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The influence of electric fields and
neutral particles on the plasma sheath

at ITER divertor conditions

Summary

The purpose of this thesis is to support the optimization of the ‘exhaust-pipe’, or so-
called ‘divertor’, of the tokamak experiment ITER, a large international nuclear fusion
reactor now under construction in the south of France. We focus particularly on two
‘tools’ for optimization of the plasma conditions in the divertor: electric fields and neutral
particles. We look at how these ‘tools’ affect the plasma conditions at divertor surfaces.
These conditions determine the type and rates of plasma-surface interaction processes
and ultimately the lifetime of these surface materials.

A plasma boundary phenomenon that can be changed by the presence of electric
fields is the so-called ‘Debye sheath’. This is a voltage drop in the transition between
plasma and surface. Extremely localized, it will extend only a few micrometers from
the ITER divertor plates into the plasma. However, its voltage is a crucial parameter
for the interaction of plasma with these plates, since it determines the impinging ion
energy. The change in sheath voltage may be particularly large in ITER where conditions
are conducive to the development of large electric fields. This is partly due to the low
electron temperature, such that electrical resistivity is high. It is also partly due to the
high ion fluxes, which allow large currents to flow since electric currents through the
divertor plates are limited by the ion flux.

We will see that neutral particles will also influence the boundary conditions in the
ITER divertor. Their influence is important, because in contrast to existing tokamak di-
vertors, the ion flux will be so high that the plasma will not be transparent for neutral
atoms. Atoms will exchange energy and momentum with plasma particles. Clearly, ex-
periments are required to study the consequences of neutral particles and also electric
fields on divertor boundary conditions in the plasma conditions foreseen for ITER.

To perform these experiments systematically, we created the projected ITER diver-
tor plasma conditions as closely as possible in a linear laboratory experiment, Pilot-PSI.
Not only is this linear experiment unique in its production of the particle and heat fluxes
expected in the ITER divertor, it is also able to produce parameters corresponding to
the whole range of present day tokamak divertors. As a linear machine, it has large ad-
vantages over tokamak divertor experiments. The diagnostic accessibility is significantly
improved and plasma parameters can be controlled much more directly.

We began the project with the development of two non-intrusive diagnostic tech-
niques for the study of electric fields and atomic neutral density in the Pilot-PSI beam.
The first diagnostic developed uses optical emission spectroscopy to probe radial electric
fields via the~E× ~B ion rotation drift. Although these rotating ions do not emit radiation,
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we could estimate their drift velocity by observing radiation from excited neutral atoms.
These atoms are coupled to both the hot, rotating ions as well as to cold non-rotating
neutrals. A procedure was developed to obtain the ion rotation velocity as well as the ion
temperature from measured spectra. Radial electric field strengths could then be deduced.
We measured electric field strengths in Pilot-PSI of up to 16 kV/m.

Secondly, we needed measurements of the atomic neutral density. Laser induced flu-
orescence (LIF) is generally well-suited for this purpose, since it probes ground state
atomic densities directly and with high spatial resolution. However we found, at the high
electron density conditions in Pilot-PSI, the fluorescence signal to be severely limited
in strength and the background emission signal to be large. Sensitive LIF measurements
were not possible. Absorption spectroscopy provided a good alternative. With this diag-
nostic we determined an upper limit on the atomic density in the centre of the beam, from
which we could calculate the ionization degree (> 85% near the plasma source). We also
found that as the electron density in Pilot-PSI was increased to ITER relevant values,
there was a strong rise in the neutral atomic density in the beam and also in the propor-
tion of molecules in the vessel that were strongly rovibrationally excited. Electric fields
and ion temperatures could also be determined, and were in line with values from optical
emission spectroscopy. Finally, we also obtained estimations for the dissociation degree
in the vessel (∼ 7%) and the proportion of rovibrationally excited molecules entering the
plasma beam (∼ 30%).

The next step was to learn to understand and manipulate the radial electric fields
in the beam of Pilot-PSI. We found that the radial electric field at the plasma source
exit increased with nozzle diameter of the source and with magnetic field strength. The
electric fields (and associated electric current) were found to penetrate into the beam
outside of the plasma source with a characteristic length increasing with magnetization
of the beam.

We could then imitate the situation in a tokamak where electric fields in the plasma
interface with electrically conducting divertor surfaces. We experimentally verified that
electric current will flow through these conducting surfaces. Furthermore, we confirmed
that the local sheath voltage can increase substantially from its typical value without bi-
asing, 2.5kTe/e up to the total voltage difference applied. The sheath voltage increases
at positions for which the current into the target is positive. Since the sheath voltage de-
termines ion energies at the target, this may have negative consequences for the lifetime
of divertor materials. Especially when there are heavy impurities present in the divertor,
the threshold energy for physical sputtering may be surpassed. Experiments confirmed
that sheath voltage increase at a floating target (for which the electrical potential is free
to change) is avoided if an insulator inhibits surface current. We conclude that mate-
rial damage reduction can be obtained by placing insulating inserts between electrically
floating divertor plates.

Finally, we addressed the issue of heating by neutral particles that are reflected from
the divertor plates back into the plasma, carrying energy from the sheath. This heating
effect will be important in ITER because of the strong ion-neutral coupling projected. We
studied its effect in Pilot-PSI, where we amplified its impact by increasing the sheath volt-
age with target biasing. The result was an increase in the electron temperature measured
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close to the target. Also, the electron density was observed to decrease while ion flux to
the target remained constant. Since electron and ion densities are equal in a quasineutral
plasma, this implies rarefication caused by plasma acceleration. We attribute this accel-
eration to the Bohm criterion, which states that the plasma must accelerate to at least
the sound velocity at the sheath edge. Since an increased temperature corresponds to an
increase in the sound velocity, extra acceleration close to the target must result.

These results are significant because they show that neutral atoms reflected from di-
vertor plates in ITER will have a significant influence on the plasma boundary conditions.
This will affect the rates of a range of processes at the plasma-wall interface. One im-
portant example is the redeposition rate of eroded divertor plate material. The observed
effects are particularly striking when sheath voltages are enhanced either by electric fields
in the plasma or by negative plate biasing, but will also play a role when divertor plates
are floating or grounded.

In conclusion, this thesis presents an experimental study of the influence of electric
fields and neutral particles on the plasma conditions close to tokamak divertor plates.
Since diagnostic access to tokamak divertors is limited and measurements of densities,
temperatures, velocities and ion energies are minimal, good care should be taken in pre-
dicting values for these parameters. The predicted effects will be particularly strong at
ITER divertor relevant conditions, where electric fields can be large and ion-neutral cou-
pling strong.
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De invloed van elektrische velden en
neutrale deeltjes op de plasmasheath

bij ITER divertor condities

Samenvatting

Het doel van dit proefschrift is om de optimalisatie te ondersteunen van de ’uitlaat’ of
zogenoemde ‘divertor’ van het tokamakexperiment ITER, een grote, internationale kern-
fusiereactor die momenteel gebouwd wordt in Zuid-Frankrijk. Het onderzoek is toege-
spitst op twee ‘gereedschappen’ voor optimalisatie van de plasmacondities in de divertor:
elektrische velden en neutrale deeltjes. We onderzoeken de invloed van deze ‘gereed-
schappen’ op de eigenschappen van de rand van het plasma. Deze randplasmacondities
bepalen de soort en frequentie van plasma-wand wisselwerkingprocessen en daardoor
ook de levensduur van deze oppervlaktematerialen.

Een fenomeen bij de plasmarand dat door elektrische velden beïnvloed kan worden
is de zogenoemde ‘Debye sheath’. Dit is een spanningsval die de overgang vormt tussen
plasma en een wand. De sheath is extreem gelokaliseerd en reikt vanaf de ITER di-
vertorplaten slechts enkele micrometers het plasma in. Toch is de spanning over deze
sheath een cruciale parameter voor de wisselwerking van het plasma met deze platen,
omdat die spanning de ionenenergie aan de oppervlakte bepaalt. De verandering van de
sheathspanning is mogelijk bijzonder sterk in ITER waar condities gunstig zullen zijn
voor het ontstaan van sterke elektrische velden. Dit is deels vanwege de lage elektron-
temperatuur, zodat de elektrische weerstand hoog is. Het is ook deels vanwege de hoge
ionenfluxen, waardoor grote stromen kunnen lopen omdat elektrische stroom door diver-
toroppervlakten gelimiteerd is door de ionenflux.

We zullen zien dat neutrale deeltjes ook de randcondities in de ITER divertor zullen
beïnvloeden. Dit komt doordat - in tegenstelling tot bestaande tokamakdivertors - de
ionenflux zo hoog zal zijn dat het plasma niet meer transparant is voor neutrale atomen.
Atomen zullen daardoor energie en impuls uitwisselen met plasmadeeltjes. Het is duidelijk
dat experimenten nodig zijn om het effect te bestuderen van neutrale deeltjes en ook van
elektrische velden op randplasmacondities bij ITER relevante parameters.

Om deze experimenten systematisch uit te kunnen voeren, hebben we de voorspelde
plasmacondities voor de ITER divertor zo goed mogelijk gecreëerd in een lineair labora-
torium experiment, Pilot-PSI. Dit experiment is niet alleen uniek in het produceren van
de verwachte deeltjes- en warmtefluxen in de ITER divertor, het kan ook de parame-
ters bereiken van alle bestaande tokamakdivertors. Als lineaire machine biedt het grote
voordelen vergeleken met experimenten in tokamakdivertors. De toegankelijkheid voor
diagnostieken is significant beter en plasmaparameters kunnen directer afgeregeld wor-
den.
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We zijn begonnen aan het project door twee meettechnieken te ontwikkelen die de
condities in de plasmabundel van Pilot-PSI niet verstoren. Eén techniek werd opgezet
voor het bepalen van elektrische velden en één voor neutrale dichtheden. De eerste ge-
bruikt optische emissiespectroscopie om elektrische velden af te leiden van de~E × ~B
ionenrotatiedrift. Hoewel de roterende ionen geen straling uitzenden, kan hun driftsnel-
heid geschat worden door straling waar te nemen van aangeslagen neutrale atomen. De
eigenschappen van deze atomen zijn gekoppeld aan die van zowel de hete, roterende ion-
en als aan koude niet-roterende neutralen. Een procedure is ontwikkeld om ionenrotatie-
snelheden en ook ionentemperaturen te bepalen uit gemeten spectra. Radiele elektrische
velden leiden we vervolgens af. Elektrische velden in Pilot-PSI hebben sterktes tot 16 kV/m.

Ten tweede hadden we metingen nodig van de neutrale atoomdichtheid. Laser geïn-
duceerde fluorescentie (LIF) is hier over het algemeen een goed geschikte meettech-
niek voor, omdat het directe metingen oplevert van grondtoestanddichtheden, met hoge
ruimtelijke resolutie. Vanwege de hoge elektrondichtheid in Pilot-PSI werd de grootte
van het fluorescentiesignaal echter sterk beperkt en het achtergrondsignaal was hoog.
Gevoelige LIF-metingen waren daardoor onmogelijk. Absorptiespectroscopie bleek een
goed alternatief. Hiermee hebben we een bovenlimiet bepaald voor de atoomdichtheid in
het centrum van de bundel, waarmee we vervolgens de ionisatiegraad konden berekenen
(> 85% dichtbij de plasmabron). We zagen ook, dat bij een toename van de elektronen-
dichtheid in Pilot-PSI tot ITER relevante waarden, er een bijbehorende sterke toename
was in de neutrale atoomdichtheid in de bundel en ook in de fractie van sterk rovibra-
tioneel geëxciteerde moleculen. Elektrische velden en ionentemperaturen konden ook
bepaald worden en waren in overeenstemming met waarden van optische emissie spec-
troscopie. Als laatste hebben we schattingen gemaakt van de dissociatiegraad in het vat
(∼ 7%) en van de fractie van rovibrationeel geëxciteerde moleculen die de bundel bin-
nendringen (∼ 30%).

De volgende stap was het leren begrijpen en manipuleren van de elektrische velden in
de bundel van Pilot-PSI. We concludeerden dat de elektrische velden bij de uitgang van
de plasmabron toenamen met de diameter van de bronopening en met de magnetische
veldsterkte. We leidden daaruit af bepaalden dat elektrische velden (en bijbehorende elek-
trische stromen) de bundel buiten de plasmabron binnendringen met een karakteristieke
lengte die toeneemt met de magnetisatie van de bundel.

Gewapend met deze kennis konden we de situatie in een tokamak nabootsen waarbij
elektrische velden in het plasma in aanraking komen met elektrisch geleidende diver-
toroppervlaktes. Experimenten bevestigden dat elektrische stroom door deze geleidende
oppervlaktes zal lopen. Verder hebben we bevestigd dat de lokale sheathspanning sig-
nificant kan toenemen van de waarde voor een floating trefplaat, 2.5kTe/e tot het totale
aanwezige spanningsverschil. De sheathspanning neemt toe bij posities waar de stroom
naar de trefplaat toe positief is. Doordat de sheathspanning de ionenenergie bij de tref-
plaat bepaalt, kan dit negatieve consequenties hebben voor de levensduur van divertor-
materialen. Vooral als er zware onzuiverheden aanwezig zijn in de divertor, zou de drem-
pel voor fysieke sputtering overschreden kunnen worden. Experimenten bevestigen dat
een isolerend inzetstuk in een floating trefplaat sheathspanningtoename voorkomt, door
oppervlaktestroom tegen te houden. We concluderen dat het compartimenteren van elek-
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trisch floating divertorplaten met isolatiestukken kan zorgen voor een afname in materi-
aalschade in tokamakdivertors.

Tenslotte keken we naar het verhittingseffect van neutrale deeltjes die gereflecteerd
worden van divertorplaten. De energie die ionen opdoen in de sheath voeren ze namelijk
terug naar het plasma wanneer ze als neutralen gereflecteerd worden. Dit verhittingsef-
fect zal belangrijk zijn in ITER vanwege een sterke koppeling tussen ionen en neutralen.
We hebben het effect in Pilot-PSI bestudeerd door het eerst uit te vergroten met een
opgevoerde sheathspanning, gerealiseerd met trefplaatbiasing. Het resultaat was een toe-
name van de elektronentemperatuur, gemeten dicht bij de trefplaat. Ook zagen we een
afname van de elektronendichtheid bij gelijkblijvende ionenflux naar de trefplaat. Om-
dat elektronen- en ionendichtheden gelijk zijn in een quasineutraal plasma, duidt dit op
een plasmaverdunning veroorzaakt door versnelling van het plasma. We schrijven deze
versnelling toe aan het Bohm criterium, dat stelt dat de snelheid van het plasma aan de
rand van de sheath minstens gelijk is aan de geluidssnelheid. Doordat een temperatuur-
toename samenhangt met een toename in de geluidssnelheid, is het resultaat een extra
versnelling naar de trefplaat toe.

Deze resultaten zijn significant omdat ze laten zien dat neutrale atomen die gere-
flecteerd worden van divertorplaten in ITER een significante invloed zullen hebben op
de plasmacondities dicht bij de platen. Deze invloed zal ook doorwerken in de frequen-
ties van een scala van processen die plaatsvinden in de wisselwerking tussen plasma en
wand. Een belangrijk voorbeeld is de redepositiesnelheid van geërodeerd divertorplaat-
materiaal. De waargenomen effecten zijn bijzonder markant wanneer de sheathspanning
vergroot wordt hetzij door elektrische velden in het plasma, hetzij door negatieve tref-
plaatbiasing, maar ze zullen ook een rol spelen als divertorplaten floating of geaard zijn.

Tot slot, dit proefschrift presenteert een experimentele studie van de invloed van elek-
trische velden en neutrale deeltjes op de randcondities bij tokamakdivertorplaten. Door-
dat diagnostieke toegang tot tokamakdivertors beperkt is en metingen van dichtheden,
temperaturen, snelheden en ionenenergieën minimaal zijn, is zorg geboden bij het voor-
spellen van waarden van deze parameters. Bij condities relevant voor de ITER divertor
worden bijzonder sterke effecten verwacht, vanwege sterke elektrische velden en sterke
wisselwerking tussen ionen en neutrale deeltjes.
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Chapter 1

Introduction

Nuclear fusion appeared recently in a list of "12 events that will change everything"in the
Scientific American [1]. That is certainly the case: It is clean and safe, the fuel resources
are practically limitless and available to all and the land requirements are small. The
challenges are just as large as the rewards. In the tokamak design (see Fig. 1.1), turbulent
plasma at a temperature of 150 million degrees must be stabilized, floating in a magnetic
field to keep it from the walls of the vessel. Superconducting magnetic coils need to

Superconducting 
Magnetic Field Coils

~4 K

Fusion: the tokamak approach in a nutshell

- Hydrogen fuel in the plasma state is confined by
a magnetic field in a torus-shaped vessel

- The magnetic field is created using
superconducting coils (at a temperature of 4 K)

- Fuel is heated to around 150 million K, so that
hydrogen isotopes deuterium and tritium fuse to
produce helium, neutrons and energy
 (17.6 MeV per reaction)

- Neutrons heat a lithium mantel around the vessel,
which is water cooled. A steam-engine is powered
by the steam produced.

Plasma
~150 million K

Steam

Figure 1.1: Fusion: the tokamak approach in a nutshell. Picture by Mark Westra.

be maintained at a temperature of 4 K at a distance of tens of centimeters from the hot
plasma, constituting one of the largest temperature gradients in the universe.

The total power produced will be comparable to the power produced in for example
a coal plant, but in a much smaller volume, since the energy in nuclear bonds is millions
of times larger than the energy in chemical bonds. As the fuel of the reaction is renewed,
exhaust products will need to be removed. It is unavoidable that these products, in the
form of high heat and particle fluxes will come into contact with a surface during this
removal process. The fluxes involved are more than ten times larger than those endured
by a space shuttle on re-entry [2; 3]. In addition, for fusion to be economically feasible
these fluxes must be endured continuously for months on end.
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The design of the international fusion experiment, ITER (see Fig. 1.2), includes a so-
called divertor in which the fusion products are removed from the machine. By the use

ITER in a nutshell

-  Goal: to demonstrate the scientific feasability of 
power production with nuclear fusion

- International collaboration between the EU (leading 
party, paying 46% of costs), China, India, Japan, 
South Korea, Russia and the United States, 
representing over half of the world's population

- Site preparation began in Cadarache, France 
in January, 2007. First plasma planned in 2019

- Design parameters
   - Produces 10 times the power it consumes (Q=10)
   - Diameter of torus: ~ 19 m
   - Internal diameter: ~6 m, Height: ~ 11 m

Figure 1.2: Design of the experimental fusion reactor ITER. The inset is an illustration
of the divertor. ITER image from www.iter.org, compilation with divertor by
Jeroen Westerhout.

of various cooling techniques, the temperature of the plasma reaching the ITER divertor
plates is reduced to 1-7 eV (1 eV≡ 11600 K). This is required to keep the energy of the
particles that hit the divertor plates below the sputtering threshold. Energy and particle
fluxes are nonetheless expected to be high: 10 MW and 1024 particles /m2/s.

1.1 The tokamak divertor

The divertor concept was proposed in 1951 by Spitzer [4] as a way of isolating the point
where exhaust products are extracted from the vessel (where the plasma hits the wall)
from the main fusion plasma. This is done as depicted in Fig. 1.3. The main fusion plasma
is confined by closed magnetic field lines. At the so-called separatrix, or last closed flux
surface (LCFS), the field lines ‘open up’ at an ‘x-point’ and intercept divertor plates.
Plasma particles that diffuse radially outward across the separatrix into the so-called
scrape-off layer, follow the field lines and are dumped on the divertor plates. Pumps
behind these plates carry away the particles, whereafter the fuel is separated from the
exhaust and re-injected into the vessel.

Design of the divertor is a large challenge as it must fulfil several requirements si-
multaneously. The divertor must ensure [5] manageable power flux to the plasma facing
components, efficient pumping of helium (the ash of the fusion reaction) out of the ves-
sel, screening of impurities produced in or added to the divertor region from the main

2



1.2. The importance of electric fields and neutral particles in the divertor

Figure 1.3: The divertor concept in a tokamak. From http://www.jet.efda.org.

plasma, while at the same time maintaining good confinement and relatively high core
plasma density in the main plasma and ensuring survival of the divertor plates [6].

With the aim of achieving all of these goals simultaneously, much work has been
done on understanding and manipulating the divertor power balance. This has been done
using a wide variety of methods. To name a few: by material choice [6], magnetic [7]
and spatial [8] divertor configuration, impurity seeding for radiative cooling [9; 10] and
manipulation of plasma parameter profiles to achieve different regimes such as so-called
detachment [11]. In all of these approaches, the electric field configuration and neutral
particle density can play an important role. These two parameters may also be specifically
tweaked for optimization of the functionality of the divertor.

1.2 The importance of electric fields and neutral parti-
cles in the divertor

Electric fields have played a significant role in improvement of the tokamak divertor
design. Divertor biasing (and limiter or electrode biasing [12]) has been used for the
achievement of higher confinement regimes [13]. It has also been used [14; 15] to in-
crease impurity retention in the divertor region and to improve the helium exhaust. Stae-
bler [16] showed plasma heating by divertor biasing such that the plasma expands to
match the width of the divertor plates (thus spreading the plasma energy over a larger
area).

These uses of electric fields as a tool in tokamak divertors require an understanding of
their effect on the plasma. It is useful to understand how an electric field and its accom-
panying electric current will be distributed in the plasma, since this determines where
the Ohmic power is dissipated. Also, the influence of electric fields on the plasma-wall
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sheath - the region of positive charge at a plasma-wall interface - is important. It deter-
mines the energy of ions impinging on the target, which is crucial for example for the
erosion of the divertor plate material.

Much work has already been done on understanding what happens when an electric
field exists in a divertor, however most of the literature focuses on fields arising from
temperature differences. Such fields arise because the plasma-wall sheath voltage de-
pends linearly on electron temperature and develops in front of an equipotential surface.
The so-called thermoelectric currents that result were described theoretically for the first
time by Harbour [17] and are given a detailed treatment by Stangeby [18]. Experimental
tokamak studies [19; 20] confirm these results. The current configuration measured due
to induced voltage loops in the scrape-off layer [21] and electric fields from divertor plate
biasing [16; 22]is similar.

Shortcomings of these studies include the multitude of parameters at work in a toka-
mak which complicate direct comparison of results with theory. Also, diagnostic mea-
surements are limited by the accessibility of the divertor region and the fact that probe
measurements influence the plasma conditions that are being measured. Interpretation of
probe measurements in a magnetic field is also controversial [23]. Systematic experimen-
tal confirmation of the theoretical effects of electric fields at a conducting surface would
therefore be highly desirable.

Neutrals are also of great importance in determining the plasma conditions in the
divertor. Via ion-neutral friction, they are responsible for the so-called detached regime
[11] in which a drastic drop of particle fluxes to the divertor plates is observed. Molec-
ular assisted recombination [24] and the associated radiation by neutrals [25] are also
instrumental in the dissipation of energy in this regime.

For a tokamak divertor with high electron densities (such as ITER), neutral parti-
cles can also have an influence on the pre-sheath voltage. This is the small fraction of
the plasma-wall sheath potential that extends into the plasma and accelerates ions to the
sound velocity (or above) at the sheath edge [26]. The pre-sheath in the divertor is im-
portant since it influences the plasma parameters at the divertor plates, which determine
particle interaction rates and therefore plasma-wall interaction processes. One example
is the probability of re-deposition of eroded target material [6].

The tokamak divertor is not conducive to detailed measurement of the pre-sheath,
however such measurements have been made in the linear divertor simulator, PSI-2 [27].
Similar experiments in the ITER divertor plasma regime would be useful for extrapola-
tion to ITER.

1.3 The ITER divertor plasma

To quote Stangeby and Pitcher [5], "The conditions expected in ITER are far removed
from those found in existing devices (Janeschitz et al 1995 [28]) and thus extrapolating
present divertor results towards future machines requires a detailed understanding of the
present operation."

Important characteristics of the projections for the ITER divertor are [28] a high
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plasma flux density (∼ 1024 m−2s−1), a correspondingly high electron density∼ 1020 m−3

and low electron temperatures∼ 1-7 eV. An appreciable neutral density is expected close
to the target due to neutrals reflected from the target and ion-neutral interactions will be
important in the momentum and energy balance. The low temperature expected in the
ITER divertor plasma is interesting, in that it straddles the sharp rise in the Saha equilib-
rium [29] between an ionizing and a recombining plasma. The temperature will increase
from the divertor plates towards the main plasma such that at an ionization front is en-
countered.

Plasma at the projected low electron temperature conditions will have high resistivity
(> 10−4 Ωm along the field lines). Electric currents through plasma and divertor plates,
which are always limited by the ion flux at the plates, can be large due to the high pro-
jected ion fluxes (160 kA/m2 at Γ = 1024 m−2s−1). This combination will allow large
electric fields to exist in the ITER divertor.

1.4 The relevance of Pilot-PSI for the study of electric
fields and neutral particles in the ITER divertor

Pilot-PSI is a linear plasma generator that simulates the conditions projected close to
the divertor plates of ITER in a plasma beam that impinges on an exchangeable target.
Such a divertor simulator is indispensable in the study of divertor physics, as it enables
systematic studies in a controlled environment. Furthermore, the plasma is much more
easily accessible for diagnostics than in a tokamak.

Pilot-PSI is the first linear divertor simulator to reach the plasma fluxes expected
in the divertor of ITER [28]. Fig. 1.4 shows the range of plasma conditions that has
been achieved at its target. The particle fluxes are calculated from the Bohm flux [18]
Γ = 0.5necs, which assumes a density drop of 0.5 from the measurement position (15 mm
from the target) to the target. Note that the conditions projected for the ITER divertor,
Γ ≈ 1024 m−2s−1, ne = 1020-1021 m−3 and the lower part of the electron temperature
range (1-3 eV) are well covered.

As in any simulation, there are some aspects of the plasma-wall conditions in ITER
that are not reproduced exactly. One is the higher part of the ITER divertor tempera-
ture range. Pilot-PSI thus specifically reproduces the ITER divertor conditions in regions
downstream of the ionization front. Another aspect is the difference in geometry, for
example, the angle at which the magnetic field lines intersect the divertor plates. In Pilot-
PSI, magnetic field lines are perpendicular to the target, while in ITER this angle will
be≈ 20 degrees [28]. It will be possible to mount the target at an angle to the magnetic
field in the Pilot-PSI upgrade, Magnum-PSI. Extrapolation of results must consider these
differences.
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Figure 1.4: The range of conditions produced at the target in Pilot-PSI. Corresponding
flux densities are indicated with diagonal lines. The red line at 1024 m−2s−1

indicates the nominal ITER value. This graph was compiled by Jeroen West-
erhout and Wouter Vijvers and is taken from [30]

1.5 This thesis

We have seen that for the achievement of tokamak divertor specifications, electric fields
are important tools and neutral particles play an important role. The goal of this thesis is
to support tokamak divertor experiments by providing systematic, experimental studies
of the effect of electric fields and neutral particles on the sheath and pre-sheath region of
a plasma-wall transition. The experiments are performed at the same plasma parameters
as projected for the ITER divertor, so that the studies are as relevant as possible for this
next generation fusion experiment. We address the following questions:

1. When electric fields are applied or come into existence in a magnetized plasma near a
conducting target, how will the electric current be distributed, and how will the plasma-
wall sheaths be affected?

2. How will the plasma parameters in a high electron density plasma in front of a con-
ducting target be affected by target reflected neutrals when the target plate is biased?

We approach the study with the combination of an experimental study in the linear
plasma generator Pilot-PSI and simple modeling. Two sub-questions must be addressed
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before we can study the main research questions of this thesis:

a. How can we non-intrusively measure the electric fields and neutral particle densities
in Pilot-PSI?

b. What is the origin of the radial electric fields in Pilot-PSI and how can we manipulate
them?

We require non-intrusive electric field and neutral particle measurements and avoid using
electrical probes not only because they disturb the plasma conditions, but also because
they produce ambiguous results in the presence of a magnetic field [23]. In Chap. 3 we
develop a method using optical emission spectroscopy to determine the radial electric
fields via the ion~E× ~B drift. Since hydrogen ions do not radiate, we rely for this method
on the coupling between radiating neutrals with plasma ions. A method using absorption
spectroscopy is also developed in Chap. 4 to estimate the atomic neutral density in the
plasma - important at these plasma conditions where interactions between the plasma and
neutrals has a significant influence on the dynamics of the plasma.

The next step (Chap. 5) is to characterize the radial electric field behaviour in Pilot-
PSI using measurements with the diagnostic developed in combination with simple mod-
elling. Having learned how to manipulate these fields, we then study the effect of insert-
ing a conducting target. Measurements and modelling reveal the reaction of the electric
field and current distribution as well as the plasma-wall sheaths at the target. Results are
also compared to a second situation in which electric current flow through the target is
inhibited by an insulator.

After studying effects of electric fields at a target, we turn in Chap 6 to effects caused
by a very specific electric field, that of the pre-sheath. We are interested in the effect
that neutrals will have on this field, specifically on the resulting plasma parameters. We
measure the plasma parameters at several positions in front of the target via Thomson
scattering while monitoring the ion saturation current. A simple model aids us in ex-
ploring the influence that neutrals reflected from the target have in causing the observed
dependencies.

1.6 Publications

Two chapters of this thesis have been published:

• Rotation of a strongly magnetized hydrogen plasma column determined from
an asymmetric Balmer-beta spectral line with two radiating distributions
A. E. Shumack, V. P. Veremiyenko, D. C. Schram, H. J. de Blank, W. J. Goedheer,
H. J. van der Meiden, W. A. J. Vijvers, J. Westerhout, N. J. Lopes Cardozo and
G. J. van Rooij, Phys. Rev. E,78, 046405 (2008)

• Diagnosing ions and neutrals via n=2 excited hydrogen atoms in plasmas with
high electron density and low electron temperature
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A. E. Shumack, D. C. Schram, J. Biesheuvel, W. J. Goedheer and G. J. van Rooij,
Phys. Rev. E,83, 036402 (2011)

Other first author publications:

• LIF and absorption in a high electron density plasma
A. E. Shumack, J. Biesheuvel, R. A. H. Engeln, W. J. Goedheer, N. J. Lopes Car-
dozo, H. J. van der Meiden, J. Rapp, D. C. Schram, W. A. J. Vijvers, J. Westerhout,
G. M. Wright and G. J. van Rooij, Conference Proceedings of XXIX International
Conference on Phenomena in Ionized Gases,1, 299 (2009) ISBN:978-1-61567-
694-1

The author of this thesis was a co-author in the following publications:

• Materials research under ITER-like divertor conditions at FOM Rijnhuizen
G. M. Wright, J. Westerhout, R. S. Al, E. Alves, L. C. Alves, N. P. Barradas, M. A.
van den Berg, D. Borodin, S. Brezinsek, S. Brons, H. J. N. van Eck, B. de Groot,
A. W. Kleyn, W. R. Koppers, O. G. Kruijt, J. Linke, N. J. Lopes Cardozo, M.
Mayer, H. J. van der Meiden, P. R. Prins, et al., J. Nucl. Mater. (2011),
doi:10.1016/j.jnucmat.2010.12.209

• Experimental and theoretical determination of the efficiency of a sub-atmospheric
flowing high power cascaded arc hydrogen plasma source
W. A. J Vijvers, D. C. Schram, A. E. Shumack, N. J. Lopes Cardozo, J. Rapp and
G. J. van Rooij, Plasma Sources Sci. Technol.,19, 065016 (2010)

• Carbon film growth and hydrogenic retention of tungsten exposed to carbon-
seeded high density deuterium plasmas
G. M. Wright, R. S. Al, E. Alves, L. C. Alves, N. P. Barradas, A. W. Kleyn, N. J.
Lopes Cardozo, H. J. van der Meiden, V. Philipps, G. J. van Rooij, A. E. Shumack,
W. A. J. Vijvers, J. Westerhout, E. Zoethout, J. Rapp, J. Nucl. Mater.,396, 176-180
(2010)

• Thomson scattering at Pilot-PSI and Magnum-PSI
G. J. van Rooij, H. J. van der Meiden, M. H. J. ’t Hoen, W. R. Koppers, A. E.
Shumack, W. A. J. Vijvers, J. Westerhout, G. M. Wright and J. Rapp, Plasma Phys.
Controlled Fusion,51124037 (2009)

• Hydrogenic retention in tungsten exposed to ITER divertor relevant plasma
flux densities
G. M. Wright, A. W. Kleyn, E. Alves, L. C. Alves, N. P. Barradas, G. J. van Rooij,
A. J. van Lange, A. E. Shumack, J. Westerhout, R. S. Al, W. A. J. Vijvers, B. de
Groot, M. J. van de Pol, H. J. van der Meiden, J. Rapp, N. J. Lopes Cardozo, J.
Nucl. Mater.,390-391, 610-613 (2009)

• Multiple discharge channels in a cascaded arc to produce large diameter plasma
beams
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W. A. J. Vijvers, B. de Groot, R. S. Al, M. A. van den Berg, H. J. N. van Eck, W. J.
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• Chemical erosion of different carbon composites under ITER-relevant plasma
conditions
J. Westerhout, D. Borodin, R. S. Al, S. Brezinsek, M. H. J. ’t Hoen, A. Kirschner,
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Chapter 2

Experimental arrangement

2.1 Experimental

The experimental set-up of the linear divertor simulator Pilot-PSI is covered briefly in
each of the chapters 3-6. For clarity, we also explain the set-up separately in this chapter.
A schematic of the linear plasma generator Pilot-PSI is shown in Fig. 2.1. It schematically
depicts the main optical diagnostics used in this thesis.

Vacuum vessel

Cascaded 

arc plasma 

source

~ 0.5 m

Plasma jet 40 cm

Magnetic 

coilsViewing ports

B
Target

Absorption 

Spectroscopy

and LIF

Radial and axial

optical emission 

spectroscopy

Thomson scattering

13cm

Figure 2.1: Schematical drawing of the experimental arrangement of Pilot-PSI and its
diagnostics.

2.1.1 The plasma generator

The plasma in Pilot-PSI is produced with a cascaded arc [1], depicted in Fig.2.2. Its de-
sign is based on extensive work at the Eindhoven University of Technology [2; 3; 4].
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Cathode (3x)
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Grounded 

nozzle

Gas inlet

Figure 2.2: Schematical drawing of the cascaded arc used to produce plasma in Pilot-
PSI. Picture by Jeroen Westerhout.

The working gas enters the plasma source via the gas inlet. It is ionized in the arc chan-
nel of the cascaded plates due to the discharge between the three cathodes and the anode.
The nozzle is electrically connected to the anode which is in contact with the electri-
cally grounded vessel wall. The cascaded plates are insulated from one another and are
electrically floating.

For the plasma conditions described in this thesis, the gas flow into the source was
1-3 standard litres per minute (slm)* , the discharge current was 80-200 A and the cathode
voltage 100-250 V. The cathode tips are constructed from tungsten, the cascaded arc
plates are from copper and are insulated from one another by boron-nitride spacers. The
anode is made of copper-tungsten. For most of the experiments in this thesis, the so-
called ‘trumpet source’ design is used. In this design the diameter of the channel in the
cascaded plates increases from the cathode to the anode side. Channel diameters are 5,
5.5, 5, 6, 7, and 8 mm, with a nozzle opening of 9.5 mm. This design differs only in
Chap. 3 where a straight channel is used (see Fig. 3.2).

Plasma expands out of the high pressure source (104 Pa in the cathode region) into a
meter long, 40 cm diameter vacuum vessel. During operation, the background pressure
is typically 1-5 Pa. An axial magnetic field directed away from the source confines the
plasma to form a∼ 1 cm diameter beam. The field strength can be varied continuously
from 0.01-0.1 T and in steps of 0.4 T from 0.4-1.6 T. The magnetic field duration is lim-
ited by the cooling of the coils and has a maximum of 160 seconds for 0.4 T and 9.9 sec-

* 1 slm≈ 4.5 · 1020 particles/s
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2.1. Experimental

onds at 1.6 T. The plasma beam extends to the opposite end of the vessel at 0.5 m distance
where it impinges on a water-cooled, removable target. The particle flux to the target is
typically 1024 m−2s−1, with a heat flux of∼ 10 MW. Radial electron and temperature
profiles are approximately Gaussian, with peak values in the range Te = 0.3 - 3 eV and
ne ≈ 5 · 1019 - 5 · 1021 m−3.

2.1.2 Diagnostics

Thomson scattering

Radial electron temperature and density profiles of the Pilot-PSI beam are measured rou-
tinely with Thomson scattering [5]. Full details of this diagnostic can be found in [6; 7].
The diagnostic is based on the scattering of laser light from free electrons in the plasma.
The spectrum of this scattered light is Doppler broadened due to the velocity distribution
of the electrons. From the Doppler width of the spectrum, the electron temperature can
therefore be obtained. The electron density can also be determined; it is proportional to
the intensity of the scattered light.

Measurements are made at two fixed axial positions,∼4 cm from the source and
∼2 cm from the target, as determined by the position of the laser beam. The laser used is
a neodymium doped yttrium aluminium garnet (Nd:YAG) laser operating at the second
harmonic (532 nm), with a pulse rate of 10 Hz and energy of 0.4-0.5 J/pulse. Scattered
light is collected at an angle of 90 degrees and focused onto a quartz fiber array using
a double lens system. The effective focal length is 160 mm and the lens diameter is
8.15 cm. The magnification is 0.66. The fiber array consists of 48 fibers, each with a
diameter of 0.4 mm. A 30 mm chord of the plasma beam can thus be measured with a
spatial resolution of 0.6 mm.

The signal is analyzed with a spectrometer in Littrow configuration. A two-dimensional
output signal results (with spatial and spectral resolution) that is amplified by an image
intensifier and recorded on an intensified CCD (ICCD) camera. The first image intensi-
fier is gated such that signal is only recorded in a 30 ns time window around each∼7 ns
laser pulse. The total signal recorded over the duration of the magnetic field pulse (typ-
ically 3 seconds) is absolutely calibrated with Rayleigh scattering. For this calibration,
the vessel is filled with argon at a pressure of 50 Pa. The stray light signal is measured
separately and is subtracted from the raw measurement signal. A wavelength calibration
of the detection system is performed by illumination with a tungsten lamp [8].

Optical emission spectroscopy set up

Optical emission spectroscopy measurements (see for example [9; 10; 11; 12; 13; 14; 15])
were performed to obtain temperature and velocity information on n=3 and n=4 excited
hydrogen atoms. Spontaneous emission on either the Balmer-α or the Balmer-β line was
collected and spectrally analyzed. Temperatures could be calculated from the Doppler
broadening of the spectra. Velocities were obtained from the Doppler shift with respect
to the reference spectrum from a hydrogen lamp.
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For the optical emission spectroscopy diagnostic, light is collected with a lens system
and imaged onto an array of 40 individual 0.4 mm diameter quartz fibers, thus recording
a radial profile of the beam. A polarizer mounted in front of the fibers selects theπ-
component of Zeeman-splitted spectral lines [16]. For measurements of the rotation ve-
locity, the collection angle is perpendicular to the jet axis. The viewing system in Chap. 3
had a magnification of 0.4, and a lens with diameter 6 cm and focal length 20 cm. For
rotation measurements in other chapters, the magnification was 0.55 and a double lens
system was used with lens diameter 8.15 cm and effective focal length 160 mm. For the
axial measurements in Chap. 6, the same lenses were used and a square mirror (10×
12 cm) was mounted in the vessel to ensure a collection angle of 13 degrees to the jet
axis. The magnification was between 0.225 and 0.26.

Collected light is relayed via the optical fiber array to a spectrometer in Littrow con-
figuration. In this way, spatial information is preserved and a spectral range of approx-
imately 4 nm can be investigated over the entire 2–3 cm width of the plasma jet profile
simultaneously. The output of the fiber array is imaged onto an adjustable slit. Behind the
slit, light is collimated by an achromatic lens of 15 cm in diameter with a focal length of
2.25 m. The blazed diffraction grating is optimized for the second diffraction order (blaze
angle 17.45◦). It has dimensions of 11 x 11 cm and a groove density of 1200 per mm. The
signal is detected on a CCD (Charged Coupled Device) camera. For the measurements in
Chap. 3 the camera consists of 298x1152 pixels of size 22.5x22.5µm. For other chapters
a CCD camera with 2048x2048 pixels, 13.5x13.5µm in size was used. The exposure
time of the CCD camera is several seconds. Fast temporal fluctuations are thus averaged.
The wavelength resolution is determined predominantly by the slit width. For a 50µm
slit, the wavelength resolution is∼6 pm for Balmer-α and∼8 pm for Balmer-β.

Absorption spectroscopy and Laser Induced Fluorescence

Absorption spectroscopy and Laser Induced Fluorescence (LIF) [17; 18; 19; 20; 21; 22]
were used to obtain density measurements of the n=2 excited atoms. The optical set-up
for absorption and LIF is depicted in Fig. 4.2. Absorption was measured on the Balmer-α
line from excited level n=2 to n=3. The LIF signal measured was the spontaneous radia-
tive decay back to the n=2 level. We used a tunable external cavity diode laser (Vortex
6000, New Focus, wavelength range: 656.33-656.60 nm, horizontal polarization, spec-
tral linewidth <300 kHz). The laser power and wavelength were monitored real time,
the latter with a Fabry-Perot cell. The laser was always at an angle to the windows to
minimize interference effects. Scans as a function of electron density were mostly per-
formed with an expanded laser beam (laser spot diameter up toφ = 1 cm) with the aim of
maximizing the fluorescence signal for LIF. Lateral scans across the width of the beam
were performed with laser diameterφ < 1.5 mm.

For absorption, the laser was scanned across the width of the plasma beam to obtain
a lateral profile, by adjustment of the angle of the last mirror in front of the vessel. After
a single pass through the plasma beam, the laser beam was focused onto a photodiode
which measured the transmitted laser power. This photodiode was positioned at 1.5 m
from the vessel to suppress background emission. The collection optics were adjusted
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Figure 2.3: Diagnostic set-up for absorption spectroscopy and Laser Induced Fluores-
cence

during a radial scan, so that the laser beam was always focused onto the photodiode. The
laser wavelength was scanned across the spectrum with a repetition frequency of 10 Hz
with 10 averages. Directly following each measurement a calibration measurement was
made with the magnetic field turned off. This reduced the laser absorption to� 10−5.

Fluorescence was also collected onto a photodiode. Since the background emission
was expected to be more than 1000 times stronger than the fluorescence, several tech-
niques were employed to suppress it. Firstly lock-in detection was used with a mechan-
ical chopper at 4 kHz, a spectrum scan at 0.05 Hz and a typical integration time of two
seconds. Also, both a Balmer-α filter and a slit were mounted in front of the photodiode
such that only relevant light from regions where fluorescence was expected was imaged
onto the photodiode.
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Chapter 3

Rotation of a strongly magnetized hydrogen
plasma column determined from an
asymmetric Balmer-β spectral line with two
radiating distributions *

Abstract

A potential build up in front of a magnetized cascaded arc hydrogen plasma source is ex-
plored via~E× ~B rotation and plate potential measurements. Plasma rotation approaches
thermal speeds with maximum velocities of 10 km/s. The diagnostic for plasma rotation
is optical emission spectroscopy on the Balmer-β line. Asymmetric spectra are observed.
For the first time a detailed consideration is given on the interpretation of such spectra
with a two distribution model. This consideration includes radial dependence of emis-
sion determined by Abel inversion of the lateral intensity profile. Spectrum analysis is
performed considering Doppler shift, Doppler broadening, Stark broadening and Stark
splitting.

* Published as: A. E. Shumack, V. P. Veremiyenko, D. C. Schram, H. J. de Blank, W. J. Goedheer,
H. J. van der Meiden, W. A. J. Vijvers, J. Westerhout, N. J. Lopes Cardozo and G. J. van Rooij, Phys. Rev.
E 78, 046405 (2008). Small changes in this thesis: layout of some figures changed, some black and white
figures are now in colour. Fig. 3.1 has been adjusted to give a more accurate depiction of the plasma beam.
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Chapter 3. Rotation of a strongly magnetized hydrogen plasma column

3.1 Introduction

A potential build-up at the exit of the magnetized cascaded arc hydrogen plasma source
of Pilot-PSI has been shown to lead to high fluxes and a high source efficiency [1]. This
has facilitated the production of unique plasma conditions. Pilot-PSI reproduces the hy-
drogen plasma conditions expected in the diverter of the international fusion experiment
ITER, in a linear machine. Particle fluxes of up to1024 m−2s−1 are obtained with energy
fluxes up to 10 MW/m2 and electron temperatures of1−5 eV. Plasma surface interaction
research in support of ITER is currently being carried out [2; 3].

The cause of the potential build up at the exit of the source is the source current
path, which in contrast to similar linear plasma devices does not lie entirely within the
source itself. The path of the electron current from the cathodes must cross the magnetic
field in the radial direction to reach the anode. Due to magnetic confinement, the plasma
resistivity in the radial direction is higher than in the axial direction. To follow the path
of least resistance, the electron current spreads itself out in the axial direction until the
effective radial resistance is the same as the axial resistance. Electric fields associated
with the current path drive plasma rotation via an~E × ~B force.

~E × ~B drift rotation has been well studied in the literature [4; 5; 6; 7; 8]. As al-
ready indicated in [1], rotation velocities in Pilot-PSI can be up to 10 km/s, one order
of magnitude higher than expected from the ambipolar fields. This paper reports on the
measurements of plasma rotation, which form the basis of an exploration of the potential
build-up in front of the source.

The plasma rotation is studied by Optical Emission Spectroscopy (OES). Direct pas-
sive spectroscopy is not possible for hydrogen ions which do not radiate. Instead we
analyze the light emitted by the neutral atoms. This approach was successfully followed
by others (e.g. Meyer et al.[6]) by virtue of an efficient coupling of the excited atoms to
the ions via fast symmetric charge exchange.

Asymmetry is observed in the Balmer-β spectra measured for the high density, mag-
netized hydrogen plasma under study. Asymmetric spectra have been observed earlier
[4; 7; 9; 10; 11] and analyzed with the assumption of two radiating populations. The
assumption of two distributions is given a thorough consideration in this paper for the
plasma conditions present.

The method of spectrum analysis is assessed on the basis of the residue of the fitting
procedure and the plasma densities and temperatures that it predicts. Thomson scattering
measurements form the basis of quantitative comparison.

In section 3.2, the plasma device is described and the experimental conditions given.
Section 3.3 presents the optical emission spectroscopy measurements, explains the method
of spectrum analysis and gives the results. Section 3.4 explores the mechanisms behind
the light production and the shape of the spectral emission line. The rotation of the plasma
in relation to the radial electric field which causes it is discussed in section 3.5.
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Figure 3.1: Schematical drawing of the experimental arrangement of Pilot-PSI and its
optical emission spectroscopy diagnostic.

3.2 Experimental

3.2.1 The linear plasma generator Pilot-PSI

The hydrogen plasma under study in this work was produced in the linear plasma gen-
erator Pilot-PSI [1]. Figure 3.1 shows the experimental arrangement of Pilot-PSI and the
emission spectroscopy diagnostic.

Plasma is produced with a cascaded arc, see Fig.3.2. Its design is based on extensive
work at the Eindhoven University of Technology [12; 13]. Hydrogen flows at 2.5 stan-
dard litres per minute or 1021 H2/s through a discharge channel, 32 mm long and 4 mm
in diameter. A discharge current is stabilized to 80 A between three tungsten cathodes
and a 5-8 mm diameter copper-tungsten nozzle that serves as the anode. Unless stated
otherwise, the nozzle diameter for the measurements presented in this paper is 8 mm.
The plasma expands out of the high pressure source (104 Pa in the cathode region) into a
1 m long, 40 cm diameter vacuum vessel. During operation, the background pressure is
typically 1-5 Pa. An axial magnetic field directed away from the source with a variable
strength in steps of 0.4 T to a maximum of 1.6 T confines the plasma to form a jet. The
magnetic field duration is limited by the cooling of the coils and is set to 30 seconds
for 0.4 T and 3 seconds for higher fields. The plasma beam extends to the opposite end
of the vessel where it impinges on a water-cooled target. The potential distribution over
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Figure 3.2: The cascaded arc plasma source. The working gas enters the plasma source
via the gas inlet. It is ionized in the arc channel of the cascaded plates due to
the discharge between the three cathodes and the anode. The nozzle is elec-
trically connected to anode which is attached to the vessel wall. Plasma exits
the source through the nozzle. Thomson scattering and OES measurements
are performed at 40 mm from the nozzle.
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the cascaded arc plates is shown in Fig. 3.3 for different magnetic field values. Without
magnetic field, the 130 V discharge potential is distributed evenly over all plates. A mag-
netic field only affects the potential difference between the anode and the first cascaded
plate. The electron temperature (Te) and density (ne) of the plasma are measured with
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Figure 3.4: The radial electron (a) density and (b) temperature profiles of the hydrogen
plasma jet measured with Thomson scattering at 40 mm from the source in
a magnetic field of 0.4, 0.8, 1.2 and 1.6 T.

Thomson scattering at 40 mm from the nozzle of the source. Full details of this diag-
nostic can be found in [14]. Thomson scattering is performed with a 532 nm Nd:YAG
second harmonic laser at 10 Hz with 0.4 J/pulse. The signal is averaged over the duration
of the magnetic field pulse. A fiber array is used to collect the scattered light so that the
entire plasma diameter is observed simultaneously in 40 channels. The Thomson scatter-
ing spectra are absolutely calibrated with Rayleigh scattering on argon in the vessel at
a pressure of 50 Pa. The electron density and temperature profiles at the four magnetic
field settings discussed in this paper are shown in Fig. 3.4. The electron density increases
with increasing magnetic field because of improved plasma confinement. This can also
be seen in the narrowing of the density profiles. The influence of the magnetic field on
the temperature profile is minimal. For a discussion of these plasma conditions, see [1].

3.2.2 Optical emission spectroscopy set up

The OES arrangement is depicted in Fig. 3.1. Plasma light is collected at an axial distance
of 40 mm from the nozzle of the source with a lens (diameter 6 cm, focal length 20
cm) in the direction perpendicular to the jet axis, at magnification M=0.4×. A polarizer
selectsπ-components of Zeeman-splitted spectral lines. An array of 40 individual 0.4
mm diameter quartz fibers relays the collected light to an in-house constructed, single-
pass spectrometer in Littrow configuration. In this way, spatial information is preserved
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Chapter 3. Rotation of a strongly magnetized hydrogen plasma column

and a spectral range of approximately 1 nm can be investigated over the entire 2–3 cm
width of the plasma jet profile simultaneously.

The output of the fiber array is imaged on an adjustable slit. Behind the slit, light is
collimated by an achromatic lens of 15 cm in diameter with a focal length of 2.25 m.
The blazed diffraction grating is optimised for the second diffraction order (blaze angle
17.45◦). It has dimensions of 11 x 11 cm and a groove density of 1200 per mm. The
signal is detected on a 298x1152 pixel CCD (Charged Coupled Device) camera. The
instrument function of the spectrometer, determined with He-Ne laser light, has a width
smaller than 0.003 nm (full width at 1/e), corresponding approximately to 1 pixel at the
wavelength of the Balmer-β transition.

The exposure time of the CCD camera is several seconds, the maximum time allowed
by the duration of the magnetic field pulse. Fast temporal fluctuations are thus averaged.
These fluctuations were studied in an independent experiment using a photodiode. Vari-
ations of typically±30% with respect to the mean value were observed with a frequency
of close to 1 MHz.

This paper reports on spectroscopy data taken at one axial position, at 4 cm from the
nozzle of the plasma source. Although not presented in this paper, the plasma parameters
do display axial dependence. The ion rotation velocity decreases in the axial direction
with a characteristic decay length of about half a meter. The reason for the decrease is
the penetration depth of the electric field which causes it, as explained in section 3.5. The
temperature and density also decrease slowly along the axis due to plasma recombination.

3.3 Spectrum analysis

In this section we develop the methodology for interpretation of the OES data. We start
with a detailed consideration of a representative measurement.

3.3.1 Measured Balmer-β line shape and intensity profile

Figure 3.5(a) shows a typical OES measurement at a magnetic field of 1.6 T. Here, we
see part of a raw CCD-image of the spatially (vertical axis) as well as spectrally (horizon-
tal axis) resolved Balmer-β line, indicating plasma rotation. The complete width of the
CCD-image corresponds approximately to 1 nm around the wavelength of the Balmer-β
line. Only the central part of∼ 0.35 nm is shown in the figure. The vertical axis is the
spatial coordinate, in the lateral direction (perpendicular the plasma propagation), span-
ning approximately 40 mm, about 16 mm of which is shown in the figure. We call this
the ‘lateral direction’, distinguishing it explicitly from the ‘radial direction’ because the
measurement is a line of sight integration. The different bands in the CCD image corre-
spond to the individual fibres in the array. The finer structures within these bands are due
to imperfections in the spectrometer slit. The spectral lines appear Doppler shifted to the
red at the bottom of the plasma jet and to the blue at the top, indicating rotation of the
radiating species. Towards the edges of the beam the rotation is damped and the profile

26



3.3. Spectrum analysis

486.0 486.1 486.2

486.0 486.1 486.2

(a)(b)

Unshifted 

line

-15

-10

-5

0

5

10

15

Intensity (arb. units)

 0.4T

 0.8T

 1.2T

 1.6T

L
a
te
ra
l 
p
o
s
it
io
n
 (
m
m
)

wavelength

CCD

image

1
6
m
m
 i
n
 l
a
te
ra
l
d
ir
e
c
ti
o
n

486.0 486.1 486.2

In
te
n
s
it
y
 (
a
rb
.u
n
it
s
)

Wavelength (nm)
(c)

Figure 3.5: A typical OES measurement at a magnetic field strength of 1.6 T. (a) Part of
a raw CCD-image of the spectrally as well as spatially resolved Balmer-β
light, indicating plasma rotation. The 17 bands of light correspond to indi-
vidual optical fibres. The spectral line appears shifted to the red at the bottom
of the plasma jet and to the blue at the top. At the jet edges it is unshifted.
The spectral shift reveals rotation of the radiating species. The maximum
Doppler shift from the central wavelength value is about five pixels. This
corresponds to a velocity of 9.3 km/s± 10% (b) The corrected lateral in-
tensity profile displaying a flat top, pointing to a hollow emission profile.
(c) Spectral profiles from respectively above, on and under the jet axis. The
off-centre profiles are clearly asymmetric, with the direction of asymmetry
depending on the lateral position. In the jet centre, the profile is symmetric.
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Chapter 3. Rotation of a strongly magnetized hydrogen plasma column

is unshifted. The direction of rotation is clockwise as viewed from the source, looking
towards the target.

We can estimate the value of the maximum rotation velocity at 1.6 T from Fig. 3.5(a).
We focus on the off-centre fibre images with the largest wavelength shift. Their entire
Doppler broadened band appears to be shifted from the central line by approximately
five pixels. This corresponds to a Doppler shift of 0.015 nm at the wavelength of the
Balmer-β transition and a velocity of 9.3 km/s± 10%.

Fig. 3.5(b) shows the lateral intensity profile corresponding to the entire CCD image.
This was obtained by integration over the wavelength axis of the CCD image and over
the spatial band corresponding to each fiber. The intensity profiles measured at other
magnetic field strengths are plotted on the same graph. We corrected for variations in
the transmittance of the individual fibers. A cut-off in the spectrometer throughput at the
lower fibers (left side of the profile) was corrected for by mirroring the right side of the
profile to the left.

We observe that the intensity profiles do not change significantly as the magnetic field
and thereby also the electron density is varied. Furthermore, the profiles are flat in the
center which points to a hollow emission profile. Abel inversions of the intensity profile
are given in section 3.3.2, along with the implications of a hollow emission profile shape.
The mechanisms leading to the hollow emission profiles are set out in section 3.4.2.

In Fig. 3.5(c) typical spectral emission lines are shown corresponding to different
lateral positions. The line profile in the middle of the plasma column is symmetric, off-
centre the profiles are shifted and become asymmetric. This asymmetry is caused by the
presence of two populations of radiating (excited) neutrals, one hot, rotating and coupled
to the ions, the other cold and only slowly rotating. The profiles can hence be fit with a
double Voigt function to obtain information on rotation velocity, temperature and density.
The fit methodology is described in section 3.3.3.

3.3.2 Hollow emission profile

Figures 3.6(a) and 3.6(b) show the lateral intensity profiles for a magnetic field of 0.4 T
and 1.6 T respectively. We perform a fit of the profiles with the sum of two Gaussian
profiles, one of which is inverted. The fit approximates the edges of the intensity profile
better for 0.4 T than for 1.6 T. Abel inversion of the lateral intensity profile gives the
radial emission profile. Since Gaussian functions are invariant under Abel inversion [15],
the chosen fit function allows for simple analysis. Abel inversion does not affect the shape
of the Gaussian functions themselves, only changes the ratio between them. We see the
result in Fig. 3.7 for all four magnetic field values. The profiles are clearly hollow. In
section 3.4.2 we show that this can be expected from a balance of the plasma processes
present.

The practical consequence of the hollow emission profile is that the strongest light
emission does not occur at the centre of the jet where the electron density is highest. As
shown in Fig. 3.7, most light collected is emitted from a ring, at a position where the
electron density and temperature are substantially lower than the maximum value.
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Figure 3.6: Lateral intensity profiles at (a) 0.4 T and (b) 1.6 T. Data is fit with the sum
of two Gauss profiles, one of which is inverted.
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is shown indicating positions of strongest emission by shading.
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Chapter 3. Rotation of a strongly magnetized hydrogen plasma column

3.3.3 Asymmetric line profile: double Voigt fit

In section 3.3.1, Fig. 3.5(c) we saw that the emission profiles above and below the plasma
axis are asymmetric. The direction of this asymmetry is reversed for profiles recorded
above the plasma jet axis as compared to those recorded below the axis. We fitted these
profiles assuming two populations of radiating hydrogen atoms, a procedure also fol-
lowed by [7; 10; 11], see Fig. 3.8.
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Figure 3.8: A double Voigt fit of spectra taken at 1.6 T from (a) below the jet axis (b) on
the jet axis. The two single Voigt components are shown, one corresponding
to the hot, rotating population, the other to the cold and almost non-rotating
population.

One population is coupled to the ions. It is ’hot’, with a temperature of several eV,
and rotates at high speed, up to 10000 m/s. The other is ’cold’ - 0.1 to 0.5 eV - and rotates
only very slowly, at maximum 10% of the velocity of the hot component.

We fitted the spectrum from each population with a Voigt profile, the convolution be-
tween a Gauss and a Lorentz profile. This is required for the plasma densities and temper-
atures in our plasma, where both Doppler broadening (Gaussian) and Stark broadening
(Lorentzian) of the Balmer-β spectral line are important. For example, at a temperature
of 1 eV and a density of1020 m−3 the Gaussian from Doppler broadening has a FWHM
(Full Width Half Maximum) of 37.4 pm. The Lorentz profile from Stark broadening of
the Balmer-β line has a FWHM of 36.6 pm [16].

In our double Voigt fitting procedure, 8 parameters are left free: these are the baseline
(offset), the amplitudes (or areas) of the two Voigt components, their Doppler widths and
one Lorentz width (the same for both), the exact position of the ’cold’ component and
the shift of the ’hot’ component with respect to the ’cold’ one. We take the same Lorentz
width for both components because total free fits return equal values for these two fit pa-
rameters. Also, the ratio between the amplitudes of the hot and cold components remains
constant along the lateral direction indicating that the emission from both components
originates from the same position. From the double Voigt fit we are able to obtain the ion
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3.3. Spectrum analysis

rotation velocity and temperature from respectively the spectral shift and Doppler width
of the ’hot’ component. The electron density is determined from the Lorentz width, but
as we will see in section 3.3.5 this quantity is not well determined.

A double Voigt fit shows improvement compared to a single Voigt fit as seen in
Fig. 3.9. The residues are smaller, around 1%, and more stochastic. The remaining struc-
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Figure 3.9: An off-centre asymmetric Balmer-β-line fitted with a single and a double
Voigt profile (B = 1.2 T). The residues for the double Voigt fit are signifi-
cantly smaller and more stochastic.

ture in the very small residue can be understood as an artifact of the instrument function.

3.3.4 Results and discussion for rotation and ion temperature

Figure 3.10 shows the results for the ion rotation. Rotation velocities of up to 10 000 m/s,
are obtained for the highest magnetic field strength, 1.6 T. This is conform to estimates
from the raw CCD image in Fig. 3.5(a). As shown in section 3.5 electric field strengths
are available to drive~E × ~B rotation of this magnitude.

The peak rotation velocities have values up to a half of the ion acoustic velocity in
which range ion viscous heating [5; 7; 17] becomes significant. Ion neutral friction and
charge exchange are responsible for damping of the rotation towards the edges of the
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Figure 3.10:Lateral profiles of rotation velocity determined from a double Voigt fit of
the Balmer-β line shape at magnetic field strengths of 0.4 T, 0.8 T, 1.2 T
and 1.6 T.

beam while heating the neutrals. This enhancement of velocity shear significantly en-
hances ion viscous heating. Ion temperatures are indeed somewhat higher than the elec-
tron temperature given in Fig. 3.4. The results of the double Voigt fit for ion temperature
are given in Fig. 3.11.

We estimate the strength of the viscous heating to determine whether it is indeed an
important heating channel. The viscous heating term is given by Braginskii [18]:

Qvisc = −Παβ
∂vα

∂xβ
(3.1)

whereΠαβ is the stress tensor. We take∂vθ/∂R to be the largest systematic component.
For Hall factorωciτii ∼ 1, true for all plasma conditions under study, this term is of the
order:

Qvisc ∼ nikBTiτii

(
viθ(R)

R

)2

=
eT̂i

5/2
2 · 1013Ω2

i

lnΛ
(3.2)

where we have approximated∂viθ(R)/∂R by viθ(R)/R. ni is the ion density [m−3], kB

is Boltzmann’s constant [J/K],Ti is the ion temperature [K],τii is the ion-ion collision
time [s],vθ is the azimuthal velocity [m/s], R is the radius [m], e is electron charge [C],
T̂i is the ion temperature [eV],Ω is the rotation frequency [rad/s] andlnΛ is the Coulomb
logarithm. Filling in values for the off axis plasma,r = 2mm, at a magnetic field of 1.2 T
givesQvisc in the order of108 W/m3.
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Figure 3.11:Lateral profiles of ion temperature determined from a double Voigt fit of

the Balmer-β line shape at magnetic field strengths of 0.4 T, 0.8 T, 1.2 T
and 1.6 T.

We can judge the importance of viscous heating at the edge of the plasma by com-
parison with the central heat input by ohmic loss:

Qohmic = σ‖Ez
2 (3.3)

whereσ‖ is the conductivity parallel to the magnetic field andEz is the axial electric
field. Because of magnetic field confinement, the source plasma current penetrates into
the vessel as shown in Fig. 3.12. The penetration depth is about half a meter. This current
is associated with a strong radial electric fieldEr and a weak axial electric fieldEz.
These fields are discussed in more detail in section 3.5. For an estimation ofEz, we
assume an axial potential drop of 50 V (close to half of the source potential). This falls
over half a meter, givingEz = 100 V/m. The conductivity from Spitzer [19] is:

σ‖ =
2 · 104 ˆ

T
3/2
e

lnΛ
(3.4)

The result is an Ohmic heating of about108 W/m3, of the same order as viscous heating at
the edges. Hence, we conclude that ion viscous heating can be important, the occurrence
of which agrees with the observed high ion temperatures.
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Figure 3.12:The electrons cannot close the circuit within the source due to their limited
mobility across the magnetic field. The radial electron current path spreads
out in the axial direction until the resistance of the axial and radial current
paths are equal.

3.3.5 Assessment of fit based on density and temperature predictions

From Abel inversion of the intensity profiles shown in Fig. 3.7 we know that the radial
emission profile of the plasma is hollow. We therefore expect the densities resulting from
the fit of the spectra to be lower than the peak electron densities measured by Thomson
scattering. This is because most emission originates from a ring towards the edges of the
beam where the electron density is lower.

There is uncertainty in the position of the emission ring as determined by Abel inver-
sion. The analysis is very sensitive to the asymptotic behavior of the intensity profile for
r →∞. Also, the instrument function provides an extra broadening of the profile which
is more significant for the narrower inverse Gauss profile than for the broader Gauss pro-
file. Accounting for this effect could either shift the emission ring in the Abel inverted
profile to larger or smaller radii.

Keeping this uncertainty in mind, we consider the densities that could be expected
from spectra originating from an emission ring at the position determined from Abel
inversion. This radial position is approximately 2-6 mm, see Fig. 3.7. Here, the electron
density from Thomson scattering ranges from2 · 1020 m−3 up to almost the maximum
electron density for each magnetic field strength.

Other densities can be expected from a consideration of the processes behind the
formation of a hollow emission profile. Based on a reaction balance, we predict emission
to originate from a plasma position with densities ranging between0.5 and1.5 · 1020

m−3. This is explained in section 3.4.2.
Results for the electron density from the double Voigt fit are shown in Fig. 3.13(a).

The peak electron densities lie in the range between2 · 1019 m−3 and1 · 1020 m−3. Es-
pecially for low magnetic fields, this is somewhat lower than expected. There are several
mechanisms that could explain this.

It is well known that the profile for a purely Stark broadened Balmer-β profile de-
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Figure 3.13:Lateral profiles of (a) electron density and (b) temperature of the ‘cold’
neutral population determined from a double Voigt fit of the Balmer-β line
shape at magnetic field strengths of 0.4 T, 0.8 T, 1.2 T and 1.6 T.

viates from a single Lorentzian because of Stark splitting [20; 21]. It exhibits structure
at its peak (a dip), and thus seems broader than a single Lorentz. If one attempts to fit
such a profile with a Voigt function, the Stark part may be partly interpreted as Gaussian
because of this extra structure. This effect means that a Gaussian and Stark broadened
profile fitted with a double Voigt function may overestimate the Doppler widths and un-
derestimate the Stark width, thus underestimating the electron density. We confirmed that
this is a possibility by fitting high density Balmer lines from the literature with a Voigt
function. An example is the Balmer-β line from Thomson and Helbig [16] at a density of
8 · 1020 m−3 and a temperature of 13500 K. We would expect a Voigt fit of this profile to
return a mostly Lorentzian broadened profile. The result of such a fit is in fact a Gaussian
component with a width of 137 pm and a Lorentzian width of only 60 pm.

The misinterpretation of part of the Stark profile must of course also have conse-
quences for the ion temperature determination. The total width of the cold Gaussian
component can give us an upper limit on the Gaussian interpretation of the density. Here
we also take into account the instrument function and a minimum background gas tem-
perature. From the upper limit determined, we conclude that Gaussian interpretation of
the density will not cause overestimation of the ion temperature by more than 10%.

To investigate the influence of Stark splitting on the fit, we simulate it by replacing
each of the Lorentz components of the double Voigt fit function with two Lorentz profiles
shifted with respect to one another. The distance d separating a pair of Lorentz profiles
is set at a multiple of the Half Width Half Maximum (HWHM) of a single Lorentz com-
ponent. This multiple, d, is determined from fits of profiles traced from the literature
[16; 20] and from fits of spectral profiles from the Pilot-PSI plasma. The best fits result
from a shift d of 1.0 times the HWHM. Such a fit of the Balmer-β spectrum measured by
Helbig and Nick [20] for a density of10.8 · 1022 m−3 gives a HWHM of each Lorentz
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Chapter 3. Rotation of a strongly magnetized hydrogen plasma column

profile of 1.370 nm. This conversion factor between density and Lorentz width, in combi-
nation with experimental scalingwL(HWHM) ∝ n2/3 from [22], is the basis of density
determination in fits with Stark splitting simulation.

As seen in Fig. 3.14 the density determined from the fit with Stark splitting was higher
than without splitting. The values corresponding to the highest and lowest field also lie
closer together. Peak densities of4 · 1019 m−3 to 1.1 · 1020 m−3 resulted. The residue
of the fit remained below 1%. The temperature and rotation were also affected, with a
greater spread in the temperature parameter over the different magnetic field values and a
smaller spread in the rotation. We note here that the value of the rotation velocity with and
without Stark splitting remains the same within about 10%, emphasizing the suitability
of the spectral analysis for rotation velocity determination.

The temperature of the ‘cold’ component, shown in Fig. 3.13 is typically∼0.2–
0.4 eV. This is reasonable for a background gas in close proximity to a hot plasma. This
temperature may be somewhat overestimated because of a partial Gauss interpretation of
the density.
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Figure 3.14:Results from a double Voigt fit of the Balmer-β line shape in which each
Lorentz profile is replaced by a double Lorentz profile in order to simulate
Stark splitting. The lateral profiles shown are of the (a) rotation velocity,
(b) electron density (c) ion temperature and (d) ‘cold’ neutral population.
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3.4 Consideration of underlying plasma processes

3.4.1 H∗(n=4) production mechanisms

Molecular Activated Recombination (MAR) [23; 24; 25] is a significant production path
of excited neutrals under the Pilot-PSI plasma conditions. First, a molecular ion is pro-
duced via charge exchange between an ion and a rovibrationally excited background gas
molecule:

H+ + H2(r, ν) −→ H(1s) + H+
2 (r, ν) (3.5)

This is followed by the fast dissociative recombination of the molecular ion resulting in
two hydrogen atoms one of which is carrying an excess of internal energy and ends up in
at least then = 2 level, or most probably inn = 3 [26]:

H+
2 (r, v) + e− −→ H∗ + H(1s) (3.6)

H(n = 4) is produced by direct fast electron excitation from then = 2 andn = 3 levels.

H∗(n = 2, 3) + e− −→ H∗(n = 4) + e− (3.7)

For the prevailing conditions withne = ni of the same order asnH2 , the first step
(3.5) in the MAR sequence is the slowest one and sets the rate of MAR. At an electron
temperature of 1-2 eV, the rate is 4-7·10−17 m3 s−1[26]. This rate can be one hundred
times higher if the hydrogen molecule is vibrationally excited withv ≥ 4 [27]; around
4-7·10−15 m3 s−1.

Other possibleH∗ production mechanisms have lower rates. The rate of direct elec-
tron excitation from the ground state to n = 2 is:10−17 m3 s−1 at 1 eV and10−16 m3

s−1 at 2 eV. This is in contrast to comparable linear plasma devices, Pisces (Te = 3-35
eV) [28], NAGDIS-I (Te = 5-10 eV) [29] and PSI-I (Te = 5 eV) [6], with much higher
electron temperatures, where direct excitation is thus important. Three particle recombi-
nation having a small reaction rate, but with high densities available, will give a small
contribution to theH∗ production.

3.4.2 Hollow emission profiles from reaction balance

In this section we show how a hollow radial emission profile follows from the production
mechanism of n=4 excited atoms and a balance of the reactions involved.

From equations (3.5) and (3.6), radiation and electron de-excitation, the balance of
population and de-population processes forH+

2 ions andH∗(n = 3) excited atoms
respectively can be written as:

nH+nH2 · kcx = nH+
2

ne · kdr (3.8)

nH+
2

ne · kdr = nH(n=3)(neK3 + A3) (3.9)

with kcx and kdr denoting the rates of ‘charge exchange’ and ‘dissociative recombina-
tion’ respectively, andK3 ≡

∑
i 6=3 k3i, where kij is the rate of (de-)exitation from the

ith to the jth level,A3 =
∑

i<3 A3i andn ≡ density.
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Chapter 3. Rotation of a strongly magnetized hydrogen plasma column

From reaction (3.7), radiation and electron de-excitation, the balance of H∗(n=4) is:

nH(n=3)ne · k34 = nH(n=4)(neK4 + A4) (3.10)

with K4 ≡
∑

i 6=4 k4i andA4 ≡
∑

i<4 A4i.
If ne > A3/K3 andne > A4/K4 - true forne > 5 · 1019 m−3 (data from [30; 31])

- then we can eliminateA3 andA4. Assuming also thatK3 ' k34, we obtain a balance
between underlying processes for H∗(n=4):

nH+nH2kcx ' nH(n=4)neK4 (3.11)

Quasineutrality givesne = nH+ and thus:

nH(n=4)kcx '
nH2kcx

K4
(3.12)

At sufficiently high electron densities (ne > 5 · 1019 m−3) de-excitation of the
H∗(n=4) level outweighs radiation. The line emission thereby becomes independent of
ne and depends only onnH2 . According to the Thomson scattering measurements shown
in Fig. 3.4, this occurs at a radius of about 8 mm.

The shape of the emission profile above an electron density of5 · 1019 m−3 depends
entirely on the shape of thenH2 profile. This profile is hollow, due to the high disso-
ciation degree of the plasma and the short penetration depth ofH2, limited by charge
exchange with neutrals. We estimate the density ofH2 to decrease significantly from
a radius of 7 mm inwards and to be fairly well burnt out at a radius of 3-4 mm. This
is based on a charge exchange reaction rate of between4 · 10−15 m3 s−1 and10−14

m3 s−1, reasonable estimations for the plasma conditions present. From the work of
Vankan [32], we expect the molecular hydrogen in the beam to be highly rovibrationally
excited. Krstk [27] shows that vibrational excitation can influence charge exchange reac-
tion cross-sections by a factor of one hundred. We expect rotational excitation to increase
the cross-section even further. The charge exchange rate without rovibrational excitation
is 4 · 10−17 m3 s−1 [26]. Assuming a strong molecular density decay from a radius of
7 mm through to 3-4 mm, and emission being solely dependent on the molecular hydro-
gen density from a radius of 8 mm inwards, we can expect the strongest radiation at radii
of around 7-8 mm, corresponding to electron densities from Thomson scattering (Fig.
3.4) of0.5− 1.5 · 1020 m−3. The expected emission profile is depicted schematically in
Fig. 3.15.

3.4.3 Discussion of two populations

We now consider possible origins of the two (hot and cold) H∗(n=4) populations via their
coupling with other species in the plasma. We show that the existence of two populations
of radiating H(n=4) atoms is plausible.

The neutral atoms in the n=4 excitation state are produced by MAR as explained
in section 3.4.1. TheH+

2 ion resulting from the first MAR reaction (3.5) participates
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Figure 3.15:Schematic picture of expected plasma emission on the basis of radial elec-
tron density profile and molecular hydrogen profile. The molecular hydro-
gen density profile is hollow due to a high dissociation degree and short
penetration depth due to charge exchange. The emission is proportional to
both electron density and molecular hydrogen density for low electron den-
sities, however above aboutne > 5 · 1019 m−3, the emission is solely pro-
portional tonH2 . The result is that the measured emission originates mostly
from a ring at a radius depending on the penetration depth of molecular hy-
drogen into the beam.

in an average of six ion-ion collisions before undergoing dissociative recombination. It
thereby equilibrates with the ion temperature while also undergoing~E× ~B-drift rotation.
In the next step, equation (3.6), theH+

2 ion dissociatively recombines to formH∗, which
partly inherits the temperature and velocity of the ions. A possible subsequent electron
excitation ton = 4 does not change this. Next, the hot radiating species couple very
effectively to the atomic ions by resonant charge exchange:

H+ + H∗ −→ H∗ + H+ (3.13)

The time constant for charge exchange at an ion density of1 · 1020 m−3 is 4.6·10−8 s
[26]. This is shorter than the characteristic radiation time of the Balmer-β transition:
1.2 · 10−7 s. Thus, following the above consideration, we would expect the radiating
H∗(n=4) atoms to have a velocity and temperature resembling those of the ion population.

However, particularly towards the edges of the plasma beam, where most emission
originates, the radiating species also encounters neutrals:H atoms andH2 molecules.
Collisions withH atoms are resonant and have large rates. WithnH in the same order as
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Chapter 3. Rotation of a strongly magnetized hydrogen plasma column

ne = ni, we estimate the time constant of these collisions (reaction cross-section from
[33]) to fall within the radiation time of the Balmer-β transition. Thus part of the H∗(n=4)
atoms will adopt a neutral, colder and almost non-rotating distribution. As neutrals in the
ground state have lower collision rates with ions (their mean-free path is of the same
order as the diameter of the plasma beam) they will have clearly different properties to
the ions. In conclusion, the Balmer-β light will carry information both on the hot rotating
ions and on the cold background gas.

These predictions are in line with results from hollow cathode arc plasmas in the
literature where the ion motion can be measured. Theuws [10] experiments with argon
plasma. A model predicts two neutral populations by considering on the one hand neutral-
ion collisions and charge exchange reactions and on the other hand neutral-neutral col-
lisions. The existence of these two populations is confirmed by a fit of a time-of-flight
spectrum. Pots [9] also experiments in Argon and fits a spectrum measured with a Fabry-
Perot interferometer. He finds two populations which he explains as those neutrals that
have undergone a charge exchange or neutral-ion collision and those that have not. Tim-
mermans [7] finds similar results for argon with a Fabry-Perot interferometer.

3.5 Rotation of the plasma jet

In this section we characterize the dependence of the jet rotation in Pilot-PSI on the mag-
netic field and nozzle diameter in order to explore the mechanisms behind the rotation.
An understanding of these mechanisms is important since the electric fields associated
with the rotation are responsible for higher power input into the plasma and this results
in extra ionization and higher source efficiency.

Plasma rotation in a magnetized arc driven by an~E × ~B force is well described in
the literature (for example [4; 5; 6; 7; 8]). In the absence of friction, inertia and viscosity,
the velocity of the~E × ~B rotation drift is given by

~vrot =
~E × ~B

B2
(3.14)

In the Pilot-PSI plasma, two possible sources of the radial electric field are worth consid-
ering. They are the ambipolar field and the electric field that is related to the arc current.
The ambipolar field in Pilot-PSI is a few hundred Volts per meter, too small to account
for the rotation velocities observed of kilometers per second.

The field causing the rotation is provided by the potential drop over the cascaded arc.
In a magnetic field, the potential drop between the first plate of the cascaded arc and the
anode (see Fig. 3.2) is larger than the potential drop between each of the other plates
in the arc (see Fig. 3.3). The size of this extra potential drop is strongly dependent on
magnetic field and the size of the anode nozzle as shown in Fig. 3.16. We can explain the
phenomena shown in Fig. 3.16 by considering the magnetic confinement of the beam.
The resistivity is low in the axial direction parallel to the magnetic field and high in
the radial direction perpendicular to the field. The radial electron current path therefore
spreads out in the axial direction until the resistance of the axial and radial current paths
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Figure 3.16:Potential difference between the anode and the first cascaded plate plotted
against the magnetic field for a nozzle diameter of 5, 6, 7 and 8 mm. The
voltage increases with both magnetic field and nozzle diameter.

are equal. This is shown schematically in Fig. 3.17. The resistance of this current channel
causes a potential build-up between the first plate of the cascaded arc and the anode. The
effect becomes stronger as the radial confinement increases with increasing magnetic
field. The effect also increases with increasing nozzle opening radius, because the length
travelled by the current in the vessel increases.

The radial electric field associated with the built-up potential can be estimated as
the potential divided by the plasma radius. The field varies from 50 to 100 volts over the
radius of a few millimeters and is much larger than the ambipolar field which corresponds
to a voltage of around 1 V over the plasma radius. The~E × ~B-drift resulting from this
field before inclusion of damping effects towards the edge of the beam is a strong rotation.
Fig. 3.18 shows such a strong rotation velocity, and its dependence on magnetic field and
nozzle diameter. Plotted is the maximum velocity of the lateral profile. It increases with
nozzle diameter and with magnetic field, in the same fashion as the potential build-up
does in Fig. 3.16.

To establish that the field strengths needed to drive the rotation are available, we
compare the radial electric fields estimated from the potential build-up in the source to
those needed to drive the rotation frequency. The measured rotation frequency is shown
in Fig. 3.19 as a function of lateral position. The frequency is calculated as the rotation
velocity in Fig. 3.10 divided by the lateral position at which it is measured. We take the
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mobility across the magnetic field. The radial electron current path spreads
out in the axial direction until the resistance of the axial and radial current
paths are equal.
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Figure 3.18:Rotation velocities of the plasma jet (the maxima of the lateral profile) de-
rived from the Doppler shift of the Balmer-β line plotted against magnetic
field. The measurements were performed for nozzle opening diameters of
5, 6, 7 and 8 mm for magnetic field settings, 0.4, 0.8, 1.2 and 1.6 T. The
velocity increases approximately linearly with magnetic field.
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Figure 3.19:The lateral rotation frequency profiles for each of the four magnetic field
settings, 0.4, 0.8, 1.2 and 1.6 T.

central value from the fit of the rotation frequency and calculate the minimum electric
field required to drive it:E = vB = rωB. We use the width of the rotation frequency
profile in the calculation of the available electric field strength. A comparison of the
available and minimum required electric field is shown in Fig. 3.20.

We observe that the electric fields available and required for rotation lie within the
same range. For higher values of the magnetic field, the field available seems to be a little
less than that required. This can be understood since we compare an average electric field
to the field required for the maximum rotation frequency.

3.6 Conclusion

Large rotation velocities reaching 10 km/s in the high density, magnetized plasma of
Pilot-PSI have been measured. A correlation has been shown between the rotation ve-
locity and both the magnetic field strength and the nozzle diameter of the cascaded arc
plasma source. This supports the existence of an extra source of plasma heating, source
current that penetrates axially into the vessel due to magnetic confinement. The potential
build-up due to this current path has been shown to be strong enough to drive the rotation
velocities measured by spectroscopy via an~E × ~B force.

The rotation velocities observed support the methodology developed to analyze an
asymmetric Balmer-β optical emission spectrum in our plasma. The method involves
fitting the spectrum with a double Voigt profile. This assumes the existence of two radi-
ating populations, whereby one is strongly coupled to the ion population. Results from
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Figure 3.20:A comparison between the electric fields available and those needed to
drive the maximum rotation frequency. The available electric field is cal-
culated from the potential drop between the anode and the first cascaded
plate. The radial distance of this potential drop is taken to be the width of
the rotation frequency profile. The maximum rotation frequency is taken to
be the highest data point in the fit of the rotation frequency. The electric
field required to drive it is calculated fromE = vB = rωB.

the fitting procedure agree with predictions based on a survey of the reactions involved,
the emission profile and Thomson scattering measurements.
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Chapter 4

Diagnosing ions and neutrals via n=2 excited
hydrogen atoms in plasmas with high electron
density and low electron temperature*

Abstract

Ion and neutral parameters are determined in the high electron density, magnetized, hy-
drogen plasma beam of an ITER divertor relevant plasma via measurements of the n=2
excited neutrals. Ion rotation velocity (up to 7 km/s) and temperature (2-3 eV∼ Te) are
obtained from analysis of H-α spectra measured close to the plasma source. The method-
ology for neutral density determination is explained whereby measurements in the linear
plasma beam of Pilot-PSI are compared to modelling. Ground state atomic densities are
obtained via the production rate of n=2 and the optical thickness of the Lyman-α tran-
sition (escape factor∼ 0.6) and yield an ionization degree> 85 % and dissociation
degree in the residual gas of∼ 4 %. A 30 % proportion of molecules with a rovibrational
excitation of more than 2 eV is deduced from the production rate of n=2 atoms. This
proportion increases by more than a factor of four for a doubling of the electron density
in the transition to ITER divertor relevant electron densities, probably because of a large
increase in the production and confinement of ground state neutrals. Measurements are
made using Laser Induced Fluorescence (LIF) and absorption, the suitability of which
are evaluated as diagnostics for this plasma regime. Absorption is found to have a much
better sensitivity than LIF, mainly due to competition with background emission.

* Published as: A.E. Shumack, D.C. Schram, J. Biesheuvel, W.J. Goedheer and G.J. van Rooij.Phys. Rev.
E 83, 036402 (2011). Small changes in this thesis: some figures have been spread over two pages, some black
and white figures are now in colour. In Fig. 4.1, the position of target has been adjusted to give a more ac-
curate depiction of the experiment. Some references have been changed to refer to Chap. 3 instead of to the
corresponding article.
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4.1 Introduction

The plasma conditions expected in the divertor of the experimental fusion reactor ITER,
constitute a new regime in plasma physics. The high electron density (∼ 1020 m−3)
ensures that the (hydrogen) plasma is not transparent for neutrals (produced by recom-
bination at the divertor plates) and the low electron temperature (∼ 1-5 eV) is such that
the plasma balances on the boundary between an ionizing and recombining plasma. Es-
pecially the interaction between charged and neutral species in this plasma regime is not
trivial. For the progression of plasma-wall interaction studies in fusion research [1], a
good understanding of this plasma regime is imperative. Quantities that need to be mea-
sured to achieve this are density, temperature and velocity of electrons, protons, atoms
and (rovibrationally excited) molecules. Electron temperature and density can be easily
measured with excellent statistics in a high electron density plasma using Thomson scat-
tering [2; 3]. Protons and ground state atoms are more difficult to access non-intrusively.

More readily accessible via active spectroscopy are n=2 excited atoms. In this paper
we analyze the production and destruction processes of the n=2 excited atom population
(Sect. 4.2) and show how we can use this species in an ITER divertor relevant regime to
access density information on ground state atoms and rovibrationally excited molecules
and temperature and velocity information on protons.

Experiments are performed in the magnetized plasma beam of Pilot-PSI (described
in Sect. 4.3), a linear, magnetized hydrogen plasma generator. This machine simulates
the energy flux to the divertor plates expected in ITER. It also uniquely produces plas-
mas of such high electron density (at temperatures of a few eV) that - as expected in
the divertor of ITER - interaction between ground state atoms and ions is important and
rovibrationally excited molecules have very short mean free paths (of only a few mil-
limeters).

One major difference between the plasma of Pilot-PSI and the ITER divertor is the
fact that the beam of Pilot-PSI is surrounded by gas. Rovibrationally excited molecules
will penetrate the edge of the beam and play a significant role in the plasma dynamics.
For high electron density conditions (ITER divertor relevant electron densities), these
molecules will not reach the centre of the beam. The dynamics at a distance from the
divertor plates in ITER are therefore well simulated in the centre of the beam of Pilot-
PSI. Another difference between Pilot-PSI and the ITER divertor concerns the surface
area of the impinging beam. To properly study the plasma at the ITER divertor plates,
the beam should be wider than the mean free paths of the most important processes. This
is not necessarily the case for the∼ 1 cm diameter beam of Pilot-PSI.

The results presented in this paper are measured in both the central and edge regions
of the plasma beam. They are relevant for the understanding of linear divertor simula-
tors in general, as well as (especially in the case of information about the centre of the
beam) for understanding of the ITER divertor itself. This paper also forms a framework
for future measurements in the upgrade of Pilot-PSI - Magnum-PSI [4] - in which the
plasma beam diameter will be larger and the effect of background molecules therefore
less important.

Parameters that are varied in this paper are electron density, background pressure
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and lateral position. We study the density behavior of various neutral populations in the
transition from the weakly magnetized, low electron density, hydrogen plasma regime
[5; 6; 7; 8] up to ITER divertor relevant electron densities. The effect of background
pressure is explored by varying the background pressure from low (∼ 6.5 Pa, i.e. close
to the 1 Pa neutral pressure expected in the ITER divertor) to high (∼ 50 Pa). Lateral
scans across the diameter of the beam allow study of the penetration of molecules into
the beam. Measurements are made at a large distance from the target, so that in the
interpretation recycling effects at the target need not be considered. An overview of the
plasma conditions studied in this paper is given in Sect. 4.3.2.

We measure the n=2 atoms using both Laser Induced Fluorescence (LIF) and ab-
sorption spectroscopy. Data analysis is outlined in Sect. 4.3.3 and results are presented
in Sect. 4.4. Ground state atom densities are estimated from these measurements via
a Monte Carlo simulation of the reabsorption of Lyman-α photons (Sect. 4.5). Other
neutral densities are determined in Sect. 4.6 by comparison of measurements with the
population balance. The suitability of the two diagnostic techniques in the given plasma
regime are compared in the discussion (Sect. 4.7), together with a discussion of the re-
sults on ion parameters. Conclusions are given in Sect. 4.8.

4.2 Analysis of the population balance of n=2 excited atoms

In this section, we identify the most dominant production and destruction mechanisms for
n=2 excited neutrals. This will serve as a framework for understanding the measurement
data. We set up a local model in order to predict the n=2 density that can be expected at
a single position depending on densities of other species at that same position.

4.2.1 Production mechanisms of n=2 excited neutrals

The dominant population processes for n=2 in our plasma are Molecular Activated Re-
combination (MAR) and relaxation (via electron de-excitation and radiation) from the
n=3 level, which is itself dominantly populated by MAR. MAR is charge exchange (c.x.),

H2(v ≥ 4) + H+ → H+
2 (v′) + H (4.1)

followed by dissociative recombination (d.r.),

H+
2 (v′) + e− → H∗ + H. (4.2)

[6; 9; 10] H2(v ≥ 4) is a rovibrationally excited hydrogen molecule, with an excitation
energy larger than 2 eV. H∗ indicates an excited hydrogen atom. The distribution of ex-
cited states from reaction 4.2 is assumed to be the same as for d.r. with v = 0-9 (10 % n=2,
45 % n=3, 22 % n=4, 23 % n>4)[11]). Above ne = 1019 m−3, charge exchange is the
slowest of the two reactions and thus rate determining. Above 1 eV, the rate coefficient
<σv> of charge exchange is 3· 10−15 m3 s−1 [12] for molecules with a vibrational
excitation v≥ 4. For molecules with a lower vibrational energy, the rate coefficients are
about 100 times lower.
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Other direct n=2 and n=3 production mechanisms are less important in our plasma.
Direct electron excitation to n=2 has a total rate coefficient of 8· 10−16 m3 s−1 at
3 eV[11] (decreasing fast at lower electron temperatures) and is slower for n=3. It may
give a minor contribution to the population of the n=2 level, however we will show
experimentally that it can be ignored. The net effect of three particle recombination
(<σv> < 2.9 · 10−40 m6 s−1[13] for Te > 1 eV) corrected for by loss via direct ion-
ization, only gives a significant contribution to n=2 and n=3 levels for electron densities
higher than 7· 1021 m−3. Mutual neutralization of H− and H+ has a high rate coefficient
(∼ 3 · 10−15 m3 s−1 for n=2 and 5· 10−14 m3 s−1 for n=3), but at high electron density,
there are a multitude of competing processes involving H−. Dissociative recombination
of H+

3 to n=2 also has a high rate coefficient (∼ 3 · 10−14 m3 s−1), but requires H+2 ions
for production, the density of which is kept low by dissociative recombination and mutual
neutralization. We thus conclude that MAR is the dominant direct excitation mechanism
for both n=2 and n=3. We also include relaxation to n=2 from the level closest by, n=3.
Estimations have shown that relaxation from other levels to n=2 and n=3 levels can be
ignored.

The rate of MAR isαnenH+
2

kdr, where ne is the electron density [m−3], kdr is the

rate of dissociative recombination [m3 s−1] (all rate coefficients used in this paper are
taken from [11] unless stated otherwise),α is the branching ratio for the relevant excited
state (0.1 for n=2 and 0.45 for n=3 [11]) and nH+

2
[m−3] is the density of H+2 calculated

from the balance:

dnH+
2

dt
= 0 (4.3)

= nH+nH2(v≥4)kcx − nH+
2

(nekdr + nH2(kH+
3

+ kcx2))

where kcx is the rate of charge exchange (reaction 4.1), kcx2 is the rate of the charge
exchange reaction between H+

2 and H2 and kH+
3

is the rate of the H+3 producing reaction
[13]:

H+
2 (v′) + H2(v′′)→ H+

3 (v′′′) + H (4.4)

Finding an expression for nH+
2

in terms of ne using quasineutrality, ne = nH+
2

+nH+ , we
obtain

nH+
2

=
nenH2(v≥4)kcx

nekdr + nH2(v≥4)kcx + nH2(kH+
3

+ kcx2)
(4.5)

At low electron densities (for ne <1019 m−3 at 6.5 Pa), nekdr can be ignored and nH+
2

becomes approximately proportional to ne.
For ne >1019 m−3,

nH+
2
≈

nH2(v≥4)kcx

kdr
(4.6)
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4.2.2 Local population balance of n=2 excited atoms

Excited neutrals in the n=2 excited state are assumed to be produced and destroyed lo-
cally, since within the radiative lifetime, these atoms can travel less than 0.1 mm. Note
that radiation transportcanoccur and effectively lead to transport of these neutrals. This
effect is simulated in Sect. 4.5.

The main production process of the n=2 state is MAR and relaxation from the n=3
state, as described above. The main destruction processes are electron (de-)excitation
and radiation. Absorption of laser radiation and stimulated emission is neglected since
the transition is not in saturation.

Assuming a steady state plasma:

dn2

dt
= 0 (4.7)

= 0.1nH+
2

nekdr + n3(A32 + nek32)

− n2(A21Λ21 + neK2)

nj is the density of the n=j excited state, Aij is an Einstein coefficient,Λ21 the escape
factor for the Lyman-α line, kij the rate of electron (de-)excitation from level i to level j
(from [14]) andKi =

∑
j kij (from [15]). This yields:

n2 =
0.1nH+

2
nekdr + n3(A32 + nek32)

A21Λ21 + neK2
(4.8)

A balance for the density of the n=3 excited state is obtained using the same procedure:

n3 =
0.45nH+

2
nekdr

A3 + neK3
(4.9)

where A3 =
∑

i A3i. Solving Equations 4.8 and 4.9 with k32/K3 ≈ A32/A3 ≈ 0.45, gives
approximately:

n2 =
0.3nH+

2
nekdr

A21Λ21 + neK2
(4.10)

We distinguish the following regimes:
a) For ne < 1019 m−3: nH+

2
∝ ne and A21Λ21 � neK2, therefore

n2 ∝ n2
e (4.11)

b) For 1019 m−3 < ne� A21Λ21/K2: nH+
2
≈ nH2(v≥4)kcx/kdr and A21Λ21� neK2,

therefore

n2 ≈
0.3nenH2(v≥4)kcx

A21Λ21
(4.12)
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c) For ne � A21Λ21/K2: nH+
2
≈ nH2(v≥4)kcx/kdr and A21Λ21 � neK2, therefore

n2 ≈
0.3nH2(v≥4)kcx

K2
(4.13)

These expressions give simple ne dependencies for n2 in different electron density ranges.
However, the dependency of the escape factor of Lyman-α, Λ21 on ne is not yet consid-
ered. We consider the expected behavior of the escape factor,Λ21 below.

4.2.3 Influence of the escape factor in the population balance

The plasma becomes optically thick for Lyman-α (and to a lesser extent also for Lyman-
β) if the ground state neutral density, nH , in the plasma is sufficiently high. This density
is expected to rise as a function of electron density in the plasma. However the depen-
dency is difficult to predict, especially at the measurement position, 4 cm from the plasma
source. Ground state atoms are long-lived and can travel several centimeters in the axial
direction before escaping radially from the plasma beam. The flux of nH in the beam
at the exit of the plasma source is expected to increase with source current, since the
electron density inside the source channel increases [16] and the mean free path of these
neutrals decreases. Local production of nH in the beam outside the plasma source is ex-
pected to increase linearly with electron density since the rates of its two main production
mechanisms, MAR and electron dissociation of molecules[13], are both proportional to
ne.

The dependency of the ground state density near the plasma source will be estimated
in this paper using the escape factor,Λ21. For the low electron density regime described in
Equation 4.12, the electron density dependency of the n=2 density is H2(v≥ 4)(ne)ne/Λ21(ne).
Using measurements of the n=2 density vs ne and calculations ofΛ21 vs nH , we will
obtain combined information about nH and nH2(v≥4). The escape factor is taken from
K. Behringer and U. Fantz [17], calculated for a cylindrical, hydrogen plasma with a
parabolic emission profile and a purely Gaussian broadened spectral line. According to
Rosado [18], the behavior of the escape factor for a Voigt spectral line shows almost
identical behavior, down to an escape factor of less than 0.1. For an optical thickness, kr,
of less than one,Λ ≈ 1/kr∝ 1/nH .

The other important role of the escape factor in the n=2 population balance is its
influence on the relative importance of loss by radiation and electron de-excitation. If
electron de-excitation dominates, the n=2 density as a function of the electron density
will saturate (Eqn. 4.13). A lower escape factor will cause this saturation to occur at a
lower value of the electron density.

4.2.4 Radial dependencies of the population balance

The radial density profile of n=2 excited neutrals depends sensitively on the radial profiles
of ne and nH2(v≥4). According to Equations 4.11-4.13, at low electron densities the n=2
profile is dependent on the electron density and at high electron densities it depends only
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Figure 4.1: Plasma experiment Pilot-PSI.

on the H2(v ≥ 4) density. The latter profile becomes hollow when the electron density
is so high that the mean free path (determined by charge exchange in combination with
elastic collisions) becomes significantly smaller than the plasma diameter. In that case,
the resulting n=2 profile is also hollow.

Radiation transport of Lyman-α photons also affects the radial profile of n=2 excited
neutrals. The radial density profile is broadened by reabsorption if the plasma is optically
thick for these photons. A simple simulation of this effect has been carried out and is
reported in Sect. 4.5.

4.3 Experiment

4.3.1 Experimental set-up

Pilot-PSI [19; 20] is a linear plasma generator, see Fig. 4.1. Hydrogen plasma is produced
by a cascaded arc source [21; 16] and flows into a vacuum vessel (2-50 Pa). An axially
directed magnetic field can be applied with a strength of up to 1.6 T. The beam is∼ 1 cm
wide, 0.5 m long and impinges on a conducting target at floating potential. Absorption
and Laser Induced Fluorescence (LIF) measurements are performed at 4 cm from the
source. The electron density and temperature are measured at the same position with
Thomson scattering [2; 3]. Statistics are excellent because of the high electron density.

The optical set-up for absorption and LIF is depicted in Fig. 4.2. Absorption is mea-
sured on the Balmer-α line from excited level n=2 to n=3. The LIF signal measured is the
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Figure 4.2: Diagnostic set-up.

spontaneous radiative decay back to the n=2 level. We use a tunable external cavity diode
laser (Vortex 6000, New Focus, wavelength range: 656.33-656.60 nm, horizontal polar-
ization, spectral linewidth<300 kHz). The laser power and wavelength are monitored in
real time, the latter with a Fabry Perot cell. The laser is always at an angle to the windows
to avoid interference effects. Scans as a function of electron density are mostly performed
with expanded beam (laser spot diameter up toφ = 1 cm, with the aim of maximizing the
fluorescence signal for LIF). Lateral scans are performed withφ < 1.5 mm.

For absorption, the laser is scanned across the radius of the plasma beam to obtain a
lateral profile, by adjustment of the angle of the last mirror in front of the vessel. After
a single pass through the plasma beam, the laser beam is focused onto a photodiode
which measures the transmitted laser power. This photodiode is positioned at 1.5 m from
the vessel to suppress background emission. The collection optics are adjusted during
a radial scan, so that the laser beam is always focused onto the photodiode. The laser
wavelength is scanned across the spectrum with a repetition frequency of 10 Hz with 10
averages. Directly following each measurement a calibration measurement is made with
the magnetic field turned off. This reduces the laser absorption to� 10−5.

Fluorescence is also collected onto a photodiode. Since the background emission is
expected to be more than 1000 times stronger than the fluorescence, several techniques
are employed to suppress it. Firstly lock-in detection is used with a mechanical chopper
at 4 kHz, a spectrum scan at 0.05 Hz and a typical integration time of two seconds. Also,
both a Balmer-α filter and a slit are mounted in front of the photodiode such that only
relevant light from regions where fluorescence is expected is imaged onto the photodiode.
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4.3.2 Overview of the plasma conditions

The plasma conditions studied in the LIF and absorption experiments are characterized
with Thomson scattering. These conditions are varied via the magnetic field strength, the
discharge current in the plasma source and the background pressure in the vessel. A low
electron density range of 1 - 3· 1019 m−3 is achieved at 0.015 T and a high density range
of 2 - 10· 1020 m−3 at 0.4 T.

Fig. 4.3 gives an overview of representative electron density and temperature profiles
and the change of peak values as a function of operation parameters. Fig. 4.3(a) shows
that the profiles are peaked and that the temperature profile is significantly wider than the
density profile. In Fig. 4.3(b) peak electron density is plotted as a function of discharge
current. Interpolations are given for the exact pressures at which laser spectroscopy was
performed. Figures 4.3(c) and 4.3(d) show that the electron temperature and the plasma
beam width are approximately independent of the discharge current.

4.3.3 Analysis of data

This section explains how n=2 densities are calculated from absorption and LIF signals.
Also, the fitting procedure with which the spectra are analyzed in order to obtain ion
velocity and temperature information is described.

Absorption data analysis

The n=2 density can be calculated from absorption on the non-saturated Balmer-α tran-
sition by [22]:

n2(r) =
8π

λ2
0

g2

g3

∫
k(ν, r)dν

A32
(4.14)

whereλ0 is the central wavelength of the absorption spectrum, gi is the statistical weight
of the ith excited state, k(ν, r) is the absorption coefficient [m−1] andν is the frequency
of the laser [Hz]. Note the units of

∫
k(ν)dν: [m−1 s−1].

The absorption measurements are line of sight integrals and measure the average of
the quantity k(ν, r)l across the beam, wherel is the path length of the laser through the
plasma. By spectrally integrating this data we obtain results in the unit s−1 with which
average n=2 densities are calculated with an assumed beam width.

Where lateral scans are performed, Abel inversion is used (as well as spectral inte-
gration) to obtain the quantity

∫
k(ν, r) dν (and subsequently the n=2 density) at local

position r.

LIF data analysis

When fluorescence on the (non-saturated) Balmer-α transition is induced by absorption
on the same transition, the n=2 density can be calculated from the measured LIF signal
as follows. The amount of fluorescence photons emitted per cubic meter per second by
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Figure 4.3: Overview of plasma conditions studied in this paper. (a) Typical electron
density and temperature profiles, corresponding to the lateral n=2 density measurements
made at 0.4 T (b) Plasma conditions for electron density scans studied in this paper,
characterized by peak electron density. Interpolations are for the background pressures
in laser spectroscopy experiments. (c) Corresponding peak electron temperature and (d)
Full width half maximum (FWHM) of electron density profiles. Neither vary significantly
as a function of current.
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Figure 4.3: Continued.

the plasma is:
YLIF [photons m−3s−1] = A32nLIF

3 (4.15)

where nLIF
3 is the density of n=3 excited neutrals that are created by absorption of laser

photons. Its value is determined from a steady state balance between its destruction and
production processes:

nLIF
3 (A3 + neK3 + B32ρ) = n2B23ρ (4.16)

ρ the laser power density [Jsm−3] and Bik is an Einstein coefficient. The signal is mea-
sured in W/nm, with a resolution in the order of 10 pm (from Stark broadening). Inte-
grating the signal over the spectrum gives us the total measurement signal SLIF in Watts.
This is equal to:

SLIF = YLIF
Ω
4π

TVdet
hc

λ
(4.17)

Ω is the volume angle of the detection system (3· 10−2 sr), T is the transmission of the
optics (estimated at 0.8) and Vdet is the detection volume. Using expressions 4.15, 4.16
and 4.17, we can calculate the density of n=2 atoms from:

n2 =
SLIF (A3 + neK3 + B32ρ)

Ω/4π · T · Vdet · hc/λ ·A32B23ρ
(4.18)

Spectral analysis

Spectra are analyzed with a Voigt function [23] since Doppler and Stark broadening have
comparable importance in the plasma considered. Asymmetric spectra are analyzed with
a double Voigt function (detailed in Chap.3). The asymmetry is attributed to the existence
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of two distributions of n=2 excited neutrals, one coupled to the ions (hotter and rotating)
and one not coupled to the ions (colder and not rotating). Ion properties can therefore
be determined from (the ‘hot’ component of) asymmetric spectra; temperature from the
Doppler width and velocity from the Doppler shift. The fine structure of H-α is simulated
by splitting each Voigt function into two Voigt peaks shifted with respect to one another
by 13 pm. One is 1.5 times higher than the other.

4.4 LIF and absorption Measurements

4.4.1 Measurement data

Absorption spectra are measured for two regimes: low electron density, at a magnetic
field strength of 0.015 T and high electron density at 0.4 T. LIF could only be detected
in the low electron density regime. In the high electron density regime, absorption mea-
surements are made at high and low background pressure.

First we present the spectra measured in scans of the discharge current at differ-
ent background pressures and magnetic field strengths, see Fig. 4.4. They are made for
the following three combinations of magnetic field strength and background pressure:
0.015 T, 20 Pa; 0.4 T, 64 Pa and 0.4 T, 6.5 Pa. All spectra are measured at the centre of
the beam except in Fig. 4.4(d), where the position was optimized for maximum signal.
Absorption down to 7· 10−4 is measured (at high pressure and S/N of 50), limited not
by the diagnostic, but by the lower discharge current limit of the plasma source. At low
pressure the minimum S/N is 15. The LIF measurements have a much lower signal noise
ratio and require lock-in detection (signal detectable down to 10−4). Notable is that the
spectra measured off-centre (Fig. 4.4(d)) are asymmetric (see Sect. 4.3.3 for explanation).

Fig. 4.5(a) displays the tests for saturation. The absorption and LIF signal are plotted
as a function of laser power from zero to full power. The transition is clearly not saturated.
Fluctuations in the signal are attributed to instability of the plasma. The tests are done
at conditions of minimal quenching (where saturation is most probable). Low collisional
de-excitation is ensured by low electron density at low magnetic field strength. Minimal
escape of Lyman radiation is chosen via high ground state neutral density, achieved at
high background pressure and high discharge current (see Sect. 4.6.2).

Next we present lateral scans performed at 0.4 T at both high and low background
pressures. Figure 4.6 shows lateral absorption profiles at magnetic field strength 0.4 T and
background pressures 6.5 Pa and 50 Pa. The scans are made with a laser spot of diameter
< 1.5 mm. The profiles are fit with three Gauss functions, allowing Abel inversion since
Gauss functions are invariant under this procedure [24]. Density profiles for n=2 neutrals
calculated from the results of this Abel inversion are shown in Fig. 4.7. Electron density
profiles measured with Thomson scattering are also included for comparison.

The n=2 density profiles comprise of three clear components: production inside the
electron density profile, production outside the electron density profile by reabsorption
of Lyman-α and a hollow region in the centre of the beam (no production at all). For both
measurements, the n=2 profiles become strikingly hollow for an electron density above
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Figure 4.4: Absorption and LIF spectra for varying source currents for three different
plasma conditions.
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Figure 4.4: Continued.
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Figure 4.5: Absorption and LIF vs laser power density saturation test.

ne ≈ 4−5 ·1020 m−3. For the 6.5 Pa measurement, the Abel inversion returns a negative
density in the centre of the beam which probably indicates that the real profile is steeper
than can be simulated with a Gauss function. To estimate the error made, we integrated
the (positive parts of) the profile and compared it to the integrated density measured at
the centre of the beam. This gives a discrepancy of 1 %. The largest difference between
the lateral scans at high and low pressure is the profile shape of the reabsorption produc-
tion outside the plasma beam. These profiles will be simulated and discussed further in
Sect. 4.5.

Thirdly, we present n=2 densities calculated from the LIF and absorption spectra
in Fig. 4.4 as a function of (central) electron density, see Fig. 4.8. As stated earlier,
LIF could only be observed for the lowest electron density condition: B = 0.015 T and
P = 20 Pa. Where the background pressures are different for n=2 density and Thom-
son scattering measurements, interpolation is performed to obtain the electron density as
shown in Fig. 4.3(b).

The densities from absorption spectra are averages over the diameter of the beam,
whereas the densities from LIF spectra are averages over the central 3 mm of the beam
(the laser spot diameter). In the calculation of the n=2 density from LIF, a detection
volumeVdet = 3.4 cm3 was chosen to obtain agreement with the absolute density deter-
mined from absorption. For the calculation of averages for absorption, the width of the
n=2 density profile is assumed to be equal to the width of the electron density profile, see
Fig. 4.3(d). For the high pressure case (0.4 T, 43 Pa) we make an exception. Here the n=2
profile is expected to be significantly wider than the electron density profile as evident
from Fig. 4.7. We assume a width of 2 cm. For the low magnetic field case (0.015 T,
20 Pa), the beam width probably increases with current, as the reabsorption of Lyman-
α due to increased ground state density (see Sect. 4.6.2) increases. The maximum n=2
density (at 0.015 T, 250 A) is therefore likely to be up to a factor of two lower than
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Figure 4.6: Absorption in nanometers measured as a function of lateral distance at dif-
ferent background pressures, fitted with three Gauss functions.
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Figure 4.7: n=2 density as a function of radius determined from Abel inversion of lateral
absorption scans. Electron density profiles are plotted for comparison.
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plotted.

4.4.2 Spectral analysis

Absorption spectra measured at high magnetic field strength (0.4 T) are found to be
asymmetric (similar to the asymmetry found in H-β emission spectra in Chap. 3). This
asymmetry is attributed to the existence of two populations of the excited neutrals being
probed. In Chap. 3, the hotter population was attributed to charge exchange of excited
neutrals with plasma ions and the colder population to collisions of excited neutrals with
colder background neutrals.

Given the importance of reabsorption of Lyman-α observed in Fig. 4.7, we now pro-
pose an additional mechanism for the existence of two n=2 density distributions. The hot,
rotating distribution is created by MAR, the last step of which, dissociative recombina-
tion, involves hot H+2 ions and electrons. The H+2 ions are coupled to the H+ ions since
they undergo typically six collisions with these ions before dissociative recombination.
The cold, non-rotating population is created by reabsorption. Lymann-α photons are re-
absorbed by cold, non-rotating ground state atoms. These atoms do not live long enough
to undergo charge exchange before they radiate again.
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Assuming that this is the correct explanation for the double n=2 density distribution,
we can measure the proportion of n=2 excited neutrals in the beam that are created by
dissociative recombination and reabsorption respectively. We simply fit the spectra with
a double Voigt function and compare the areas under the Voigt functions corresponding
to the ‘hot’ and the ‘cold’ neutral populations. This ratio is∼ 2/1 for P = 6.5 Pa and
0.4 T and∼ 2/3 at the same conditions but a higher pressure of 50 Pa.

Ion temperature and velocity determinations are not affected by this additional expla-
nation of the double distribution. These parameters are determined for the asymmetric
spectra measured at high magnetic field (0.4 T), and plotted as a function of lateral posi-
tion in Figs. 4.9 and 4.10, for high and low pressure respectively. The symmetric spectra
outside of the plasma beam are fit with a Gauss function (accounting for fine splitting
as explained in Sect. 4.3.3). The maximum rotation velocity is 5-7 km/s in both cases.
At lower pressure, the errors become larger. This is due to the lower density of n=2 and
could be solved by improving the sensitivity of the diagnostic (see Sect. 4.7). The ‘hot’
and ‘cold’ neutral temperatures are plotted and compared to the electron temperature.
The results for the temperatures of the n=2 distributions are reasonably systematic. One
notable exception is the central point at high pressure. Here, the Stark width seems to
have been overestimated and the Doppler width underestimated in the fitting procedure.
The temperature of the ‘hot’ component is in reasonable agreement with the electron
temperature. We should however remember that the spectra are line of sight measure-
ments. Determined temperatures are averages over a chord of the plasma beam and are
thus expected to be underestimates of the local, central ion temperature. As in Chap. 3,
ion viscous heating is suggested as a cause for a hotter ion than electron temperature.

At low magnetic field strength (0.015 T), the spectra are symmetric and are fit with
a single Voigt function; ion properties cannot be determined. Here, the temperature of
the n=2 population is typically 0.3 eV, while the electron temperature is about 2 eV. The
average of the whole n=2 population is poorly coupled to the ions.

4.5 Monte Carlo simulation of the radiation transport

By simulating the n=2 production by reabsorption of Lyman-α photons and comparing
this to the measurement profiles (Fig. 4.7), we are able to estimate the density of ground
state neutrals just outside the plasma beam. These n=2 atoms could not be produced in
any other way. MAR only takes place in the presence of electrons (in the plasma beam)
and n=2 neutrals can only travel 0.1 mm or less within their life-time.

4.5.1 Method

Radiation transport in the plasma beam of Pilot-PSI was simulated in a Monte Carlo code
by following a Lyman-α photon emitted in the plasma beam as it is continually emitted
and reabsorbed until it hits the vessel wall at a radius of 20 cm. The simulation assumes
a ‘hot’ population of n=2 excited atoms produced by MAR and a ‘cold’ population pro-
duced by reabsorption of Lyman-α photons as described in Sect. 4.4.2. At the start of
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Figure 4.9: Rotation velocities and temperatures deduced from double Voigt fits of spec-
tra measured in a lateral absorption scan of the plasma beam at 50 Pa and
0.4 T.
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Figure 4.10:Rotation velocities and temperatures deduced from double Voigt fits of
spectra measured in a lateral absorption scan of the plasma beam at 50 Pa
and 0.4 T.
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Chapter 4. Diagnosing ions and neutrals via n=2 excited hydrogen atoms

the simulation, the photon is given a random frequency, with probabilities corresponding
to a Doppler profile consistent with the measured temperature of the (‘hot’ population
of) n=2 excited particles. After each subsequent reabsorption, a new random frequency
is chosen for the photon from the expected Doppler spectral profile of colder ground
state atoms. The number of reabsorptions is recorded in each volume V = 2πrdrdz. This
calculation is repeated 10000 times and the result is averaged.

The rate of reabsorption in a certain volume V, is equal to the amount of reabsorp-
tions, Na, in that volume due to one photon, multiplied by the number of ‘primary’ pho-
tons produced per second in the plasma in slice dz. The rate of production of ‘primary’
photons is the number of ‘primary’ (‘hot’) n=2 atoms in the plasma beam in dz multiplied
by the Einstein coefficient, A21. We estimate the number of ‘hot’ n=2 excited neutrals as
the density, nhot

2 , multiplied by the approximate volume in which they are created, V.
The plasma is at steady state, so we can set the rate of reabsorption of Lyman-α equal

to the rate of destruction of ‘secondary’ n=2 neutrals:

Na(r)nhot
2 V αA21 = n2(r)(A21 + neK2) (4.19)

So,

n2(r) =
A21

A21 + neK2
Na(r)nhot

2 V α (4.20)

The radiation transport calculation was carried out for ground state atoms nH with a
range of densities and temperatures. It was found that the n=2 density profile resulting
from reabsorption was much less sensitive to the temperature of nH than to its density.
For the results presented in this paper, the temperature of ground state atoms was assumed
to be 1000 K.

Our aim was to simulate as closely as possible the shape of the lateral absorption
profiles shown in Fig. 4.7 measured at 6.5 Pa and 50 Pa in order to make an estimation
of the density of nH inside and outside of the beam. The tactic used was to assume a flat
radial profile of nH and to try different values of nH such that the measured n=2 density
was matched as closely as possible. The measured number of ‘hot’ n=2 excited atomsin
the plasma was estimated by approximating the average n=2 density to be 2/3 of the peak
value and taking the volume to be the region in which the electron density is between1.5
and3.5·1020 m−3 (above this electron density range the peak becomes hollow and below
this range the production is negligible). This resulting number was multiplied by the frac-
tion of neutrals that are ‘hot’ as deduced from the double Voigt fits, see Sect. 4.4.2. This
ratio was 2/3 for the 6.5 Pa measurement and 2/5 for the 50 Pa measurement. The values
used in the simulation are nhot

2 = 4.8 · 1016 m−3, V = 5.89 · 10−5 m−3, Thot = 2.0 eV,
Tcold = 1000 K for P = 6.5 Pa and nhot

2 = 1.044 · 1016 m−3, V = 1.34 · 10−4 m3,
Thot = 2.5 eV, Tcold = 1000 K for P = 50 Pa.

4.5.2 Results

We simulated the n=2 lateral density scan measurements (Fig. 4.7) made at 6.5 Pa and
50 Pa. The results are shown in Fig. 4.11. The measured value of the density of n=2 neu-
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Figure 4.11:Simulation of n=2 production due to radiation transport with different val-
ues of ground state density, nH . Measurement data points are added for
comparison.
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Chapter 4. Diagnosing ions and neutrals via n=2 excited hydrogen atoms

trals is plotted at five positions across the radius. This is the total n=2 density, including
both the hot and the cold population. The expected density of the cold population inside
the beam (based on measurements of the ratio between the hot and cold population) is
indicated by a star. Outside the beam, all measured n=2 atoms are expected to be cold.
The calculated radial n=2 density distribution is plotted at different assumed values of
the ground state density, nH . As explained above, the radial profile of nH is assumed to
be flat. Evident is that the measurements show a faster drop in density than the simula-
tion. This probably indicates a radial gradient in nH , but could also be partly due to the
inaccuracy of the Abel inverted profile. A radial gradient is however to be expected in
nH , since hydrogen atoms, even in the ground state, are confined by charge exchange
reactions with ions when the ion density is higher than about1020 m−3. Outside the
beam, the ground state neutral density is expected to decrease radially due to diffusion.
The best overall match between measured and simulated ‘cold’ n=2 atoms is found at
approximately nH = 5· 1018 m−3 for 6.5 Pa and nH = 5· 1019 m−3 for 50 Pa.

These solutions give an underestimation of the n=2 density in the centre of the beam
and an overestimation at the edge. We conclude that the value of the neutral density in the
centre is higher than determined here. This would lead to more build up of the n=2 density
in the centre of the beam, and give a steeper radial n=2 density profile than simulated
(more reabsorptions and thus more photon loss). This would give a better match of the
n=2 density at the edge for the estimations of the ground state density made above. A
gradient would be required in the assumed nH density in the simulation to achieve more
accurate results. This was not performed here due to insufficient accuracy of the Abel
inversions.

4.6 Interpretation of the results

4.6.1 Estimation of the escape factor from spectral analysis

The escape factor of Lyman-α is important to know for collisional-radiative modelling
of the plasma of Pilot-PSI. If this line is optically thick then both the excitation and
ionization balance will lean toward higher excitation/ionization than in the optically thin
case.

An estimate can be made of the Lyman-α escape factorΛ21 by assuming as hypoth-
esized in Sect. 4.4.2 that there is both a ‘hot’ and a ‘cold’ distribution of n=2 atoms in
the plasma populated respectively by MAR and reabsorption of Lyman-α photons. We
illustrate as follows.

Considering a case in which Lyman-α is optically thin and all n=2 neutrals are pro-
duced by MAR and are ‘hot’, the population balance for the n=2 density, nthin

2 can be
written as:

nthin
2 = nhot

2 =
0.3nenH2(v≥4)kcx

A21 + neK2
(4.21)

By then considering a plasma in which Lyman-α is optically thick, we obtain:
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ntotal
2 =

0.3nenH2(v≥4)kcx

A21Λ21 + neK2
(4.22)

= nhot
2 · A21 + neK2

A21Λ21 + neK2
(4.23)

=
nhot

2

α
(4.24)

where

α =
nhot

2

ntotal
2

(4.25)

=
A21Λ21 + neK2

A21 + neK2
(4.26)

If we know α, the ratio of n=2 neutrals that are ‘hot’, we can then calculate the escape
factorΛ21 from:

Λ21 =
α(neK2 + A21)− neK2

A21
(4.27)

Using an average lateral value for the electron density of 2· 1020 m−3 at 6.5 Pa and
4 · 1020 m−3 at 50 Pa, and taking the ‘hot’ to ‘cold’ ratios as 2/3 and 2/5 respectively,
we calculate thatΛ21 = 0.57 at 6.5 Pa andΛ21 = 0.145 at 50 Pa. Using the escape factor
simulation in [17], this gives neutral densities of 2.22· 1019 m−3 and 1.11· 1020 m−3

respectively. Taking the electron density in the centre of the beam, this corresponds to
ionization degrees of 95 % and 88 % respectively.

In both cases the Lyman-α radiation field will have a significant effect on the excita-
tion balance in the plasma, more so at high pressure than at low pressure.

4.6.2 Examination of the n=2 density behavior for determination of
neutral densities

In Sect. 4.2, we ascertained that electrons, rovibrationally excited molecules and ground
state neutrals all play an important role in the excitation balance of n=2 excited neutrals.
In order to deduce density information about the neutral populations mentioned above,
inside and outside of the plasma beam and at different electron densities, we now analyze
the n=2 measurements made as a function of electron density (Fig. 4.8) and as a function
of lateral distance (Fig. 4.7). A summary of the different neutral population densities
determined is given in Sect. 4.6.3.
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Chapter 4. Diagnosing ions and neutrals via n=2 excited hydrogen atoms

Density of ground state atoms and rovibrationally excited molecules in the transi-
tion to the high electron density regime

In this section we attempt to understand how nH and nH2(v≥4) change in Pilot-PSI in
the transition to the high electron densities. We look at the n=2 density measurements as
a function of electron density at low magnetic field strength (0.015 T) in Fig. 4.8. The
rise in n=2 density is much steeper than the linear increase predicted by equation 4.12.
An explanation could be that either the H2(v ≥ 4) density orΛ21 or (most probably)
both exhibits an ne dependence. We consider other possible contributions to the rise to
be unimportant. The electron temperature remains approximately constant, ruling out a
change in the production rate of n=2 excited atoms. A change in the width of the beam
due to reabsorption would at very most explain a factor of two in the n=2 density rise.

To explain the data, the factor nH2(v≥4)/Λ21 must rise by a factor of 30 from the
lowest to the highest current value. We can estimate the contribution of nH2(v≥4) to this
rise by noting the restriction onΛ21. We estimated its value to be 0.145 at conditions
conducive to high optical thickness (high magnetic field and high background pressure),
so 0.145< Λ21 < 1. This gives H2(v ≥ 4)< 2 · 1019 m−3 at the lowest source current
and nH2(v≥4) > 8 · 1019 m−3 at the highest source current. The minimum rise in the
percentage of molecules that have an internal energy of 2 eV is from 4.3 % to 19.4 %.
This is a large rise, especially if we compare it to 0.14 % from other measurements [25] in
a similar machine at 0 T and low electron density (< 1020 m−3). A rise inΛ21 from 0.145
to 1 corresponds to a rise in the ground state atomic density from nH < 2.2· 1018 m−3 to
nH = 1.1· 1020 m−3, which is much faster than the rise in electron density.

A faster rise in the ground state atomic density than in the electron density is plausi-
ble, since nH is not simply a direct function of the electron density. Ground state atoms
are not only produced locally, but can travel several centimeters along the axis before
they exit the beam. Furthermore, the flux of neutrals exiting the beam is expected to in-
crease with source current, since as the electron density inside the source increases with
current [16], the atoms will be more and more confined by charge exchange reactions.
The density of rovibrationally excited molecules can be expected to increase with atomic
density as its rate of production at the wall [25] will increase.

Examination of lateral absorption profiles - determination of the ionization degree
and the H2(v ≥ 4) density

It is interesting to note that in Fig. 4.7 the lateral n=2 density profiles both become hollow
at an electron density of 4-5· 1020 m−3. This agrees well with the values of electron
density at which saturation is observed in the n=2 density in Fig. 4.8, and can be explained
by the radial profile of rovibrationally excited molecules which becomes hollow at high
electron density. The mean free path of these molecules is equal to the radius of the beam
(∼ 6 mm) for ne = 4 · 1020 m−3 (molecular temperature:∼ 0.3 eV, MAR rate coefficient:
3 · 10−15 m3 s−1 [12]) and grows shorter as the electron density increases. Taking into
account elastic collisions, the mean free path of these molecules will be even shorter.

The hollow n=2 excited neutral profiles yield the useful information that there is very
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little n=2 production in the centre of the beam. Knowing the electron excitation rate of
ground state atoms to the n=2 level, we can therefore estimate an upper limit on the
density of ground state hydrogen in the centre of the beam. The Abel inversion of the
lateral n=2 density measurement tells us that there is zero n=2 density in the centre of
the beam. Allowing for the uncertainty in the Abel inversion (with a wide margin), we
can assume that the n=2 density in the centre has amaximumpossible value of half of
the peak value. To calculate a maximum ground state density nH , we assume that there
are no other production mechanisms apart from electron excitation from the ground state
that contribute to the n=2 density in the centre of the beam. We also assume maximum
efficiency of the loss mechanisms and therefore that the escape factor,Λ21 is equal to
one. This gives us the balance:

nH =
n2(neK2 + A21Λ21)

neK12
(4.28)

For the 6.5 Pa measurement, we assume a maximum n=2 density in the centre of the
beam of 1.2· 1016 m−3. This gives us a maximum possible ground state neutral density
in the very centre of the beam of nH = 7 · 1019 m−3. Given the central electron density
of 4 · 1020 m−3, we obtain a minimum ionization degree in the centre of the beam of
85 %. For the 50 Pa measurement we assume a maximum n=2 density of 9· 1016 m−3

and obtain a maximum nH density of 3.7· 1020 m−3 and a minimum ionization degree
of 68 %.

Another important feature of the lateral n=2 density measurements is the absolute
value of the peak n=2 density. We can use it to estimate the density of H2(v ≥ 4) in the
vessel by setting up a balance between creation and destruction of n=2 neutrals:

n2(neK2 + Λ21A21) = 0.3nenH2(v≥4)kcx (4.29)

nH2(v≥4) =
n2(neK2 + Λ21A21)

0.3nekcx
(4.30)

For P = 6.5 Pa, this gives nH2(v≥4) = 3.9 · 1019 m−3 and for P = 50 Pa, this gives
nH2(v≥4) = 1.34 · 1020 m−3. That is around 30 % and 13.3 % respectively of the total
hydrogen molecular density.

In this simple consideration, we have neglected the possibility that production may
also take place via 3-particle recombination or direct excitation. However, these pro-
cesses would be expected to be more important in the centre of the beam, where the
electron density is higher, and total production is very small here. Other possibilities for
production are mutual neutralization ofH− atoms and dissociative recombination ofH+

3

ions. The populations of these ions are expected to be negligible.
The third important feature of the lateral n=2 density profiles is the part of the profile

outside of the plasma beam. We used this halo in Sect. 4.5 to estimate ground state
densities outside the plasma beam.
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4.6.3 Summary of determined neutral densities

Using electron density and radial dependent measurements of the n=2 excited popula-
tion in Pilot-PSI we have been able to obtain a rich set of information about neutrals in
the plasma. In Sect. 4.6.2 we found with a great deal of certainty that at high electron
densities (obtained at 0.4 T, 6.5 Pa), the ground state density in the centre of the beam is
nH < 7 · 1019 m−3 giving an ionization degree of> 85 %. At approximately ten times
higher background pressure (50 Pa), the ground state density is nH <3.7 · 1020 m−3

and the ionization degree> 68 %. If we assume that the hypothesis put forward for the
existence of a ‘hot’ and a ‘cold’ population in Sect. 4.4.2 is correct, we can estimate
these values more accurately. The escape factors calculated in Sect. 4.6.1 were used to
calculate neutral densities in the beam. The results were nH = 2.22· 1019 m−3 at 6.5 Pa
and 1.11· 1020 m−3 at 50 Pa, corresponding to ionization degrees of 95 % and 88 % re-
spectively. These are important results as they suggest that in plasma surface interaction
experiments most particles impinging on the target are ions and not neutrals.

Estimations for the neutral densityoutsideof the beam, give the dissociation degree
in the vessel, which is important for modelling of the plasma/background gas system
[26]. In Sect. 4.5, the dissociation degree was estimated using a Monte Carlo model for
the Lyman-α photons compared to n=2 density profiles. The approximate ground state
neutral densities were found to be 5· 1018 m−3 (6.5 Pa) and 5· 1019 m−3 (50 Pa) yielding
a dissociation degree of 4 % and 5 % respectively.

The H2(v ≥ 4) density was estimated in Sect. 4.6.2 from the peak values of the n=2
population density. The densities found were 3.9· 1019 m−3 (6.5 Pa) and 1.34· 1020 m−3

(50 Pa). This corresponds to 30 % and 13.3 % of the total H2 density in the vessel re-
spectively (compared to 0.14 % in [25]). In Sect. 4.6.2, we saw that these percentages
rise dramatically in the transition from a low electron density, low magnetic field regime
to the high electron density regime. At 20 Pa and 0.015 T, the minimum rise in this
percentage is from< 4.3 % at low current to at least 19.4 % at high current.

4.7 Discussion of the diagnostic method for determina-
tion of ion parameters

The rotation velocity and temperature of ions have been measured in Sect. 4.4.2 via the
n=2 excited neutrals. Laser induced fluorescence is in principle an ideal method of mea-
suring these parameters because of its high spatial resolution. It has however proven to
be problematic in the high electron density plasma of Pilot-PSI. The main problems are
electron de-excitation that competes with the fluorescence signal, the background emis-
sion that grows by at least a factor of ten when the magnetic field strength is increased
from 0.015 T to 0.4 T, and the hollow n=2 density profile at high electron densities which
ensures that zero signal is measured in the centre of the beam.

Absorption has proven to be a good replacement diagnostic, even though Abel inver-
sion is required to obtain radial density profiles and information obtained from spectra
are averages over the line of sight of the laser. Absorption ratios of down to 7· 10−4 have
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been measured and the wavelength resolution is good (spectral linewidth< 300 kHz).
Ion velocity and temperature information could be obtained from asymmetric spectra at
high electron density and high magnetic field (0.4 T), but could not be obtained from the
symmetric spectra measured at low field (0.015 T) because of ambiguity in the coupling
of these neutrals with ions. Figs. 4.9 and 4.10 show the ion parameters obtained. Rota-
tion velocities of about 5 to 7 km/s are in agreement with typical rotation velocities at
a magnetic field strength of 0.4 T using optical emission spectroscopy on theHβ line
in Chap. 3. Ion temperatures are found to be approximately equal to the electron tem-
peratures, but since they are line of sight measurements, they are expected to be lower
limits on the real ion temperature. Heating of the ions above the electron temperature is
attributed to ion viscous heating in Chap. 3.

The signal to noise ratio of the absorption diagnostic could be further improved by
more averaging, by the use of a lock-in amplifier and by the use of a real timeI0 laser
power measurement. This last idea would involve splitting the laser beam and guiding
both beams through the vessel, with only one of the beams penetrating the plasma. A
further improvement to the diagnostic could be achieved by ensuring a non-hollow n=2
density profile, such that the centre of the plasma beam can be seen. The upgrade to Pilot-
PSI, Magnum-PSI [4] is forseen to have a broader plasma diameter (∼ 10 cm) and a lower
background pressure (< 1 Pa near the target). The expectation is MAR will become less
important for the production of emission, firstly because the density of H2(v≥ 4) will be
lower and secondly because these molecules will only be able to penetrate the edge of
the beam. A larger fraction of the excited neutrals can then be expected to originate from
direct electron excitation and three particle recombination in the centre.

4.8 Conclusion

This paper explains a methodology using n=2 excited atoms, for determining ion param-
eters and neutral densities in a linear, hydrogen, magnetized plasma with ITER divertor
relevant electron parameters. Measurements were made in this regime in the beam of
Pilot-PSI using LIF and absorption. Absorption was found to have a much better sen-
sitivity than LIF, mainly due to competition with background emission. At 4 cm from
the source (half a meter from the target) the following parameters were measured: ion
rotation velocities up to 7 km/s and ion temperatures of 2-3 eV∼ Te. Comparison of
measurements with modelling yielded also the following information: a central ioniza-
tion degree of> 85 %, a dissociation degree in the vessel of∼ 4 % and an escape factor
for the Lyman-α line of ∼ 0.6. 30 % of molecules were found to have a rovibrational
excitation of more than 2 eV, a significant increase with respect to low density, less mag-
netized plasmas. The effect of a ten-fold increase in pressure did not significantly affect
the dissociation degree in the vessel. However, it did reduce the proportion of v> 4 ex-
cited molecules (by∼ 17 %) and the escape factor of the Lyman-α line (to∼ 0.15). In a
doubling of the electron density in the transition to high electron densities, the proportion
of rovibrationally excited molecules (excitation more than 2 eV) was found to increase
by more than a factor of four, probably because of a large increase in the production and
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confinement of ground state neutrals.
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Chapter 5

Two dimensional electric current effects on a
magnetized plasma in contact with a surface

Abstract

Significant electric fields both parallel and perpendicular to a magnetic field have been
observed and modelled self-consistently in an ITER divertor relevant plasma-wall ex-
periment. Due to magnetization, electric current is found to penetrate the plasma beam
outside of the cascaded arc plasma source with a length scale proportional to

√
1 + H2,

where H is the Hall parameter. Plasma rotation measurements and chemical erosion pro-
files at a carbon target demonstrate that for a sufficiently well-magnetized plasma, a cur-
rent through the target causes plasma-wall sheath potentials to significantly increase in
a region of net ion collection while for the conditions studied, regions of net electron
collection remain unaffected.
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Chapter 5. Current effects on a magnetized plasma in contact with a surface

5.1 Introduction

A magnetized plasma can support potential differences which, if short-circuited by a
conducting surface, give rise to an electric current through the surface. This current influ-
ences the sheath potentials at the surface. Determination of the resulting sheath potential
profile is important, since it determines the particle and energy flux to the surface. We
consider plasma beams with such high ion fluxes (> 1023 m−2s−1) that the ion satura-
tion current at the surface is significant (> 10 kA/m2). Since the resistivity parallel to
the magnetic field is also high (>10−4 Ωm), significant parallel electric fields can arise.
This chapter answers the question how the plasma sheath conditions are affected in this
very general case where perpendicular and parallel electric fields, magnetization and the
ion saturation current can all play a significant role, and self-consistently determines the
2-dimensional current distribution in the plasma beam and the sheath potentials at the
surface.

An important application can be found in magnetic fusion. Electric currents are ex-
pected in the conducting divertor of the tokamak ITER [1; 2], where the ambient plasma
conditions will be in the regime described above. Understanding plasma-wall sheath po-
tentials at this divertor is paramount for understanding the erosion, one of the key issues
in magnetic fusion research [3]. Currents are known to flow in a tokamak between the
inner and outer divertor. They are caused either by a difference in sheath voltage at the
surfaces arising from a temperature difference [4; 5; 6], or by an independently arising
loop voltage [7]. Currents may also flow within a single divertor plate [8] due to radial
electric fields (parallel to the divertor plates) [9].

The latter case has an analogy in linear magnetized divertor simulators [10; 11; 12]. In
this chapter, we develop a generic model for such a linear plasma experiment, that can be
adjusted for application to a tokamak divertor. Three different cases are considered: two
with a conducting target perpendicular to the magnetic field in which the magnetization
of the plasma is varied, and one in which current flow is inhibited by an insulating insert.
We analyze the effect of the magnetization of the plasma and current through the target
on the plasma current configuration and the plasma-wall sheath profile. The experiment
is introduced in Sect. 5.2, the model explained in Sect. 5.3 and the experimental approach
outlined in Sect. 5.4. Results and conclusions are given in sections 5.5 and 5.6.

5.2 Experimental

The experiments were performed in the linear plasma generator Pilot-PSI (see Fig. 2.1),
with typical ion fluxes of∼ 1024 m−2s−1, at an electron temperature of∼ 1 eV. The
plasma is produced in a cascaded arc source where gas is ionized by a typical voltage
difference of 100 V between cathode tips and the grounded source nozzle. The plasma
flows into a low pressure vessel (∼ 5 Pa) where it is confined by an axial magnetic field
of 0.4 T to a beam width of∼1 cm and impinges on a removable target at a distance of
0.5 m from the source. The plasma parameters ne and Te are monitored with Thomson
scattering (TS) 4 cm downstream of the source and 2 cm in front of the target.
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5.2. Experimental

Electric fields are deduced from the~E × ~B drift of plasma ions: v =~E × ~B/B2.
Ion rotation velocities are determined indirectly by virtue of their strong coupling with
excited, radiating atoms. These excited atoms emit Balmer-β spectra that are asymmetric
because of a second population coupled to cold, non-rotating neutrals. The spectra are
measured as explained in Sect. 3.2.2. Analysis with a double Voigt function is used to
determine the Doppler shift of the population coupled to the ions. See Chap. 3 for more
details. Spectra measured close to the target are symmetric and are analyzed using a
single Voigt fit. Since we are measuring excited neutrals and not ions directly, it should
be noted that the results are a lower limit on the true electric field values.

Other diagnostics include a conducting target with probe in its centre. The set up for
this ‘target probe experiment’ is shown in Fig. 5.1. A 3 mm diameter copper probe sur-

6.5mm 

diameter

H plasma

(Insulated

with teflon tape)

C target

Copper

probe

3mm 

diameter

Ceramic

spacer

TS @ 1.7cm

Shunt

Figure 5.1: Set up for ‘target probe experiment’ with an insulating insert to inhibit cur-
rent flow through the target. By allowing current to flow through the shunt,
we can measure the current that would have flowed through a conducting
target without insulating insert.

rounded by a 1.75 mm wide ceramic spacer is inserted in a carbon target. The floating
potential of the probe and of the target are measured. The probe and target can be elec-
trically connected outside of the vessel via shunts of varying resistance over which the
voltage is measured.

A final diagnostic is the erosion of carbon targets on plasma exposure. This gives an
indirect indication of the ion energy at the target. The targets are fine grain carbon discs,
30 mm in diameter and 4 mm thick. They are clamped onto a copper target holder at
floating potential, and are cooled directly by pressurized water.
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Chapter 5. Current effects on a magnetized plasma in contact with a surface

5.3 Modelling

5.3.1 Background

Due to magnetization of the charged plasma species in Pilot-PSI, the cross-field electrical
conductivity,σ⊥ in the plasma beam is drastically reduced with respect to the conductiv-
ity parallel to the field,σ‖.

σ⊥ =
0.51σ‖

(1 + H2)
[13] (5.1)

The Hall parameterH = ω/ν, is a measure of the magnetization of the plasma, defined as
the ratio between the cyclotron frequencyω = eB/m and the frequency of radial diffusion
causing collisions,ν.

The large reduction in radial conductivity associated with magnetization determines
the behavior of the current from the cascaded arc source. As shown schematically in
Fig. 5.2(a), the current from the grounded nozzle of the source must radially cross the
magnetic field to close the circuit to the cathode tips.

Target

B

Central plasma j

Cathode tips
+

-

Anode

+ r0
R

Edge plasma

(a)

C e n t r a l  p l a s m a

0 R

Φ
, j z, j r

r  Φ ,  j z
 j r

r 0

E d g e  p l a s m a
(b)

Figure 5.2: (a) Schematic picture of the plasma beam of Pilot-PSI with indication of
current flow. (b) Normalized solutions forΦ, jz andjr plotted as a function
of radius with sign chosen to agree with definitions (see Sect. 5.3.2).
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5.3. Modelling

Electrons are more mobile than ions parallel to the magnetic field, and for all condi-
tions studied in this chapter, also in the direction perpendicular to the field. We therefore
approximate the parallel conductivityσ‖ and the Hall parameter H, by the values for
the electrons.σ‖ is given by the Spitzer resistivity [14] and the Hall parameter is taken
to be the electron Hall parameter, He. The most important diffusion causing collisions
for electrons are Coulomb interactions with ions. The frequency of these collisions is

νei = 2.9·10−12neT̂e
−3/2

ln(Λ) [13], whereT̂e is the electron temperature in electron
Volts andln(Λ) is the Coulomb logarithm [13]. The electron Hall parameter can then be
expressed as:

He =
e

2.9 · 10−12meln(Λ)
BT̂e

3/2

ne
(5.2)

Note it increases linearly with magnetic field, decreases with electron density and in-
creases strongly with electron temperature. For the plasma conditions presented in this
chapter, this Hall parameter has values of between 3 and 55.

5.3.2 Modelling electric fields and currents in plasma beam

A model of the current path in Pilot-PSI is constructed from~∇ · ~j = 0 for the current
density together with the assumption of cylindrical symmetry. Poloidal current and its
effects as well as the electric field associated with the density gradient can be ignored.
The current density~j(r, z) is then related to the electric potentialΦ(r, z) as:

~j(r, z) =
(
−σ⊥

∂Φ
∂r

,−σ‖
∂Φ
∂z

)
(5.3)

So:
~∇ ·~j = −

(
σ⊥
r

∂

∂r

(
r

∂

∂r

)
+ σ‖

∂2

∂z2

)
Φ = 0 (5.4)

Inserting a general solution forΦ of the form:

Φ(r, z) = φ−(r)e−kz + φ+(r)ekz (5.5)

gives:

−
(

σ⊥
∂2

∂r2
+

σ⊥
r

∂

∂r
+ k2σ‖

)(
φ−(r)e−kz + φ+(r)ekz

)
= 0 (5.6)

from which we determine that:

∂2φ±
∂r2

+
1
r

∂φ±
∂r

+ k2 σ‖

σ⊥
φ± = 0 (5.7)

This can be written in the form of the Bessel differential equation:

α2 ∂2φ±
∂α2

+ α
∂φ±
∂α

+ (α2 − n2)φ± = 0 (5.8)
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Chapter 5. Current effects on a magnetized plasma in contact with a surface

with α = kr
√

σ‖/σ⊥, n = 0 and solution:

φ± = cJ0(α) = cJ0

(
rk

√
σ‖

σ⊥

)
(5.9)

Φ(r, z) is thus given by:

Φ = Φ0[c−e−kz + c+ekz]J0

(
rk

√
σ‖

σ⊥

)
(5.10)

Using the identity∂J0(ax)/∂x = aJ1(ax) we can describe the axial and radial currents
as

jr = −σ⊥
∂Φ
∂r

= (c−e−kz + c+ekz)√σ⊥σ‖kJ1(rk
√

σ‖

σ⊥
) (5.11)

and

jz = −σ‖
∂Φ
∂z

= −(−c−e−kz + c+ekz)σ‖kJ0(rk
√

σ‖

σ⊥
) (5.12)

The solutions correspond to the picture of a current channel spreading out of the source
into the vessel as shown schematically with arrows in the picture of the plasma in Fig. 5.2(a).
Normalized solutions forΦ, jz andjr are plotted in Fig. 5.2(b) as a function of radius.
The sign is chosen so that the the potential is highest at the anode of the source, and
so that the current flows from anode to cathode, where positive current directions are
defined as being from the source towards the target and from the anode radially inwards.

Let us take a closer look at these solutions. As an aid to intuition, it is useful to realize
that the same problem solved in cartesian co-ordinates would give solutions proportional
to sin(x) and cos(x) functions instead of Bessel functions. The plots in Fig. 5.2(b) show
that the axial current is positive (flows away from the source) in the ranger0 < r < R
(we define this as the ‘edge plasma’) and negative (back towards the source) in the range
0 < r < r0 (the ‘central plasma’). The strength of the radial current is proportional to
the derivative of the potential. It is weakest in the centre and at the edges of the beam and
strongest in between.

The existence of both positive and negative exponential functions for the axial de-
pendence of the above named quantities, reflects the tendency of the plasma to support
a radial electric field which decays in both positive and negative axial directions. In the
case of Pilot-PSI, the largest externally generated electric field (up to 5000 V/m mea-
sured close to the source) arises in the plasma source and will decay axially towards the
target. Interruption of this exponential decay by the target ensures an electric field across
the target at the sheath edge. This electric field will decay axially from the target back
towards the source.

Another example of a radial electric field arising at the target end of the beam, is
that caused by radial temperature differences. In the absence of current effects (that
we will discuss later), the sheath potential is proportional to the electron temperature,
Vsheath ∼ 2.5 kTe/e [8], where Te is the electron temperature in Kelvin. This radially

86



5.3. Modelling

changing sheath potential causes a radial electric field (in the order of 300 V/m) in front
of the target because the sheath forms in front of a highly conductive and thus equipoten-
tial target plate.

The characteristic axial decay length of potential and currents, k, can be determined
by integrating the axial current density across the radius of the beam. When the target is
at floating potential such that all current must return to the source, this integral should be
equal to zero.

2π

∫ R

0

jzrdr = −2π
√

σ‖σ⊥Φ0(−c1e
−kz + c2e

kz)J1(Rk

√
σ‖

σ⊥
) = 0 (5.13)

Then,

J1(Rk

√
σ‖

σ⊥
) = 0 (5.14)

Therefore,

Rk

√
σ‖

σ⊥
= ξ (5.15)

whereξ ≈ 3.83 is the first positive root ofJ1. So

k =
ξ

R

√
σ⊥
σ‖

(5.16)

By setting`‖ = 1/k and`⊥ = R, we can compare the parallel and perpendicular length
scales of the current that penetrates into the vessel. Using also Equation 5.1 we obtain:

`‖

`⊥
=

1
ξ

√
σ‖

σ⊥
=

1
ξ

√
1.95(1 + H2) (5.17)

where H≈ He ∝ BT̂e/ne for the conditions studied in this paper.

5.3.3 Modelling the effect of current through a surface on the plasma-
wall sheath

Having studied the effect of a radial electric field on the magnetized, open ended plasma
beam of Pilot-PSI, we now consider the effect of en electric field across a conducting
target in contact with a magnetized plasma. We first consider the simplest case for which
`‖ is so much longer thaǹ⊥ that we can ignore radial current flow. The electric system
can then be modelled with a simple replacement circuit as shown in the inset of 5.3. The
central and edge plasma are modelled with two replacement resistors (Rcentre andRedge

respectively) and the plasma-wall sheath for the inner and outer plasma with two diodes
(V shcentre andV shedge). The total voltage difference applied (or existing) across the
system is labelledVtot. Simple Ohm’s law then gives:
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Figure 5.3: Modelling of the plasma at typical high Hall parameter conditions with
a simple electric replacement circuit. Radial current flow is ignored. The
plasma beam is divided into two regions, edge and centre. The plasma resis-
tance and plasma-wall sheath in each region are modelled with a replacement
resistor and a diode. The voltage drop over each circuit component is plot-
ted as a function of current. The black plot indicates the sum over the four
circuit components. Two characteristic solutions are indicated for different
values of the voltage over the circuit. See text for details.

Vtot = IRedge + V shedge − V shcentre + IRcentre (5.18)

The I-V characteristic for a plasma-wall sheath (the diode components) is given by [8]:

I = Isat +
1
4
en0

√
8kTe

πme
exp

(
eV sh

kTe

)
(5.19)

whereIsat is the ion saturation current and is equal to the ion flux, n0 is the electron
density far from the sheath [m−3] and e is the (negative) electron charge. The positive
direction for current and voltage is the same as defined earlier, away from the source,
towards the target. This expression describes a constant ion (saturation) current through
the sheath with an electric current that decays exponentially with sheath potential. The
expression holds only for negative values of Vsh and thus ignores the decay in the ion
current expected for increasing positive values of Vsh. As we will show in Sect. 5.5, this
is justified for the conditions studied in this chapter since the negative current through the
central sheath is limited by the current through the edge sheath and is not large enough
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5.3. Modelling

to change the polarity of the sheath. For zero current, the value of Vsh is∼2.5 kTe/e. A
small change in this voltage gives a large change in the current, except when the voltage
is so large that the ion saturation current Isat has been reached. Then the voltage can
become arbitrarily large with no further change in current.

We describe the effect of a current through the target on the sheath potentials with
the aid of Fig. 5.3. This figure describes the voltage over each of the replacement circuit
components as a function of current, for typical plasma conditions (with a high Hall
parameter). The current through the resistors depends linearly on voltage (temperature
dependence is ignored). The current through the sheath components behaves as explained
above. When the voltage is high enough to repel all electrons, the ion saturation current
will be reached, in this case at just over 0.5 A. This limits the current through the entire
system. The current through the central sheath is in the other direction, so ion saturation
is not obtained (unless the current direction is reversed). The black line indicates the sum
of the voltage drop over the four circuit components. Solutions are indicated (by a red
dot) for two different values of the voltage applied across the circuit. We distinguish two
cases:

1. The current through the target isI sat limited - Note the value of the edge sheath
voltage (green curve) for the solution given applied voltage a. It is clear from this plot
that any further increase in the applied voltage would result not in an increase in the
current, but in an increase in the voltage over the edge sheath.

2. The current through the target isresistance limited- For the solution, given ap-
plied voltage b, this voltage falls mostly over the plasma. A further increase in the applied
voltage would lead to an increase in the current through the system and thus in the voltage
drop over the plasma.

5.3.4 Combination of modelling in beam and at plasma-wall transi-
tion

Combining the modelled electric field behaviour in the free plasma with the sheath be-
haviour due to a current through the target, we find that the combined system behaves
as shown in Fig. 5.4. The potential is sketched as a function of the distance along the
current path, from the anode (the nozzle of the source), through the edge of the plasma
beam, through the target and back through the central plasma ending just downstream
of the source opening.Vtot is defined as the potential at the exit of the plasma source
between inner and outer plasma regions. The sheath behaviour is displayed by means of
a magnified scale on the x-axis in the proximity of the target.

As in the previous section, we identify two cases (with a conducting target), this
time defined by a large or small value of the Hall parameter. For the low Hall parameter
case, the current flow is such that the potential differenceVtot falls entirely over the
plasma beam. The current through the target is lower than Isat. The current in the system
is therefore determined by the resistance of the plasma. The sheath potentials are then
approximately equal to their value for zero current,∼ 2.5 kTe/e, which differs between
the central and edge plasma. For the high Hall parameter case, the axial exponential
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Figure 5.4: (a) The modelled plasma potential is illustrated schematically along the cur-
rent path from the source anode, through the target and back to the source
opening. The sheath behaviour is shown by means of a magnified scale.
Three cases are shown, 1. A conducting target near a high Hall parameter
plasma where the current at the target is limited by Isat, 2. A conducting
target with a low Hall parameter plasma where the current in the system
is limited by the plasma resistance and 3. A case in which the inner and
outer target are electrically insulated from one another. (b) Schematic view
of the Pilot-PSI plasma, depicting the current configuration shape. The cir-
cled numbers show the positions in the plasma corresponding to positions on
the schematic graph above it.
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decay length is longer such thatVtot cannot fall entirely over the plasma beam. As we
saw in the previous section, the remaining potential then falls over the edge sheath. The
current through the system is determined by the boundary condition for the edge plasma,
I = Isat.

In order to emphasize the effect of a conducting target interfacing with a magnetized
plasma, we also consider a third case in which electric currents are inhibited from flowing
through the target. The first consequence is that the resistance of the whole plasma-target
system will be larger and for a given current,Vtot will be larger. Since it is now possible
for inner and outer targets to be at different potentials, there is no increase in edge sheath
potential.

5.4 Experimental approach

Measurements have been carried out for two specific plasma conditions with a conduct-
ing target and a magnetic field strength of 0.4 T. The source discharge current was 200 A
in both cases, the gas flow 1 slm and 2 slm. The radial profiles of the electron temper-
ature and electron density at 4 cm from the source and 2 cm from the target are shown
in Fig. 5.5. The main difference between the two conditions is the electron temperature,
especially the temperature measured near the target. The profiles are peaked with maxi-
mum values of 0.3 eV and 1.1 eV near the target and 3 eV and 3.7 eV near the source.
The corresponding ne profiles are also peaked and do not differ greatly from one another.
The Hall parameters calculated for the peak electron parameters near the target are 3 and
12 respectively. These conditions will henceforth be called the ‘H = 3 case’ and the ‘H =
12 case’. Near the source the Hall parameters corresponding to the peak electron parame-
ters are 47 and 55. We perform a rough test of the simple model, by measuring the decay
of the radial electric field as a function of axial distance. We compare the strength of this
observed axial decay to the characterisic distance`‖ predicted using the Hall parameter
calculated from measured electron parameters.

Using our model, electric field measurements in front of the target are then used to
estimate the sheath potential profile at the target. Current flow and potentials at the target
are then studied in more detail using the ‘target probe experiment’ (Fig. 5.1). Plasma
conditions at the target for these measurements are Te = 1 eV and ne = 1020 m−3, corre-
sponding to a Hall parameter of 30. The floating potential of the probe and of the target
are measured as well as the electric current between them when the two are connected
via shunts of varying resistance.

We then turn to study of the sheath behaviour in the centre of the target. An I-V-
characteristic of the probe is measured. Also, an indirect indication of the ion energy at
the target is obtained by observing the erosion profiles of carbon targets exposed to the
‘H = 3’ and ‘H = 12’ plasma conditions, each for 100 seconds. Surface depth profiles are
made ex-situ with a surface profilometer.
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Figure 5.5: Electron density and electron temperature profiles for the two plasma con-
ditions studied, measured at positions 4 cm from the source and 2 cm from
the target. We name them the ‘H = 3 case’ and the ‘H = 12 case’ according
to the Hall parameter calculated from electron parameters measured at 2 cm
from the target.

5.5 Results

The ion rotation velocities measured and radial electric fields determined are plotted in
Fig. 5.6 for different axial positions. Although the electron parameters and therefore the
Hall parameter are not constant along the axis or radius of the beam, in our rough com-
parison of model with experiment, we assume that these parameters are in fact constant
between the source and z =33 cm and between z =33 cm and the target.

The decrease in (the peak value of) the electric field between z = 9 cm and 33 cm is
then consistent with an exponential decay with characteristic decay length,`‖ = 50 cm,
for both experimental conditions. The decay lengths predicted by the Hall parameter
from Thomson scattering (TS) measurements at 4 cm from the source are longer, 84 and
90 cm. The agreement is reasonable, especially considering that the electron temperature
(and therefore Hall parameter and`‖) are expected to decline along the axis.

Over the second section of the beam, the rotation velocity measurements indicate
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Figure 5.6: Rotation velocities for ‘H = 3’ and ‘H = 12’. Measurements made at (a) 9
cm downstream of the plasma source (z = 9 cm), (b) z = 33 cm and (c) 1 cm
in front of the target. Positive rotation is defined as clockwise when looking
from the source. Electric fields calculated fromv = ~E × ~B/B2 can be read
from the right hand axes of the graphs.

`‖ = 10 and 30 cm for the ‘H = 3’ and the ‘H = 12’ case respectively. Here predictions
using the Hall parameter from TS measurements at 2 cm from the target give lower de-
cay lengths, 6 and 20 cm respectively. That is reasonable given that the average electron
temperature (and therefore also Hall parameter and`‖) along this section of the beam is
expected to be higher than at the target. Overall, given the gradients in electron parame-
ters, the agreements are reasonable.

Having determined that in both experimental conditions, a significant radial electric
field is still present at the target, we deduce that electric current must flow through the
target. The current through the target has been determined experimentally for a plasma
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condition with Hall parameter 30 at 2 cm from the target. We measured the current over
the shunt in the set up shown in Fig. 5.1. The current measured was 2 A. This measure-
ment gives a lower limit on the real current through the target, since the current mea-
sured depends strongly on the radial position of the ceramic spacer and the exact radius
at which the direction of the current changes. The current measured was independent of
the resistance of the shunt, showing that it must be limited, not by the resistance of the
target, but by the ion saturation current Isat. Although the resistance of the target is orders
of magnitude lower than the radial resistance of the plasma, total short-circuiting of the
source current through the target is prevented by Isat.

To estimate the sheath potentials, the voltage difference in front of the target is es-
timated from the rotation velocity measurements at 1 cm from the target. Using this
measurement, the model predicts a sheath in the edge region of∼ 2.5 kTe/e for the
‘H = 3’ case and 5-10 V for the ‘H = 12’ case. The sheathprofile can also be estimated
by integrating (fits of) the electric field profiles close to the target. The integral of the
measurement at 1 cm from the target is shown in Fig. 5.7.
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Figure 5.7: Sheath potential profiles made by integrating fits of the E field profiles at
1 cm from the target. Constants of integration are chosen such that the volt-
age at the central position is equal to Vsheath = 2.5 kTe/e.

Constants of integration are chosen such that V = 2.5 kTe/e at r = 0. The sheath volt-
age at the edge of the plasma is about∼ 10 V. Since we are measuring excited neutrals
and not ions directly, dV/dr and therefore also the edge sheath voltage are probably un-
derestimated. Interesting to note is that for the ‘H = 3’ case, the Te dependence of the
sheath potential can be observed in the centre (the potential decreases with radius). At
the edge, the sheath potential increases with radius. It is higher at positions where the ion
flux is lower and Isat is reached more quickly. The Te dependence of the central sheath
potential can also be seen in the reversal of the electric field direction in the centre of
the plasma in Fig. 5.6. We have also illustrated its effect schematically in the plasma
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resistance limited case in Fig. 5.4.
To serve as a contrast with the results for a conducting target interfacing with the

plasma, we also did experiments to confirm the expected effect when current is inhibited
from flowing through the target between the inner and outer regions of the plasma. We
used the ‘target probe experiment’ set up illustrated in Fig. 5.1. The floating potential of
the inner target was measured to be -14 V and that of the outer target, -5 V. This potential
difference is about the same as that predicted for the edge sheath voltage in the case of a
conducting target, corresponding to the expectation illustrated in Fig. 5.4.

Finally, we studied the influence of radial electric fields on the ion flux in the centre of
the target, to answer the question whether the large negative potentials here could impede
the ion impingement. If the current through the target reaches the electron saturation cur-
rent (the opposite of the ion saturation current, where all ions are repelled) in the centre,
then the interpretation of plasma-wall interaction experiments could be influenced.

We consider two pieces of evidence. Firstly, in Fig. 5.8, we plot the I-V characteristic
of the probe in the ‘target probe experiment’. This measurement indicates an ion satura-
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Figure 5.8: I-V characteristic for target probe experiment described in Fig. 5.1

tion current of approximately 1 A and an electron saturation current of about -7 A. We
have seen earlier that when the inner and outer target regions are connected at the same
plasma conditions, a current of 2 A flows (-2 A through the central sheath). It is clear
from Fig. 5.8 that for this case, the current limitation ensures that the sheath voltage in
the centre is negative (and that ions will not be repelled).

Secondly, we consider the carbon erosion profiles in Fig. 5.9. Surface profiles are dis-
played for carbon targets that have been exposed to two plasma conditions, the ‘H = 3’
and ‘H = 12’ cases. Electron temperature profiles near the target are shown for compar-
ison. Spatial resolution of the measurement is 0.5µm using a stylus of radius 12.5µm.
The spikes observed in the figure do not represent noise, but real craters.

The maximum erosion depth roughly follows the electron temperature profiles and
therefore in the central region also the sheath profile (Vsh∼2.5 kTe/e). We believe this
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Figure 5.9: (a) Electron temperature profiles from Thomson scattering at 2 cm from the
target, for the two main plasma conditions studied in this chapter. (b) Erosion
profiles of carbon target samples exposed to the plasma conditions as shown.
Profiles were measured ex-situ by means of a surface profilometer.

Te dependence to be an energy threshold effect, observed in [15] and also predicted by
molecular dynamics simulations [16] for an ion impact energy of< 5 V. Local hot spots
may be the reason for local positions of net deposition. As seen in for example [17; 18],
erosion is strongly dependent on surface temperature. The increased sheath voltage at
the edge of the beam does not appear to lead to enhanced erosion. This could be due
to the lower target temperature and lower ion flux density expected here. Larger effects
on plasma surface interaction are expected in tokamaks where impurity sputtering is
important.

Most importantly for the question at hand, the erosion profiles show that even though
the central plasma potential is more negative for the ‘H = 12’ case, a larger local erosion is
seen. This indicates that ions are not impeded from reaching the surface, concurring with
the conclusion from the probe experiment. More experimental data is required to confirm
that ions are not impeded from reaching the target for all relevant plasma conditions.
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5.6 Conclusions

The current distribution and the plasma-wall sheath potential profile in a cylindrically
symmetric, linear, magnetized divertor simulator have been modelled and studied exper-
imentally. The ion saturation current at the target and the electric fields, both parallel and
perpendicular to the magnetic field, all play an important role. It was found that a signif-
icant increase in the sheath potential can occur at the positive end of the target current if
the plasma is sufficiently well magnetized. The sheath voltage increase can approach the
total radial voltage difference available (i.e. much larger than 2.5 kTe/e) and may have
a significant impact on plasma-wall interaction in tokamaks where impurity sputtering
is important. For the conditions studied, the current through the target was confirmed to
have negligible influence on the sheath voltage and the ion impingement at the target in
the central plasma region.
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Chapter 6

Plasma acceleration on negative biasing: ion
heating by reflected energetic neutrals

Abstract

This chapter reports on surface biasing experiments that affect upstream plasma parame-
ters for high electron density conditions (ne ∼1020 m−3) in hydrogen and argon plasmas
in contact with a copper target. Electron parameters were measured at three discrete
positions in the pre-sheath region of the plasma-wall transition. As the target potential
becomes more negative, measured electron temperatures rise by up to a factor of two
and a half and integrated radial electron density profiles decrease by up to a factor of
five. Given that the ion current to the target does not change with bias, we infer that the
increase in the radial average of the axial velocity is also up to a factor of five. Observed
changes are consistent with ion heating by energetic neutrals reflected from the target.
Energy exchange between electrons and ions explain the electron temperature increase.
The large change in axial velocity is partly explained by acceleration across the pre-
sheath due to the rise in the sound velocity at the sheath edge, and partly by an increase
in the pre-sheath length scale.
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6.1 Introduction

Divertor biasing experiments are common in tokamaks and useful for the study of a
variety of subjects [1; 2], from plasma mode control [3] to recycling and impurity control
[4]. In linear tokamak divertor simulators, negative biasing of the target plate is used to
control the incident ion energy or to determine the plasma flux (from the ion saturation
current). Generally it is assumed that negative target biasing does not affect upstream
plasma conditions. Potential applied to the target is shielded from the plasma on a length
scale approximately equal to the Debye length. Applied voltage is thus incorporated into
the so-called Debye sheath, which determines the ion energy at the target. Only a small
part of this voltage leaks out of the sheath; enough to accelerate the ions to meet the
Bohm criterion at the sheath edge.

Although voltage applied on a target cannot directly influence upstream plasma con-
ditions, it may in fact do so via the reflection of energetic neutrals at the target following
ion impingement. The energy of these neutrals increases with the ion impact energy. The
electron density in most linear divertor simulators is so low that these reflected neutrals
escape the beam without interacting with the plasma. For example, a paper on the linear
plasma generator PISCES [5] reports constant plasma conditions as a function of nega-
tive target potential (20-90V) based on probe measurements and Dγ emission. A study on
the linear plasma device NAGDIS-I [6] with a normalized sheath potential (eVsh/kTe) of
up to 65 V reports that no plasma heating due to energetic neutral particles was observed.

Variations in plasma parametershavebeen observed in the pre-sheath region of the
linear tokamak divertor simulator, Pilot-PSI. This plasma generator produces uniquely
high plasma fluxes (∼ 1024 m−2s−1) [7] and can produce ion densities that are high
enough to ensure ion-neutral coupling. In this strongly coupled regime [8], neutrals re-
flected from the target share their energy with the plasma. This paper presents an experi-
mental study of this effect and its consequences for the plasma velocity in the pre-sheath.
We approach the study by measuring electron density and temperature with Thomson
scattering in close proximity to the target as a function of target bias. We vary the frac-
tion of neutrals that are reflected from the target by choosing different combinations of
plasma discharge gas and target material such that the fraction of energy reflected from
the target (the energy reflection coefficient) is varied.

The chapter is structured as follows. Sect. 6.2 defines two important phenomena that
are instrumental to the effects studied in this chapter: the plasma-wall sheath and the pre-
sheath. We outline the specific characteristics of these phenomena for the plasma-target
interface in Pilot-PSI. Sect. 6.3 continues with a description of the experimental set-up.
In Sect. 6.4, we outline the effect of target biasing on the ion energy at the target of
Pilot-PSI. This is achieved via a study of the electric current configuration in the plasma.
We come to the main results in Sect. 6.5 where measurements of several parameters are
presented as a function of target bias: current to the target, electron temperature, electron
density and axial neutral velocity and temperature. Our interpretation of the results is
explained in Sect. 6.6 and simple ion energy balances are set up in Sect. 6.7 to assess this
interpretation quantitatively. Finally, we discuss the results and conclude in sections 6.8
and 6.9.
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6.2 The plasma-wall interface in Pilot-PSI

Changes in the energy of target reflected neutrals are caused by changes in the plasma-
wall sheath on target biasing. Observed changes in plasma parameters are observed in
the pre-sheath region further upstream. We begin this chapter by defining both of these
elements of the plasma-wall interface - the sheath and pre-sheath - and by pointing out
some of their properties in the unique plasma conditions of Pilot-PSI.

6.2.1 Debye sheath

When a surface interfaces with a plasma, a so-called Debye sheath will form at the sur-
face. This is a region of net positive space charge that results when the surface becomes
negatively charged by the very mobile electrons. This positive charge shields the poten-
tial of the target (even an applied potential) over a distance of the order of the Debye
length,λDebye=(ε0kTe/nee

2)1/2. For typical Pilot-PSI plasma conditions this distance
is extremely short; only about 10 micrometers for an electrically floating target. For a
negatively biased target, the sheath thickness can increase to several hundred microm-
eters. The sheath voltage for a hydrogen plasma at an electrically floating surface with
Te = Ti is Vsheath = 2.5 kTe/e [9].

6.2.2 Pre-sheath

Shielding by the plasma-wall sheath is however not perfect. A small electric field pene-
trates into the plasma over the so-called pre-sheath. This is the approximately quasineu-
tral region upstream of the sheath over which the plasma is accelerated to reach the sound
velocity at the sheath edge (according to the Bohm criterion [9]). In some machines the
pre-sheath length is determined by the re-ionization length, but the electron temperatures
in Pilot-PSI are so low (< 3 eV) that re-ionization is negligible. In Pilot-PSI, the pre-
sheath length is of the order of the mean free path for ion-neutral momentum exchange,
λin [9; 10; 11]. This is of the order of 1 cm for both hydrogen and argon for the conditions
studied in this chapter.

The electron density drop over the pre-sheath in Pilot-PSI is not the classic value of
one half as holds for a static plasma. Since Pilot-PSI constitutes a high flux, streaming
plasma, the most important consideration is flux conservation. Ignoring any recombina-
tion or ionization, the density drop across the pre-sheath can be calculated from:

Γ = n0v0 = ntcs (6.1)

giving:
nt

n0
=

v0

cs
(6.2)

wheren0 andv0 are the electron density and velocity upstream of the pre-sheath,nt

is the density at the sheath edge andcs is the sound velocity at the sheath edge. Typical
upstream velocities are 0.2-0.5·cs, where cs is the local sound velocity. Therefore, density
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drops of up to a factor of five can be expected, or even more if the sound velocity increases
towards the target. The voltage drop over the pre-sheath Vpre−sheath is obtained from the
Boltzmann equation [9] and given by:

Vpre−sheath =
kTe

e
ln

(
nt

n0

)
(6.3)

Assuming a factor of five density drop over the pre-sheath, Vpre−sheath = 1.6 kTe/e.

6.3 Experimental

Pilot-PSI is a magnetized linear plasma generator that simulates the plasma parameters
expected in the divertor of ITER [12]. A schematic of the machine is shown in Fig. 6.1.
The beam is typically∼ 1 cm in diameter and 0.5 m in length. The parameter range

Vacuum vessel

Cascaded 

arc plasma 
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Plasma jet 40 cm

Magnetic 

coilsViewing ports

B

Target

50 cm

Figure 6.1: Schematic of plasma generator, Pilot-PSI

is defined by electron temperature Te = 0.3 - 3 eV, electron density ne ≈ 5 · 1019 -
5 · 1021 m−3, neutral pressure of typically P≈ 5 Pa and magnetic field strength B = 0.4 -
1.6 T. These conditions yield an ion flux density ofΓ = 1023 - 1025 m−2s−1. Mea-
surements presented in this chapter are performed in both argon and hydrogen plasma
discharges.

In the experiments presented in this chapter, polished copper inserts of various thick-
nesses (30 mm in diameter) were mounted in a stainless steel, water-cooled target, thus
varying the distance (6, 10 and 14 mm) between the target and the fixed position Thom-
son scattering diagnostic [13; 14; 15] (for Te and ne measurement). The magnetic field
strength was in all cases 0.4 T.

The average ion energy impinging on the target was scanned by varying the target
potential from floating potential (for Ar: 0 V, for H: -3 V) down to the most negative
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bias obtainable before arcing is observed in the background gas surrounding the plasma
beam. Electric current to the target was recorded across a shunt of∼ 50 µΩ. We define
the target bias in volts as the absolute value of the difference between the applied target
potential and the target’s floating potential.

Axial neutral velocity is determined by vector subtraction of Doppler shift measure-
ments on the Balmer-α line taken from two different angles; one with a line of sight at 13
degrees to the normal of the target (almost axial) and one taken when viewing perpendic-
ularly to the axis (i.e. parallel to the target). Spectra were analyzed with Voigt functions
[16] (with the fine structure simulated by two Voigt functions shifted with respect to one
another as explained in Chap. 3) and wavelength calibrated with spectra from a hydrogen
lamp.

Analysis of spectra measured parallel to the target at a 6 mm distance yield the rota-
tion velocity and temperature of excited neutrals near the target. Assuming ideal coupling
between excited neutrals and ions, the rotation velocity is equal to the ion~E × ~B drift,
from which the radial electric field profile is calculated. Its dependency on the target bias
is studied in Sect. 6.4 and used to evaluate the radial sheath voltage profile.

The experimental parameters for the hydrogen discharge were a gas flow of 1.5 slm
and discharge current of 200 A. Two argon discharges were performed with different
particles fluxes. Experimental parameters were 0.7 slm, 120 A for the low flux case and
2 slm and 150 A for the high flux case.

6.4 Study of electric current configuration as a function
of bias

A key parameter in the study presented in this chapter is the sheath voltage at the target,
since it determines the ion energy. The sheath voltage at the target in Pilot-PSI is not a
simple function of the target bias. The relationship is complicated by the flow of electric
current through the target and by radial plasma parameter gradients. In this chapter we
present a consideration of the sheath voltage profile as a function of target bias. The con-
sideration is supported by radial electric fields inferred from experimentally determined
rotation velocities for the hydrogen plasma conditions studied in this work.

We saw in Chap. 5 that for a well magnetized plasma beam impinging on an elec-
trically floating target in Pilot-PSI, an electric field exists at the target directed perpen-
dicularly to the magnetic field. This electric field causes a current to flow through the
target and the sheath potential at the edge of the beam (the ion end of the current path)
to increase. Note that although the target is electrically floating in the sense that the net
current to the target is zero, locally the target pulls current and is therefore not at floating
potential. The sheath voltage at the edge of the target is approximately equal to the volt-
age difference across the beam from edge to centre. Intuitively, this can be understood
because the path through the plasma and through the target form a parallel electric circuit
and the voltage drop over both branches must be equal.

Furthermore in Chap. 5 we saw that the radial plasma-wall sheath voltage profile can
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be approximated by integrating an electric field profile that is measured very close to the
target. Constants of integration are chosen such that the sheath voltage in the centre is
equal to the natural sheath voltage 2.5 kTe/e (since at the electron end of the current path
the sheath potential is approximately equal to that for a floating surface).

A picture of the sheath voltage behaviour as a function of bias has been obtained for
the hydrogen discharge conditions studied in this chapter. The radial electric field profiles
used are estimated by measuring the rotation velocity of excited neutral atoms that are
strongly coupled to the ions that have an~E × ~B rotation drift. The electric field profiles
obtained are underestimations of the real values, since the coupling between ions and
neutral atoms is not perfect and the ion velocity may be somewhat limited by viscosity.
However, the measurements show a strong change in the electric field configuration with
bias, which allows us to obtain a qualitative description of the changes that occur. The
rotation velocities and inferred radial electric field profiles at 6 mm from the target are
plotted in Fig. 6.2a.

The radial potential profile is obtained from V = -
∫

E dr, with the constant of inte-
gration set by the sheath voltage in the centre of the target, 2.5 kTe/e. The result is shown
in Fig. 6.2b, where the integral is estimated by means of a Riemann sum. Note that after
the (total) ion saturation current is reached, we change the constant of integration. This
is because ion saturation has now also been reached in the centre of the beam and the
sheath voltage can no longer be approximated by the case of a floating target. Since the
current through the plasma beam to the target is now limited, further changes in voltage
applied at the target cannot be supported in the beam and will be taken up in the plasma-
wall sheath. We therefore assume a linear increase of the sheath potential with target bias
after the ion saturation current has been reached. It is interesting to note that the position
of maximum gradient in the sheath potential moves inwards as the target potential be-
comes more negative, up until the (total) ion saturation current is reached. This effect is
even more evident in the maxima of the electric field profiles in Fig. 6.2a. We can deduce
from this observed behaviour that as the target is biased, ion saturation is first reached at
the edge of the target and this condition moves progressively inwards towards the centre
of the beam. This is to be expected for two reasons. Firstly, the bias difference between
upstream plasma and target is largest at the edge of the beam. Secondly, the ion flux is
lower towards the edges of the beam. This effect is expected to be less pronounced in
argon, since the radial potential gradients will be smaller (this is due to the lower Hall
parameter as explained in Chap. 5).

We conclude that just like the electron density and electron temperature, the ion en-
ergy at the target is a radially varying parameter. In the hydrogen discharges it is typically
10 V larger at the edge of the beam than in the centre.

6.5 Study of plasma parameters as a function of bias

Here we present the main results of this chapter; an experimental study of the plasma
parameters measured in the pre-sheath as a function of target bias. An overview of the
measurement series performed is given in Fig. 6.3 in the form of I-V characteristics of the
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Figure 6.2: (a) Rotation velocity of excited neutral atoms at 6 mm from the target as a
function of target bias. The rotation velocities are used to calculate radial
electric field values under the assumption of perfect ion-neutral coupling
and zero viscosity. (b) Radial sheath potential profiles calculated via Rie-
mann sums of the estimated radial electric field profiles. The offset at r = 0
is assumed to be 2.5 kTe/e until Isat is reached and thereafter to increase
linearly with target bias. A spline is drawn through the positions of max-
imum gradient, emphasizing the inward movement of ion saturation. Note
that edge sheath voltages are underestimated. Assuming that the increase in
edge sheath voltage is equal to the increase in target bias, the edge sheath
voltage for bias 47 V should in fact be equal to 51 V.
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target for each set of plasma source parameters. The target bias - defined as the absolute

0 1 0 2 0 3 0 4 0 5 0 6 00
5

1 0
1 5
2 0
2 5
3 0
3 5

I s a t

I s a t

Ta
rge

t C
urr

en
t (A

)

T a r g e t  B i a s  ( V )

 H y d r o g e n  ( 1 . 5  s l m ,  2 0 0  A )
 A r g o n  -  h i g h  f l u x  ( 2  s l m ,  1 5 0  A )
 A r g o n  -  l o w  f l u x  ( 0 . 7  s l m ,  1 2 0  A )

I s a t

0 . 4  T

V f l

Figure 6.3: Overview of target bias scans. Current to the target is plotted. Target bias is
defined as the absolute difference between the target potential and floating
potential.

difference between the target potential and the floating potential - is increased up until
the ion saturation current (Isat) is reached. Beyond this point the current to the target
is constant, with small variations due to instability of the plasma. We are particularly
interested in the measurements at Isat, since for this condition, Ohmic dissipation can be
ruled out as a cause of variation in plasma parameters. The target bias at which Isat is
reached is indicated in the graphs in this section. Two different working gases are used. In
this way, we vary the energy reflection coefficient; the fraction of target deposited energy
that is converted into kinetic energy of target reflected neutral particles. For the relevant
ion energies, the energy reflection coefficient is 0.6-0.8 [17] for hydrogen on a copper
target, and 0.05 [18] for argon on copper. The saturation current is equal to the total ion
flux and is of course larger for the high flux case than for the low flux case.

The electron density was monitored during these scans with Thomson scattering at
three distances, z, from the target. The peak values are plotted in Fig. 6.4. The electron
density drops towards the target by up to a factor of five (for the argon, low flux case)
and the decrease is stronger for positions closer to the target. Notable is that the decrease
continues after Isat has been reached. Since the ion flux to the target was shown to be
constant in Fig. 6.3, the decrease in density must be due to acceleration. We can therefore
calculate the average axial velocityv̄ax, at each axial position using the equation:
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the target. Decrease in electron density continues after the saturation current
(Isat) has been reached. Source parameters as in Fig. 6.3.
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Isat = eΓ = e

∫
ne(r)vax(r)2πrdr (6.4)

which gives

v̄ax =
Isat

e
∫

ne(r)2πrdr
(6.5)

This equation assumes flux conservation between the position of the Thomson scattering
diagnostic and the target, supported by the observation that the ion saturation current is
constant. Measured electron density profiles ne(r) were fitted with a Gaussian function
before integration. The results forv̄ax are plotted in Fig. 6.5 together with an indication of
the value of the sound speed at the maximum electron temperature condition measured.
The following expression was used to calculate the sound speed,

cs =

√
k(Te + γTi)

m
(6.6)

with the following assumptions: The maximum possible value is chosen for the specific
heat ratio -γ = 3 as holds in the sheath - to ensure an upper limit on the indicated sound
velocity. The electron and ion temperatures Te and Ti are assumed equal to one another
and m is equal to the atomic mass of the species considered.

In all cases, the velocity increases as a function of target bias. The velocities are larger
closer to the target and the acceleration from z = 14 mm to 6 mm increases with target
bias. For argon, the plasma velocity is around 0.5-1 km/s at floating potential. For the
high flux case it accelerates up to 2.3 km/s at 6 mm from the target (an increase by a
factor of 2.6). For the low flux case this acceleration is considerably more, up to 5.8 km/s
(a factor of 4.7). For the hydrogen case the plasma at 6 mm accelerates from 8 km/s up
to 24 km/s (a factor of 3). In all cases, acceleration is observed beyond the achievement
of ion saturation. Eventually the value of the velocity becomes constant or even starts to
decrease. Notable is the large relative increase in velocity, by a factor of as much as 5 for
the argon low flux case at 6 mm from the target. Also notable is that in some cases, the
velocity is larger than the calculated sound velocity (given the assumption of Te = Ti).

In Fig. 6.6, the axial ion velocity for the hydrogen discharge was also measured in-
directly via excited neutrals which are coupled to the plasma ions via charge exchange.
These measurements confirm that the axial velocity increases as a function of target bias,
and that the increase continues beyond ion saturation. The values of the velocity are
of course lower due to the long line of sight of the measurements (several tens of cen-
timeters). Also, the emission decreases strongly towards the target and is therefore most
sensitive for the lower upstream velocity. These measurements therefore give us a good
estimation of the axial velocity upstream of the pre-sheath, v0 ≈3 km/s. The asymmetry
in the profiles is due to slight inaccuracies in the determination of the centre of the beam
and the magnification of the optical set-up before vector subtraction of axial and radial
Doppler shift measurements.

Analysis of optical emission spectra measured parallel to the target (at 6 mm dis-
tance) in the hydrogen discharge are analyzed with a Voigt function yielding not only a
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Figure 6.5: Average axial velocities calculated using electron density measurements in
combination with Isat measurements. The magnitude of the sound velocity
at the maximum electron temperature measured is indicated for compari-
son. The bias at which Isat is reached is indicated. Source parameters as in
Fig. 6.3.
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Figure 6.6: Radial profiles of axial velocity determined from optical emission spec-
troscopy on the H-α line. Acceleration is clearly observed even after the
ion saturation current has been reached. Source parameters as in Fig. 6.3.
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Figure 6.7: Peak electron temperature as a function of target bias. In all cases, Te clearly
continues to rise after Isat has been reached. Measurements for argon at
z = 6 mm and 10 mm have been removed for clarity. Source parameters
as in Fig. 6.3.
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Doppler shift but also a temperature from the Doppler broadening and an electron density
from the Stark broadening. Unfortunately, for this measurement set, the two broadening
mechanisms could not be unambiguously separated from one another to give reliable
temperature measurements. The analyses have however given us an indication that the
background neutral temperature is less than or equal to 1 eV. They appear to show a
general trend increasing from about 0.3 eV to 0.7 eV over the target bias scan.

The electron temperature for hydrogen shows similar behaviour to that of the back-
ground neutrals. Peak electron temperatures for all plasma conditions are plotted in
Fig. 6.7. The axial temperature gradient is approximately zero in all cases, so for clarity,
only one axial position is shown for the argon cases. For all three target bias scans, the
electron temperature is clearly seen to rise even after ion saturation has been reached.
Interestingly, its behaviour is almost identical for both argon discharges. It rises by up to
a factor of 1.5 for the argon measurements and 3.7 for hydrogen. There is no significant
axial temperature change over the three measurement positions. The dip in the electron
temperature at low bias is explained by changes in the current configuration. When the
target is at floating potential, the current to the target in the centre of the beam is negative
(carried by the electrons). As the target is biased, the strength of the current decreases
and goes through zero before becoming positive and eventually reaching the ion satura-
tion current. When the current is zero, the power input due to Ohmic dissipation is also
zero, corresponding to the temperature dip at≈ 5 V. Examples of electron temperature
and density profiles are shown in Fig. 6.8. At ion saturation, the full width half maximum
(FWHM) of all density profiles is approximately constant.

6.6 Interpretation: plasma heating by energetic target
reflected neutrals

The experiments reported demonstrate a significant change in plasma parameters in the
pre-sheath on target biasing. The most obvious change is a decrease in the electron den-
sity. Given the constant ion flux to the target, this indicates plasma acceleration. Also, a
temperature rise is observed in the electron population, and also in the background neu-
tral population. Significant is that these changes continue even after the ion saturation
current has been reached (and there is no additional heat input due to Ohmic dissipation).

The second significant observation is that the inferred axial velocities rise to above
the value of the sound velocity that is calculated assuming Te =Ti andγ = 3. Super-
sonic velocities are unexpected since we know of no mechanism that could accelerate
the plasma to above M = 1 at the sheath edge. There is no temperature gradient towards
the target [9] and no constriction in the magnetic field, which could produce supersonic
velocities in a manner analogous to a Laval nozzle [19].

One possible explanation for the apparent supersonic velocities is residual ionization
in the background gas. It is possible that velocities are overestimations if the Gaussian
fits of the electron density do not accurately describe the residual electron density outside
of the beam. For example, if the electron density in the region r = 1.5 - 5 cm outside the
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Figure 6.8: Examples of electron density and temperature profiles as a function of bias.
The profiles shown are for the low flux argon case at 6 mm and 15 mm from
the target.

beam, was on average 1.5· 1018 m−3 higher than estimated, then the axial velocities in
Fig. 6.5c (argon - low flux) would in fact be lower than the indicated sound speed.

However, this cannot explain the largerise in the velocity (up to a factor of five for
the low flux argon case). Since the beam width is constant after ion saturation has been
reached, it is very unlikely that the density of any extra residual charge outside the beam
is a strong function of target bias (otherwise we would see the effect at the edges of the
plasma profiles).

A plausible explanation of the velocity rise can be found in consideration of the Bohm
criterion [20]. This criterion states that the plasma must accelerate over the pre-sheath to
reach at least the sound velocity at the sheath edge. Therefore, if the sound velocity at the
sheath edge were to increase significantly, this would cause an increase in the acceleration
across the pre-sheath. A rise in this sound velocity can be caused by a rise in the electron
temperature and/or in the ion temperature at the sheath edge. In addition, if the length-
scale of this pre-sheath acceleration were to increase, an additional velocity increase
would be observed on measurement at a fixed axial position, as depicted schematically
in Fig. 6.9.

Since the observed velocity increase continues at ion saturation, temperature increase
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Figure 6.9: Schematic showing how change in pre-sheath length can cause an increase
in the measured velocity, independent of the increase in the sound velocity.

due to Ohmic heating is not sufficient to explain the observations. We do however expect
another significant heating mechanism near the target of Pilot-PSI: ion heating by target
reflected neutrals. Ions are accelerated across the plasma-wall sheath and neutralized be-
fore hitting the target and being reflected back into the plasma with energy, RE ·Vsheath.
RE is the energy reflection coefficient [9] and Vsheath is the sheath voltage, the value of
which is significantly larger when the target is biased than when it is floating. After re-
flection, these neutrals interact with other particles. The interaction with the largest cross-
section is charge exchange with ions. The mean free path for this process ranges from a
few millimeters to a few centimeters for the conditions considered. These distances are
in the same order as the dimension of the beam, so energy coupling is expected. Ther-
mal energy is also expected to be at least partially transferred to electrons via Coulomb
collisions.

As mentioned earlier, electron heating has indeed been observed. At 6 mm from the
target, a factor of 1.5 increase in electron temperature was observed with target biasing in
argon and an increase of up to a factor of 3.7 was seen in hydrogen. We expect the tem-
perature increase to be larger for the ions, since this is the species that receives primary
heating. We also expect the ion temperature to be even higher closer to the target, since
heating by target reflected neutrals must decrease exponentially from the target into the
plasma.

The pre-sheath length scale can also be affected by interaction of ions with target
reflected neutrals. This length scale is approximately equal to the mean free path for
ion-neutral charge-exchange,λin. As the target bias is increased, the reflected neutrals
become more and more energetic, the cross-section for charge exchange decreases and
λin increases. For argon, we calculate an increase in this length of about a factor of
1.3 over the target bias scan. For hydrogen the increase is by about a factor of 1.9. As
explained above, this will give an additional increase in the inferred axial velocity.
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6.7 Quantitative evaluation of the effect of target reflected
neutrals

In this section, we give a rough quantitative evaluation of the above interpretation based
on calculations of the plasma, ion and electron energy balances. These calculations as-
sume that radial gradients are zero for the quantities; electron temperature, electron den-
sity, axial velocity and sheath voltage. In Sect. 6.4 we saw that in hydrogen, the sheath
voltage is typically 10 V larger at the edges of the beam than in the centre, and Fig. 6.8
shows that the electron densities and temperatures are in fact larger in the centre of the
beam. Comparison between experiment and calculations can therefore not be expected
to give exact agreement. We can however use such a comparison to give a rough quan-
titative evaluation of our hypothesis. For the calculations, we have used peak values of
radial profiles of electron temperature and density and maximum values of the radial
sheath voltage profile.

6.7.1 Power balance as a function of axial distance

Our approach is to first set up a very simple power balance as a function of distance,
z, from the target. The aim is to evaluate whether the energy transferred from target re-
flected neutrals to ions is enough to cause the observed acceleration. We assume a single
temperaturêT = T̂i = T̂e (in eV), power input from energetic target reflected neutrals
and power loss due to convection. By assuming a relationship between the axial velocity
v(z) and the temperaturêT (z), we then obtain estimates for axial plasma temperature and
velocity profiles.

Power input

We first require an expression for the deposited power in the plasma from target reflected
neutrals. We expect this quantity, P(z) [eV/m/s], to be an exponential function decaying
from the target into the plasma.

P (z) = F (0)e−z/λni (6.7)

λni is the mean free path for charge exchange between target reflected neutrals and
plasma ions. We calculate it withλni=1/neσni, where ne is the average axial electron
density for a given bias from Fig. 6.4 andσni is the cross-section for charge exchange.
F(0) can be calculated since we know that the integral of P(z) from the target (z=0) to
infinity is the total energy input into the plasma:∫ ∞

0

P (z)dz =
∫ ∞

0

F (0)e−z/λnidz = αREVshφ (6.8)

whereα is the fraction of target reflected neutrals that couple with the plasma,RE is the
energy reflection coefficient,Vsh is the sheath voltage andφ is the ion flux to the target,
in particles per second. Solving this integral gives:
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F (0) =
αREVshφ

λni
(6.9)

Therefore:

P (z) =
αREVshφ

λni
e−z/λni (6.10)

Power balance

The power balance is as follows:(
5
2
T̂ (z) +

mv(z)2

2e

)
φ =

(
5
2
T̂far +

mv2
far

2e

)
φ

+
∫ ∞

z

αREVshφ

λni
e−z/λnidz (6.11)

The units of each term are eV/s. The subscript ‘far’ indicates a parameter far from the
target (in principle at infinity). Note thatφ cancels out, giving:

5
2
T̂ (z) +

mv(z)2

2e
=

5
2
T̂far +

mv2
far

2e
+ αREVshe−z/λni (6.12)

We then assume an (arbitrary) relationship betweenT̂ (z) andv(z), that satisfies v(0) = cs(0)
and v(∞) = vfar and that changes with approximately the same characteristic length as
the heat input,λni. To simplify the substitution into equation 6.12, we define v(z)2 in-
stead of v(z). The exponential decay is therefore set equal to exp(-2z/λni) instead of
exp(-z/λni). The following expression satisfies the above requirements:

v(z)2 = (cs(z)2 − v2
far)e

−2z/λni + v2
far (6.13)

with

cs(z) =

√
e(T̂e + γT̂i)

mi
=

√
4eT̂

mi
(6.14)

We then obtain:

T̂ (z) =
5
2 T̂far + mv2

far

2e e−2z/λni + αREVshe−z/λni

5
2 + 3

2e−2z/λni
(6.15)

In Figs. 6.10 and 6.11, the temperature from equation 6.15 and the axial velocity from
equation 6.13 are plotted as a function of axial distance for the values in Table 6.1. Calcu-
lations are shown for both a floating and a biased target. The calculations are performed
using reflection coefficients from the literature. At 30 V, RE = 0.05 [18] for argon reflect-
ing from a copper surface and at 50 V, RE = 0.8 [17] for hydrogen on reflecting from
copper.
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Figure 6.10:Calculated temperature and axial velocity as a function of axial distance for
hydrogen plasma on a copper target. Positions at which measurements were
made are indicated with arrows. The reflection coefficient is RE = 0.8.
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Figure 6.11:Calculated temperature and axial velocity as a function of axial distance
for argon plasma on a copper target. Positions at which measurements were
made are indicated with arrows. Calculations are for the literature value of
RE = 0.05 and for a much higher value, RE = 0.8.
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Hydrogen Argon (low flux) Argon (high flux)
T̂far 0.25 eV 1.0 eV 1.0 eV
vfar 3000 m/s 500 m/s 500 m/s

Vsh,bias 50 V 30 V 30 V
Vsh,fl 3 V 3 V 3 V

α 0.3 0.3 0.3
RE 0.8 0.05 0.05

λni,bias 2.5 cm 1.72 cm 0.33 cm
λni,fl 0.58 cm 0.47 cm 0.2 cm

Table 6.1:Data taken from measurements and literature for a hydrogen/argon plasma
impinging on a copper target. The appropriate collision times are calculated
from data measured at the highest possible target bias at 6 mm from the target.

Inspection of Fig. 6.11 clearly shows that the literature value for the energy reflection
coefficient, RE = 0.05, for argon on copper is insufficient to explain the increase in axial
velocity by a factor of 2.6 and 4.7 for the two different plasma conditions. However,
there may be factors that enhance the reflection coefficient, such as the high incident
particle and heat fluxes, the target temperature, or the presence of impurities in the plasma
and/or target. We therefore also calculate the effect of target reflected neutrals assuming a
much higher energy reflection coefficient. We choose here arbitrarily the same reflection
coefficient as for hydrogen impinging on copper, RE = 0.8.

Under this assumption, the calculated axial velocity increases by a factor of two on
target biasing. Another factor of two could be gained in the increase in axial velocity
at a single axial position, due to an increase in the pre-sheath length. We therefore pro-
pose the hypothesis that the energy reflection coefficient for argon on copper is greatly
enhanced with respect to the literature value. More research is required to determine a
viable mechanism.

For hydrogen, the axial velocity calculations agree surprisingly well with experimen-
tally determined velocities, considering the simplicity of the model. Energy from target
reflected neutrals is clearly sufficient to explain the increase in experimental axial veloc-
ities by a factor of three.

Notable in these calculations is that the calculated temperatureT̂ required to obtain
agreement between calculated and experimental velocities is higher than the measured
electron temperatures. This can be understood if there is a separation between the ion
and electron temperatures. We evaluate this possibility in the next section, with a power
balance that includes more terms than in this section, but does not consider spatial de-
pendence.
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6.7.2 Evaluation of separation of ion and electron temperatures

In this section, we set up a balance for thechangein stored energy,w due to target
reflected neutrals for both the electrons and the ions. Units are eV/m3/s. The goal is to
evaluate whether, as suggested in the previous section, the ion temperature can be larger
than the electron temperature. The balance includes heating by target reflected neutrals
(Q), energy loss via convection with confinement time 1/νC , ion-electron energy transfer
with time constant 1/νie, and energy loss by heat conduction for electrons (the latter is
negligible for ions). This gives:

d

dt
(wi) = Q− 5

2
n∆T̂iνC − n(∆T̂i −∆T̂e)νie = 0 (6.16)

d

dt
(we) = −5

2
n∆T̂eνC + n(∆T̂i −∆T̂e)νie −Ke

2∆T̂e

eλ2
ni

= 0 (6.17)

The changes in stored energy are calculated using average changes in∆T̂i and∆T̂e in the
volume A·λni, where A is the cross-section of the beam. We assume that without heating,
the electrons and ions are at the same starting temperature so thatT̂i = T̂far + ∆T̂i and
T̂e = T̂far + ∆T̂e. νC is estimated asνC = vax/λni wherevax is the average axial
velocity at given bias in Fig. 6.5. The last term in equation 6.17 is an approximation
based on the expression for electron conduction [9]:

qe,cond = −Ke
dT̂e

dz
W/m2 (6.18)

with

Ke =
30692 T̂

5/2
e

lnΛ
(6.19)

We approximate this loss as:

qe,cond = −Ke
2∆T̂e

eλ2
ni

eV/m3/s (6.20)

We thus assume that without the extra heating source (from target reflected neutrals),
the axial electron temperature gradient is zero. We assume that when heating is added,
the temperature gradient over the distance,λni within which this heating is distributed
is constant. The change in temperature is assumed to be 2∆T̂e at the target, and zero at
distanceλni. We ignore the increase in the parameter Ke with electron temperature. By
defining:

q =
Q

n
eV/s (6.21)

and

C =
2Ke

neλ2
ni

s−1 (6.22)
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we obtain the simpler expressions:

q − 5
2
∆T̂iνC −∆T̂iνie + ∆T̂eνie = 0 (6.23)

and

− 5
2
∆T̂eνC + ∆T̂iνie −∆T̂eνie − C∆T̂e = 0 (6.24)

From equation 6.24, we then find that:

∆T̂e

∆T̂i

=
νie

5
2νC + νie + C

(6.25)

from which we obtain expressions for∆T̂i and∆T̂e:

∆T̂i =
q( 5

2νC + νie + C)
( 5
2νC + νie)( 5

2νC + νie + C)− ν2
ie

(6.26)

∆T̂e =
qνie

( 5
2νC + νie)( 5

2νC + νie + C)− ν2
ie

(6.27)

With Q = α RE VshΓ/λni (all energy is assumed to be deposited within distance,λni

from the target) and n,̂Te, v andΓ taken from measurements at the highest bias and at
6 mm from the target, we can calculate∆T̂e and∆T̂i. The values ofνC , νie, C and q
are calculated using the axial average of parameters measured at the highest bias and
are tabulated in Table 6.2. Since there are many assumptions in the calculation of the

Hydrogen Argon (low flux) Argon (high flux)
νie 4.5 · 106 s−1 4.22· 104 s−1 2.17· 105 s−1

νC 9.92· 105 s−1 3.198· 105 s−1 5.62· 105 s−1

C 6.87· 105 s−1 7.245· 106 s−1 3.825· 107 s−1

q 7.128· 107 · αRE eV s−1 1.695· 107 · αRE eV s−1 2.58· 107 · αRE eV s−1

Table 6.2:The values of theνC , νie, C and q calculated using the axial average of pa-
rameters measured at the highest bias for each of the three experimental con-
ditions.

value of C, we test the sensitivity of the calculations to C by plotting∆T̂e and∆T̂i as a
function of C in Fig. 6.12. The calculated values of C are indicated with arrows. The fact
that Fig. 6.12 predicts a higher average change in the ion temperature than Figs. 6.11 and
6.10 is due to the fact that conversion of thermal energy into axial velocity is ignored.

These calculations verify that, despite the high electron density and thus fast electron-
ion thermalization, the ions close to the target will be hotter than the electrons. For hy-
drogen, the energy balance predicts a 1.7 times larger rise in the ion temperature than in
the electron temperature. For argon the rise predicted is 100 times larger for ions than for
electrons. However, based on the observation that on target biasing, the electron tempera-
ture rises by 0.5 eV for all measurement conditions, it is likely that we have overestimated
the losses due to heat conduction for argon and underestimated these losses for hydrogen.
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Figure 6.12:The average change in ion temperature∆T̂i and electron temperature∆T̂e

caused by target reflected neutrals in the region close to the target under the
assumption RE = 0.8. Variables are plotted as a function of C, the inverse
time constant for heat loss by electron heat conduction. Arrows indicate the
calculated value of C for each experimental condition.

6.8 Discussion: comparison of measurements with calcu-
lations

Given the strong radial gradients in experimental parameters, the one dimensional model
in the previous section cannot be expected to predict the experiments perfectly. The accu-
racy is however good enough to show us whether the energy coupled from target reflected
neutrals to the plasma is in the right ball park to explain the observed acceleration.

For hydrogen plasma impinging on copper, the agreement in axial velocity between
experiment and calculations is good. We conclude that energy from reflected neutrals is
large enough to explain the factor of three observed increase in the axial velocity. This
acceleration does require a larger plasma temperature increase than the observed electron
temperature increase, however this makes sense when we calculate the separation of
the ion and electron temperatures. Calculations predict that on target biasing, the ion
temperature rise is 1.7 times larger than that of the electron temperature. This difference
may be even larger if we have underestimated the electron energy losses.

Calculations of the argon on copper experiments using the literature value for the
energy reflection coefficient predict less than a 10% rise in axial velocity. This is clearly
insufficient to explain the velocities inferred from measurements of up to a factor of 4.7.
Instead of immediately rejecting our hypothesis based on this observation, we consid-
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ered the possibility that the energy reflection coefficient is significantly enhanced for the
plasma-wall system in these experiments with respect to the literature value. We there-
fore repeated the calculations assuming a significantly higher (arbitrary) value of the
energy reflection coefficient, RE = 0.8. This predicts a velocity increase of a factor of 2.
A further factor of 2.35 increase in the velocity at a single axial position could reason-
ably be attributed to a change in the length scale of the acceleration in combination with
additional heat input terms that have been ignored.

To evaluate the hypothesis of a higher energy reflection coefficient, extra experiments
and calculations are required. Extra terms in the energy balance such as viscous heating
and Ohmic heating should be calculated. We suggest extra experiments to explore the
behaviour of the energy reflection coefficient of argon on copper. In these experiments,
special care should be taken to ensure the purity of the plasma and of the target ma-
terial. Scans in the plasma flux and target temperature during measurements may shed
some light on a mechanism that could increase the reflection coefficient with respect to
literature values.

6.9 Conclusion

Despite the well-known Debye shielding of a target potential from an upstream plasma,
we have measured changes in plasma parameters in the pre-sheath region as a function
of negative target bias. In hydrogen and argon plasmas impinging on a copper target,
measurements indicate an increase in the electron temperature and in the axial plasma
velocity as a function of bias. For the hydrogen case, calculations show that the obser-
vations are consistent with our hypothesis of changes due to heating by target reflected
neutrals. For argon impinging on copper, the literature value for the energy reflection
coefficient, 0.05, is not high enough to explain the observed changes with this mecha-
nism. A significantly enhanced energy reflection coefficient of 0.8 could however explain
the observations. Further experiments are required to understand and evaluate a possible
mechanism for an increase in this energy reflection coefficient.

The observations described in this chapter have not been reported in other linear
divertor simulators. This is most likely due to the uniquely high (ITER relevant) ion
densities that are produced in Pilot-PSI which result in a large charge exchange rate
and therefore good coupling of the ions with neutrals reflected from the target. It is an
important result which is also expected to be found in the divertor of ITER in regions
where sheath voltages are large. Such plasma rarefication is difficult to measure so close
to the divertor plates in a tokamak. The effect does however deserve consideration since
it is important for the calculation of reaction rates close to the surface of the divertor.
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Chapter 7

Discussion

7.1 Conclusions

The main research questions of this thesis are:

1. When electric fields are applied or come into existence in a magnetized plasma near a
conducting target, how will the electric current be distributed, and how will the plasma-
wall sheaths be affected?

2. How will the plasma parameters in a high electron density plasma in front of a con-
ducting target be affected by target reflected neutrals when the target plate is biased?

In order to address these research question, we first tackled two sub-questions

a. How can we non-intrusively measure the electric fields and neutral particle densities
in Pilot-PSI?

b. What is the origin of the radial electric fields in Pilot-PSI and how can we manipulate
them?

We first developed a non-intrusive diagnostic based on optical emission spectroscopy to
probe the radial electric fields in Pilot-PSI via the~E× ~B drift. A second diagnostic based
on absorption spectroscopy returned comparable values for the radial electric field. We
found that the rotation at 4 cm from the source was approximately that which could be ex-
pected from an electric field corresponding to the voltage drop between the last two plates
in the cascaded arc source divided by the radius of the beam. This voltage drop increases
with magnetic field strength and with nozzle diameter, parameters that increase the effec-
tive radial resistance. Simple modelling showed that the radial electric field penetrated
into the vessel, decaying exponentially into the vessel with parallel length scale`‖, re-
lated to the characteristic width of the beam`⊥ as`‖/`⊥ = (1/ξ)

√
σ‖/σ⊥ = 0.36

√
1 + H2

whereσ‖ andσ⊥ are the conductivities of the plasma parallel and perpendicular to the
magnetic field. H is the Hall parameter, a measure of the magnetization of the plasma,
defined as the ratio between the gyration frequency and collisional frequency of a plasma
species. The current penetration thus increases with magnetization, H. For the conditions
studied in Pilot-PSI, the relevant Hall parameter was that of the electrons, He, since elec-
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trons are more mobile than ions perpendicular to the magnetic field. He increases linearly
with magnetic field, is inversely proportional to the electron density and increases with
electron temperature to the power 3/2.

We also developed a method to measure neutral densities using absorption spec-
troscopy. An important result is the high ionization degree in the beam centre close to
the plasma source (> 85%). Another is the strong increase in neutral atomic density as
a function of electron density. This is attributed to an increase in residence time of neu-
tral atoms in the plasma, especially inside the channel of the plasma source, due to the
increased strength of ion-neutral coupling.

Armed with knowledge about electric field behaviour in Pilot-PSI and two non-
intrusive diagnostic techniques, we could then commence study of the first research ques-
tion. We started by generalizing understanding obtained about electric field behaviour in
Pilot-PSI. An electric field and corresponding electric current perpendicular to a mag-
netic field will decay exponentially along the magnetic field lines with a length scale
dependent on the Hall parameter. Secondly, we confirmed that when this electric field
decay is interrupted by a conducting surface, an electric current will flow through the
surface. Also, in areas where the current to the surface is positive, the impact energy of
ions will be affected. The plasma-wall sheath voltage (see Chap. 6.2) in this region will
increase to approximately the value of the voltage difference across the surface. This can
be avoided by prohibiting current flow in the surface with an insulating insert.

We approached the second research question, the effect of target reflected neutrals
on plasma parameters with detailed measurements in both hydrogen and argon plasma
impinging on a copper target. Radial electron density and temperature profiles were mea-
sured at three axial positions in the last 2 cm in front of the target while the energy of
reflected neutrals was scanned. This was performed by scanning the impact ion energy
via target biasing. An increase in the electron temperature with target bias was observed.
Also the electron density was observed to decrease, while the plasma flux to the tar-
get was constant. This implies extra axial plasma acceleration over the pre-sheath (see
Sect. 6.2). The results are consistent with heating of the ions by target reflected neutral
particles and secondary heating of electrons by ion-electron heat exchange. Such an in-
crease in ion and electron temperature must also raise the sound velocity at the sheath
edge. The plasma must thus undergo extra acceleration to meet the boundary condition
set by the Bohm criterion, which states that the plasma velocity must be equal to or larger
than the sound velocity at the entrance to the sheath.

We could therefore conclude that electric fields and neutral particles affect the plasma-
wall transition in tokamak divertors. Ion energies at divertor surfaces may be increased
by electric fields and reflected neutral particles may affect plasma boundary conditions
and thereby also plasma parameters close to divertor plates. Plasma surface interaction
processes, and thereby surface material lifetimes will be affected. We will return to these
issues in sections 7.3 and 7.4, but first we discuss the impact of this research for further
studies on Pilot-PSI.
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7.2 Implications for further research on Pilot-PSI

The research program of Pilot-PSI constitutes a component of plasma-wall interaction or
tokamak divertor relevant studies, and a component of understanding the plasma itself.
The latter category of experiments is important and forms a prerequisite for understand-
ing the former.

In this thesis, the tools have been developed with which the ion energy profile at the
target can be approximated for plasma-wall interaction experiments in Pilot-PSI. The
ion energy is a critical parameter for the study of plasma-wall interaction mechanisms
relevant for fusion. It has also confirmed that the large negative potentials in the centre
of the Pilot-PSI beam do not necessarily impede ions from reaching the surface. For the
conditions observed in this thesis, ions are not repelled by the central plasma-wall sheath.

Another important conclusion of this thesis with implications for Pilot-PSI is the
result that the plasma beam is not transparent for neutral atoms. This has been shown in
Chap. 4, where we saw a dramatic increase in the neutral atomic density with electron
density, in a scan from low electron density up to ITER divertor relevant parameters.
The interaction of neutral atoms with the plasma is also dramatically demonstrated in
Chap. 6 where this interaction is the most likely cause of the observed acceleration. We
have thereby demonstrated that Pilot-PSI is the first linear divertor simulator with such a
high electron densities that consideration of interactions with neutral particles becomes
crucial.

Other important results for Pilot-PSI were obtained from the extra quantities that
could be measured with the diagnostics developed to measure electric fields and atomic
neutral densities. The quantities include: ion temperature, the optical thickness of the
Lyman-α line, dissociation degree in the vessel and penetration of rovibrational molecules
into the plasma beam. All of these quantities are important ingredients for plasma mod-
eling [1; 2; 3], required for improved understanding of the Pilot-PSI plasma.

Particularly interesting results include the higher ion temperature than electron tem-
perature that is observed near the plasma source at high magnetic fields in a hydrogen
discharge. It would be interesting to confirm this result using Collective Thomson Scat-
tering [4]. The optical thickness of the Lyman-α line (∼0.6 at typical conditions near the
source) is a significant result for collisional radiative modelling [5; 6; 7]. The observed
penetration of rovibrationally excited molecules into only the outer few millimeters of the
beam is significant since it is similar to the case expected in ITER where rovibrationally
excited molecules will be dissociated a few millimeters from the divertor plates.

One particularly important parameter that has been estimated is the ionization degree
in the beam. At 4 cm from the plasma source exit and standard plasma conditions this
was found to be> 85%. From preliminary measurements close to the target even higher
ionization degrees are expected at this position [8]. Further measurements as a function
of radius should be performed to confirm this. The ionization degree is important to know
for the interpretation of plasma-wall interaction experiments [9; 10; 11; 12]. If the neutral
fraction of the flux is low enough its effect can be ignored.
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7.3 Implications for tokamaks

The observed plasma-wall sheath voltage increase in Pilot-PSI due to an electric field
across the target has parallels in existing literature in theory and experiment. For exam-
ple, a similar effect is well-known from the double Langmuir probe diagnostic [13]. In
tokamaks, a voltage difference between the inner and outer divertor legs had been shown
[14; 15] to cause a current to flow through the divertor structure and increase the plasma-
wall voltage at the ion end of the current path. Theory on this effect in tokamaks [16; 17]
focuses largely on the case in which the voltage difference is due to a temperature differ-
ence (thermoelectric currents).

The important contribution of the experiments in Pilot-PSI to the literature is their
focus on the existence of a voltage difference across a single conducting surface in con-
tact with a magnetized plasma. The experiments imitate the radial electric field in the
scrape of layer of a tokamak (the outer layer of plasma in a tokamak that hits the divertor
plates) which gives a voltage difference across a single divertor plate in the divertor. The
effect of this voltage difference on the plasma-wall sheath is difficult to measure directly
in a tokamak divertor because of the multitude of variables at work, the complicated ge-
ometry that limits diagnostic access and the difficulty of interpretation of electric probe
measurements in a magnetic field.

The effect does however deserve consideration in tokamak divertors. Radial electric
fields can be large. For example, in the JFT-2M tokamak [18], radial electric fields of up
to 15 kV/m are observed close to the divertor plates, three times larger than the largest
fields observed in this thesis. Other references give measured and simulated electric fields
of 5-10 kV/m ([19] Asdex Upgrade and [20] DIII-D and Mast).

The induced sheath voltages are of consequence since they determine the impinge-
ment energy of ions at the divertor plates. Especially heavy impurity ions that are present
in tokamak divertors can cause significant damage to and lifetime reduction of divertor
plates via sputtering [21; 22]. Experiments in this thesis have shown that an increase in
sheath energy can be avoided by insulation of sections of a conducting target from one
another.

We have also shown in this thesis that at the high plasma fluxes expected in ITER,
an increase in sheath voltage can have more far reaching consequences than only an in-
crease in the ion impact energy. Via target biasing experiments, we have shown that such
changes in the sheath voltage can cause extra plasma acceleration across the pre-sheath.
The rarefication involved means an accompanying decrease in the electron density. These
are significant results because knowledge of ion velocity and density in the vicinity of
tokamak divertor plates is required for the calculation of reaction rates of particles that
are reflected or desorbed from the target. These rates determine important features of
plasma-wall transition. One example is the length that molecules can penetrate into the
plasma before dissociating. Another concerns the mean free paths of various species
compared to the characteristic size of the plasma. This determines whether the particles
are trapped in the beam and can for example determine whether eroded divertor material
is redeposited on the divertor plates.

The acceleration observed in Pilot-PSI is not expected to be observed in present day
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tokamak divertors. These divertor plasmas are transparent for the energetic target re-
flected neutrals which we believe to be responsible. The width of the scrape-off layer is
typically a few centimeters wide and the mean free paths for neutrals are much longer.
The effects are however expected in ITER.

7.4 Implications for ITER and beyond

Due to the higher electron densities expected in the ITER divertor (and in other reactor-
grade fusion devices), energetic neutrals reflected from the divertor plates will share their
energy with the plasma. This thesis predicts that extra pre-sheath acceleration will there-
fore occur in areas of these divertors where the sheath voltage is enhanced. Modelling of
plasma-wall interaction for ITER relevant conditions should take the associated change
in plasma parameters into account.

Extrapolation of the results of sheath enhancement in Pilot-PSI to the ITER divertor
is not straight forward. Differences in the conditions include the geometry, the angle of
interception of the magnetic field lines with the divertor plates and temperature and den-
sity gradients. However, several lessons learned from this research can be applied directly
to the future ITER divertor. We have demonstrated that at the high fluxes expected in the
ITER divertor, significant electric currents can be expected to flow through conducting
divertor plates. The high resistivity of the plasma will also ensure that significant voltage
differences can be supported both parallel and perpendicular to the magnetic field lines.
A simple consideration of electric currents in the divertor therefore requires inclusion of
both.
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