 is used in this
work, which provides a lower boundary to cs.
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The particle flux onto an electrically isolated wall is ambipolar: Γe,w = Γi,w. The
potential difference over the sheath, Vs = Vw − Vse, is then given by:

eVs

kBTe
= ln

[
Γi,w + Γth

Γe,w(1− γsec)

]
, (2.5)

where Γth and γsec are the thermionic emission flux and secondary emission
coefficient, respectively, discussed in section 2.5.

The sheath marks a transformation of electron thermal energy into directed ion
kinetic energy. And thus, the sheath is found to fix – for given plasma parameters
– not only the particle flux, but also the heat flux onto the wall. Moreover, the
sheath poses a boundary condition to the plasma, and even though very small
in spatial extend, directly affects the plasma conditions upstream in the SOL, and
in principle all the way into the main plasma. This boundary condition does de-
pend on various aspects of the plasma and surface, and proper understanding of
these sensitivities is required for accurate predictions of the global SOL behaviour.

2.3 the plasma pre-sheath

The boundary condition prescribed by the plasma sheath, is matched in the so-
called pre-sheath. Where the electrostatic sheath is marked by charge separation
(ni 6= ne), the pre-sheath is defined by collisional processes. Its spatial extent is
therefore more difficult to define. In chapters 4, 5, and 6, we study pre-sheath
processes in the near-surface region, and show that these significantly affect the
plasma flows upstream as well as PFC particle and heat loads.

The sheath and pre-sheath are separated by the sheath entrance, the point
where the ions reach the sound velocity and charge separation occurs. But, they
share the same working principle: ion acceleration through an ambipolar elec-
tric field, driven by the electron pressure. We first consider the pre-sheath from
the perspective of electric potential. The minimal potential difference over the pre-
sheath is given by the average kinetic energy gained by ions ’falling’ frictionlessly
through the pre-sheath : eVpre ≈ 0.5mic2s,se from standstill. In reality, the min-
imum potential difference is slightly larger, Vpre ≈ 0.7V , as will be elaborated
in the following section 2.4. Under these conditions, the density follows equation
2.2 and is directly described by electric potential.

When plasma-neutral friction is present, ion acceleration is inhibited, and a
larger Vpre is required to achieve the same velocity. Again considering equation
2.2 and assuming Te remains constant, a larger Vpre implies a larger pre-sheath
density drop. This fixed relation of equation 2.2 changes when power losses are
introduced.

Due to thermal equilibration, the plasma power losses of ion-neutral collisions
also lead to electron cooling. The electron-ion equilibration rate νeq ∝ nT

−3/2
e ,

and is highest in dense and cool plasmas. A plasma where thermal equilibration
ensures Ti ≈ Te) is here called a thermal plasma. As such, plasma-neutral inter-
action in dense thermal plasmas leads to electron cooling, i. e. Te in equation 2.2
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becomes a function of position, and the pressure available for sustaining the am-
bipolar electric field is reduced. The result is a lower cs,se and lower transmission
of particles and energy into the sheath.

The physics of the pre-sheath are thus defined by collisional processes. Alter-
native to the electric potential description given here, the pre-sheath can be de-
scribed from the perspective of the plasma conservation equations, as discussed
in the following section.

2.4 plasma flux conservation equations

In this section, the plasma flux conservation equations are introduced, and ap-
plied to describe the plasma pre-sheath. In this description, pre-sheath ion ac-
celeration entails the conversion of static to kinetic pressure. The most com-
plete description of particle motion is the Boltzmann equation, providing the
time-evolving velocity distribution function f(R, v, t) (with R position, v velocity,
and t time), through the effects of force, diffusion, collisions, and source terms.
The one-dimensional (spatial coordinate denotesteady-state single-species kinetic
equation in one dimension (denoted x) reads [8]:

v
∂f

∂x
+
qE

m

∂f

∂vx
=
∂f

∂t

∣∣∣∣
coll

+ S(x, v). (2.6)

The first term on the left hand side describes diffusion. The second term is the
force term, with E the electric field strength, here assumed parallel to the mag-
netic field, and q, m the particle charge and mass, respectively. The third term
describes collisions, and the fourth term the particle source velocity distribution,
the integral of which gives the net particle source: vSp(x) ≡

∫
S(x, v)dv.

While the kinetic description can be useful, it is difficult to solve. Alternatively,
a fluid description is employed, with fluid properties: density , temperature, flow
velocity, and the corresponding fluxes of particles, momentum, and energy.

In principle, the electrons and one or more ion species are treated as separate
fluids with individual properties, i. e. temperatures Te and Ti with e and i denot-
ing ions and electrons, in this section given in energy units. The hydrogen plas-
mas in Magnum-PSI are singly charged, i. e. ni = ne down to the sheath entrance,
and all ions are assumed to be atomic hydrogen for simplicity. Magnum-PSI oper-
ates at high densities 1019 . n . 1021m−3 and low temperatures Te . 5 eV . The

thermal equilibration time is given by τeq ≈
(
2.9 · 10−12n lnΛT−3/2e

)−1
s [see

8, eq. 9.52], and for Coulomb factor lnΛ = 17 [8], at typical operation conditions
n = 5 · 1020 and Te ≈ 2 eV , one has τeq ∼ 10−10 s, increasing to 10−8 s for the
lower density range. With plasma flow velocities ∼ 104m/s, thermal equilibra-
tion is much faster than the plasma transit in Magnum-PSI, and we can assume
Te = Ti.
We now continue to the conservation equations themselves. The conservation
equations are obtained by calculating the kinetic ’moments’ of the plasma, i. e. to
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multiply equation 2.6 with 1 (density), mv (momentum), and 1
2

(
v2x + v

2
y + v2z

)
(energy), and integrating over dv. Following Stangeby [8, Ch. 9], one obtains the
particle conservation equation:

d

dx
(nv) = Sp(x). (2.7)

The plasma momentum flux has two parts: kinetic momentum flux nv ·mv and
static momentum flux, i. e. pressure p = nkBT . Due to the low electron mass, the
kinetic electron terms can be neglected. The momentum equations for ions and
electrons are then given by:

d

dx

(
minv

2 +nTi

)
= eEn+me(ve − vi)veσ

mom
ei n2 + 0.71n

dTe

dx

+mivnSp(x) −mi(vi − vn)〈σv〉momei nnn

(2.8a)

d

dx
(nTe) = − eEn−me(ve − vi)veσ

mom
ei n2 − 0.71n

dTe

dx
. (2.8b)

The remaining terms on the right hand side of equation 2.8b cover electron-ion
interactions. The first term represents the force due to the parallel electric field.
The second and third terms cover electron-ion momentum transfer due to current
flow (where ve 6= vi), with σmomei the e-i momentum transfer cross section, and
temperature gradients.

These terms appear with opposite sign in equation 2.8a. The remaining ion
momentum sources are due to the particle source (be it ionization or charge
exchange), and collisional ion-neutral momentum exchange (with 〈σv〉momin the
mean i-n momentum interaction rate). Adding equations 2.8 together, one obtains
the total plasma momentum flux:

d

dx

(
minv

2 +nTi +nTe

)
= mivnSp(x) −miv〈σv〉momin nnn. (2.9)

In this equation, only the ion-neutral interaction terms are remaining. Finally, the
energy conservation equation is given by:

d

dx

(
nv
(
1
2miv

2 + 5
2Ti +

5
2Te

)
− κeT

5/2
e

dTe
dx

)
= QJ+TnSp−(Ti−Tn)〈σv〉powin nnn

(2.10)
with κeT

5/2
e

dTe
dx the electron conduction term and κe the corresponding conduc-

tion coefficient,QJ the Joule heating source term, the second term from ionisation,
and the third term describing energy loss to neutrals, with 〈σv〉momin the mean i-n
energy interaction rate. It is noted, that the second moment of the kinetic equa-
tion depends on the third moment, as discussed by Stangeby [8, sec. 9.6]. Here,
the system of equations is ’closed’ by insertion of the conduction terms, which
has been shown to be in good correspondence with the kinetic approach by Bra-
ginskii [8].
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pressure conversion in the pre-sheath The electric field force terms
clearly show the effect of the ambipolar electric field: a momentum sink for the
electrons versus an ion momentum gain. As such, the presence of an ambipo-
lar electric field is equivalent to the conversion of static to kinetic plasma pres-
sure. The momentum balance between an upstream position (denoted u) and the
sheath entrance (denoted se) is as follows:

nu

(
Te,u + Ti,u +miv

2
u

)
(1− fmom) = nse

(
Te,se + Ti,se +mic

2
s,se

)
, (2.11)

where fmom ≡ 1− ptotse /ptotu , with ptotx the total momentum flux at position x.
In absence of momentum loss and for a thermalised plasma (Ti = Te), and setting
vu = 0 , equation 2.11 is simplified:

ptot = 2nuTu = nse(2Tse +mic
2
s,se). (2.12)

Noting that c2s = 2T/mi, one realises that static pressure equals kinetic pressure
at the sheath entrance, which does indeed correspond to the perfect plasma sink,
like a free expansion into the void. From the plasma side, the sheath can thus be
regarded as a free expansion into vacuum, much like the shock wave created by
the pressure difference in an explosion.

pre-sheath density drop Estimation of particle and heat fluxes onto the
plasma-facing components is of major importance in many experiments on plasma-
material interaction, a. o. [23, 24, 26], and is inferred through the parameters at
the sheath entrance. As plasma diagnostics are at present not capable of resolv-
ing the sheath, upstream measurements have to extrapolated onto the sheath
entrance, using the conservation equations and certain assumptions. In linear de-
vices, the plasma parameters are commonly measured at some distance from the
surface, using Langmuir probes or Thomson scattering diagnostics. In the case of
Magnum-PSI, the device used in this study (see chapter 3), incoherent Thomson
scattering provides electron density and temperature at typically 25mm from the
surface. A particle flux estimation then requires the density drop over the near-
surface plasma. Under the assumption of constant temperature, equation 2.12

boils down to nse
nu

= 1
2 . This factor 12 corresponds to Vpre ≈ 0.71V . Insertion

into the particle conservation equation yields a frequently used formula for the
particle flux into the sheath:

Γ ise = nsecs =
1
2nucs. (2.13)

At this point, two question arise.

• Firstly, what is meant exactly with the upstream position, and is it actually
possible to define a ’pre-sheath entrance’?

• Secondly, is a finite flux at the sheath entrance not in contradiction to the
assumption vu = 0, that yields equations 2.12 and 2.13?

It should be noted that neither sheath nor pre-sheath are physically bound enti-
ties, but gradual processes occurring at the plasma edge. Where the sheath en-
trance is defined by charge separation, one could define the ’pre-sheath entrance’
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as the position where the ambipolar electric field becomes significant. Without
any collisional sources, the conservation equations 2.7-2.10 form a homogeneous
system of equations with a unique solution, and therefore, constant plasma pa-
rameters along the magnetic field. As such, emergence of the ambipolar field
relies on the presence of collisional source terms.

To answer the first question, the pre-sheath covers the region where collisional
interactions occur and affect the plasma flow onto the wall. In principle, this
concerns the whole SOL, and indeed, the two point model for which equation
2.13 was originally derived [8], sets the separatrix at the outer mid plane position
as the upstream position.

The second question points out a paradox of the simplified momentum conser-
vation balance (eq. 2.12). Zero velocity upstream is indeed possible and even com-
mon in tokamaks, where cross-field diffusion and recycling of surface-recombined
neutrals form the main SOL particle sources. To bring these new ions up to speed
with the plasma flow, acceleration is required. A density drop nse

nu
= 1
2 is thus

feasible in a theoretically frictionless SOL or laboratory plasmas with distributed
particle sources.

In Magnum-PSI however, the temperatures are relatively low (typically 1 −

2 eV), and ionisation occurs mainly within the plasma source, ∼ 1m from the
plasma target. The typical Thomson scattering (TS) position, at 25mm from the
plasma target, is thus not the most adequate reference point for equation 2.13.
Moreover, in high-density conditions, momentum and energy losses become sig-
nificant, and the simplified equations 2.12 and 2.13 are no longer valid. Alterna-
tively, the particle flux (and convected heat flux) can be obtained directly and
locally, by measuring not only the density but also the velocity of the plasma.
Such measurements, performed using the newly commissioned coherent Thom-
son scattering (CTS) diagnostic, are at the basis of the work presented in chapter 5.
Nevertheless, near-surface losses of energy, momentum, and particles can and do
occur There is thus no silver bullet for particle and heat flux estimations. Instead,
a combination of theory, experiments, and modelling must be employed to obtain
best estimates. This approach is brought to practice in chapters 4-6 of this thesis,
and finally evaluated in chapter 8.

2.5 inverse sheath regime

This section provides a brief introduction to the concept and theory of the inverse
sheath, which provides a motivation for the experiments discussed in chapter 7.
The concept of the inverse sheath was introduced by Michael Campanell [40].
He realised that under presence of strong electron emission from plasma-facing
surfaces, the nature of the plasma sheath might become fundamentally different,
with a large impact on the sheath transmission and plasma-wall interaction in
general.

We start with the notion that the net electron and ion fluxes onto an electrically
floating surface are equal:

Γ ip = Γep − Γem, (2.14)
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Figure 2.3: Density distribution for ions and electrons, for different sheath regimes. With
increasing thermionic emission, a region of negative space charge (b) is added
to the classical sheath (a). When reaching net zero space charge (c), a transition
to the virtual cathode layer or space charge limited sheath (d) is observed.
In the inverse regime (e), the ion density within the sheath is (almost) zero,
leaving a single region of negative space charge. Reproduced with permission
from [40].

with Γ ip and Γep the ion and electron fluxes from the plasma, and Γem = Γth+ Γsec
the electron emission flux, given by the sum of thermionic and secondary electron
emission. As can be seen in equation 2.14, electron emission reduces the potential
difference over the sheath, letting more plasma electrons reach the wall. While the
maximum plasma electron flux is given by the one-way Maxwellian electron flux,

i. e. Γep 6 ΓeMax = 1
4ne

√
8kBTe
πme

, a value given by the plasma parameters, the emis-
sion depends on surface properties. Specifically, thermionic electron emission is
given by

eΓth = AeffT
2
s e

−eWf
kBTs , (2.15)

with Aeff = 6.0 · 105Am−2K−2 the effective Richardson constant [38], Wf the
electronic work function of the plasma-facing surface, and Ts the surface temper-
ature.

A good indicator of the sheath condition is the emission coefficient γem ≡
Γem/Γ

e
p , as is shown in figure 2.3. Without electron emission, the space charge

in the sheath is positive, and the surface is charged negatively. As γem increases,
negative space charge is added to the sheath. As shown by Hobbs and Wesson
[57], there is a critical value γcr for which the total space charge in the sheath
and therewith the electric field at the surface become zero. In case of hydrogen
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Figure 2.4: Potential distributions for the classical, critical, space-charge-limited (SCL),
and inverse sheath solutions. Unlike the classical and SCL solutions, the in-
verse sheath sports a positive surface potential with respect to the plasma.
Reproduced with permission from [40].

plasmas, γcr = 0.81. For larger emission rates, a so-called virtual cathode layer
(VCL) is developed, with a potential below that of the surface. A fraction of emit-
ted electrons is directed back to the wall, i. e. electron emission is space-charge
limited (SCL), and a term Γret is added to the right hand side of equation 2.14,
retaining ambipolarity. In the SCL regime, the combined charge of surface and
sheath remains negative, and the Bohm criterion remains a valid solution of the
potential distribution.

However, the Bohm criterion is derived with the explicit assumption that the
ion flux onto the wall is finite. But the ambipolar ion flux is not necessarily a fun-
damental property of the plasma. Campanell realised that for γem > 1, equation
2.14 has an alternative but equally valid solution: Γep − Γem + Γret = Γ i ≡ 0. In
this case, the net electron emission equals the plasma electron flux, and excess
emission is reflected to the wall in a narrow region of negative space charge: the
inverse sheath.

The potential distributions for the classical, SCL and inverse sheath regimes are
shown in figure 2.4. For inverse sheaths, the potential difference between plasma
and wall is positive, rather than negative in the classical and SCL regimes.

properties of the inverse sheath

If realised, the inverse regime features a completely different PWI compared to the
classical sheath. Some of its striking properties are discussed in the paragraphs
below.
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Surface temperature boundary condition

Most notably, the thermal connection between plasma and wall is fundamentally
adapted. In thermionic electron emission, the temperature of emitted electrons
equals the temperature of the surface. Thermal equilibration between the emitted
and incident electrons results in a curious boundary condition for the sheath
entrance [41]:

Te,se ≡ Ts. (2.16)

The reason for this condition is the collisional thermal equilibration between the
cold surface-emitted electrons and the hot plasma-incident electrons. Ambipolar-
ity in the inverse regime implies a net zero electron flow velocity (for Ti = 0, as
discussed below). Moreover, all plasma-incident electrons that enter the sheath
reach the surface, as the ions would do in the classical regime. At the sheath
entrance, the one-way Maxwellian fluxes of emitted and incident electrons must
thus be equal in magnitude, but opposite in direction.If the temperatures of both
populations were to be different at this position, self-collisions would strive to
retain a normal Maxwellian distribution. The inverse sheath can thus be inter-
preted as making a direct thermal connection between plasma and surface, at
temperatures in the order ∼ 0.3 eV!

Absence of ion acceleration

Another important property of the inverse regime, is that ion acceleration is ab-
sent. It is noted that the simple solution with Γ i zero is only valid for Ti = 0.
For finite temperatures, a certain fraction of ions has sufficient energy to cross
the positive potential barrier and reach the wall, albeit at much lower impact
energies compared to the classical regime.

2.5.0.1 Inverse pre-sheath

Absence of ion acceleration also implies absence of the classical pre-sheath. How-
ever, it is replaced with other pre-sheath processes. Firstly, the dominant transport
process is conduction. The momentum balance then dictates a density profile that
increases towards the edge. The ions follow the same density distribution, and de-
pending on their temperature profile, the pre-sheath electric field can be pointing
either towards or away from the wall! A comprehensive discussion of these pro-
cesses in a simplified inverse pre-sheath simulation can be found in [58].

Inverse sheath versus SCL

Both the inverse and SCL regimes provide a solution to the potential distribution
for γem > 1. A question that is still not fully answered, is which of these condi-
tions would prevail in practice. Through a series of exquisite kinetic plasma sim-
ulations [58–60], Campanell demonstrated the emergence of the inverse regime
from first principle initial conditions. He pointed out an instability for the SCL
regime: that cold ions can be trapped in the SCL potential well (shown in figure
2.4). Such a population is enlarged through collisions with passing ions as well as
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ionisation, and –as shown in Campanell’s simulations– continues to up the poten-
tial well until the lowest potential reaches the plasma potential, and the inverse
regime is reached.

It is noted that these simulations were performed at low plasma densities
∼ 1015m−3, and in some cases, stability was reached after a short (∼ 10ns) pe-
riod of oscillations [59][fig. 4]. Sheath instabilities are common and can affect the
sheath condition. These instabilities can occur in sheath formation, pre-sheath
processes, and affect the sheath condition as well as the surface parameters. In
conclusion, emergence of the inverse regime can be expected in certain conditions,
although the effective sheath condition might vary with the state of the plasma
as well as the emitting surface, and there is certainly room for further theoretical
developments on this topic.

2.5.1 prospects for application in fusion conditions

If the inverse sheath were to be feasibly realised in fusion relevant conditions,
the PWI can be expected to be significantly affected. These prospects are discussed
in [61]. Firstly, the absence of ion acceleration would strongly reduce the problems
associated with ion impact. Specifically, this concerns damage due to heavy impu-
rity ions, but also, due to the lower ion flux, the heat load associated with surface
recombination is reduced. Secondly, plasma boundary condition 2.16 could signif-
icantly affect near-surface plasma-neutral interaction. In the inverse regime, the
temperatures would be driven to sub-eV levels, along with strongly increasing
densities. Under such conditions, the three-body recombination rate becomes sig-
nificant. This could kick start a series of plasma-neutral interactions, resulting in
loss of pressure, energy, and particle fluxes in the near-surface region, providing
a pathway towards plasma detachment [61].

Now, an unconditional requirement to realise the inverse regime, is that the
electron emission rate must be sufficient, i. e. at least γem > 1, possibly signif-
icantly larger to overcome certain instabilities. An exploratory study into this
direction is presented in chapter 7, presenting several experiments on exposing
lanthanum hexaboride emissive probes to low and medium density plasmas in
Magnum-PSI. In theory, the emission rates from this material at technically fea-
sible temperatures suffices to reach the rudimental threshold condition for the
inverse regime. In that chapter, the practical implementation, experimental re-
sults, and implications for future research are discussed.
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Experimental studies provide a direct view into physical processes, and also the
processes of plasma-wall interaction lend themselves to experimental investiga-
tion. This chapter concerns the main diagnostic set-ups used to perform the exper-
imental studies presented in chapters 4, 5, and 7. These studies were performed
in the linear plasma generator Magnum-PSI, a device that combines good diag-
nostic access with ITER-like plasma conditions. The studied processes occur in the
near-surface region, and concern the plasma fluxes and changes thereof.

Direct measurement of plasma fluxes is not a trivial task. It requires measure-
ments of density as well as velocity for the particle flux, complemented with tem-
perature for the momentum and energy fluxes. Density and temperature are rou-
tinely measured on Magnum-PSI using the incoherent Thomson scattering diag-
nostic, but velocity is not. Several years ago, Hennie van der Meiden designed a
new diagnostic especially for this purpose: the low-temperature coherent Thom-
son scattering (CTS) diagnostic [62]. The first CTS measurements on Magnum-PSI
are presented in chapter 5 of this thesis. A second challenge was the application
of these diagnostics in the region where the PWI processes occur, within a few
mm from the target surface.

In section 3.2, a brief overview of Thomson scattering theory is given, and the
two diagnostics systems are presented, with emphasis on the commissioning of
CTS in Magnum-PSI, and the considerations for acquiring accurate measurements
down to 2mm from the plasma target surface.

Another type of diagnostic that enabled the studies presented here, are the
plasma probes. An in-target Langmuir probe was developed for estimation of the
plasma particle flux onto the wall, and several plasma probes were built for the
experiments on thermionic emission (chapter 7). These probes are discussed in
section 3.3. But first, the machine Magnum-PSI is introduced in section 3.1.

3.1 the linear plasma generator magnum-psi

Linear plasma devices consist of three basic elements: a plasma source, a plasma
target, and a magnetic field that confines the plasma and thus connects the two.
Linear devices offer controllable plasma conditions, flexibility with plasma tar-
gets, and good diagnostic access, and have been used since the 1980s to study
plasma-wall interaction (PWI) and SOL physics [45, 63, 64]. During the design
phase of ITER, it became clear that the large particle and heat loads expected dur-
ing high power steady state operation in the divertor, up to 15MW/m−2, as well
as the occurence of transient heat loads up to 10MJ/m−2 [65] are a limiting factor
for PFC lifetime [12]. Other issues related to plasma-surface interaction were also
identified, including erosion and tritium retention [66]. This led to the develop-
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Figure 3.1: Overview of the linear plasma generator Magnum-PSI. The vacuum vessel
(yellow) is surrounded by a superconducting magnet (grey) that was cus-
tomized with 16 ports for diagnostic access. Three roots pumps (blue) support
the differential pumping system. Figure from van Eck, H.J.N. [67].

ment of a new linear plasma generator: Magnum-PSI [67].
Since its first operation in 2012, Magnum-PSI has been upgraded with a supercon-
ducting magnet and is now situated in Eindhoven, the Netherlands. An overview
of the machine is shown in figure 3.1. A custom made cascaded arc discharge is
used as plasma source, with gas flow and discharge current as main control pa-
rameters. A custom super-conducting magnet serves the purpose of magnetizing
the plasma (in a field of typically up to 1.6 T ), thereby strongly inhibiting cross-
field transport, and transforming the plasma expansion into a plasma beam. The
cascaded arc is wall-stabilized [68] and does not produce a plasma, but also a
lot of neutral particles, with an ionization efficiency of typically 10− 15% within
the source. In order to realise a low neutral background pressure, dominated
by surface recombination, a differentially pumped vacuum system is employed:
three chambers, each with their own vacuum pump, are separated by two skim-
mers [69]. Magnum-PSI generates dense thermal plasmas, with electron densities
above 1021m−3 and plasma temperatures . 5 eV in steady state operation. Parti-
cle fluxes > 1025m−2s−1 and heat fluxes up to 50MWm−2 have been reported
[18]. The available volume around the target vacuum vessel is limited by the mag-
net, but –due to the unique 16 ports in the magnet– still allows good diagnostic
access, and a range of plasma and surface diagnostics are employed.
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Figure 3.2: General geometry of Thomson scattering.

3.2 coherent and incoherent thomson scatter-
ing diagnostics

Active laser diagnostics are a valuable tool to locally determine various plasma
parameters. Magnum-PSI’s plasmas are optically thin for laser waves in the visible
and (near) infra-red wavelength range. Laser diagnostics are thus non-intrusive,
while providing a well-defined measurement location: the scattering volume given
by overlap of laser beam and the viewing system’s virtual image in the plasma. At
Magnum-PSI, two active laser diagnostics are currently available: the incoherent
Thomson scattering (ITS) diagnostic, measuring electron density and temperature,
and the coherent Thomson scattering (CTS) diagnostic, which enables measure-
ment of ion temperature and plasma velocity. The theory of Thomson scattering
is briefly introduced in section 3.2.1, breaking down the coherent and incoherent
regimes. The theoretical properties of TS give rise to both the possibilities and con-
ditions of practical application. The incoherent and coherent Thomson scattering
diagnostics are introduced in sections 3.2.2 and 3.2.3, respectively, with special
attention to the considerations in stray light mitigation.

3.2.1 theory of thomson scattering

Thomson scattering (TS) is the elastic scattering of electromagnetic radiation from
unbound charged particles. The charged particles are accelerated by the electric
field of the incident radiation, and effectively become emitters themselves. Figure
3.2 shows the general Thomson scattering geometry, with the wave vectors of
incident and scattered radiation, k0 and ks, respectively, as well as the differen-
tial wave vector of scattering k = ks − k0, the incident radiation electric field E0,
and the relevant angles between them. The position vectors of the electrons and
observer, Re and Robs, respectively, are not shown here. The incident radiation
electric field results in harmonic oscillation of the charged particles, i. e. dipole ra-
diation. Solving the individual electron dipole system for a distant observer, one
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can find the time-averaged radiated power and thereby the effective differential
cross section for thomson scattering [70]:

dσT
dΩ

= r2e sin2ψ, (3.1)

where Ω is the solid angle, ψ the angle between incident radiation electric field
E0 and scattered light wave vector ks, and re = e/(4πε0mec

2
0) the Thomson

scattering length, with e andme the electron charge and mass, respectively, ε0 the
vacuum permeability and c0 the speed of light. The Thomson scattering length
is also known as the classical electron radius, which is defined as the radius
at which the potential energy required to compress the electron’s charge into a
sphere equals its relativistic energy mec20 at rest. Integrating this dipole radiator
over solid angle yields the total Thomson scattering cross-section:

σT = 8
3πr

2
e ≈ 6.65 · 10−29m2. (3.2)

For a laser passing through one cm of plasma at electron density 1021m−3, a
billion incident photons yield on average less than a single photon of Thomson
scattering. This illustrates the fact that TS diagnostics require high power lasers
and sensitive detectors. Furthermore, one can imagine that stray light mitigation
is essential to the effective operation of TS diagnostics, as will be shown in the
following sections. It is noted that the ion Thomson scattering cross section is
even lower by six orders of magnitude (due to the relative mass difference), and
ion TS is therefore usually neglected in plasma applications.
Following the dipole motion of an electron at position Re in the incident wave
field, an electromagnetic wave is emitted. The corresponding field strength for an
observer at location Robs is then given by [31]:

Eobs =
σTE0

|Robs − Re|
exp [i(k0 ·Robs − k ·Re −ω0t)], (3.3)

with E0 the incident wave field amplitude, t time and ω0 the angular frequency
of the incident radiation. The phase factor of the scattered radiation with respect
to the observer thus depends on the length of the scattering wave vector k, as
well as its position Re. Assuming that |ks| = |k0| =

ω0
c0

, i. e. elastic scattering, the
isosceles triangle connecting k0, ks, and k can be split in two equal parts, and
one finds:

|k| = 2ω0
c0

sin (θ/2). (3.4)

The total electric field at the observer is formed by the sum of individual scat-
tering contributions. If the electron density were completely uniform, the phase
distribution of TS would be as well, leading to destructive interference. Indeed,
the non-zero amplitude of scattered waves arises purely in the fluctuations of
electron density. For randomly distributed point particles, their number N within
a certain volume varies statistically with N0.5. The TS-transferred power scales
with E2, and thus linearly with the density itself. The scattering regime where
only statistical density fluctuations due to random electron motion are present, is
called incoherent Thomson scattering.
Apart from statistical density fluctuations, present on all length scales, plasmas
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also exhibit collective particle motion, through Debye shielding and the prop-
agation of plasma waves. The smallest characteristic length scale for collective
particle motion in plasmas is the Debye length:

λDe =

√
ε0Te

ene
, (3.5)

with Te the electron temperature in eV and ne the electron density per m3. If
the collective density fluctuations are correlated to the scattering wave field (with
correlation length 2π

k ), a coherent component is added to the scattered light. This
regime of coherent Thomson scattering (CTS) stands opposite to incoherent TS,
where the correlation length is much smaller than λDe. The regimes are separated
using the so-called scattering parameter:

α =
1

kλDe
, (3.6)

where TS is said to be incoherent for α� 1, and coherent for α & 1.

Dynamic form factor of Thomson scattering

Thomson scattering is an elastic process, i. e.ω0 ∼= ωs. However, electron motion
gives rise to slight differences between the lab frame frequencies of incident and
scattered radiation: ∆ω = ωs −ω0. As such, the sum of individual scattering
contributions form a TS spectrum. For a scattering volume with length LT , this
spectrum is given by:

P(k,ω) = P0LTneΩT
dσT
dΩ

S(k,ω), (3.7)

with ΩT the solid angle covered by the observer (and dσT
dΩ assumed constant

over ΩT ), and S(k,ω) the so-called dynamic form factor of Thomson scattering.
The form factor can be expressed as the spatial Fourier transform of density fluc-
tuations, and derived from the Vlasov and Poisson equations, using the plasma
dispersion function and velocity distributions for ions and electrons as inputs [31,
70].
For plasma conditions where

√
meTi/miTe � 1, Salpeter concluded that the

form factor can be split in two terms, one for ions and one for electrons [32]:

S(k,ω)dω = Se(k,ω)dω+ Si(k,ω)dω

=
1√
π
Γα(xe)dxe +

Z√
π

(
α2

1+α2

)2
Γβ(xi)dxi, (3.8)

with
xe,i =

∆ω

kve,i
, ve,i =

√
2eTe,i/me,i,

Γι(x) =
exp

(
−x2

)
(1+ ι2W(x))2

, β2 = Z
α2

1+α2
Te

Ti
,
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with W(x) the plasma dispersion function. In the incoherent regime, i. e. α � 0,
which yields Si = 0, and Se(k,ω) a Gaussian peak around ω0. The spectrum
thus resembles the electrons Maxwellian velocity distribution, with a width deter-
mined by Te. The incoherent TS diagnostic at Magnum-PSI captures this electron
feature at low α, as further explained in section 3.2.2. The width of this Gaussian
feature provides an estimate of Te, while the magnitude is used to determine ne,
through calibration with Rayleigh scattering measurements.
The estimation of Te follows from the width of the Gaussian feature [31]:

Te =
mec

2
0

32 ln 2eλ20

(
∆λTS

sin (θ/2)

)2
≈ 0.163∆λ2TS, (3.9)

where ∆λTS is the full width at half maximum (FWHM) of the TS feature, and
θ = 90◦ is assumed in the approximation. For α & 1, both the ion and electron
features are present. Due to the larger mass and consequently lower velocities
of ions (at Te ∼ Ti), the ion feature is much narrower than the electron feature,
and can be analysed separately. The CTS diagnostic at Magnum-PSI (section 3.2.3)
aims at resolving the ion feature with suitable sensitivity. By optimization of a
forward model that includes the ion feature from equation 3.8, Ti can be deter-
mined. The plasma flow velocity is estimated through measuring the Doppler
shift of the ion feature with respect to a reference measurement. The measured
wavelength shift corresponds to a projection of plasma flow onto the scattering
wave vector.

3.2.2 incoherent thomson scattering diagnostic

The incoherent Thomson scattering (TS) diagnostic is routinely used at Magnum-
PSI to measure electron density and temperature. This diagnostic, high sensitivity
imaging Thomson scattering for low temperature plasmas, was developed by
Hennie van der Meiden as part of his dissertation work [31], and described in
detail in [71]. Here, we provide a brief overview of the diagnostic system as used
in Magnum-PSI (section 3.2.2.1), focussing on its employment near the target
surface. The main consideration here is stray light mitigation, as described in
section 3.2.2.2.

3.2.2.1 System setup

The driving force behind the incoherent TS setup is a pulsed neodymium-doped
yttrium aluminium garnet (Nd:YAG) laser operated on the second harmonic
(532nm). A laser beam line leads the laser from the laser room to the main mag-
num hall, into the vacuum vessel and through the plasma. The beam is focussed
using a lens in the Magnum hall, to create a TS laser chord with diameter approxi-
mately 0.7mm in the plasma center. The viewing system consists of an array with
59 multi-mode fused silica fibres, each capturing scattered light from a small vol-
ume along the laser chord over a total length of 100mm, as shown in figure 3.3
of the following subsection 3.2.3. The fibre bundle leads the collected light into
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Property Value Unit

Laser beam Pulse energy 0.7 J

Repetition rate 10 Hz

Beam diameter 38 mm

Beam focus 0.7 mm

Viewing system # of fibres 59

Fibre core diameter 450 µm

Viewing magnification 0.267

Radial resolution 1.7 mm

Spectrometer Diffraction angle 45
◦

Spectrometer dispersion 0.6673 nm/mm

Spectral resolution 0.3 nm

ICCD pixel size 20× 20 µm

Max. digital dispersion 13.35 pm/pixel

Pixel count 1340× 1300
Pixel bins 5× 5
Photomultiplier gate width 30 ns

Table 3.1: Main system parameters of the Thomson scattering diagnostic.

a high etendue transmission grating Littrow spectrometer. Since the relocation
of Magnum-PSI to Eindhoven, the TS system has been fitted with a new grating,
adapting the spectrometer characteristics as shown in table 3.1. The spectrome-
ter produces an image of the fibre array, which is coupled onto an intensified
charged-coupled device (ICCD) using a tandem lens system. The intermediate
focal plane before the tandem lens enables placing a mask to physically block
certain features from the spectrum. As discussed in the following section, such
a mask was used for stray light mitigation. However, a mask must be slightly
wider than the instrument function to robustly block the stray light. By moving
the fibre array in front of the slit, part of the fibres can be cut off the image, thus
narrowing the instrument function. This enhances the resolution , and –in case of
mask usage– brings the effective spectral domain closer to the laser wavelength
and allows lower temperatures to be measured (see equation 3.9), at the cost of
signal strength. An overview of the main system parameters is shown in table 3.1.

3.2.2.2 Stray light mitigation

Thomson scattering diagnostics have to be extremely sensitive to radiation at
and around the laser wavelength, and therefore, mitigation of laser stray light
is critical to their operation. Under normal operating conditions at Magnum-PSI,
the main sources of stray light are the the laser entrance and exit windows in
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the vacuum vessel. To block the stray light from the entrance window as much
as possible, two laser apertures are placed inside the laser injection tube inside
the vacuum vessel. Several in-vessel reflections are required for stray light from
the laser windows to enter the viewing system, each reducing the intensity by
approximately one to two orders of magnitude depending on surface reflectivity
and reflection angles. To minimize the amount of stray light entering the viewing
system, a carbon viewing dump is placed opposite to the viewing system in the
vessel. Under normal operating conditions this suffices to reduce the stray light
intensity to low or negligible levels.
One of the goals of this project, however, was to measure the plasma parameters
in direct vicinity of the plasma target surface. This means pulling the target into
the stray light column, and almost in plain sight of the viewing system. This
results in orders of magnitude increased stray light magnitude, which can lead
to blooming or even damage on the ICCD. During this research, the stray light
increase was found to become significant for laser-target distances between 5 and
∼ 10mm, depending on the plasma target shape and reflectance. A protruding
plasma target was developed for these experiments. Its conical shape ensured that
direct line-of-sight reflection from stray-light-exposed surfaces was minimized.
Nevertheless, the creation of stray light is inherent to these experiments.

The the last resort for stray light mitigation was thus the spectrometer itself,
which separates the radiation on wavelength. As stated previously [72], a mask
can be placed in the intermediate focus of the spectrometer, to physically block
out the radiation at the laser wavelength. A 0.33nm mask was created by placing
a 0.5mmwide wire into the focal plane, at the position corresponding to the laser
wavelength. In order to enable the mask to effectively cover the stray light feature,
the fibres were partially covered behind the slit, reducing the instrument function.
Using this setup, stray light was reduced by up to a factor 104. In chapter 4 it is
shown that the application of these measures enabled ITS measurements as close
as 1.9mm from the target surface.

3.2.2.3 Measurement procedure and data analysis

In general, accurate measurements require a sound measurement procedure and
data analysis. This is especially important when considerable nuisance factors are
present in the measurement data. In the ITS measurements presented in chapter
4, such nuisance factors were present by design: the goal was to measure as close
to the surface as possible. Moreover, several experiments were performed at low
densities (a few times 1019m−3), yielding lower signal-to-noise ratios. In this sec-
tion, the Thomson scattering measurement procedure and data analysis, and the
relevant aspects to this work, are described. A TS measurement consists of cap-
turing one or several ICCD frames, each accumulating a fixed number of laser
pulses through gated operation of the photocathode. Given that for this ICCD,
readout noise is significant compared to dark noise, the signal-to-noise ratio of
ICCD frames can be improved by increasing the number of accumulated pulses.
Taking into account saturation of the 16-bit detector, the signal-to-noise ratio can
be further improved by increasing the number of collected frames. Under typical
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operating conditions in Magnum-PSI, the balance between signal quality and ac-
cumulation time is found at three frames of 30 pulses each.
The plasma parameters are estimated through a least squares optimization be-
tween the TS spectrum and a Gaussian model function.

pre-processing The data analysis starts with reshaping the spectrometer im-
age into an array of individual TS spectra. Next, background subtraction takes
place, with the likewise reshaped stray light array as background. If plasma back-
ground radiation is measured, the relevant features are added to the stray light
background via merging. The near-surface measurements contained large and
sometimes variable amounts of stray or plasma background radiation. To correct
for this, an additional digital mask was added, that removes pixels with large
background from further analysis.

rayleigh calibration In order to estimate ne from the TS data, Rayleigh
calibrations are performed, consisting of a measurement series in an empty vessel
at a nitrogen background pressure of 50 Pa. The Rayleigh images are reshaped
equally, and an individual stray light subtraction is performed. A Gaussian fit
is performed to determine the Rayleigh calibration factors and laser wavelength.
During this work, a pointing instability was identified in the TS Nd:YAG laser,
resulting in a small laser drift through the vessel during operation, amounting to
. 1mm over the course of hours, and over a beam length of 25m. Nevertheless,
this resulted in significant and unpredictable variations in the Rayleigh calibra-
tion factors, up to ∼ 15% in the plasma center for two calibrations approximately
one hour apart. Rayleigh scattering requires shutting down the plasma, and is
therefore operationally limited. These variations were mitigated by linear inter-
polation of Rayleigh calibration factors on the time of measurement with respect
to the two nearest Rayleigh calibration measurements.

fitting procedure and uncertainty A Gaussian least-squares fit is per-
formed on the pre-processed data with Poisson weighting. The electron tempera-
ture is estimated in accordance with equation 3.9. The electron density is obtained
by comparison of the TS surface area to the Rayleigh calibration. Uncertainties are
calculated as the standard deviation of the outputs from analysing the individual
frames.

3.2.3 coherent thomson scattering diagnostic

Thomson scattering in the coherent regime has the potential to provide a wealth
of information on ion dynamics, at the cost of complexity of both implementation
and analysis. Compared to ITS, CTS has to be performed at longer wavelengths
and lower scattering angles, in order to obtain α & 1 (see equations 3.4 and
3.6). Longer wavelengths, i. e. smaller frequencies, are closer to the plasma reso-
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nance and cut-off frequencies, which can cause problems of refraction, absorption
or emission in high-temperature devices. Nevertheless, Coherent Thomson scat-
tering has been successfully employed in high-temperature MCF devices using
gyrotron radiation in the mm-wavelength range, e. g. Wendelstein-7X [73] and
ASDEX-Upgrade [74]. For these applications, wave propagation has to be taken
into account [75], at the cost of computattion complexity in the analysis of mea-
surement data [76]. In low temperature, high density conditions, the Debye length
is much lower, and high power laser pulses can be used to conduct CTS. The first
CTS system for such plasma conditions has been developed by Hennie van der
Meiden [62], and the first measurements with this system were performed in
Magnum-PSI’s predecessor Pilot-PSI in 2015 [32]. After the relocation and up-
grade of Magnum-PSI, the CTS system has been installed on Magnum-PSI. As part
of the current project, the CTS diagnostic was commissioned and adapted for ap-
plication near the target surface. In the following paragraphs, the setup will be
introduced, and the considerations regarding stray light and data analysis are
discussed.

3.2.3.1 Setup and commissioning

The principal components of the CTS diagnostic are equal to those of the ITS diag-
nostic described above: a pulsed laser is guided through the plasma, a viewing
system collects the scattered light and directs it to a high-sensitivity spectrome-
ter using fibre optics. In order to achieve α & 1 within the operational domain
of Magnum-PSI, the CTS system employs a Nd:YAG laser at its fundamental fre-
quency, 1064nm. Resolving the TS ion feature – which is much narrower than
the electron feature – requires a high spectral resolution, and adequate sensitivity
in the near-infrared wavelength domain. A dedicated spectrometer was designed
and built for this purpose [62]. Using an Echelle grating and a camera with elec-
tron bombarded active pixel sensor technology, a spectral range of 1.9nm and
spectral resolution of 16.5 pm were realised [32]. It was found that variations in
air temperature led to unwanted refraction and malperformance of the spectrom-
eter. A box was built around the spectrometer to create constant conditions and
ensure steady performance.
The ITS and CTS diagnostics share the same beam line for approximately 25m,
which allows creating an overlap between scattering volumes, and therewith si-
multaneous measurements at the same position in the vacuum vessel. In the laser
room, the beam lines from the 532nm and 1064nm lasers are combined using a
dichroic mirror. A series of mirrors leads the beams into the machine hall, where
a confocal lens (f = 3.3m for both wavelengths) ensures laser focus at the plasma
center. Although the system was initially designed for application with two scat-
tering geometries, it is now operated at a single geometry with θ ≈ 13◦. Plasma
flow velocity measurements require a non-zero projection of the flow velocity vec-
tor onto the scattering vector k, therefore the CTS viewing was placed in the plane
of the laser and plasma beams, and behind the target holder to minimize stray
light, shown in figure 3.3. For maximal signal strength (following equation 3.1),
the laser must be polarized perpendicular to the scattering plane. For CTS, this
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Figure 3.3: Schematic overview of scattering geometries of ITS and CTS diagnostics in the
vacuum vessel. Because the CTS view is closely aligned with the lasers, stray
light mitigation is critical. A shielding plate and viewing dump mirror are
shown.

implies polarization in the x-direction (see figure 3.3), while for ITS, polarization
along the z-direction is optimal. In the original ITS setup, both the vacuum injec-
tion and exit windows were placed under the Brewster angle, with perfect trans-
mission for the laser polarization direction. To allow good transmission for both
lasers and polarizations, the injection Brewster window was replaced with a per-
pendicular incidence window (with anti-reflection coatings for 532 and 1064nm)
during commissioning. A new laser beam dump was developed with two win-
dows under the Brewster angle: the first to allow perfect transmission of the
z-polarized ITS laser, the second to direct the reflections of x-polarized CTS laser
light from the first window out of the vacuum vessel. Absorption filters are used
as a final dump for the lasers.

3.2.3.2 Stray light mitigation

As can be seen in figure 3.3, the CTS viewing direction is quite closely aligned
with the laser beam (θ = 13◦). This leads to larger α and enables velocity mea-
surements in close vicinity to the target surface. But, this region close to the laser
beam also carries the majority of stray light. Where stray light mitigation is im-
portant for any TS diagnostic, it is absolutely critical for the CTS diagnostic at
Magnum-PSI. Due to the comparable width of the ion feature (30− 60 pm) and
the spectrometer instrument function (15 pm), the presence of stray light quickly
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Figure 3.4: Schematic overview of laser stray light originating at the injection window in
the Magnum-PSI vacuum vessel. The laser itself is depicted orange, stray light
in green. A 120mm shield inside the plasma chamber keeps the subcritical
aperture out of sight of the CTS viewing system.

leads to deterioration of data quality. Nevertheless, various methods of stray light
mitigation were applied, physical as well as analytical.
The physical mitigation of stray light is now briefly discussed, from source to
viewing system. The primary source of stray light is the injection window. This
stray light and the main mitigation measures are depicted in figure 3.4. In order
to minimize the amount of stray light entering the vacuum vessel, two apertures
are placed in the beam line: the critical and subcritical apertures. The critical
aperture creates a primary cone of stray light, while its edges form a new light
source itself. A second, sub-critical aperture is placed to block the light from these
edges, again reflecting some light. Having this sub-critical aperture in direct view
of the CTS viewing system would be detrimental for performance of the diagnos-
tic. During commissioning, the sub-critical aperture was removed from sight by
lowering both apertures into the injection tube, and placing a vertical shielding
plate extending 12 cm into the vessel, shown in figure 3.4 as well as figure 3.3. The
second major source of stray light comes from the laser dumps. A double laser
dump was built during commissioning, to minimize the amount of stray light
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from above. The remaining light was kept out of sight by placing a silver-coated
mirror in the viewing line of sight (as shown in figure 3.3). All together, these
measures have enabled a stray light signal reduction of at least three orders of
magnitude, from over saturation down to less than a count per pixel on 25-pulse
exposures, and thus comparable to minimum noise level.
A final note on stray light concerns the plasma targets. Especially for near-surface
measurements, the laser-target distance d is reduced, and the targets are placed
inside the stray light cones. This leads to non-linear increases of stray light as d
is reduced. However, the direction of stray light reflection can be partially con-
trolled by clever shaping of the plasma target. To enable near-surface ITS and CTS
measurements, a protruding plasma target was developed, and is shown in fig-
ure 3.3. Firstly, protrusion leads to a smaller target diameter, allowing a closer
distance between the target and laser without obstructing the diagnostic’s view.
Secondly, protrusion keeps the multi target holder further from the stray light
cones, reducing the amount of light astray in the vessel. The target was given
a conical shape and its surface was polished, to direct the reflected stray light
into the vessel with a component in the +z-direction, and away from the viewing
systems. This setup allowed CTS measurements down to 3mm from the target
surface, and ITS measurements down to 2mm, with the laser beam almost touch-
ing the surface.

data analysis Estimation of the ion temperature and plasma flow velocity
occurs through comparison of the measurement data with a forward model of
CTS. The measured CTS ion feature carries information on ion dynamics, but
is also shaped by various other parameters, including properties of the plasma
(ne, Te, Z) as well as diagnostic system (scattering angle θ, spectrometer instru-
ment function, and more). By including such nuisance parameters in the forward
model, their influence on the estimation can be evaluated. Given that several pa-
rameters are interdependent, it was found that a Bayesian analysis would be the
most comprehensive method of evaluation. As part of this research, a Bayesian
analysis was set up, employing Monte Carlo Markov chains. For further explana-
tion and a description of the method as well as its results, the reader is referred
to chapter 5.

3.3 plasma probes

Through their direct participation in the plasma-wall interaction, plasma probes
are able to provide a lot of information.: probes can be used to study sheath
physics and measure plasma properties. However, probes also affect the plasma,
and sound interpretation of probe data relies on the validity of the models used
for the system that is studied. In this work, several plasma probes were developed
for use on Magnum-PSI’s multi-target holder. Firstly, a flush-mounted Langmuir
probe for estimation of the plasma particle flux in the experiments on near-surface
plasma-neutral interaction, and secondly, a series of probes for the experiments



42 plasma diagnostics in the near-surface region of magnum-psi

concerning thermionic emission. In the following paragraphs, the main design
considerations are discussed.

3.3.1 in-target langmuir probe

As part of the study on near-surface plasma-neutral interaction (chapter 5), an
in-target Langmuir probe was developed and applied. Next to the measurements
of plasma fluxes within the plasma, a measure of the on-surface plasma fluxes
was desired. Langmuir probes are frequently used to measure the ion flux and
other plasma parameters, in linear devices [48, 77] and MCF devices alike [78,
79]. Probes offer information on various time scales, and are relatively robust
and easy to construct. However, Langmuir probes are biased and thus inherently
interfere with the surrounding plasma. Careful interpretation of the measured
data is therefore required. In particular, the electric field from a biased probe
emanates into the surrounding plasma, effectively altering the collection area of
the probe. In relation to ion saturation current measurements at negative bias,
this is sometimes phenomenologically referred to as non-saturation. The effective
charged particle fluxes can be estimated through gyromotion modelling [80] as
well as particle-in-cell simulations [81, 82], for given conditions of probe and
plasma.
The probe design for this study was determined by two main requirements:

• Robustness to high-power plasma exposure in steady state operation.

• Retaining ion saturation currents within technical capacity of the available
power supplies.

The robustness was achieved by using the clamping ring setup from the thermionic
emission experiments, ensuring good cooling through the probe back plate. The
probe was made from tungsten molybdenum zirconium alloy (TZM), a strong al-
loy with high melting point, also used for other PFCs in Magnum-PSI. The probe
was designed for use with a bi-polar power supply driving currents up to ±4A.
For ne = 1021m−3 and Te = 2 eV at the sheath edge without sheath expansion,
this implies a maximum probe diameter of slightly over 1mm, and this diameter
was used in the final design. The data analysis and results of the measurements
are discussed in chapter 5.

3.3.2 probes for thermionic emission

That thermionic emission can strongly affect the plasma-wall interaction is widely
known. The nature of these effects and their possible impact on present and fu-
ture MCF devices is a topic of active study [38, 61]. During this thesis project,
a study was set up with the goal of reaching the theoretical threshold condi-
tions of the inverse sheath regime. While sheath modelling is often performed
in one-dimensional geometry [59, 83], it is known that spatial effects often form
a complicating factor. The plasma pressure profile of Magnum-PSI has a FWHM
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Figure 3.5: Lanthanum hexaboride plasma probe developed for inducing thermionic
emission in Magnum-PSI. The probe is separated from the clamping ring by
a boron nitride ring. Potential measurements are performed using a wire that
is quided through ceramics tube and clamping ring, and wound around the
probe.

of approximately 10− 30mm. This results in radially varying sheath conditions
and radial current drive through conducting targets [44, 81], effects that should
be taken into account in any sheath- or heating-related study in Magnum-PSI. In
this study, not only the local plasma parameters were of importance, but also the
heating and resulting variations in surface temperature.
A plasma probe measures locally, with lower variations in potential and temper-
ature. Thus, a probe was developed to be placed in the plasma centre, shown
in figure 3.5. Lanthanum hexaboride (LaB6) was used as material for the main
probe, a hard but relatively brittle ceramic with a low thermionic work func-
tion. The probe would be heated by plasma exposure as well as a laser beam.
The probe diameter was determined as a trade-off between maximal structural
strength, and maximum size for constant plasma and heating profiles: 4mm. To
ensure steady state operation, enabling TS measurements of plasma parameters,
the probe was mounted on the multi-target holder by means of a clamping ring.
The probe’s floating potential was measured using a wire connected to the probe
base, and isolated from the clamping ring by a ceramic tube, which is shown on
figure 3.5.
In a second iteration of this experiment, a protruding probe was designed, to
obtain the maximum surface temperature under plasma exposure only. A similar
setup was used, but now with a 25mm long probe pin, surrounded by a radia-
tion shield. The data analysis and experimental results are discussed in chapter 7.
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abstract

In the quest to long-term operation of high-power magnetically confined fusion
devices, it is crucial to control the particle and heat loads on the wall. In order
to predict these loads, understanding of the plasma-wall interaction is important.
Near the wall surface, the plasma is accelerated towards the Debye sheath edge.
In plasma conditions with high density and low temperature, the interaction be-
tween the incoming plasma and recycled neutrals can become important.

In this paper, we present incoherent Thomson Scattering (TS) measurements
in the near-surface region of the Magnum-PSI linear plasma generator. To enable
TS measurements close to the plasma target of Magnum-PSI, a stray light sup-
pression up to a factor 104 was achieved, while retaining high transmission. By
incrementally moving the target along the magnetic field, this adapted system
was used down to 1.9mm from the target.
In the last 10− 15mm in front of the surface, the electron density as well as tem-
perature were observed to decrease significantly. Under the assumption of con-
stant particle flux in this region, the density drop indicates plasma acceleration.
In that case, the measurements can be interpreted to show the plasma presheath,
and its length scale: ∼ 1 cm. The electron cooling indicates an energy loss channel
for the electrons near the wall. A reduced electron temperature near the sheath
entrance leads to lower estimates of particle and energy flux, as well as ion im-
pact energy, on the target surface.
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4.1 introduction

To ensure long-term operation of a magnetically confined fusion device, it is cru-
cial to limit and control the plasma load on the wall. One of the devices that
are used to study this Plasma-Wall Interaction (PWI), is the linear plasma gener-
ator Magnum-PSI [84] in Eindhoven, the Netherlands. Its main components are
a cascaded arc discharge, a superconducting magnet, and a three-stage pump-
ing system. The wall-stabilised cascaded arc discharge produces a high-density
thermal plasma [85], which flows along the field lines towards the target over a
distance of ∼ 1.3m. By differential pumping, the neutral pressure in the target
chamber can be regulated to < 1Pa and decoupled from the source conditions.
The plasma near the target reaches electron densities ne ∼ 1019 − 1021m−3 and
temperatures Te ∼ 0.1 − 7 eV , in a steady-state magnetic field up to 2.5 T [18].
These plasma conditions are similar to those in the divertor region of the ITER
tokamak [15] in high performance detached operation, making Magnum-PSI suit-
able for testing of and research on plasma facing components [86, 87].
Estimation of the particle and energy fluxes to the target surface is an important
aspect of PWI experiments. The particle flux at the wall is given by Γwall = Γse =

ne,secs,se, with ne the plasma electron density, cs the ion sound velocity and se
denoting the position of the Debye sheath entrance [8]. The energy flux can then
be defined by qse = ΓseγshTe,se with γsh the sheath heat transmission factor
and Te the electron temperature.
The two plasma parameters necessary for the flux estimations, ne and Te, can be
measured with the incoherent Thomson Scattering (TS) diagnostic of Magnum-
PSI [31]. Since the Debye sheath is too thin to resolve, estimates of Γse and qse
are obtained from upstream TS measurements, under the assumption that the
plasma fluxes of particles and momentum are conserved between the measure-
ment location and the sheath entrance. However, at high plasma densities, the
interaction between recycled neutrals and incoming plasma might affect the par-
ticle and momentum fluxes, and thus the plasma load on the target surface.

In this paper, we present incoherent Thomson Scattering measurements in the
near-surface region of Magnum-PSI. The device has good diagnostic access, en-
abling measurement of the plasma parameters near the target. In order to per-
form TS closer than ∼ 5mm from the target, stray light mitigation is required.
The TS diagnostic set-up is described in section 4.2 and the stray light mitigation
in section 4.2.1. In section 4.2.1, we describe the measurements and their results.
These are discussed in section 4.3. Conclusions are presented in section 4.4.

4.2 near-surface incoherent thomson scatter-
ing

Thomson scattering can be described as the scattering of an electromagnetic wave
from fluctuations in electron density. If the Debye length of the plasma is large
compared to the scattering wavelength (2πk with k the scattering vector wavenum-
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ber), scattering occurs dominantly due to thermal fluctuations in electron density.
The scattered light is Doppler-shifted, and its spectrum reflects the velocity dis-
tribution function of the electrons. Assuming a Maxwellian velocity distribution,
a Gaussian fit provides Te, and using an absolute Rayleigh scattering calibration
at a known gas density, the electron density can be obtained.
The TS system in Magnum-PSI [72] consists of a pulsed Nd-YAG laser (0.6 J,
10Hz), operating at the second harmonic (532nm), a 25m long laser beamline
through the vacuum vessel, high transmission collection optics with a linear array
of 59 fibres, and finally a high-etendue spectrometer with a transmission grating
(which features a very low stray light contribution). An overview of the system
is shown in figure 4.1. The spectrometer images the fibre array onto an ICCD
camera (1340× 1300 pixels of 20× 20µm). A maximum of 50 spatial positions in
the plasma are mapped to the spectra on this image.

Figure 4.1: Overview of the TS diagnostic set-up at Magnum-PSI, adapted from [31]. On
the right side is a cut-out showing the core of the device, with the plasma
beam in red, flowing from source to target mount. The in-vessel beam lines at
source and target are shown, with the laser in green. Also depicted is the TS
viewing system and fibre connection to the spectrometer in the laser room. An
optical drawing of the latter, with intermediate focal plane, is shown on the
left side. Bundles 1 & 2 are for the source and target positions, respectively.

4.2.1 stray light suppression

The main sources of stray light are the vacuum windows where the TS laser
enters and exits the vessel. A fraction of the light scattered from the vacuum
windows gets into the target chamber of the vacuum vessel and - after several
reflections- a smaller fraction ends up in the viewing system of the diagnostic.
On the measured spectrum, the stray light appears as a peak at the laser wave-
length, corresponding to the spectrometer instrument function. At the default
target-laser distance, d ≈ 30mm, the stray light can be mitigated by subtracting
a (vacuum) stray light measurement from the TS spectrum. Moreover, a digital
notch is applied in the analysis.
To measure near the surface, the target is moved towards the laser beam. Some
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stray light from the entrance window will then be reflected directly from the
target into the viewing system. This can cause saturation of the ICCD camera.
Therefore, physical mitigation was required for this research.
The intermediate image of the spectrometer was used, as seen in figure 4.1. A
tandem lens system relays the light to the ICCD camera (as proposed in [72]).
A mask of width 0.5mm was placed in the focal plane, such that it covered the
image of the fibre bundle. It is noted here that the width of the mask sets a lower
bound on the measurement domain in Te, in this case at 0.2 eV . To determine the
mask’s attenuation, two Rayleigh measurements were performed, both in Argon
at 50 Pa. The Rayleigh measurements with and without mask are shown in figure
4.2. The mask resulted in a strong reduction of stray light up to a factor 104 at
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Figure 4.2: Spectrometer images with the adapted TS set-up, normalised in intensity
to 10 laser pulses. The images are binned 5× 5 to yield a dispersion of
0.038nm/px. From left to right: Rayleigh scattering without mask (30

pulses), Rayleigh scattering with mask (400 pulses), and Thomson scattering
(30 pulses) at B = 1.2T , 7slm Hydrogen gas flow, Pn = 1Pa background
pressure and discharge current 175A, at d = 32,2mm. Corresponding
background images were subtracted.

the laser wavelength. The measurement with mask shows some signal on either
sides of the mask, which is possibly due to internal reflections of stray light in
the spectrometer.
The intensity of this feature increased significantly for d 6 5mm. Saturation was
reached around d = 1mm.

4.2.2 measurements

The adapted set-up enables TS measurements in the vicinity of the target surface.
An axial profile of the plasma parameters can be created by incrementally mov-
ing the target towards the TS laser. The axial resolution of the measurements is
given by the laser beam diameter of ∼ 0.7mm. As can be seen in figure 4.1, the
viewing line of sight is placed in the horizontal plane, perpendicular to the mag-
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netic field. To prevent obstruction of the viewing system (F/11 [72]) for small d, a
protruding target was used, with diameter 26mm. This yields a minimal distance
dmin = 1.3mm.
For each measurement, 30 laser pulses were accumulated on an image. Five mea-
surements were done per position and setting. Four axial series of measurements
were done, from d = 32mm down to the closest possible distance. Stray light
images were recorded at each position. The experiments were performed in a
Hydrogen discharge with gas flow 7 slm, source current I = 175A and magnetic
field 1.2 T . Each series was done with a different (H2) background pressure: 1, 2,
4 and 8 Pa. These settings result in a plasma beam that is well ionised at the low
pressure and heavily recombining at highest pressure.
The results of the measurement series at Pn = 1 Pa are shown in figure 4.3. The
axial profiles, corresponding to the central positions of the radial profiles (for
each Pn) are shown in figure 4.4.
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Figure 4.3: Radial Thomson scattering profiles of electron density (left) and temperature
(right), obtained during a steady state Hydrogen discharge in Magnum-PSI,
with a magnetic field B = 1.2T , discharge current I = 175A, gas flow
7.0slm and with a background pressure of 1Pa. The errorbars represent
the standard deviation over 5 measurements. The profiles are coloured by
target distance from the TS position.

4.3 discussion

Upstream, both ne and Te are observed to decrease with the background pres-
sure. As described in [46], this can be attributed to the interaction between plasma
and neutrals in the vessel, leading to a loss of static and dynamic pressure (by
momentum transfer) and particle flux (recombination).
Similar reductions of ne (amounting to 25−50%) and Te (25−50%) are observed,
but now as a function of distance from the target. In the following sections 4.3.1
and 4.3.2, we discuss the implications of these measurements.
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Figure 4.4: Axial profiles of electron density (left) and temperature (right), as measured
by TS in the center of the plasma beam. The profiles are coloured by back-
ground pressure.

4.3.1 plasma acceleration

Given the plasma in Magnum-PSI is convective, i.e. flowing from source to target,
there are two processes that can cause the observed density reduction: plasma ac-
celeration, and the presence of a net volumetric particle sink. In the experimental
plasma conditions ne ' 1020m−3, Te / 1 eV , the rate coefficients of ionisation
as well as recombination are relatively small, although three-body recombination
can become significant below 1 eV [88]. Moreover, the mean free paths along the
beam are increased by the axial plasma flow. Therefore, the particle flux is often
assumed to be constant in the few cm range between the TS location and the
target surface [18, 26, 84].
If this is the case, the observed axial density drop can only be attributed to plasma
acceleration, and these measurements would show us the extent of the plasma
presheath: the region of ion acceleration towards the sheath edge. The observed
lengthscale of the density drop, ∼ 1 cm, coincides with the presheath lengthscale
given in [28].

4.3.2 near-surface plasma cooling

The observed temperature reduction towards the surface affects the estimations
of particle and heat loads to the target. Firstly, a lower Te implies a lower cs =√
kB(Te+χiTi)

mi
(with Ti the ion temperature, mi the ion mass, and χi the ion

polytropic coefficient [56]), resulting in a lower estimate of particle flux to the
wall. Secondly, if the electrons have less energy at the sheath entrance, the sheath
potential difference is reduced, and therewith the ion impact energy and energy
transmission to the target surface [8].
The observed temperature reduction towards the surface indicates the presence of
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an energy sink for the electrons. This sink action might arise from the interaction
of incoming plasma and recycled neutrals in the near-surface region. Whether or
not the fluxes of particles and momentum are conserved in this region, cannot be
determined from these measurements. This would require additional measure-
ments of the plasma flow velocity and ion temperature.

4.4 conclusions

In this work, it has been shown that the TS diagnostic at Magnum-PSI can be
used down to 1.9mm from the surface. The necessary stray light mitigation was
achieved by placing a mask in the intermediate focus of the TS spectrometer. The
resulting measurements show a significant drop in electron density as well as
temperature close to the surface. If we assume conservation of particle flux in this
domain, the presented measurements can be interpreted to show the presheath
plasma acceleration in Magnum-PSI and its length scale: ∼ 1 cm. The measured
axial reduction in Te leads to a reduction in the estimates of the particle flux, en-
ergy flux, and ion impact energy on the surface.
Direct measurements of particle and momentum flux require additional measure-
ments of plasma velocity and ion temperature. Thus, we can improve measure-
ment accuracy for PWI studies and expand our knowledge on interaction pro-
cesses in the near-surface region under ITER-relevant plasma conditions.
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abstract

In the direct vicinity of plasma-facing surfaces, the incident plasma particles in-
teract with surface-recombined neutrals. Remarkably high near-surface plasma
pressure losses were observed in the high-flux linear plasma generator Magnum-
PSI. Combining the incoherent and coherent Thomson scattering diagnostics, we
directly measured particle, momentum and energy fluxes down to 3mm from the
plasma target surface. At the surface, the particle and total heat flux were also
measured, using respectively an in-target Langmuir probe and thermographic
methods.
The near-surface momentum and energy losses scale with density, and amount
to at least 50% and 20%, respectively, at ne = 8 · 1020m−3. These losses are
attributed to the efficient exchange of charge, momentum and energy between
incident plasma and surface-recombined neutrals. In low-temperature plasmas
with sufficient density, incident particles go through several cycles of interaction
and surface deposition before leaving the plasma, thereby providing an effective
alternative dissipation channel to the incident plasma.
Parallel plasma parameter profiles exhibit a transition with increasing plasma
density. In low-density conditions, the plasma temperature is constant and near-
surface ion acceleration is observed, attributed to the ambipolar electric field. Con-
versely, deceleration and plasma cooling are observed in dense conditions. These
results are explained by the combined effect of ion-neutral friction and electron-
ion thermal equilibration in the so-called thermalised collisional pre-sheath. The
energy available for ambipolar acceleration is thus reduced, as well as the up-
stream flow velocity.
In the ITER divertor, enhanced near-surface p-n interaction is expected as well,
given the overlap in plasma conditions. Including these effects in finite-element
scrape-off layer models requires a near-surface resolution smaller than the neu-
tral mean free path. This amounts to 1mm in Magnum-PSI, and possibly an order
of magnitude smaller in ITER.
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5.1 introduction

The interaction between surface-recombined neutrals and incident plasma in toka-
mak divertors is an essential aspect of scrape-off layer (SOL) physics [8, 15]. Elas-
tic as well as inelastic collisions facilitate mutual exchange of charge, momentum
and energy. The net effect of plasma-neutral (p-n) interaction on the SOLplasma
depends generally on three plasma properties: temperature, density, and resi-
dence time of neutrals in the interaction region. The plasma temperature deter-
mines which interactions are present, be it ionisation, elastic collisions or recombi-
nation. The plasma and neutral densities (ne and nn) determine the reaction rate
of those interactions. Finally, plasma dimensions and geometry determine the res-
idence time of neutrals in the SOL, and therewith the total interaction potential,
as has been shown in (modeling) experiments with closed divertor concepts [34],
as well as target closure experiments on linear devices [21]. In a process called
divertor detachment, p-n interaction gives rise to momentum and energy losses
in the SOL, thus lowering the particle and heat loads on the divertor target surface
[16, 30].
The region in direct vicinity of the target surface is of particular interest regard-
ing p-n interaction, because it encompasses an intense source of neutrals: surface
recombination. This near-surface region receives an inflow of ions towards the
sheath, matched by outwards diffusion of surface-recombined neutrals. Ions and
neutrals interact, and for sufficiently high interaction rates, their velocity distri-
butions are mutually influenced. That is, the ion and neutral populations are
(partially) coupled. This process is therefore called near-surface plasma-neutral
coupling (shortly p-n coupling). Neutral particles are not confined in the mag-
netic field, and dissipate energy from the near-surface system through radiation,
diffusion, or surface deposition. The latter process leads to a cycle of exchange
and deposition. Each incident particle can experience several cycles, before be-
ing either lost or ionised. Near-surface p-n coupling thus opens up an efficient
dissipation channel, resulting in significant and highly localised losses of plasma
pressure and power flux.
The flux of charged particles onto the wall is governed by the plasma sheath. An
electrically floating wall is charged negatively by the highly mobile electrons, re-
sulting in an electric potential drop near the surface. The corresponding ambipo-
lar electric field accelerates the ions towards the surface, reaching the velocity of
sound at the sheath edge. Ion-neutral friction and electron cooling in the near-
surface region can interfere with this process, affecting the sheath-transmitted
PFC loads, but also the conditions upstream.
In this study, these effects of p-n coupling are experimentally assessed in the
linear plasma generator Magnum-PSI. These experiments show that near-surface
p-n coupling indeed arises in dense plasmas, relevant to the ITER divertor in high-
recycling or detached scenarios, and that it causes significant pressure and power
losses, in a region that extends less than 10mm from the surface.

Previous studies have already found various indications of p-n coupling. Mod-
elling studies of the SOLshowed strong correlations between the electron tempera-
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ture Te,t and neutral density near the divertor target, but also between the target
parameters and global SOLlosses [54]. A more comprehensive study showed that
Te,t is a good indicator for divertor detachment in general [16]. One may notice
that the target parameters are a product of upstream SOLprocesses and inputs
from the core plasma, but the opposite relation holds as well: the near-surface
region prescribes a boundary condition to the plasma upstream. In experimen-
tal studies on high-density linear plasmas, estimations of particle and heat flux,
using in-plasma incoherent Thomson scattering (ITS) and assuming a frictionless
and isothermal plasma, have been repeatedly found to be larger than direct mea-
surements at the plasma-facing target surface [26, 28]. Moreover, a reduction of
electron temperature up to 30% has been observed, within 10mm from the target
surface in Magnum-PSI [89].
Experimental quantification of the p-n coupling effects, however, has been lim-
ited by the absence of an accurate and direct diagnostic method for the parallel
plasma velocity vp.
With the commissioning of the coherent Thomson scattering (CTS) diagnostic,
such a method has now become available on Magnum-PSI. Using this diagnostic,
we measured the ion temperature Ti and parallel plasma velocity in the plasma
beam center. In combination with ITS, this enabled the first direct, local measure-
ments of the plasma fluxes in Magnum-PSI. Both diagnostics were used down to
3mm from the target surface, to produce a series of parallel parameter profiles
under various plasma conditions. The particle and total heat flux were also mea-
sured on the target surface, using a newly developed in-target Langmuir probe,
and thermography diagnostics, respectively. The setup and methods of these ex-
periments are described in section 5.2. Readers interested in the plasma physics
results can proceed to section 5.3 and onwards. In section 5.4, we show that p-n
coupling is present in Magnum-PSI, assess its effects on plasma flow, and esti-
mate the near-surface loss factors for the particle, momentum and energy flux.
The interaction processes of p-n coupling are examined in section 5.5. Finally,
the implications of these findings, in particular for the ITER divertor and related
SOLmodelling, are discussed in section 5.6.

5.2 experimental work on magnum-psi

This section describes the setups and methods used to perform the experimental
part of this study. The measurement results and interpretation can be found in
sections 5.3 and5.4. In the linear plasma generator Magnum-PSI, a cascaded arc
plasma source generates a high-density thermal plasma [85]. The plasma is con-
fined and led to a target by a superconducting magnet (Magnetic field B < 2.5 T ).
A three-staged differential pumping scheme ensures a low background pressure
in the target chamber [18], while maintaining electron densities ne . 1.5 · 1021
in steady state operation. Magnum-PSI is used for various research purposes, in-
cluding PFC testing [23, 87], PFC diagnostics development, detachment physics
studies [19, 20], exploration of novel PMI regimes [86, 90] and more.
To investigate near-surface p-n coupling and its effects on the wall loads, the ITS
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Figure 5.1: Schematic overview of active laser scattering diagnostics in the vacuum ves-
sel target chamber of Magnum-PSI and plasma targets used. The plasma beam
(along the z-axis) is shown in purple. During the CTS and surface heat flux
measurements, the protruding target was used. It is conically shaped, to divert
stray light in the laser direction away from the viewing optics. The in-target
Langmuir probe is depicted as connected, using coaxial cables, to the electron-
ics for power supply and data acquisition. The green rectangle represents the
acquisition electronics, with signal amplifications given in blue. Both targets
are made from a titanium-molybdenum-zirconium alloy, TZM.

and CTS diagnostics (section 5.2.1) were complemented by two surface diagnos-
tics: an in-target Langmuir probe and a thermographic heat flux measurement
(presented in sections 5.2.2.1 and 5.2.2.2, respectively). The measurement results
are presented in sections 5.3 and 5.4.3 for the in-plasma and on-surface measure-
ments, respectively. An overview of the main diagnostics in this research is shown
in figure 5.1.

5.2.1 cts and ts plasma flux measurements in the near-surface

region

Active laser diagnostics are a valuable tool for non-invasive measurement of
plasma parameters. This section describes the diagnostics setup used to perform
direct plasma flux measurements on Magnum-PSI. The incoherent Thomson scat-
tering (ITS) diagnostic employs a pulsed Nd:YAG laser at 532nm to measure elec-
tron density ne and temperature Te and is routinely used on Magnum-PSI [72].
The coherent Thomson scattering (CTS) diagnostic is relatively new. It has been
developed for use in high-density, low-temperature plasmas, and performed its
first measurements on Magnum-PSI’s predecessor Pilot-PSI [32]. The CTS system
consists of a seeded Nd:YAG laser at λ0 = 1064nm, in conjunction with a high-
resolution Echelle grating spectrometer featuring a gated short wave infrared
camera (Intevac LIVAR M506). This diagnostic system has now been integrated
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into the ITS laser beam line of Magnum-PSI. In these experiments, the laser-surface
measurement distance d was minimised. As will become clear in this section, the
limiting factor to d is laser stray light. The CTS theory, setup and data analysis are
presented in the subsections below.

5.2.1.1 CTS theory

Thomson scattering (TS) is elastic scattering of electromagnetic waves from elec-
tron density fluctuations in ionised gases. The characteristic length scale of the
observed fluctuations is given by the scattering wave vector k = ks − k0, with
ks and k0 the wave vectors of scattered and incident radiation, respectively. The
ratio of this length scale to the Debye length λDe, is called the scattering parame-
ter α = 1/|k|λDe. For α� 1, TS observes dominantly scattering from the random
motion of the electrons. The resulting incoherent TS spectrum is a direct measure
of the electron velocity distribution. For α & 1, the TS spectrum reflects collec-
tive electron motion due to Debye shielding. In this regime of coherent Thomson
scattering, the spectrum is sensitive to ion dynamics, and thus can be used to
determine Ti and vi.
Following the Salpeter approximation [70], the CTS spectrum can be represented
by two spectral features: one for ion and one for electron shielding. The CTS di-
agnostic at Magnum-PSI was designed to measure the narrower ion feature. Its
shape is given by the so-called form factor [31]:

Si(k,ω)dω =
Z√
π

(
α2

1+α2

)2 exp
(
−x2i

)
(1+β2Rw(xi))2 + (β2Iw(xi))2

dxi, (5.1)

where ω is the frequency of scattered radiation, xi = ∆ω/kvth the normalised
wavelength (with vth =

√
2kBTi/mi the average thermal speed for ions). The

functions Rw(xi) and Iw(xi) are respectively the real and imaginary terms of the

plasma dispersion function [70]. Finally, β =

√
Z
(
α2

1+α2

)
Te
Ti

, and Z the effective

ion charge, here assumed to equal unity.
It can be seen that Ti affects the shape of the ion feature, where the ion velocity
distribution is assumed to be Maxwellian. Plasma flow causes a shift of the dis-
tribution, that is translated to Si(k,ω) through projection on k. It is noted that
strictly speaking, Ti is also measured along k, which main component is parallel
to B.

5.2.1.2 CTS setup

The CTS setup has been made such that the CTS scattering volume overlaps with
ITS in the plasma center. As such, ITS and CTS measurements can be performed si-
multaneously. The lasers and spectrometers are situated in a separate room from
the Magnum hall. Both lasers follow the same beam line of ∼ 25m towards the
vessel, facilitated by a dichroic mirror in the laser room and a dichroic lens with
f = 3.3m at 532 as well as 1064nm to focus the beams.
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Since employment on Pilot-PSI, the laser used for CTS has been upgraded from 10

to 20Hz, doubling the average laser power to 20W. A second adaptation with re-
spect to the Pilot-PSI setup, is the change of scattering angle from 30◦ to θ = 13◦.
This increases the scattering parameter α and CTS signal strength, but reduces
the drift-induced Doppler shift of the ion feature, as described in the following
subsection 5.2.1.3.
Another effect of lower θ is the reduced deflection required for laser light to end
up in the viewing system. Given the tiny TS scattering cross section, stray light
reduction is an important aspect of TS diagnostic setups. This is even more strin-
gent in the current CTS setup, where not only the stray light signal and ion feature
overlap, but the typical spectral width of the latter ( 45 pm at Ti ≈ 2 eV) is only a
few times the instrument function of the spectrometer (12 pm).
There are two main sources of stray light in the vessel: the injection window,
located 2.5m below the plasma, and the laser dump, located 2.5m above the
plasma. Stray light from the injection window is mitigated by two laser apertures
in the injection tube. A vertical masking plate was placed in the vessel, blocking
these apertures from direct view. To minimise stray light from the ejection win-
dow, a new laser dump was installed, designed to catch both transmission and
reflection from the vacuum exit Brewster window. Finally, a mirror was placed
on the bottom of the vessel in the viewing cone, effectively moving the viewing
dump towards a faraway section of dark vessel wall.
To perform a CTS measurement, three series are collected of 10 to 20 frames each:
A stray light reference without plasma, a wavelength reference and the CTS mea-
surement itself. Before any further data analysis, the averaged stray light frame
is subtracted from the CTS measurement. However, variations of signal strength
were observed between frames. The residual stray light signal was incorporated
in the data analysis procedure, which is described below.

5.2.1.3 CTS data analysis

This section describes the data analysis for estimation of Ti and vz from a given
CTS spectrum. At the basis of this analysis is the model of the ion feature (equa-
tion 5.1), in principle a function of λ, Ti, Te, ne and θ. The scattering angle is fixed
during alignment of the viewing system, with some uncertainty: θ = 13± 0.5◦.
Both Te and ne are measured through ITS, and thus are known with some un-
certainty. The axial plasma velocity can be inferred from the Doppler shift ∆λ of
the ion feature with respect to the laser reference. The laser reference signal was
found to exhibit two instabilities: a shot-to-shot intensity fluctuation of ∼ 10%
and a random drift in the wavelength direction, within a range of 0.3 pm and
a time scale comparable to the measurement duration. This wavelength drift is
transmitted to the ion feature and can be interpreted as a shift of λ0: ∆λ0, with un-
certainty 0.3 pm. The intensity fluctuation has two effects: firstly an uncertainty in
the amplitude of the ion feature, ACTS. Secondly, after stray subtraction from the
raw measurement, some stray signal can remain. This stray light was included in
the model as a nuisance parameter Astray. Finally, the spectrometer instrument
function is included in the model through a digital convolution of the theoretical



5.2 experimental work on magnum-psi 59

CTS spectrum with a normalised stray light signal Ss. The complete CTS model is
then given by:

MCTS(λi) = ACTSSs ∗ Si(λs, Ti, Te,ne, θ) +AsSs(λi −∆λ0) +A0, (5.2)

with λs = λi − (∆λ− ∆λ0). Although only Ti and ∆λ are of interest, the model
has nine independent input parameters. Given the correlations between some
of these, mainly Ti and θ, and their significant uncertainties compared to the
model sensitivity, we decided to compare model and data through a Bayesian
inference. A previous instance of Bayesian CTS data analysis was implemented on
the stellarator Wendelstein-7X [91]. The goal of a Bayesian inference is to obtain
the probability distribution for the set of input parameters Θ given the data Y =

yi:

P(Θ|Y) =
P(Y|Θ)P(Θ)

P(Y)
, (5.3)

with P(Θ) the prior probability distribution, P(Y) a normalization that can be
discarded, and P(Y|Θ)P(Θ) the likelihood function. The latter is considered as a
Gaussian distribution around the model output, and written in logarithmic form:

lnP(Y|Λ,Θ) = −
1

2

∑
N

[
(yi −M(λi,Θ))

2

σ2yi

+ ln(2πσyi
)

]
. (5.4)

The Gaussian uncertainty is a sum of readout noise and Poisson-distributed shot
noise: σyi

= σreadout + σshot,i. These are given by data noise outside reach
of the ion feature, and by the model outputs as

√
yi, respectively. The poste-

rior distribution is obtained through sampling from the prior distribution. The
Monte Carlo Markov Chains (MCMC) algorithm was used for this purpose, as
implemented in the EMCEE code [92]. Uniform prior distributions were used
some parameters: Ti : [0.1, 20] eV , ∆λ : [−30, 30]pm, ACTS : [0.3, max(Y)] ct, and
As : [−0.9max(Y), 0.9max(Y)] ct. Gaussian distributions for others: θ = 13± 0.5◦,
∆λ0 = 0± 0.3 pm, A0 = 0± 0.1 ct, and ne and Te obtained from ITS with Gaus-
sian uncertainties. In the MCMC algorithm, 32 walkers were set loose, and con-
vergence defined as the chain length that exceeds 60 times the maximum autocor-
relation in the samples.
For further processing of the results, the median values and standard deviation
of Ti and ∆λ were used. However, for direct plots of these parameters, the 16th

and 84th quantiles are used as uncertainties in the remainder of this article. An
exemplary CTS spectrum with several samples, as well as the median model out-
put, is shown in figure 5.2.

From Doppler shift to velocity

As stated above, the axial plasma velocity is derived from the Doppler shift ∆λ.
However, there are two aspects that need to be taken into account here. Firstly,
measurement ∆λ follows from a projection of v along the scattering vector k, i.e.
∆ω = k · v. Secondly, next to the axial velocity component vz ‖ B, v can contain
a plasma rotation component vy if the laser is slightly off-center. The frequency



60 thermalised collisional pre-sheath detected in magnum-psi

60 40 20 0 20 40 60
Wavelength shift (pm)

0

1

2

3

4

5

In
te

ns
ity

 (c
t/p

x)

data
Samples
Stray light
Ion feature
Solution

Figure 5.2: A net CTS spectrum as measured on Magnum-PSI, at B = 1.2T , H2 gas flow
7slm, source current 180A, 3mm from the target surface. In 31 frames, 806

laser pulses were collected, from which the average of 27 stray light frames
was subtracted. The orange vertical lines indicate ∆λ for the samples shown.
The outputs are Ti = 1.63+0.12

+0.11 and ∆λ = −3.53+0.31
+0.31.

shift is then ∆ω = k · v = kv cos(θ/2−φ), with φ = tan(vy/vz). In combination
with k = 2k0 sin(θ/2) and the general wave property ∆ω = 2π c0

λ2
∆λ with c0 the

speed of light, we find the relation:

∆λ

λ0
=
v

c0
· 2 sin(θ/2) cos(θ/2−φ) (5.5)

Solving for vz, we obtain:

vz + vy tan(θ/2)
c0

=
∆λ

λ0

1

sin(θ)
(5.6)

The uncertainties in vz are obtained by error propagation of the partial uncertain-
ties: uvy = 3 km/s, and u∆λ as well as uθ given by the Bayesian analysis.

5.2.2 flux measurements on the target surface

This section discusses the diagnostics used to assess the effects of p-n coupling
on the PFC loads. An in-target Langmuir probe was developed to estimate the
surface particle flux Γ in the plasma center, as described in section 5.2.2.1. The
total heat flux in the plasma center was measured using a combination of ther-
mographic diagnostics, as presented in section 5.2.2.2.

5.2.2.1 Flush-mounted Langmuir probe

Langmuir probes are widely used to measure various plasma properties [93], and
have also previously been employed in Magnum-PSI [77, 81]. In this research, we
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used a flush-mounted Langmuir probe (LP) to estimate the plasma flux in the
target center. The surface particle flux is given by

ΓLP =
Isat

eAeff
, (5.7)

with Isat the ion saturation current, Aeff the effective collection area for ions,
and e the electron charge. A new probe-in-target system was designed, consist-
ing of a tungsten molybdenum zirconium alloy (TZM) probe pin (plasma-facing
surface diameter 1mm) that is clamped onto the multitarget holder by a TZM
clamping ring. The probe is water cooled and, during this experiment, withstood
heat fluxes up to 20MW/m2 for several tens of seconds. The probe is electri-
cally isolated from the clamping ring by a 1m-thick boron nitride plate. A boron
nitride coating electrically isolates the probe from the backplate. The probe is con-
nected to the power supply wiring by means of a ceramic-isolated metal screw.
The probe pin is facing the plasma in a 2mm-diameter hole in the clamping ring
and is mounted flush to the surface.
Due to radial electric fields from the probe under bias in combination with a fi-
nite ion Larmor radius (0.16mm at 1.8 eV , 1.2 T ), the effective collection area Aeff
exceeds its front surface area [81]. In this work, we assumed Aeff = 12.6mm2,
equal to the surface of the clamping ring hole.
The characteristic I-V curve for a given machine setting is measured by vary-
ing the probe potential Vp during exposure and measuring the corresponding
probe current Ip. Given that the probe measurements require a different target,
they were performed separately from the plasma flux measurements, at equal
machine settings. The probe potential is controlled by a bipolar power supply
with Imax = 4A. The probe potential follows a triangular waveform at 100Hz,
between −50 < Vp < 10V , generated by a function generator. An isolation ampli-
fier passes this signal to the power supply.
The probe potential is measured with respect to ground over a 1 : 11 voltage
divider. The probe current is determined by measuring the voltage over a 1Ohm-
resistor in series with the power supply. For reference, the target holder potential,
Vtar, was measured. These signals are fed to an 8-channel NI PXI-5105 analogue
to digital converter at 1MHz. For each machine setting in the experiment, ten
seconds of signal were collected, during an ITS measurement.

LP data analysis

To determine the ion saturation current, we consider the probe surface small com-
pared to the total plasma-wetted area, and employ the single probe LP character-
istics. The collected signals are split in five sections. Each section is time-averaged
by considering its I-V curve: Ip(Vb), with Vb = Vp −Vtar the relative bias poten-
tial. Following the Bohm criterion, ion collection does not depend on bias, while
the electrons do not reach the surface if it is sufficiently negatively charged. If
voltage sweeping is not feasible, for example due to setup limitations or during
transients, Isat is often assumed to equal Ip at a bias that is large compared to
eTe [81]. However, radial electric fields emanating from the probe cause increased
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radial transport and therewith an increase of Aeff. Probe-induced radial electric
fields are absent at Vb = 0, since the probe then acts as a proper surface element.
One can thus estimate Isat by performing a fit on the negative saturation branch
of the I-V curve, and extrapolating to Vb = 0. In (tokamak divertor) conditions
of shallow incidence, the Child-Langmuir sheath expansion is frequently used
[79, 94]. In the current setup under perpendicular incidence, this principle is not
applicable, and in this work, a simple linear fit was performed in the domain
Vb = −50 – − 25V . The uncertainty in Isat is given by the standard deviation
over the five sections, and propagated into ΓLP .

5.2.2.2 Thermographic heat flux estimation

The surface heat fluxes were determined by solving the 3D heat equation using
the finite element method (FEM) as described in [25]. This model requires several
inputs:

• Target geometry and thermal conductivity. The conical protruding target
was used for heat flux estimation. The FEM representation of this target is
square-shaped but has equal dimensions to the original, and TZM thermal
conductivity 104W/mK at 1000 ◦C.

• Temperatures of target front and back surfaces. The latter was measured
directly by a pt100 thermocouple inserted into the target. The peak tem-
perature of the front surface was measured using a FAR Associatesr FMPI
spectropyrometer with a viewing spot of 4 by 6mm, aligned to the plasma
center. The temperatures were either measured during steady state, or ob-
tained from an exponential fit of the heating curves during exposure.

• The heat flux profile was assumed to be Gaussian. The Full Width at Half
Maximum (FWHM) of this profile was determined by analysis of infra red
images made during the exposure.

It is noted here that qsurf is strictly not a local measurement: the FEM analysis is
sensitive to the surface temperature profile, which is obtained through infra-red
imaging. The uncertainties in determining the beam FWHM are incorporated in
the uncertainty of qsurf. The width of the plasma beam is correlated with Isrc
and thus ne, and increases from 9mm at low density to 13mm at 1.4 · 1021m−3.

5.2.3 experimental program

The main goal of the experimental work was to determine whether near-surface
p-n coupling is present in Magnum-PSI, and if so, under which conditions. Plasma
density determines the p-n interaction intensity, and is thus a key parameter to
study. In a series of experiments, ne was varied over two orders of magnitude.
This wide operational space was realised by performing three measurement se-
ries: a scan of neutral background pressure and a scan of source current during
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steady state operation, and a measurement series during pulsed operation at var-
ious capacitor bank voltages.
The lowest densities and temperatures were realised through gas puffing in the
target chamber, which increases the neutral background pressure pn. Volumetric
recombination and energy losses throughout the length of the beam then result
in reduced ne and Te near the target. At a source current of 175A and Hydrogen
source gas flow ΓH2 = 7 slm, a background pressure scan was performed, with
pn = 0.3 – 12 Pa, and ne down to 2 · 1019m−3.
In Magnum-PSI, ne is strongly correlated with source current [18]. The second
measurement series thus was a scan of source current Isrc = 145 – 200A, again
at ΓH2 = 7 slm but without target chamber gas puffing. During this current scan,
0.25 < pn < 0.45 Pa, and 2 < ne/10

20 < 14m−3. For each setting, ITS, CTS, LP,
and thermography measurements were performed.
Finally, ITS and CTS measurements were performed during pulsed operation,
which yields higher temperatures and ne up to 3.5 · 1021m−3. A capacitor bank
system is attached to the plasma source to produce high-density plasma pulses
with a duration of ∼ 1ms [95]. ITS measurements at various time points in a pulse
can be performed by setting a stroboscopic delay between plasma and laser pulse
[18]. For CTS, a fixed delay was set, thus accumulating signal over several plasma
pulses. By changing this delay as well as the capacitor bank voltage, the plasma
parameters were measured in a range of high-density plasma conditions.
All measurements were performed at B = 1.2 T . During the current and pressure
scans, parallel profiles of plasma parameters were made by incrementally mov-
ing the target holder along the magnetic field, thereby changing the laser-surface
distance d. The measurement results are presented in section 5.3.

5.3 results

In this section, the results of the in-plasma and target-surface flux measurements
from section 5.2.2.2 are presented. We start with the ITS and CTS measurements.
Figure 5.3 shows the dimensionless Mach numbersM ≡ v/cs in the parallel direc-
tion, as a function of density, during the source current scan and during plasma
pulses. It is noted that not only the density, but also Te varies between these mea-
surements: during steady state operation 0.3 < Te < 2.6 eV , while during pulses
8 < Te < 15 eV . As will be discussed in section 5.5.1, Te does affect the interac-
tion rates, especially for ionisation. Therefore, the results in figure 5.3 are shown
separately for steady state and pulsed measurements. In steady state, a strong
negative correlation is observed between M and ne. This scaling demonstrates
the presence of near-surface p-n coupling, as discussed in section 5.4.1. Axial pro-
files in the plasma center were made for several settings from the current and
pressure scans, for target-laser distances 3 6 d 6 50mm. The results are shown
in figures 5.4 and 5.5.
In the cases of low plasma pressure (corresponding to high neutral pressure,
pn = 8 and 10 Pa in figure 5.5.d), ion acceleration is observed towards the sur-
face, and attributed to pre-sheath ion acceleration through the ambipolar electric
field. With increasing plasma pressure, this acceleration disappears, and instead,
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Figure 5.3: Parallel plasma Mach numbers in Magnum-PSI, measured using CTS and ITS
at the upstream position d = 25mm from the target surface, during the
steady state source current scan as well as pulsed plasma operation.

deceleration is observed. The interpretation of these results is presented in sec-
tion 5.4.2.
The plasma flux measurements are shown in figure 5.6, as a function of upstream
plasma density. Surface measurements are shown in green, and compared to the
ITS and CTS direct measurements in the plasma, at the near-surface and upstream
positions, d = 3 and 25mm, respectively. Estimations of momentum and energy
flux loss factors, fmom ≡ (ptotu − ptotse )/ptotu and likewise fpow, are shown in
subplots e. and f., respectively. The estimations plotted purple were obtained by
direct comparison of the measurements at d = 3 and 25mm. The momentum
loss estimation, plotted red in subplot e., was obtained by solving equation 5.11

for fmom, and substituting the sheath edge values there with measurements at
d = 3mm. The estimation of fpow, plotted green in subplot f., was obtained by
comparing the surface heat flux estimation with the measurements at d = 25mm.
The interpretation of these measurements is presented in section 5.4.3.

5.4 plasma-neutral coupling in the thermalised

collisional pre-sheath

The ITS and CTS measurements presented in the previous section form a charac-
terization of the near-surface plasma in Magnum-PSI, which shows the effects of
near-surface p-n coupling. In this section, these effects are discussed. Firstly, near-
surface losses affect the plasma flow upstream, as described in subsection 5.4.1.
Secondly, the combination of p-n coupling and electron-ion thermalisation in the
near-surface region reduces the particle and heat flux into the plasma sheath. The
theory of this thermalised collisional pre-sheath and its effects are discussed in
subsection 5.4.2. Finally, the direct plasma flux measurements from ITS and CTS
are compared measurements and estimations on the target surface in subsection
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Figure 5.4: Axial profiles of plasma parameters during a source current scan in Magnum-
PSI: a. electron temperature, b. ion temperature, c. electron density, and d.
parallel ion velocity, obtained using ITS and CTS during steady state operation
at B = 1.2T , ΓH2 = 7slm, 0.25 < pn < 0.45Pa, and coloured by source
current.

5.4.3, yielding estimations of near-surface loss factors for the particle, momentum
and energy fluxes in Magnum-PSI.

5.4.1 presence of near-surface p-n coupling and upstream effects

Near-surface plasma-neutral coupling entails the transfer of momentum and en-
ergy from plasma to neutrals, and causes plasma flux losses. These losses affect
the plasma flow upstream of the interaction region. To illustrate this, we consider
the system of conservation equations for the fluxes of particles, total momentum
and convected energy:

Γ = nv (5.8a)

ptot = n(miv
2 + 2eT) (5.8b)

qconv = nv(12miv
2 + 5eT), (5.8c)

where n and T are plasma density and temperature, respectively, mi is the ion
mass and e the electron charge. Due to low temperatures . 10 eV and low impu-
rity concentrations, the effective ion charge can be assumed unity in Magnum-PSI,
i.e. ni = ne = n. Magnum-PSI generates a thermal plasma. Compared to flow

time scales, thermal equilibration is fast: τeq ≈
(
2.9 · 10−12n lnΛT−3/2e

)−1
≈

10−10 s for Coulomb logarithm lnΛ = 15, n = 5 · 1020 and Te ≈ 2 eV [see 8, eq.
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Figure 5.5: Axial profiles of plasma state parameters during a pressure scan in Magnum-
PSI: a. electron temperature, b. ion temperature, c. electron density, and d. par-
allel ion velocity, coloured by neutral background pressure. Machine settings
B and ΓH2 equal to those in figure 5.4, source current 175A.

9.52]. Thus, we can assume Te = Ti = T . This analysis considers the convective
energy flux. It can be shown that - even for the largest temperature gradients ob-
served - thermal conduction is small compared to convection, and can be omitted
here.
To obtain a particle, momentum and energy balance of the near-surface sys-
tem, the fluxes are evaluated at a position upstream of the interaction region
(denoted u), and at a downstream position: the Debye sheath edge (denoted
se). At the sheath edge, the particle flux is given by the Bohm criterion, stating
that ions enter the sheath with at least the velocity of sound: vse > cs,se, with
cs =

√
e(Te + χiTi)/mi, where Ti is ion temperature and χi the ion polytropic

coefficient. In principle, χi is a local parameter, and known to vary considerably
in the sheath region [56]. In this study, χi ≡ 1, setting a lower bound on cs. The
boundary condition vse > cs,se is matched in the so-called plasma pre-sheath.
In principle, the pre-sheath extends well into the plasma, covering the region of
ionisation and or cross-field plasma transport. This work considers near-surface
plasma-neutral interaction and its effects on pre-sheath processes. In Magnum-
PSI, this interaction occurs within ca. 15mm from the target surface, as shown in
subsection 5.4.2. The upstream position is thus set at du = 25mm.
The particle conservation equation is then given by:

Γse = nsecs,se = nuvu + Sp, (5.9)
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Figure 5.6: Plasma flux measurements in Magnum-PSI during the source current scan as
a function of upstream plasma density. The plasma flux measurements in
subplots a, b and c were obtained through equations 5.8a, 5.8b, and 5.8c, re-
spectively, using ITS and CTS measurements of ne, Te, Ti, and vi as inputs.
The dark purple and orange points correspond measurements at d = 25 and
3mm, respectively. The green data is obtained through surface diagnostics.
The red data points in plot e. represent an estimation of fmom through equa-
tion 5.11, using Te at d = 3mm for Tt.

with Sp the integral particle source between the upstream and sheath edge posi-
tions. The corresponding momentum conservation equation reads:

nu

(
miv

2
u + 2eTu

)
(1− fmom) = nse

(
mic

2
se + 2eTse

)
, (5.10)

with fmom ≡ (ptotu − ptotse )/ptotu the momentum loss factor. It is noted that at
the sheath edge, kinetic pressure equals static pressure, i.e. mic2s,se = 2eTse. For
vu < cs,se, the pre-sheath entails a conversion of static to kinetic pressure, that
is, plasma acceleration. To evaluate the effect of p-n interaction on plasma flow,
equations 5.9 and 5.10 can be solved for vu. In absence of any source terms
(Sp = 0, fmom = 0 and Tse = Tu), one obtains the trivial solution: vu = cs,u.
Therefore, vu < cs,u implies the presence of at least one non-zero source term
between du and the surface. In Magnum-PSI steady state operation, the particle
source can be considered small, as is shown in sections 5.4.2 and 5.4.3. Combining
equation 5.10 with the boundary condition Γse = nsecs,se, one can obtain an
alternative expression for the particle flux [16]:

Γse =

√
2e

mi

(1− fmom)ptotu
4e
√
Tse

. (5.11)
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This equation shows that for a given upstream pressure, momentum losses act to
reduce the particle flux, while energy losses (Tse < Tu) have the opposite effect.
Figure 5.3 shows the measured upstream Mach numbers in Magnum-PSI during
the current scan and plasma pulses. During the current scan, Mu < 0.5, and
a clear correlation is observed between ne and Mu: the denser the plasma, the
slower it flows. These measurements thus indicate that near-surface plasma-neutral
interaction is present in Magnum-PSI, and that it scales with density during
steady state operation.
In pulsed operation, the plasma is almost completely stagnant: M < 0.1. Follow-
ing equation 5.11, this implies very strong momentum losses. During pulses, the
plasma is in the ionizing regime, with Te = 8− 15 eV . Particle flux is then not
conserved.Nevertheless, strong momentum and energy losses can be expected in
this regime, as is explained in section 5.5.1. Although M is very low in these
conditions, it does not show a strong dependence on ne. A possible explanation,
assuming that plasma equilibration is fast compared to pulse duration, is that if
the plasma were to stagnate completely, the surface recombination source would
also dry up. In practice, an equilibrium is found between all available processes,
leading to a small, but non-zero flow velocity upstream.

5.4.2 axial profiles show thermalised collisional pre-sheath

We now study the near-target region in more detail. The axial profiles show var-
ious effects of p-n coupling and give insight in the governing processes of the
plasma pre-sheath. The main observations in the axial profiles of figures 5.4 and
5.5 concern the plasma temperature and plasma velocity.
We first consider the plasma temperature. The ion and electron temperatures are
in good agreement with the assumption of thermal equilibration (Te = Te) in this
domain. Furthermore, the temperature is found to decrease towards the surface:
during the current scan (fig. 5.4), the cooling amounts to 25− 29%, within 15mm
from the surface. The axial temperature gradient increases towards the surface,
indicating that this is a near-surface effect. Energy lost to the plasma is gained
by the neutrals. These measurements therefore demonstrate the presence of near-
surface p-n coupling. In the background pressure scan (fig. 5.5), plasma cooling is
observed as well, but the effect decreases with pn and disappears for the highest
background pressures 8 and 10 Pa. High background pressures yield high p-n in-
teraction rates over the length of the beam, resulting in reduced plasma pressure
in the target region. Low plasma pressure (particularly low ne) implies low p-n
interaction rates, which corresponds well to the observations described above.
Now, the axial velocity profiles of the pressure scan (fig. 5.5.d) are considered.
At high pn, plasma acceleration is observed. This acceleration can be attributed
to the pre-sheath ambipolar electric field, further discussed below. With increas-
ing plasma pressure (decreasing pn), plasma acceleration is subdued, and even
turned into deceleration. Within errorbars, the reductions in velocity correspond
to increases in density, showing that particle flux is conserved in this spatial do-
main and operation window of Magnum-PSI. This assertion is underlined by LP



5.4 plasma-neutral coupling in the thermalised collisional pre-sheath 69

measurements, as discussed in section 5.4.3.

Thermalised collisional pre-sheath

Both plasma cooling and deceleration depend on density, leading to the distinc-
tion of two plasma-surface interaction (PSI) regimes: with and without the pres-
ence of p-n coupling. These regimes follow the same plasma physics: ambipolar
particle flux towards the wall, regulated by the Debye sheath. Due to the high
mobility of electrons, the wall is negatively charged. This charge is provided
by plasma electrons, resulting in a positive space charge in the sheath and pre-
sheath. This space charge gives rise to the ambipolar electric field, as described
by the Poisson equation, see e.g. Stangeby [8, p.72]. The ambipolar field acceler-
ates plasma ions towards the sound velocity. In section 5.4.1, we considered this
pre-sheath acceleration from the viewpoint of pressure conversion (static to ki-
netic pressure). Here, the perspective of electric potential is considered. The total
potential difference required to reach Mse = 1 is defined as the pre-sheath poten-
tial difference, Vpre. The sheath potential energy is ultimately provided by the
electrons, as is reflected in the electron Boltzmann factor relation:

nse

nu
= e

−Vpre

eTe . (5.12)

In absence of ion-neutral friction, one can find that Vpre = ln (2) eTe [8, eq. 1.53].
In this regime called the collisionless pre-sheath, the ions freely accelerate in
the ambipolar field, and the relation between electric potential and ion kinetic
energy is fixed. The presence of plasma-neutral interaction introduces the colli-
sional pre-sheath regime: ion-neutral friction increases the electric field required
for acceleration and therewith increases Vpre. Following equation 5.12, this leads
to a reduction of Mu, analogous to the results discussed in section 5.4.1. In the
collisional pre-sheath, Vpre depends on the amount of interaction, but holds a
fixed relation with the density drop. This effect was quantified by Stangeby [27],
for isothermal conditions.
In Magnum-PSI however, near-surface electron cooling is observed. This is at-
tributed to ion-neutral energy transfer, i.e. p-n coupling, combined with electron-
ion thermal equilibration. In these conditions, the Boltzmann factor relation is
adapted: Te becomes Te(z). The relation between electric potential and electron
density is thus no longer fixed. Pre-sheath deceleration is then possible for suf-
ficiently high temperature gradients. This explains the deceleration observed at
high plasma pressures. The ambipolar field is still present, but in the presence
of p-n coupling-induced friction and cooling, it is not large enough to keep the
acceleration going. Electron cooling simply reduces the energy available for accel-
eration. Nevertheless, pressure conversion towards sonic flow at the sheath edge
boundary is continuous: even with deceleration present, M was never observed
to decrease towards the surface. In dense thermal plasmas, near-surface collisions
affect the pre-sheath processes, with additional effects due to e-i thermal equili-
bration. Therefore, we call this the thermalised collisional pre-sheath.
In conclusion, near-surface pre-sheath processes are governed by the momentum
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and energy losses that arise in p-n coupling: ion-neutral friction causes a reduc-
tion of particle flux (for fixed upstream pressure), while plasma cooling reduces
cs,se, and therewith the sheath-transmitted plasma flux onto the wall. The interac-
tion intensity is determined in turn by the plasma fluxes. Finally, the near-surface
system entails a web of processes, and in itself is only a link in the chain of plasma
edge physics.
We briefly examine the shape of the parallel density profiles once more. Assum-
ing nv = const., these are equivalent to the corresponding velocity profiles, albeit
with smaller uncertainties. Considering the parallel density profiles in figures 5.4
and 5.5, the acceleration region first emerges close to the surface, and expands
into the plasma with the reduction of upstream pressure. This is in good agree-
ment with the ambipolar field being strongest near the surface. Below d = 3mm,
further acceleration is thus still expected, although further cooling is possible as
well. Together, these processes satisfy the boundary condition Mse = 1. The next
section of this paper focusses on the effect of p-n coupling on the PFC loads.
These loss factors finally determine the fractions of incident energy flowing into
the kinetic Debye sheath, or into the neutral gas.

5.4.3 measured flux loss factors

The flux losses corresponding to p-n coupling are now quantified. The in-plasma
and surface flux measurements during the current scan are shown in figure 5.6,
as a function of density. By comparing measurements at the upstream and near-
surface positions, and those on the target surface, the near-surface loss factors are
assessed.

Particle flux

In line with an almost linearly decreasing velocity (fig. 5.6.d), the rise of particle
flux is reduced with ne. The Langmuir probe shows the same trend, even de-
creasing for ne > 1021m−3.
In this operation domain, no significant differences are found between the parti-
cle fluxes at 25 and 3mm. The Langmuir probe estimations ΓLP are plotted with
measured plasma fluxes in plots a. and d. The uncertainty in the effective probe
collection area introduces a systematic error. However, by performing a reference
measurement after each new setting, the probe sensitivity was confirmed to be
constant throughout the current scan. Although there is a small systematic de-
viation between the probe and CTS velocity estimation, recognised as a constant
difference in plot d, their scaling with density is in good agreement. The LP mea-
surements therefore confirm the conservation of particle flux in the near-target
region.
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Heat flux

The total heat flux carried by the plasma is shown in plot c. and estimated as
follows:

qtotp = qconv + qcond + Γ
(
Eion + EH2

)
. (5.13)

Here, qcond is the conduction heat flux, which -given the relatively small temper-
ature gradients- can be assumed to be small compared to convection. The third
term represents heat released through surface processes, with Eion = 13.6 eV
for recombination and EH2

= 2.2 eV for H2-recombination, and assumes all Hy-
drogen is recombined at the surface for simplicity. These results are compared
with the total surface heat flux on the target surface, qsurf, in fig. 5.6.c and f.
While qtotp follows Γ and ranges from 8 up to 23MW/m2, qsurf shows a much
smaller increase, from 13 to 17MW/m2. The corresponding power loss factor
fpow = qtotp /qsurf, shown in fig. 5.6.f, increases significantly with density, espe-
cially below 1021m−3. A possible explanation for the relatively large qsurf at low
density, is the following: at low source currents, radial electric fields cause a cur-
rent to flow through the target, adding to the total dissipated heat [20]. Neverthe-
less, the power loss factor increases significantly with density, up to fpow ≈ 25%.
We also note here that the total surface heat flux qsurf includes neutral heating.
The actual plasma power loss factor is larger than fpow calculated here.
The directly observed convection losses between d = 25 and 3mm amount to
10− 20%, without a significant correlation with density up to ne = 8 · 1020m−3.
It is noted that the power losses occur mostly within 3mm from the target sur-
face, and can only partly be probed by direct plasma measurements.

Momentum flux

The total plasma pressure shows a linear dependence on density, with a slope of
∼ 60 Pa/1020m−3 (figure 5.6.b). This is reasonable, since static pressure nee(Te +
Ti) is dominant at low M. A direct momentum loss of 10− 30% is observed be-
tween d = 25 and 3mm, with no significant correlation to ne. The total momen-
tum loss factor is estimated using equation 5.11, which can be solved for fmom
if Γse, ptotu , and Tse are known. Since the near-surface particle flux was found to
be conserved in steady state operation, we set Γse = Γu. Figure 5.6.b shows the
direct measurements of ptotu , but Tse is difficult to obtain experimentally. We use
the closest alternative instead: Te,3mm. Given the consistent cooling towards the
target, we expect Te,3mm > Tse. This estimation thus provides a lower bound for
fmom. The results are shown in figure 5.6.e, and at ne = 8 · 1020m−3, provide a
lower bound fmom > 50%.

5.5 processes of p-n coupling

In the previous section, it was shown that near-surface p-n coupling is present
in Magnum-PSI, and its effects were assessed. We now consider the physical pro-
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cesses that drive this phenomenon. These include plasma-neutral interactions
(discussed in section 5.5.1), but also the interaction with the wall itself (section
5.5.2).

5.5.1 interaction mean free paths

Three p-n interactions are considered: recombination, ionisation and Charge Ex-
change (CX), with corresponding collision rates from the AMJUEL database [47],
equations 2.1.8, 2.2.9, and 3.1.8, respectively. The mean free path for these col-
lisions gives an indication of their relevant length scale and, compared to the
dimensions of the plasma and interaction region, whether they can significantly
affect the near-surface plasma. is given by λmfp = vrel

〈σvrel〉ne
, with 〈σvrel〉 the

collision rate and vrel the relative velocity between the colliding particles. The
ionisation and recombination rates depend on ne and Te, and vrel = vp was
used, representing the typical flow velocity of a moving ion or neutral particle.
The CX rate is a function of Te and relative kinetic energy, therefore vrel = cs was
used in this case, representing the opposite velocities of ions and neutrals. Using
near-surface ITS and CTS measurements of ne, Te, Ti, and vp as inputs, the paths
λmfp for these collisions were estimated for each device setting in this study. The
results are plotted as a function of ne in figure 5.7.
The span of plasma radii rp during these experiments is also shown, for com-
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Figure 5.7: Mean free paths for CX, ionisation and recombination as a function of plasma
density, for the device settings described in section 5.2.2.2. For ionisation and
recombination, the flow velocity was assumed to equal the parallel plasma
velocity, while for CX, the velocity of sound was used as relative velocity.

parison. For λmfp < rp, the interaction can be expected to be present in the
near-surface region. The estimations in figure 5.7 are in good agreement with the
ITS and CTS measurements discussed in section 5.4.1. At low densities, λmfp � rp
for all reactions, the plasma is transparent to neutrals. These points correspond
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to the 8 and 10 Pa cases shown in figure 5.5, where electron cooling was indeed
absent and pre-sheath acceleration was observed. On the other end of the domain
are the plasma pulses. With Te = 8− 15 eV and ne up to 3 · 1021m−3, these plas-
mas exhibit high rate coefficients for ionisation as well as CX. The corresponding
mean free paths are orders of magnitude below rp, especially for ionisation. In-
deed, the upstream plasma is almost completely stagnated during these pulses,
which indicates strong near-surface p-n coupling. In steady state exposure, Te
and ne are lower, and the mean free paths for recombination as well as ionisation
are much larger than rp. For CX, however, λmfp,CX < rp for ne > 2 · 1020m−3

and scales inversely with ne. This corresponds well to the negative correlation of
Mu with ne as reported in figure 5.3: the lower λmfp, the higher the total mo-
mentum loss per surface-recombined neutral particle. Therefore, CX is marked
the dominant near-surface p-n interaction process in steady state operation of
Magnum-PSI.

5.5.2 neutral flux amplification

Next to volumetric interaction, the PFC surface itself also plays a role in the near-
surface coupling of plasma and neutral parameters. To illustrate this, we follow
a surface-recombined neutral on its way out of the plasma.
For λmfp,CX < rp, the average neutral will exchange its charge, momentum and
energy with a plasma particle before leaving the interaction zone. The correspond-
ing plasma particle is neutralised. Dissipation of its energy commences through
radiation, cross-field diffusion, or at the PFC surface. The latter route leads to a
cycle of p-n interaction followed by surface relaxation. A particle can go through
a number of interaction cycles before leaving the interaction region, thereby mul-
tiplying its contribution to p-n coupling with a factor K, previously described as
the neutral flux amplification factor [16, 29], and also described in [27]. The av-
erage value of K depends on the near-surface system as a whole, with the main
parameters being Te, ne, and the residence time of outwards diffusion surface-
recombined neutrals. This process strongly increases the near-surface neutral den-
sity and interaction intensity, and is therefore proposed as the main driver of
near-surface p-n coupling in Magnum-PSI during steady state operation. These
processes underline the results described in section 5.4: a large fraction of the
plasma momentum and energy flux is diverted and dissipated through neutrals,
instead of flowing into the plasma sheath.

5.6 discussion and implications for iter

Although no direct measurements of neutral parameters were performed, the
plasma flux measurements presented in this work demonstrate the presence of
p-n coupling in the near-target region of Magnum-PSI. The effects of p-n coupling
were observed for ne > 2 · 1020m−3. A comparison of interaction mean free paths
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and the plasma radius, in section 5.5.1, indicates a similar density domain for p-n
coupling to be present. Plasma-surface interaction is thus governed by the ther-
malised collisional pre-sheath in the majority of Magnum-PSI’s operation domain,
and expectedly in other dense thermal plasmas as well. The primary result is that
in these conditions, a significant fraction of incident power is dissipated through
neutrals, greatly reducing the sheath-transmitted PFC loads.
The impact on PFC loads is significant, and amounts to fmom > 50% and
fpow > 20% (still including surface heating by neutrals) for ne > 8 · 1020m−3.
The directly measured momentum loss factors down to d = 3mm are smaller
than those from equation 5.11. Possibly, a significant fraction of p-n losses occur
within 3mm from the surface. This is especially plausible at high density: for
ne > 1021m−3, λCX 6 1mm. P-n coupling directly affects the PFC loads, but
has other consequences as well. We mention three:

1. Equilibration with the upstream plasma. Near-surface p-n coupling is very
localised, but also affects the plasma flow upstream, and thus the SOL(and
tokamak) plasma as a whole. In tokamak divertors, it is therefore important
to assess its possible contributions to the onset of divertor detachment.

2. Power transfer to neutrals increases the neutral pressure and neutral energy
dissipation, by diffusion or radiation. The PFC heat load is thus not only
reduced in magnitude, but also shifted from sheath-accelerated ion bom-
bardment and plasma electron heating to gaseous conduction.

3. Near-surface plasma cooling reduces Tse. This leads to a lower Debye sheath
potential, and reduces the ion impact energy and sputtering yields.

5.6.1 comparison to iter conditions

After reading that near-surface p-n coupling is relevant to PFC loads in Magnum-
PSI, one might wonder how this translates to other devices. We have indicated
three parameters of main importance to the presence of p-n coupling: Te, ne,
and the residence time of surface-recombined neutrals in the interaction region.
This work has shown that density is a factor of major importance: effects of p-n
coupling are present and increasing in intensity for ne > 2 · 1020m−3, but not
observed for ne 6 4 · 1019m−3. Therefore, p-n coupling effects are not expected
to be very significant in contemporary divertor tokamaks, where the density is
usually in the order of magnitude 1019m−3. In the ITER divertor, densities in the
1021m−3 range are expected during high-recycling and detached operation sce-
narios [15] and therefore, some form of near-target p-n coupling is expected. The
ITER divertor conditions differ from Magnum-PSI generally in three ways:
Firstly, higher plasma temperature: ranging from a few to a few tens of eV be-
tween the (partially) detached and attached operation scenario’s. In these condi-
tions, near-surface ionisation becomes dominant. The presented measurements
during plasma pulses, performed at Te = 8 − 15 eV , show an almost complete
stagnation: M < 0.1 (fig. 5.3), implying strong momentum losses. Based on the
overlap in plasma temperatures between these experiments and the ITER divertor
conditions, strong momentum losses are possibly present in ITER as well.
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Secondly, lower plasma flow velocity. Magnum-PSI is a high-flux plasma gener-
ator with fluxes ca. 5− 20 times those in ITER (inferred from [15, fig. 6]). This is
realised by a relatively large plasma flow velocity, i.e. Magnum-PSI is operated
in a convective transport regime. The ITER divertor plasma, on the other hand, is
mostly conductive, with a particle balance sustained by SOLionisation. The parti-
cle fluxes in ITER are lower than in Magnum-PSI, as is the surface recombination
neutral source. However, p-n coupling and the corresponding flux losses depend
on the amount of interaction per incident particle. A lower plasma velocity in-
creases the ion transit time of the interaction region, and if anything, this is ex-
pected to increase the interaction rates and corresponding losses.
Thirdly, different system geometry. These experiments were performed with per-
pendicular incidence, while the ITER divertor operates under shallow incidence.
The angle of incidence has been found to play an important role to p-n interaction
in the divertor region [34]. Under perpendicular incidence, surface-recombined
neutrals are generally reflected back into the plasma, while under shallow inci-
dence, they are diverted away. Depending on the energy of reflected neutrals, the
deflection angle reduces the residence time of surface-recombined neutrals, pos-
sibly resulting in lower near-surface losses.
In summary, the differences mentioned above do not exclude nor prescribe the
presence of near-surface p-n coupling in the ITER divertor. Working out the ex-
pected effects of these differences is a topic of future study. Nevertheless, it is
possible that p-n coupling will be present in ITER. Given its significant impact on
plasma-surface interaction, its effects should be adequately addressed in future
PSI and SOLstudies.

5.6.2 integration of near-target p-n coupling in sol models

The near-target plasma is a multi-faceted system; it is an equilibrium of many
properties, processes and interactions that determines the loss factors fmom and
fpow. Current finite-element SOLmodels are well developed [33] and in principle
able to describe the near-surface system as part of the global SOLor linear plasma
beam. These models contain the relevant physics and collision data, which in-
cludes not only atomic collisions, but also molecular effects, kinetic neutrals and
the angular and energetic distributions of reflected particles. These processes and
properties are part of the near-surface system and affect the resulting loss fac-
tors. In principle, SOLmodels are thus well-suited to include near-surface p-n cou-
pling implicitly. However, p-n coupling processes are very localised, and result in
strong gradients of plasma and neutral parameters near the surface. In particular,
many relevant reaction rates depend strongly on Te, and Te is strongly affected
by p-n coupling as well. Therefore, Te is a key parameter in this system, and
should be properly resolved in finite-element SOLmodels. We also note that the
boundary value, Ts,se , does not only play a key role in the Debye sheath, but is
also regarded an important parameter to SOLphysics in general, as stated in ref-
erences [29, 54], and proposed as an indicator for divertor detachment [16]. This
parameter is at risk of being ill-defined in finite-element models with a coarse
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grid near the target. To properly resolve p-n coupling, the near-target parallel
grid size, d‖, should adhere

d‖ 6 λmfp, (5.14)

with λmfp the neutral mean free path for p-n interaction in general, including
elastic as well as inelastic collisions. For Magnum-PSI in steady state operation,
CX is the limiting factor, which sets the requirement d‖ 6 λCX ∼ 1mm. In ITER,
ionisation will be dominant, which potentially brings d‖ below 10−4m.
For very short collision length scales, two issues arise. Firstly, for λmfp smaller
than the Debye sheath dimensions, the sheath becomes collisional, and the SOLmodel
boundary condition has to be fundamentally adapted. Under shallow incidence,
collisionality in the magnetic pre-sheath should also be accounted for. Secondly,
a fine grid comes with a computational cost. This issue can be averted by includ-
ing p-n coupling explicitly. For example, one could set up a global model that
estimates flux loss factors as a function of near-surface plasma parameters. This
model could serve as a boundary condition to the SOLmodel, and can also be
used to compute PFC loads, through the sheath as well as neutral dissipation.
Such a model can be formulated analytically, which inherently requires certain
simplifications, but could possibly results in a flexible tool. Alternatively, a p-n
coupling model can be obtained through parametrization of dedicated finite ele-
ment or particle-in-cell modelling of the near-surface region.
In conclusion, this study confirms that near-target p-n coupling is present in
Magnum-PSI, and facilitates substantial momentum and energy losses within a
few mm from the target surface. In this thermalised collisional pre-sheath, sub-
stantial amounts of pressure and energy are diverted from the sheath-transmitted
plasma flux, into neutral gas. These processes affect PFC loads as well as the up-
stream plasma flow, and can possibly play a role in the onset of divertor detach-
ment in present or future fusion devices.
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introduction

In dense thermal plasmas, the region in direct vicinity of the plasma-facing sur-
faces becomes a hotspot for plasma-neutral interaction. This was demonstrated in
the experiments presented in chapters 4 and 5 of this thesis. Plasma cooling and
reduced velocities were observed near the plasma target, and attributed to the
presence of near-surface plasma-neutral coupling (p-n coupling). When the interac-
tion mean free path of surface-recombined neutral particles is smaller than the
plasma radius, the exchange of momentum and energy between the plasma and
neutral populations is increased. The neutral particles carry part of the plasma
fluxes onto the wall, thus realising a regime of neutral-mediated plasma-wall in-
teraction (n-PWI). Experimental estimations of the resulting near-surface plasma
flux losses in Magnum-PSI yielded lower bounds fmom > 50% and fpow > 20%
of the upstream values for momentum and energy, respectively. The lower bound
for fmom originates in the fact that the final 3mm of plasma flow were not
covered in the measurements, while the interaction is strongest there. Moreover,
these measurements did not reveal much on the neutral side of the plasma-
neutral interaction.

In this chapter, these points are addressed through a different method of re-
search: plasma modelling. Two different modelling methods are considered. Firstly,
a simple global model of p-n coupling is formulated in section 6.1. As discussed
in [16] and originally in [29], the enhanced plasma-neutral transfer of momen-
tum and energy can be described through the mechanism of neutral flux ampli-
fication. This mechanism is implemented in the global model and used to esti-
mate the near-surface flux transfer factors in the operation space of Magnum-PSI.
Therewith, the model provides a simple scaling for the emergence of a neutral-
mediated PWI.

If p-n coupling affects the PWI in Magnum-PSI, similar effects can be expected
in high-density scrape-off layer (SOL) plasmas. It is therefore interesting to also
apply a method most frequently used in SOL research: finite element model (FEM)
simulations. In section 6.2, the near-surface region is investigated using B2.5-
Eunomia, a FEM code similar to SOLPS-ITER [33], and developed specifically for
high-density linear plasmas [35]. Recent B2.5-Eunomia simulations have indeed
shown that the region in front of the plasma target sees enhanced momentum loss,
with CX as the dominant interaction process [37]. Strong near-surface momentum
losses have also been observed in previous SOL simulations [29]. In the present
work, we focus on the near-surface region, specifically assessing the dependence
of p-n coupling on plasma density.

77
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With the concentration of p-n coupling within a few mm from the surface, care
should be taken to adequately resolve this region. For instance, the simulations
of [29] were performed on a relatively coarse grid with near-surface grid size of
at least several mm. In chapter 5, a condition for the near-surface grid size was
proposed: < 1mm for Magnum-PSI, and even smaller for
ITER. That requirement is now put to the test in a grid density scan for Magnum-
PSI, reported in section 6.2.3.

6.1 global model of neutral-mediated plasma-
wall interaction

In this section, a global model of near-surface plasma-neutral interaction is pre-
sented. The purpose of this model is to illuminate the mechanism of neutral
flux amplification, and to show how this brings about a neutral-mediated PWI
in Magnum-PSI’s high-density plasma conditions. The mechanism is applied to
estimate the momentum and energy flux transfer from plasma to neutrals in the
near-surface interaction region due to elastic collisions, in particular charge ex-
change (CX).

The setup of this model is similar to the well-known and frequently used two-
point model of the scrape-off layer [8, 29, 96]. Just like the two-point model, the
present global model considers the conservation equations for the plasma parti-
cle, momentum and energy fluxes. But, instead of evaluating these fluxes at two
points – usually the sheath entrance, denoted ’t’ for target, and SOL midplane po-
sition, denoted ’u’ for upstream – the present global model considers two regions,
each with constant plasma parameters. Firstly, there is the near-surface interac-
tion region, also denoted ’t’, which stretches from the sheath entrance into the
plasma, as far as surface-recombined neutrals reach before a colliding or leaving
the plasma perpendicular to the magnetic field. Secondly, there is the upstream
region, denoted ’u’, where the p-n interaction rates are low or dominated by ex-
ternal particles. A schematic depiction of the upstream and interaction regions,
and the process of neutral-mediated plasma-wall interaction (n-PWI) is shown in
figure 6.1. The near-surface interaction region, denoted ’t’, has constant plasma
state parameters density nt, temperature Tt (assuming Ti = Te), and plasma ve-
locity vt, and corresponding plasma flux densities for particles Γt, momentum
ptott , and convected energy qconft . Because the near-surface region is adjacent
to the plasma sheath, the flow velocity is set to vt = cs,t ≡

√
2kBTt/mi. These

fluxes and interactions are considered for a pure hydrogen plasma and atomic
hydrogen.

6.1.1 neutral flux amplification

At the basis of this estimation is the mechanism of neutral flux amplification, as
described by Stangeby [16], and originally introduced by Kotov and Reiter [29].
When a surface-recombined neutral particle encounters an ion, an interaction
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Figure 6.1: Schematic depiction of the near-surface interaction region (denoted ’t’), the up-
stream region (’u’), and neutral-mediated plasma-wall interaction. A surface-
recombined neutral particle (blue arrow) in the plasma center interacts with
an incoming ion (red arrow) through charge exchange (CX). The cycle of ex-
change and surface deposition (yellow) continues multiple times before a neu-
tral leaves the interaction region. Consequently, a major part of the surface
power deposition is carried by neutral particles.

can occur. The rate coefficients depend for the various interactions depend on
the local properties of the plasma and neutral particles. The present model only
considers elastic collisions, and in particular charge exchange (CX), which is the
interaction with highest rate coefficients for steady state operation conditions in
Magnum-PSI, see figure 2.2. As an electron is transferred between particles, an
CX event entails an exchange of momentum and energy between the plasma and
neutral populations. The plasma flow is directed towards the wall, therefore the
new neutral particle carries momentum towards the wall, as shown in figure 6.1.
While the ion trajectory before CX is determined by gyromotion (indicated by
vertical arrows in figure 6.1, its trajectory after CX contains a net perpendicular
velocity component as well. After depositing its momentum and energy there,
the particle returns, either to leave the plasma region, or to interact once more.
Depending on the conditions, especially the plasma density and perpendicular
plasma dimensions, such a cycle of momentum exchange and surface deposition
can occur several times per incident ion, before a particle leaves the interaction
region. Thereby, the neutral particle flux onto the wall is multiplied, with a so-
called neutral flux amplification factor K.
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The longer a particle resides in the interaction region, the more cycles it can
complete before leaving. Therefore, K is here defined as the ratio of the confine-
ment time of recombined neutrals in the interaction region τconf, and the typical
cycle duration τcyc:

K ≡ τconf
τcyc

. (6.1)

The derivation of K is given in appendix A. For a cylindrical plasma in Magnum-
PSI with a constant diffusion coefficientD, the diffusion confinement time τconf =
r2p
4D .

As discussed in appendix A.1, the diffusion coefficient is determined by the
neutral scattering collisions present, including neutral-neutral collisions, CX, and
collisions with the surface. All three have collisions rates that scale with density.
For simplicity, only neutral-neutral collisions were taken into account here to cal-
culate D, assuming a diffusion pressure equal to the near-target plasma pressure.
The cycle duration is given by the collision time for CX, plus the average time
required to return to the surface. In the present work, the neutral particles are
assumed to be thermalised with the surface at 1200K, i. e. the neutral parallel ki-
netic energy is En = 0.1 eV . It is noted that the energy reflection coefficients for
hydrogen on heavy wall materials like tungsten or molybdenum are in fact sig-
nificant, but not for lower for impact energies . 1 eV , due to the surface binding
potential [97]. As will be shown, the ion and neutral impact energies are indeed
that low in the n-PWI. The neutral temperature Tn however, is set to a higher value
Tn = 0.7Tt, to account for the p-n coupling energy transfer a priori.

For the assumptions described here, K is given by:

K = 1.63 · 10−22
〈σv〉

1+
√
En/Tt

r2pn
2
tT

−0.75
t , (6.2)

Although simplified in several aspects, this formula provides a scaling for the
near-surface plasma-neutral interaction. The broader, denser, and cooler the plasma,
the larger the number of interaction cycles per incident particle, and the larger
the fraction of the PWI that is mediated by neutral particles.

6.1.2 flux loss estimations in magnum-psi operation space

Once K is known, the transfer terms can be calculated, as described in appendix
A.2. In short, if there are K effective collisions per particle, each with momentum
transfer δp, the loss term for the momentum flux density is given by Smom =

−ΓtKδp, and likewise for the power loss term Spow. For known flux densities
and loss terms in the near-target region, the corresponding upstream flux densi-
ties are also known. One can then determine the flux transfer factors in relation
to the upstream fluxes, fmom = −Smom/p

tot
u and fpow = −Spow/q

conf
u for

momentum and energy, respectively, see section A.2. Given the model input pa-
rameters nt, Tt, rp, and En, the system of plasma flux conservation equations
can be solved for the upstream plasma parameters nu, Tu, and vu. Since these
upstream parameters are the ones that can be measured in practice, it makes
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sense to map the results from a series of calculations onto a grid of nu and Tu.
The other input parameters were set to rp = 7mm, and En = 0.1 eV , as discussed
in appendix A.3, with inclusion of a small sensitivity study.
The results are shown in figure 6.2. The transfer factors reflect the scaling of equa-
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Figure 6.2: Global model predictions of transfer factors for the plasma momentum and
energy fluxes, fmom and fpow, as a function of upstream temperature and
density. The Magnum-PSI operation domain in steady state is shaded green.
The rate coefficients used are not valid for Tt < 0.1eV , this region is shaded
grey.

tion 6.2: the calculated flux transfer is increased mainly with increasing density
and, to lesser extent, with decreasing temperature. Within the Magnum-PSI steady
state operation space, a striking transition is indicated, from negligible p-n inter-
action, up to fmom = 91%, and fpow = 78%, corresponding to K = 12.4, at the
far end of the domain, nu = 14.0 · 1020m−3 and Tu = 1.8 eV .

It is noted here, that global model is simplified in several aspects: only CX is
considered, confinement is assumed to be purely due to neutral diffusion, and the
spatial aspects are expressed in a single parameter rp. Nevertheless, the global
model indicates that a neutral-mediated PWI emerges for sufficiently high densi-
ties.

inclusion of ionisation In principle, inelastic collisions can be added to
the model. In particular, ionisation would be required for Te & 5 eV and pres-
sures larger than those studied here. Analogous to the elastic p-n coupling studied
here, the ionisation rate scales with ne and nn, and can be expected to bring the
well-known process of plasma recycling [8] to the near-surface region. An initial
study on the plasma deposition under such conditions was presented in [98]. A
mechanistic approach with inclusion of power limitation [30] in the near-surface
region could help to make additional steps forward.
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6.1.3 reduction of upstream flow velocity

A further output of the global model is the upstream plasma velocity, vu. The
upstream Mach numbers are shown in figure 6.3. The Mach number Mu follows
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Figure 6.3: Predicted upstream Mach numbers Mu, as a function of nu and Tu, corre-
sponding to the results in figure 6.2. Magnum-PSI steady state operation space
is marked green.

the trend of figure 6.2, with values of approaching unity at low density, down
below 0.2 for the highest densities. Mu follows from the plasma conservation
equations. For low friction and transfer terms, the plasma fluxes are conserved.
In contrast to the often used ’frictionless pre-sheath assumption’ Mu = 0.5, this
yieldsMu = 1. At higher densities, plasma-neutral friction and momentum trans-
fer is increased, leading to lower flow velocities upstream. The observed trend is
in good qualitative agreement with the velocity measurements of chapter 5 (see
figure 5.3), showing that this simple model, based on the mechanism of neutral
flux amplification, captures the high-density PWI relatively well. Therefore, this
model – or an adapted version with further validation – can serve as a rule of
thumb for future experiments. When measurements of the upstream density and
temperature are available, e. g. as measured by incoherent Thomson scattering at
a few cm from the target surface, one can thus estimate the corresponding flow
velocity and particle flux, a key parameter in plasma-material interaction studies.

6.2 plasma-neutral coupling in b2 .5-eunomia

Finite element modelling (FEM) simulations are frequently used in SOL research,
for analysis [29, 30, 34] and validation studies [19, 48, 99], and have even under-
lined the physics basics of the ITER divertor design and operation scenarios [14,
15]. One of the most advanced codes for SOL modelling is SOLPS-ITER [33].
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B2.5-Eunomia is a similar code suite, that was developed for modelling high-
density linear plasmas [35, 36]. Magnum-PSI and its predecessor Pilot-PSI exhibit
a relatively high neutral particle density near the plasma source. The mean free
paths of these neutrals is small enough to interact with the plasma, but large
enough to see changing plasma conditions between collisions, and hence, a ki-
netic description of the neutral species is required to simulate these plasmas. For
this purpose, the Eunomia code was developed [100], and coupled to the well-
established fluid plasma code B2 [101] to obtain the code B2.5-Eunomia [35]. This
code has since been employed for quantitative comparison with experimental
measurements [36], as well as physics studies regarding collisional processes and
plasma detachment in Magnum-PSI [37, 102].

Recent simulations with B2.5-Eunomia have shown that the region in front of
the plasma target indeed sees enhanced momentum loss, with CX as the dom-
inant interaction process. In this section, the near-surface region is studied in
more detail, to show the role of the neutral particles in p-n coupling, and simulate
the emergence of n-PWI with increasing plasma density. In particular, a plasma
pressure scan is presented in section 6.2.2, followed by a scan of grid density in
section 6.2.3. The simulation setup is described in section 6.2.1, with reference to
the supporting material in appendix B.

6.2.1 setup : simulating the near-surface region

The multi-species fluid plasma code B2.5 solves the continuity equations for par-
ticles, momentum, and energy on a two-dimensional grid with rotational sym-
metry. Eunomia is a kinetic Monte Carlo simulation code for neutral particles of
various species, in this case hydrogen atoms and molecules (with subspecies for
vibrationally excited states) and is computed on a 3D grid of tetrahedral cells,
which are averaged over the symmetry direction into a triangular grid. The cou-
pling of these codes occurs through the source terms: collisions in Eunomia draw
ion and electron properties from the B2.5 background, and return the resulting
source terms for the plasma species to B2.5. A complete description of B2.5 is
provided in [103], and [35, 100] can be referenced for a description of Eunomia.
In this work, we follow the recent setup of B2.5-Eunomia as described in [36, 37,
104]. The specifics of the present implementation, including the simulation grids,
boundary conditions, and collision parameters, are given in appendix B.1.

6.2.2 plasma pressure scan

As found in the experimental work of chapter 5 and the global model calculations,
the plasma density, and for constant T , the plasma pressure is a key parameter for
the emergence of p-n coupling in Magnum-PSI. A pressure scan is now presented
in B2.5-Eunomia, with the TS measurements of chapter 5 as reference. Four cases
were simulated, each with increasing upstream density and pressure. The com-
plete simulation setup and basic output is given in appendix B.2. The simulation
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Figure 6.4: Comparison of static pressures of plasma (left) and neutrals (right) in simu-
lation case A. White arrows indicate the local flow direction, and their length
the flow velocity. Axial profiles in the plasma center are shown in the bot-
tom graph. The plasma pressure drop of 85% is compensated by a neutral
pressure rise, keeping the total pressure almost constant.

outputs for density and temperature are relatively constant along the beam (see
figure B.2), but show strong variations in the near-surface region. In figure B.3,
a local temperature imbalance is found near the surface, and can be associated
with the ion energy losses in p-n coupling.

plasma-neutral pressure balance The presence of p-n coupling becomes
clear in the comparison of the plasma and neutral pressures. These are shown for
the high pressure case A in figure 6.4. The strong plasma pressure drop is in
good correspondence with the experimental observations in chapter 5: a lower
bound for momentum flux transfers was found at 50% in high-density condi-
tions, and here, 85% static pressure loss is measured on axis. Near the surface,
the neutral population reaches a remarkably high pressure over 350 Pa, three or-
ders of magnitude more than the neutral background pressure in the vessel. As
discussed in section 6.1, the total pressure is indeed found to be almost constant
along the magnetic field. In fact, this pressure connection is what constitutes the
neutral-mediated plasma-wall interaction. While the neutrals are not bound by
the magnetic field, plasma-neutral interaction and coupling act to confine the
neutrals in the plasma region. This is reflected by the low neutral velocities un-
der the plasma beam, indicated by the shorter arrows. In view of the complete
SOL, the phenomenon of neutral confinement is sometimes referred to as ’neutral
plugging’, and considered an essential aspect of divertor detachment [15, 34, 105].
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Figure 6.5: Comparison of static pressures of plasma (left) and neutrals (right) in simu-
lation case D, with properties equal to figure 6.4. The neutral pressure is still
highest near the surface, but the total pressure is not conserved; this case is
less influenced by p-n coupling.

Neutral plugging is incited by shaping the SOL or divertor baffles. We now find
that in high-density conditions, neutral plugging also occurs due to the plasma
pressure itself!

For comparison, the pressure balance of low-density case D is considered in
figure 6.5. With pressure and flux about ten times lower than in case A, the p-n
interaction rates in case D are much lower as well, i. e. p-n coupling is not as strong.
This is reflected in a smaller plasma pressure drop, and in the flow pattern of
neutral particles.

In a final note, we return to case A, where the neutral pressure exceeds the
plasma pressure within the last mm before the wall. The temperature of surface-
recombined neutrals is – in these simulations – given by the surface temperature
of 1200K, and was indeed found to be below 0.5 eV in the interaction region. In
correspondence, neutral densities up to 1022m−3 are observed, which is an order
of magnitude above the local plasma density. Taken together, it is only reasonable
to expect strong losses of the plasma momentum and energy fluxes in this region.

flux transfer factors We now continue to estimate the effects of p-n coupling
on the plasma fluxes. On-axis plots of the main plasma parameters and plasma
flux densities are shown in figure B.4. A comparison with the axial profiles mea-
sured in Magnum-PSI, chapter 5, is also given there. Qualitatively, the simulated
and experimental axial profiles are in good correspondence. The main features
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observed experimentally, namely the onset of near-surface electron cooling and
plasma stagnation, are retrieved in the simulations. In complement to the neu-
tral plugging described above, plasma deceleration under constant flux can be
referred to as ’plasma plugging’, a description also found in Stangeby [52]. To
answer "the inevitable tendency wish to ascribe a single, simple explanation to
[. . . ] divertor detachment", he states in this article that plasma plugging due to
ion-neutral friction might be called the "explanation of detachment". Therewith,
p-n coupling entails plugging of both the ions and neutral particles; it is a self-
enhancing process!

The resulting flux transfer factors are shown in figure 6.6. With an energy loss
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Figure 6.6: Flux transfer factors versus upstream static pressure for particles, momentum,
and energy, over the last 15mm of plasma flow, averaged over 0 < r <

2mm, with standard deviation from averaging. For reference, case labels are
annotated.

above 80%, case A sees hardly any plasma power reaching the sheath entrance.
Momentum loss is even higher at 93%, which translates in a lower flow velocity,
as shown in figure B.4. It is noted here that the used version of B2.5-Eunomia
was recently found to slightly overestimate elastic collision rates. Therefore, these
results are indicative, and the actual losses are lower. Nevertheless, most of the
incoming momentum and energy is carried onto the wall by the neutrals. As
such, it can be concluded that a neutral-mediated plasma-wall interaction (n-PWI)
occurs in dense plasmas like those in Magnum-PSI.

6.2.3 grid density scan

In order to study the effect of the near-surface grid density ρgrid on the simu-
lation behaviour, the simulation of case A was repeated on four different grids,
with varying grid density. The setup and methods are described in appendix B.3.
The axial plasma profiles for each of these simulations are also shown there, in
figure B.5. With increasing grid size dgrid, the near-surface region is less and less
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resolved, and the features of p-n coupling are lost. Moreover, numerical instabilities
are observed for dgrid > 1mm.

The corresponding near-surface transfer factors are shown in figure 6.7. With
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Figure 6.7: Flux loss factors versus grid density, under equal boundary conditions of case
A. Calculation analogous to figure 6.6.

increasing grid size, the loss factors go down, especially for momentum and en-
ergy. At 66 and 27%, respectively, the values for the coarsest grid #5 are far off
from the 93 and 84% with the finest grid #1. This shows that modelling with
coarse grids is at risk of missing important physics aspects of the PWI.

Within margin of error, the two finest grids produce similar output, and are
considered of sufficient grid density to capture the n-PWI in case A. At this point,
a reservation should be made on the finest grid #1. Finer grids require a smaller
time step to prevent numerical instabilities. The simulations presented here were
all performed with the same time step, based on good performance for the sim-
ulations on grid #2. For the coarser grids, the time step is thus adequate, but for
grid #1, it would be helpful to perform additional simulations with different time
steps. Nevertheless, we can conclude that a near-surface grid size dgrid . 0.5mm
is required to accurately model the PWI in B2.5-Eunomia simulations of steady
state operation in Magnum-PSI.

6.2.4 neutral flux amplification in b2 .5-eunomia

Following the definition used in [16, 29], the neutral flux amplification factor can
also be estimated from the B2.5-Eunomia results. A simple method of estimation
is provided in the appendixB.4, based on the one-way Maxwellian flux for neu-
tral particles and the sonic ion flux, estimated from the data in the final row of
elements before the sheath. These values can be compared to the output of the
global model for input parameters nu and Tu from the simulations. The results
are shown in figure B.6. The two methods show a similar trend, with the B2.5-
Eunomia estimation for high density case A at KB2 = 8.7± 1.3 against K = 6.0
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for the global model. Noting that both methods cannot be considered fully ac-
curate, the difference can be explained by the fact that KB2 includes all particles
that hit the wall, irrespective of carried momentum. The global model K, on the
other hand, describes the number of units of CX-exchanged momentum carried
to the wall per incident particle. Elastic collisions lead to a larger number of par-
ticles, each carrying a smaller amount momentum smaller than what was gained
through CX, leading to a larger KB2.

6.3 discussion and conclusions

The effects of near-surface p-n interaction have now been studied through two dif-
ferent modelling methods, and for both it can be concluded that in high-density
operation conditions of Magnum-PSI, the major part of the plasma momentum
and heat fluxes is carried to the wall by neutral particles.

The global model adequately captures this behaviour with the mechanism of
neutral flux amplification. It provides a simple scaling for the onset of n-PWI in the
elastic collision regime: Smom,pow ∝ r2pn2t . Although it is noted that the model is
simplified and the estimations not necessarily accurate, the output transfer terms
and K are in good correspondence with the outputs of B2.5-Eunomia, while the
corresponding upstream velocities agree well with the experimental results of
chapter 5. The global model thus provides a simple analytic method to estimate
flux transfer factors as well as upstream plasma flow velocity vu, with the up-
stream parameters nu and Tu as input. This model could thus be used to obtain
an indication of the plasma flow velocity (and therewith particle and convected
heat flux), and the fraction of this heat flux that is transferred to neutral particles,
with e. g. a TS measurement of ne and Te as input. Such information could be
valuable in the preparation and interpretation of future experiments in Magnum-
PSI and other high-density linear plasma devices.

Moreover, the global model provides a possible extension to other two-point
models. In addition to the SOL physics implemented there, one could replace
the sheath boundary with an n-PWI model, calculating the fraction of neutral-
mediated heat, and yielding a new boundary condition for the entrance to the
near-surface interaction region: Mt̃ < 1. For tokamak SOLs, the angle of incidence
is of importance, however, as discussed below.

The simulations in B2.5-Eunomia clearly demonstrate the presence of p-n coupling
and emergence of n-PWI. In particular, it was shown that the friction between the
incoming plasma and surface-recombined neutrals leads to a coupling of their
pressures. Such friction is sometimes described as plasma or neutral particle plug-
ging. For sufficiently high density, both occur in the near-surface region, indepen-
dent of the global geometry of the plasma chamber! The coupling is expected
to depend on the angle of incidence however, and is highest for perpendicular
incidence as studied here. Regarding the generally low incidence in tokamak di-
vertors, this dependence is an important direction of future study.
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Building on the previous work using B2.5-Eunomia, the importance of near-
surface grid density is underlined, and for Magnum-PSI, a near-surface grid size
. 0.5mm is required. The recent works by Korving show that high grid densities
can indeed be reached. Following the first indications of this work, for ITER in
moderately high power conditions, a significant fraction of the surface heat load
is indeed carried by neutral particles. Therewith, the neutral-mediated plasma-
wall interaction is shown to contribute to mitigation of the surface heat loads in
present and future devices for nuclear fusion.
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abstract

For thermionic emission rates exceeding the incident plasma electron flux, recent
theory proposes an inverse sheath regime, with promising properties for future
application in fusion edge plasmas. With the aim of inducing thermionic emis-
sion in fusion-relevant plasma conditions, several lanthanum hexaboride probes
were heated in the linear plasma generator Magnum-PSI.
During exposures at low plasma power and additional pulsed laser heating, the
probe’s floating potential was reduced by up to 12%, providing a possible indi-
cation of thermionic emission. However, these observations coincided with rapid
erosion of probe material, attributed to enhanced lanthanum self-sputtering. Dur-
ing follow-up experiments with helium plasmas at electron temperatures around
1 eV , the lanthanum ion impact energy and sputtering yield were reduced, and
rapid erosion was avoided, thus confirming the thesis of self-sputtering.
A parameter scan of plasma power resulted in LaB6 surface temperatures up to
2450 °C, exceeding the theoretical inverse sheath threshold temperature by over
300 °C. However, the probe’s floating potential did not deviate from reference
measurements using a probe with high electronic work function, indicating ab-
sence of strong thermionic emission. This apparent discrepancy is attributed to
the effects of probe surface modifications as observed during these experiments:
impurity deposition, erosion and cavity formation. These modifications possibly
affected the LaB6 electronic work function, thereby keeping the inverse sheath
threshold out of reach.
In conclusion, although LaB6 has one of the lowest work functions available, the
inverse sheath threshold conditions could not be reached with the present setup
in Magnum-PSI. Surface modifications thus do form a limiting factor for the ap-
plication of LaB6 in fusion-relevant plasma conditions. Moreover, the window of
stable operation for LaB6 in dense hydrogen plasmas is limited below ∼ 1.5 eV ,
and does not overlap with the conditions expected in the edge region of future
fusion devices like ITER.
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7.1 introduction

In the development of magnetically confined fusion (MCF) devices, mitigation
of heat fluxes in the plasma exhaust is one of the main challenges. Thermionic
emission of electrons from hot plasma-facing component (PFC) surfaces affects
the potential distribution of the plasma sheath, and thereby the particle and heat
loads onto the wall. Spontaneous thermionic emission is expected to occur in
high-power tokamaks during transient melting of mis-aligned divertor tiles [106],
as has been studied through experiments [107, 108] and modeling [109], and plays
a role in the behavior of dust particles in fusion plasmas [110, 111]. In absence of
electron emission, the difference between the wall and plasma potentials (Vw and
Vp, respectively), is negative: Vs = Vw−Vp < 0. By emission of electrons from an
electrically floating surface, the sheath potential difference |Vs| is reduced, and a
larger fraction of plasma electrons is transmitted. Under constant plasma density
and temperature, this results in an increased PFC heat load. When the emission
exceeds the incident electron flux, a potential dip is formed, that reflects part
of the emitted electrons back to the surface. Theory states that under such condi-
tions - and in presence of plasma-neutral collisions near the surface - a new sheath
regime is reached: the inverse sheath [40]. In this regime, the sheath potential is
positive: plasma electrons are attracted to the wall while ions are repelled, i.e. ion
acceleration is absent, and the ion impact energy strongly reduced. Moreover, the
near-surface plasma is cooled to sub-eV temperatures [41]. If present in a toka-
mak divertor, this behaviour could very well be beneficial to plasma heat load
mitigation [61], and first modeling studies on this topic have been performed
[112]. Past experiments on the linear plasma generator NAGDIS-I have shown
that thermionic emission does indeed affect the sheath potential difference Vs, as
well as the received heat flux [113]. However, existence of the inverse regime has
not yet been demonstrated in practice.
This work aims at creating the conditions for the inverse sheath under fusion-
relevant plasma conditions in the linear plasma generator Magnum-PSI. Employ-
ing a cascaded arc plasma source and a superconducting magnet, Magnum-PSI
generates plasmas with conditions similar to those in the ITER divertor in high-
recycling or detached plasma operation [18], with high electron density up to
1021m−3 and low temperature < 5eV . A three stage differential vacuum pump-
ing system ensures low neutral background pressures in the target chamber,
down to 0.2 Pa, dominated by recombination of the plasma beam. Lanthanum
hexaboride (LaB6) probes were embedded in the plasma target under perpen-
dicular incidence, and heated by plasma exposure and laser pulses in order to
induce thermionic emission. LaB6 is frequently used in plasma applications for
its low electronic work function (Wf) and consequently high emission currents,
in combination with a high melting point and good vacuum properties [114].
As explained further in section 7.2, the emission rate increases with surface tem-
perature Ts, until it exceeds the plasma electron flux and the theoretical threshold
to the inverse sheath regime is reached. The corresponding threshold tempera-
ture Tcr thus depends on plasma conditions. In order to find a window into the
inverse regime in Magnum-PSI, two experimental approaches were taken. In the
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first approach, the LaB6 probes were exposed to relatively low plasma fluxes with
additional surface heating by laser pulses. This heating method allows more mod-
erate plasma conditions at Tcr, as well as independent control of Ts and plasma
conditions. In the second approach, a thermally isolated probe pin was heated
by steady state plasma exposure only, thus reaching surface temperatures up to
2450 °C. During exposure, the plasma parameters and probe floating potential
were measured. For comparison, reference measurements were performed using
probes made of molybdenum and tungsten molybdenum zirconium alloy (TZM).
These materials have significantly higher work functions (Wf > 4eV), and should
not exhibit thermionic effects under the present experimental conditions.
The theory and threshold conditions of the inverse sheath regime are introduced
in section 7.2. The experimental setup and the two approaches towards the in-
verse sheath threshold are presented in section 7.3. The measurement results are
shown and discussed in section 7.4, respectively, followed by a summary of con-
clusions.

7.2 theory : threshold to the inverse sheath

regime

On an electrically floating plasma-facing surface, positive and negative particle
fluxes are equal:

Γ+ = Γ− − Γem, (7.1)

with Γ+and Γ− the incident fluxes for ions and electrons, respectively, and Γem
the total electron emission flux. The uninhibited one-way Maxwellian electron
flux is given by:

ΓeMax = 0.25nse

√
8kBTe

πme
, (7.2)

with Te, e, and me the electron temperature, charge and mass, respectively. Due
to the relative difference in mass, ions move much slower than electrons at equal
temperature. In absence of thermionic emission, the ambipolar particle flux to-
wards the surface is given by the Bohm criterion: Γ+ = Γ− = nsecs,se, with
nse plasma density and cs,se ≡

√
kB(Te + Ti)/mi the ion velocity of sound at

the sheath edge (denoted se), with Ti and mi the ion temperature and mass,
respectively. An electric potential drop Vs between plasma and surface shields
the wall from the plasma influx of electrons: Γ− = ΓeMaxe

eVs/kBTe . Noting that
Γem = γsecΓ

− + Γth, with γsec the factor of secondary electron emission, equa-
tion 7.1 can be rearranged to evaluate the Debye sheath potential difference:

eVs

kBTe
= ln

[
Γ+ + Γth

ΓeMax(1− γsec)

]
. (7.3)

With increasing Γem, |Vs| is reduced, allowing more electrons to reach the wall.
For Γem > Γ−, a space charge barrier is formed near the surface that limits the net
release of electrons. Under the assumption that the ambipolar ion flux remains
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present, this results in a potential dip: the so-called virtual cathode layer [115].
Recent theory states that Γ+ = 0 also yields a valid solution [40, 59]. This leads
to formation of the so-called inverse sheath, where Γ− = ΓeMax, and the sheath
potential difference is positive: Vs = Vw − Vp > 0. The total electron emission
flux Γemis defined as Γem = Γth +γsecΓ

−, with Γth the thermionic emission flux,
given by the Richardson-Duschmann equation [116]:

eΓth = AeffT
2
s e

−eWf
kBTs , (7.4)

with Aeff = 6.0 · 105Am−2K−2 the effective Richardson constant [106], Wf the
electronic work function of the PFC surface, and Ts the surface temperature. Com-
bining equations 7.1-7.4 in the inverse sheath condition and including secondary
emission, one can formulate a threshold criterion for the inverse sheath regime:

Γth(Ts = Tcr) = Γ
e
Max(1− γsec) − Γ

+, (7.5)

with Tcr the threshold temperature, depending on the PFC material (mainly its
electronic work function Wf), as well as plasma parameters (as ΓeMax ∝ ne

√
Te).

With the aim of finding a practically achievable way towards the inverse sheath
threshold, two experimental methods were developed, and described in the fol-
lowing section 7.3.

7.3 experimental work : inducing thermionic emis-
sion in magnum-psi

The main goal of this research is to find and realise a practically achievable win-
dow of operation for the inverse regime, in fusion-relevant plasma conditions.
For this purpose, a series of experiments was performed in the high-flux linear
plasma generator Magnum-PSI, able to reach plasma densities from 1019 up to
over 1021m−3 with Te . 5 eV , typically 2 eV , in steady state operation [18]. Fol-
lowing equation 7.5, the inverse regime threshold condition provides the required
emission flux for given plasma parameters, or vice versa: for a given thermionic
flux, the threshold can be reached up to a certain plasma flux. For instance, using
tungsten, a high-performance PFC material with Wf = 4.55 eV [116], at relatively
low plasma pressure Magnum-PSI conditions ne = 1020m−3 and Te = 2 eV ,
yields Tcr ≈ 3340 °C, close to its melting point. Although transient tungsten melt-
ing is possible in high-power tokamaks [106], radiative cooling is very efficient
at these temperatures as well. The inverse sheath threshold is thus out of reach
for steady state experiments with tungsten in Magnum-PSI. To bring down Tcr, a
different PFC material was used: lanthanum hexaboride (LaB6). This is a ceramic
with one of the highest thermionic yields available, while retaining material prop-
erties suitable for use in plasma applications. However, the work function of a
LaB6 surface depends on many factors, amongst others crystal lattice orientation
and surface composition. Past measurements on polycrystalline LaB6 in presence
of molybdenum yieldedWf = 2.7 eV [117]. Following equation 7.5, this translates
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Figure 7.1: Overview of the setups used for plasma exposure and heating of LaB6 probes
in Magnum-PSI. The plasma beam and ITS laser beamline are shown schemat-
ically. For plasma heating only (a.), a 25mm elongated probe pin was used,
as shown inserted into the TZM clamping ring and surrounded by a TZM
radiation shield. With additional laser heating (b.), a shorter 9mm probe
was mounted flush with clamping ring, shown here before insertion. Equally
shaped probes made from TZM and molybdenum were used for reference
measurements.

to threshold temperatures around 2000 °C in the aforementioned lower pressure
range of Magnum-PSI’s operation window.
In this work, several LaB6 probes were exposed to the plasma beam and heated to
emissive temperatures. The LaB6 probes were designed and produced in-house,
using 99.5% pure LaB6 that was powder-pressed at 87.8± 0.9% of the theoretical
crystalline LaB6 density. The probes were installed on the plasma target holder
using a TZM clamping ring, and held electrically floating by use of a boron nitride
ring and boron nitride spray. Two experimental approaches were developed for
heating the probe’s plasma-facing surface, as further described in sections 7.3.1
and 7.3.2. The setups for the two methods are shown in figure 7.1.
Before describing the two setups and experimental programs in more detail,

the general experimental setup and diagnostics are discussed here. During expo-
sure, various plasma and surface properties were measured. The electron density
and temperature (ne and Te, respectively) were measured using the incoherent
Thomson scattering (ITS) diagnostic [72]. In order to maximise the ITS sensitivity
to the surface processes, the laser-target distance was minimised, with laser stray
light as the main limitation. A physical mask was placed in the ITS spectrome-
ter for stray light mitigation, as described in [89], enabling measurements with
laser-target distances between 4 and 10mm. The probe floating potential Vf was
measured using an 8-channel analogue-to-digital converter at a sampling rate of
100 kHz, along with the potential of clamping ring and target holder. The sur-
face temperature was measured with a spectropyrometer as well as using a fast
infrared camera during the pulsed heating experiments. The spectropyrometer
measures a surface emission spectrum in the wavelength domain 1.1–1.7µm, and
calculates the surface temperature as a weighted average of the ratio pyrometer
formula, evaluated for many different wavelength pairs, including a tolerance in
Ts [118]. Optical emissivity is a free parameter in the spectropyrometer analy-
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sis routine; it is assumed to be a linear function of wavelength, and determined
through minimization of tolerance. Accross the pyrometer fibre viewing spot, di-
ameter 4 by 6mm, the emissivity is assumed constant. Wien’s approximation
[119] is used to calculate emission intensities for each of the wavelength pairs.
This introduces a systematic error that correlates positively with temperature,
negatively with wavelength, and amounts to an underestimation of ∼ 25 °C at
2000 °C. Pyrometer measurements in this work are corrected analytically for this
error.

7.3.1 pulsed laser heating

In the first experimental approach, a flush-mounted probe was exposed to plas-
mas in the low density domain of Magnum-PSI, and additionally heated using a
Nd-YAG pulsed laser at 1064nm. The hydrogen exposures discussed here were
performed at fixed machine settings: magnetic field B = 0.6 T , source current
Isrc = 100A, and hydrogen gas flow of 3.5 slm. The resulting plasma parame-
ters, ne ≈ 2 · 1019m−3 and Te ≈ 3 eV , correspond to a relatively low inverse
sheath threshold temperature Tcr ≈ 1850 °C. The plasma power at these settings
would not suffice to bring the probe to Tcr, and therefore, additional laser heating
was applied. The peak surface temperature was thus controlled - independent of
machine settings - by varying laser power and pulse frequency. Laser pulse dura-
tion was fixed at 1ms. This is long compared to the typical plasma transit time
of 10−4 s, and plasma equilibration is assumed during measurements. In order
to measure during peak surface temperature, the diagnostics were synchronised
with the end of the laser pulse. For the spectropyrometer, synchronization was
not possible. A fast infrared (IR) camera was used instead and synchronised to the
end of the laser pulses. Through calibration exposures at surface temperatures in
the range 600− 1500 °C, an IR emissivity curve was created for both the LaB6 and
molybdenum probes.
LaB6 is hard but brittle, and in order to cope with the strain of thermal shock dur-
ing laser pulses, the flush-mounted probe designed for these experiments had a
thickness of 9mm and probe pin diameter 4mm, as shown in figure 7.1.b. A
pure Molybdenum (Wf ≈ 4.5 eV [120]) probe was used for reference measure-
ments during this campaign.
A second round of experiments with laser pulses was performed in helium plas-
mas at lower temperatures Te ≈ 1 eV , with B = 0.7− 0.8 T , Isrc = 120A, 9 slm
Helium gas flow, and probe pin diameter 6mm. The results of these experiments
are presented and discussed in section 7.4.1.

7.3.2 plasma power scan

The second approach to the inverse sheath threshold employed plasma heating
only. The surface temperature was now controlled through plasma power. With
the aim of maximizing Ts under steady state plasma exposure, a protruding
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probe-in-target was designed. Plasma targets in Magnum-PSI are water-cooled
through a copper backplate, and the 1D heat transfer coefficient is thus reduced
by increasing the target thickness. For Ts & 1500 °C however, radiative cooling
becomes the dominant heat loss mechanism, limiting Ts. Through a 1D power
balance of heat conduction, plasma power, and radiation, the probe’s surface tem-
perature could be estimated as a function of its length, width and plasma power.
One can thus calculate the plasma power required to reach the theoretical inverse
sheath threshold temperature for certain probe dimensions. Including only radi-
ation from the front, the calculated threshold temperature Ts = Tcr = 2020 °C is
reached at qp = 2.2MW/m2 for a probe pin of length 31mm. Adding radiation
from the side of the probe pin, Tcr = 2190 °C at qp = 5.8MW/m2, probe length
20mm and width 6mm. The probe pin was placed inside a TZM tube to reduce
radiative cooling. Taking this reduced radiation loss into account, the probe pin
length was set to 25mm with diameter 6mm, as shown in figure 7.1.a. Following
the power balance estimation, this would correspond to a theoretical threshold
around 2100 °C at a plasma power between 2 and 5MWm−2. To further reduce
the heat transfer coefficient, the probe pin was narrowed from 6 to 4mm starting
2mm from the plasma-facing side, as can be seen on the picture in figure 7.6.a.
An equally shaped probe was constructed out of TZM, with an electronic work
function reported at 4.3 eV [121].
These probes were exposed to hydrogen plasmas with varying heat loads. Specifi-
cally, the neutral background pressure in the target chamber of the vacuum vessel
was varied at fixed machine settings. Two such pressure scans were performed:
one at B = 1.0 T , Isrc = 150A and ΓH2 = 5 slm, and another at B = 1.2 T ,
Isrc = 140A and ΓH2 = 5 slm. The measurements taken during these exposures
are presented in section 7.4.2.

7.4 results and discussion

7.4.1 self-sputtering during pulsed heating

We now describe the results of the experiments with pulsed laser heating. The ITS
and IR measurements were successfully synchronised with the end of the laser
pulse. The recorded signals of the probe floating potential during ITS measure-
ments were averaged over laser pulses, to obtain an average potential time trace.
Time traces for an example measurement are shown in figure 7.2, and demon-
strate that the LaB6 probe potential is indeed affected by the laser pulse. Figure
7.3 shows ITS and probe measurements for fixed machine settings (B = 0.6 T ,
Isrc = 100A, and ΓH2 = 3.5 slm), but varying surface temperature (as a result
of adapting laser power and frequency). With the LaB6 probe, peak surface tem-
peratures reached between < 600 °C (no laser) up to almost 1300 °C (with 360V
pulses at 60Hz). Subplot 7.3.c confirms the correlation between Ts and floating
potential: Vf is reduced by up to 12% at Ts ≈ 1300 °C. Using the molybdenum
probe, significantly higher surface temperatures were reached, > 1750 °C, but the
variation of Vf remained within measurement noise except for three cases (not
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Figure 7.2: Time traces of laser intensity and LaB6 floating potential under plasma expo-
sure at B = 0.6T , Isrc = 100A, and hydrogen gas flow of 3.5slm. The
laser was operated at 60Hz at a potential of 360V . Time traces are aver-
aged over 600 pulses of 1ms, of which samples are shown in grey. The probe
potential does follow the laser pulse in the rising phase, but has a longer
time constant back to the base level, which indicates the observed effect is not
caused by laser light directly.

shown in figure 7.3), wherein it accounted for a relative decrease up to 5%.
Given that these experiments only differ in probe material, the potential excur-
sions form a possible indication for the presence of thermionic electron emission.
However, the estimated thermionic emission flux still falls well below the ion
saturation current, let alone the incident electron flux: Γth < 2 · 10−3ΓeMax at
Ts = 1300 °C. For the reference measurements with Ts = 1800 °C, this ratio is
about two orders of magnitude lower. Therefore, it is likely that other effects also
play a role in the LaB6 probe potential variation, in particular, the presence of
ionised lanthanum.
Along with the increasing probe potential, another striking phenomenon was ob-
served. Above 1200 °C, the temperature excursion of the LaB6 probe was found to
become insensitive to laser pulse intensity, limiting Ts to ∼ 1300 °C. IR images dur-
ing these exposures show a locally and temporally evolving surface morphology.
The corresponding ITS spectra show large amounts of line radiation, correspond-
ing well with several La-II lines around 532nm. The relative intensity of this line
radiation is shown in figure 7.3.d, and indicates the presence of lanthanum ions
in the plasma. Along with line emission and probe potential, the plasma density
(subplot a.) was also found to increase, by up to a factor three. Together, these ob-
servations demonstrate rapid erosion of LaB6, corroborated by a 1mm reduction
of probe thickness during exposure, as measured post mortem.
The presence of rapid erosion is attributed to runaway lanthanum self-sputtering.
This hypothesis is underlined by the presence of three ingredients:
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Figure 7.3: Thomson scattering and probe measurement results for the LaB6 (purple)
and molybdenum (blue) probes under hydrogen plasma exposure at gas flow
3.5slm, B = 0.6T , Isrc = 100A, for various combinations of laser power
and pulse frequency, as a function the IR estimation of peak surface tempera-
ture. A. and b. show plasma density and temperature, respectively, c. shows
the relative reduction of Vf during pulses with respect to its base level (as
shown in figure 7.2, and d. shows the lanthanum emission intensity on the ITS
spectra. The increased lanthanum emission and decoupling between Ts and
laser power around Ts = 1250 °C correlate with increased density and Vf,
and indicate rapid erosion of LaB6.

1. Evaporation. Self-sputtering requires a seed amount of La in the plasma
volume. Although the initial evaporation rate is not exactly known and de-
pends on several aspects (as discussed in section 7.4.2), it is plausible that
the process is triggered by spontaneous thermal evaporation.

2. Ionization. Lanthanum has a relatively low ionization energy of 5.58 eV
[122]. Once present in the plasma, a significant fraction of the atoms is
ionised and restrained from gaseous radial diffusion.

3. Ion acceleration. Momentum exchange between these newly created La+
ions and the main ion species drags the lanthanum along to high velocities.
In case of hydrogen, plasma ions reach velocities of 10 − 20 km/s at the
Debye sheath edge. For lanthanum, this translates to impact energies in the
order of a hundred electron volts.
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Figure 7.4: Bohdansky yield factors for lanthanum ions on lanthanum (blue) and boron
(orange) lattice atoms in LaB6, as a function of ion impact velocity. Follow-
ing the Bohm criterion of sonic velocity at the sheath entrance, and assuming
full plasma drag of ionised lanthanum, the impact velocity is equal to the
plasma sound velocity. The ranges of sonic velocities reached during pulsed
and steady state experiments are marked and shaded purple and grey, respec-
tively. The yield Y > 1 is found only during H2 pulsed operation, in good
correspondence with the observations of rapid erosion.

Depending on the plasma, impurity, and material properties, the impact energy
can pass the threshold for lanthanum sputtering from LaB6, or even reach a sput-
tering yield Y > 1. In the latter case, efficient ionization and plasma drag can
bring the effective lanthanum erosion yield above unity, thereby triggering a run-
away process. It is noted that ionization and acceleration of lanthanum particles
does take energy and momentum from the plasma, eventually limiting the effec-
tive erosion rate. Momentum loss also causes plasma deceleration, as discussed
in [123]. The spectacular density increases observed (figure 7.3.a) can thus be par-
tially caused by transfer of plasma momentum to lanthanum ions. Returning to
the observed variations in probe floating potential (figure 7.3.c), the presence of
lanthanum ions might also have a contribution. For example, with the plasma
conditions, the plasma potential might change as well. A more direct effect of
lanthanum ions is that they increase the mean ion mass of the plasma, and there-
with, according to equation 7.3, reducing |Vs|.
To estimate when sputtering occurs, the Bohdansky sputtering yield was calcu-
lated [124]:

Y = 6.4 · 10−3mrγ5/3E1/4
(
1− Eth

E

)7/2
, (7.6)

with γ =
4mrmp

(mr+mp)2
,mr andmp the recoil and proton masses, respectively, E the

incident energy and Eth = Usb
γ(1−γ) the threshold energy for sputtering with Usb

the surface binding energy for the sputtered particles. The surface binding energy
on LaB6 is 8.4 eV for lanthanum and 6.4 eV for boron. Sputtering yields were cal-
culated for La-La and La-B, and are shown in figure 7.4. Due to the equal mass
of colliding particles, energy transfer is more efficient for self sputtering, and
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the yield is highest for La-La. During pulsed operation in hydrogen, the La-La
sputtering yield was close to or above unity, assuming sonic velocity. Therefore,
it is plausible that enhanced lanthanum self-sputtering occurred once an initial
lanthanum population was present in the plasma, created by increased thermal
evaporation above 1200 °C.
One method to avoid runaway self sputtering is to limit the ion impact energy.
This was done in a second round of experiments, using helium plasma at lower
temperatures (0.4− 1.2 eV). In these experiments, the surface temperature limit
around 1300 °C was absent, and the LaB6 probe could be heated up to approx-
imately 1700 °C. Moreover, the laser damage threshold was increased from 40

to 200MW/m2. No lanthanum emission was observed on the ITS spectra, apart
from a few laser damage events at the highest laser powers. That is, no rapid
erosion was observed during helium exposure. With estimated Bohdansky yields
below unity (shown in figure 7.4), these experiments confirm the hypothesis of
self-sputtering. We can thus conclude that enhanced lanthanum self sputtering
on LaB6 surfaces occurs in hydrogen plasmas with sonic velocity ' 17 km/s and
sufficient ion drag.
During helium exposure, the probe’s floating potential was still affected by the
laser. While the laser spot now only covered ∼ 25% of the probe surface, laser
heating increased Vfloat by up to 5%. At Ts = 1700 °C, Γth/ΓeMax ≈ 5% for poly-
crystalline LaB6 in the present plasma conditions (ne ≈ 2 · 1020m−3, Te ≈ 1 eV).
Although separation from other surface-related processes remains a challenge,
thermionic emission is a possible explanation for the observed potential varia-
tion.

7.4.2 surface modifications during plasma power scan

During steady state exposure of the elongated probe, the probe surface temper-
ature was varied through a scan of plasma power. The temperatures and cor-
responding floating potentials are shown in figure 7.5, as a function of ΓeMax.
Up to ca. 2000 °C, the surface temperature (fig. 7.5.a) scales linearly with ΓeMax,
as expected. At low power, the LaB6 probe surface is hotter than the TZM sur-
face, caused by the lower thermal conductivity of LaB6. At high temperatures,
radiative cooling from the front and side of the probe becomes dominant, moder-
ating Ts. Figure 7.5.a also shows the calculated threshold temperature (equation
7.5) for LaB6. The measured LaB6 surface temperatures exceed this threshold for
ΓeMax > 3 · 10

25m−2s−1, by up to 350 °C.
The floating potentials Vfloat of the probes and target holder are shown in fig-
ure 7.5.b. The probe potential is lower than the target holder potential in all mea-
surements, differing by about 8V . This can be explained by the radial potential
profiles in Magnum-PSI. Due to Te peaking in the plasma center, |Vs| generally
decreases with radius. Moreover, radial variations of plasma potential can be
present [44]. In conducting targets, these effects drive radial currents through the
target. In isolating targets, the floating potential varies with radius [81], as is ob-
served also in this study, where isolated probes are used.
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Figure 7.5: Measurement results for LaB6 and TZM probes during a plasma power scan,
as a function of the unperturbed Maxwellian electron flux. Plot a. shows
the spectropyrometer measurements of surface temperature, and an estima-
tion of the threshold temperature for the inverse regime in purple, with
Wf = 2.7± 0.2eV and 0 < γSEE < 0.5. Plot b. shows the floating po-
tential of probe and target holder, against ground. While Ts does exceed the
theoretical temperature for LaB6 by over 300 °C, the probe measurements do
not indicate that significant thermionic emission is present during this exper-
iment.

We first consider the reference measurements. During the plasma power scan,
both ne and Te are increased, the latter varying from 0.4 up to 1.2 eV . This corre-
sponds to a larger Debye sheath potential difference, and lower Vfloat, by approx-
imately 3V . However, both the TZM probe and target holder potentials increase
with approximately 7V over the power scan. It is noted that the plasma power
scan is realised by changing the neutral background pressure. With lower neutral
pressure, the plasma reaches further into the target chamber, possibly leading to
changes in parallel and perpendicular conductivity and therewith, plasma poten-
tial.
Now comparing the TZM and LaB6 measurements, the target holder potentials
are found to be similar, which implies that the plasma conditions during these
two measurement series are similar as well. A more striking result is that, within
margin of error, also the probe potentials for TZM and LaB6 are equal through-
out the power scan. Especially at high plasma power, thermionic emission would
be expected for the LaB6 probe. At ΓeMax = 6 · 1025m−2s−1, the LaB6 probe ex-
ceeds the theoretical threshold temperature for the inverse sheath regime by up to
350 °C, yielding Γth ≈ 1.7 · 1026 = 2.8ΓeMax. With TZM (Wf = 4.3 eV) at the same
temperature, the emission flux is much lower: Γth ≈ 1.4 · 1023 = 2 · 10−3ΓeMax.
With a Debye sheath potential drop around −3V at these settings, thermionic
emission could change Vfloat by a few volts. These measurements thus do not
provide significant indications of thermionic emission, let alone presence of the
inverse regime.
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6 mm

Figure 7.6: LaB6 probe pin after hydrogen plasma exposure with Ts up to 2450 °C. The
side view of the probe (left) shows the various stages of surface modification
encountered with increasing temperature, following its temperature gradient
from cold (bottom) to hot (top): impurity deposition (black surface), evap-
oration (transition to bright purple natural colour of LaB6), erosion (round-
ing of probe upper edge). The top view (right) shows the surface modifica-
tion around 2200 °C: surface roughening through cavity formation, possibly
caused by varying surface properties and thermal connection between grains,
leading to non-uniform erosion and evaporation.

A possible reason for this apparent discrepancy is that the effective LaB6 work
function exceeded the theoretical value of 2.7 eV during exposure. An increase
of ca. 0.2 eV suffices to bring the temperatures reached below the theoretical in-
verse sheath threshold. Furthermore, following equation 7.3, a difference of 0.5 eV
would bring down the reduction of |Vs| to ∼ 1V , and thus within measurement
uncertainty. The work function of LaB6 does depend on surface temperature and
composition [114]. Significant variations in surface morphology did indeed occur
during these experiments, as can be seen on the post-mortem pictures in figure
7.6. Before plasma exposure, the LaB6 probes were bright purple. The first sur-
face transition occurred at relatively low surface temperatures. During exposure,
on a time scale of several minutes, the optical emissivity of the LaB6probe was
observed to drop, and the surface colour faded to grey. These observations are
attributed to surface deposition of impurities from plasma source or clamping
ring. Above Ts ≈ 1400 °C, the high emissivity and bright purple colour were
retrieved, corresponding to evaporation of accumulated impurities from the sur-
face. The probe pin in figure 7.6 reflects these transitions: it is black at its base,
turning to purple higher up, where its temperature was sufficient for impurity
evaporation. Around Ts = 2200 °C, another surface modification was observed.
At constant surface temperature (measured using the spectropyrometer), the IR
digital level steadily increased over the course of a minute, indicating a higher
optical emissivity. This increase was strongest at the center of the probe, indi-
cating a temperature dependence of the process at play. Using the Avantes OES
spectrometer, the optical emission in front of the probe was monitored. A series
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of relatively intense La − II lines around 400nm showed a strong increase of in-
tensity around the same 2200 °C threshold, indicating increased evaporation of
Lanthanum. The top view of the probe pin post mortem (figure 7.6) shows many
semi-spherical cavities on the surface, with a typical size of 90± 20µm. Given the
spatial overlap of the cavity-covered area and the region of increased emissivity
in IR, and the temporal overlap of increased IR emissivity and lanthanum emis-
sion, these observations are inferred to follow from the same change in surface
morphology. It is noted that surface roughening results in an increased apparent
emissivity, as observed.
We now discuss the possible processes at play in cavity formation. LaB6 is a La-B
compound with a congruent melting point at 2710 °C, as has been determined
through thermodynamic analysis of early experiments [125, 126], and found in
epxerimental preparation of monocrystalline LaB6 [127]. Although the melting
point was not reached, variations in cooling between grains could have caused
local variations in surface temperature. The surface properties of LaB6 - in par-
ticular Wf - depend strongly on crystal orientation [114] as well as surface com-
position. As stated by [126], the surface composition ratio of La and B is deter-
mined by the balance between B or La evaporation, and lattice diffusion, both
temperature-dependent processes. Variations between grains in a.o. crystal orien-
tation could thus lead to variations in power balance, evaporation and erosion
rate between grains. Grains with high erosion rates could thus disappear, leaving
behind a cavity in the surface.
Regarding the work function, surface composition also plays an important role,
and Molybdenum in particular was found to increase Wf [117].The radiation
shield and clamping ring in the present setup were made from TZM, which is
known to release Molybdenum at high temperatures as reached in this study. As
pointed out by [114], there is no clear consensus on the work function of LaB6,
with reported values between 2.3 and 2.9 eV . Taking into account the observa-
tion of changing surface morphology, it is therefore plausible that the effective
work function during steady state high temperature exposure exceeded 2.7 eV by
0.2 eV , or more. In that case, the reached surface temperatures remain below the
theoretical threshold temperature, keeping the inverse sheath regime out of reach.

7.5 conclusions

In this study, several LaB6 probes were exposed to fusion-relevant plasmas in
Magnum-PSI. At the lower end of the plasma density domain of Magnum-PSI,
pulsed laser heating did result in a reduced probe floating potential, providing a
possible indication of thermionic emission. However, these effects partially went
hand in hand with laser damage and rapid erosion. Due to these limitations,
Ts < Tcr during the experiments with laser heating. During the plasma power
scan, the theoretical threshold temperature of the inverse sheath regime was
reached, but effects of thermionic electron emission were not observed. There-
with, the desired operation point was found to be outside the window of stable
operation in Magnum-PSI with the current setup.
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Various surface modifications were observed: impurity deposition, evaporation,
cavity formation (possibly through non-uniform grain erosion), and runaway lan-
thanum self-sputtering. Self-sputtering occurs when evaporated lanthanum par-
ticles are ionised and accelerated by ion drag, reaching sputtering yields above
unity. Avoiding self sputtering requires a reduction of ion impact velocity. For
conditions with sufficient ion drag, i.e. sufficient density, this implies limiting
the electron temperature below 1.5 eV for application of LaB6 in dense hydrogen
plasmas.
Reaching the theoretical conditions for the inverse sheath regime requires high
emission fluxes - ca. ·1020m−2s−1 at ne = 5 · 1019m−3 and Te = 1.5 eV . LaB6

is a material that combines a low work function with a track record in plasma
applications. However, thermionic emission is a surface process and thus sensi-
tive to surface conditions. The present conditions of high-flux plasma exposure
and elevated surface temperatures in Magnum-PSI were found to be incompat-
ible with LaB6 operation at theory values of Wf. At lower temperatures, ap-
proaching the inverse sheath threshold condition might still be feasible using
LaB6, albeit at lower plasma densities, in conditions less relevant for magnetic
confinement fusion. There are other materials with relatively low work functions,
e.g. lanthanated and thoriated tungsten, and also pure tungsten exhibits strong
thermionic emission around its melting point of 3422 °C. One could thus con-
sider a different operation point and heating setup, in future work on the effects
thermionic emission in fusion-relevant plasma conditions.





8D I S C U S S I O N

In this chapter, the results of this work are summarised and discussed. First, the
answers to the research question and sub-questions are presented and underline
the conclusions of this research. Then, a brief discussion is given of the relation
between this work and divertor detachment, and finally, the implications for ITER
and future MCF devices. The research question and sub-questions of this work
were as follows:

Research question
Does near-surface plasma-neutral coupling contribute to the mitigation of
surface particle and heat loads in the dense thermal plasmas of Magnum-
PSI?

sub-questions

1. Can coherent and incoherent Thomson scattering measurements be per-
formed in the region between 2 and 10 mm from the target surface with
sufficient accuracy to characterize the Magnum-PSI near-surface region?

2. Does near-surface plasma-neutral coupling occur in Magnum-PSI?

3. How are the PFC particle and heat loads affected by near-surface plasma-
neutral interaction?

4. What are the implications of near-surface plasma-neutral interaction in the
modelling of dense thermal plasmas?

Research question
Is it possible to realise the inverse sheath regime in fusion-relevant
plasma conditions, by inducing thermionic emission from lanthanum
hexaboride probes?

sub-questions

5. Is it possible to reach the experimental conditions corresponding to the the-
oretical threshold to the inverse sheath regime for lanthanum hexaboride in
Magnum-PSI?

6. Does thermionic emission from lanthanum hexaboride probes incite the in-
verse sheath regime in Magnum-PSI?
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8.1 answers to the research questions

The experimental studies presented here have shown that the plasma-wall inter-
action changes significantly with increasing density in thermal plasmas. In par-
ticular, p-n coupling constitutes a mediation of the PWI by neutral particles: neutral-
mediated plasma-wall interaction (n-PWI).

The diagnostic development and commissioning work of the past years is the
main driver of these findings. Therewith, Question 1 can be answered posi-
tively. The ITS measurements presented in chapter 4 covered a spatial domain that
reached down to 2mm from the plasma target surface, enabled a. o. by the imple-
mentation of a physical stray light masking method in the spectrometer. And the
commissioning of the CTS diagnostic on Magnum-PSI – as described in chapters
2 and 5 – enabled the first direct, local measurements of the parallel plasma flow
velocity in this machine. In combination with ITS, the plasma fluxes of particles,
momentum and energy were measured down to 3mm from the surface. For high-
density plasma conditions (> 2 · 1020m−3), significant changes were observed in
the near-surface region: increased plasma cooling, reduced flow velocity, and a
transition from plasma acceleration to deceleration between 25 and 3mm from
the surface. As such, the ITS and CTS diagnostics were used to characterize the
transition from a low-density to a high-density PWI regime in Magnum-PSI.

These results provided the answer to question 2: near-surface plasma-neutral
coupling (p-n coupling) does indeed occur in Magnum-PSI during steady state op-
eration, for ne > 2 · 1020m−3. A comparison in chapter 5, between measurements
far from the surface (25mm), measurements close to the surface (3mm), and mea-
surements on the surface, yielded lower bounds for the losses of plasma momen-
tum and energy flux, at 50% and 20%, respectively. In the plasma pre-sheath,
momentum losses (i. e. friction) increase the ambipolar electric field required to
sustain plasma acceleration. In combination with sufficient electron power loss,
induced by thermal equilibration during p-n coupling, the pre-sheath acceleration
can turn to deceleration, as observed in these experiments. These observations
were therewith attributed to p-n coupling in the so-called thermalised collisional
pre-sheath.

In chapter 6, the emergence of p-n coupling with increasing density was con-
firmed, and visualised through B2.5-Eunomia simulations. The plasma and neu-
tral populations were found to almost fully exchange their pressures at high den-
sity, in combination with ion-neutral thermal equipartition. The coupling of the
plasma and neutral populations entails friction for both the ion flow towards
the surface, and the diffusion of neutral particles out of the plasma. Surface-
recombined neutral particles are thus confined in the interaction region, which
enables them to carry a significant fraction of the plasma momentum and energy
onto the wall, in a cyclic process called neutral flux amplification.

Based on this mechanism, a global model of p-n coupling was formulated. Al-
though simplified in several respects, the flux transfer factors calculated by the
model follow a scaling with plasma density, similar to the simulation results ob-
served in B2.5-Eunomia. With the corresponding difference in plasma pressure
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between the near-surface and upstream regions, one finds that indeed, several
cycles of near-surface interaction and surface deposition are required to support
the pressure loss of the upstream plasma. Therewith, these calculations demon-
strate that neutral flux amplification does provide a plausible mechanism for the
neutral-mediated plasma-wall interaction.

Moreover, the global model calculations of upstream Mach number were in
good agreement with the experimental results of chapter 5. This model, or a
future version thereof, could thus be used as a simple estimation method for
the plasma flow velocity (i. e. particle flux), and near-surface transfer factors in
Magnum-PSI, using only the upstream plasma density and temperature as inputs.

To answer question 3, the measurements of chapter 5 demonstrate significant
near-surface losses of the plasma flux, specifically for the total momentum and
convected energy fluxes. In good agreement, B2.5-Eunomia simulation results in-
dicate that the momentum and energy losses could reach up to ∼ 90% and ∼ 80%
for momentum and energy, respectively, while small plasma particle losses are
also observed. It is noted that the used implementation of B2.5-Eunomia was
found to overestimate elastic collision rates, therefore these values provide an up-
per limit for the actual transfer factors. Nevertheless, the present results demon-
strate the impact of p-n coupling. Due to neutral flux amplification, the incident
plasma heat flux is spread over a larger number of particles, with a multiplica-
tion factor K . 8 found in B2.5-Eunomia. The lower temperature at the sheath
entrance implies a lower sheath potential difference and correspondingly lower
ion impact energies, reducing the risk of (impurity) sputtering. In conclusion,
p-n coupling reduces the plasma loads on the PFCs, while the heat flux is partially
carried to the surface by neutral particles.

Next to the local effects on power deposition, the near-surface plasma losses
of momentum and energy flux also affect the system of plasma flux conservation
equations, as discussed in chapters 5 and 6. For Magnum-PSI, both the exper-
iments and modelling show, that the near-surface plasma momentum and en-
ergy losses result in reduced flow velocities upstream. In other words, with the
presence of plasma friction – or ’plugging’ as described in chapter 6 – a larger up-
stream pressure is required to sustain a certain particle flux. Given that qconv ∝ Γ ,
and considering a fixed upstream pressure, the n-PWI thus contributes to a lower
total heat load arriving at the wall.

These effects of p-n coupling and n-PWI occur within a small volume compared
to the total plasma, the major part within 3mm from the surface in Magnum-
PSI. Regarding question 4, it can thus be concluded that it is indeed important
for plasma models to adequately resolve the near-surface region. Based on the
CX mean free path, a requirement for the near-surface grid density was obtained:
ρgrid & 1mm−1. A grid density scan in B2.5-Eunomia suggests ρgrid & 2mm−1

for Magnum-PSI. The implications for ITER and future devices are discussed in
section 8.2.3.

Therewith, the main research question is answered. Yes, near-surface plasma-
neutral coupling is a PWI process that does reduce the PFC particle and heat loads,
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directly (through reduced impact energies, neutral dissipation, and reduced flow
velocity), as well as indirectly (through the effects on the upstream volumetric
processes, e. g. divertor detachment). Depending on geometry and plasma dimen-
sions, mediation by neutral particles is an inherent property of the PWI in dense
thermal plasmas.

The second research question concerns the topic of thermionic emission and
the possible emergence of the inverse sheath regime. If realised, an inverse sheath
divertor could possibly attain near-surface plasma parameters similar to those ob-
served in chapters 4 and 5 of this thesis – sub-eV temperatures and high densities
– with a main difference: that the inverse sheath is sustained by a certain heat
flux (keeping the surface above the inverse sheath threshold temperature), rather
than a certain ion flux, as is the case in the rest of this and other works. To answer
question 5, the experimental conditions corresponding to the theoretical thresh-
old to the inverse regime for LaB6 were indeed reached. The LaB6 probes were
heated up to 2450◦, approximately 300◦ above the threshold temperature, assum-
ing a work function of 2.7 eV . However, there were no observations that can be
attributed to presence of the inverse regime. Instead, various surface processes
were found to occur while heating the probes under plasma exposure. In particu-
lar, the rapid erosion observed during hydrogen plasma exposure at Te ∼ 2− 3 eV

was attributed to lanthanum self-sputtering induced by ion drag. It is well possi-
ble that these variations in surface properties also affect the LaB6 work function,
such that the thermionic emission rates are reduced. Therefore, question 6 and
the second research question have to be answered negatively: the window of sta-
ble operation of LaB6does not overlap with the high-pressure plasma conditions
in high-power tokamaks.

8.2 discussion

With these conclusions, the research questions are answered, and the principal
purpose of this study is fulfilled. In this section, we discuss the relation of this
work to other research in the field of nuclear fusion. Three topics are discussed:
experiments in linear devices, the onset of divertor detachment, and the implica-
tions of this work for ITER and future MCF devices.

8.2.1 on the particle flux in linear plasma devices

One of the main purposes of Magnum-PSI is the performance of experiments on
plasma-material interaction [67]. For these studies, the estimation of the plasma
particle and energy fluxes onto the surface is key [18, 23]. Uncertainties in these
estimations (as demonstrated in [26]) were one of the main reasons to develop the
low-temperature CTS diagnostic. This diagnostic has now been commissioned on
Magnum-PSI, and instead of estimating the plasma flow velocity vp from temper-
ature measurements – under assumption of low losses – it can now be measured.
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And indeed, the variation of vp and 0.2 .Mu . 0.7 within the operation domain
of Magnum-PSI is considerable, and should be taken into account for particle and
heat flux estimations.

The CTS diagnostic is now available on Magnum-PSI for future experiments,
but its operation does require some preparations and experimentation time. Al-
ternatively, the global model presented in chapter 6 provides a simple scaling for
p-n coupling, with rp and ne as its principal components. This model, or a future
adaptation thereof, could be used as a simple analytic rule of thumb for the es-
timations of n-PWI transfer factors and Mu. Although not as accurate as actual
measurements, this can give the experimentalist an idea of the plasma conditions
at hand, and the possible effects on the plasma-facing components.

Therefore, further development of such analytical n-PWI models is regarded a
suitable direction of future work. With the present work, the confinement of neu-
tral particles in the interaction region remains an open topic. While the present
global model employed a simple assumption of gaseous diffusion, neutral parti-
cle confinement is affected by several elements. One of these elements is the geom-
etry of the plasma-facing components, and specifically the magnetic angle of inci-
dence. This parameter affects the reflection direction of surface-recombined parti-
cles, and therewith the neutral particle confinement in the interaction region. The
present experiments and modelling were performed for perpendicular incidence,
where neutral particle confinement is strongest. Regarding neutral particle con-
finement, the energy and direction of reflected particles (for non-perpendicular
incidence), and presence of hydrogen are also relevant parameters, as discussed
in section 8.2.3. Other relevant topics for further study include the addition of
ionisation for Te & 3 eV , which adds another sink of momentum and energy near
the surface. Therefore, validation with additional experiments or FEMsimulations
remains of importance for the accurate estimation of near-surface flux transfer
factors in present and future devices.

8.2.2 relation to divertor detachment

When present in a tokamak divertor, the n-PWI contributes to the total flux losses
in the SOL and thus affects the onset of divertor detachment. In fact, the onset of
n-PWI with increasing density can be considered a self-limiting property of the
PWI, constituting a certain detachment between plasma and wall, with the note
that the net heat flux on the wall is mostly retained, and carried by the neutral
particles. In the onset of divertor detachment, p-n coupling and the corresponding
n-PWI can be seen as a additional loss term, that emerges for sufficiently high
near-target plasma density.

In previous works, it has been recognized that the near-surface region is of
importance to plasma detachment [16, 29, 54]. In a SOL scaling modelling study,
significant correlations have been found between the neutral density and plasma
temperature near the surface, and the global plasma losses for momentum and
energy [54]. Moreover, the plasma temperature at the targets, Tet, has been iden-
tified as a suitable indicator of divertor detachment [16, 128]. Considering the
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possible mechanisms underlying these correlations, Kotov and Reiter introduced
the mechanism of neutral flux amplification [29], with the observation of signif-
icant momentum losses localised near the divertor targets in a SOLPS simula-
tion. In the present work, these findings were confirmed for Magnum-PSI. Next
to momentum transfer, p-n energy transfer was also found to be significant, in
experiments as well as modelling.

Indeed, these near-surface plasma flux losses affect the balance equations for
momentum and energy, and if present in a tokamak SOL, contribute to the pro-
cess of divertor detachment. As discussed in a. o. [16, 30, 52], the onset of divertor
detachment or so-called roll-over of the particle flux does depend on the ratio
of power and pressure loss, and its dependence on the upstream control param-
eters, e. g. separatrix pressure or power. Determining this ratio for p-n coupling in
tokamak SOLs is a topic for further research.

The near-surface electron cooling observed here was less pronounced in [29]
and other recent SOL modelling studies, e. g. [15, 129]. A possible explanation for
this apparent discrepancy is given by the low grid densities used in the previous
simulations. The B2.5-Eunomia grid density scan showed that with increasing
near-surface grid size, the calculated p-n energy transfer factor was reduced from
∼ 80 to ∼ 30% for cell sizes 0.16 and 4.33mm, respectively (see fig. 6.7). In other
words, the near-surface temperature drop – for which values up to 60% were
found – is easily overlooked, and therewith the corresponding power transfer
to neutral particles. Moving forward, the main recommendation for future SOL
modelling studies is to perform a sensitivity analysis for near-surface grid density,
and assess whether the near-surface p-n interaction is adequately incorporated in
the simulation.

Given these near-surface variations in Te, one realises the importance of care-
fully choosing how the ’target’ position is defined in modelling or discussion of
the SOL: either before the near-surface interaction region, or directly at the sheath
entrance.

The sheath entrance can be used if the near-surface interaction processes are
incorporated in the model with adequate spatial resolution. A normal sheath
boundary condition is then applied. In this case, one should take care that the
near-surface energy transfer to the neutrals (minus neutral dissipation) is to be
included in the total PFC heat loads.

Alternatively, The entrance of the interaction region can be designated the
target position. A new boundary condition is then required. Such a n-PWI bound-
ary implies the following for the plasma fluxes at the target: a particle flux with
M < 1, a corresponding momentum flux, and a new ’n-PWI heat transmission
factor’. For the particle flux onto the wall, the effects of neutral flux amplification
should be taken into account, i. e. a large number of particles impinging on the
wall, with low impact energy.
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8.2.3 implications for iter and future mcf devices

Given the present results, p-n coupling and a n-PWI can be expected in any MCF
device for sufficiently high near-surface electron density. In principle, this is also
the case for ITER.But, apart from the near-surface electron density nt, the occur-
rence of p-n coupling depends on multiple other properties of the near-surface sys-
tem, specifically, the near-surface electron temperature Tet, determining which
interactions are present, and the confinement time of neutral particles in the near-
surface region τconf, that limits the number of interaction cycles per incident
particle. These aspects are now discussed in comparison between the present
work in Magnum-PSI, and ITER. For that porpose, two recent assessments of ITER
divertor performance are referenced [15, 129].

near-surface electron temperature The expected Tetin ITER reaches
from ∼ 1 eV in partially detached operation [129], up to tens of eV in attached
plasma conditions. Therewith, the elastic and ionising interaction regimes are cov-
ered. In the ionising regime & 3 eV , p-n coupling is also affected. As discussed in
chapter 5 and a separate publication [98], this leads to a situation of near-surface
plasma recycling and power limitation, with even higher momentum losses and
lower flow velocities upstream of the interaction region. The simulation results
indicate that this regime might not be found in the steady state early operation
phase, as with increasing nt, Tet is reduced and the ionisation front moves up-
stream along the SOL [129]. However, the ionising regime of p-n coupling could be
relevant for high-power operation or during transient events.

neutral particle confinement The second aspect of importance is the
neutral particle confinement time τconf, which depends on the dimensions of the
interaction region, the kinetic energy of surface-reflected particles perpendicular
to the poloidal magnetic field Bpol, and the type of particles in the interaction,
i. e. atoms or molecules. Although the total plasma-wetted surface in ITER is one
to two orders of magnitude larger than in Magnum-PSI, the plasma dimensions
perpendicular to the field – λq and rp – are similar. It is noted that compared to
Magnum-PSI’s circular footprint, the ring-shaped footprint along ITER’s divertor
tiles will lead to longer presence of surface-recombined neutrals in the interaction
region, and thus larger transfer factors.

Another difference is posed by the angle of incidence. In contrast to the per-
pendicular incidence of the present experiments, the ITER divertor sports inci-
dence angles between 30 and 50◦ in the poloidal cross section. This gives surface-
reflected particles a non-zero component perpendicular to the field (away from
the surface), which introduces an asymmetry between the ’upstream’ and ’down-
stream’ sections of PFC surface (with reflected neutrals on the ’upstream’ side on
average crossing a larger distance through the plasma), and in principle, a shorter
particle confinement time. These effects scale with the energy of surface-reflected
neutral particles. While these energies could be significant for Te,t & 2 eV , the
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surface binding potential tends to reduce energy reflection coefficient below 1 eV ,
as discussed in [129] and previously [17, 97].

The surface properties are also of importance with respect to the fraction of
molecular hydrogen reflection. This topic is well explained in [129], where it is
noted that molecular reflection dominates for Te,t < 1eV , and leads to larger
plasma momentum loss. Indeed, H2 has larger elastic collision cross sections,
and diffuses more slowly out of the interaction region.

Finally, we return to the expected plasma conditions and their possible contri-
bution to neutral particle confinement through the mean free path for surface-
reflected neutrals. Estimations for the CX mean free path amount to ∼ 1 cm for
the partially detached divertor conditions in the early operation phase (ne ≈
1020m−3 and Te ≈ 1 eV from [129, fig. 9(a, c)]), and ∼ 1mm for the high power
partially detached state given in (ne ≈ 1021m−3, Te ≈ 1 eV from [15, fig. 6]).
These values are very similar to the domain covered by the steady state density
scan in Magnum-PSI (see figure 5.7), where a clear transition to p-n coupling was
observed.

With these comparisons, we conclude that τconf is not necessarily larger in
ITER than in Magnum-PSI, and it is regarded plausible that p-n coupling will be
present in ITER, yielding a transition to neutral-mediated plasma-wall interaction
with increasing plasma density.

iter outlook Indeed, the recent studies cited here do provide a first indica-
tion that the PWI is partially mediated by neutral particles in ITER. Namely, the
divertor neutral heat flux shown in [15, fig. 12] approaches and even exceeds the
convected plasma heat flux. Non-zero neutral heat fluxes are expected for [129]
as well.

It is noted that these studies do not consider the near-surface region in detail.
In fact, following [129, fig. 1], the near-surface grid size parallel to Bpol is over
an order of magnitude larger than in the B2.5-Eunomia simulations of chapter
6. Therefore, it is well possible that p-n coupling is not adequately included in
those simulations. If that were the case, the near-surface momentum and energy
transfer to neutral particles might be larger in reality than calculated there. For
the conditions as given in these works, this would lead to lower Tet and reduced
particle fluxes onto the wall. In other words, if p-n coupling is present in ITER or
future MCF devices, the PFC operational limits are reached at higher SOL input
power, providing a larger operation space for the main fusion plasma.

Further modelling studies in an ITER-relevant geometry are paramount to quan-
tifying these effects. As a first step, a sensitivity study on the near-surface grid
density in SOLPS-ITER or a similar code for medium to high power operation con-
ditions is recommended. In the end, only the true physical experiments in ITER
will fully include all (neutral-mediated) plasma-wall interaction and the many
other processes involved. And with these experiments, a further step towards the
utilisation of fusion energy is hopefully made.



AA P P E N D I X A : G L O B A L M O D E L O F N E A R - S U R FA C E
P L A S M A - N E U T R A L I N T E R A C T I O N

a.1 formulation of the global model

This section describes the formulation of a global model of near-surface plasma-
neutral interaction in dense thermal plasmas. The model aims to estimate the total
transfer of the plasma momentum and energy onto surface-recombined neutral
particles in the near-surface interaction region. A single-species hydrogen plasma
is considered, and only atomic neutrals are taken into account. Although inelas-
tic collisions can occur, e. g. excitation and ionisation, only elastic collisions are
taken into account here. In particular, charge exchange (CX), which has the high-
est rate coefficients in Magnum-PSI steady state operation, see figure 2.2. The
model considers the system of conservation equations for the plasma flux den-
sities of particles, Γ , total pressure ptot (i. e. static plus kinetic momentum flux),
and convected power qconv, between a near-surface interaction region, denoted
’t’, and an upstream region, denoted ’u’. The plasma state parameters in the in-
teraction region, density nt, temperature Tt (assuming Ti = Te), and plasma
velocity vt, are given. Because the interaction region is in direct vicinity of the
plasma sheath, the average plasma flow velocity in this region is set equal to the
sound velocity: vt ≡ cs,t =

√
2kBT/mi. The system of conservation equations is

given by:

Γt = ntvt = Γu + Sp (A.1a)

ptott = nt(miv
2
t + 2kBTt) = p

tot
u + Smom (A.1b)

qconft = Γt(
1
2miv

2
t + 5kBTt) = q

conf
u + Spow, (A.1c)

with Sp, Smom, and Spow strictly the plasma flux loss terms for particles, mo-
mentum and energy, respectively, e. g. Γt = Γu + Sp, with Sp ≡

∫se
xu

dΓ
dxdx, where

x is along the flow direction, i. e. increasing towards the wall, and xu, se denoting
the edge between the interaction and upstream regions, and the sheath entrance,
respectively. In practice, se− xu is somewhere between a few times the neutral
mean free path for p-n interaction, up to approximately the perpendicular plasma
dimension. Given that this model only elastic collisions, the flux loss terms can
also be described as flux transfer terms.

neutral flux amplification In order to estimate the flux transfer terms
within the near-surface region, the mechanism of neutral flux amplification is ap-
plied. An event of CX between a neutral particle and an ion entails the exchange
of momentum and energy between the plasma and neutral populations. Given
that the plasma flow is directed towards the sheath, the exchange of momentum
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yields a neutral particle moving towards the wall. After depositing its momentum
and energy there, the particle re-enters the interaction region once more. Depend-
ing on the conditions, such a cycle of interaction and surface deposition can occur
several times per incident ion, thus multiplying the neutral particle flux onto the
wall with a so-called neutral flux amplification factor K.

We define K as the ratio of confinement time of recombined neutrals in the
interaction region τconf, over the typical cycle duration τcyc:

K ≡ τconf
τcyc

. (A.2)

The confinement, or alternatively, the release of neutral particles from the inter-
action region is a process of diffusion. Assuming a constant diffusion coefficient

D, integration of the diffusion coefficient over radius yields τconf =
r2p
4D , with

rp the radius of the plasma-neutral interaction region. For a slab geometry, valid
for the divertor SOL, τconf would be a factor 4 larger. The diffusion coefficient
depends on the collisions – scattering events – specifically the collision mean
free path and the collision time. These collisions include neutral-neutral colli-
sions, ion-neutral collisions, charge exchange, and collisions with the wall. The
trajectory of a neutral particle in the cycle of interaction and deposition can be
regarded a random walk, with a step size equal to the mean distance between
two consecutive points of surface impact. The step size depends on the collision
mean free path, and the velocity direction before and after the collision, while
The step time is equal to τcyc, and the step size scales with the collision mean
free path. For the dominant ion-neutral interaction, CX, this scales with plasma
density. For simplicity, however, only diffusion due to neutral-neutral collisions is
taken into account here. Although the resulting magnitude of D might be differ-
ent, the scaling with plasma density is retained, as follows. The Fuller, Schettler

& Giddings correlation [130] for gaseous diffusion is used: D = cD
T1.75
n
pdiff

, with
cD = 1839.9 an empirical constant for H-H diffusion, Tn the neutral temperature,
and pdiff the pressure driving diffusion. The upstream plasma pressure is the
true driving force behind this diffusion, but for simplicity pdiff ≡ ptott is used
here. For the assumption vt = cs, one has pdiff = 4kBTtnt, i. e. a scaling with nt.
It is noted that – following equation A.5b – ptotu can also be estimated through
recursion, although that expression contains a singularity for certain conditions.
The reason is that Γt is and imposed quantity here, but is in reality reduced by
momentum losses, following equation 5.11 [16].

The cycle duration τcyc is given by the collision time τcol for a neutral particle
coming from the surface, plus the typical time required to return to the surface
after interaction, τret. It is noted that the returning neutral particle is not the
same one that came from the surface, since that one was ionised in the CX event.
The so-called interaction cycle is thus in fact a repeated process of momentum
transfer and deposition at the wall. The return time is assumed here to be given
by the time required for a particle with the velocity of the plasma to return from

the position of CX (τcolvn), back to the surface. Here, vn =
√
2En
mi

is the parallel
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speed of neutral particles coming from the target. One then has τret = τcol
vn
vt

,
and for the total cycle time:

τcyc = τcol

(
1+ vn

vt

)
=
1+ vn

vt

〈σv〉nt
, (A.3)

where 〈σv〉 is the collision rate coefficient for CX. The CX rate coefficients are ob-
tained from the AMJUEL database [47]. It is noted, that a neutral particle might
still experience one or multiple collisions between the first CX event and reaching
the surface. However, given that this particle already has the typical plasma mo-
mentum and energy, further collisions with plasma particles do not have a net
effect on its properties. Elastic collisions with other neutrals can occur, but only
serve to spread the momentum and energy over various particles. Conservation
of momentum ensures that one or several neutral particles reach the surface, with
total momentum equal to the transfer in the first CX event. One exception is not
included: CX between a newly formed neutral and a newly formed ion forms the
reverse of the initial CX event, but is less likely, since vt

vn
> 1. The neutral flux

amplification factor due to CX is then given by:

K =
r2ppdiff

4cDT1.75
n

〈σv〉nt
1+ vn

vt

= 1.63 · 10−22
〈σv〉

1+
√
En/Tt

r2pn
2
tT

−0.75
t , (A.4)

where the second equality captures the assumptions made above, plus the input
value Tn = 0.7Tt chosen in this study. In principle, Tn is a free parameter or
rather an output of the interaction, but was here fixed at 0.7Tt for simplicity, and
to prescribe a certain amount of ion-neutral energy transfer a priori. A sensitivity
analysis of the input parameters is given below in section A.3. The result is a
simple scaling of K with n2t , r2p, along with a dependence on the kinetic energy
of ions and neutrals.

a.2 estimation of flux transfer terms and up-
stream parameters

Now that K is known, the flux transfer terms are estimated. Each effective CX
event entails the transfer of a typical ion momentum and energy to the neutral
population, and vice versa for the neutrals. The total transfer terms are obtained
by multiplying this amount by the effective number of collisions per incident
particle K, and by the flux of incident particles:

Sp = 0 (A.5a)

Smom = ΓtKmi(vn − vt) (A.5b)

Spow = ΓtK
(
3
2kB(Tn − Tt) −

1
2mi(v

2
n + v2t )

)
) (A.5c)

The upstream fluxes are then simply the sum of the downstream flux and cor-
responding transfer terms. The corresponding upstream plasma parameters are



118 appendix : global model of near-surface plasma-neutral interaction

evaluated by solving the system of equations A.1 with input of equations A.5.
One then obtains a linear function to estimate the upstream parameters nu, Tu,
vu for input parameters nt, Tt, rp, Tn, and En. When the latter three are chosen,
there is only one physical solution for each combination of nu and Tu. One can
thus map the transfer terms and upstream flow velocity onto a grid of nu and Tu.
The transfer factors with respect to the fluxes upstream are estimated as follows:

fp =
−Sp
Γt − Sp

(A.6a)

fmom =
−Smom

ptott − Smom
(A.6b)

fpow =
−Spow

qconvt − Spow
(A.6c)

Taking into account that vt = cs,t, the transfer factors can be further simplified:

fmom =
K
(
1− vn

vt

)
2+K

(
1− vn

vt

) (A.7a)

fpow =
K
(
5
2 + (En − 3Tn)/Tt

)
6+K

(
5
2 + (En − 3Tn)/Tt

) (A.7b)

It is noted here, that additional interaction cycles can be added, e. g. ionisation,
by formulating a slightly different K, and evaluating the corresponding transfer
terms.

Parameter Domain K fmom fpow

Base 5.99 0.81 0.62

rp (mm) 3-8 1.89-7.38 0.56-0.85 0.33-0.67

Tn/Tt (-) 0.5-1.0 12.11-3.12 0.91-0.68 0.81-0.37

En (eV) 0.05-3Tt 6.72-8.57 0.82-0.92 0.63-0.86

Table A.1: Global model outputs for varying input parameters within a reasonable do-
main.

a.3 sensitivity to input parameters

Apart from the free parameters nt and Tt, the global model has three input pa-
rameters: rp, Tn, and En. In the results of chapter 6, these were fixed to a certain
typical or expected value: rp = 7mm, corresponding to the typical plasma radius
in high-density hydrogen operation, Tn = 0.7Tt, and En = 0.1 eV , corresponding
to thermal release of particles at a surface temperature around 1200K. For the
sake of a simple sensitivity analysis, these inputs were varied around the cen-
tral point, within reasonable margins assigned for each parameter. For rp, these
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correspond to the range of beam radii occurring for steady state hydrogen oper-
ation in Magnum-PSI, as measured using Thomson scattering. For En, the range
is between thermal emission from a 500K surface, and full elastic reflection of
a sheath-accelerated particle at En = 3 ∗ Tt It is noted that Tt is significantly re-
duced for K > 1: for the latter case, Tt = 0.2 eV . The main model outputs and the
results of these variations are shown in table A.1, for upstream plasma parame-
ters nu = 8.95 · 1020m−3 and Tu = 1.59 eV .





BA P P E N D I X B : B 2 . 5 - E U N O M I A M O D E L L I N G O F
M A G N U M - P S I ’ S N E A R - S U R FA C E R E G I O N

b.1 implementation of b2 .5-eunomia for the near-
surface region of magnum-psi

In this section, the specifics of the present implementation of B2.5-Eunomia are
presented. This implementation is based on the recent works by Ray Chandra
[104]. A complete description of B2.5-Eunomia is given in [35]. The principle
Magnum-PSI simulation domain of B2.5-Eunomia covers the plasma beam from
(close to) the source nozzle down to the target, as well as the three vacuum cham-
bers. The focus of the present study is on the near-surface region, however, and
therefore a simpler simulation domain was set up, that includes only the target
chamber. The simulation grid is shown in figure B.1. While the B2.5 grid (marked
orange in the cutouts (b) and (c) of figure B.1) only covers the plasma from radius
0 < r < 20mm, from plasma entry to target (with distance 0 < d < 380mm), the
Eunomia domain spans the entire target chamber. Within the B2.5 domain, Euno-
mia’s triangular grid is arranged to match the B2.5 square grid cells.

boundary conditions The reference point between experiments and simu-
lations was provided by the TS measurements of electron density ne and temper-
ature Te performed during the experiments in chapter 5, at the reference position
d = 25mm (indicated red in figure B.1). The TS reference profiles of Te and ne
were imposed on the plasma entry boundary (marked orange in fig. B.1a), for
simplicity. Plasma currents were also included in the simulations, and the poten-
tial profile at the plasma entry was set to a magnitude of −4.2V and shape based
on [36, 131]. Collision rates are obtained from the AMJUEL database. It is noted
that in the present version of the model, both elastic collisions and CX are in-
cluded with full rate coefficients. It was recently shown that this leads to a slight
overestimation of the total interaction rate [37]. The plasma flow velocity vp at the
plasma entry was set to a gradient of zero The settings on the B2.5 target imposed
a plasma sheath boundary, with sonic outflow of ions and heat fluxes according
to [36]. Therewith, the main plasma source and sink are given by the plasma en-
try and target boundaries, although ionisation and recombination are included
as well. The target current boundary condition was kept at an integrated value of
zero, i. e. floating conditions. Recombination and reflection at the target surface
was assumed to occur for all incident ions, with atomic and molecular reflection
shares of 90% and 10%, respectively. These surface-recombined neutrals form the
main particle source for Eunomia, and were assumed to follow a thermal velocity
distribution with the wall temperature, set at 1200K, and a cosine distribution for
direction. The main sink for Eunomia is formed by the vacuum pump boundary

121
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Figure B.1: Eunomia grid for simulating the plasma in the target chamber of Magnum-
PSI. Shown are mirrored total simulation domain (a), and cut-outs of the near-
surface region in the fine grid (b) and coarse grid (c) setups.

(indicated blue in figure B.1a), where a constant gas pressure of .3 Pa is imposed.

collisional processes The plasma-neutral interaction is defined by colli-
sional processes. An accurate modelling effort therefore should include all rele-
vant collisions and their effects. The simulations presented here, were performed
using the B2.5-Eunomia code as developed by Ray Chandra [104]. An overview
of the collisional processes present in Magnum-PSI and their implementation in
B2.5-Eunomia is provided in Chandra et al. [37]. As described and referenced
there, B2.5-Eunomia includes atomic ionisation from the HYDHEL database, elas-
tic collisions from the AMJUEL database and the Lennard-Jones potential, and
molecular collisions from the H2VIBR database.

It is noted, that an error has recently been discovered in the implementation
of the p-H elastic collisions in B2.5-Eunomia. Specifically, the implementation of
the CX reaction rate as used implicitly includes p-H elastic collisions, while at the
same time the elastic collision is treated as a separate process. Therewith, the elas-
tic collision rate as implemented was superfluous, leading to an overestimation
of the momentum transfer between atoms and ions. However, as the elastic col-
lision implementation is anisotropic, most elastic collisions concern small angle
scattering, with little momentum transfer. Therewith, the overestimation can be
regarded small compared to the total CX exchange rates.”

In the global model, only the atomic charge exchange collision was taken into
account, with a rate coefficient obtained from the AMJUEL database.
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b.2 pressure scan

To obtain the plasma pressure scan, a B2.5-Eunomia coupled simulation was per-
formed for each of four cases with varying upstream plasma pressure. Two TS
radial profiles were used: TS#25182 (high density) and TS#25337 (lower density,
slightly higher Te). It is noted here that the simulations are not set up to repro-
duce these reference cases exactly, but rather to provide a representative scan of
plasma pressure. Next to the simulations with these original profiles, two sim-
ulations were set up with artificially reduced density profiles, obtaining a total
of four simulation cases, outlined in table B.1. The simulations were initiated

Case A B C D

TS reference TS#25182 TS#25182 TS#25337 TS#25337

Density attenuation 1.0 0.6 1.0 0.3

ne (1020m−3) 8.95 6.52 2.99 0.63

Te (eV) 1.59 1.55 1.63 1.56

pe + pi (Pa) 457 324 158 30

Table B.1: Thomson scattering profiles, density attenuation factors, and main peak
plasma parameters at the TS reference position d = 25mm, for each case
in the B2.5-Eunomia pressure scan. These values vary slightly from the TS pro-
files themselves, which were imposed at the plasma entry position.

through a B2.5 standalone run for cases A and C over 5000 iterations. Coupling
of Eunomia then proceeded by performing one Eunomia iteration on the B2.5
standalone solution, calculating the plasma source terms and letting B2.5 run for
ten iterations on these source terms. This process was repeated until the electron
temperature reached a converged state. Cases B and D were run immediately in
the coupled procedure, with the solutions of A and C respectively as starting
point. The results of these simulations are presented in section 6.2.2.

convergence and output The simulations in this series did converge to
constant values for most parameters, e. g. temperature and velocity, but some os-
cillation of density between iterations remained present in the near-surface re-
gion, amounting to 20% in high pressure case A, 10% in case B, and less in cases
C and D. This effect is attributed to renewed equilibration of the near-surface sys-
tem in high-density conditions. An overview of the output for the high density
case A is shown in figure B.2. Figure B.3 shows the relative thermal imbalance
between Te and Ti in the near-surface region. While Magnum-PSI is strongly colli-
sional, and can in general be assumed thermal (Ti = Te), this assumption proved
inadequate in the near-surface region, where differences up to 40% were found in
the final millimetre adjacent to the wall. Following pre-sheath physics, such ion
temperature reductions can be associated with adiabatic cooling in acceleration
[56], as well as volumetric energy losses on the ion side, i. e. p-n coupling. The im-
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Figure B.2: Overview of B2.5-Eunomia simulation output (mirrored around r = 0) for
ne, Te, and Ti, in high density case A.
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Figure B.3: Relative thermal imbalance between Te and Ti in the near-surface region.

balance on-axis for case D is attributed to Joule heating of the electron population.

axial profiles and comparison with experiments The axial profiles
of the pressure scan are discussed here. Where density and temperature are a
volumetric property of the plasma, the plasma fluxes Γ , ptot, and qtot are in-
trinsically surface-related quantities. The flux conservation equations in B2.5 are
evaluated at the cell faces, as plotted here, with a small exception for the static
component of momentum flux, which is evaluated in the neighbouring cell on
the high-d side. The flux value at d = 0 thus represents the flux into the plasma
sheath. The on-axis profiles of the main plasma parameters and parallel plasma
fluxes shown in figure B.4. Firstly, the plasma parameters are compared to the
axial profiles obtained in Magnum-PSI, which reached down to d = 3mm. Be-
tween d = 15 and 2mm, ne is rising for case A, which corresponds well to the
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Figure B.4: Axial profiles of of ne, Te, flow velocity vp, and the plasma fluxes Γ , ptot,
and qtot for the four cases in the B2.5-Eunomia pressure scan.

observations in Magnum-PSI at similar densities (chapter 5, figure 5.4). For the
lowest pressure case D, this density rise is much less pronounced. Within the final
millimetre from the surface – and out of reach for experimental measurements –
the density drop is observed that is so typical of pre-sheath acceleration.

relative contribution of conduction As shown in figure B.4, consid-
erable temperature gradients are observed when p-n coupling is present. One might
then wonder: does thermal conduction contribute significantly to the total heat
flux? For that purpose, a simple estimation of the conducted heat flux is provided
here. In the high density cases A and B, the final 2.5mm of plasma see a drop in
Te of approximately 0.5 eV . Following the classical Spitzer parallel plasma heat
conduction [8, eq. 4.82], with a electron thermal conductivity coefficient of 2000
and Te ≈ 1 eV , one finds a conducted heat flux density qcond ≈ 0.3MWm−2.



126 appendix : b2 .5-eunomia modelling of magnum-psi’s near-surface region

Compared to the total plasma heat flux qtot shown in figure B.4 (which includes
both conduction and convection), conduction contributes / 10% within this re-
gion. For conditions of almost complete plasma stagnation, this contribution may
increase. However, given the Bohm criterion of sonic flow into the sheath, convec-
tion remains important in the near-surface pre-sheath region.

b.3 grid density scan

In order to assess the sensitivity to the near-surface grid density, five different
grids were generated. The presented pressure scan simulations were performed
on the finest grid #1. These grids cover the same domain and radial grid density
(36 B2.5 cells), but varying grid composition and number of elements in the axial
direction. For the high density case A, the charge exchange mean free path as

Grid # 1 2 3 4 5

Cell size (mm) 0.16 0.33 1.00 2.44 4.33

Table B.2: Grid densities and cell sizes for the final row of cells before the target surface
in the five B2.5 grids.

estimated for figure 5.7 of chapter 5 is 1.5mm, at the TS reference position. The
near-surface cell sizes ρc of grids #1, #2, and #3 are below this value and can be
expected to resolve CX-related effects, at first approximation. However, only the
conditions within the interaction region are of real relevance here, and it is exactly
the grid density scan that can provide this information.

The simulations were performed with the boundary conditions of high pres-
sure case A. Each simulation was initiated through a B2.5 standalone run, fol-
lowed by coupling with Eunomia as explained in the previous paragraph. The
results of these simulations are presented in section 6.2.3.

axial profiles for grid density scan The results of the grid density
scan are shown in figure B.5. These simulations were performed on equal bound-
ary conditions, and from the fact that the near-surface axial profiles do not over-
lap, it is directly clear that the results with the finest grid #1 are not directly
reproduced with the coarser grids. The variation in density discussed in section
6.2.2 was observed with the coarser grids as well, with slightly lower amplitude of
15%. This is reflected in the density, where the plots of grid #1 and #2 are slightly
apart. The other parameters were found to be constant between iterations.

The plasma parameters, plotted as constant values within the cell boundaries,
are found to differ especially near the surface. Firstly, the peak in density is found
to shift away from the surface, and we note here, that the final density drop with
a factor 3 in grid #1 is fully enclosed by the first cells for grids #4 and #5, and can
thus not be resolved. Secondly, the temperature drop is adapted. Especially grids
#3, #4, and #5 see significantly different near-surface profiles (affecting the sim-
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Figure B.5: Axial profiles for simulation case A performed on five different grids with
varying near-surface grid density.

ulation of volumetric processes) and sheath entrance temperatures Te,se, which
affects the simulated volumetric processes as well as possible sheath modelling.
The velocity is drastically impacted as well, exhibiting strong oscillations and
even negative values. The continuity for particles is calculated on the cell faces
however, and is much less affected. A possible reason for such oscillations is the
occurrence of interaction mean free paths smaller than the cell size.

b.4 neutral flux amplification in b2 .5-eunomia

In the global model presented in section 6.1 and appendix A, the mechanism
of neutral flux amplification was used to calculate the flux transfer terms in the
near-surface region. In B2.5, flux transfer follows from self-consistent plasma equi-
libration. Nevertheless, the neutral flux amplification factor can be estimated, by
comparing the neutral flux onto the surface with the ion flux. The neutral flux
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Figure B.6: Neutral flux amplification factors for B2.5-Eunomia simulation cases A, B,
C, and D, as a function of upstream plasma pressure. For comparison, the
corresponding global model calculations, K+ 1, are shown.

amplification factor for B2.5-eunomia, KB2 is here defined equal to the definition
of [16, 29]:

KB2 ≡
ΓH + 2ΓH2

Γi
. (B.1)

A simple estimation of KB2 is as follows. For the neutral fluxes, the one-way

Maxwellian flux is used: ΓH = 1
4nH

√
8kBTH
πmH

, and analogous for H2. For the

ions, the sonic flux is used: Γi = ni

√
kB(Ti+Te)

mi
. These fluxes are evaluated for

the Eunomia volume corresponding to the final row of cells, and averaged over
the central 2.2mm of the plasma column. The results for cases A through D are
shown in figure B.6. For comparison, K was calculated using the global model for
the upstream plasma parameters corresponding to each simulation case. Since
there is still a neutral particle flux from the surface when no interaction is present,
K+ 1 was plotted for this comparison.

These series show the same trend, but lower values for the global model.
Firstly, it is noted that the global model calculations provide an indication but
no accurate prediction. Moreover, as noted in section B.1, the used version of
B2.5-Eunomia overestimates the elastic collision rates, which leads to an overesti-
mation of K. Nevertheless, one possible physical explanation is mentioned. KB2
includes all particles reaching the wall, but not the momentum carried by each
of them. In the global model, each cycle implies a fixed momentum transfer. In
reality, the momentum transferred in the first, effective CX event can be spread
over multiple particles through elastic atom-atom interactions, which all reach
the wall with each a fraction of the initial momentum. Depending on the self-
collisionality of the neutral population, the value of KB2 is thus increased.
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A C R O N Y M S

CTS coherent Thomson scattering

CX charge exchange

FEM finite element model

FWHM full width at half maximum

ICCD intensified charge-coupled device

IR infrared

ITS incoherent Thomson scattering

IAEA International Atomic Energy Agency

LCFS last closed flux surface

LP Langmuir probe

MCF magnetic confinement fusion

n-PWI neutral-mediated plasma-wall interaction

PFC plasma-facing component

p-n coupling near-surface plasma-neutral coupling

PMI plasma-material interaction

PWI plasma-wall interaction

SOL scrape-off layer

TS Thomson scattering

TZM tungsten molybdenum zirconium alloy
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