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Abstract

Avoiding damage of the divertor material by keeping the power load below a certain
threshold is a major challenge for the operation of future fusion devices such as ITER.
For Tungsten, the foreseen ITER divertor target material, the power load must be kept
below 5 MW /m? in continuous operation. This can in ITER only be achieved with the
plasma being detached or partially detached from the divertor.

Divertor detachment is characterized by a strong reduction of the ion flux to the target.
With a reduction of the temperature, achieved by increasing the main plasma density or
by seeding additional impurities, volumetric processes such as charge exchange collisions
and recombination become dominant. These processes lead to a strong reduction of the
ion flux and plasma pressure in front of the divertor target. Although the single physical
mechanisms leading to detachment seem to be understood, it was not yet possible to
theoretically simulate detachment correctly with respect to experimental observations.

This means that some understanding of this process is still missing.

In the detached regime, the region of high electron density is retracted from the target
and a knowledge of the electron density distribution in the divertor volume is necessary
to understand the detachment process. In this context, a diagnostic determining the
electron density in the divertor volume, based on the spectroscopic measurement of the
Stark broadening of the Balmer lines, has been installed at ASDEX Upgrade. Initial
problems with reflected stray-radiation have been solved and first measurements were

successfully compared for consistency with other diagnostics.

The detachment process was then investigated with an extensive set of density ramp
discharges with different heating powers, fuelling species and magnetic field directions.
The density measurements in the divertor volume were combined with all other available
divertor diagnostics and a consistent picture of the detachment process was obtained. It
was found that detachment is not a continuous evolution but undergoes three different
states. During one of these states radiative fluctuations close to the X-point and high
densities far away from the separatrix occur. This is a situation which is not described
by present day theoretical models. Furthermore, it was shown that the conditions of
both the inner and outer divertor are strongly coupled and that the inner divertor even
influences the outer divertor. This effect was not shown yet, neither experimentally nor

by theoretical simulations.

It was further discovered how additional puffing of nitrogen into the divertor, which
removes power via radiation, changes the detached divertor conditions and may even
change the confined plasma conditions. The effect of an additional magnetic perturbation
field on the detachment process has also been investigated. Finally, an unstable situation

was found, during which the divertor plasma oscillates between two detachment states

back and forth.



IT



Zusammenfassung

Eine grofie Herausforderung fiir den Betrieb zukiinftiger Fusionsreaktoren wie ITER ist
eine Beschadigung des Divertors zu verhindern. Dies kann nur gewahrleistet werden,
indem der Leistungsfluss auf das Wandmaterial auf einen tolerierbaren Wert reduziert
wird. Im Falle des fiir ITER vorgesehenen Divertormaterials Wolfram betragt der Gren-
zwert des Leistungsflusses bei kontinuierlichem Betrieb 5 MW /m?. In ITER kann dies
nur erreicht werden wenn das Plasma von den Aufprallplatten des Divertors losgelost,
detached, ist.

Divertor Detachment ist durch eine starke Reduktion des Ionenflusses auf die Divertor-
platten charakterisiert. In dem, durch Erhéhung der Plasmadichte oder Zufuhr von
Verunreinigungen, die Temperatur reduziert wird, gewinnen volumetrische Prozesse,
wie Ladungsaustauschstole oder Rekombination, an Bedeutung. Diese Prozesse fiithren
vor der Divertorwand zu einer starken Reduktion des Ionenflusses und des Plas-
madrucks. Obwohl die einzelnen physikalischen Mechanismen, die zu Divertor Detach-
ment fithren, verstanden zu sein scheinen, war es bis jetzt noch nicht moglich, exper-
imentell beobachtete Vorgange des Detachments mit Hilfe theoretischer Simulationen
zu reproduzieren. Das lasst darauf schlieflen, dass die physikalischen Vorgénge beim

Ubergang zum Detachment noch immer nicht vollstandig verstanden sind.

Die Region hoher Elektronendichte ist beim Detachment nicht mehr direkt vor der Di-
vertorwand. Um den Vorgang des Detachments zu verstehen, ist die Kenntnis iiber die
Verteilung der Elektronendichte im Divertor unabdingbar. Deshalb wurde an ASDEX
Upgrade eine Diagnostik installiert, mit der man die Elektronendichte im Divertor mit
Hilfe der spektroskopischen Messung der Stark Verbreiterung der Balmer Linien bestim-
men kann. Anféngliche Probleme durch reflektierte Streustrahlung wurden behoben und
die Konsistenz erster Messungen mit anderen Divertor Diagnostiken wurde erfolgreich
bestatigt.

Der Vorgang des Detachments wurde dann mittels einer umfangreichen Serie von Ent-
ladungen mit Dichterampen untersucht, bei der die Heizleistung, die Ionen Spezies und
die magnetische Feldrichtung variiert wurden. Die Dichtemessungen wurden dabei mit
allen, zu Verfiigung stehenden, Divertor Diagnostiken kombiniert und ein konsistentes
Bild des Detachment Vorgangs wurde gewonnen. Dabei konnte festgestellt werden, dass
der Vorgang des Detachments nicht kontinuierlich verlduft, sondern in drei verschiedene
Phasen unterteilt werden kann. Wahrend einer dieser Phasen treten nahe des X-Punktes
hoch-frequente Fluktuationen der Strahlung und hohe Elektronendichten weit entfernt
von der Separatrix auf. Diese Situation kann mit gegenwartigen theoretischen Modellen
nicht erklart werden. Es wurde auflerdem gezeigt, dass die Bedingungen im inneren und
auBeren Divertor stark gekoppelt sind. Dieser Effekt wurde bisher weder experimentell

noch mittels theoretischer Simulationen gezeigt.
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Weiterhin wurde gezeigt, wie die Zufuhr von Stickstoff, wodurch Leistung im Diver-
tor abgestrahlt wird, die Eigenschaften des detachten Divertorplasmas und eventuell
auch des eingeschlossenen Haupt-Plasmas verandert. Ferner wurde der Einfluss eines
zusatzlichen magnetischen Storfeldes auf den Vorgang des Detachments untersucht.
Schliefllich wurde eine instabile Situation entdeckt, wahrend der das Divertor Plasma

zwischen zwei Detachment Phasen oszilliert.
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Chapter 1

Introduction

1.1 Nuclear fusion

The combination of two light atoms into a heavier one is called nuclear fusion. As the
mass of the final atom is smaller than the sum of the masses of the two initial atoms,
energy is released by this process according to Einsteins formula E = mc?. Nuclear
fusion is the process which produces the energy in stars. Here, in a so-called proton-
proton chain reaction four protons fuse into one He nucleus. The net equation of this

reaction is:

4p —5 He + 2e™ + 2v, + 26.7 MeV (1.1)

In addition to the helium nucleus, two positrons, two neutrinos v, and an energy of
26.7 MeV are produced. This reaction is limited by the weak force combination of p-p,

for which rate coefficients are small ({ov) &~ 107 m3s). This makes the fusion process

very slow.
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Figure 1.1: Rate coefficients for various fusion reactions versus ion temperature.

In order to realize a fusion power plant on earth, a different fusion reaction must be
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employed. In Figure [Tl rate coefficients for several fusion reactions are shown. The

reaction with the highest rate coefficient is the fusion of deuterium and tritium:

D+ T —, He +n + 17.6 MeV (1.2)

This reaction implies the resonant production of an excited 3He nucleus, which is the
reason for the high rate coefficient. The resulting jHe nucleus (a-particle) and the
neutron n carry approximately 3.6 MeV and 14.1 MeV of the released energy, respectively.
Tritium, which is radioactive with a half-life of 12.3 years, is naturally not available and

must be bred from lithium via the following processes:

n+5 Li —3 He + T + 4.8 MeV (1.3)
n+5Li —3 He+ T +n' —2.5MeV (1.4)

Natural lithium consists of 7.5% $Li and 92.5% ILi. Reaction [[4 costs energy but
produces another neutron. As deuterium and lithium are highly available all over the
world, nuclear fusion can provide a nearly inexhaustible energy source which is free from

CO4 emission.

1.2 Magnetic confinement fusion - the tokamak

Due to the high temperatures necessary for the fusion reaction (7" = 10 — 100 keVEl, Fig.
[CT), all atoms will be fully ionized, creating a plasma. This so-called fourth state of
matter can be confined by a magnetic field. The plasma electron and ions will gyrate
around the magnetic field lines, which strongly reduces the transport perpendicular to
the field lines.

In order to avoid losses at the end of the field line, the field lines must be closed. This is
achieved by bending them into a torus, see Figure [[2l The principal confinement field,
which is in the toroidal direction, BE, is produced by toroidal field coils. In a toroidal
magnetic field, however, the magnetic field decays radially proportional to 1/R, with the
major radius R being the distance from the symmetry axis. This imposes a particle drift
parallel to the torus axis caused by the B x VB force, which is in opposite direction
for electrons and ions. Hence, an electric field parallel to the torus axis occurs and the
resulting E x B drift forces the particles to move outwards. This configuration would
therefore not be in equilibrium. To compensate for this effect, an additional poloidal

magnetic field B, is applied. The field lines, which form nested flux surfaces, then

!Throughout this thesis, the temperature is expressed in eV, with 1eV = 11.600 K. Otherwise SI
units are used.

2Tt is common in plasma physics to denote B = z/oﬁ as the magnetic field.



1.2. Magnetic confinement fusion - the tokamak
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Figure 1.2: Schematic view of the tokamak principle.

wind helically around the torus (Fig. [[2) and the undesirable drifts are compensated
for. In the tokamalﬁ configuration, the poloidal magnetic field is produced by driving
a toroidal current in the plasma. This plasma current is inductively driven by a central
transformer coil, see Figure [[2 Vertical field coils are used for plasma shaping and
position control. The disadvantage of this configuration is that due to the finite plasma
resistivity, the transformer current must be ramped continuously, allowing only pulsed
operation. Non-inductive current drive mechanisms may overcome this problem in the

future.

Another configuration imposing a poloidal component to the magnetic field is the stel-
larator. Here, B, is produced by using a non-planar complex magnetic coil configuration.

Contrary to the tokamak, axis symmetry is broken by this configuration.

The Garching Branch Institute of the Max-Planck-Institut fiir Plasma Physik, IPP, where
this thesis was carried out, investigates magnetic confinement fusion with the tokamak
concep@. Therefore, the focus in the following is only on the tokamak configuration.
The basic parameters of the IPP tokamak ASDEXH Upgrade, AUG, are listed in table
I}

In order to gain net power from the fusion process, the heating of the plasma must
be provided mainly by the produced a-particles (eq. [CZ). This implies that the a-
particles have to be confined in the plasma long enough to transfer their energy to the

plasma electrons and ions. The situation where fusion becomes self-sustained, i.e the

3Russian for toroidal chamber with magnetic field coils

4The Greifswald Branch Institute of IPP investigates magnetic confinement fusion with the stellarator
concept

5German for axially symmetric divertor experiment



1 Introduction

Table 1.1: Basic parameters of ASDEX Upgrade.

Major radius Ry 1.65m

Minor radius a 0.5m

Toroidal magnetic field By <31T

Plasma current I, 0.4 MA-1.6 MA

Pulse duration <10s

Plasma heating NBI 20 MW
ECRH 4 MW
ICRH 8§ MW
ohmic < 1MW

Main plasma density n <2-10°m™3

Main plasma Temperature 7' | < 25 keV

Energy confinement time 75 | < 0.2s

plasma is heated only by the a-particles, is called ignition. One can define the so-called
triple product (see e.g. [1]) which must fulfil the following inequality in order to achieve

ignition:

neToms > 510 keVsm™3 (1.5)

where 7 is the energy confinement time and n., T, is the electron density and temper-

ature, respectively.

The ratio of kinetic to magnetic pressure 3, which is proportional to n.T,/B?, can not
exceed a certain limit [2] for stability reasons. The magnetic pressure, which corresponds
to the magnetic field strength, is limited by engineering constraints. Thus, the achievable
kinetic pressure in a reactor, which is proportional to n.7,, is limited. In order to fulfil
the inequality [L3, the energy confinement time has to be sufficiently large. The volume
of the fusion plasma grows with the third power of the radius of the tokamak, whereas
the surface, through which energy is lost, grows with the second power. This makes it
necessary to go to larger size devices in order to reach high confinement times. It is
expected that, for a fusion reactor to achieve ignition it must have a major radius of
about 10 m. The largest present-day fusion experiment, the Joint European Torus, JET,
in England has a major radius of about 3 m.

Therefore, a world wide experiment named ITERH [3] was planned, having a major radius
of 6.2m. The members of the ITER project are China, Europe, India, Japan, Russia,
South Korea and USA and the construction of ITER has recently started in Cadarache,

SInternational Thermonuclear Experimental Reactor



1.3. Divertor configuration

France. The auxiliary heating systems will provide a power of about 50 MW and the
pulse duration will last > 500s. The main goal of ITER is the demonstration of gaining
net power, i.e. that the power produced by the fusion process, Py, exceeds the power
which is needed for plasma heating, P,. ITER is designed to achieve a fusion power of
about 500 MW, which results in an energy amplification factor of () = P;/P, > 10. The
research activities of ASDEX Upgrade are focused on questions related to the operation
of ITER, meaning the plasma shape, the heating power with respect to the radius, P/R,
and the divertor design, discussed in the next section, of ASDEX Upgrade are similar to
ITER.

1.3 Divertor configuration

As the magnetic confinement of the plasma is not ideal, plasma particles will reach the
surrounding vacuum vessel and erode the wall material. The sputtered impurities enter
the plasma, where they dilute and cool it. This effect can be reduced with the divertor
configuration. Figure shows the poloidal cross section of the magnetic flux surfaces
with the divertor configuration of ASDEX Upgrade.

plasma
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Figure 1.3: Poloidal cross section of the magnetic flux surfaces in an ASDEX Upgrade divertor

configuration.

With additional coils in the toroidal direction, a separatriz is formed, which separates
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the closed flux surfaces of the confined or main plasma from the open flux surfaces in
the so-called scrape-off-layer, SOL. The region below the X-point and the separatrix is
called the private flux region, see Figure Plasma particles escaping from the main
plasma into the SOL will travel along the field lines as the parallel particle and heat
transport is much stronger than the perpendicular one (see chapter B), and impact the
vessel surfaces in the remote area below the X-point which is called divertor. The points
where the separatrix intersects the surface are referred to as the strike points and the
area in the vicinity of the strike points is referred to as the divertor target. It is helpful
to define here the following quantities: the upstream position is the region where the
plasma particles enter the SOL, usually taken at the outer mid-plane position (see Fig.
[[3); the connection length L. is the distance from the upstream position along the field
lines to the target. Due to the helicity of the magnetic field lines (especially at the
vicinity of the X-point the toroidal magnetic field is much larger than the poloidal one),
L, is much larger than it might be expected from the poloidal projection of Figure [L3
In ASDEX-Upgrade, L. is typically of the order of 50 m.

With the divertor configuration, the impurities are mainly eroded from the divertor walls
where most of them are pumped out. Their probability of reaching the main plasma is
strongly reduced compared to the non-divertor, circular magnetic configuration called

limiter configuration, and a cleaner main plasma can be achieved.

In the following, unless explicitly mentioned, plasma ions and neutrals are assumed to
be of the main fuelling species deuteriumﬂ. The plasma ions, impacting the divertor
target, will form neutrals on the surface and release other neutrals from the wall. These
released neutrals will enter the SOL where they are ionized and flow back to the target.
This particle cycle is called recycling. The only possibility to reduce the power, which
is deposited on the plasma facing walls, is to remove power in the SOL via radiation.
Based on the recycling process, a reduction of the power flux density to the targets
can be achieved with the divertor configuration. When the main plasma density is
increased while keeping the heating power constant, the level of recycling increases. Due
to the remote structure of the divertor, the recycled neutrals will be ionized in front of
the divertor targets and remove power via radiation. A similar effect is achieved when
puffing (also called seeding) additional impurities into the divertor plasma via gas valves.
As a consequence of this power removal, the density in front of the targets increases and
the temperature drops. If the temperature is sufficiently low, CX collisions between
ions and neutrals become dominant with respect to the ionization. This process removes
momentum from the plasma and therefore reduces the ion flux to the target. The plasma
flow velocity towards the target is also decreased, which, in combination with the low

temperatures, increases the probability of ions recombining before reaching the target.

"As tritium is radioactive and the physics of D-T and D-D plasmas are similar, nowadays fusion

experiments are typically done with deuterium only as main ion species
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The plasma is then detached from the target and the power flux to the target, which is
proportional to the ion flux to the target, is strongly reduced.

The reduction of the power flux density with the divertor configuration allows for higher
heating powers. At ASDEX, the high confinement mode, H-mode, was discovered in
1982 []. The H-mode is characterized by strong reduction of the perpendicular particle
and energy transport within a narrow region of the order of a few centimetres inside the
separatrix. This results in steeper density and temperature gradients and in a better
energy confinement with respect to the low confinement mode, L-mode. The H-mode is
achieved when the heating power exceeds a certain threshold, which depends amongst
others on the main plasma density [5]. The H-mode regime, however, comes along with
the occurrence of so-called Edge Localized Modes [6], which repetitively expel particles

and energy from the main plasma into the SOL.

1.4 Aim of this work

Carbon, a widely used divertor target material, has the disadvantage of forming hydro-
carbons which are stored in the material. The amount of radioactive tritium stored in
the wall material would therefore rapidly reach unacceptable values. Thus, the foreseen
ITER divertor target material is tungsten. In order to ensure a safe operation of the
ITER divertor in terms of damage on the material, i.e. avoiding tungsten melting, the
peak power load must be kept below ¢ = 5 MW /m? in continuous operation. In order
to achieve the necessary low target power densities, the ITER divertor must be oper-
ated in the detached regime [7]. Therefore, one must be able predict the ITER divertor
performance, which is only possible with two dimensional code simulations. Although
the physical mechanisms leading to detachment seem to be understood, neither a qual-
itative nor a quantitative agreement between theoretical modelling and experimental

observations of divertor detachment has been achieved yet [g].

This work is an experimental investigation of the detachment process. The plasma
density and temperature in the divertor are routinely measured at ASDEX Upgrade
by Langmuir probes embedded in the divertor targets. These probes provide a local
determination of density and temperature in front of the target. Since the region of high
electron density is retracted from the target in detached divertor plasmas, information of
the value and distribution of the electron density in the divertor volume itself is necessary.
In this context, a new diagnostic has been built and verified (by comparison with other
diagnostics) at ASDEX Upgrade, which is based on the spectroscopic measurement of
the Stark broadening of the Balmer lines. This effect is proportional to the density and

can, therefore, be used as a measurement of this parameter.

The temporal evolution of the detachment process has been investigated in the inner and
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outer divertor regions simultaneously. The density measurements in the divertor volume
were compared to several other parameters, such as e.g. the ion flux to the target and
the total radiation distribution in the divertor. With this, a consistent picture of divertor
detachment in ASDEX Upgrade was obtained.

This thesis is structured as follows. In chapter Bl an introduction to divertor physics is
given. The atomic processes valid in a plasma, which for example determine the radiance
of a spectral line, are discussed chapter Bl Also in this chapter, a method is derived which
enables the determination of hydrogen flux densities in attached and detached conditions
by measuring the radiance of a Balmer line. Thereafter, in chapter B the theory of
Stark broadening in a plasma is reviewed, the setup of the new diagnostic is presented,
and initial measurements are compared with other diagnostics for consistency. The
experimental results concerning divertor detachment are presented in chapter Bl These
results are summarized and discussed in chapter il and, finally, conclusions are given in
chapter [



Chapter 2
Divertor physics

In this chapter an introduction to the physics of divertor plasmas is given which is based
on extensive reviews given by [9, [T0, [TT]. In section 2Tl the interaction of the plasma with
the facing surfaced] is discussed. After this, in section EZ2 the different divertor operating
regimes are described in a simplified picture. Extensions to this simple picture will be
given in section 23 Finally, in section [Z4] the current understanding of the detached

divertor regime, which is the main focus of this work, will be summarized.

2.1 Plasma-wall transition, the sheath

Plasma particles and energy, diffusing out of the confined plasma, will be transported
along the open magnetic field lines in the SOL until they finally hit the divertor targets.
In section EZT]T] the effects of the particle flux on the target will be introduced. An
expression for the heat, which is deposited on the target, will be derived in section EZT.2.

2.1.1 Particle outflux from the plasma to the surface

In a simplified picture, the plasma away from the surface is quasineutral (n. = n;) and
the plasma potential is V,, = 0. Assuming thermal equilibrium, the thermal velocity of
the electrons is much higher compared to the ions, since v, = \/W% Therefore,
the surface will receive a higher flux of electrons and become negatively charged, thus
lowering the potential on the surface. As a consequence, the surface will attract the ions
and repel the electrons. Within a narrow region close to the surface, called the sheath,
quasineutrality is broken and n; > n.. The width of the sheath is of the order of one
Debye length, A\p = \/m, which, for typical AUG parameters is of the order
of 107> m. The potential distribution is described by the Poisson equation:

'If not explicitly mentioned, surface is in the following referred to as the surface of the plasma facing

wall.
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d?V e
- (. — 2.1
dz? €0 (ni = ne) (2.1)

The velocity of the ions which are accelerated by the potential drop is:

v; = —+/2eV/m; (2.2)

With the continuity equation j; = n;v; = const, the ion density can be written as:

Vs
Ny = Ny s V

where n; o and V; are the ion density and the potential at the sheath entrance (at a

(2.3)

distance of &~ Ap from the surface), respectively. The potential at the sheath entrance
is, contrary to the upstream region (at a distance of > Ap from the surface), not zero
anymore. The electrons, in contrast, are reflected by the potential in the sheath. The

electron density is given by the Boltzmann relation:

eV -1 V*)} (2.4)

Ne = Ny g €X
: p[ kT,

At the sheath entrance quasineutrality still holds and n; s = n., = ns. Inserting equa-

tions and 4 into equation 2] and making a Taylor expansion at x = x, yields:

dZ(VS—V)NenS{ e 1

%ﬂ—zmhn—V) (2.5)

da? - €0
To get a non oscillatory physical solution for V| the expression in the brackets must be

negative: Vi > —(kpT.)/(2e). Combined with equation EZ2 this gives a constraint on the

ion velocity at the sheath entrance:

kgT,
Vis > 4] = (2.6)
my
For T; = 0 this is the ion sound speed c¢,, which is defined as:
ZkgT, kgT;
my

where Z is the ion charge and a = 1 for isothermal flow, o = 5/3 for adiabatic flow
with isotropic pressure and o = 3 for one dimensional adiabatic flow [I2]. Hence, the
ions are accelerated to at least sound speed at the sheath entrance. This constraint is
called the Bohm criterion [I3] which was also derived earlier by Langmuir [T4]. Another
consequence of equation ELf is, as mentioned above, that the potential at the sheath

entrance is not zero, meaning that there is already a potential drop in the SOL upstream

10



2.1. Plasma-wall transition, the sheath

of the sheath. Assuming no ion-neutral collisions, the so-called pre-sheath potential is,

for isothermal flow, approximately:

T
V.~ —0.7 Fple

(2.8)

This potential forces the ions to flow from upstream (V' = 0) towards the divertor
surfaces, the so-called divertor sink action. The pre-sheath potential V; is small compared
to the potential at the surface (Vi = —3kgT./e for typical divertor conditions) which
is caused by the potential drop in the sheath. However, the particle and power outflow
rate to the surface is determined entirely by V;, thus by the forces in the plasma and not

in the sheath. Finally the particle flux density on the surface is introduced:

Fs = Ne,sVe,s = Te,sCs (29)

As it is assumed that there is no particle source or sink in the sheath, the flux density is

equal at the surface and the sheath entrance, I'y = I'gy ¢

It should be noted here that, due to the magnetic field present in a tokamak, a so-called
magnetic pre-sheath exists in front of the sheath. This magnetic pre-sheath is formed due
to the gyration of the charged plasma particles around the magnetic field lines together
with non perpendicular incident angles of the field lines on the target. However, the
above derived basic properties of the sheath are not changed by the presence of the

magnetic pre-sheath [T5].

2.1.2 Power deposited on the surface

Here, the power deposited on the surface by the plasma particles will be discussed. As
the electron distribution function is Maxwellian, the electron power flux density at the

surface can be calculated by integration over the velocity space:

e mevi
Qourf = ) Vg fe(vg) dvg + kpT, = 2kpT.T's (2.10)
0

The ions, however, are accelerated by the potential and therefore do not follow a
Maxwellian distribution. With the assumption that the ion distribution is a Maxwellian

distribution shifted by cs, the ion power flux density can be calculated similarly:

; 5 m;c? 7
QSqu = (ikBﬂ + 9 ) Fs = ékBTer

here and in the following 7, = 7T; is assumed. In addition, the sheath and the pre-

sheath transfer energy from the electrons to the ions by an amount of |eVj,,¢| and |eV],
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2 Divertor physics

respectively. The power density deposited on the plasma surface by electrons and ions

can thus be written as:

, 7
Qsurf = q;urf + q;urf = <2k’BTe + 5]{33Te + |6V;u7»f| + |6V;|) FS
— AkpTiT, (2.11)

with the sheath heat transmission coefficient v ~ 2 4+ 3.5+ 3 + 0.7 =~ 9.2. It should be
noted that this is just a simplified derivation. If one includes other effects, such as e.g.
secondary electron emission [15], there is a strong variation of v. In ASDEX Upgrade,
values of 7 between 3 and 8 were found [I6]. In a multi machine comparison, v even

varies between 2 and 11 [I7].

The power density in equation EZT1l can be referred to as the kinetic energy deposited
on the surface. In addition, incoming ions recombine on the surface with electrons to
form neutral atoms and incoming neutrals will recombine on the surface with other
neutrals to form molecules. These processes release the potential energy, or at least a
significant fraction of it, as heat to the surface. For deuterium, the ionization energy

is E;)‘(’)’; = 13.6eV and the molecular dissociation energy is Egg;ﬁs = 4.5eV. The total

power density, including the kinetic and potential energy, Eyo = Ei%7 + Ediss — 18.1 eV,

deposited on the surface is then given by:

Qtot = (fYkBTe + Epot)Fs (212)

From equation it can be seen that a reduction of the temperature results in a
decrease of the deposited power. In present experiments this is usually sufficient for safe
operation in terms of melting or damaging the wall material. In larger scale devices
such as ITER, however, the particle fluxes to the surface are predicted to be so high
that the potential power deposited on the surface becomes important. Thus, for a safe
operation not only the temperature but also the particle fluxes to the surface must be
reduced. The question how a reduction of both parameters at given input power can
be achieved, resulting in different divertor operating regimes, will be addressed in the

following section.

2.2 Divertor operating regimes

The divertor plasma is usually described by a fluid approach. The use of a fluid approach
is appropriate if the collisional mean-free-paths of electron and ion self-collisions, Ace ;i ~
10167 621 /Nei, are small compared to the characteristic scale length in the SOL, L.. For
typical AUG parameters (n, ~ 1-10Ym=3 T, ~ 50eV), A\e ~ 2.5m < L. ~ 40 m and
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2.2. Divertor operating regimes

the fluid approach is valid. Here, the plasma parameters such as density and temperature
are described by the Fokker-Planck kinetic equation:

of | 5. 9By oxB) VoS 2.13

5.9 f 4+ LB 15 B)- Vo= 5() (213)
where S(f) describes particle sources and sinks due to ionization, recombination or in-
teraction of plasma particles with impurities and f(7,v,t) is the particle distribution
function in position-velocity-time space. The fluid equations of the various plasma pa-
rameters, the so-called Braginskii equations [I8], are derived by taking the velocity mo-
ments of equation up to the third order. These result in a set of coupled, non linear
differential equations which only can be consistently solved with sophisticated computer

codes.

One of the most important processes in the SOL is the heat transport parallel to the
field lines to the target. This transport is a combination of a conductive and a convective
heat transport. The parallel electron heat flux density gj., derived from the Braginskii
equations, is given by:

e = ngTeneve — KOETE/Q% (2.14)
where the first term on the right hand side describes the convective part and the second

one the conductive part. The corresponding ion heat flux density is:

245

- (2.15)

1 5
qi = <§mw§ + §kBTi) nv; — ko Ty

The electron and ion heat conductivity coefficients, g, and kq; respectively, were derived

by Spitzer and Harm [19] and are given in [20] to be:

kp
Roe,i =
Oe, Ve InAetZ

It can be seen that kg; o< y/m./m; Koe. Thus, the ion heat conduction can be neglected

compared to the electron heat conduction, i.e. the power is conducted mainly by the

(2.16)

electrons. Assuming T, ~ T; and n. ~ n;, one can combine equations T4 and ZT3 and
obtain the total heat flux density:

1 dT.

Another important process is that of plasma particle production and flow in the SOL.
Plasma ions impacting the surface will release neutrals from the wall. These neutrals
will be ionized in the plasma, providing a source of plasma particles. The resulting

ions will flow back to the surface and release new neutrals. This particle cycle is called
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2 Divertor physics

recycling. The degree of recycling and the region where the ionization of the recycled
neutrals occurs strongly affect the divertor plasma conditions. In the following section,
simplified relations between upstream and target parameters will be derived with respect
to the degree and location of the recycling. From now on, the focus is on the values at

the sheath entrance, see section EZIl These values are called the target parameters.

2.2.1 The low recycling regime

If the upstream density at a given heating power is sufficiently low, the divertor is in
the low recycling regime and a model can be developed, linking upstream and target
parameters, under the following simplified assumptions. The recycling level is low and
the particle source due to the ionization of recycled neutrals is assumed to be negligible
with respect to the main plasma particle source, i.e. it is assumed that the main plasma
is the only particle source. It is further assumed, that the main plasma is the only
power source, thus all power and particles enter the SOL at the upstream position s,,.
Furthermore no cross field transport between different flux tubes is considered. The
electrons and ions will flow from upstream due to the divertor sink action (the pre-
sheath potential drop Vj, section ZT]Tl) towards the target within a flux tube, reaching
sound speed, ¢, at the target (see eq. 28 and eq. 7)) and the heat is then convected
to the targets. The heat transport to the target is limited only by the heat, which can
be transmitted by the sheath. Therefore, this regime is also called the sheath limited
regime. As a consequence of the heat being convected, the temperature along the field

line is approximately constant (assuming 7, = 7; =T and n. = n; = n):

T, ~Ty=T (2.18)

Throughout this thesis, the indices u and ¢ refer to as the values at the upstream position
and target, respectively. With the assumption of no cross-field transport the total pres-
SUTe Prot = Pstat +Payn 1s conserved along a field line, with the static pressure pgqr = nkpT'
and the dynamic pressure pg,, = nm.v?/2. The plasma is static at the upstream position
and is accelerated to sound speed, c,, at the target (see eq. 20 and 7). With a = 1

for ¢, this yields a relation between upstream and target pressure:

2nymekgT
2m,
1

Now, with equations 219, EZT1] and EX7 the temperature along the field line can be

approximated as:
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2.2. Divertor operating regimes

= (i) ) (wqr'e'u)w (220)

The particle flux density at the target, equations P27 and 22200, finally results in:

1 1/6 o\ 1/3
T, = nye, = ( 2) (%) (2.21)
16m; ¥

The target parameters depend now only on the external control parameters n, and g

which relate to the main plasma density and the plasma heating power, respectively.

2.2.2 The high recycling regime - the Two-Point-Model

If the upstream density is increased while keeping the heating power constant, the level
of recycling increases. It is assumed here, that the particle source due to recycling is
much stronger than the main plasma particle source. For simplicity it is assumed that
all the recycled neutrals ionize in a very thin layer close to the target and in the same
flux tube of the originally impacting ion. As in section 2221l it is further assumed that
there is no cross field transport of either particles or heat. The main plasma is the only
heat source and all the heat will enter the SOL at the upstream position. In contrast to
the low recycling regime, the only particle source is now the region in front of the target
where the recycled neutrals ionize, called the recycling zone. This is a valid assumption,
as the mean free path for electron impact ionization is short enough (sec. EEATI) such
that the recycling cycle occurs near the target. Thus the plasma in the SOL between
upstream and the entrance of the recycling zone is assumed to be stagnant, i.e. there
is no particle flux, I' = 0. Within the recycling zone the plasma is then accelerated to
sound speed at the target, equation 26 Hence, the heat between upstream and the
recycling zone is now conducted, giving this divertor regime also the name conduction
limited regime. In order to carry the heat via conduction, temperature gradients have to
arise in the SOL which result in lower temperatures at the target relative to the upstream
position. In reality, the plasma in the SOL is not completely stagnant and convection
still plays a role. In order to account for this, a convection factor (0 < feon, < 1) which
determines the heat fraction carried by convection, gjcond = (1-— fconv)q” is introduced.
Integration of the conduction part in equation EXI7 from x = 0 to « = L. (L, is the

connection length between upstream and the target, defined in section [[J) yields:

7 1— conv Lc
T2 = 7] ¢ 5( Joons) 8 (2.22)
Ro,e

Strictly, it should be integrated from upstream to the entrance of the ionization zone as
the heat in this zone is then convected. However, as convection is a very effective process

and the ionization zone is taken to be very thin, it is assumed that the temperature at
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2 Divertor physics

the entrance of the zone is equal to the target temperature (see eq. ZI8). Due to the
large exponent for 7' in equation 222 the term Tt7/ ® can be neglected as soon as T}
becomes even slightly smaller than T,,. Equation thus simplifies to:

7 (1 - fcom}) q||Lc

T2 ~ — 2.23
u 2 o (2.23)

In order to account for frictional collisions between ions and neutrals, viscous forces and
volume recombination, a momentum loss factor (0 < fuom < 1) is introduced. With
this, the pressure conservation (eq. EZI9) modifies to:

2Ty = (1= frnom) 1T (2.24)

Line radiation in the SOL, either by impurities or recycled neutrals, and charge exchange
collisions provide an energy sink for the electrons. These processes can be included by
introducing a power loss factor (0 < fpp < 1), yielding ¢29% + ¢5°% = (1 — foouw) q)-

The parallel heat flux density at the target, equation EZT1] (in which the potential energy

can still be neglected with respect to the kinetic energy), can then be written as:

(1 - fpow)qu = q = vkl (2.25)

The three equations Z23] and 221 in the three parameters of interest, n;, T; and

I'; combine to give:

4 (gL T 2m, (L~ fyow)”

Iy = 202 2 4/7 (2.26)
ns, 2K0e e (1 - fmom) (1 - fcom))

ng = n—i (7q||Lc)6/7 7263 (1- fm0m>3 (1- fcom’)Gﬁ (2.27)
qﬁ 2K0e 4m; (1- fpow)2 .

4/7

r, = n—i (7q||LC) / 762 (1- fmom>2 (1- fco””)4/7 (2.28)

q \ 2Koe 2m; (1= fpow)

The simplest case neglecting all loss factors (feons = fimom = fpow = 0) is called the
simple Two-Point-Model [21]. At moderate upstream densities, which are sufficient to
enter the high recycling regime, the target conditions can be fairly well described by
the TPM. In this regime the target temperature is now very sensitive on the upstream
density (o< 1/n2) and low values can be achieved by increasing the density.

In the simple Two-Point-Model all power entering the SOL is deposited on the surface.
As the upstream density is increased, however, the hydrogen recycling is also increased
due to the increased particle flux. This high recycling will, via line radiation, remove
power from the SOL. Thus the power loss factor f,,, is no longer negligible which directly
results in a reduction of the target heat flux (eq. E22H). Another commonly used method
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2.2. Divertor operating regimes

to increase the radiated power in the SOL is the injection of so-called seeded impurities
such as Ny, He, Ne or Ar. A further effect of the radiation losses is to decrease the target
temperature and to increase the target density and particle flux. In order to reduce the
target flux, the ratio of conducted to convected heat flux must change, f.on, > 0, or

momentum must be removed from the divertor plasma, f,.o,m > 0.

2.2.3 The detached regime

The necessary characteristics of the detached regime are, amongst the reduction of the
surface heat load, that the particle flux to the target, I';, decreases and that there is
a pressure drop along the field line. It was shown in section 2222 equation E224], that
this can be achieved when momentum is removed in the SOL, f,.0,, > 0. Changing
the ratio of conducted to convected heat transport, fe.., > 0, also reduces the particle
flux at the target. The pressure, however, would still be conserved along a flux tube
(eq. E24). The main mechanisms which remove momentum are elastic ion-neutral
collisions (CX-collisions) and recombination. These processes dominate with respect to
the ionization at temperatures below ~ 5eV and ~ 1.5eV, respectively (see Fig. BI).
These low temperatures can be achieved by a further increase of the main plasma density,
as Ty < n. 2. At these temperatures, however, the simplification that the potential energy
can be neglected with respect to the kinetic energy in equation is no longer valid.
Equation is now written as:

(1 = fpow)q) = @ = (27kBT: + Epot) T (2.29)

with E,,; = 18.1eV, section Combining this equation with equation EZ24 yields

an expression for the target temperature:

V kaﬂ —1.01 Ty Roe 21 (1 - fmom) (2 30>
(29k5T, + Epot) " \ Le (1= Foow) '

[
This equation can not directly be solved for T;, but it can be seen that there is a
competition between the power loss, necessary to remove the heat flux on the target,
and the momentum loss which is needed to reduce the particle flux at the target. In the

following, the two basic processes which remove momentum in the SOL are described.

Ion-neutral collisions - the gas target

Assume that in an elastic collision zone in front of the target the temperature is low
enough for CX-collisions to occur. Recycled neutral hydrogen atoms or molecules will
travel through this so-called gas target [22] and undergo several elastic collisions with

hydrogen ions which flow to the target. As the masses of the neutral atom or molecule
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and the ion are approximately equal, the momentum transfer is very efficient and the ions
will rapidly cool down to the neutral temperature. After the collisions, the neutral will
either reach the surface, where it deposits its momentum, or enter the hotter recycling
zone, where it will ionize and flow back to the surface, removing no momentum. After
the first collision, however, the neutral will travel at approximately the ion sound speed
and the following collisions do not efficiently remove momentum. In order to maximize
momentum removal, the neutral must reach the surface after each collision. The number
of effective collisions is given by the mean free path for ion-neutral collisions, \;,, and
the divertor dimension, Lg;,. Most collisions would be efficient if both lengths are of the

same order and small compared to the ionization mean free path:

)\m ~ de < )\ion (231)

The reduction of the particle flux with respect to the flux entering the gas target at the

recycling zone, I',., is then approximately:

Ft —~ )\m
Fr - Lgt

(2.32)

with Ly being the length of the gas target. If the temperatures are below 5eV over
a sufficient large area and the neutral density is high, ion-neutral collisions provide an
effective sink for momentum and particle flux. A measure of this effect is the increase

of the neutral pressure in the divertor which can be determined with ionization gauges

(see section EEAD).

In this simplified picture, cross field transport was neglected. It will be shown in section
P23 that the particle and heat flux profiles peak close to the separatrix and decay
radially. Due to CX-collisions, the particle and heat flux profiles will broaden, which
corresponds to a reduction of the peak particle and heat flux. If the condition 23Tl is
not fulfilled and CX-collisions do not remove momentum, they will nevertheless reduce
the peak power flux to the target.

Another effect, which reduces the peak power flux to the target, should be noted here.
The radial separation of the flux surfaces is much larger at the divertor target compared
to upstream at the midplane position, see Figure [L3, where the power enters the SOL.
This is called flur expansion, which broadens the heat flux profile at the target and

reduces the peak heat flux.

Volume recombination

If the temperature in the elastic collision zone falls below T' &~ 1—2 eV then recombination
becomes important. The ions flowing to the target can recombine with the electrons,

directly decreasing the particle flux to the target. Borras [23] has given a more refined
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formulation of the energy balance equation EZZ2%

Epot
(2/7]{337} + m) Iy = q) (1 - frad) (1 - ffm'c) (233)

where f,.q is the radiated power upstream of the elastic collision. The energy lost by
ion-neutral collisions is accounted for with fy,;. and the ratio of the recombination to the
ionization rate is given by f,.... Solving this equation for the target particle flux yields:

Pt —_ q” (1 - frad) (1 - ff”'C> (234)

Epot (]- - frec)il + 27]{;37}

If T'< 1€V ionization becomes negligible compared to the recombination (see sec. B2)

and f... can reach high values ~ 90%. At constant power entering the elastic collision
zone, I'; can be reduced by an order of magnitude due only to recombination processes
dominating [23]. It should be noted here that recombination is a volumetric process. If
the plasma flow velocity towards the target is still high, the probability for recombination
to occur would be low even if the temperature is reduced. Therefore, CX-collisions are

needed in order to slow down the plasma.

Stability of the detached regime

r r. | r

- dense plasma

oy buffer

s

impurity radiation
= front

recombination I‘?I ionization s
front front

Figure 2.1: Sketch of a straightened out SOL, reproduced from [24]. See text for explanation.

What follows is a short summary of a theoretical work done by Krasheninnikov [24].
Consider a fixed power entering the SOL upstream, FE,,. This power first reaches the
impurity radiation zone upstream of the recycling zone. With a power Ej,, removed
due to the impurity radiation, the remaining power reaching the hydrogen recycling zone
is Enya = Esot — Fimp. This sets an upper limit of the number of ionizations as each
ionization costs an energy E;,,. This gives for the particle flux produced in the recycling

zone:

Fion < Ehyd/Eion - (Esol - Eimp)/Eion (235)
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These particles can recombine in the elastic collision zone, where temperatures are low,
before reaching the target. The particle flux to the target is thus given by I} =T} —
I't., with ') . being the particle sink due to recombination, see Figure 21l The neutrals
created by the recombination process will, however, reach the recycling zone where they
are ionized. This neutral influx 'Y, then equals the ion outflux I'},, assuming no neutral

influx from the surface as an upper boundary. Equation 2235 is then modified to:

Ehyd > EionPOD (236)

Here, T'), must be reduced with reducing Ej,,q. However, I'), is proportional to the neutral
pressure in the elastic collision zone, which increases as detachment proceeds. Therefore,
a dense plasma buffer, cold enough that no ionization occurs, must exist between the
ionization and recombination zone (Fig Z1]). This dense buffer reduces the transport
of neutrals to the ionization zone by a factor proportional to 1/n,. Thus, T'% can be
reduced, with Ej,q — 0, by increasing the plasma buffer density or width, see Figure
E-T An increase of the plasma buffer density, however, increases the recombination rate,
which sets an upper boundary on the neutral screening efficiency of the plasma buffer.
This implies that the neutral flux in the recycling zone cannot be reduced below a critical
value which depends on the power reaching the recycling zone, Fj,q4, and the upstream

pressure, p,. The inequality is now written as:

Ehya/ Eion > T% > T (Epya, pu) (2.37)

It can be seen that the recycling process sustains the upstream pressure and density,
which are also limited to a critical value, depending on FEj,q and on the pressure and
density in the recombination zone: p, < prec(Enya), My < Npec(Epya). These limitations
are of practical relevance. If these boundaries are reached (via gas puffing to increase
the main plasma density), the energy balance can no longer be sustained by hydrogen
radiation if n, increases further. At this point, n, saturates and the cold and dense
plasma buffer grows in order to accumulate the puffed particles. At some point this
situation becomes unstable and the recycling zone is pushed upstream towards the X-

point.

2.3 Additional processes in the SOL

Here, additional mechanisms present in the SOL are described which where excluded
in the simple description of the divertor regimes above. These are the transport of
particles and energy perpendicular to the field lines, called radial transport, and particle
flows which can arise in the SOL, caused by E x B [25] and diamagnetic [26] drifts.
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2.3.1 Radial transport in the SOL

The particle flux perpendicular to the field lines is, in first approximation, a combination
of a diffusive process, implying a diffusion coefficient D, [m?/s|, and a convective process

with velocity v, . It can thus be described as:

I''=-D,V.n+uvin (2.38)

With the ansatz of a radial exponentially decaying density profile

n(r) = n(0) exp {;—"’] (2.39)

equation can be solved for the radial decay length \,,. For purely diffusive transport,

[2L.D
A, = cZd (2.40)
Cs

and for the case of convective transport only:

one obtains:

A = 01T (2.41)

The parallel loss time 7 is given by the ratio of particle content in the SOL to the loss
rate to the targets:
2L.n 2L,

— = 2.42
7l 2n;c, Cs ( )

Here, the density relation in the sheath limited regime, equation EZT9, was used as
transport was assumed to be purely convective. It can be seen that both limit cases,
either diffusive-only or convective-only radial transport, result in the same radial decay
length. It is therefore convenient to introduce an effective diffusion coefficient Dif f [

including both, diffusive and convective effects:

r,=-D'v.n (2.43)

If the measured upstream density profile decays exponentially, Dif ! can be obtained by a
fit of equation 39 and 240 to the measured data, assuming negligible sources and sinks.
In the low recycling regime, reasonable agreement between modelling and experiment
has been obtained for various machines [28, 29, B0] with this technique. However, this
implies a spatially constant diffusion coefficient, an assumption which is not valid in high
recycling or detached regimes. It has been found experimentally that Dif ! increases with
radius as well as with increasing density [27]. The density effect was connected with an

increase of the density and poloidal electric field fluctuation levels, 7i/n and Eo/FEe,
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caused by micro instabilities [25, 26]. Due to the Eg X By force (see sec. EZ32) this

results in an outward radial flux:

rfte = 7<nE@> (2.44)

r Ba
In addition, larger scale plasma filaments or blobs [31], which extend along a field line,
can be released from the main plasma. The B x VB drift (eq. Z4]) can polarize these
blobs, resulting in an outward radial motion via the E x B drift. Measurements have
shown that this turbulent or intermittent convective transport can be of the same order
as the diffusive radial transport [32)].

The same picture essentially holds also for radial transport of power in the SOL. It can

be written as the sum of a convected and diffusive, or conducted, cross-field transport
(for T, =T, =1T):

g = ¢+ g+ gfF
5 dn d
= —ZkgTD,— — —kgT + ¢ 2.45
gl DL nXLdTB +q7 ( )

where ¢¢¥ is the broadening of the heat flux profile due to CX collisions, which was
discussed in section 223 The heat diffusion coefficient x, is usually larger than the
particle diffusion coefficient D, by a factor of 2 to 5 [9]. Analogous to the radial particle
profile (eq. EZA0) one can define a radial energy decay length A,. Consider the high
recycling regime with only conductive radial transport and no power loss in the SOL.

As the main plasma is the only power source, it must hold that:

dg. dg
4 2.46
dr dr ( )
With ¢, = K, jd7’/dry  one obtains:
Ay =\ EL/K) Le
= \/enuXL//-cOeTW? L. (2.47)

In the high recycling or detached regime this simple derivation is invalid. For example,
the radial particle flux due to fluctuation driven intermittent transport (eq. 244l directly

results in a fluctuation driven, radial convected heat flux (eq. EZZH).

2.3.2 Drift flows in the SOL

In section 22, where simple relations between upstream and target parameters were

derived, it was assumed that the particle flux occurs only between the region where the
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neutrals ionize and the target. Due to electric and magnetic fields in the SOL, so-called
particle drifts arise [33]. Before discussing the most important drifts, the normal, or
forward direction of the toroidal magnetic field Bs should be defined. It is that for
which the ion VB drift velocity, given by [25]:

2
vim 5

Bx VB 9.48
e B XV (2.48)

is directed towards the divertor. Usually the divertor is at the bottom of the machine, as

U=

in AUG. As the toroidal magnetic field decays radially proportional to 1/R, the forward
direction of By is clockwise as viewed from the top. In the following it is assumed that

B is perpendicular to the poloidal plane, as Bg > Beg.

The poloidal F x B drift

A radial electric field arises naturally due to a potential drop occurring in the sheath. In
section LTIl it was shown that the potential at the surface, Vs = —3kpT,/e depends
on T.. The temperature at the surface varies in the radial direction (section EZ3TI),

resulting in a radial variation of Vj,,s. The resulting radial electric field is then given as:

v _ sk,
or err,

E, = (2.49)

E,. is pointing radially outward in the SOL and oppositely in the private flux region. F,
and the resulting poloidal drift flux are shown in figure 22k for the forward field case.
The poloidal drift flux density is approximately:

(2.50)

The radial £ x B drift
From the Braginskii equations [I8] (Ohm’s law) the parallel electric field is known to be

0.719T, 1 dp.

e Os| en.O0s|

B = - (2.51)

where parallel currents in the SOL have been neglected for simplicity. The poloidal
electric field is then Fg = (B/Bg)E). Both the temperature and the pressure decrease
towards the targets. Thus, Fg is directed towards the targets. The associated radial
drift for forward field is directed from the outer SOL across the main plasma and private
flux region towards the inner SOL, as shown in Figure ZZZb. The pressure along a field
line drops, in the simplest case, by a factor of 2 (eq. EZI9). In the sheath limited
regime T, ~ T; (sec. EZZTl) and the first term on the right hand side of equation A1l

23



2 Divertor physics

Figure 2.2: Sketch of the E x B drifts in the SOL. Blue arrows denote the electric fields and
red arrows show the drift direction for forward field (B, is pointing out of the paper). See text

for explanation.

can be neglected, yielding Ej ~ —(kgT.)/(2¢eL.). In the conduction limited regime the
temperature gradient can become large (sec. EZ2Z2). Assuming that the temperature
gradient expands through the entire length of the SOL, L., gives E ~ —(kgT}')/(eL.).
The associated radial drift flux density is larger in the high recycling regime than in the

low recycling regime, and is given by:

nekBTe“

| P
" B@ eLc

(2.52)

E x B drift luxes vs. basic SOL fluxes

Drift induced fluxes will alter the overall flux distribution in the SOL, but particles will
still flow towards the targets due to the basic divertor sink action. It is possible to
approximate the strength of the drift fluxes relative to the basic SOL fluxes. The basic
parallel SOL flux projected onto the poloidal plane is I'g ~ (B/Bg)n.cs. With the ion
poloidal gyro frequency w;e = eBg/m; and pse = cswje, the relation of the poloidal drift
flux (eq. ZZ00) to the basic poloidal flux is:

g /To = pso/Ar, (2.53)

With the basic cross-field flux (eq. ZZZ3]) one can derive the associated ratio for the radial

fluxes:
T /T, ~ pso/An. (2.54)
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2.3. Additional processes in the SOL

Drift fluxes become less important with higher density (and therefore lower temperature)
as pso /A, o T3/ Dif ! Finally it should be pointed out that although the E x B
drifts are charge independent they change direction when the toroidal magnetic field is
reversed. Changing By in the experiment therefore allows to untangle to some extent
the effects of these drifts.

The diamagnetic drift

Another drift naturally arising in the SOL is the diamagnetic drift caused by the pressure
gradient:

B x Vp
en.B?
This drift is the fluid analogue to the particle VB drift (eq. Z48) and, in contrast to the
E x B drifts, is charge dependent. This charge separation results in parallel currents in
the SOL, known as Pfirsch-Schliiter (PS) currents, and, in parallel (or poloidal) particle

flows. The focus is now on the ion flow, because the ions are less mobile and the density in

U=

(2.55)

the divertor is mainly determined by their transport. In forward field, this flow is directed
towards the divertor. Therefore, the density in both the inner and outer divertor will be
higher in forward field compared to reversed field. It is common to define the PS flows
as a combination of this flow and the poloidal E x B flow (section EZ37). Assuming a

cylindrical plasma geometry, the parallel PS velocity is given as [34]:

_pS aB E, V.,.p
P® =9 L 2.56
Uy CcoS v RoDBo < B eneB> ( )

where «, a and Ry are indicated in Figure Z2b. It can bee seen that 17|fi5 is zero at the
top and bottom of the machine and maximum at the midplane. A detailed investigation
of the effect of PS flows on the SOL plasma and comparison of measurements with code

calculations can be found in [34] and references therein.

TIonization driven flow reversal

Another effect inducing an additional flow in the SOL is the so-called ionization driven
flow reversal |35, B6]. The origin of this flow is independent of electric or magnetic
fields in the SOL. Consider the divertor as being in the high recycling regime with the
ionization zone close to the targets. Both density and temperature profiles decay radially
along the target (sec. EZ3]) being highest close to the separatrix. Neutrals, which are
released from the surface, will ionize preferentially in the region of higher temperature
and density close to the separatrix. The ionization source in this region can exceed the

ion loss to the divertor target and a water-shed is formed at some distance from the
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2 Divertor physics

target. Above this water-shed, the ions then flow upstream in a thin region close to the
separatrix. Such flow reversal has been measured e.g. in the outer divertor of Alcator
C-Mod [37]. Here, it occured only in forward field where the outer divertor was hotter
than the inner. This led to the suggestion that flow reversal results in a plasma flow
from the hotter to the colder divertor. A recent modelling approach [38] showed that
flow reversal can occur at both the inner and outer divertor, being stronger at the hotter

outer divertor.

It must be noted that flow reversal and all drifts discussed above will appear, in the
worst case, simultaneously. Hence, they will affect each other to some extent. A correct
treatment of the drift effects on the SOL plasma is therefore only possible with the use

of sophisticated two dimensional computer models.

2.4 Current understanding of detachment

Plasma detachment has been experimentally investigated in all present day tokamaks
and the qualitative mechanisms leading to detachment seem to be understood [T0), [T1].
As detachment is a 2D strongly coupled nonlinear process a quantitative description is
only possible with extensive code simulations. In particular to predict the ITER divertor
performance a correct simulation of divertor detachment is indispensable. But even with
the most sophisticated codes, divertor detachment of present day machines has not yet
been successfully reproduced [§]. Several experimental observations are still not fully

understood.

For example, the onset of detachment, defined as when the ion flux to the target starts
to decrease as the plasma density is further increased (the so-called roll over), happens
in most tokamaks much earlier at the inner divertor in forward field configuration. More-
over, the inner divertor receives a higher ion flux and a lower power load before the onset
of detachment compared to the outer divertor. Several reasons for this so-called divertor
asymmetry have been discussed [B37, B9, A0} BT, @2]. At present it is thought that they
are primarily caused by drift flows 3, B4]. The effect of the drift flows on the SOL
flow has been tried to model (e.g. H5, A6]). Although the qualitative trend of the drift
effects was reproduced by the models, absolute values of the flow velocity in the SOL

were underestimated by at least a factor of 2-10.

Furthermore, the radial transport of plasma particles in the SOL is not experimentally
well known. In the codes it is usually assumed to be of diffusive nature 7] including
a radial dependence, D, (r) (equation ZZJ). However, it was shown for medium to
high densities that intermittent transport (equation X)) can be dominant [48] and
increases with increasing density [49]. In recent modelling of experimental observations,

a collisionality, and hence density dependent diffusion coefficient, was used [50]. This
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2.4. Current understanding of detachment

yields better agreement with the experimental density necessary to achieve the roll over.

Detachment is typically studied by comparing target and upstream values, as no informa-
tion on plasma parameters in the divertor volume (aside from the bolometric measured
radiation distribution) is available. The DIII-D tokamak is an exception, as it has a
divertor Thomson scattering system at the outer divertor. As the mechanisms leading
to detachment are volumetric processes, however, knowledge of the distribution of the
plasma parameters, such as the electron density, in the divertor volume is necessary to

understand the detachment process.

In addition, the evaluation of the target density and temperature from Langmuir probe
measurements is difficult in strongly detached conditions (which are earlier achieved in
the inner divertor), as the particle fluxes are usually to low for a correct data evaluation.
Moreover, the outer target is more critical in terms of the received heat flux due to the
divertor asymmetry. Therefore, studies on detachment are normally concentrated on the
outer divertor. Thus it is not known if the inner and outer divertor evolve independently

of each other or not.
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Chapter 3
Atomic processes

In this chapter the basic atomic processes appearing in a plasma will be introduced.
Based on this, the emissivity of a certain spectral line with respect to the density and
temperature of the surrounding plasma will be derived. Finally, a method is presented
which allows the determination of the particle flux of a certain species based on the

measurement of the radiance of a spectral line emitted by that species.

3.1 Atomic processes and equilibrium

The basic atomic processes in a plasma due to their interaction are derived. Consider an
atom or ion being in the charge state z, named A*. An excited atom or ion is denoted
with A**. Each of the following equations describe processes which can happen in both

directions, thus they have two names:

impact excitation <« impact de-excitation
A +e — A™+¢ (3.1)
spontaneous emission <« photon absorption
A" - A+ hv (3.2)
impact ionization <« three body recombination
A e « AT e e (3.3)
radiative recombination <« photon ionization
At e o A+ h (3.4)

These processes tend to bring the population densities of the various species into equilib-
rium. If the relaxation time is short compared to the transport time scale in the plasma,
then these processes are in a local equilibrium which depends on the local plasma den-

sity and temperature. For very high densities, like in the centre of stars, the mean free
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3.2. The Collisional Radiative Model

path of a photon is short compared to the gradient length. The usual situation in fusion
plasmas is that the photonic reactions (equations and B4 are not in equilibrium
and the plasma is optically thin. For high densities, the collisional processes are in equi-
librium and it holds the Boltzmann relation and the Saha equation, which is called the
local thermodynamical equilibrium. In the opposite case, at low densities almost all ions
are in the ground state. The only excitation process is the impact excitation which is
completely balanced by spontaneous emission. This is called the corona model. The
typical densities in divertors, however, are above the area of validity of the corona model
(ne < 1-10™m™3). In this density range, models have to be used which also take into

account collisions and radiative processes, i.e. collisional radiative models.

3.2 The Collisional Radiative Model

Extensions to the Corona model have been made by Bates [51], which became known as
the Collisional Radiative Model, and was further improved by McWhirter and Summers
[52]. In this approach, a detailed review of which can be found in [53], all atomic processes
(eq. BJIHZA) are taken into account. The excitation levels of a specific charge state are
divided into metastable states indexed by a Greek character, A;, and excited states
index by a Roman character, A7. The main mechanisms leading to the population of A7
are excitation from the metastable level A and recombination from the ground level of
the next higher charge state, denoted by A**!. The ratio of their population densities,
n, and ni respectively, which are called the dominant populations, are assumed to be
known. The populations of the excited levels, n; can be assumed to be in a quasi static
equilibrium with respect to the dominant populations since the equilibration time scale
is of the order of the radiative decay time of the excited levels which is typically of the
order of 107%s. The collisional radiative model evaluates the dependence of the excited
populations on the the dominant populations. The solution for the population density

of a certain excited state is given by:

O M O O
_ E : -1 § E -1 + E -1 CX +
=1 o=1 i=1 i=1
M
_ exc rec + CcX +
= E Firneng + Fiifneny + Fiyngnj (3.5)
o=1

with O and M the number of excited and metastable levels, respectively, r; is the free
electron recombination coefficient directly to the level i and ¢“* is the charge exchange
recombination coefficient from neutral hydrogen with density ny to the level 7. As the
usual plasma species is hydrogen or a hydrogen isotope, see section [[3, this element is

taken as charge exchange partner. The C' are elements of the collisional radiative matrix:
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3 Atomic processes

C.]Z = _AZ"] - negf—»j - nqu)*)] (36>

with the rate coefficients for spontaneous transition, A;_,;, electron induced collisional
transition, ¢f_,; and ion induced collisional transition, qf’ﬂj. Usually, the ion induced colli-
sions can be neglected compared to the electron induced collisions. Their rate coefficients
depend only on T, as v, > v;. The F's in equation are the effective contributions
to the population of the excited level j by excitation from metastables, free electron
recombination and charge exchange recombination from neutral hydrogen, respectively.
Multiplying these F's with the appropriate Einstein coefficients for a transition from the
excited level j to k, A;_, gives the so-called Photon Emissivity Coefficients, PEC. The

emissivity of a spectral line with charge z can finally be derived by:

€y = nen°PEC*™(n.T.) + nen” ' PEC™(n.T,) + ngn* ' PECY (n T.T,Ty) (3.7)
These PECs depend on the local density and temperature and have been calculated
for various elements and transitions by the ADA@ project [54]. From this, total rate
coefficients for ionization, recombination and charge exchange can be obtained for a
specific element. These rate coefficients for deuterium are shown in Figure Bl for two
different densities.
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Figure 3.1: Ionization, recombination and charge exchange rate coefficients for two different
densities and T, = T; = Ty

! Atomic Data and Analysis Structure
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3.2. The Collisional Radiative Model

It can be seen that the charge exchange process dominates with respect to the ionization
process when T, < 5eV. Furthermore, recombination becomes stronger than ionization
when T, < 1.5eV. This was discussed in section 223 where a strong temperature reduc-
tion in the divertor is needed in order to remove momentum via CX and recombination
processes.

In this work, the radiating element of interest is the hydrogen isotope deuterium. As
the CX partner is also hydrogen, these are elastic collisions which do not cause photon
emissions. For this specific case, the charge exchange contribution has not to be taken
into account in equation B for the line emissivity. For the Balmer Ds line, n = 6 —

n = 2, equation B1 is then written as:

e’y = nenfPEC(n.T,) + nnjff PEC™(n,T,)

= neny (fP'PEC“(nT.) + fT'PEC™(n.T.)) (3.8)
TEC

with nEO and ngl the neutral hydrogen and ionized hydrogen density, respectively. The
fractional abundance, f, is the ratio of the neutral or ionized hydrogen density to the
total hydrogen density ny: fot! = nt%!/n, .. The expression in the brackets is in

this work called the total line emission coefficient, TEC.
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Figure 3.2: Balmer Ds photon emission coefficients (PEC) for excitation (red) and recombi-
nation (blue) derived from ADAS for two different densities.

Figure shows the photon emission coefficients for excitation and recombination for
the Balmer Dy line. It can be seen that at T, &~ 1.5—2¢eV there is a sharp transition from
recombination dominated radiation to excitation dominated radiation. Furthermore, the

PEC™ is relatively insensitive to the electron density, in contrast to the PEC**.
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Figure 3.3: Fractional abundance for neutral (red) and ionized (blue) deuterium derived from
ADAS for two different densities.

In Figure the fractional abundance for neutral and ionized deuterium, which is al-
most insensitive to the electron density, is shown. For this plot, the transport effects are
neglected and only the balance of ionization and recombination rates is taken into ac-
count. Below T, ~ 1.5eV almost all deuterium atoms are in the neutral state as the rate
coefficient for ionization is low in this temperature range (Fig. Bl). Above T, ~ 1.5eV
almost all deuterium atoms are in the ionized state as then ionization dominates with
respect to recombination, see Figure Bl The neglected transport effects will lead to a
modification of the curves, but the transition from neutral to ionized hydrogen is always

around ~ 1.5eV.
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Figure 3.4: Balmer Dy total emission coefficient for two different densities.
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3.3. Electron temperature determination from line ratios

With the PECs for excitation and recombination, Figure B2, and the fractional abun-
dance, Figure B3 one can calculate the total emission coefficient for the Balmer Dy line,
equation B8, which is shown in Figure B4 The TEC peaks at T, ~ 1.5eV and drops
rapidly when the temperature decreases. This is due to the strong decrease of the ionized
deuterium density when the temperature decreases, which is stronger than the increase
of the PEC™*. Moreover, the TEC does almost not depend on the electron density.

3.3 Electron temperature determination from line

ratios

By measuring the line emission ratio of two different transitions of the same atom it is
in principle possible to determine the electron temperature. Therefore it is necessary
that the line emission of both transitions, the TEC, does weakly depend on the electron
density. For example, this is routinely done at TEXTOR by measuring helium line
ratios [B5]. The determination of the electron temperature is also possible by measuring
deuterium line ratios. With the spectrometers used for this work, it was possible to
measure the Balmer Ds and D, lines simultaneously, see section E3.1l. The line emission

ratio is the ratio of the corresponding TECs and given by equation B.&

€62 1ECp,
€7~y TECp,

(3.9)

where the electron and total hydrogen densities cancel out. The line ratio of Ds/D, is

calculated for two different densities and shown in Figure B35
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Figure 3.5: Line emission ratio of Ds and D, for two different densities.
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3 Atomic processes

It can bee seen that the line ratio depends weakly on the electron density and increases
strongly at T, < 1eV when recombination becomes dominant. At temperatures above
~ 1 eV the line ratio is also insensitive to the temperature. The temperature can therefore
only be deduced from this line ratio if 7, < 1eV. The spectroscopic measurements are
line integrated measurements. Quantitative local line emission ratios can thus not be
obtained. However, due to the strong increase of the line ratio below 1eV and the flat
profile above this temperature it can be determined whether recombination is dominant
and thus whether 7T, is smaller than 1eV.

3.4 Spectroscopic determination of hydrogen flux

densities

It is possible to determine the hydrogen flux density by a spectroscopic measurement of
its line radiation. In section B2 Figure it was shown that the radiation is either ion-
ization dominated or recombination dominated. In the following, the method calculating

the hydrogen flux density will be presented for both cases.

3.4.1 Ionizing plasma

In section it was discussed that hydrogen ions impinging on the surface can release
neutral hydrogen atoms from the surface. These atoms travel through the SOL plasma
where the temperature is high enough that they are ionized. In addition, these atoms can
emit photons via electron impact excitation. The first important constraint is that the
ionization rate is a measure for the influx, i.e. that the recombination can be neglected. It
can then be deduced from the collisional radiative model how many photons are emitted
on average per ionization. The second constraint is that the ionization and the excitation
have to occur in the same volume. It is common to abbreviate the rate coefficients for

the basic processes as follows:

electron impact ionization : S, =< 0,_.410 > (3.10)
radiative recombination : a, =< 0,_,, 1V, > (3.11)
electron impact excitation : X =< o0, > (3.12)

The simple one dimensional transport equation for neutral hydrogen perpendicular to

the divertor surface can be written as:

onl d
% = —af(}{ — Snenly + anen; (3.13)
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3.4. Spectroscopic determination of hydrogen flux densities

where T'% is the flux density of neutral hydrogen. Furthermore it is assumed that 7, and
ne only vary perpendicular to the divertor surface. In equilibrium, the derivative with

respect to the time is zero. Integration of equation yields:

Y% (z) — T%(0) = /0 (=Sn.n% + anenjy) dx (3.14)

The integration is then taken so far into the plasma where all neutral hydrogen is already
ionized, i.e I'%(z) = 0. As a pure ionizing plasma is assumed here, the recombination
term on the right side of equation B.I4l can be neglected, giving the neutral hydrogen

flux density at the divertor surface (z = 0):

1%(0) = / Snenly do (3.15)
0

The radiance I', ;_; for a transition from ¢ to k along a line of sight perpendicular to

the divertor surface is for the case of pure ionization given by:

Lk :/ XirBignenty do :/ PEC“n.nY; do (3.16)
0 0

where the branching ratio By, = A/ >, A;; with j > ¢ was used. The effective X B
value from the collisional radiative model corresponds to the PEC®* in equation B.7.
The S and X B values depend on the electron density and temperature, S = Sy f(ne, T¢)
and XB = (XB)g f(ne,T.), and it is assumed that both values have approximately the
same dependence on n, and 7T,. This is a reasonable assumption as can bee seen in
Figure Bl and B2 The neutral hydrogen influx density can finally be determined from

the measured radiance via:

F%<O) _ SO f0$ f(ne7 Te>nenOH dx
F’Yvi"k (XB)O fom f(n€7 Te)nen?{ dx
So
I0) = - Thie 1
= H(O) (XB)O Vi—k (3 7)

Not only hydrogen is released from the wall due to impinging plasma ions but also
impurity species due to sputtering. With this method, which became known as the
S/X B method [56], also the impurity influx can be deduced. The S/X B values have
been calculated for various species and transitions and are stored in the ADAS database.
In Figure B.6h the S/ X B value for the Balmer D, line is shown for two different densities.

3.4.2 Recombining plasma

If one assumes, in the opposite case, a low temperature plasma where only recombination

processes are dominant (see Figures Bl and B2), then the transport equation for
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Figure 3.6: S/XB (a) and a/PEC** (b) values for an ionizing and recombining plasma,

respectively, for the Balmer D, line and two different densities.

ionized hydrogen can be written as:

on; d
a—f = —af}} + Snenly — angn; (3.18)
Integration of this equation yields:
' (z) —T5(0) = / —anenj; dx (3.19)
0

where the ionization term has already been neglected. Now it is assumed that at the
divertor surface all ionized hydrogen is recombined to neutral hydrogen, i.e. T';(0) = 0
in equation The radiance, according to equation B.I6 is for a recombination

dominated plasma written (see eq. B):
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3.4. Spectroscopic determination of hydrogen flux densities

| NP :/0 PEC‘n.n}; dx :/0 RixBynenf; dx (3.20)

To give an analogy for the X B value in equation B.10, the PEC;“ is named here RB. As
in section B4l it is assumed that the o and RB values show approximately the same
density and temperature dependence (compare Figure Bl with FigureB2). Furthermore,
the ion flux density in the SOL at the position x can be assumed to be equal to the neutral
flux density at the surface (x = 0), as the constraint here was that all ions are recombined
before reaching the surface. The neutral hydrogen flux density at the surface can then
be determined from the measured radiance for the case of a recombination dominated
plasma by:
Qg

19%(0) =T} (z) = (RB): | P (3.21)

The o/ RB value for the Balmer D, line for two different densities is shown in Figure B6b.
It has to be noted that, although the S/X B and a/RB values are finite in the entire
plotted temperature range, one has to use either the S/ X B or a/RB value, depending
on the plasma conditions (recombining or ionizing) which set the constraints of this
model. Furthermore, one has to keep in mind that at a density of the order of 10 m—3
the divertor plasma of ASDEX Upgrade is too hot to be recombining and the S/X B
method has to be used. On the other hand, at a density of the order of 102! m~3, the

divertor plasma is usually too cold to be ionizing and the o/ RB method is valid.
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Chapter 4
Diagnostic

In this chapter, the development of a new diagnostic capable of determining the electron
density in the divertor volume is presented. It is based on the spectroscopic measurement
of the Stark broadening of the Balmer lines. The theory of Stark broadening in a plasma
has already been extensively reviewed in [57]. In section Bl the two basic approaches
to calculate the Stark broadening are summarized. The influence of other broadening
mechanisms, such as e.g. the Zeeman splitting, is discussed in section 2. Thereafter, in
section EE2), the setup of the Stark broadening diagnostic, SBD [58], is presented. Finally,
in section FE4l the SBD measurements are compared to Langmuir probe and ionization

gauge measurements in order to check for consistency.

4.1 Theory of Stark broadening in a plasma

In this section the broadening of spectral lines due to the influence of surrounding parti-
cles on the emitting atoms is discussed. This effect is proportional to the density of the
surrounding particles and can, therefore, be used as a measure of this parameter if the
relationship between particle density and spectral line shape is known. As the surround-
ing particles in a plasma are charged particles, this broadening is a combination of the
pressure broadening due to coulomb collisions, also called the collision damping theory,
and the statistical theory, which is the Stark splitting due to the electric field produced
by the surrounding particles. The combination of both mechanisms is called Stark broad-
ening. The collision damping theory becomes valid if the duration of the perturbation
is short compared to the time of interest, T, which is the inverse of the frequency shift
caused by the perturbation. This effect determines the centre of the broadened spectral
line. On the other hand, the statistical theory becomes valid when the duration of the
perturbation is long compared to 7 and it determines the line wings. In section EET.T]
the question of when to use which theory will be addressed. The effect of an additional

Zeeman splitting on the line broadening, which is unknown, can be easily included in the
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4.1. Theory of Stark broadening in a plasma

so-called unified theory. This semi quantum mechanical approach calculating the Stark
broadening, where the perturbation caused by the electrons and ions is calculated with
the collision damping and the statistical theory, respectively, will be introduced in sec-
tion The pressure broadening caused by the ions, valid in the line centre, has to be
neglected in this theory. With the so-called model microfield method, MMM, introduced
in section EET.4, this restriction can be overcome. Stark broadened spectral line shapes of
different Balmer lines calculated with both theories are compared. The influence of the
other broadening mechanisms, including the Zeeman splitting, is discussed afterwards in
section

4.1.1 Validity of the collision damping and statistical theory

In AUG either hydrogen or a hydrogen isotope, typically deuterium, is used as the main
gas species. Therefore, it will be focused here on hydrogen as the emitting atom. In a
simplified picture, reviewed in [59], the emitting hydrogen atom in the plasma is most
of the time not or weakly disturbed due to collisions. The corresponding spectrum
is derived via the collision damping theory. From time to time, however, the atom
experiences a strong collision, which results in a frequency shift Aw,. of its emission. One
can assume a collision time of t, & r/v,.;, with the distance r between the emitting atom
and the disturbing plasma particle and their relative velocity v,.;. This contribution to
the emitted spectrum, derived from Fourier analysis, is a narrow broadening of width
~ 1/t. at Aw,.. Aslong as 1/t, < Aw,, these contributions will add with respect to their
statistical occurrence. The constraint 1/t. < Aw, is equivalent to the time of interest
7 = Aw, ! being very short and the duration of the perturbation is long compared to 7.
In this case the statistical theory is used. Assuming that the frequency shifts are caused

by a central potential at distance r, then they will take the form:

C

r2

Aw = (4.1)

One can approximate a critical wavelength shift A\, [60] below which the collision damp-
ing theory has to be used and above which the statistical theory applies:
U

AN, = Comse (4.2)
with the relative thermal velocity v,.;, the unperturbed wavelength \q and a constant
C, which will be derived in section EET.3 The critical wavelength shift A\, is different
for electrons and ions due to their different velocities in a thermal plasma (7, = T;
= v; = \/me/m;v.). Therefore a unified description of the electrons and ions is not
possible. In Table EETl A\, calculated for different Balmer lines and temperatures is

shown.
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Table 4.1: Critical wavelength shift A\, for different Balmer lines and temperatures.

Temperature: 5eV 10 eV 20 eV
Electrons || 73.23 nm | 146.4 nm | 292.9 nm
D5 ong 0.040 nm | 0.060 nm | 0.100 nm
Electrons || 21.94 nm | 43.88 nm | 87.75 nm
Dy Ions 0.012 nm | 0.018 nm | 0.030 nm
Electrons || 9.90 nm | 19.79 nm | 39.58 nm
D5 ong 0.005 nm | 0.008 nm | 0.013 nm
Electrons || 6.88 nm | 13.76 nm | 27.52 nm
D Tons 0.004 nm | 0.006 nm | 0.009 nm

In the case of electrons the critical wavelength shift is very large. Hence, the collision
damping theory has to be used throughout the entire spectrum. For the ions, however,
the statistical theory is valid, with an exception in the very center of the spectral line
where the collision damping theory has to be applied. This exception becomes less

important for the higher members of the Balmer series.

4.1.2 The unified theory

With the so-called semi quantum mechanical unified theory it is possible to combine the
pressure broadening by electrons with the Stark splitting caused by the ions. However,
it is not possible to include the ion pressure broadening. A detailed description of this
method can be found in [61]. Starting with the electron pressure broadening, the radiated

power of an emitting system can be written as [62]:

o (4.3)

J

Plw) = 225w — )| (1017
\i7f

1)
It is summed over all initial states |¢), multiplied by their occupation probability p; and
summed over all final states | f) of the entire system. D is the transition dipole moment

of the entire system. The sum can be interpreted as the spectral line profile /(w) which

is the Fourier transform of an auto correlation function ®(¢):

(1) =Y it [(ileay| f)[ ps (4.4)

0,f.J

Several assumptions are made to find the auto correlation function of the system. The
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4.1. Theory of Stark broadening in a plasma

perturbing electrons are treated as classical point charges (thus semi quantum mechan-
ical) moving, in the case of a neutral particle as the emitting atom, along straight lines.
Moreover, it is assumed that the electrons are unperturbed by the presence of the emit-
ting atom. The reason for this is that the average energy of the interaction between
the atom and the electron is small with respect to the kinetic energy of the electrons.
This assumption is called the classical path approrimation. In addition it is assumed
that collisions leading to a broadening of the spectral line occur much more often com-
pared to those causing transitions between different energy levels (the so-called impact

approximation). The Schrodinger equation of this problem can be written as:

. dlll(t) e on
ZHT = [HO + Hpert<t) + Hpert<E)] \Il<t) (45>
with Hy being the Hamiltonian of the unperturbed system, Hy, .(?) is the time dependent

interaction Hamiltonian due to electron collisions and H;‘;ﬁt(E) — ¢FE is the interaction
Hamiltonian which depends on the electric field E produced by the ions. The auto

correlation function of this system, with the assumptions described above, is then:

o) =y ({(is oY) Ey 4

where H(E) = Hy + H°"(F) is the Hamiltonian of the initial and final states i, f. The

pert

. [_z'(Hf(E) LI inft]

sub levels 7/, f' of a certain energy level are generated by the perturbation due to the
electron collisions. This perturbation is described with the perturbation operator €2; ;.
As the perturbation is proportional to n*, with n the principal quantum number of the
energy level, the effect of electron collisions on the lower level is neglected: Q; ; ~ €.

Nguyen-Hoe, Drawin and Herman [63] calculated the collision operator which was used

Q- drn.etal [ 2m 12
‘ 3h2 Wk?BTe

for this work:

1\ 77
(0.6342 +In —) el (4.7)
€

ap
with
4712 ke nQni/Q

€= 4.8
<3m)1/2 kB Te ( )

where ag is the Bohr radius, n. is in ecm™ and 7T is in K. The Fourier transform of

equation EEQ leads to the final expression of the spectral line shape:
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i BV /B ] .

zf>> Lig (4.9)

First the spectral line broadening due to electron collisions (collision damping theory)
is calculated for a given Stark splitting of the energy levels caused by a certain electric
field strength produced by the ions multiplied by its probability of occurring W (FE),
which will be derived in the next section (statistical theory). Then the total profile is
obtained by integrating over all possible electric field strengths. As mentioned above,
the influence of the ion collision damping, valid in the line center (see chapter ELT.TI), has
to be neglected in the unified theory. But here an additional Zeeman splitting due to a

magnetic field can easily be included, section B2l

4.1.3 Statistical theory

The perturbing ions are statistically distributed and produce so-called electric micro
fields. In the case of hydrogen emitters, these electric fields lead to the well known
Stark splitting. The energy levels split into 2n — 1 sub levels. The frequency splitting

of a transition is proportional to the electric field caused by an elementary charge e of

distance r, £ = 47360 5 (linear Stark effect):
Aw=—-———7— 4.10
YT om e (4.10)
with ny = n-k, k = 0; £1; --- £+ (n —1). This yields a symmetric splitting of

the transition lines between two energy levels which becomes larger with higher upper
principal quantum number. An average frequency shift is derived by weighting the shift
of the individual components with their line strength [64] Any, = > SAng/ > Sk. C,
introduced in equation (EJI):
3h—
C=-—A 4.11
5 AT (4.11)

For the Balmer lines Hg (n =3 — 2) up to H, (n =7 — 2) one gets:

2

C = (10.4; 20.5; 27.3; 42.7) - 10+ 2
S

The problem is the determination of the electric field produced by the statistically dis-
tributed ions. With N disturbing ions of charge e in the volume V' the total field strength

at the place of the emitting atom, situated at the origin of a Cartesian coordinate system,
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4.1. Theory of Stark broadening in a plasma

is B = EN FE;. The probability that the field strength E) produced by the kth particle
is between Ej and Ej + dF) is equivalent to the probability that the kth particle is in
the volume element drj,. The probability that all N ions produce a field strength in the
range of E/ + dF is thus given by:

N
W(E)dE = / . ../5(E - E) % Ay, dfs, ... dindE (4.12)
=1

where gy is the correlation function of the N-particle system. The approximation of
statistically independent particles (gny = 1) producing a Coulomb field results in the

Holtsmark distribution function [65]:

W(3) = % 07@ sinv exp [— (%)3/1 dv (4.13)

with the relative field strength 5 = E/Ey and the normal field strength Fjy, given by:

2.61
Ey = —en§/3

= 4.14
4meg ( )

Baranger and Mozer [66, 67] introduced two components of the micro field, produced
by the electrons and ions, respectively. With this, correlations between the perturbing

particles can be considered and gy becomes:

62

(4.15)

oL 7y — T+
92(7“177’2) ~ —M}

Ap

Furthermore the field produced by the kth particle is shielded by the other particles and
instead of a Coulomb field a Debye field is produced:

e Tk Tk
_ 14 = __r 4.1
471'607"]3 ( + AD) eXp |: >\D:| ( 6)

with the Debye shielding length:
EokBT
Ap = 1/ 4.17
b e2n, ( )

A measure of this effect is the ratio between the average distance of the particles rg,

_47T60]{ZBT‘F1 — FQ‘ oXp |:

Ey

with %ﬂnerg’ = 1, and the Debye length. The limiting case ro/Ap — 0 is equivalent to
the Holtsmark distribution. The distribution function W (E) for several values of ro/Ap
including the Holtsmark one is shown in Figure ElTh. W (/) shows for large 5 a decay

5/2

proportional to 37°/%. This results in a decay of the Stark broadened line wings that is

proportional to AXN~%2, which is a well known observation.
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Figure 4.1: Probability distribution function from Mozer and Baranger [67] for different values
of r9/Aq (a). The limit case r9/Ap — 0 is equivalent to the Holtsmark distribution. Quotient

ro/Ap for different temperatures versus the electron density (b).

In Figure EEIb the fraction ro/Ap is shown for different densities and temperatures.
For typical parameters at ASDEX Upgrade one can assume ro/Ap =~ 0 and use the
Holtsmark distribution function. Only at very low temperatures 7, ~ 1eV and high
densities n, > 1-10?'m=3 are values of ro/A\p > 0.2 reached and deviations from the

Holtsmark distribution have to be considered.

4.1.4 Model Microfield Method

A different approach to calculate the Stark broadening in a plasma, named the model
microfield method (MMM), was derived by Brissaud and Fritsch [68]. Considering only
dipole interactions the time dependent electric micro field produced by the plasma elec-
trons and ions is needed. Here, the field strength jumps instantaneously between constant

values in a stochastic way [69]:

EO fOTOStStQ

El for t(] S t S tl
E(t) = (4.18)
EQ for tl S t S t2

The information from the previous condition is not just lost with a new jump but at
any time (a so-called kangaroo process [68, [[0]). Then the probability density for the

duration of the occurrence of a given field strength, w (¢|F), is given by:

w(t|E) = pu(E) e HEY (4.19)

with the jump frequency p(F). The auto correlation function for the field strength of
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4.2. Influence of other broadening mechanism

this stochastic process is:

d(t) = / dE E*W(E) / dt' p(E)e HEW (4.20)

with W (F) being the probability distribution function (section EET.3)). The jump fre-
quency p(FE), equation EET9, is derived by setting the correlation function of the statisti-
cal process, equation 220, equal to the correct auto correlation function of the problem.
The auto correlation function for a field produced by statistical independent perturbers

including Debye shielding is given in [71] to be:

dmn.e® | 2m 3 2
d(t) = / 1+ 72— 242 ) e erf 4.21
(1) ; T [ +7° — /T (7’ + 2) e er C(T)] (4.21)

with 7 = wyt/+/2 and the error function

erfe(r) = % /et2 dt (4.22)

With this, the Schrédinger equation (fEH) can be solved exactly. The big advantage of this
approach is that both, strong (Stark splitting) and weak (pressure broadening) collisions
can be described. Moreover, through the superposition of two stochastic processes,
the perturbation of electrons and ions can be calculated uniformly. Hence, the ion
pressure broadening has not to be neglected. Based on this theory, Stehlé and Hutcheon
have calculated and published Stark broadened spectral lines for several members of the
Lyman and Balmer series for a wide density and temperature range [72), [73]. At present
these profiles are the most accurate ones with an uncertainty of about 10% and widely
accepted.

In Figure a comparison of different Stark broadened Balmer line profiles calculated
with the unified theory and MMM profiles published by Stehlé and Hutcheon are shown.
The unified theory profiles have narrower line centres due to the ion pressure broadening
which has to be neglected in this theory. This leads to broader line wings. In agreement
with section LTIl this effect becomes less important with higher upper principal quantum
number. Considering further that the line centre is smeared out by folding the Stark
profile with an additional Doppler profile, see section 22 the difference between the

two theories becomes negligible for the higher members of the Balmer series.

4.2 Influence of other broadening mechanism

In addition to the Stark broadening there are other broadening mechanisms that have to

be considered. The magnetic field present in a tokamak causes Zeeman splitting of the
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energy levels, and the temperature of the emitting atom leads to Doppler broadening.
Finally, the entrance slit of the spectrometer causes a line broadening referred to as the
instrument function. In the following these mechanisms will be introduced and their

influence with respect to the Stark broadening will be discussed.
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Figure 4.2: Stark profile of n, = 1-102°m™3 for different Balmer lines calculated with the
unified theory compared to the MMM profiles published by Stehlé [73].

4.2.1 Zeeman splitting

A magnetic field results in a splitting of the atomic energy levels and hence to a broad-
ening of the spectral line. The corresponding Hamilton operator in equation ELH now
depends also on the magnetic field (H*/(E, B)). The Schrédinger equation is then writ-
ten as:

- —,

[HO + QLE(L +28) + eEF| |0) = B |) (4.23)
mc

L is the orbit angular momentum and S the spin.

Following the calculations of Nguyen-Hoe et. al. [63] this equation can be solved with

first order calculation of perturbations. The result is an Eigenvalue equation for the
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4.2. Influence of other broadening mechanism

<Y

Figure 4.3: Geometry of the perturbation of an emitting atom due to a B-field and an E-field.

unperturbed states, which is for B = B, (see Fig. E3) written as:

L, z(1 — (cosy))Y? 2z cosy B
[f 4 <_ o IT 2 ) W) = ¢ |v) (424)
J ~- L

~ is the angle between E and B, see Fig. (E3). It holds further:

eapF eB
A — - = 4.25
hwr, WL 2me ( )
E— LY e? 1
- -1 E'=-— " 4.26
¢ hwo 0 2ag n? ( )

The state of an energy level |W) can be written as a linear combination of states with
different combinations of quantum numbers (with the new quantum number i = [* + [ +
m+ 1):

TL2
T) =) d|n,i) (4.27)
i=1
Then, equation EE24] results in:

n2

Y (K —=()d |n,i) =0 (4.28)

i=1

Solving this n? x n? Eigenvalue equation yields n? Eigenvalues ¢ describing the energy
of the perturbed levels. For each Eigenvalue ( there are n? Eigenvectors a’ spanning the
state of the perturbed levels (eq. EEZM). With this, equation can be solved for the

case of an additional uniform magnetic field.
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In Figure A profiles of different Balmer lines calculated for typical parameters of ASDEX
Upgrade divertor plasmas with and without additional Zeeman splitting are shown. The
influence of the Zeeman splitting on the line broadening can be neglected for the higher

members of the Balmer series.
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Figure 4.4: Stark profile of n, = 1-102m=2 for different Balmer lines calculated with the
unified theory with and without an additional magnetic field of B =2.5T.

4.2.2 Doppler broadening

Besides the Stark broadening and the Zeeman splitting there is also the Doppler broad-
ening influencing the line profile. The Doppler broadening is caused by the thermal
motion of the emitting neutral particles with temperature 7,,. In a thermal equilibrium
the velocity distribution is a Maxwellian and the spectral intensity distribution is given
by:

2kgT,
mc?

=X (4.29)

ol ()

In order to be able to evaluate n. from the Stark broadening one is constrained to a

fixed Doppler broadening. Therefore, T,, = 5eV is assumed, which is the maximum
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4.3. Diagnostic Setup and data evaluation

Franck-Condon dissociation energy of recycled Hy molecules. The Doppler broadening
mainly influences the central part of the line, while the wings show still the pure Stark
profile due to the weak A~/ decay. Nevertheless, in Figure the FWHM of a Stark
and Doppler broadened D, line is shown for various n, and T}, values as an indication for
the influence of the Doppler broadening on the Stark profile. For densities larger than

ne ~ 4 -10¥Ym™3 the FWHM is insensitive to small changes around 7, = 5eV.

FWHM for D, (nhm)

12
0.54 I
10 % 0.46
0.37
: 3
3
= 0.29
|_
6
0.20
4

0.12
T % 0.04
Figure 4.5: FWHM of a Stark and Doppler broadened D, line.

4.3 Diagnostic Setup and data evaluation

4.3.1 Diagnostic setup

Figure shows the geometry of the lines of sight (LOS) in the divertor of ASDEX
Upgrade used for the Stark broadening measurement. This setup allows the determi-
nation of n. in the inner and outer divertor strike point region. The collected light is
transmitted via optical fibres with a diameter of dy = 400 pm to a Czerny Turner like
spectrometer. For this work, two identical spectrometers were available. The polished
ends of the fibres are mounted directly in front of the entrance slit of the spectrometer.
The light is then dispersed with a reflection grating of 2400 lines/mm and focused onto
an EM-CCD camera. The spectrometer is equipped with commercial camera lenses.
The collimating lense has a focal length f of 280 mm and an F-number of 4 while for the
focusing lense these parameters are f = 180 mm and F' = 2.8. The different focal lengths
yield a demagnification of 180/280 of the image on the CCD chip. The size of the CCD

chip is 656 pixels in the horizontal and 496 pixels in the vertical direction with a pixel size
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Figure 4.6: Left: Geometry of the LOS of the Stark diagnostic (blue). Also shown are pressure

gauges (green) and Langmuir probes (red). Right: Instrument function for an entrance slit
width of 50 pm.

of 7.4 pm x 7.4 um. The wavelength resolution is A\ = 0.07 nm/pixel at 400 nm and the
imaged wavelength range is about 9nm. With vertical binning a simultaneous measure-
ment of 11 LOS with a time resolution of At = 4 ms can be achieved. When reading out
just one LOS, the integration time can be decreased down to At = 0.2 ms. Furthermore
the CCD camera is equipped with a 12bit analog-to-digital converter. The entrance
slit of the spectrometer is set to 50 um, which gives a good compromise between the
resolution and the signal strength. This yields a rectangular-shaped instrument function
with a width on the CCD chip of about 0.4 nm, shown in Figure

During this work, the CCD camera was replaced by a new one. The measurements shown
in this section were made with the old camera characterized above. The measurements
presented in chapter Bl were made with the new camera. This CCD chip has a size of
512 x 512 pixels and a pixel size of 16 um x 16 um. The wavelength resolution at 400 nm
is A\ = 0.15nm/pixel and the imaged wavelength range is about 19.5nm. This allows
the simultaneous measurement of the Ds and the D, line. Moreover, 25 LOS can be
measured with a time resolution of 2.65ms. In addition, also the number of LOS and

hence, the covered area in the divertor was increased during this work (see Fig. B.2).

4.3.2 Data evaluation

As shown in section the wavelength shift A\ due to the Stark splitting becomes
larger with higher upper principal quantum number. Measuring the higher members

of the Balmer series therefore makes less demands on the spectral resolution of the
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4.3. Diagnostic Setup and data evaluation

spectrometer. As a compromise between high Balmer series member and a good signal

to noise ratio, the Ds or the D, line is used by default for the density evaluation.

Furthermore, it was shown that the Zeeman effect can be neglected when measuring
the higher Balmer lines (section EEZT]). As the MMM profiles published by Stehlé [73]
are widely accepted and, in the case of the higher Balmer lines, similar to the profiles
obtained with the unified theory (section ELTAl), the MMM profiles are used and the

Zeeman splitting is neglected.

Theoretic profiles of the Stark broadened Balmer line are calculated for 28 different
densities in the wavelength range of interest between 1-10¥Ym=2 < n, < 1-1022m=3.
These calculated profiles are then convoluted with the Doppler broadened Gaussian
profile corresponding to 7,, = 5eV (section FLZ2) and the instrument function. The
profile of an arbitrary density value is obtained by a linear interpolation between these
calculated profiles. When additional impurity lines appear within the spectrum they
are also taken into account. They are modelled as a convolution of the Doppler profile
with the instrument function only. All profiles are normalized to intensity I = 1. This
theoretic spectrum is then fitted to the measured data using a least squares method
where n., as well as the intensities of the lines, the position of the Balmer line and
the background radiance are fit parameters. The positions of the impurity lines are
fixed with respect to the Balmer line. Figure L1l shows an example of such a fit on
the D, line. In addition to the Balmer line (Ap, = 396.90 nm) there is a nitrogen line
(An7 = 395.59 nm), a helium line (Age; = 396.47 nm), an oxygen line (Ao;; = 396.21 nm)
and an oxygen multiplet (Ao; = 395.44nm; 397.33nm; 398.27 nm) within the regarded
wavelength range. The AXN™>/2 decay of the D, line, which is characteristic for the Stark
broadening (section EET.3]), can bee clearly seen in Figure E7)

Stehlé and Hutcheon claim an uncertainty of about 10% in their profiles. With the
additional sources of error, such as the neglect of the Zeeman splitting, an uncertainty
of this measurement of about 15% is expected. The lower measurement range is set
by two constraints. On the one hand, as shown in section L2 at densities below
ne ~ 4 - 10" m™3 the Doppler profile becomes comparable to the Stark profile. Thus
this is the lowest measurable density. On the other hand the divertor must be in the
medium to high recycling regime to obtain a reasonable signal to noise ratio of the
higher Balmer lines. Finally, it should be noted that, while this is in principle a line
integrated measurement, the density measurement is localized to regions where the D,
emissivity is highest. Furthermore, as the measured profile is a convolution of the local
Stark broadened profiles, the density which is measured exists somewhere along the line

of sight and is not the sum of the local densities.
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Figure 4.7: Example fit to the D, line yielding n..

4.3.3 Reflection issue

Since 2007 the plasma facing surfaces of ASDEX Upgrade have been completely covered
with Tungsten [74], which has a high reflectivity not only for complete but also for
diffusive reflection (R =~ 35 — 40%, [(5]). This seriously disturbed the initial attempts
to measure the Balmer lines. Under normal operation the density as well as the radiance
of the Balmer line is about one order of magnitude higher in the inner divertor than in
the outer divertor (see section EEAT]). This caused the LOS observing the outer divertor
mainly to detect the radiance originating from the inner divertor that was reflected off
of the outer target. Therefore a much too high n, was determined in the outer divertor.
To address this problem, the LOS in the outer divertor were rearranged such that they
end in a viewing dump between two tiles. This strongly reduces the detection of stray
radiation. To document this enhancement a discharge in which n, was determined with
the old LOS setup was repeated with the new LOS setup. Figure shows a comparison
of an example fit to the D, line measured with the new and old LOS setups. It can be
seen that the radiance of D, as well as the resulting density is considerably lower with
the new LOS setup.

4.4 Consistency check

In this section initial measurements are presented and it is shown that the obtained
density values as well as the emissivity of the Balmer line are consistent with other

diagnostics.
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Figure 4.8: Fit to the D, line measured with the old (left) and new (right) LOS setup for two

identical discharges.

4.4.1 Comparison with Langmuir probes

ASDEX Upgrade is equipped with an extensive set of static Langmuir probes, LP, in
the inner and outer divertor target (see Fig. ELfl). LPs are used to measure n, and T, at
the target. Here, n, obtained from SBD is compared with n, from LP. Therefore a lower
Single Null L-mode discharges with lower triangularity 6 = 0.36 was performed. It had a
plasma current of [, = 0.8 MA, a toroidal magnetic field of B, = —2.5T, a line averaged
core plasma density of 7, = 4.5 - 101 m~3, an additional heating power of 1.4 MW and
a safety factor of go5 = 5. During this discharge strike point sweeps were performed
to enhance the spatial resolution of the SBD and LP measurement. The outer divertor
was in the medium recycling, conduction limited regime as the target temperature was
T, =~ 20eV. The temperature at the inner divertor target was below 7T, < 3eV and
thus, the inner divertor was in the detached regime. This can also be seen in the total
radiation distribution measured by foil bolometers (Fig. EE9). The radiation front in the
inner divertor, which is approximately the recycling front, has moved to the X-point,
indicating that the plasma is detached from the inner target (see section ZZ23)).

In Figure ne from SBD and LP as well as the radiance of the D, line versus the AS
coordinate is shown. The AS coordinate is the poloidal distance from the strike point
along the divertor surface. Positive values are in the scrape-off-layer, SOL, negative
values are in the private flux, PF, region. It must be noted here that the intersection of
the LOS and the target is taken as the LOS position throughout this work. The correct
coordinate of the LOS would be the position along the LOS where the D, radiation is
highest, which is unknown, however. As the radiation is emitted somewhere in the SOL
between the separatrix and the divertor target, the correct LOS coordinate is between
the AS coordinate along the divertor surface and the poloidal distance from the strike

point along the separatrix (both are indicated by the orange lines in Figure E0).
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In the outer divertor a good agreement is obtained between n, at the strike point from
SBD and LP. The fact that the shapes of the density profiles do not match is caused by

the line integrated SBD measurement discussed above.

The hydrogen ionization rate coefficient for T, = 20eV and n, = 4 - 10 m~3, see Figure
B is (ov.) = 2.2:107" m?/s. With a temperature of the neutral deuterium of 7,, = 5 eV,
see section EZZ, the mean free path of neutrals is approximately Az, ~ 3cm. Thus,
the region where the recycled neutrals ionize expands from the divertor target into the
SOL along a narrow region close to the separatrix where the temperature is highest (see
also the total radiation distribution, Fig. EE9l). The SBD measures therefore the density
distribution from the strike point at the target approximately along the separatrix into
the divertor volume. In this case, the density in this region is almost constant. This
is expected, the fan, formed by the SBD lines of sight, observes a region around the
separatrix (orange line in Fig. ECH), which has an extent on the order of \,,f, ~ 3 cm,
leading to a flat n. profile. The Langmuir probes, in contrast, measure the density at the
target and yield therefore a decay of n. outside the ionization front. The SBD diagnostic

can therefore be used to determine the density distribution in the divertor volume.
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Figure 4.9: Left: n, measured by SBD (red) and LP (black) and D, radiance for the outer and
inner divertor. The different symbols indicate different LOS and probes, respectively. Right:
Total radiation distribution measured by bolometers of discharge #24456.

In the detached inner divertor there is no agreement between n. from SBD and LP. In
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fact, the peak n, measured by SBD of ~ 2.3 - 102 m~2 is about two orders of magnitude
higher than n, from LP at the target and about one order of magnitude higher than
the core plasma density. This result is expected as in detached conditions the pressure
and hence n, in front of the target reaches very low values, see section Z2.3. The region
of highest n. is retracted from the target and in the divertor volume, as discussed in
section This is also confirmed by the distribution of the total radiation (Fig. E9).
Moreover, high values for n. in the detached divertor volume which are one order of
magnitude higher than the core plasma density has also been previously observed at
JET [76].

4.4.2 Comparison with pressure gauges

Finally, SBD measurements are compared to measurements from fast ionization gauges,
ION. These gauges measure the neutral flux density I'po [77] at different positions.
The gauges of interest are shown in Figure In attached conditions, I'po at the
divertor target can also be derived from the SBD measurements with the S/XB method,
introduced in section

S
PDO == mrmDe (430)

The radiance I'y p, is derived by projecting the D, emission along the LOS onto the

€

surface normal. Then it is multiplied by 4w, accounting for homogeneous emission in
the full solid angle. In order to obtain the S/X B value, which depends on the electron

density and temperature, T, has been taken from LP and n. from SBD.

In Figure I'po measured by the outer divertor ionization gauge and calculated with
the S/XB method for the LOS closest to this gauge are shown. There is a good agree-
ment between both flux densities, which shows that the density and the D, emission
measured by the Stark broadening diagnostic is consistent with the ionization gauge
measurement. In the inner divertor, shown in Figure EET0b, I'po calculated with the
S/XB method is about two orders of magnitude larger than I"'po measured by the gauge.
This result is expected as the inner divertor is in the detached regime. Here, recombi-
nation dominates with respect to the ionization (see section B2). Therefore, the a/ RB
value, shown in Figure B:fb, has to be taken. The calculated I'ppo from the spectroscopy
and the measured one are shown in Figure I0c. Although there is an uncertainty of Tt,
as it was taken again from the Langmuir probes at the target, a reasonable good agree-
ment of I'p+ and I'p is obtained. This shows that the inner divertor is recombination
dominated. Furthermore, the SBD measurements are also consistent with the ioniza-
tion gauge measurements in detached conditions where a comparison with the Langmuir
probe measurements is not possible. The SBD diagnostic can therefore be used to eval-

uate the electron density in the detached divertor volume. It should be noted here that
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Figure 4.10: Time traces of I'po measured by ionization gauges and calculated from SBD

measurements for the inner and outer divertor of discharge #24456.

the evaluation of the neutral flux density with the a/ RB method was done for the first
time.
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Chapter 5

Experimental investigations on

divertor detachment

In this chapter the experimental results concerning divertor detachment will be shown.
Before presenting the obtained classification of divertor detachment in section B2, the
setup of the discharges and the diagnostics used will be introduced in section B.Il There-
after, in section B3], the effect of Ny seeding and of a magnetic perturbation field on the
detachment process as well as the observation of divertor plasma oscillations will be

shown.

5.1 Experiment and diagnostic Setup

5.1.1 Discharge setup

A series of ohmic and L-mode density ramp discharges has been performed at ASDEX
Upgrade to study the detachment of the divertor. Since 2007, the plasma facing surfaces
of ASDEX Upgrade are completely covered with tungsten [74]. All discharges of this
series were in lower single null divertor configuration with a lower triangularity of § =
0.36, a plasma current of I, = 1MA, a toroidal magnetic field of B, = 2.5T and a
safety factor of qg5 &~ 4. The electron cyclotron resonance heating, ECRH, power was
varied from discharge to discharge. The fuelling species was changed between deuterium
and hydrogen and the field direction was changed between forward field (ion B x VB
drift towards the lower divertor, sec. Z3.2) and reversed field, see Table Bl Due to
the alignment of the divertor tiles, the magnetic helicity has to remain constant. Thus
B, and I, have to be changed simultaneously in reversed field operation. Within one
shot additional nitrogen was puffed into the divertor, in order to trigger the detachment
via removal of power in the SOL by impurity line radiation. Another discharge was

performed with an externally applied magnetic perturbation, MP, field (Tb. ETI).
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5 Experimental investigations on divertor detachment

Table 5.1: Table of plasma parameters that were varied during the series of density ramp

discharges.
shot # || PecruplkW] | Gas | Field special
27098 0 D | forward
27099 400 D | forward
27100 600 D | forward
27101 900 D | forward
27102 900 D | forward | MP field
27326 600 D | forward | Ny seeding
27283 0 D | reversed
27284 900 D | reversed
27286 1300 D | reversed
27360 0 H | forward
27361 1000 H | forward

In Figure BTl time traces of various plasma parameters for the discharge #27100 are
shown. The current flat top was reached at 1.3 s and a stable magnetic configuration at
1.8s. The strike point positions where then kept constant within a tolerance of 1 cm,
see Figure BJb. This magnetic configuration in the divertor is shown in Figure B2
Also shown in Figure is what will be called later on the inner and outer scrape-off
layer, namely the high and low field side divertor SOL, respectively. The strike point
positions had to be kept constant to measure the time evolution of the divertor plasma
with fixed geometry in order to exclude any geometric effects during the evolution of the
detachment. The gas fuelling ramp starts 150 ms after the stable magnetic configuration
has been reached. The gas input was thereby increased from 1-10%' up to 1-10?% atoms/s
with a rate of 1-10% atoms/sZ. Then the rate was increased to 3-10?! atoms s~ and the
fuelling was ramped up until the density limit occurred. The fuelling ramp leads to a
continuous increase of the plasma density and to the development of the detachment in
the divertor. This fuelling scheme was not changed within the series of discharges except

for the one with additional nitrogen seeding.

5.1.2 Diagnostic setup

Flush mounted Langmuir triple probes measure the ion saturation current density, jsa¢,
and the electron density, n.; and temperature, 7. ; at the divertor targets at the positions
shown in Figure 2. The ion flux, I'p+, is then calculated dividing js.; by the elementary

charge e, assuming pure deuterium plasmas. The spatial probe separation in poloidal
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5.1. Experiment and diagnostic Setup
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Figure 5.1: Time traces of a representative discharge #27100. Plasma current (blue) and
toroidal magnetic field (red) (a), relative positions of the inner (red) and outer (blue) strike
point position (b), applied ECRH power (green), total heating power including ohmic heating
(black) and total radiated power (c), plasma fuelling (blue), central (green)and peripheral
(cyan) line integrated plasma density (d), net power to the divertor targets (red) and total

power at the inner and outer target (black) measured by IR.

direction is ~ 2cm in the inner and ~ 2.5cm in the outer divertor. The temporal
resolution is At = 0.035ms. The electron density in the divertor volume is determined
with the SBD diagnostic [B8], see section EE3l The geometry of the extended line of
sight setup is also shown in Figure Bb.Zha.

Fast AXUV diode bolometers measure the radiation between 1eV and 8keV [(8]. This
measurement is not absolutely calibrated and has a time resolution of 200 kHz. The
positions of the the bolometer chords as well as the ionization gauges are shown in
Figure B2b. When these experiments were carried out, the interesting gauges behind

the inner and outer divertor (see sec. B4, fig. ELOl) were out of order.

In principal, the power flux onto the divertor targets can be calculated from the Langmuir
probe measurements according to equation 2212 However, as mentioned in section EZT.2,
the absolute value of the sheath heat transmission factor v is not well known and varies
for different divertor operating regimes. The target power flux density is in addition
routinely measured by an infrared camera (IR). In low recycling divertor conditions
this measurement can be used to deduce v [16]. But, in high recycling or especially
in detached conditions the IR measurement does not work anymore. The IR camera
measures light at a wavelength of 4.7 um 4+ 1 ym. In this range, there also exists a

deuterium line of the Pfund series (n = 7 — n = 5) at A = 4.65um. On top of
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5 Experimental investigations on divertor detachment

this, there are also molecular deuterium bands present in this spectral IR range. With
the transition from attached to detached conditions, the neutral density in the divertor
increases and therefore, the atomic and molecular deuterium radiation increases. In
addition, recombination can become dominant, which preferably populates the higher n-
states such as the upper level of this Pfund-line. The target temperature (and therefore
the IR emission from the target) decreases, however, and is then strongly disturbed by
this stray radiation. In order to verify this, one can make a power balance. In Figure bk
the net power to the divertor targets, P,.;, and the total power P, on the inner and outer
target measured by IR is shown. The net power is given by P, = Py — dW/dt — P44,
where Py, Prqq (Fig. BEJk) are the total heating power including ohmic heating and the
total radiated power measured by bolometry, respectively, and dW/dt is the change of
the stored energy. P, is derived by integrating the power flux density over the entire
target in poloidal and toroidal direction. It can bee seen, that at ¢t ~ 2.3s P, exceeds
P,e;. This is physically impossible and most likely the effect of the mentioned stray

radiation. Therefore, no target heat flux measurements are discussed in the following.

-0.60
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==
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Figure 5.2: (a): LOS for Stark broadening (blue) and fixed Langmuir probes (red). Also
shown is the AS and AR coordinate. (b): AXUV LOS (blue), ionization gauges (red) and

vertical interferometer chord (green).

5.1.3 The degree of detachment

Similar to a previous work at JET [79] the notation of degree of detachment, DOD, is
used as a marker for the onset and the magnitude of detachment. It is defined as the ratio
of the calculated (9$2¢) and measured ($15*) ion flux to the target. Following the simple

Two-Point-Model, the ion flux reaching the divertor target is proportional to the square
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5.1. Experiment and diagnostic Setup

of the upstream separatrix density n’?, see section ZZ2 and equation 228 Furthermore,
for Ohmic and L-Mode discharges it has been shown that n;® scales approximately
linearly with the line integrated plasma density, 7. [80]. Therefore ®%° is deduced from
a horizontal edge interferometer measurement and the degree of detachment is then
calculated as:

DOD = (I)CDalf _ Cy - (niep)2 _ C- ﬁg (51)

meas meas - meas
Jrmel P e

The total ion flux to the entire target is obtained by integrating over all Langmuir probe

measurements along the divertor surface:

mess _ on / Tps (S)R(S) dS

27 3 Tpe(i)R(i) - (S(i +1) . S 1)) (5.2)

Q

iprobes

It should be noted that the large separation between the third and the second uppermost
probe in the inner divertor (Fig. BZh) results in an additional uncertainty of ®%3. To
determine the two constants C' in Eq. Bl for the inner and outer divertor, the mean
values of ®1%(1.8s < ¢ < 1.9s) before the fuelling ramp are set equal to ®$¢. At this
time the inner divertor is already in a high recycling regime although this is the lowest

achievable main plasma density in these density ramp discharges.

calc

When the divertor plasma can be described by the simple Two-Point-Model, then %€ =
®7% and DOD = 1. The main assumptions of the model are that there is no significant
energy and pressure loss along a field line, see section ZZ2 Simply speaking, when the

pressure drops along a field line, hence detachment begins, ®1% becomes less than $%I°

and DOD > 1.

There could be other mechanisms leading to a less steep rise of @7 compared to the
TPM scaling such as e.g. a change of the ratio between conducted and convected heat
flux, see equations and 228 Therefore the onset of detachment at JET was defined
when the DOD calculated with the peak ion flux becomes larger than 2 while the DOD
calculated with the integrated ion flux is below 2. For this work, in contrast, the onset of
detachment is defined when ®7%* rolls over. The DOD is only used as a guide line, as it
will be shown that the roll over of ®7%* does not necessarily coincide with the condition

of the degree of detachment being lower than one.
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5 Experimental investigations on divertor detachment

5.2 Evolution of divertor detachment - the three de-

tachment states

The main observation of this work is that the detachment process in ohmic and L-mode
can be divided into three different states. In the first state, which will be called the
onset state, the first deviation from the simple Two-Point-Model scaling occurs. In the
second one, the fluctuating state, radiative fluctuations in the inner SOL close to the
X-point occur. When these fluctuations vanish, complete detachment over a large target
area sets in, giving this third state the name complete detachment state. Furthermore,
the characteristics of these states are a combination of both the inner and outer divertor
conditions, meaning that the behaviour of both divertors is coupled. These divertor
conditions will be described in the following for forward field direction and deuterium
fuelling (section BZTl), for forward field direction and hydrogen fuelling (section BZ2)
and for reversed field direction and deuterium fuelling (section BZ3).
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Figure 5.3: Left: Calculated and measured total ion flux to the inner (a) and outer target (c),
line integrated radiated power (e) measured by an AXUV diode (orange chord in Figure (.2b)
and its power spectrum (f). Right: DOD as a function of the line integrated peripheral plasma
density for the inner (b) and outer (d) divertor of discharge #27100. Note the logarithmic
scale of (b). The three detachment states (OS), (FS) and (CDS) are marked.
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5.2. Evolution of divertor detachment - the three detachment states

5.2.1 The three detachment states in forward field

In the following, the evolution of detachment in the inner and outer divertor with forward
field direction is described. Representative for all discharges of this series, which are
made in forward field, measurements of the discharge #27100 (Fig. BJl Th. BEIl) are
shown. The absolute values presented here are only valid for this specific discharge.
The qualitative trends of the various parameters during the three detachment states are,

however, valid for all discharges made in forward field with deuterium.
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Figure 5.4: Horizontal (a) and vertical (b,c) line integrated n. y profile in the divertor volume
and ne; (d,e), Te s (f,g) and I'p+ (h,i) target profiles in the inner and outer divertor, respectively,
of discharge #27100. The three detachment states are marked.
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5 Experimental investigations on divertor detachment

Figure shows the measured and scaled temporal evolutions of ®p+ and the corre-
sponding DOD as a function of the line integrated peripheral plasma density of the inner
and outer divertor. From this, the onsets of detachment of the inner and outer divertors
are set to t ~ 2s (f, ~ 1.5- 10 m™?) and t ~ 2.85s (n, ~ 3.3 - 10! m~2), respectively.
Before the onset of the inner divertor detachment at t < 2s, ®p+ to the inner divertor
is higher than that to the outer divertor. The ratio of both corresponds to the ratio of
the constants C, see Figure B3h,b: 1, /@9t =9.1/4.7=1.9

The target profiles of n.,, T.; and I'p+ measured by LP and the line integrated density
profiles in the divertor volume measured by SBD as a function of time are shown in
Figure B4l The AR coordinate for the inner vertical SBD LOS in Figure Bk is the
distance from the X-point along a horizontal line, the origin is at the X-point position
and negative values are in the inner SOL (see Fig. b.Za). Before the onset of the inner

2

divertor detachment (¢ < 2s) peak ion fluxes of I'p+ ~ 2-10*2 m~?s™! close to the inner

strike point and I'p+ ~ 1.5 - 1022m=2s7!

close to the outer strike point are measured,
respectively. Their ratio of F’g@ /T = 1.3 is more symmetric than the total ion flux
ratio of @, /@94 =1.9. This means that the inner ion flux profile is broader compared
to the profile of the outer divertor which indicates that the inner divertor is already in

a higher recycling regime, as mentioned above.

The electron density in the divertor volume is below the measurement range of n. >
4-10* m~3 of the SBD in both the inner and outer divertor. This is expected as the
density at the targets, measured by LP, is below 1.5 - 10 m—3, which corresponds to

a density at the recycling zone of n.y ~ 2-n.; ~ 3- 10" m™2 (section EZZZT], equation

2T3).

The onset of detachment state

The start of the onset state is defined when the first deviation from the Two-Point-Model
scaling occurs. This happens in the inner divertor, see above, where the measured ®p+

increases less strongly than the TPM scaling.

Inner divertor During this state, the ion flux close to the inner strike point, AS ~
1cm rolls over and drops to I'p+ ~ 1-10?2m~2s~! with increasing upstream density
(Fig. Bx4h). This is also visible in the total ion flux to the inner divertor which further
deviates from the TPM scaling (Fig. B3h) and the DOD increases (Fig. B3b). Also
ne+ close to the strike point decreases with increasing upstream density, but, in contrast,
increases in the far SOL at AS ~ 14cm up to n.; &~ 2.3 - 10 m™3 at the end of the
onset state (Fig. [k4d). This is consistent with the radiation distribution measured by
foil bolometry, shown in Figure B3 The radiation is higher in the inner far SOL than

close to the strike point. In addition, the electron density in the volume increases up
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5.2. Evolution of divertor detachment - the three detachment states
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Figure 5.5: Total radiation distribution from foil bolometry in the divertor at one time point
during the onset state for #27100.

to nep &~ 1.3 —2.3-102°m ™3 (Fig. BZh,b). All in all, this indicates that the plasma is
partially detached from the inner strike point region at the end of this state.

Outer divertor The outer divertor is still attached, in the conduction limited regime
and follows the simple TPM (DOD= 1) throughout this state (Fig. B3b.,d). With
increasing upstream density, the maximum of I'p+ and n.; increases during this state up
to4-10*2m~2s~! and 1.4-10" m~3, respectively, while T, ; drops to 25eV (Fig. Bdl,e,g).
The electron density in the volume stays below 4 - 101 m=3 (Fig. BEdk).

The fluctuating detachment state

This state is defined by the appearance of radiative fluctuations which are situated close
to the X-point in the inner SOL. During this state, the core plasma fuelling becomes less
efficient. Although the amount of the fuelling gas is steadily increased, the core plasma
density seems to saturate (Fig. B, ¢ ~ 2.9s). The characteristics of these fluctuations
and the evolution of the divertor plasma parameters during this state are described in

the following.

The X-point fluctuations The transition to this state is determined with a sudden
onset of a fluctuation band of f ~ 5.5 kHz (Fig. B3e,f), measured with the AXUV diodes,
which is observed for the first time. The width of this fluctuation band is Af ~ 3kHz
and the amplitude is about 1.5 times the original radiation level, which can be seen in the
time trace of an AXUV diode (Fig. B)). There is currently no other diagnostic available
measuring with such a high sampling rate in the according region in order to trace these
fluctuations back to the electron temperature or to the density or to a combination of

both.

65



5 Experimental investigations on divertor detachment
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Figure 5.6: Temporal evolution of the radiative X-point fluctuations measured by an AXUV
diode (orange chord in Figure B2b).
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Figure 5.7: Spectral power versus frequency for various AXUV diodes (black) and fit of an
exponential function on the background (red) of discharge #27100. The positions of the diodes
are shown in Figure
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5.2. Evolution of divertor detachment - the three detachment states

Figure 21 shows the power versus the frequency, averaged over the time interval from
2.4s to 2.6s, for various diodes. The width and the mean frequency are indicated for
a specific diode. With all AXUV channels the position of these fluctuations can be
located. The strength of the fluctuations is derived by integrating over the spectrum
after subtracting the background level, which can be approximated with an exponential
function. The fit of an exponential function on the spectrum is also shown in Figure
B The resulting fluctuation strength for all diodes is shown in Figure B8, where the
colour-code represents the strength. It can be seen that the radiative fluctuations are
located close to the X-point in the inner SOL.
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Figure 5.8: Intensity of the fluctuations for all AXUV channels of discharge #27100. The

colour-code represents the strength.

Inner divertor At the start of the fluctuating state, there is a sudden increase of ®p+
(Fig. BE3k) and I'p+ as well as an abrupt shift of the peak I'p+ position away from the
strike point from AS ~ 1cm to AS ~ 5cm (Fig. B4h). During this state, the ion flux at
this position first increases up to I'p+ ~ 3.2-10*2m~2s~! and then rolls over at t ~ 2.6s.
The target electron density at the strike point region shows the same shift and also
rolls over, see Figure B4d. In contrast, the electron temperature at the target steadily
increases up to T,; ~ 36eV (Fig. BAf). The ion flux in the far SOL at AS > 14 cm
increases throughout this state, whereas n.; in this region, which is higher than at the
strike point, rolls over during this state. The temperature in this region remains low,
Te:~4eV.

At the transition to the fluctuating state the peak density in the volume, n.y, shifts
from AS ~ 10cm to AS ~ 6 cm (FighEdb). Associated with the second roll over of I'p+
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Figure 5.9: Total radiation distribution from foil bolometry in the divertor at one time point
during the fluctuating detachment state for #27100. The estimated positions of the high

density fronts in the inner divertor are marked with the red circles.

and n., at the strike point region (Fig. B4h,d) a region of high density with a value of
~ 2.5 - 102 m~3 develops in the inner far SOL (AS ~ 15 cm, Fig. B4b). This density is
an order of magnitude higher than n., and 7n.. In the following these regions are called
high density fronts. The position can be verified with the vertical n.; measurements
(Fig. BE4h, AR = —14 cm) which are from the leftmost LOS (Fig. EZh) close to the
target. In addition, a second high density front starts to develop in the inner SOL close
to the X-point (Fig. BZh, AR = —2cm). As the region where the SBD diagnostic
measures the density corresponds to regions where the radiation is highest, the total
radiation distribution can be used as an approximation of the density distribution. The
radiation distribution for ¢ = 2.9 s is shown in Figure B9 and the approximated positions
of the high density fronts are indicated. It is also possible, according to the radiation
measurement, that this is just one density front rather than two. In any case, however,
the density front in the inner divertor expands into the inner far SOL at AS ~ 15cm,
consistent with the increase of the ion flux and target electron density in this region.
With increasing upstream density, first the spatial extent of this front grows into the

inner SOL and n,y rises up to & 2.5 - 10 m~3 and then rolls over.

Outer divertor During the fluctuating state the ion flux and the electron density at
the outer target first increase and then roll over as in the inner one (Fig. BEZk,i). The
peak positions of I'p+ and n.,; remain constant during the discharge. Moreover, ®7¢**
starts to surpass the TPM scaling, ®7)¢** > CID%l_lf, which in the following will be called
fluz enhancement. Consequently the DOD drops below 1, see Figure BE3d. Contrary to

the inner target, 7., also increases while I'p+ and n., increase and then rolls over (Fig.

Edk).
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5.2. Evolution of divertor detachment - the three detachment states

In line with this, the density in the outer divertor volume close to the strike point rises
by more than an order of magnitude up to n.y ~ 4-102m=3 (Fig. BE4k), reaching its
maximum after I'p+ and n.; rolled over. As the spatial extent of the Stark diagnostic
in the outer divertor is limited to AS < 15cm it can not be verified if there exists a
high density front in the far outer SOL or X-point region similar to the one in the inner

divertor.

The complete detachment state

The beginning of this state is defined when the X-point fluctuations disappear (Fig.
E3f). With the transition from the fluctuating state to the complete detachment state,
the core plasma fuelling becomes more efficient. This can be seen in the time traces of
the line integrated plasma density and the applied fuelling gas puff (Fig. Bl ¢ ~ 3s).
The plasma density increases faster at this point while the fuelling rate remains constant.
In the following, the evolution of the divertor plasma parameters are described in detail

and the occurrence of volume recombination will be discussed.

#27100 t=3.5s
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Figure 5.10: Total radiation distribution from foil bolometry in the divertor at one time point
during the complete detachment state for #27100.

Inner divertor With the start of the this state n.;, 1., and I'p+ at the strike point
region almost vanish (Fig. B4 fh). Thus the plasma is completely detached from the
target in this region. In contrast, there is a short increase of 7, ; in the private flux region
just after the beginning of this state (¢t ~ 3 s, Fig. B4f). However, the uncertainty in the
determination of the strike point position is & 1 cm and it is therefore possible that this
short increase of T, ; occurs in the SOL. In any case, it occurs close to the strike point.
Also the high density front at the strike point region disappears and moves along the

field lines towards and even above the X-point. With the horizontal and vertical n.y
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5 Experimental investigations on divertor detachment

measurements, the motion of the high density front can be monitored. At the beginning
the density front is located at AS = 15cm (Fig. BAb) and close to the target at
AR = —14cm (Fig. BEZh). Then the front moves in horizontal as well as in vertical
direction until it is close to the X-point at AR = —2cm and AS = 38 cm (which are the
uppermost horizontal LOS, Fig. B2k, being above the X-point). The final position of
the density front, at ¢ = 3.5, is consistent with the radiation distribution (Fig. BEI0),
which peaks well above the X-point.
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Figure 5.11: Time traces of the line integrated density (a,b), the emissivity of Dy (c,d) and
the line ratio Ds/D. (e,f) in the inner and outer divertor volume, respectively of discharge
#27100. See text for explanation.

Outer divertor At the transition from the fluctuating state to the complete detach-
ment state, ®p+ in the outer divertor becomes smaller than the TPM scaling and the
DOD exceeds unity (Fig. E3b,d). At this point, I'p+ at the outer target is already
strongly reduced by two orders of magnitude with respect to its maximum value (Fig.
E71). Also the density and the temperature at the target close to the strike point region
(AS < 5cm) have reached low values of n.; < 2 - 10 m~3 and Te: < 5eV. Moreover,
the high density front in the outer strike point region rapidly moves out of the spectro-
scopic observation area (AS < 15cm) at the beginning of this state (Fig. Bdk). In the
observed region the plasma is completely detached from the outer target, confirmed by
the measurement of the total radiation (Fig. |BI0), which peaks close to the X-point.
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5.2. Evolution of divertor detachment - the three detachment states

It is remarkable that the complete detachment happens simultaneously at the inner and

outer strike point region. This has not yet been observed elsewhere.

Evidence for volume recombination and low divertor temperatures The den-
sity in the divertor volume, the emissivity of Ds and the line ratio Ds/D,. is shown in
Figure BRIl First it can be seen that the Ds emission increases when the density has
decreased, in the inner as well as in the outer divertor. In other words, when the density
front has moved towards the X-point (above the blue dotted line in Fig. ETTh,c), the
line emission increases between the density front and the target (below the blue dotted
line). The total line emission coefficient, shown in Figure B4, increases with decreasing
temperature and reaches its maximum at 7, ~ 1.5eV. This peak corresponds to the
transition from an ionization to a recombination dominated plasma (sec. B2) and the
temperature is approximately ~ 1.5eV when the Ds emission peaks. Thereafter, when
the emission decreases, the line ratio of Ds/D,. starts to increase (below the red dotted
line in Fig. BITk,d,e,f). From Figure it can be seen that the line ratio increases when
recombination becomes dominant and the temperature is below 1eV. This is consistent
with the drop of the total line emission coefficient below T, = 1eV (Fig. B4). As these
are line integrated measurements, absolute values of Ds/D. can not be used. However,
it can be assumed that the radiation of Ds and D, is emitted from the same region and
a correct qualitative trend of Ds/D,. can be expected. It can be concluded from this
that, in the inner and outer divertor volume, recombination dominates and the electron

temperature is T, < 1€V in the regions below the red dotted lines in Figure B.T1L

5.2.2 Detachment in hydrogen

To disentangle isotope effects, several discharges of the density ramp series were per-
formed with hydrogen as main ion species (see Table [i.1]). The divertor plasma under-
goes the same three detachment states in hydrogen as in deuterium. The characteristics
of the different detachment states described above qualitatively hold also for a hydrogen
plasma with the following main quantitative differences. The ratio of the total ion flux
to the inner and outer divertor before the beginning of the fuelling ramp (¢ < 1.9s) is
i /o9t = 1.6 (Fig. BEIZh,c), which is more symmetric compared to the deuterium
fuelled case (@, /@91 = 1.9). The finally achieved DOD is ~ 40 and ~ 5 for the inner
and outer divertor, respectively (Fig. BI2b,d). This is much lower compared to the
deuterium fuelled case (inner DOD =~ 600, outer DOD =~ 12).

In addition, the radiative X-point fluctuations during the fluctuating detachment state
have a frequency of f ~ 8kHz in the hydrogen discharges. This frequency is roughly

the frequency in deuterium times the square root of the mass ratio of both species, see
Figure BET2d:
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Figure 5.12: Left: Calculated and measured total ion flux to the inner (a) and outer target (c),
line integrated radiated power (e) measured by an AXUV diode (orange chord in Figure (.2b)
and its power spectrum (f). Right: DOD as a function of the line integrated peripheral plasma
density for the inner (b) and outer (d) divertor of discharge #27362. Note the logarithmic

scale of (b). The three detachment states are marked.

5.2.3 The three detachment states in reversed field

In this section the evolution of the divertor plasma is described when B; and I, are
reversed and compared to the forward field case. Representative for all discharges of
the series which are made in reversed field measurements of the discharge #27284 (Tb.
ET)) are shown. When these discharges were carried out, the foil bolometry was not
available. Therefore, no measurements of the radiation distribution in the divertor can
be shown here. As in forward field, there are three different states during the evolution
of detachment. The qualitative development of the target parameters n., T.; and I'p+

in the inner, respectively outer target in reversed field is rather comparable to the outer,

72



5.2. Evolution of divertor detachment - the three detachment states

respectively the inner target in forward field. Whereas the density in the divertor volume

evolves quite similar in both field directions.
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Figure 5.13: Left: Calculated and measured total ion flux to the inner (a) and outer target (c),
line integrated radiated power (e) measured by an AXUV diode (orange chord in Figure [(.2b)
and its power spectrum (f). Right: DOD as a function of the line integrated peripheral plasma
density for the inner (b) and outer (d) divertor of discharge #27284. Note the logarithmic

scale of (b). The three detachment states are marked.

The measured and calculated temporal evolutions of ®p+ and the corresponding DOD
as a function of the line integrated peripheral plasma density of the inner and outer
divertor are shown in Figure The onsets of detachment (roll over of ®p+) of the
inner and outer divertors are therefore at t ~ 2.4s (7, ~ 2.1-10m™2) and t ~ 2.5s
(Ne &= 2.5 - 10" m™2), respectively. Before the start of the fuelling ramp, ¢ < 1.9s, the
total ion flux to the outer target is larger than to the inner target, ®%4 /® = 3.6 (Fig.
ET3h,c). This ratio is less symmetric compared to the forward field case and, contrary
to forward field, in favour of the outer divertor.

Figure B.I4l shows the inner and outer target profiles of n.;, T, ; and I'p+ as well as the
density measurements in the inner and outer divertor volume. Before the start of the

fuelling ramp, peak ion fluxes of I'p+ ~ 8-10*' m~2s7! and I'p+ ~ 5.2-102m2s7! close
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5.2. Evolution of divertor detachment - the three detachment states

to the inner and outer strike point are measured, respectively.

The onset of detachment state

As in forward field, the start of the onset state is defined by the first deviation from the
TPM scaling. This happens, similar to forward field, in the inner divertor. Contrary
to forward field, the X-point fluctuations appear already in this state. Their amplitude

grows during this state until, at the end of this state, its maximum is reached.

Inner divertor Contrary to forward field, the measured total ion flux increases more
strongly compared to the TPM scaling (Fig. EEI3k). Thus, the flux enhancement occurs
now in the inner divertor and the DOD falls below unity (Fig. BI3b). During this state

2s7!and n.; ~ 6 - 10 m ™3, respectively,

['p+ and n., increase up to I'p+ &~ 51022 m™
and then roll over. The target temperature first decreases with increasing n., and I'p+
and increases when n.; and I'p+ roll over (Fig. BT4d,fh). Associated with the roll over,
a high density front of n.y &~ 2-10%* m—2 develops in the SOL at AS ~ 7 cm, see Figure
BETdb. It should be noted that, while I'p+ increases between t = 2.1s and ¢t = 2.3 s, there
seems to be a shift of I'p+ back to AS ~ 4cm at t = 2.2s (Fig. ikTdh). But it is more

likely that the peak of the ion flux profile moves between to probe positions in this case.

Outer divertor The measured ®p+ follows the TPM scaling throughout this state and
the DOD is 1, see Figure B.I3b,d. The peak position of I'p+ and n., remains constant
during the discharge (Fig. BIdk,i). ['p+ rises up to ~ 1.6 - 102 m~2s~! and n.; up to
~ 5-10¥m™3. Similar to the inner divertor in forward field, the electron temperature
at the target increases with increasing I'p+ and n.; throughout this state (Fig. B14k).
The density in the volume close to the strike point increases up to ~ 1.5-102°m=3,

Figure b.Tkc.

see

The fluctuating detachment state

In reversed field, the start of this state is defined when the strength of the X-point

fluctuations reaches its maximum, see Figure B.T3f.

The X-point fluctuations Contrary to forward field, two frequency bands, one at
f ~ 4.5kHz and one at f ~ 9kHz are observed (Fig. BI3If). The width of each of these
frequency bands is Af ~ 3 kHz, which is similar to forward field.

The maximum of the fluctuations is still located in the inner SOL close to the X-point,
see figure Their spatial extent, however, is larger than in forward field and seems

to expand into the outer divertor SOL.
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Figure 5.15: Intensity of the fluctuations for all AXUV channels of discharge #27284. The

colour-code represents the strength.

Inner divertor During this state, the ion flux and the target density steadily drop
further to I'p+ ~ 5-102'm~2s7! and n.; ~ 7-10®¥m~3, respectively (Fig. BI4d,h).
Furthermore, the profile of n., is getting broader. The target temperature first increases
further up to 7, ~ 13 eV and then rolls over within this state (Fig. BI4f). Associated
with the further decrease of I'p+ and n., the high density front at the strike point region
(AS < 10cm) rises up to ney &~ 3.7 - 10 m™ and then rolls over when T, rolls over
(Fig. BT4b). Linked to the fluctuations high density fronts of n, ~ 3 -10°m=3 (Fig
BT4k,b) develop in the inner far SOL (AS = 15 c¢m) and X-point region (AR ~ —2cm).
This is similar to forward field. Contrary to forward field, the X-point high density front

reaches its maximum at the end of the fluctuating state.

Outer divertor ®p+, I'p+ and n.; roll over at the start of this state (Figs. BEI3b,
ETZk,i) and the DOD exceeds unity (Fig. BI3d). The target temperature steadily
increases throughout this state up to 7, ; ~ 50 eV (Fig. bIdk). Furthermore 7, ; strongly
fluctuates, which is most likely linked to the radiative X-point fluctuations. As the time
resolution of the Langmuir probes is too slow, a correlation analysis with the AXUV
diodes can not, however, be made. Associated with the further decrease of I'p+ and n 4,

the high density front at the strike point region increases up to n. ~ 3 -10** m=3 during

this state (Fig. BTdk).
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5.2. Evolution of divertor detachment - the three detachment states

The complete detachment state

The beginning of the complete detachment state is defined, similar to forward field, when

the radiative X-point fluctuations vanish.

Inner divertor At the start of this state, the target parameters at the strike point
region (AS < 10cm) have already reached very low values of I'p+ < 2- 102! m~2s7!,
Netr < 3-108¥m™3 and T,; < 2eV (Fig. ET4d,fh). Also the high density front in this
region has vanished (Fig. BEI4b), indicating that the plasma is completely detached from
the inner strike point region. Moreover, similar to forward field, the high density front

from the inner strike point region moves upwards along the field lines well above the
X-point (Fig. BIdh,b).
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Figure 5.16: Time traces of the line integrated density (a,b), the emissivity of Dy (c,d) and

the line ratio Ds/D. (e,f) in the inner and outer divertor volume, respectively of discharge
#27284.

Outer divertor The ion flux and the density at the target drop further during this
state (Fig. BIde,i). Similar to the inner divertor in forward field, the electron temper-
ature at the strike point region (AS =~ 5cm) starts to decrease (here to T.; ~ 6¢V at
the end of the discharge) while there is a short strong increase of T¢; in the private flux
region (Fig. ikT4k). The high density front in the strike point region (AS < 10 cm, Fig.
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5 Experimental investigations on divertor detachment

B.T4c) is reduced by =~ 50% to n, =~ 1.5 10* m—3 during this state. The position of
the peak n.y moves slightly upstream, but, contrary to forward field, stays in the strike

point region until the end of the discharge.

Evidence for volume recombination and low divertor temperatures Similar to
forward field, there is evidence for volume recombination and therefore electron temper-
atures below = 1 eV in the inner and outer divertor. Figure .18 shows the density in the
divertor volume, the emissivity of Ds and the line ratio Ds/D,. It can be seen again that
the line emission increases when the high density front has moved away from the target
(below the blue dotted line in Fig. BI6h,c), indicating temperatures of ~ 1.5eV when
the emission reaches its maximum. When the line emission decreases, the Ds/D, line
ratio increases, and electron temperatures below ~ 1eV can be expected in the regions
below the red dotted lines in Figure B.I0

5.3 Additional effects

In this section, the effect of additional Ny seeding and an additional magnetic pertur-
bation field on the detachment process will be presented. Furthermore it will be shown
that, under certain conditions, the divertor plasma oscillates between the onset and

fluctuating detachment state back and forth.

5.3.1 Effect of impurity seeding during the fluctuating state

It was mentioned in section that, besides increasing the main plasma density, the
temperature can be reduced by injecting additional impurities. In this section it will
be shown how Ny seeding alters the detached divertor plasma conditions. In ASDEX
Upgrade, it is possible to puff impurities below the divertor dome into the plasma in
a feedback controlled way [81], which then cool the divertor plasma via line radiation.
The amount of injected nitrogen is controlled with a shunt measurement of the thermo-
electric current into the outer divertor target, yielding an approximation for the divertor

temperature, T o, [S1].

Effect of N, seeding during the fluctuating state

Such a feedback controlled Ny puffing was applied during the fluctuating detachment
state in forward field. This discharge #27326 is an identical repeat of the reference
discharge #27100 (Table Bl) with the following exception. When the fluctuating de-
tachment state was established, the fuelling gas puff and hence the plasma density were

kept constant. Then the N, seeding was applied. In Figure BT time traces of the
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Figure 5.17: Time traces of (a) D fuelling (blue), Ny puff (red), line integrated core plasma
density (green); (b) requested (black) and measured (blue) T} sp; (c) spectrogram of an AXUV
diode of discharge #27326.

applied D and Ny puff as well as the line integrated plasma density are shown. The
feedback impurity gas puff starts at 2.5s and is controlled such that T; ;, is decreased
from ~ 12 to ~ 2eV. As mentioned before, this is just an approximation of the di-
vertor temperature. The requested 7} 5, as well as the measured one is shown in Figure
BT7b. Due to the delay of the temperature response on the injected Ny and the feedback
controller itself, Ny was puffed intermittently. This is why there are oscillations of T} 4,
around the requested value.

Figure depicts I'p+ at the target and n.y in the divertor. With the decrease of
the temperature due to the Ny seeding, I'p+ on the inner and outer target is reduced
by ~ 50% (Fig. BI8d,e). The frequency of the X-point fluctuations is lowered to
~ 1kHz (Fig. BEI7c) during phases where the T; g, oscillations are around the minimal
temperature values. The frequency at the maxima starts at f ~ 5.5kHz for T} 4, =
12eV and decreases to f ~ 3kHz for T} 5, = 4eV. Moreover, the densities of the high
ne,v fronts in the inner far SOL, inner X-point region and outer strike point region,
characteristic for the fluctuating detachment state, are also reduced by =~ 50% (Fig.

[ T8h,b,c) during the phases where T} 4, is close to a local minimum.
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Figure 5.18: Horizontal (a) and vertical (b) line integrated n.y profile and I'p+ (d) in the
inner divertor. Vertical (c) line integrated n.y profile and I'p+ (e) in the outer divertor of
#27326. The three detachment states are marked.
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High power H-mode discharges with N, seeding

A similar effect is observed in high power, high density H-mode discharges. N, seeding
is routinely used in these high power discharges to reduce the power load to the outer
divertor target. Besides this cooling effect, Ny seeding leads to an improved confinement
[82]. The underlying physics of this confinement improvement is not yet completely
understood [83].
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Figure 5.19: Time traces of (a) NBI heating (red), Ng puff (green); (b) I'p (red & magenta),
ne,v from V2; horizontal (c) and vertical (d) line integrated n. 1 profile in the inner divertor
of discharge #26302.

In Figure B.T9 time traces of such a discharge with [, = 1MA, B, = —2.5T and n. =
8.2- 10" m=2 are shown. The NBI heating power was increased stepwise from 5 MW to
10 MW and a constant Ny puff was applied at ¢t = 3.5s. In the phase without Ny puff a
high density front around 5-10% m~3 is measured in the upper part of the inner divertor
via the Stark broadening diagnostic (Fig. BEI9c,d). This is supported by a vertical
interferometer measurement. The position of the interferometer chord (V2) is shown in
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Figure BE2b. Knowing the density profile of the confined plasma, one can subtract this
part from the interferometer measurement, giving the line integrated density in the far
SOL [84]. With an intersection length of ~ 10 cm of the cord in the SOL, n, - of the order
of 1-10* m~? are measured (Fig. EI9b), in line with the Stark measurements. Moreover,
high neutral fluxes, I'p, are measured with fast ionization gauges at the X-point hight

(F20) and above (F11), see Figure B.I9b and Figure B2b.

The applied Ny puff leads to a strong reduction of both n.y and I'p of &~ 50% in the
inner divertor. Also they do not extend far upwards anymore. As the AXUV diodes
where not yet available when this discharge was carried out, it is not known whether the
radiative X-point fluctuations are also present in this discharge and being suppressed
with Ny seeding. But the characteristics of the high density fronts in the inner SOL
are similar to those of the L.-mode discharge #27326 discussed in the previous section.
Namely the high density fronts in the inner far SOL and X-point region are suppressed
with Ny seeding. When the heating power is further increased by 2.5 MW (Fig. at
t = 3.8s) while the amount of injected Ny stays constant, the high density and I'p, fronts
in the far SOL are re-established.

5.3.2 Effect of magnetic perturbation coils

When theses experiments were carried out, ASDEX Upgrade was equipped with eight
in-vessel saddle coils [85] in order to externally produce magnetic perturbation fields
(MP). They are located at the low field side, four coils are mounted above and four
coils are mounted below the midplane. The discharge #27101 was repeated with the
coils switched on (Table B1). The magnetic perturbation field produced by the coils
has a toroidal mode number of n = 2 and the currents of the upper and lower coils,
I,y = 1kA, are applied with odd parity.

Figure shows ®p+ and the power spectrum of an AXUV diode of discharge #27101
(without MP) in comparison with discharge #27102 (with MP). Before the onset of
detachment, the total ion flux to the inner target is 3.4 - 10?2s~! with and without MP.
With MP ®p+ in the outer divertor is slightly higher (®p+ = 1.8 - 10**s71) compared
to the case without MP (®p+ = 1.6 - 10*s7!). The onset of detachment and the
transition into the fluctuating state occur with and without MP at the same time. Also
the temporal evolution of ®p+ (Fig. B20), ®p+ and n.y (Fig. BZ) in the inner and
outer divertor evolve with and without MP similar up to the fluctuating state. The
peaks of ®p+ at the beginning of the fluctuating state without MP (Fig. B20h,c) are
the divertor plasma oscillations discussed in the next section, which are suppressed by
the magnetic perturbation.

The first effect of the applied MP happens when the outer I'p+ rolls over. With MP the
outer I'p+ then drops abruptly (Fig. B220d). This determines the end of the fluctuating
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Figure 5.20: Calculated and measured total ion flux to the inner (a,b) and outer target (c,d),
line integrated radiated power (e,f) measured by an AXUV diode (orange chord in Figure .2b)
and its power spectrum (g,h) without (left column, #27101) and with (right column, #27102)
MP, respectively. The three detachment states are marked.
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Figure 5.21: Horizontal (a,b) and vertical (c,d) line integrated n.y profile and I'p+ (g,h) in
the inner divertor. Vertical (e,f) line integrated n. y profile and I'p+ (i,j) in the outer divertor

without (left column, #27101) and with (right column, #27102) MP, respectively. The three
detachment states are marked.
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Figure 5.22: DOD as a function of the line integrated peripheral plasma density for the inner
(a) and outer (b) divertor without (red, #27101) and with (blue, #27102) MP. Note the

logarithmic scale of (a). The three detachment states for both cases are marked.

state (Fig. i220h). In the case without MP, the end of the fluctuating state occurs when
the measured I'p+ falls below the TPM scaling (Fig. B.20d). The complete detachment
state with MP can be divided into two parts. At the beginning of the complete detach-
ment state the high density fronts in the inner far SOL and X-point region disappear
(Fig. E2ZIb,d). The plasma is completely detached from the inner strike point region
(Tp+(AS < 8cm) < 1-10*' m~2s7!, but the peak I'p+ in the far SOL shifts towards the
strike point (Fig. B2T). The peak 'p+ at the outer strike point drops at the beginning
of the complete detachment state to I'p+ ~ 6.9 - 1022 m~2s~!, which is comparable to
the case without MP (Fig. 2Z11,j). The high density front in the outer divertor moves
upstream (AS = 2cm to AS = 5cm) and, contrary to the case without MP, stays in
this region (compare Fig. B2T,h, > 3.2s). During the second part of the complete
detachment state with MP this outer high density front moves out of the region cov-
ered by the Stark diagnostic. The DOD with and without MP is shown in Figure B.22.
It can be seen that the outer divertor detaches slightly earlier with MP. Furthermore,
with MP detachment in the inner and outer divertor proceeds faster with respect to
the upstream density. Consequently, the density limit occurs earlier with MP, i.e. at

ned9e = 4.6 - 101 m~2 compared to n¢%¢ =5 - 10 m~2 without MP.

5.3.3 Divertor plasma oscillations

At medium to high main plasma densities and the heating power close to the L-H transi-
tion threshold the divertor plasma oscillates back and forth between two different states.
This situation was observed for example in discharge #27101 of the density ramp series
(Fig. B2Z3R24). The oscillations start at ¢ = 2.4s and, as the main plasma density

is steadily increased, disappear at ¢t = 2.5s. When all plasma parameters are kept
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constant, these oscillations do not disappear and can be maintained throughout the dis-
charge (#24664, not shown here). In the first state, the D, radiation is high in the inner
divertor and low in the outer divertor, the neutral fluxes are high in the inner divertor
and low in the private flux region and the line integrated plasma density is low (Fig.
B.23 left side). In the second state, the conditions are the other way around (D, radia-
tion in the inner divertor is low and high in the outer divertor, etc). For this particular
discharge the frequency of this oscillations is f ~ 40 Hz. Overall frequencies in the range
of 25 Hz < f < 60 Hz for this kind of oscillations were found at ASDEX-Upgrade.

Pulse No: 341.54
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Figure 5.23: Left side from top to bottom: Time traces of line integrated plasma density,
T} sp in the outer divertor, I'p in the inner divertor (red) and private flux region (black), D,
emission in the inner (red) and outer (blue) divertor of ASDEX Upgrade discharge #27101.
Right side from top to bottom (taken from [86]): Time traces of line averaged plasma density,
total radiation in the divertor, neutral pressure in the inner divertor and private flux region,

D,, emission in the inner and outer divertor of JET discharge #34154.

Divertor plasma oscillations were previously found at JET with the MkI divertor [86].
The conditions under which these oscillations appear (medium to high densities and
heating power close to the L-H threshold) and the characteristics of the two states
between which the plasma oscillates (Fig. B2Z3, right side taken from [86]) are similar to
those reported here.

With the previously given characterization of the three detachment states (section B2
the two states between which the plasma oscillates can be identified, namely the onset
and the fluctuating state. Before the oscillations (¢ < 2.4s), the divertor plasma is in

the onset state. With the first oscillation the plasma is in the fluctuating state. This
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5.3. Additional effects

means that the, for this state distinctive, high density front appears in the inner far
SOL and X-point region (Fig. (224b,a) as well as in the outer strike point region (Fig.
E24c). Consequently I'p+ also increases in the inner and outer divertor (Fig. B24d,e).
Then the divertor plasma oscillates between both states. After the oscillations (¢ > 2.55)
the divertor is in the fluctuating detachment state. While the main plasma density is
steadily increased, the divertor plasma develops further as described in section and

enters the complete detachment state.

x-point AR (cm)

inner AS (cm)
outer AS (cm)

inner AS (cm)
outer AS (cm)

f (kHz)

P (MW m?)

2.3 24 25 2.6 2.7
Time (s)

Figure 5.24: Horizontal (a) and vertical (b) line integrated n.y profile and I'p+ (d) in the
inner divertor. Vertical (c) line integrated n. profile and I'p+ (e) in the outer divertor. Line
integrated radiated power (f) measured by an AXUV diode (orange chord in Figure bZb) and
its power spectrum (g) of #27101.

The oscillations are also apparent in the spectrogram of the AXUV diode signal (Fig.
BE24f g). If the divertor plasma is in the fluctuating state, the radiative X-point fluc-
tuations appear. When the divertor plasma oscillates back into the onset state, the

fluctuations disappear. During the fluctuating state the D, radiation and the neutral
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pressure in the inner divertor is low (Fig. B23)). It is remarkable that in JET during the
same state sub-oscillations in the D, signal with much higher frequency (with respect

to the frequency of the plasma oscillations) were observed, as stated in [86].
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Chapter 6

Summary and discussion of the

experimental results

6.1 Summary

During the evolution of divertor detachment three different distinct states where found
wherein the behaviour of the inner and outer divertor is strongly coupled. The charac-
teristics of these detachment states will be summarized with respect to the forward field

case, which was the most extensively investigated case.

The start of the first detachment state, the onset state, is defined when the first deviation
from the Two-Point-Model (TPM) scaling occurs. This happens in the inner divertor
with the roll over of the ion flux density, I'p+, (DOD> 1) and the target electron den-
sity, n.., close to the strike point. Associated with this roll over, the electron density
in the inner divertor volume, n.y, starts to increase. The outer divertor follows the
TPM scaling (DOD= 1) throughout this state, i.e. I'p+ and n., increases with increas-
ing upstream density, whereas the target temperature, 7, ,, decreases (consistent with

equations Z226HZ.2).

#27100 t=255s . #27100 t=29s #27100 t=3.55

Figure 6.1: Total radiation distribution from foil bolometry in the divertor for three different
time points of #27100. See text for explanations.

The appearance of radiative fluctuations characterizes the start of the second, the fluc-
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6 Summary and discussion of the experimental results

tuating detachment state. These fluctuations have a mean frequency of f ~ 5.5kHz, a
width of A f ~ 3kHz and are situated in the inner SOL close to the X-point. In hydrogen,
the mean frequency is increased by the square root of the mass ratio of both species, i.e.
f ~ 8kHz. At the beginning of this state, the total ion flux, ®p+, to the inner divertor
and I'p+ and n., close to the inner strike point suddenly increase. In addition, there is
a jump of the peak I'p+ and n., position in the strike point region from AS ~ 1cm to
AS = 5cm at the transition to the fluctuating state. With increasing upstream density,
I'p+ and n.; at the strike point region (AS ~ 5cm) roll over. After the roll over of
I'p+ and n., at the strike point region, T¢, in this region increases. This behaviour
is consistent, since the momentum loss factor, which accounts for the momentum, and
therefore I'p+ and n. ., removal in equation Z24] causes an increase of the temperature
(eq. Z26)). After the roll over, n.y increases further. In order to remove momentum via
CX-collisions, a high neutral density (gas-target) must exist in front of the target (sec.
223). At the boundary of this gas-target in the SOL, the plasma parameters still follow
the TPM scaling (e.g n. o 12, eq. EZ17). The density in the divertor volume should
therefore continue to increase with increasing upstream density, being in agreement with
the measured evolution. The position and spatial extend of this high density front can be
approximated by the distribution of the total radiation in the inner divertor (red circle
in Fig. BIh).

During the fluctuating detachment state, high density fronts develop also in the inner
far SOL and X-point region, whose estimated positions are indicated by the red circles
in Figure BEIb. According to the bolometric measurement, it is also possible that this
is just one density front rather than two. In any case, however, the density front in
the inner divertor expands into the inner far SOL at AS = 15cm, consistent with the
measured increase of the ion flux and target electron density in this region. Therefore, a
mechanism must exists, which brings more particles to the far SOL, possibly caused by

an increase of the turbulent radial transport (eq. ZZ4) in this region.

At the end of the fluctuating state, the fuelling of the main plasma becomes less efficient,
i.e. although the fuelling puff is constantly increased, the main plasma density almost
saturates. Based on the stability theory of detached plasmas (sec. EZZ3), the main
plasma density cannot be increased further by gas puffing at a certain point. Then,
the dense plasma buffer in the SOL must increase and move towards the X-point (sec.
223). Indeed, a decrease of n.y at the inner strike point region and an increase of n. y
in the inner far SOL and X-point region is measured during the phase in which the main
plasma density increases less strongly than the fuelling puff (compare also FigliTh,b).

The total ion flux to the outer divertor first increases more strongly than the TPM scaling
(DOD< 1) and then rolls over during the fluctuating detachment state. Consequently,
nev steadily increases. The effect of DOD< 1, namely the flux enhancement, will be

discussed below.
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6.1. Summary

The transition to the complete detachment state is defined when the radiative X-point
fluctuations vanish. At this transition, the inner and outer divertor simultaneously start
to detach completely from the strike point region. The complete detachment is defined
here when the target parameters I'p+, n., and T, drop to significant lower values and,
the main point, when the high density front in the strike point region decreases (In
contrast, the onset of detachment is defined here by the roll over of the total ion flux,
®p+). In the outer divertor, the high density front moves out of the area covered by the
SBD diagnostic. In the inner divertor, the movement of the high density front during
this state from the target towards and even above the X-point can be monitored. This
is consistent with the total radiation distribution before the complete detachment state
[EIb) and at the end of this state (k). It was shown by means of spectroscopy, that,
once the high density front has moved away from the target, recombination is dominant
and temperatures are below ~ 1eV in the region between the high density front and
the target. This is expected, as first a high density is necessary in order to remove
momentum from the plasma, slowing down the plasma flow to the target. This triggers,
in combination with temperatures below &~ 1€V, the recombination process. In addition,
the total radiated power in the main plasma and SOL almost equals the total applied
heating power at the end of the complete detachment state (Fig. BJlc). This indicates
that more than =~ 90% of the power entering the SOL is radiated before reaching the
target.

The main differences between the forward field case and the reversed field case are
summarized in the following. In reversed field, the radiative X-point fluctuations consist
of two frequency bands of f ~ 4.5kHz and f ~ 9kHz, their width of Af ~ 3kHz is
similar to the forward field case. The spatial extent of the fluctuations is larger compared
to forward field and seems to expand into the outer divertor SOL. In reversed field, their
amplitude grows already in the onset state and the maximum amplitude is reached in

the fluctuating state.

In forward field, before the onset of detachment, the total ion flux, ®p+, to the inner
target is larger than to the outer target. In reversed field the total ion flux to the outer
target is larger. The first deviation from the TPM scaling is, in forward field, a less steep
rise of ®p+ compared to the scaling (DOD > 1) and in reversed field a stronger increase
(DOD < 1, the flux enhancement). The finally achieved DOD is for both field directions
larger in the inner than in the outer divertor. The ratio of DOD(in)/DOD(out) becomes

more symmetric in reversed field (= 50 in forward field, ~ 1.5 in reversed field).

Furthermore, the effect of Ny seeding during the fluctuating state in forward field was
investigated. With additional Ny seeding during the fluctuating detachment state, the
ne values of the high density fronts in the inner far SOL, inner X-point region and
outer strike point region are reduced by ~ 50%. ®p+ to the inner and outer target is

reduced by ~ 25%. Also the frequency of the radiative X-point fluctuations is reduced
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6 Summary and discussion of the experimental results

to f ~ 1kHz with Ny seeding. A similar effect is observed in high power, high density
H-Mode discharges. Here, the density reduction of the high density front in the inner far
SOL is confirmed with a vertical interferometer measurement. In addition, a reduction
of the neutral fluxes by ~ 50% is measured in the far SOL with Ny seeding compared to

non seeding phases.

Finally, the effect of an additional magnetic perturbation, MP, on the detachment process
was studied. Detachment proceeds similarly with and without MP until the outer ®p+
rolls over. With MP, this roll over is followed by an abrupt and strong drop of ®p+ in the
outer divertor, and by the disappearance of the radiative X-point fluctuations and the
high density fronts in the inner far SOL and X-point region. Moreover, the detachment

of the inner and outer divertor proceeds faster with MP.

6.2 Discussion

The observations, summarized above, gave rise to questions, for which possible theories

will be discussed in the following.

Ion flux asymmetry Before the onset of detachment, in forward field, the ratio of the
total ion flux reaching the inner and outer divertor is asymmetric and in favour of the
inner divertor (®%, /&% = 1.9). When the field direction is changed, this ratio is still
asymmetric but now being in favour of the outer divertor (®9f /@, = 3.5). A possible
explanation of this, as proposed in [43], is the combination of the radial drift, I'%", and
the poloidal drift in the private flux region (PF), I'&4 induced by E x B forces (sec.
E33). In forward field, T is directed from the outer SOL across the separatrix into the
PF and from the PF into the inner SOL (Fig. EZb). The poloidal drift flow, I'& in the
PF is directed from the outer to the inner divertor (Fig. Z2Zh). For similar conditions,
such a flow in the PF has been measured in JT-60U [87] and ASDEX Upgrade [88] and
was associated with T'&". Thus, the combination of both T% and E, x B in the private
flux region brings more particles to the inner divertor in forward field and more particles

to the outer divertor in reversed field and can explain these asymmetries.

Furthermore, the finally achieved DOD is, for both field directions, larger in the inner
divertor. This is consistent, as these E x B drifts should become less important or
even negligible at high densities (sec. E32). In addition, for both field directions
the roll over of ®p+ happens first in the inner divertor. The ratio of the peripheral
line integrated plasma density at the roll over in the inner and outer divertor is in
reversed field 7ie /N our =~ 2.1/2.5 = 0.84. In forward field this ratio is e in/Neout =
1.5/3.3 = 0.76. Taking the second roll over (see next point) in forward field, the ratio

iS Ne in/Tee out = 2.9/3.3 = 0.88, which is comparable to reversed field and indicates that
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6.2. Discussion

the influence of the E x B drifts became negligible.

#27100

#27100 t=18s t=209s

Figure 6.2: Total radiation distribution in the divertor for two different time points of #27100.

See text for explanations.

The two roll overs in forward field In forward field, two roll overs of I'p+ are
observed in the inner divertor strike point region, one at the onset state and one at the

fluctuating detachment state.

A possible reason for the early first roll over followed by a second roll over in the inner
divertor in forward field could be a geometric effect of the divertor structure. The lower
tile of the inner divertor target is tilted towards the separatrix, i.e. the angle between
the target normal and the horizontal axis is negative (white arrow in Fig. E2h). In the
onset state the ion flux profile is radially not very broad, which is supported by the total
radiation distribution (Fig. E2h). Recycled neutrals are released from the lower inner
target and released in a cos? distribution cone around the target normal, hence back
to the strike point region (white arrow in Fig. [E2h). This would enhance the neutral
pressure in the inner strike point region, which increases the probability for CX-collisions
to remove momentum, thus the ion flux would decrease, as observed. At the transition
to the fluctuating state, a mechanism sets in which brings more particles to the far SOL,
i.e. to the upper tile of the inner target (Fig. 62h). Once the ion fluxes to this upper tile
are strong, and therefore recycling from this tile becomes strong, the situation should
change. The upper tile curves backwards, i.e. the angle between the target normal and
the horizontal axis becomes positive. If recycling takes place at this upper tile (high ion
fluxes are measured in this region during the fluctuating state, confirmed by the radiation
distribution Fig. BE2b), neutrals will be released into regions further upstream (white
arrows in Fig. 2b). This should change the divertor plasma conditions and could be
the reason for the second increase and roll over of the ion flux in the inner divertor. In
order to verify this theory, similar discharges can be made with different positions of the
strike point. With a lower strike point, a higher density would be needed to push the

ion flux to the upper tile of the inner divertor.
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6 Summary and discussion of the experimental results

Most of the outer target, however, is constantly tilted away from the separatrix. In
reversed field, ®p+ in the outer diVGI‘tOIH scales longer with the TPM compared to
forward field, then rolls over and decreases continuously. No second roll over is observed,

which is consistent with this divertor geometry model.

In the high density, high power H-mode, discussed in section B3] high densities, target
ion fluxes and neutral fluxes are measured at the entrance of the inner divertor (indicated
with the white circle in Fig. B2b) without Ny seeding. Recycled neutrals originating from
this target region should have a much higher probability to reach the main plasma, where
they are ionized and cool the main plasma, than the neutrals which are released from
the strike point area and mainly ionize in the SOL. With N, seeding, the high density
region at the entrance of the inner divertor was measured to shrink, which should result
in less recycled neutrals reaching the main plasma. This then could allow for higher
pedestal temperatures, which where observed in improved H-Modes with Ny seeding [83]
and suggested to be the explanation for the increased confinement of improved H-Modes

with Ny seeding.

Flux enhancement The flux enhancement, which is defined here when the total ion
flux is larger than the Two-Point-Model scaling, occurs in the outer divertor in forward
field and in the inner divertor in reversed field. In forward ﬁeldﬁ, during the fluctuating
state, a high electron density is measured in the inner far SOL and X-point region,
while the density in the strike point region is reduced (see the radiation distribution
as an indication). Recycled neutrals, originating from the strike point region, could
therefore pass the inner SOL, the private flux region and reach the outer SOL. Namely,
the inner divertor strike point region becomes transparent for neutrals (blue arrows in
Fig. E2b). It has been shown previously at ASDEX Upgrade [89] that, under similar
conditions, the inner divertor becomes transparent for neutrals and the neutral fluxes
measured in the inner divertor and private flux region are equal. These neutrals, which
reach the outer divertor SOL, will ionize there. This leads to additional radiation losses
(fpow > 0 in equation ZZZ0) in the outer SOL. As a consequence, the ion flux at the target
increases (eq. Z228), consistent with the observations. In addition, these ionized neutrals
should provide an additional particle source in the outer SOL, resulting in a fraction of
power being convected (feony > 0). This may explain the increase of the outer target
temperature (eq. Z20) during the flux enhancement phase, while the target ion flux and
density also increase. In total, this would then be a combination, or competition, of the

Jpow > 0 and feony > 0 effects.

'As in forward field the inner divertor receives the higher ion flux before the onset of detachment

while in reversed field this is the outer divertor, these two cases are compared
2In the explanation for reversed field, the inner and outer divertor would simply change
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Radiative X-point fluctuations Once the X-point fluctuations are triggered, a high
electron density is measured at the X-point region. This indicates, that a certain frac-
tion of recycled neutrals reaches the X-point and are ionized there, connected with the
appearance of the fluctuations. Whether this is a necessary condition to trigger the fluc-
tuations cannot, however, be proven here. But once the fluctuations are triggered, also
a higher recycling is taking place at the upper tile of the inner divertor (white arrows
in Fig. B2b). As mentioned before, recycled neutrals originating from the upper tile
have a higher probability to reach the X-point than recycled neutrals coming from the
strike point region. It was shown that, with Ny seeding the frequency can be reduced
and the necessary amount of injected Ny depends on the heating power. As with power
removal in the SOL due to Ny seeding, a lower hydrogen recycling is needed to sustain
the same target parameters (sec. EZZ3) and a reduction of the ion flux to the upper
tile of the inner divertor with N, seeding was measured. This indicates that there is a
connection between the recycling taking place at the upper tile of the inner divertor and

the radiative X-point fluctuations.

Furthermore, the frequency of the fluctuations depend on the square root of the mass
of the fuelling species and the ion sound speed ¢, is inversely proportional to the square
of the mass (eqZ7)). One may assume that ions or filaments, originating at the X-point
due to the ionization of recycled neutrals, flow with ¢, from the X-point to the inner
or outer target. An assumption of 7, = T, = 15eV and a = 1 gives ¢, ~ 38km/s.
With the connection length from the inner X-point to the outer divertor along the SOL,
L, =~ 84m, this yields a characteristic frequency of f =~ 0.5kHz which is by far too
slow. The connection length to the inner divertor is L. ~ 15 m, yielding a characteristic
frequency of f ~ 2.5kHz. This is still a factor of ~ 2.5 too low but of the same order of
magnitude and possibly within the uncertainties (The determination of L. close to the X-
point is uncertain due to the large flux expansion there). It cannot be verified, however,
whether the density oscillates with the frequency of the fluctuations between the high
density front at the X-point and the inner strike-point region, as the time resolution of
the Stark broadening diagnostic and the Langmuir probes is too slow. New, or faster,

diagnostics are therefore needed to gain more information on this topic.

Divertor plasma oscillations Finally at medium to high densities, with the heating
power close to the L-H transition threshold, a situation occurs where the divertor plasma
oscillates back and forth between the onset state and the fluctuating detachment state.
A possible explanation of these oscillations is, that, although no H-mode is achieved, a
better confinement is reached. This would lead to a better particle confinement of the
main plasma, to a decrease of the upstream density and to the re-attachment of the inner
divertor. This then may change the recycling properties of the inner divertor, which can

influence the main plasma properties as discussed above. Thus the better confinement
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is lost, the upstream density increases, the inner divertor detaches and a kind of limit
cycle is established. This theory is rather speculative and should be verified with further
experiments. A theory exists, however, which states that a minimum neutral density at

the X-point is necessary to achieve the H-mode [90].

Moreover, the characteristics how the various plasma parameters oscillate are similar
to those of the divertor plasma oscillations previously found at JET. It is therefore
likely that the two states of the divertor plasma oscillations are the same for ASDEX
Upgrade and JET. Furthermore, in JET high frequent sub oscillations (with respect
to the frequency of the plasma oscillations) in the D, signal were found during one
state, as stated in [86]. Compared to the oscillations found here, this is the fluctuating
detachment state where the radiative X-point fluctuations are observed. All together
this is a strong hint that these divertor plasma oscillations are the same for AUG and
JET. As a consequence, the onset and fluctuating detachment states should also have
existed at JET. The experiments in JET where carried out with the Mk I divertor which
was an open horizontal carbon divertor. The actual ASDEX Upgrade divertor is a
closed vertical tungsten divertor. If theses states have existed in these JET experiments,
then the presented classification of divertor detachment is independent of machine size,
divertor geometry and divertor material. In order to confirm this, dedicated experiments

at different machines need to be performed.
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Chapter 7
Conclusions and outlook

The next-step fusion experiment, ITER, must rely on the divertor being detached in
order to avoid damage on the divertor material. Therefore, an understanding of the
detachment process is crucial. This thesis focuses on the experimental investigation of

the process of divertor detachment.

Divertor detachment is achieved by a reduction of the temperature in the divertor via
increasing the main plasma density or seeding of additional impurities. With a reduction
of the temperature, volumetric processes such as charge exchange collisions and recom-
bination become dominant. These processes lead to a strong reduction of the ion flux
and plasma pressure in front of the divertor target. As a consequence, the region of high
electron density is retracted from the target and a knowledge of the electron density

distribution in the divertor volume is necessary to understand the detachment process.

The first part of this thesis was the installation and verification of a diagnostic deter-
mining the electron density in the divertor volume, which is based on the spectroscopic
measurement of the Stark broadening of the Balmer lines. Initial problems with reflected
stray-radiation have been solved and first measurements were successfully compared for
consistency with other diagnostics, such as Langmuir probes and neutral pressure gauges.
Thereby, neutral hydrogen fluxes in detached conditions have been evaluated from spec-
troscopy for the first time, yielding good agreement with neutral fluxes measured by the
pressure gauges.

The detachment process was then, as the main part of this thesis, investigated with
an extensive set of density ramp L-mode discharges with different heating powers, fu-
elling species and magnetic field directions. Usually, divertor detachment was studied by
comparing upstream parameters, such as electron density and temperature, with target
parameters, without having knowledge of the distribution of these parameters between
the upstream region and the target. Furthermore, it was mainly focused on the outer
divertor, because the outer divertor is the more crucial one in terms of power deposited

on the target. In this thesis, emphasis was put on the evolution of the electron density
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distribution in the divertor volume, and the detachment process was investigated in the
inner and outer divertor simultaneously. This information was combined with all other
available divertor diagnostics and a consistent picture of the detachment process was

obtained.

The main result of this thesis is that a new classification of divertor detachment can
be given. The detachment process is not continuously evolving but undergoes three
different states, which are called the onset, the fluctuating and the complete detachment
state. Within these states, the plasma conditions of the inner and outer divertor are
strongly coupled, which was observed for the first time. During the fluctuating state,
high frequent radiative fluctuations, combined with electron densities being one order
of magnitude higher than the line averaged main plasma density, were found close to
the X-point. This indicates that the recycling front of the inner divertor expands to the
X-point, which may result in an unstable situation. In addition, high electron and ion
flux densities develop close to the inner target far away from the strike point. This means
that a mechanism sets in which leads to a strong increase of the radial transport in the
inner divertor, maybe in combination with a change of the parallel transport. In order to
investigate this further, diagnostics are needed which can measure the electron density
and temperature with a sampling rate high enough to resolve the ~ 5kHz radiative
X-point fluctuations and trace them back to the electron density and temperature. As
a further outlook, it is of major interest to know whether the density or temperature
at the inner or outer target and at the inner far SOL fluctuates according to the X-
point fluctuations. This is necessary in order to gain more information on the radial and

parallel transport in the inner divertor X-point region.

Another important result is that the inner divertor, once it is in the fluctuating state,
influences the outer divertor. The inner divertor becomes transparent for neutrals which
are recycled close to the strike point. These neutrals reach the outer divertor, are ionised
there, cool the outer divertor plasma and drive the outer divertor detachment. Present
day simulation codes cannot reproduce this measured broad distribution of the electron
density or the X-point fluctuations in the inner divertor. As a consequence, these codes
will not be able to simulate the conditions of the outer divertor during the fluctuating
and complete detachment state in agreement with the experiment, as these are enforced
by the conditions in the inner divertor. In order to simulate in the future divertor detach-
ment correctly and to make predictions for ITER, the physical origin of the increased
radial transport and of the radiative X-point fluctuations in the inner divertor has to be
understood.

Once, with increasing density, the radiative X-point fluctuations disappear, both the
inner and outer divertor plasma start to completely detach at the strike point region.
Complete detachment is defined in this thesis when, besides the ion flux and the electron

density at the target, the electron density in the divertor volume at the target region is
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reduced to very low values. The fact that complete detachment occurs simultaneously

in the inner and outer divertor was observed for the first time.

Furthermore it was found that, by puffing additional Ny into the divertor plasma during
the fluctuating state, the frequency of the fluctuations and the value as well as the spatial
extent of the high density in the inner divertor volume are reduced. The reduction of
the high density region changes the recycling distribution at the target. This may allow
for an explanation of the higher pedestal temperatures, which were observed during high
density, high power H-mode discharges with Ny seeding. Therefore, the detached divertor
plasma could influence the confined plasma. This would be of interest with respect to
ITER, as it will be operated with the divertor being in the detached regime.

Although this thesis focused on ohmic and L-mode discharges, indications were found
that the presented classification of divertor detachment is also valid for H-mode dis-
charges as well as for other machines. In order to verify this, dedicated experiments at
different machines need to be carried out.

Finally, this classification of divertor detachment, obtained within this thesis, provides
a very good experimental basis for this complex field in plasma physics. Based on
this, existing theories can be tested and improved, or new models, describing divertor

detachment, can be developed.
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