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Chapter

1

General introduction

Energy demand, or more importantly, supply is going to be a key issue in global
development this century. Fusion energy is one possible candidate in the quest
for alternative energy sources. Magnetic confinement allows for reaching fusion
relevant conditions, but in order to establish commercially viable fusion plasmas,
losses must be kept to a minimum. Plasma rotation could play akey role in re-
ducing turbulent transport and increasing plasma stability. This chapter gives a
first insight into fusion research and outlines the main research topics addressed
in this thesis.
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At the beginning of the twentieth century, scientists were completely puzzled by one ob-
servation in particular. The energy from the Sun reaching the earth’s surface was meas-
ured at approximately1.4 kW/m2. This number, in combination with the recently im-
proved measured distance to the sun (∼ 1.5 × 108 km), led to an impressive total of
4 × 1027 MW of energy produced by the sun. Several theories were postulated to ex-
plain this value, but none of these could be united with the minimum lifetime of the
earth suggested in recent geographical findings. It therefore remained unanswered, un-
til the postulated merging of light atoms by Sir Arthur Eddington, formalized by Hans
Bethe [1] using Einstein’s mass-energy equivalence theory, laid the fundamentals for the
process which is now known as nuclear fusion.

The above number is truly staggering and we experience the benefits of it today, either
directly or indirectly. The current world energy demand is about14 Gtoe1 per year or a
continuous use of1.6 × 107 MW [2]. The dominant source supplying this need is from
fossil fuels, in essence a form of stored solar energy by hydrocarbons such as oil, gas and
coal. Combined, these provided around80% of the energy demand at the beginning of
this century [3]. Projections now estimate that the total demand will show a50% increase
towards 2030, with a doubling of the world electricity consumption. It therefore comes as
no surprise that, with such an increase in demand and rapidlydiminishing resources, the
search for alternatives has become a topic of everyday life.Clearly if we could tap, even
only partially, into the same physical processes used by ourSun, a practically limitless
supply of energy would be available. An energy source furthermore without harmful
greenhouse gas emissions, free of long-term radioactive waste and based on abundantly
available and inexpensive fuels, hydrogen and lithium.

1.1 Fusion energy

Fusion involves the merging of two light elements into one heavier element. As this bind-
ing energy per nucleus increases with mass number in the caseof light elements (a con-
sequence of the competition between the strong nuclear force and weak long-range elec-
tromagnetic force) this directly implies a release of energy. This energy will be released
in the form of kinetic energy of the fusion products, distributed inversely proportional to
their mass [4].

The best candidate for viable fusion reactors is the fusion of two hydrogen isotopes,
deuterium (D) and tritium (T) to form helium (He) and a separate neutron (n). The total
released energy of this reaction is17.6 MeV. To fuse these two light elements, one has to
overcome the Coulomb repulsion force between the nuclei. Atfirst estimate, the kinetic
energy required to bridge this barrier occurs at an unpromising 288 keV.2 Fortunately,
due to the quantum tunneling effect, much lower energies arealready sufficient, although
still in the order of10 keV. The main advantage of the above process is the high reaction

1Gigaton of oil equivalent,1Gtoe = 42ZJ
21 eV ≈ 11500 K ≈ 11226 oC, 1MeV = 106 eV ≈ 1.6 × 10−13 J
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Figure 1.1: Magnetic confinement in a tokamak; a helical field is generated by a combin-
ation of external toroidal field and a poloidal field generated by an induced
toroidal current.

rate at relatively low temperatures. Nevertheless, at these temperatures, the nucleus and
electron of hydrogen dissociate and the medium turns into anionized gas or a plasma.

A high temperature and therefore high cross section is not sufficient by itself as
enough reactions need to take place, requiring a high particle density. More importantly,
this rate needs to be high enough to maintain the core temperature as, inevitably, the
finite dimensions of the reactor will result in energy losses. By balancing the energy
production and loss rate, a general criterium for the power gain is obtained known as
the Lawson criterium,nTτE > 5 × 1021 keV.s.m−3 or 8 bar.s. Here,T andn are the
plasma temperature and density, respectively. Their product,nT , is the plasma pressure
or kinetic energy density. The third parameter,τE, is the energy confinement time, which
is a measure of the thermal insulation, or the time it takes for a unit of heat to be lost
from the plasma. In a high density, high temperature plasma with a kinetic pressure of
several bar, the required confinement time is therefore in the order of seconds. A method
for achieving these conditions is by utilizing the fact thatthe fusion fuel is ionized and
the particles gyrate around magnetic field lines. This form of fusion is known as magnetic
confinement fusion.

1.2 Tokamak reactors

Several magnetic confinement devices have been proposed andconstructed since the
1960’s in the development towards commercial magnetic fusion. The most promising
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design has proved to be a tokamak. The first tokamak was developed in the 1960’s in
Russia which reflects back in its Russian name ’toroidal’nayakamera i magnitnaya
katushka’, meaning toroidal chamber with magnetic coils. The movement of charged
particles is unrestricted parallel to the magnetic field. This dictates a toroidal geometry
due to the necessary closing of field lines on themselves in order to prevent end losses.
However, the now inevitable field line curvature and gradient in magnetic field results in
particle drift velocities. Although these drifts do not result in a loss of particles directly,
they can be in opposite directions for positive and negativeparticles, resulting in charge
separation leading to E×B drift forces. To cancel this effect, an additional magnetic field
is required to effectively short-circuit the charge separation. In a tokamak, the toroidal
field (Bφ) is created by toroidal field coils, while the poloidal field (Bθ) is generated
by inducing a toroidal plasma current (see figure1.1). A third important magnetic field
is needed to counteract the hoop force generated in a toroidal plasma. An external ver-
tical field can be used to balance this outwards expanding force. Finally, several poloidal
magnetic fields (not shown) are used for plasma positioning and shape control. The final
magnetic geometry follows a helical trajectory around the torus. These field lines lie on
nested surfaces of constant poloidal magnetic flux and pressure. These surfaces are also
isothermal, as temperature fluctuations are quickly equilibrated due to the fast parallel
transport.

The plasma will notigniteby itself and external heating systems are needed to get to
the required fusion conditions. Most commonly these involve heating by injecting high
energy neutral particles and the absorption of electromagnetic waves which are resonant
with the gyration frequency of ions or electrons.

At present, tokamak-type reactors are the best performing fusion devices, with the
Joint European Torus (JET) as the largest tokamak in the world and record-holder in
produced fusion power. Using aD−T fuel mixture, a total of16 MW was released using
24 MW of external heating [5]. In this case, a plasma temperature up to10 keV and a
density in the order of1020 m−3 was successfully achieved at an energy confinement
time of several hundreds of milliseconds. In order to reach the conditions for a viable
fusion reactor, a way for confinement improvement needs to befound.

1.3 Plasma confinement & the role of rotation

By definition, the energy confinement time is the amount of time a unit of energy stays
within the plasma. From a physics point of view therefore, the easiest method for en-
hancing confinement is by increasing the total plasma volume. The generated power in-
creases with volume (∝ r3) while the losses scale approximately with the radius (∝ r).
However, this places significant engineering demands on themachine, e.g. wall power
loads and magnet design. A more economic approach is to enhance the efficiency, or
more precisely, to reduce the loss rate. The loss mechanism is related to the transport of
energy, momentum and particles perpendicular to a flux surface. As many parameters are
constant on a flux surface, this perpendicular direction is usually expressed as a radial
transport.
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Figure 1.2: Characteristic plasma transport regions. The temperaturehere is normalized to
the on-axis value to show relative differences. Adapted from Ref. [6]

The reason the value ofτE is rather low in current tokamaks is because radial trans-
port is dominated by turbulence, which is several orders of magnitude faster than what
would be expected from collisional processes only. The nature of this anomalous fast
transport is ascribed to large-scale electrostatic and magnetic turbulence. There are sev-
eral mechanism that could generate such enhanced transport, e.g. ion temperature gradi-
ent driven micro-turbulence [7]. In short, as the heat flux increases, so does the level of
turbulence and thereby the radial transport, preventing anincrease in the core temper-
ature. When this process dominates over the entire plasma radius, these discharges are
referred to as low-confinement modes or, in short, L-mode (see figure1.2). A method for
improved operation was discovered in 1982 when the heating power was increased above
a certain threshold [8]. This led to the local suppression of turbulent transport in the edge
layer and the formation of a distinct temperature offset orpedestalin such H-mode plas-
mas. The physical background and mechanism of this enhancement has been a topic of
much investigation. The effect is attributed to the presence of flow shear [9]. Turbulent
transport is characterized by eddies or vortices with a correlation length (Lc) and correl-
ation time (τc) [7]. These eddies can easily be distorted by a sheared background flow,
effectively stretching the eddy until it can easily be broken into smaller eddies, which are
easier to dissipate.

When the transport suppression is localized at the plasma edge, one speaks of an edge
transport barrier (ETB). This process is however not limited to the edge and can, under
certain conditions, also be observed as internal transportbarriers (ITB) in the plasma
core. In both cases, flow shear is thought to be involved in triggering the reduction in
turbulent transport [10–14]. The required flow shear can be generated by establishing
a plasma rotation velocity and gradient in the electric fieldvia the force balance equa-
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tion. Indeed, in experiments with high levels of plasma rotation and optimized magnetic
shear, a decreased level of turbulence (or lower temperature profilestiffness) is observed
allowing for an enhancement of the core temperature [10, 15].

The presence of a flow velocity has an additional beneficial effect on plasma sta-
bility. Internal magnetohydrodynamic (MHD) modes can occur, which may lead to the
termination of the plasma by, for example, violent plasma disruptions. Suppression, or
preferably control, of such modes is therefore of high importance in fusion devices. One
particular type of mode is the Resistive Wall Mode (RWM). These modes are the result
of feedback on the magnetic equilibrium by induced plasma currents in the presence of a
finite conducting wall. In a rotating frame the coupling of these modes can be suppressed,
effectively reducing their growth rate [16].

In short, plasma rotation has a beneficial influence on plasmaconfinement and stabil-
ity. This effect will depend on the shape (or shear) in the case of turbulence suppression
and on the absolute magnitude when linked to mode stabilization. It is therefore of sci-
entific and engineering interest to understand under what conditions these processes are
most effective and, more importantly, how one can generate the required plasma velo-
city. One should keep in mind, however, that it is not the rotation per se which is the
main objective. It is its effect on transport and stability that is of key importance and
which enables plasma rotation to be used as an active controltool.

1.4 Research questions

As the suppression of turbulence and enhanced plasma stability depend on the exact
rotation profile, the general question one can ask immediately is,

Is plasma rotation feasible for performance control?

This is a fairly broad question of which the answer is two-fold and includes an under-
standing of the formation of the rotation profile as well as its availability as an actuator
to influence the global behaviour. The main aim of this thesisis to focus on the first part,
although we will briefly come back to the latter in the concluding chapter. In particular,
we will focus on,

What determines the plasma rotation profile in a tokamak?

The flow in the toroidal direction is axisymmetric and unrestricted, making it easier to
drive high velocities in this direction. The observed rotation profile depends on the in-
terplay between transport and local driving terms which combined satisfy the toroidal
angular momentum balance, the conserved quantity of interest. Therefore, the underly-
ing theoretical transport description (chapter2) will be formulated first as the basis for
the following chapters. The main driving force, or torque, in large size tokamaks is typ-
ically applied by injecting fast neutral particles. Alternatively, effects from for example
the redistribution of fast ions, which will be particularlyrelevant in future devices, could
also drive a net torque flux. The work presented here focuses on JET, in which plasma
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rotation is driven dominantly by neutral beam injection andsignificant rotation levels are
routinely observed. The description of JET and relevant diagnostics, in particular charge-
exchange recombination spectroscopy for measuring plasmavelocities, are presented in
chapter3 and chapter4 respectively.

Already from the theoretical description it is observed that the global transport of
energy and momentum is closely linked and of similar order. Looking in more detail
however, important differences can be identified in the underlying transport processes,
most noticeably the presence of inward convective momentumflux. It is observed that
the radial plasma profile can be divided in an inner (core) andouter (edge) region with
different transport properties. The core rotation profile in particular is heavily influences
by the convective flux originating from the edge region, leading to the question,

Can we adjust the rotation profile by changing the edge momentum density?

Detailed experiments on the magnitude of the convective transport component are dis-
cussed in chapter5. As the edge momentum density is varied, significant changesin the
core profile are observed. This is of particular interest when implementing a possible con-
trol scheme as any process focused on manipulating the edge rotation can also influence
the core rotation gradient. This brings us immediately to the question.

What is the effect of sources/sinks on the edge momentum density?

The dominant torque source at JET is provided by neutral beaminjection, but the pres-
ence of edge sinks will play a critical role in setting the level of rotation. This thesis will
focus on two loss processes in particular. Chapter6 will investigate the repetitive loss
of both momentum and energy in the form of Edge Localized Modes. The continuous
friction between the plasma and a neutral background is presented in chapter7. Both
processes result in an efficient sink in the edge region, lowering both the energy and
momentum density, but not necessarily in equal amounts.

In high confinement discharges with dominant neutral beam heating, the power and
torque sources are coupled. As an active control mechanism will, however, require inde-
pendently altering the plasma rotation, we can ask the following question,

Can the momentum and energy density profiles be decoupled?

By varying the torque deposition using a combination of different heating techniques,
the plasma performance can be studied under varying levels of rotation at similar energy
densities. This will be discussed in chapter8.

After having presented the experimental results, we will return to the central question
and present an overview of the main conclusions in chapter9. It will quickly become
apparent that the edge rotation plays a critical role in the observed rotation profile. This
is especially of importance for future devices in which low levels of externally driven
rotation are expected. Clarifying alternative methods forestablishing an edge rotation
velocity is therefore an active area of research. An outlooktowards future research topics
is presented at the end of the chapter.
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Chapter

2

Theory of plasma rotation in
tokamaks

This chapter will discuss the underlying theoretical description of plasma rota-
tion in a tokamak. Rather than presenting a full overview, several relevant details
of momentum transport will be discussed which will serve as abasis for the fol-
lowing chapters. Starting from the basic ideal magnetohydrodynamic formalism,
the general definition of particle motion and plasma rotation is introduced, lead-
ing to the description of the momentum and energy balance in atwo-fluid system.
Several transport phenomena play a role in establishing theradial rotation profile
of which the dominant contributions will be discussed.
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In order to quantitatively describe and predict the fusion performance of a tokamak
plasma, a self-consistent transport model is required. As was argued in the previous
chapter, individual charged particles are confined in the presence of a helical magnetic
field. The behaviour of a plasma is, however, more complex as these particles not only
feel the externally applied electromagnetic fields, but also interact with each other. The
most complete description would therefore need to describethe position and velocity of
each individual particle in a full kinetic approach. Due to the intermediate density range
obtained in plasmas and the resulting interactions betweenparticles, a simplification can
be made which leads to collective and fluid-like properties of temperature and pressure.
It is possible to rigorously derive these fluid equations from the kinetic description [1].
By combining this fluid description with the Maxwell equations, a full description of
the plasma is obtained known as the magnetohydrodynamic (MHD) equations. Together
these equations form the basis for understanding particle,energy and momentum trans-
port as well as plasma stability.

The derivation and applications of these models can be foundin extensive literature
(see e.g. Refs. [1–3] and references herein). A full description of this formalism here
goes well beyond the scope of this thesis and instead the goalwill be to merely highlight
the necessary components for describing plasma rotation ina tokamak (see also Ref.
[4]). In order to study plasma rotation, it must first be clear what is meant by the rotation
velocity in a plasma medium. Starting from the ideal MHD equations, it will be shown
in section2.1 that the plasma consists of nested flux surfaces and that a velocity can be
defined both perpendicular and parallel to these surfaces. The perpendicular velocity is
the basis of convection and cross-field transport, while theparallel velocity is generally
known as plasma rotation. In a tokamak geometry, the latter can be decomposed further
in a toroidal and poloidal component. The research presented in this thesis will focus on
the toroidal rotation as the poloidal rotation is revealed to be heavily damped. The con-
served quantity of interest is the toroidal angular momentum with its profile determined
by radial transport (section2.2). It will be shown that the fluid approximation, although
intuitively correct, results in an optimistic view towardstransport and a more detailed
kinetic treatment is required to capture the anomalous behaviour observed. In particular,
this leads to turbulence and convective transport mechanisms that have a large influence
on the rotation profile (section2.3). Finally, the dominant sources as well as sinks are
introduced with a particular emphasis on the influence of neutral particles (section2.4).

2.1 A self-consistent plasma description

The dynamics of a plasma, or ionized gas, are governed by bothits fluid and electromag-
netic properties in the magnetohydrodynamic description.A plasma consists of several
different types of particles which are both charged, namelyions (main and impurity) and
electrons, as well as neutrals in the form of atoms and molecules. The statistical beha-
viour of a large number of particles of speciesα is governed by the Boltzmann equation
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which describes the change in the particle distribution function,fα(x,u, t),

∂fα

∂t
+ u · ∇fα +

F

mα
· ∇ufα =

(

∂fα

∂t

)

col

. (2.1)

The righthand side of this equation is related to inter species collisions and is associated
with friction, viscosity and resistivity. By coupling the above equation with the Maxwell
equations via the electromagnetic force,F = q(E + v × B), a full kinetic model is
obtained, describing the plasma behaviour up to the microscopic level. Solving these
equations can be rather tedious. Instead, the basic simplifying idea of a fluid model is
to restrict this description to macroscopic quantities by evaluating the moments of the
above equation [3]. Averaging over the velocity distribution then results inthe single-
fluid equations1,

dnα

dt
+ nα∇ · vα = Sα, (2.2)

nαmα
dvα

dt
+ ∇ · Pα = nαqα (E + v × B) + Rα + Fα, (2.3)

3

2

dpα

dt
+ pα∇ · vα + ∇ · qα = Qα. (2.4)

All the terms on the left are related to the net rate of change of the macroscopic properties
of speciesα with densitynα and temperatureTα. The velocityvα is the mean fluid
velocity (ū) defined byu = ū + ũ, whereũ = w is the random thermal velocity. The
terms on the right are related to sources and sink. In this description, these areSα as
the sum of all particle sources andQα the sum of all heating sources. In the case of the
conservation of momentum, several additional forces besides the electromagnetic force
are shown, withFα the sum of all external forces andRα the friction forces between
species. The termPα = nαmα〈ww〉 is the pressure tensor which is a combination of
the scalar pressure,pα, and the anisotropic viscous stress tensor,Π. The latter will, as is
shown later, set the basis for momentum transport. A total offour unknown parameters
result from these three moments and therefore a closure expression is required which is
usually set by assuming an adiabatic fluid.

The above equations apply to each species individually and afurther simplification
can be made by defining a single-fluid description. In this case, the influence of additional
impurity ion species is assumed to be minimal such thatne = ni = n in a quasi-neutral
hydrogen plasma, leading to the single-fluid variables for mass densityρ, macroscopic
velocityv and current densityj defined as,

ρ = nimi + neme +
∑

pnpmp ≈ nmi, (2.5)

v =
minivi +meneve +

∑

pmpnpvp

mini +mene +
∑

pmpnp
≈ vi, (2.6)

j = e (nivi − neve) ≈ ne (vi − ve) . (2.7)

1The total time derivative is defined as d/dt = ∂/∂t + vα · ∇
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As a result, the plasma motion is mainly determined by the movement of the heavier ions.
Although the electron velocity does not contribute to the fluid velocity, it is of importance
for the generated plasma current, which in fact is dominantly carried by the electrons.

Equations2.5 to 2.7 provide the necessary translation between the single-fluidand
two-fluid description leading to the well known ideal single-fluid MHD equations [1, 3]:

Mass:

dρ

dt
+ ρ∇ · v = 0 (2.8)

Momentum:

ρ
dv

dt
= j × B−∇p−∇ · Π (2.9)

Ohm’s Law:

E + v × B =
1

ne

(

−me

e

dj

dt
+ j × B−∇pe −∇ ·Πe + R0

)

(2.10)

Entropy:

d

dt

(

p

ργ

)

= 0 (2.11)

Maxwell:

∇× E = −∂B
∂t

(2.12)

∇× B = µ0j +
1

c2
∂E

∂t
(2.13)

∇ · B = 0 (2.14)

∇ · j = 0 (2.15)

This formalism appears very similar to a normal fluid with a similar mass conserva-
tion (equation2.8). The momentum conservation (equation2.9) however has picked up
a Lorentz force term. It is interesting to note that the electric field dropped out of this
equation due to the opposite sign for ions and electrons. Thedescription of current con-
servation has led to the generalized Ohm’s law (equation2.10). Furthermore, only the
collisional terms related to interactions with neutrals remain as the total electron-ion mo-
mentum transfer is conserved in elastic Coulomb collisions.

2.1.1 Tokamak equilibrium

From the above MHD description, important information about a possible plasma equi-
librium can be extracted. This equilibrium is needed to provide the necessary framework
in which to define plasma rotation. The first step is to furtherreduce the equations such
that they focus primarily on an equilibrium condition in a tokamak geometry. By defini-
tion, all quantities are independent of time and assumed axisymmetric. Additionally, high
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Figure 2.1: (a)Nested magnetic flux surfaces within a tokamak and(b) orientation of mag-
netic field components on a flux surface and the plasma velocity components of
the fluid velocityv. The velocity components tangential to the flux surface are
known as plasma rotation and can be expressed either in toroidal and poloidal
(vφ, vθ) or parallel and perpendicular (v‖, vθ).

temperature plasmas exhibit a low resistivity and viscosity such that both may be safely
neglected from the equilibrium point of view. It is useful tointroduce a unit of poloidal
flux defined byψ =

∫

S
Bθ · dS which is constant on a surface of constant field line heli-

city (see figure2.1(a)). Using a right-handed toroidal coordinate system (Z,R, φ), the
conservation of magnetic flux (equation2.14) and charge conservation (equation2.15)
can now be expressed as,

B =
1

R
∇ψ × eφ +Bφeφ (2.16)

j =
1

µ0R
∇ψ × Iφ + jφeφ (2.17)

This introduces the current stream function,Iφ = RBφ, which is also a flux function.
The toroidal component of the stationary induction equation (∇× (v×B) = 0) dictates
that, in the absence of a poloidal flow, each surface rotates at a fixed angular frequency,
ωφ = vφ/R. Furthermore, it links the toroidal flow and the electric field, E = ω∇ψ.
Including the above two equations in the (poloidal) force balance equation results in the
so-called extended Grad-Shafranov equation [5, 6],

R
∂

∂R

(

1

R

∂ψ

∂R

)

+
∂2ψ

∂Z2
= −I dI

dψ
− dp

dψ
R2 = RJφ. (2.18)

This equation can be solved analytically assuming the equation-of-state closure men-
tioned earlier [7, 8]. Unfortunately due to the appearance of the centrifugal force in the
force balance, it is seen that the plasma pressure is not a simple flux function.
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In contract, in the stationary case, it can be shown that the pressure is constant on
a flux surface (∂p/∂R = 0 and∂p/∂Z = 0) such thatp = pst(ψ) [5]. A convenient
parametrization is therefore, since in practical situations diagnostic coverage of density
and temperature can allow for constraints on the equilibrium, to express the dependence
of p(R,ψ) in terms of the static pressure,

p(ψ,R) = pst(ψ)

[(

1 − R2
0

R2

)

γ

γ + 1
M2

s + 1

]

γ
γ−1

(2.19)

with Ms as the sonic Mach number defined as the ratio of the (toroidal)plasma rotation
to the sound speed,cs,

Ms =
vφ

cs
=

vφ
√

γp/ρ
. (2.20)

In short, it can be concluded that for sub-sonic flows, i.e.Ms ≪ 1, the effect of flow
on the pressure is minimal and the equilibrium can be well approximated by the static
case, which is a flux function. At higher Mach numbers on the other hand, the pres-
sure profile will become asymmetrical and shift outwards. This correction can become
sufficiently large already atMs > 0.3 [6]. In practice, such high rotation velocities are
rarely achieved in large tokamak plasmas, although flows above this criterium have been
achieved in JET high confinement discharges [9]. Here, thermal Mach numbers, defined
as the ratio of the toroidal velocity and thermal velocity,

Mth =
vφ

vth
=

vφ
√

eT/m
, (2.21)

show values up to0.76 in the core for high power, low density ITB discharges.
Another observation from the Grad-Shafranov equation is that the magnetic axis will

not be located at the center of the plasma, but instead shifted outwards due to the toroidal
plasma shape, compressing the field lines on the low-field side. This shift is called the
Shafranov shift.

2.1.2 Plasma rotation

The derivation of the single-fluid MHD equations and the equilibrium condition resulted
in a fluid velocityv which is constant on a flux surface. Although the real situation in a
tokamak does not exhibit circular flux surfaces due to both the Shafranov shift as well as
plasma shaping, in good approximation local orthogonal polar coordinates can be used
(r, φ, θ). The advantage of this coordinate system is that it corresponds to the geometry
of the nested flux surfaces, such thatv = vθeθ + vφeφ + vrer. The first two components
are the fluid velocity on a flux surface (see also figure2.1(b)). The radial component,
perpendicular to the flux surface, describes an effective particle convection and is more
commonly referred by the resulting particle flux,Γ = nmvr [2].

For the transport of magnetically confined particles, the interesting velocity compon-
ents are perpendicular (v⊥) and parallel (v‖) to the magnetic field lines. The parallel
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motion is unimpeded as can be seen in equation2.9 where the only terms parallel to
the magnetic field are the ‘resistivity’ by the parallel component of the viscosity tensor
and a direct drive by the parallel electric field. In the perpendicular direction, the motion
consists of several drifts [1, 2], of which one of the most important contributions is the
E×B-drift,

v⊥ =
E× B

B2
. (2.22)

By definition, the direction of this drift is perpendicular to bothE andB. In other words,
a radial electric field will contribute both to the poloidal and toroidal rotation and vice-
versa. This is more easily shown by the radial force balance equation (equation2.9) when
excluding all friction and viscosity terms such that,

Er =
1

ne

dp

dr
− (vθBφ − vφBθ) , (2.23)

which shows the contribution of the E×B velocity and diamagnetic term from the pres-
sure gradient [1, 2]. BecauseBφ/Bθ ≫ 1 the rotation will be mainly driven in the
poloidal direction. However, due to the inhomogeneous magnetic field strength along a
flux surface, the poloidal flow is effectively damped by magnetic pumping [10, 11]. With
the lack of local driving terms in the core (this might be different in the edge), the po-
loidal velocity is reduced to the collisional limit and can be neglected in most cases. In
other words, the net result is that a strong parallel velocity exists such that its poloidal
component cancels the poloidal component of the E×B velocity [12], resulting in a net
large toroidal rotation.

A second important drift velocity arises from symmetry-breaking in a toroidally ro-
tating plasma. In essence, this contribution originates from the variation in the mag-
netic field curvature which results in an inhomogeneous magnetic weighted angular mo-
mentum density [13–15]. This mechanism is most easily expressed within a co-moving
reference frame via the Coriolis force,Fco = 2m(v × Ω) [16]. Taking the parallel ve-
locity component and substituting in the Coriolis force leads to a drift velocity of the
form,

vco =
Fco × B

eB2
=
nmv‖b× Ω

eB2
=

2mv‖

ZeB
Ω⊥. (2.24)

whereΩ⊥ is the perpendicular angular frequency. In other words, thepresence of flow
perturbations over a flux surface generates parallel velocity fluctuations which can then
be easily transported by the E×B velocity. In fact, any form of symmetry-breaking can
lead to such perturbations, but this is not sufficient in itself to generate a parallel mo-
mentum flux. A finite Coriolis drift requires the presence of trapped kinetic electrons
which due to their orbits prevent the exact cancellation of such perturbations [16–18].
Returning to the laboratory frame, a similar mechanism has been shown to appear in the
form of thermoelectric and E×B compression [17] which can equivalently be described
within a non-linear regime by turbulence equipartition [15, 19].
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It is apparent from the above form that this term will appear as a convective transport
in the radial momentum balance due to the linear scaling withthe parallel velocity. As
a consequence however it can therefore not lead to a direct spin-up of the plasma. Inter-
esting to note also is that this process generates only a non-zero contribution in the odd
moments of the particle distribution function, i.e. only for momentum, thereby breaking
the similarity with both particle and heat transport. Perturbative momentum studies have
indeed identified an inward convective velocity [20, 21] while similar studies into heat
pulse propagation did not reveal a significant convective component [22–24].

2.2 Transport & turbulence suppression

The experimental methodology for investigating transportmechanisms is by relating the
driving fluxes to the observed gradients. Fundamentally, there are three conserved quant-
ities which undergo radial transport [1]. These are particle, energy (ion and electron) and
momentum. One can conveniently express these in a radial transport matrix,









Γp · ∇ψ
Qi · ∇ψ
Qe · ∇ψ
Γφ · ∇ψ









∝ −









Dn l12 l13 l14
l21 χi l23 l24
l31 l32 χe l34
l41 l42 l43 χφ

















∇n/n
∇Ti/Ti

∇Te/Te

∇ω/ω









. (2.25)

The diagonal elements represent the diffusion coefficientswhile the off-diagonal terms
are related to either convection or residual transport. Themain interest is to obtain ac-
curate predictions for these coefficients in order to describe the experimentally observed
plasma profiles. The values of the matrix coefficients depend, however, on various phys-
ical mechanisms which are effective on different time and length scales. Furthermore,
the elements not only depend on the local plasma parameters but possibly also on the
gradients themselves, resulting in a complex set of couplednon-linear equations.

The lowest-order approximation is to describe the movementof particles due to col-
lisions only. Particles follow the field lines with excursions from the flux surface in the
order of the gyro-radius,ρL. Assuming a random walk process within a cylindrical and
homogenous plasma then leads to the classical diagonal transport coefficients (see table
2.1) [1]. In this limit, only unlike particle collisions lead to particle diffusion (Dn), in
contrast to heat and momentum transport where all particle collisions can cause a shift
in the center of energy or momentum. Due to geometrical effects in a torus, however,
additional drifts resulting from the non-homogenous magnetic field will enhance trans-
port perpendicular to the flux surface. For example, chargedparticles experience a force
while moving along a field line from the low field side to the high field on the inner side
of the torus, given byF‖ = −µ∇‖B with µ = miu

2
⊥/2B as the magnetic moment. The

magnetic moment is a constant of motion and effectively reduces the parallel velocity
as particles move to a higher magnetic field. Particles with aparallel velocity below a
critical level will be stopped and reflected back, resultingin an oscillating orbit. The total
number of such trapped particles is given by,ntrapped = n

√
ǫ in which ǫ = r/R0 is
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Table 2.1:Characteristic transport coefficients [1, 2, 25]

Classical Neoclassical (NC) Turbulent
(CL) Passing Trapped (AN)

Dn νeiρ
2
Le

χi νiiρ
2
Li q2χCL

i 0.68q2ǫ−3/2χCL
i

γmaxL
2
c

χe νeeρ
2
Le q2χCL

e 0.89q2ǫ−3/2χCL
e

χφ νiiρ
2
Li = χCL

i
6
5χ

CL
φ 0.1q2χCL

φ

m2s−1 O(10−5) O(10−3) O(10−2) O(100)

the inverse aspect ratio. The transport of trapped particles actually dominates over colli-
sional transport due to the width of the resulting orbits (known as banana orbits), which
is much larger thanρL. The magnitude of ion heat transport is approximately

√

mi/me

larger than electron heat transport due to the mass dependence of collision frequencyν.
This form of neoclassical transport effectively places a lower limit on the achiev-

able transport. The observed transport in a tokamak is, however, orders of magnitude
larger. The origin of this enhanced transport is attributedto turbulence. In fact, minor
fluctuations ofB̃/B ∼ 10−5 are already sufficient to enhance transport above the neo-
classical level [26]. Under fusion conditions, large-scale turbulence is dominantly driven
by two main electrostatic instabilities, the ion temperature gradient (ITG) instability or
the trapped electron modes (TEM).2 In such an approach, the maximum growth rate
(γmax) of the most unstable mode is deemed characteristic for the level of transport,
Dturb = γmaxL

2
c with Lc the turbulence correlation length. This is, of course, a gross

simplification as mixing and non-linear properties result in a complex coupling of all
modes. Nevertheless, an important feature is that, with theapplication of the similarity
principle, which states that certain dimensionless numbers play a central role,Lc can
be shown to scale with the gyro-radius in the limit ofρL/a ≪ 1 [25]. This leads to
the so-called gyroBohm-like diffusivity scaling. Additionally, such turbulent modes are
characterized by thresholds, usually in the form of a critical gradient length, such that the
diffusivity for ITG dominated turbulence can be expressed as [22, 25, 26],

χT = χgB [χS (R/LTi
− κc)H (R/LTi

− κc)] , (2.26)

with the gyroBohm normalization defined asχgB = q3/2TρL/eBR andH the Heaviside
function. The ion temperature gradient length is defined as,

R/LTi
=
R

Ti

dTi

dr
. (2.27)

A threshold value ofκc = 5 is commonly used for large tokamaks [25, 27, 28]. Above
this threshold,χS is a measure of the level of stiffness in the radial profile. This is related

2Extensive investigations into various turbulence mechanisms have been carried out, see e.g. [25]
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Figure 2.2: Schematic representation of transport in the presence of a critical temperature
gradient [22, 26]

to the nature of ITG turbulence which enhances transport with increasing flux, such that
a larger flux does not result in an increase in gradient (see figure 2.2). The magnitude
of χS andκc need to be obtained from (non-)linear gyro-kinetic simulations of growth
rates of the mode structure [25]. In general, transport during L-mode is dominated by
turbulence, while in H-mode a local reduction in turbulencein the plasma edge leads to
an enhanced gradient and the formation of an edge transport barrier, or pedestal.

Turbulence suppressionA method for stabilizing turbulent transport can be achieved
by applying flow shear in order to de-correlate large turbulent eddies. This will reduce
the eddy size, which is more easily dissipated [29, 30]. A mechanism for applying vortex
shear is by E×B-shear such thatγE > γmax [31, 32] with γE the E×B-shearing rate,

γE =

∣

∣

∣

∣

r

q

d

dr

(

qEr

rB0

)∣

∣

∣

∣

, (2.28)

whereEr is the radial electric field given by the radial force balance(equation2.23).
In the case of a dominating toroidal velocity gradient, the above equation can even be
reduced to,

γE ∝ − r

qR

dvφ

dr
. (2.29)

In short, the presence of E×B-shear stabilizes the turbulence growth rate and decreases
the turbulent diffusivityχT . This can take place either by a decrease in stiffness para-
meter,χS [25, 29, 30, 33] or via a shift in threshold levelκc [31, 34].

It is immediately apparent that this process will lead to a positive feedback, where
enhanced gradients result in further shear stabilization and an additional improvement in
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confinement. This causes a relatively strong non-linear behaviour [35, 36]. In a simplified
way, this effect can be included as a reduction in the transport coefficients,

Dtot = D0

(

1 − α
γE

γmax

)

, (2.30)

whereα is assumed to be a constant, again obtained from gyro-kinetic simulations [37].
As is apparent from the above description, the magnitude of the turbulence suppres-

sion depends on the interaction between the growth rate and the local shearing rate. It is
worth noting that, besides flow shear, also magnetic shear (s = (q/r)/(dq/dr)) plays an
important role in the nature of turbulence, which could influence the effectiveness of flow
shear suppression. Actually, at very large E×B flow shear, this mechanism can actually
increase transport due to a reduced efficiency of the turbulence suppression. As a result,
there will be an optimal level of flow shear [16, 34]. The above equations also link to
a bifurcation process where above a critical flux, in this case momentum, the velocity
gradient quickly increases to a higher level. In fact, this mechanism has also been pro-
posed to describe the observed improvement in confinement inthe L-H transition as well
as the triggering of internal transport barriers [38–41].

A characteristic property of turbulent flows are the very large Reynolds numbers
(ratio of inertial to viscous forces,Re ≫ 1) obtained due to the dominant inertial forces
that produce chaotic eddies. The Reynolds analogy then leads to a dimensionless Prandtl
number (Pr), defined as the ratio of viscous to thermal diffusivity, roughly in the order of
unity. Gyro-kinetic modeling [42] and experiments [43] indeed reproduce values around
unity with in general lower values in the plasma core and increasing towards the edge,

Pr =
χφ

χi
= 0.7 − 1.5 (2.31)

2.3 Momentum balance

The standard approach to treat the non-linear transport matrix (equation2.25) is by lin-
earization of small perturbations around the equilibrium.Starting from the force balance
equation (equation2.9), the flux surface averaged toroidal component during steady-state
can be expressed as [1, 2, 44–46],

〈

(∇ · nmvv)φ

〉

+
〈

(∇ · Π)φ

〉

=
〈

∑

Fφ

〉

. (2.32)

The term on the right is sum of all toroidal forces, while the two terms on the left govern
momentum transport and are the divergence of the inertia andstress tensor given, in the
case of a large aspect ratio, by [15, 16, 45],

〈

(∇ · nmvv)φ

〉

=
1

r

∂

∂r
(rnmvrvφ) (2.33)

〈

(∇ · Π)φ

〉

=
1

r

∂

∂r

(

−rη ∂vφ

∂r
+ rnmvcvφ + f(γE) + CR.S

)

(2.34)
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As discussed earlier, the E×B-shear contribution appears as a momentum flux,f(γE),
arising from the perturbed part of the stress tensor. Additionally, the convective com-
ponents related to the particle fluxΓ = nmvr = −mDp∂n/∂r and the inward radial
velocity, vc, are shown. Both divergence terms can be combined assuming turbulence
dominated transport,D = Dp = Dφ, in combination with the perpendicular viscosity
η = nmDφ [44, 45]. This leads to (dropping the flux surface notation),

−1

r

∂

∂r

(

−rD ∂

∂r
(nmvφ) + nmVpvφ + f(γE) + CR.S

)

=
∑

Fφ (2.35)

with contains a single net convective component,Vp, or pinchvelocity. This convective
velocity contributes an inward momentum flux (Vp < 0) and has also been verified
experimentally [20, 21].

Finally, using equation2.30with the E×B-shear contribution included in the diffu-
sion coefficient,χtot

φ , a more convenient form is obtained when realizing that the gradi-
ents do not change along a flux surface, such that Gauss’ Theorem leads to,

− χtot
φ ∇ · (nmvφ) + Vp · (nmvφ) =

∑

Γφ − CR.S. (2.36)

The terms on right are the combined torque flux from all sources and sinks,Γφ =
rFφ/A = Tφ/A across surface areaA, and the non-diffusive, non-inductive momentum
flux known collectively as residual stress,CR.S (see section2.3.2).

When all the above driving terms are known, the combination with appropriate estim-
ates of the diffusive and convective transport coefficientsfrom kinetic modeling allows
for the calculation of the toroidal rotation, or angular momentumΩφ = nimi〈R2〉ωφ,
profile.

2.3.1 Sources and sinks

Several different contributions play a role in driving fluxes of particle, momentum and
energy. These can originate from different sources, both externally controlled as well as
from inherent plasma mechanisms. During a steady-state phase, the main contributions
consist of the following components,

∑

Tφ = TNBI + TJ×B + Tripple − Tloss − TMHD − Rn (2.37)
∑

Qi,e = QNBI
i,e +QRF

i,e +QΩ −Qripple
i,e −Qloss

i,e −Qrad
i,e −Qn

i,e (2.38)
∑

Si,e = SNBI
i,e + Sn

i,e − Sloss
i,e (2.39)

Here,
∑

Tφ is the total torque deposition,
∑

Qi,e the power deposition to respectively
ions or electrons and

∑

S the particle source. Each component can be separated in two
groups, consisting of sources (positive) and sinks (negative).

The dominant torque source at JET is provided by externally applied neutral beam
injection (NBI). The highly energetic neutrals injected inthe plasma transfer their mo-
mentum and energy when they undergo either charge-exchangeor ionization interactions.
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Besides a torque source, this system therefore also provides a source of heat deposition
and core particle fueling. Neutral beam injection is the main driving mechanism of tor-
oidal rotation in the JET tokamak.

An additional torque source is theJ×B force. The presence of a radial current (jr) in
combination with a helical magnetic field results in both a toroidal (jrBθ) and poloidal
(jrBφ) force component. Such radial currents can for example be driven directly by the
pressure gradients via the radial force balance equation (see section2.3.2). Depending
on the direction of these currents, the resulting torque canbe either in co-current or
counter-current direction. A special contribution to the radial current is by an apparent
current resulting from non-ambipolar particle losses. These orbit losses and the resulting
force, can be increased by enhancing the toroidal magnetic field ripple [38]. This process
however inherently causes a loss of energetic particles, leading to a negative contribution
to the power balance.

Besides heating by NBI, another common used heating source is cyclotron resonance
frequency (RF) heating of either ions (ICRH) or electrons (ECRH). The acceleration of
ions is also seen to apply a net torque on the plasma under certain conditions, although it
is not clear whether this is actually driven directly by the incident waves or, for example,
a result of fast ion transport such that it contributes to theJ×B-torque [47].

Due to a finite plasma resistivity, some additional heating is provided by Ohmic dis-
sipation. Due to the inverse scaling of resistivity with temperature (∝ T−3/2), the total
amount of heating is, however, limited in high temperature plasmas.

The mechanisms of torque and power deposition by NBI and ICRH, the dominant
sources at JET, as well as magnetic field ripple, will be discussed in more detail in the
next chapter (see section3.1).

The main loss mechanisms are concentrated in the plasma edgeregion and include
losses via convection and conduction (combined inQloss) as well as radiation (Qrad). The
momentum sink consists of several contributions. Besides convective losses, influences
from magnetic perturbations, either internally or externally induced, result in a damping
of the rotation profile [48, 49]. Furthermore, the presence of low energetic neutrals in the
edge region leads to both neutral friction (Rn) and cooling (Qn) by charge-exchange and
ionization interactions [50]. These neutrals form the dominant sink of momentum, but
also represent the main source of particles (Sn) which originate from both recycling and
direct gas fueling. Section2.4will focus in more detail on the presence of neutrals as a
momentum and energy sink.

2.3.2 Intrinsic rotation

It is interesting to note at this point, that even in the absence of any external momentum
source, the plasma can manifest some level of rotation. Thiswas already apparent from
the radial force balance equation, linking the radial electric field and pressure gradient
to the plasma rotation via theJ×B-force. This minimal rotation is usually referred to as
intrinsic or spontaneous rotation [4, 51, 52]. The magnitude expected is, however, a topic
of rich debate and of increased interest due to the low external rotation drive in ITER. A
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rigid derivation of the neoclassical transport levels, performed in Refs. [53–55], is shown
to lead to,

vi,neo
θ = 2

K1

ZeBφ

∂Ti

∂r
, (2.40)

vi,neo
φ =

Er

B
− Ti

ZeBθ

(

1

ni

dni

dr
+

1 −K1

Ti

dTi

dr

)

, (2.41)

with the elementK1 obtained from Ref. [56] and depending among others on the colli-
sionality regime. The limitation of this derivation is thatit does not include the presence
of turbulence, although it has been shown that the ITG driventurbulence does not fully
damp the rotation [57, 58] and might even drive some form of intrinsic flows [59]. The
second contribution to an intrinsic velocity is related to the non-driven terms in equa-
tion 2.36, the residual stressCR.S and boundary flow condition. Experimental evidence
suggests a dynamic coupling between turbulent transport and a parallel flow drive in the
outer edge region [33, 60, 61]. The presence of turbulent Reynold stresses on the other
hand is a strong candidate to explain the measured plasma spin-up [62, 63]. It is how-
ever possible that additional, not yet explored torque sources may still be present in such
experiments, e.g. from MHD effects [64] and fast particles [47].

As was mentioned earlier, the underlying physics is believed to be related to the pres-
ence of some form of symmetry breaking within the plasma leading to a momentum flux
[65]. A natural contribution is apparent in the obtained up-down asymmetry along a field
line within a tokamak plasma [16, 18] but also electrostatic perturbations may result in a
net parallel flow in the form of zonal flows [66, 67]. Resolving the impact of these contri-
butions requires detailed non-linear gyro-kinetic simulations [25, 68]. It goes beyond the
scope of this thesis to discuss this further but knowledge ofboth lower and higher order
contributions is vital for understanding both intrinsic rotation and momentum transport.
Interested readers can find a starting overview in Refs. [16, 65, 66, 69].

2.3.3 Confinement time

Having derived an expression for the externally applied torque,Tφ = rFφ, a character-
istic time can be obtained by volume integrating the toroidal momentum balance,

∂Ωφ

∂t
+ ∇Ωφ = Tφ

∫

V

∂Ωφ

∂t
dV =

∫

V

TφdV −
∫

S

(Ωφ) dS

∫ Lφ

0

dL
′

φ = Tφ

∫ τφ

0

dt− L̇loss
φ

∫ τφ

0

dt

τφ =
Lφ

T tot
φ − L̇φ

. (2.42)
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Here,Lφ is the total angular momentum of the plasma andL̇φ the time rate of loss
through the plasma boundary. During steady-state this termequals zero and the mo-
mentum confinement time,τφ, is the time required for a unit of input torque to be
lost. Equivalently, an expression is obtained for the energy confinement time,τE =
W/(P abs − Ẇ ), whereW is the global stored energy andP abs the sum of all heat-
ing sources. Together with the plasma minor radius,a, the confinement time represents
an effective global transport coefficient,D ∼ a2/τ [ m2s−1].

Empirical scalings in the international multi-machine database [70] have revealed
that the energy confinement time decreases with input power,τE,98(y,2) ∝ P−0.69. This
leads directly from the observation that the confinement efficiency decreases with ab-
sorbed power due to the enhanced level of turbulent transport. The ratio between the
observed confinement and the empirical scaling laws result in the so-called confinement
enhancement factor,H = τE/τE,98(y,2). The regression analysis forτφ in the JET ro-
tation database [9] reveals a negative scaling with power and torque, althoughwith a
lower fit quality in comparison toτE, suggesting the presence of additional parameters.
A strong link is observed between both confinement times in many different plasma op-
erating scenarios, although not identical with a large variation obtained in their ratio,
Rτ = τE/τφ = 0.8− 1.5 [9]. This is believed to be, at least partly, related to differences
in core and edge behaviour, especially due to the presence ofa momentum pinch. Con-
vective transport is only present in momentum transport andcan therefore directly lead
to differences in the observed global confinement times.

Although the confinement time is a global quantity, one can separate it into two com-
ponents related to either the core or edge enclosed volume as,

τcore
φ =

Lcore
φ

T core
φ − L̇core

φ

, (2.43)

τedge
φ =

Ledge
φ

T edge
φ − L̇edge

φ +
Lcore

φ

τcore

φ

=
Ledge

φ

T tot
φ − L̇φ

. (2.44)

In most cases both the torque and power are deposited mainly within the pedestal en-
closed volume in H-modes. It is therefore possible in the case of uni-directional rotation
to simplify the above equations toτφ ≈ τcore

φ + τedge
φ .

2.4 Neutral friction

Neutral particles, both as neutral atoms and molecules, constitute an important part of
the plasma boundary [50, 71–73]. The interaction between these neutrals and the plasma
contribute towards an efficient sink of both momentum and energy. These conditions and
the mechanism involved are explored in this section.

The neutral background not only arises from active gas handling, but in fact mostly
originates from the wall via outgassing and plasma-wall interactions. In the case of mo-
lecules, the particles dissociate quite rapidly in the outer plasma layer, forming low en-
ergetic Franck-Condon neutrals which enhance the total neutral atom background [50].
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This neutral influx interacts with the plasma via charge-exchange (CX) and ionization
(IZ) interactions. Recombination is in most cases of less importance except at very low
temperatures. The neutral density in the core of a high temperature plasma is low, but not
zero, as the penetration by a continuous neutral influx leadsto a dynamic background
density. Experimentally, the neutral density (n0) in the plasma core is found to be in the
order of1013−16 m−3. It can, however, be considerably higher in the edge region (up to
1018 m−3) with even densities up to1020 m−3 in the high-recycling region of the diver-
tor. Interactions of a high neutral background with the plasma are of interest as they can
play a significant role in the particle, energy and momentum balance.

The mean-free path of a neutral particle in a homogenous plasma is given by,

λi =
v0

ne〈σv〉IZ
(2.45)

wherev0 is the initial velocity and〈σv〉IZ the ionization rate coefficient. In most cases
however, the plasma is not homogenous while the effective path length can also be con-
siderably longer due to the presence of multipleCX interactions. Figure2.3(a)shows
the rate coefficient as a function of donor energy for both ioncharge-exchange and elec-
tron impact ionization. For almost all donor energies,〈σv〉CX > 〈σv〉IZ. The net effect
is an effective increase in mean-free path of a neutral particle. The termeffectiverefers
here to the fact that it is not the property oftheoriginal neutral particle, but instead ofa
neutral particle as at each interaction, a new neutral is created when the ion and neutral
atom swap identity. Figure2.3(b)shows the charge-exchange and ionization mean-free
path for several neutral energies,En, in a background plasma atne = 1.0 × 1019 m−3.
It can be seen that both at low and high donor energies, multiple CX interactions can
result in a significant enhancement of the path length. In fact, when a neutral interacts
with a more energetic ion, the effective path length increases. This process leads to a
dynamic background neutral density, which decreases exponentially inwards as further
penetration leads to a region of higher electron density, that partls shields the core from
the neutral influx.

To estimate the neutral friction and energy loss, a kinetic treatment is required that
includes the collisional process of multiple neutral-plasma interactions [50, 72, 73, 75–
77]. Fortunately, the transport of neutrals is reasonably well understood and the usual
approach is to analytically solve a linear kinetic transport equation of the form,

ψ(x) = ψ0(x) +

∫

dx′ψ(x′)G(x → x′). (2.46)

Here,ψ is the particle source density andG the so-called transport kernel for a particle
moving from a statex (r,v) to x′ (r′,v′). The exact form of this propagator is unfor-
tunately extremely complex (6D) and several simplifying assumptions are required. A
common approximation is based on the fact that charge-exchange between a low ener-
getic neutral atom and a thermal ion can be considered as asoft interaction [77, 78]. As
the interaction takes place within the gyro-radius, the velocity of the outgoing atom is
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(a) (b)

Figure 2.3: (a) Rate coefficients for hydrogen electron-impact ionizationand charge-
exchange and their ratio [74]. (b) Hydrogen mean-free-path for the same re-
action rates in a uniform background plasma ofne = 1.0 × 1019 m−3.

characterized by the ion thermal velocity,vi,th =
√

kTi/mi ≫ v0, wherev0 is velocity
of the ingoing neutral atom. Applying this to the above equation, the transport kernel is
approximated by,

G(r, r,, E) =
1

4π |r − r′|2
exp

[

−
∫

r
′

r

λCX(r′′, E)dr′′
]

, (2.47)

whereλCX(r, E) is the effective mean-free path of a neutral at positionr with thermal
energyE. In other words, the source densityψ0(r, E) and the plasma profiles defining
λCX(r, E) contain all the required information to describe the neutral transport within the
plasma [79]. The source density, or neutral influx, is in many cases not mono-energetic
and made up of discrete energetic components. Sources of lowenergetic neutrals are, for
example, external gas fueling and wall outgassing, while highly energetic neutrals can
originate from plasma-wall interactions as well as neutralbeam injection. Especially for
these high energetic neutrals, the penetration depth is considerably longer. It is therefore
at this point that an accurate treatment of the wall-associated atomic physics becomes
essential as a boundary condition in order to quantify the neutral density [78].

Once within the main plasma, a fraction of the new born neutrals will be lost directly
to the wall, thereby taking away the energy and momentum of the original ion, while
others, unrestricted by the magnetic field, penetrate further into the plasma. The total
neutral friction on the plasma is expressed as the summationover all charge-exchange
interactions, given by,

Rn = −
N

∑

k=0

minin0

(

vk
i − vk

0

)

Gk〈σv〉CX +m0nen0v
N
0 GN 〈σv〉IZ, (2.48)

whereGk = G(rk, Ek) is the local propagator. The second term relates to the closure of
this sequence by either ionization (and transfer to the bulk) or a direct loss to the wall.
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It is clear from the first term that additional charge-exchange reactions in whichvi 6=
v0 lead to a non-zero contribution. Rotational energy is transferred from the plasma to
the neutral background with a subsequentCX interaction redistributing this energy. The
inward penetration of neutrals therefore leads to cumulative angular momentum losses,
as part of the original angular momentum is easily lost by viscous dissipation [76]. In
the case of energy, the conversion of rotational to thermal energy is not necessarily the
same and can actually result in local heating [80]. The penetration of neutrals is therefore
expected to have a different impact on the angular momentum and thermal energy balance
within the plasma.

Although the above description has significantly reduced the complexity of the prob-
lem, an accurate treatment would still require a three-dimensional spatial model due
to the inherent localized sources. Such simulations are both time-consuming and very
resource-demanding, but relevant as recent developments indeed reveal asymmetric ef-
fects in the case of toroidally and poloidally localized sources [81]. However, assuming
these corrections are minimal, a simplification can be made by assuming toroidal sym-
metry in 2D simulations, which self-consistently couple the wall atomic physics and
the plasma edge region [82]. One can go further and assume poloidal symmetry of the
source to reduce the complex within the plasma. Although theneutral density and result-
ing friction are not flux functions, the presence of nested flux surface with a characteristic
thermal energy does allow for the calculation of volume averaged neutral density in each
of these mono-energetic layers. This approach, although most likely over-simplified, does
capture the required physics in the plasma region and has shown good agreement with
experiments [83, 84]. However, the initial source distribution at the plasma periphery re-
mains to be specified. As was discussed earlier, the neutral transport is expressed as a
linear function of this boundary influx. By deriving the neutral transport response (NTR)
of the plasma to an initial estimate of the boundary influx, a comparison between the dia-
gnostic measurements allows for an absolute calibration ofthe neutral density. Available
diagnostics are e.g. passiveCX emission [85] andDα-imaging [86]. The former is used
in this work and discussed in detail in section4.3.

The NTR simulation package used in this thesis is FRANTIC [77]. This code consists
of a 1.5D neutral particle transport model with one spatial coordinate (r) and two velo-
city components (vθ, vr) in a cylindrical coordinate system with mono-energetic surface
layers. The main advantages of this code are the fast computation and the multiple source
species, including the neutral beam in an approximated JET geometry. The initial estim-
ate of the total neutral species (e.g.D0) influx is specified by three distinct contributions,

ψ0(E, r) = ψNBI
0 (Einj, r) + ψgas

0 (E1, a) + ψrec
0 (E2, a), (2.49)

consisting of a beam deposition profile, and two edge components originating from low
energetic neutral background gas and a high energetic component from combined re-
cycling and reflection. The effect of the both external conditions, related to the wall-
conditioning, is observed to dominate the gas balance in many tokamaks [87–89].
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The exact magnitude and distribution of the neutral source is, unfortunately, mostly
unresolved. This is mainly due to the limitation in available diagnostic techniques. A
neutral source could, however, play a profound role in the plasma edge as a particle
source and via charge-exchange flow damping which may be related to the L-H trans-
ition [90, 91]. In fact, optimization of the first wall conditions or active pumping shows
in general an improvement in confinement properties [92, 93]. These effects are of in-
creased interest due to their importance in future tokamaks. In ITER, the neutral back-
ground is expected to be higher and could therefore have a more profound impact on the
requirements for power and particle exhaust [87].

2.5 Summary

After the derivation of the ideal MHD equations, the description of a plasma equilibrium
led to a definition of plasma rotation as the component of the fluid velocity that lies on a
flux surface.

The toroidal angular momentum balance, the conserved quantity of interest, consists
of several driving terms with the dominant torque source originating from the externally
applied neutral beam injection. Additional sources of momentum flux can also appear
due to various symmetry breaking mechanisms within a tokamak geometry. One partic-
ular contribution that appears, analogous with the Coriolis drift force, scales with the
magnitude of the parallel rotation and contributes to an inward convective momentum
flux. Such a contribution facilitates in enhancing the core rotation gradient and could
help explain the differences in momentum and energy confinement observed in the JET
rotation database.

A general observation in tokamaks reveals that core transport is dominated by turbu-
lence, leading to an effective diffusion transport coefficient in the order of severalm2s−1.
The presence of sufficient E×B flow shear can lead to a local suppression of this turbulent
diffusivity. This process is also believed to be one of the dominant factors in obtaining
the enhanced confinement properties in the edge transport barrier, although most likely
in combination with other effects, e.g. neutral penetration.

Neutral penetration in the plasma edge results in a loss of both energy and mo-
mentum due to charge-exchange and ionization interactions. With the presence of mul-
tiple charge-exchange reactions and the resulting enhanced neutral penetration, the con-
version between thermal and rotational energy may have a different impact on the angular
momentum and thermal energy balance.
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Chapter

3

JET and diagnostics

Before presenting the experimental results in the following chapters, this chapter
will briefly outline the relevant capabilities of the JET tokamak. The main focus
will be on the dominant torque and heating sources. In order to study plasma
rotation and momentum transport it is necessary to have reliable measurements
of several key plasma quantities, namely plasma velocity, density and temper-
ature. The essential diagnostics used throughout this thesis will be briefly dis-
cussed and referenced. The next chapter will give a more detailed description of
charge-exchange recombination spectroscopy, which is themost commonly used
technique for measuring the local plasma rotation and ion temperature.
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The research topics discussed in this thesis focus on rotation in tokamak fusion plasmas.
The Joint European Torus (JET) is currently the largest tokamak in the world and holds
the world record in achieved fusion performance. InD−T experiments, up to16 MW
of fusion power were produced, of which a fraction was also observed to heat the bulk
plasma viaα-heating. The role of JET today is to investigate various operating scenarios
and conditions in preparation for the next generation of fusion devices, such as ITER
which is currently under construction. Over the years, JET has undergone several sig-
nificant upgrades ranging from new diagnostic developmentsand changes in magnetic
configurations to different plasma-facing components and upgrades in heating systems.

This chapter is divided in two parts. The first section (section 3.1) will focus on the
JET capabilities for plasma heating and torque drive. In a typical JET discharge, external
heating is supplied by neutral beam (NBI) heating and ion cyclotron resonance heating
(ICRH). The former also provides the dominant source of torque due to injection of fast
neutrals. A unique capability in JET is the possibility of enhancing the toroidal magnetic
field ripple (TF ripple) by controlling the current through individual toroidal field coils.
A brief outline of this mechanism and the resulting torque that can be generated is given
at the end of the first section. The second part (section3.2) will give a brief overview
of a few diagnostics required for determining the plasma angular momentum and en-
ergy density. The most important measurement for the work presented in this thesis is
the plasma rotation profile, which in tokamaks is routinely obtained via charge-exchange
recombination spectroscopy (CXRS). This is only briefly presented here and a more de-
tailed description of CXRS is discussed in the following chapter.

3.1 The Joint European Torus

JET is a tokamak-type fusion device in which an external magnetic field is used to confine
the plasma and prevent contact with plasma-facing materials. It was built in the beginning
of the 1980’s and plasma operations started in 1983. The internals of the machine have
since evolved considerably. Initially, a limiter operation mode was used where either the
first wall or dedicated tiles were used as plasma limiters. However this led to the release
of high levels of impurities and low plasma performance [1]. Improved confinement was
obtained by implementing a modified magnetic geometry with open field lines diverted to
tiles in a dedicated region (see figure3.1). This so-called divertor configuration led to the
formation of a magnetic X-point, separating the main plasmafrom the recycling region,
reducing wall contact and allowing for better impurity control. The heat and particle
fluxes from the main plasma are guided by open field lines in thescrape-off layer to
special CFC1 tiles in the divertor.

Two principal magnetic fields are required to confine a fusionplasma, which are
the toroidal (Bφ) and poloidal (Bθ) magnetic field. In JET, the toroidal magnetic field
is generated by32 D-shaped copper field coils capable of generating up to4.0 T on
the plasma axis. The poloidal magnetic field is induced via a central solenoid using the

1Carbon Fiber Composite; Melting point (sublimation) at3500 oC
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Figure 3.1: Cross section of JET showing the toroidal (TF), poloidal (P)and divertor (D)
coils and the resulting magnetic field in a typical X-point configuration.

plasma as a secondary winding. A plasma current (Ip) up to5 MA and a poloidal field in
the order of0.5 T can be generated. Due to this inductively generated plasma current, the
duration of the pulse will be limited by the available current flux as well as heating of the
solenoid field coils. The initial plasma breakdown which creates the plasma is obtained
by a loop voltage. A series of additional poloidal and vertical field coils is installed to
control the plasma position and shape. The final magnetic field geometry follows a helical
trajectory around the torus with the field lines lying on nested surfaces (see chapter2).
The helical winding of field lines can be defined as a winding number, meaning the ratio
of toroidal turns over poloidal turns, which for a cylindrical plasma is is given by,

q(r) =
r

R0

Bφ(r)

Bθ(r)
=

2πr2Bφ(r)

R0µ0Ip(r)
. (3.1)

This number is also known as the safety factor as it is found tobe related to plasma MHD
instabilities, especially at (low) rational values ofq [2].

To achieve fusion-relevant conditions, external heating systems are required to in-
crease the plasma temperature. At JET several heating systems are available and routinely
plasma temperatures up to10 keV and densities in the range of1020 m−3 are obtained.
The central pressure is then in the order of an atmosphere with a confinement time in the
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range of several hundreds of milliseconds. At these conditions, the fusion product falls
just short of a break-even point at which the plasma producesan equal amount of fusion
power as is needed to sustain the internal energy density. Increasing the plasma pressure
and resulting fusion yield seems an obvious solution, however this has a limitation for
two reasons. A higher energy density will result in a larger energy exhaust that needs
to be controlled, but more importantly, there is a limit on the amount of energy that can
be confined by a given magnetic field. Gyrating particles giverise to small currents in a
diamagnetic plasma, which generate a magnetic field opposite to the external field. This
field is proportional to the kinetic energy of each particle,placing a limit on confinement.
In practice, already at a fraction of this limit the plasma stability is compromised [2],
leading to a maximum toroidal plasma pressure,

βN[%] =
βtor

0.028Ip/aB0
< 2.8, (3.2)

whereβtor = p/(B2/2µ0) is the ratio of kinetic and magnetic pressure.

A diagram summarizing the main experimental and technical parameters obtained
in JET is shown in table3.1 alongside the corresponding design parameters for ITER.
The dominant auxiliary heating systems at JET are two neutral beam injection (NB)
systems and cyclotron resonance heating (RF). The contribution of heating by Ohmic
dissipation is minimal at relevant fusion plasma temperatures. The mechanisms of NBI
and RF heating are discussed separately in the following sections.

Table 3.1:Typical maximum obtained JET operating conditions or achievements [3, 4] and
corresponding ITER design parameters [5, 6]

Parameter JET ITER Units

Major radius R0 3.0 6.2 m
Minor radius a 0.96 2.00 m
Plasma Volume V 80 830 m3

Max. Toroidal Field |BT| 4.0 5.3 T
Max. Plasma Current |IP| 5.0 15 MA
Pulse length (flat top) ≤20 ≥400 s
Avg. safety factor (ρ = 95%) q95 3.5 3 –
Normalized beta βN <3 ≥3 –
Ohmic heating PΩ <1 – MW
Auxiliary heating PNB 25 33-50 MW

PRF,IC 9 20 MW
PRF,EC – 20-40 MW
PLHCD 7 0-20 MW

Fusion power gain Q (pulsed) 0.65 ≥ 10 –
Q (cont.) – ≥ 5 –
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Figure 3.2: Mid-plane view of the JET tokamak showing the NBI and ICRH heating sys-
tems and the direction of the plasma current,Ip and toroidal magnetic field,
Bφ. During counter-current operation, both the magnetic fieldand plasma cur-
rent are reversed.

3.1.1 Neutral beam injection

Neutral beam injection is the dominant heating source in JET, with two injector systems
installed at opposite sides of the tokamak (see figure3.2). Each of these beam boxes
is equipped with eight positive ion neutral injectors (PINI). In the first stage, positively
charged ions are accelerated before passing through a neutralizing gas chamber. This
neutralization is necessary to avoid deflection by the magnetic field as well as the re-
quirement of the plasma to remain quasi-neutral. The total efficiency (η) is unfortunately
dominated by this second step and is typically in the order of35% for positive ions in
the range of100 keV [7].2 Any remaining ionized particles are deflected by a magnet to
a dump plate after which the stream is collimated to produce abeam of highly energetic
neutral particles. To achieve beam penetration up to the plasma core, high beam energies
(Ec) are required, especially in the case of ITER. The beams are orientated in a clock-
wise direction (the direction of the plasma current) with half the PINIs at a near tangential
angle and the other half at a near normal angle to the magneticaxis. The neutral beam
particles also carry linear momentum,p = mbvb with vb the velocity of the beam neutral
with massmb. Due to the beam incident angle this results in a net torque onthe plasma.
The beams transfer their energy and momentum to the plasma bycollisions with ions

2Higher efficiencies can be obtained by utilizing negative ion sources with60% efficiency at1MeV in
comparison to1% for positive ions at the same energy [1].
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Table 3.2:Neutral beam characteristics per injector for JET positiveion sources (JET-P)
[8] and ITER negative ion sources (ITER-N) [9]

Type Energy Current Efficiency P Tnorm T tang

(keV) (A) (%) (MW) (Nm) (Nm)

JET-P 80 50 35 1.4 1.3 1.8
120 50 35 2.0 1.6 2.2

ITER-N 1000 40 60 24.0 – 25.4
500 80 60 24.0 – 36.0

and electrons, depending on the fast particle energy and electron temperature. The total
injected power and torque by each PINI are dependent on the source efficiency, geometry
and operating conditions and can be expressed as,

PNBI = ṄEc = IbηEc, (3.3)

TNBI = ṄRTmbvb = PNBIRT

√

2mi

Ec
, (3.4)

with Ṅ = Ibη the rate of particle injection,Ib the beam current andRT the injection
tangency radius (see figure3.2). In JET the tangential beams are injected atRT ≈ 1.8m
while the slight angle of the normal beam lines results inRT ≈ 1.3m. Table3.2shows
the estimated injected power and torque in the case of the JETpositive neutral beam
in comparison to the ITER negative ion beams operating at a higher injection energy.
With all PINIs available in JET, a maximum of 25 MW can be injected into the plasma,
corresponding to a torque source up to20 Nm [8]. For comparison, the larger major and
minor radius in ITER result in a much larger value ofRT = 5.3 m [9]. This leads to a
comparable power-to-torque ratio between one ITER injector and the full JET capability,
P/T ∝

√
Ec/RT ≈ 6. Unfortunately, the increased inertia (∝ R0a

2ne) in comparison
to JET will result in a significantly lower estimate of the beam driven rotation. Of key
importance, however, is the exact profile of the torque deposition, which is closely linked
to beam attenuation in the plasma and the (fast) ion distribution [10].

The beam linear momentum and energy is transferred when injected neutrals become
part of the plasma either by charge-exchange or absorption via direct impact ionization.
The dominant process at relevant beam energies is via charge-exchange. The beam at-
tenuation is dependent on beam energy, plasma density and temperature, resulting in an
exponentially decreasing density of beam neutrals [7]. The typical mean free path in
relevant tokamak plasmas can be roughly approximated by,

λNBI ∝
E0.6

c

ne

[

1 +
e−(Te/2)

3

]−1

. (3.5)

As this process is inversely proportional to the plasma density, the deposition profile will
be broader in low density discharges while at high density, or low beam energy, beam
particles are mainly absorbed in the plasma edge. Typical power and torque deposition
profiles are shown in figure3.3(a)and figure3.3(b)respectively. Notice that part of the
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(a) (b)

Figure 3.3: (a) Contribution of NBI and ICRH in power deposition.(b) Contributions of
NBI (and toroidal field ripple) to the torque deposition. Note the off-axis torque
contribution from theJ×B-torque. Torque deposition profiles have been cal-
culated by the Monte-Carlo orbit following code (ASCOT). Power deposition
from ICRH is obtained from JETTO.

neutral beam heating directly heats the electrons. Similarly, momentum is transferred to
both ions and electrons. As the fluid velocity is mainly determined by the heavier ions,
the electron momentum is however negligible.

The beam torque is transferred to the bulk plasma in three distinct processes, which
are the instantaneous, collisional and thermalization components. Each of these processes
occurs on a characteristic time scale [10, 11].

The nature of the instantaneous torque is electromagnetic and related to the orbits of
trapped particles. As these orbits are closed, the particles cannot have any momentum
beyond the average orbit motion. Within one orbit time (10−2 ms) the excess momentum
must therefore be transferred to the bulk plasma. The mechanism is via an apparent cur-
rent due to the spatial separation between the ionization location and the average drift
orbit position (see figure3.4(a)). To conserve quasi-neutrality, a compensating displace-
ment current is generated which gives rise to aJ×B-torque at the location of the average
drift orbit. The magnitude of this torque depends on the fraction of trapped particles. This
fraction is largest at the low-field side, leading to a dominantly off-axis torque deposition
as can also be seen in figure3.3(b). It is interesting to note that by reversing the plasma
current, the displacement current shifts from outwards during co-current injection to in-
wards for counter-current beams (see figure3.4). The resulting torque remains in both
cases parallel to the beam direction, but due to the outwardsshift of the orbit the torque
it is deposited further off-axis [10, 12]. Exact calculations of this torque component and
deposition profile require detailed orbit following simulation codes (e.g. ASCOT [13]).

The second transfer process is via coulomb interactions andtakes place on a col-
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(a) (b)

Figure 3.4: Instantaneous torque mechanism during co-current(a) and counter-current(b)
beam injection. Reversed field operation is achieved by reversing both plasma
current and toroidal field. The orbit shift,∆, results in an apparent current
( ~Japp) and induced displacement current (~Jdis). In both cases, the resulting
J×B-torque is in the same direction as the NBI.

lisional slowing timescale (10 − 100 ms). The deposition is in this case more peaked
around the magnetic axis. When the particle has slowed down due to successive colli-
sions, it is considered thermalized and its momentum and energy are added to the ion
population. Neutral beam injection therefore also fuels the plasma at a rateS ∝ Ṅ − f ,
wheref is the fraction of particles that pass through the plasma without absorption. These
shine-through losses, or actually the subsequent wall loads, limit the beam operation in
low density plasmas. Shine-through fractions up to10% can be obtained during normal
operation [8].

3.1.2 Radio frequency heating

A second method for heating a plasma is by resonance frequency heating (RF). Elec-
tromagnetic waves launched into the plasma at a certain frequency,ωRF, propagate until
they are either absorbed or converted into a different frequency, mode-conversion. The
wave is absorbed at the layer where the mode frequency matches one of the harmonics of
the cyclotron frequency,ωc. Becauseωc depends on the magnetic field, this absorption
layer is highly localized. In the case of ion cyclotron resonance heating (ICRH), the fre-
quency is in theMHz-range while for electrons (ECRH)3 this is in the order ofGHz. Ion
resonance heating leads to the formation of energetic tail ions (either bulk or minority
species) which transfer their energy to the thermal particles via collisions.

3Heating with ECRH is not available at JET.
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The JET ICRH system is comprised of a broad range of frequencies ranging from
23 to 57 MHz to provide heating at varying magnetic fields and at both off-axis and on-
axis heating positions. The systems consists of five antennae (see figure3.2) capable of
continuous operation during10 s. In total up to9 MW of power can be reliably coupled
[14]. The principles of wave propagation and interaction with the plasma are well known
allowing for the computation of the power deposition with known concentration of ion
(minority) species and magnetic field structure. Shown in figure3.3(a)is the power de-
position profile in a typical JET ELMy H-mode discharge. Due to the high energy of the
supra-thermal ions, the power deposition can be both directed to ions and electrons. Fur-
thermore, the complex coupling between RF-waves and fast ions can lead to additional
acceleration and an alteration of the power and torque deposition during simultaneous
NBI operation. Radio frequency waves with a nonzero toroidal wave vector can provide
a limited form of torque due to net ion acceleration [15, 16]. This form of electromagnetic
torque is typically several orders of magnitude smaller than that from NBI.

Between the ion and electron resonance frequencies lie several hybrid frequencies
resulting from the interplay between ions and electrons. These frequencies can also be
used for heating, although the efficiency is usually low. Instead hybrid waves are more
commonly used for driving an electric current. By orientating the waves tangentially to
the plasma, the injected waves have an electric field component parallel to the magnetic
field lines resulting in a net acceleration of the thermal electron distribution. The JET
Lower Hybrid Current Drive (LHCD) system operates at3.7 GHz with a injection capa-
city of 7 MW and capable of generating up to3 MA of plasma current [17].

3.1.3 Toroidal field ripple

Ideally, the toroidal magnetic field in a tokamak is fully axisymmetric. In practice, how-
ever, a magnetic field ripple,δT , will be present due to a finite number of toroidal mag-
netic field coils (see figure3.5(a)). This symmetry-breaking leads to a torque source
proportional to the amplitude of the field ripple.

During normal operation in JET, this ripple is very small (δT = 0.08%) due to the
relatively large number of field coils (32) in comparison to other tokamaks. A unique
capability of JET is that the current and polarity of each of the toroidal field coils can
be varied independently. In this way the field ripple, definedon the mid-plane by the
maximum and minimum of the field fluctuation,

δT =
Bmax −Bmin

Bmax +Bmin
, (3.6)

can be enhanced up to1.5% [18]. The presence of a toroidal field (TF) ripple leads to an
asymmetry in the magnetic field which has an effect on trappedparticle orbits. A fraction
of particles with cos(v‖/v) <

√
δT will be directly trapped within the ripple wells. This

fraction is, however, only small and these particles will bequickly lost by a self-induced
∇B-drift, preventing them from making a significant contribution to collisional damping
with passing particles. The dominant mechanism on the otherhand is the effect of a
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(a) (b)

Figure 3.5: (a)Schematic description of the toroidal magnetic field rippleboth at low (left)
and high ripple (right). The ripple magnitude has been exaggerated for clarity.
(b) Schematic picture of the non-ambipolar orbit loss mechanism and the dir-
ection of the generatedJ×B-torque.

ripple on the poloidally trapped particles. Due to the perturbed magnetic field, these
banana orbits experience an uncompensated random walk resulting in a net outward drift
(see figure3.5(b)) [19]. This has a two-fold effect. First, the drift will be different for
ions and electrons (non-ambipolar diffusion) which leads to an enhanced neoclassical
toroidal viscosity (NTV) [20–24]. In order to maintain quasi-neutrality, a change in radial
electric field is required which is equivalent to a viscous torque. At high collisionality and
ripple amplitude this effect can result in a significant damping of the toroidal rotation
[22]. Simulations of the magnitude of NTV-torque showed a high dependency on plasma
density and effective charge number [23].

Eventually, the orbit drift results in a loss of ions from themain plasma and con-
sequentially in large power load on surrounding plasma-facing materials [18, 25]. The
magnitude of these losses increases significantly withδT [18, 26], a process which in
fact places an engineering limit on the maximum tolerable toroidal field ripple. This non-
ambipolar loss of trapped ions will again lead to an apparentradial current similar to
the orbit effects discussed earlier. In the case of the TF ripple however, the displacement
current will be concentrated in the outer part of the plasma and, within the normal JET
magnetic configuration, exerts a counter-currentJ×B-torque opposite to the beam driven
torque (see also figure3.3(b)). The effect of the toroidal field ripple on the fast ions and
generated orbit loss torque can be modeled accurately with advanced Monte Carlo orbit
following codes such as ASCOT [18, 26]. Both of the above effects contribute to the final
ripple-induced torque although estimates revealed that atleast up to a ripple magnitude
of 1%, the dominant effect is from the non-ambipolar fast ion losses in dominant NBI
heated discharges [18, 25].
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As a final note, the application of helical magnetic perturbation can act in a similar
way as enhanced toroidal field ripple, leading to comparableeffects on the plasma [22,
23, 27].

3.2 Plasma diagnostics

The plasma parameters of interest for studying momentum andenergy transport are the
rotation velocities (vφ andvθ), temperature (Ti andTe) and density (ni andne). A range
of different diagnostics based on various principles is installed on JET to measure these
properties. This section will give a brief overview of the key diagnostics used in this study
followed by a more detailed description of charge-exchangerecombination spectroscopy
for the measurement of plasma rotation in the next chapter. An extensive list of plasma
diagnostics used in tokamaks is discussed in detail in Ref. [28].

3.2.1 Magnetic equilibrium

Reconstructing the MHD equilibrium is a necessary requirement for all diagnostic in-
terpretation. Not only do MHD spectral computations allow for investigations into the
magnetic equilibrium and stability, the equilibrium itself provides a necessary plasma
coordinate frame [29]. As many diagnostics measure parameters at different positions in
the plasma, this reference frame allows for a transformation between machine (R,Z) and
magnetic coordinates (r, ψ)

Solving the Grad-Shafranov equation (see section2.1.1) requires information on the
magnetic fieldB, current densityj and pressure profilep as well as an appropriate bound-
ary condition. In JET, the equilibrium is numerically solved using the EFIT code [30, 31]
with measurements from magnetic pick-up coils, in combination with measurements of
the loop voltage, plasma current (Rogowski coils) and the measured plasma pressure.
When available, the solution can be further constrained by e.g. magnetic field pitch angle
(q) measurements from Motional Stark Effect [32]. Once solved, various coordinate sys-
tems can be defined in which to describe the magnetic topology. For the work presented
here, the most relevant are the toroidal coordinate system (r, φ, θ) and flux coordinate
system (ψN , φ, θ).4 Most figures in this thesis are shown in either normalized minor ra-
dius (r/a, with a the minor radius) or normalized poloidal flux coordinates (ψN) which
are expressed as,

r/a =
R−R0

(Rmax −Rmin)/2
, (3.7)

ψN =
ψ − ψ0

ψmax − ψ0
. (3.8)

with Rmax,min the outboard and inboard radial position of the separatrix on the mid-
plane (Z = Zmag) andψ0,max the poloidal flux at respectively the magnetic axis and the
boundary.

4Unfortunately, neither of these coordinate systems is globally orthogonal to the flux surfaces (see also [33])
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3.2.2 Thomson scattering and interferometry

The principle of Thomson scattering is based on the scattering of photons on free elec-
trons. The scattered light will be Doppler shifted due to therelative speed of the electrons.
The observed spectrum contains information on the average thermal speed, or electron
temperatureTe, by the width of scattered spectrum, while the intensity of the scattered
light is directly proportional to the electron densityne.

Three Thomson scattering diagnostics are installed at JET.The High Resolution
Thomson Scattering (HRTS) system [34] uses a5 J Nd:YAG 15 ns laser pulse at a repeti-
tion rate of20 Hz. A high power laser is required to have sufficient signal above the back-
ground emission. The scattered light is collected at90o to allow for the optimal signal-to-
noise ratio. In total 126 fibers is installed, grouped in pairs, to obtain 63 image positions
from the plasma core to the edge with a spatial resolution of(3.9 − 2.9)/63 = 0.015 m.
The relative errors onTe andne are approximately7 − 13% and4 − 7%.

Additional to the HRTS system, two Light Detection and Ranging (LIDAR) systems
are routinely operated [34, 35]. The first is situated alongside the HRTS system, while
the second system has a downwards view towards the divertor,intersecting mainly the
plasma edge. The repetition rate for the edge and core LIDAR are respectively1 Hz (6
pulses) and4 Hz. The spatial resolution ranges between1− 4 cm and12 cm for the edge
and core system respectively.

Although the HRTS diagnostic provides high spatial resolution, the repetition rate
limits the temporal resolution. A technique for fast density measurements is interfero-
metry, in which a laser beam is split in a reference beam passing through a vacuum and a
main beam through a medium, in this case the plasma. As the phase velocity of light de-
pends on the refractive index in the medium, a phase difference will be generated between
both beams. This phase delay can be obtained from the interference pattern and is related
to the line-averaged refractive index which itself is proportional to the line-integrated
density,∆ψ ∝ n̄e =

∫

nedl.
At JET, a multi-chord far-infrared interferometer is used with a wavelengthλ = 2 nm

[36]. It consists of four horizontal and four vertical laser beams through the plasma. The
time resolution is typically in the order ofkHz.

3.2.3 Electron cyclotron emission

Charged particles gyrating around a magnetic field will emitelectromagnetic radiation
called cyclotron emission. This frequency is proportionalto the magnetic field,ωc =
eB/m. As the magnetic field is dependent on the radial position, the emission is also
highly localized. Fortunately, most high temperature plasmas are optically opaque, such
that the intensity of the emission can be characterized, in the long wavelength approxim-
ation, by black body radiation. In other words, by measuringthe frequency spectrum, a
radial temperature profile can be derived,I(ω) → T (R) [28].

A fast heterodyne electron cyclotron emission (ECE) systemis installed at JET with
a continuous frequency coverage from63 to 207 GHz [37]. The system provides full
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radial coverage with 96 channels (four mixers each with 24 channels) for operation in
magnetic fields between1.7 and4 T. Each mixer can be set to either first (O-mode) or
second (X-mode) harmonic depending on the density dependent cut-off frequency. The
radial resolution of individual channels is typically2 − 6 cm with a channel separation
<2 cm. The sampling rate during normal operation can be set up to 250 kHz, allowing
detailed studies in fast timescale events, e.g. MHD and turbulence fluctuations.

3.2.4 Visible spectroscopy

In the visible range a wide variety of high resolution and high accuracy spectrometers
is commercially available. Additional advantages for using optical techniques are the
relatively easy methods for obtaining, calibrating and analyzing the emission spectra.
Visible emission is mainly used for passive viewing of characteristic line-emission from
the relatively cold plasma edge or contact surfaces for plasma-wall interaction studies.
Of particular interest are two contributions to the emission spectrum in the visible range,
which can provide information on e.g. the density and temperature of plasma ion species.

The first contribution is related to the continuum emission due to the relative mo-
mentum of charged particles, Bremsstrahlung. The intensity of this emission is given by
[28],

dI
dλ

= 3 × 10−12 gn
2
eZeff

λ
√
Te

, (3.9)

whereg is the Gaunt-factor which can be approximated by2
√

3/π. Zeff is the effective
charge number and a measure of the plasma purity, expressed as,

Zeff =

∑

i niZ
2
i

∑

i niZi
=

1

ne

∑

i

niZ
2
i . (3.10)

However, the brightest wavelength observed comes from Balmer-α emission for hy-
drogen atλ0 = 656 nm. The total intensity measured is proportional to the neutral hy-
drogen and electron density. The measured line-integratedemission spectrum is unfortu-
nately quite complex due to the neutral energy distributionas well as the temperature and
density dependent cross-section. The magnitude of the lineemission is therefore related
to all reactants involved, each contributing a photon flux ata characteristic intensity, line
width and position,

ψ ∝ nNne〈σv〉IZ(ne, Te) (3.11)

∆λFWHM =

√

8kTN ln2

mNc2
λ0 (3.12)

At JET four lines-of-sight are available of which three are vertical and look at respectively
the inner divertor, outer divertor and outboard side, and one is orientated horizontally
[38]. The accuracy onZeff and line intensities depends on the absolute calibration ofthe
system and a precision in the order of15 − 20% is commonly obtained.
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3.2.5 Charge exchange recombination spectroscopy

The application of visible spectroscopic techniques to measure line-emission from ions
in the core of the plasma is in most cases limited. Due to the high temperature, all low
charge-number ions are fully stripped of electrons. For heavy impurities, the complex
population of energy states leads to an emission spectrum with many, usually overlap-
ping contributions [39]. A method for obtaining spectroscopic information from the core
is by the line-emission from charge-exchange recombination between neutrals and fully
stripped plasma ions. A source of energetic neutrals. e.g. hydrogen, is routinely provided
by neutral beam injection, up to the plasma core. This interaction results in excited
hydrogen-like particles which emit line radiation of whichthe width, shift and intensity
of the spectral line are a measure of the ion temperature, rotation and density respectively.

Two CXRS diagnostic systems are currently in operation at JET, the core-CXRS [40–
42] and edge-CXRS [43] system. The analysis presented in this thesis focuses on the core
toroidal rotation profile and mainly uses data from the core-CXRS system.

The core system consists of lines-of-sight intersecting with two PINIs of the octant 8
NBI. The core system measures the red-shifted Doppler spectrum and has an almost fully
toroidal view located at the outer mid-plane. The time resolution is set by the camera
readout and is10 ms. Spatial resolution is in the order of3 − 6 cm [41]. The system
provided radial coverage from plasma core (R = 2.8 m) to the pedestal region (R =
3.8 m). A more detailed description of the diagnostic principle and experimental setup at
JET is described in chapter4.

3.3 Summary

This chapter briefly introduced several experimental capabilities of the JET tokamak rel-
evant for momentum transport studies. The dominant torque and heat source at JET is
provided by the tangential injection of fast neutral particles by neutral beam injection.
During high density H-modes this torque is predominantly deposited off-axis via an in-
ducedJ×B-torque. The total power and torque deposition by NBI are tightly linked and
scale with the beam energy,P/T ∝

√
Ec/RT . The second heating system commonly

used is ion cyclotron resonance heating (ICRH). The main advantage of cyclotron heat-
ing is the localized deposition region in comparison to the broad deposition by beam
attenuation during NBI. Although ICRH can provide a form of electromagnetic torque,
this is usually many order smaller than that from NBI. Both ICRH and NBI predomin-
antly heat the ion population, but depending on temperatureand density these systems
can also efficienctly couple to the electron population.

An additional mechanism for driving a momentum flux can be obtained by enhancing
the toroidal magnetic field (TF) ripple. A non-ambipolar loss of fast ions, induced by the
symmetry breaking in the magnetic field, results in an apparent radial current leading
to aJ×B-torque. This torque is localized in the edge region and in the counter-current
direction. During normal operation, the magnitude of TF ripple at JET is small and the
torque generated practically negligible.
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Chapter

4

Charge-exchange recombination
spectroscopy at JET

In this chapter, special attention is given to a detailed description of charge-
exchange recombination spectroscopy, which is the main diagnostic used for
measuring the rotation profiles presented in this thesis. The measurement prin-
ciple and experimental setup at JET are presented. In addition, the origin of the
passive emission is discussed in order to forward-model theemission and thereby
place a constraint on the neutral transport model discussedin section2.4.
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The most commonly used diagnostic technique for measuring plasma rotation is charge-
exchange recombination spectroscopy. This method is basedon the light emitted from
plasma ions after receiving an electron in a charge-exchange interaction with a neutral
particle. The interaction results in excited hydrogen-like particles which emit line radi-
ation that can be directly related to the properties of the original plasma ion.

The outline of this chapter is as follows; first, the main principle of charge-exchange
recombination spectroscopy (CXRS) in a tokamak environment is briefly presented in
section4.1. The experimental setup is then discussed in section4.2with an emphasis on
the spectrum analysis and the influence of the passive, not beam related, emission.

4.1 The principle of CXRS

Ions excited by the interaction between beam neutrals will immediately fall back to the
ground state through a cascade of transitions, producing characteristic line-emission at
each transition. This mechanism is represented by,

H0 +AZ+ → H+ +A⋆(Z−1)+ → H+ +A(Z−1)+ + hν1 + hν2 + ... (4.1)

where speciesA can be either a bulk ion or light impurity (e.g. C and He) species. In the
initial interaction, the electron is most likely captured in a preferential excited state [1, 2].
In the case of fully ionized carbon, this is then=4 state, although higher levels can also
be well populated due to resonance effects with the incomingparticle. These higher levels
are of particular interest, as the emitted radiation increases in wavelength for higher ex-
citation levels. In order to reach the convenient visible range this leads to beam energies
that scale approximately asEb = 25Z

4/7
i keV/amu [3]. In the case of carbon impurities,

this coincides nicely with the beam energy used during neutral beam injection in current
tokamaks. It was, therefore, quickly realized that active beam spectroscopy in the form of
charge-exchange recombination spectroscopy could give valuable information on several
key parameters of the interacting plasma ions. The theory and practical applications of
CXRS have been extensively described in literature, e.g. Refs. [2, 3]. One of the main ad-
vantages of this technique is the high intensity and localized emission from usually fully
stripped ions. This emission is at a conveniently long wavelength, allowing for relatively
simple and inexpensive optical methods in the analysis. TheDoppler shift and broaden-
ing of the emission spectrum are a measure of the ion fluid velocity and ion temperature
respectively, while the peak intensity is a measure of the ion density. By using multiple
lines-of-sight a full radial profile of each of these parameters can be measured.

In tokamaks, charge-exchange with light impurity species is commonly chosen above
the bulk plasma ion species. This is for practical reasons, as fusion plasmas usually con-
sist of a mixture of hydrogen isotopes with overlapping emission profiles resulting in a
complex hydrogen emission spectrum. Additionally, hydrogen excitation and recombina-
tion at the edge contribute with line-emission in the same range as charge-exchange. Fur-
thermore, the neutral beam species is usually also hydrogen, resulting in a superimposed
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Figure 4.1: Schematic toroidal view showing a central and edge line-of-sight of the core-
CXRS intersecting the NBI path. The activeCX emission takes place at the
intersect point between neutral beam and the line-of-sight, while the passive
CX signal is dominantly concentrated at the plasma edge.

beam emission profile. Deconvolution of all these spectral contributions is therefore a
challenging task that requires knowledge of the detailed atomic physics involved [1, 4].
These easiest way to circumvent all these difficulties is therefore to use the emission of
a different ion species. Most commonly, charge-exchange emission from the(n=8→7)
transition of C5+ is used.1 The main advantage of using carbon emission is the relat-
ively clean spectrum and its abundance as main impurity species due to commonly used
carbon-based wall materials.

An obvious consequence of measuring impurity ions is that the obtained ion para-
meters are from the impurity ion and these may not necessarily be identical to those of
the main ion species. Fortunately, the energy transfer timebetween ion species can be
considered as a fast process compared to global energy transport, such thatTC

i = TH
i =

Ti within a typical energy confinement time,τE. The equivalence is, however, not as
straightforward in the case of rotation. A different pressure gradient between species will
lead to a different rotation velocity in satisfying the radial force balance equation (see
equation2.23). Such high pressure gradients can be obtained, for example, in internal or
edge transport barriers and need to be corrected with knowledge of the ion species dens-
ity and temperature profiles. In most other cases the effect of this correction is however
minimal [5, 6].

1Several other species are interesting candidates, e.gNe10+(n = 11 → 10) andN8+(n = 9 → 8) [1].
Of particular interest is charge-exchange on He2+, the product of fusion reactions, thus allowing for active
diagnostics on the fuel cycle, fast particle population andfusion performance.
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The natural wavelength of theC5+(n = 8→ 7) emission isλn = 529.05 nm with a
natural line width of∆λn = 5 × 10−5 nm [7]. This line width is negligible compared
to the Doppler shift of a thermal ion (∆λ ≈ 0.07 nm at Ti = 15 eV) and can be well
approximated by a delta function. Assuming a Gaussian velocity distribution, the charge-
exchange spectrum observed can be described by the integralof all light emitted along
the line-of-sight,

f(λ) =

∫

l.o.s

Iexp

[

−
(

λ− λ0

∆λ

)2
]

dz, (4.2)

with

λ0 = λn

(

1 +
vz

c

)

, (4.3)

∆λ =

√

2kTi

mi

λn

c
, (4.4)

I = n0,bnC
〈σv〉λn

4π3/2c∆λ
. (4.5)

The observed wavelength shift in the spectrum is directly related to the carbon velocity
in the direction of the observer,vz (see figure4.1). The ion temperature,Ti, is obtained
from the Doppler broadening,∆λ. The peak intensity is proportional to the ion density,
ni, the neutral density,n0,b and the effective emission-rate,〈σv〉. This emission-rate is
dependent on the specific charge-exchange cross-section for populating then=8 state.

The main advantage at this point is by realizing that the neutral density is small
along the line-of-sight except for two regions, as is shown in figure4.1. The first re-
gion is at the intersection point between the neutral beam and the CXRS line-of-sight,
which defines the volume ofactivecharge exchange. The second region is concentrated
in the plasma edge region, where background neutrals are able to penetrate and contrib-
utepassivecharge-exchange emission before ionization. The total emission is the sum of
this active and passive contribution,

f(λ) =

∫

active

Iaexp

[

−
(

λ− λ0

∆λ

)2
]

dz +

∫

passive

Ipexp

[

−
(

λ− λ0

∆λ

)2
]

dz.

(4.6)

The local intersection point between the neutral beam and line-of-sight is correlated with
the local ion parameters,vC(r, z), TC(r, z) andnC(r, z). A full radial profile can be
obtained by implementing multiple lines-of-sight, intersecting at different radii with the
neutral beam. The active charge-exchange spectrum from each of these viewing lines,
defined by intersection angleγ, is finally expressed as,

φacx(λ, γ) = nC
λn

4π3/2c∆λ
exp

[

−
(

λ− λ0

∆λ

)2
]

∫

beam

〈σv〉n0,bdz. (4.7)
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Figure 4.2: Typical measured charge-exchange spectrum from the core-CXRS diagnostic.
The various spectral contributions to the spectrum fit are highlighted un-
derneath; activeCX emission (blue), passiveCX emission (red), electron-
recombination (ER, black), Be-II reference line (magenta)and several nearby
impurity lines (green and yellow).

The path length integral remains only over the neutral beam density within the active
volume. This component needs to be calculated by a beam attenuation algorithm, but
only affects the calculation of the absolute intensity provided that the active volume is
small enough. Assuming that the radial component of the fluidvelocity is small, the
observed velocity can be decomposed into a poloidal and toroidal component,vz =
vφcosα + vθcosβ. Here,α andβ are respectively the angles between the line-of-sight
and the toroidal and poloidal direction.

Figure 4.2 shows an example of a measured charge-exchange spectrum fora mid
radius line-of-sight of the core-CXRS diagnostic. The maincontribution in this spec-
trum is by active charge-exchange, but several additional lines can also be distinguished
within the spectrum. Notice the clear Doppler shift and broadening of the active charge-
exchange emission and the full overlap with an approximately stationary passive emis-
sion. An additional line at the active charge-exchange position is the small contribution
from electron recombination (ER) in the outer edge. The background of the spectrum
is determined by Bremsstrahlung emission (see section3.2.4) and affects the signal-to-
noise ratio. The presence of impurity lines complicates theanalysis, but can also be favor-
able, e.g. in the case ofBe2+. This emission originates mostly from the far edge region
and can be assumed to be stationary, orvBe ≪ vC, thereby allowing this contribution to
be used as a continuous wavelength reference [1]. Once all lines are fully characterized,
the spectrum can be fitted with a multiple component expression using e.g. CXSFIT [8].

Unfortunately, the simple picture above of a multi-gaussian expression is the ideal
case and several additional effects can complicate the analysis. Most noticeably, non-
thermal line broadening and a non-constant emission rate cause a broadening or shift in
the emission spectrum (see Refs. [1, 3, 4, 9]). Additionally, contributions from so-called
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Figure 4.3: Poloidal cross section showing the radial position of all eight PINIs of the oct-
ant 8 NBI during normal operation. A cut-out view shows the 12measurement
points of the core-CXRS system along with the project of the path length on
the poloidal plane (black). Only the projections of PINI 8.6and 8.7 are shown
in this figure.

halo and plume effects2 distort the measured spectra, complicating the extractionof the
active contribution. In practice, however, many of these effects are found to be of minimal
influence at JET, but this may not be the case in a tokamak like ITER.

4.2 Experimental setup at JET

The work presented in this thesis focuses on the main core-CXRS diagnostic [10–12].
This system consists of 12 lines-of-sight tangential to thetoroidal direction and located
in the equatorial plane (see figure4.3). At least one of two intersecting PINIs from the
octant 8 NBI system needs to be operational for measuring theactiveCX emission. The
intensity of the activeCX signal depends on the beam density at the radial intersec-
tion point, which depends on the beam operating conditions and attenuation as the beam
passes through the plasma (see equation3.5). The spatial resolution is effectively de-
termined by the cross section area of the neutral beam and theline-of-sight. Although
all PINIs are collimated and focused, the width of the beam atthe intersection point res-
ults in a finite active volume that can span several flux surfaces. The spatial resolution
therefore varies as a function of viewing angle between3 − 6 cm [11].

Each of the 12 lines-of-sight corresponds to a fiber in the periscope mounted in a
window port of octant 7. The collected light is transmitted to a wave tunable spectrometer
outside the torus and beyond the shielding wall (∼ 90m). The spectrometer used is
a 1 m focal length Czerny Turner (f/10) spectrometer. The optical fibers are1 mm in
diameter with a numerical aperture of0.22, which is larger than the input aperture of the

2These contributions originate from delayed emission when the ionization time is long enough for secondary
excitations and emission of either neutrals (halo) or impurity ions (plume).
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spectrometer [10]. The overall transmission is approximately60%. The fibers are stacked
vertically in front of an entrance slit (∆ = 100 µm). This width is chosen to obtain the
optimal balance between a narrow instrument function and line intensity. The light is then
reflected on a grating and subsequently imaged on a CCD-camera. The camera used is an
XCam back-illuminated frame-transfer CCD camera with active water cooling. The CCD
image has a size of560×528 pixels, with a pixel-size (p) of 13×13 µm. Only half of the
chip is illuminated in order to use the fast frame-transfer functionality and decrease the
exposure time to10 ms, which sets the minimum time resolution. The resulting vertical
length is binned inn tracks, corresponding ton = 12 fibers. The obtained spectral range
is 5.1 nm with a design dispersion of0.01 nm/pixel.

As the final output of the CCD isψ(p, n, t), a conversion is needed between pixel
and wavelength in order to retrieve the desired parameters (∆λ→ Ti andλ0 → vi). The
theoretical dispersion mentioned above is the ideal relation, in practice however the meas-
ured dispersion depends on the alignment of the spectrometer. Additionally, an accurate
characterization requires measurements of the instrumentfunction, resolving power and
absolute intensity calibration. By measuring the position, width and intensity of known
line-emission at several wavelengths, numerical expressions for each of these can be de-
rived. In the case of the absolute calibration, deterioration of the optical transmission ef-
ficiency of several windows and mirrors during operation cansignificantly reduce signal
throughput. An alignment of the line-of-sight and beam intersection point is determined
by backlighting the fiber array and dedicated beam calibration discharges [11]. These
calibrations are routinely performed at JET in between experimental campaigns. More
problematic is an accurate wavelength calibration as slight movement and drifts can still
occur during operation, even in a perfectly calibrated spectrometer. Such fluctuations are
in practice addressed by using a known and stationary reference wavelength, e.g.Be2+.
A small systematic error of3 − 4% on the rotation velocity is obtained by setting the
reference wavelength during each experimental session to the pulse averaged Be-II emis-
sion [11]. As this position is fixed for all lines-of-sight, the erroris systematic and does
not affect the gradient or time evolution of the derived rotation velocity.

As mentioned earlier, a significant passive component can complicate the extraction
of the underlying plasma parameters as this passive emission overlaps with the active
charge-exchange spectrum. A common approach to deal with this emission is to either
modulate the neutral beam source or to use dedicated lines-of-sight that do not intersect
the neutral beam in order to obtain a passive only emission spectrum. Such background
spectra can then be subtracted from the active spectrum to retain only the active charge-
exchange signal. This method has several disadvantages of which arguably the largest
is the assumed uniformity of non-active emission in either space or time. An alternative
approach would be to use a thorough analysis method based on aforward model of the
passive emission to either estimate or correlate the passive emission and active emission
[13]. The latter is used in analyzing the spectra from the core-CXRS diagnostic. This
approach and its effect on the derived plasma parameters is briefly examined below.

The difficulty of a passive component in the spectral fit routine can be separated in
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(a) (b)

Figure 4.4: Two examples of artificialCX spectra atIs = 0.3 andλs = 0nm (a) and
Is = 0.3 andλs = 0.3 nm (b). TheCX spectra (black) consists of a passive
and active (both in red) components and a background. Poisson distributed
statistical noise (∝

√
N ) is added.

two regions. For core viewing lines, the increased Doppler shift of the active component
results in a clear separation between both active and passive emissions, at least in the
range of intermediate temperatures. On the other hand, closer to the edge, the intensity
of active emission from NBI neutrals is usually much larger than the passive intensity.
The ratio of passive and active emission ranges from5 − 25% for the edge lines-of-
sight to comparable intensities for the core viewing lines [14] (see also figure4.6). As
a results, due to the number of data points and signal-to-noise, it is not always possible
to clearly distinguish the two components. In most cases, anapproximation is therefore
to fit the CX spectrum with a single-gaussian in the edge region. A simplenumerical
study has been performed to investigate the validity of thisapproach [15]. Figure 4.4
shows two examples of artificial charge-exchange spectra with varying intensities and
line separation. The spectra are simulated on a wavelength range from527 to 531 nm
with 250 bins and Poisson distributed noise on a fixed active intensity of1000 photon
counts with a signal-to-background ratio of4. The temperatures of the initial active and
passive emission are fixed at respectivelyTacx = 2.2 keV andTpcx = 1.0 keV. The
passive emission is assumed to be slightly Doppler shifted by 0.02 nm. To study the
accuracy of the single and double gaussian fit, both the intensity ratio (Is = Ipcx/Iacx)
and wavelength separation (λs = λpcx

0 − λacx
0 ) between the active and passive emission

were systematically varied.

The two examples, shown in the above figure, correspond toIs = 0.3 andλs = 0 nm
for figure 4.4(a)andIs = 0.3 andλs = 0.3 nm for figure 4.4(b). The legends show
the fitting results for both a single-gaussian and double-gaussian starting from perturbed
values of the initial parameters. It is immediately noticedthat a single-gaussian fit for
the conditions in figure4.4(a)leads to an underestimate ofTacx. A double-gaussian fit
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more accurately represents the spectrum. However, a large uncertainty remains in the
intensity of each contribution (although the total intensity is well constrained). Also,
as the profile is symmetric in this case, the uncertainty in the position is minimal. It is
observed that good initial estimates of the passive emission is beneficial for fit converge
to the global minimum. These initial conditions are not always unambiguous such the that
minimization process becomes unstable in the absence of parameters bounds. When both
lines are well separated, as in figure4.4(b), the double-gaussian method is more robust,
especially when restricting the Doppler shift of the passive component. Notice that in this
particular case, the single-gaussian approximation matches the profile reasonable well,
apart from the tails, although it is obvious this solution isnon-physical as it excludes the
existence of a known contribution. In practice, fitting eachspectrum with a single- or
double-gaussian will depend on the resources and parameterconstraints available.

The transition point is, however, not easily identified and will depend onIs, λs and
the level of signal-to-noise. It was observed empirically that this point is located roughly
at λs ∼ 0.1 nm andIs ∼ 0.1, which in most NBI heated discharges corresponds to a
measurement position aroundr/a ∼ 0.7. Further outwards, the low passive intensity and
small wavelength shift make a double-gaussian fit more difficult.

The fit accuracy of both the single and double-gaussian fits are summarized in figure
4.5 for increasing wavelength separation and intensity ratio at varying levels of noise.
Without noise, figure4.5(a), the double-gaussian model accurately fits all profiles. With
Poisson distributed noise, figure4.5(b), a double-gaussian fit results in an error in the or-
der of2% in both the width and position, provided accurate initial conditions. However,
the uncertainty obtained with the model, represented by theerror bar, increases towards
smallerλs. It can be seen that near the above empirical transition point, the spread is
similar to the error of the single-gaussian fit. Note that even at smallλs and Is, the
single-gaussian systematically underestimates both the width and position of the active
component, while at larger separation, the fit quality logically deteriorates considerably.
When adding more noise, figure4.5(c), the stability in the double-gaussian method de-
creases such that already at a higher intensity ratio, a single-gaussian approach may be
required, thereby leading to a systematic error.

The above results are obtained for the ideal case of a summation of two perfect gaus-
sians with Poisson statistics. In practice, the line shape may not be gaussian due to e.g.
broadening and instrument effects. More importantly, the fit accuracy will depend on the
signal-to-noise ratio, which becomes especially of importance at small wavelength sep-
aration. Already in this crude example, it is shown that bothmethods have a tendency
to underestimate the actual width (∝

√
T ) and position (∝ v). Fortunately, in most high

power NBI discharges, the intensity of the active componentdominates over the pass-
ive emission, justifying the above scheme and thereby limiting the maximum fit error
to approximately5 − 10% (see figure4.5). In discharges with limited active emission
(low NBI) or enhanced passive emission, this may not be true.In that case, an iterative
approach based on the above method could give more accurate results, especially when
combined with parameter estimates from collisional-radiative modeling of the passive
emission [14, 16].
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Figure 4.5: Fit accuracy on obtained profile width (left) and profile shift (right) of an ar-
tificial charge-exchange spectrum at different levels of photon noise. Accur-
acy of single-gaussian fits (lines) in comparison to double-gaussian (dots) at
a function of wavelength separationλs = λpcx

0 − λacx
0 and intensity ratio

Is = Ipcx/Iacx. Error bars represent the unrestricted1σ confidence interval
of the double-gaussian fit.
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4.3 Passive charge-exchange emission

The magnitude ofC5+ passive emission is proportional to the carbon density,nC, and the
neutral particle density,n0, along the line-of-sight. In a well calibrated diagnostic,either
of these has to be known to derive the other. For the purpose ofthis thesis, the meas-
ured carbon density and passive photon flux are used to estimate the neutral background
density,n0(r).

Starting from equation4.6, a more detailed expression of the total passive charge-
exchange emission is obtained by expressing the photon flux towards the observer in
cylindrical coordinates. Integrating along the line-of-sight then results in [14],

φpcx(λ, ψ) = 2

∫ Rmax

Rm

g(λ, ψ, r)ǫtot(r)
rdr

√

r2 − R2
m(ψ)

, (4.8)

with Rm the distance of closed approach to the torus center andRmax the radial posi-
tion of the boundary (see figure4.3). The functiong(λ, ψ, r) represents the spectral line
profile which is dependent on local parameters,

g(λ, ψ, r) =

√

mC

2πTC

c

λn
exp

[

−
(

λ− λn (1 +RmvC/(rc))

∆λ

)2
]

. (4.9)

Here,Rm, TC, vC and∆λ are all implicit functions ofr. The total emissivity,ǫtot, de-
pends on the local emission rate,〈σv〉(T, n) and is thus also a function of the radial po-
sition. The dominant processes contributing to the emissivity are charge-exchange (CX)
and electron recombination (ER) [14, 16, 17],

ǫtot(r) =
1

4π
n0nC〈σv〉CX +

1

4π
nenC〈σv〉ER. (4.10)

At high temperature, the rate coefficients for charge-exchange dominates, while electron
recombination is observed to contribute only at very lowT in the outer edge [14].

None of the above parameters can be taken outside of the integral, preventing any
simplification of the expression. A numerical approach musttherefore be applied using
the radial profile of all required plasma parameters. Multiple atomic database packages
exist to provide the relevant atomic cross-sections (e.g. ADAS [18]). The only remain-
ing unknown parameter is the radial profile of the neutral background. With the neutral
transport response (NTR) model, discussed in the previous chapter, an initial estimate of
the neutral density profile can be obtained. This does assumethat the neutral density does
not vary on a flux surface. Figure4.6(a)shows the the line-integrated passive photon flux,
ψpcx(λ, r), for each of the lines-of-sight of the core-CXRS. Due to the different angles,
and therefore path length through the passive emission layer, the magnitude of the pass-
ive emission increases towards the edge (see also figure4.1). A comparison between the
measured passive emission and the modeled emission will then allow for a calibration of
the NTR model density. In theory, with enough lines-of-sight or a 2D image, the inversion
method would allow for completely deconvolution of the neutral density profile.
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(a) (b)

Figure 4.6: (a)Line-integrated passive emission photon flux,ψpcx(λ, r), obtained from the
forward model [14]. The passive emission is dominated by the passage through
the edge layer.(b) Comparison between active and passive emission in a L-
mode and H-mode JET discharge. Corresponding adjusted passive emission
profiles are shown from the passive charge-exchange model.

Figure4.6(b)shows two examples of the measured and modeled passive photon flux
profiles in both a low NBI power, low density L-mode and high NBI power, high density
H-mode JET discharge. In the L-mode case, a passive-only emission profile was obtained
during an off-phase of theCX-PINI. Notice the clear intensity difference between both
components, such that for almost all positionsIpcx/Iacx < 0.1. In the H-mode case on
the other hand, the higher plasma density resulted in significant beam attenuation in the
edge. As a result, the intensity ratio increased up toIpcx/Iacx ∼ 0.5 for the inner most
chord while most of the active emission was located in the edge region, preventing a
clear separation between both components. In both cases, the dominant passive emission
component was from charge-exchange (∼ 80%).

Having derived an expression for the passive emission as a function of n0(r), the
next step is to use the reverse of this method to calibrate theneutral transport model dis-
cussed in section2.4and estimate the resulting neutral particle related sink. The neutral
transport model expressed qualitatively the radial neutral density within the plasma as a
linear function of the boundary influx,ψ0(a). A comparison between the measured pass-
ive photon flux and the forward modeled emission using the computed neutral density
can therefore be used to quantify the total influx. This leadsto the following (constant)
adjustment factor,

ψ0(a)

ψmodel
0

=
Ipcx(r)

Imodel(r)
= fc. (4.11)

Subsequently, the neutral density profile is given byn0(r) = fcn
model
0 (r). As is seen in
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figure4.6(b), the geometrical model captures the passive emission profile and results in
an adjustment factor offc = 0.25 in the L-mode case andfc = 0.01 during H-mode. The
lower valuefc required for H-mode cases is in qualitative agreement with an increase in
neutral particle shielding due to the higher plasma density.

4.4 Summary

The plasma rotation velocity in a tokamak is routinely measured with charge-exchange
recombination spectroscopy (CXRS). This method analyzes the emission from excited
hydrogen-like particles resulting from the charge-exchange (CX) interaction between
neutral particles and fully stripped ions. The measuredCX spectrum consists of two
parts; a localized beam related active component and a passive line-integrated contri-
bution. The Doppler shift and width of the activeCX emission are measures of the ion
velocityvi and temperatureTi respectively. The magnitude of the passiveCX emission is
directly related to the ion density and neutral density background. Both line contributions
need to be taken into account when fitting the measuredCX spectrum.

All the necessary tools for altering and measuring the plasma rotation have now been
presented and discussed. The following chapters will investigate the obtained rotation
profile and momentum transport in various JET discharges.
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Chapter

5

Plasma rotation with toroidal field
ripple

In this study, enhancement of the toroidal field (TF) ripple has been used as a
tool in order to reveal the impact of the momentum pinch on therotation pro-
files in H-mode JET discharges. The analysis showed that flatter rotation profiles
were obtained in discharges with a high TF ripple, attributed to a smaller inward
momentum convection. An average inward momentum pinch of approximately
Vp ≈ 3.4 ms−1 and a normalized pinch value ofRVp/χ ≈ 6.6 could explain the
observation. The data show that the momentum at the edge affects the peaking of
the rotation and momentum density profiles. Under the assumption that the heat
and momentum diffusivities are equal, an estimate of the levels of the momentum
pinch in all discharges in the JET rotation database was made. For H-mode dis-
charge these ranged from0.3 ms−1 < Vp < 17ms−1, with 2 < RVp/χ < 10.
A larger momentum pinch was found in discharges with a smaller density profile
gradient length, i.e. a more peaked density profile.

Published as:de Vries P C, Versloot T Wet al.2010Plasma Phys. Control. Fusion52 065004

http://dx.doi.org/10.1088/0741-3335/52/6/065004
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5.1 Introduction

The study of plasma rotation and momentum transport has gained interest over the last
few years as rotation is thought to play an important role in the stability of tokamak plas-
mas. Furthermore, it may affect transport properties via the stabilization of turbulence.
A proper understanding of all aspects that affect the rotation of tokamak plasmas, in par-
ticular momentum transport and rotation sources, is therefore important if one wants to
make an accurate prediction of the rotation in ITER.

Momentum transport was previously assumed to be closely linked to the transport of
energy and hence in modelling predictions rotation profileswere thought to be similar to
those of the temperature [1, 2]. It was shown, however, that such an assumption does not
hold and effective energy and momentum diffusivities can differ significantly. The ef-
fective Prandtl number, i.e. the ratio of effective momentum and energy diffusivities, was
found to be below unity in the core of JET plasmas [3, 4]. Furthermore, the global energy
and momentum confinement times were not always equal and their ratio was found to
increase with decreasing average rotation. Many of these aspects may be linked to the
presence of a momentum pinch [5, 6]. Past experiments already indicated a convective
component in momentum transport [7–9], while evidence for a momentum pinch has
been found from experiments in various devices [10–13]. Beside these transport issues
one needs to understand the sources of rotation. Generally considerable toroidal rotation
has been observed in plasmas with tangential neutral beam injection (NBI), for which the
momentum transfer from the injected particles to the bulk plasma seems to be reasonably
well understood [14]. This picture is, however, complicated in the presence of alarge
toroidal field (TF) ripple which via non-ambipolar losses offast (NBI) ions strongly in-
fluences the torque on the plasma [15]. Plasma rotation has also been observed in plasmas
with no external momentum sources [16, 17] or those with balanced NBI [18], suggesting
the presence of possible intrinsic momentum sources.

This paper will not deal in detail with mechanisms of TF ripple induced torque on
the plasma but utilize TF ripple as a tool, in order to reveal the impact of the momentum
pinch on the rotation profiles in H-mode JET discharges. The observations will be placed
in the context of earlier studies done at JET [3, 4, 11]. The details of these specific
experiments will be described in section5.2. Thereafter, in section5.3, the momentum
transport properties of these discharges will be studied and compared with that of the
energy. In section5.4 it will be shown that an inward momentum pinch can explain the
observations. The momentum pinch for these H-mode discharges will be determined and
the magnitude of this pinch is estimated for all entries in the JET rotation database [4].
The last section will summarize the conclusions5.6.

5.2 Description of the experiments

Standard operations at JET are carried out with a set of 32 TF coils all carrying equal cur-
rent. But at JET it is possible to vary the TF ripple amplitudeby independently powering
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the 16 odd and 16 even-numbered coils. The imbalance currentbetween the two coil sets
can be changed in a controlled way increasing the TF ripple. The TF ripple amplitude,
δT , is defined as the relative amplitude of the magnetic field variation (see figure3.5):

δT =
Bmax −Bmin

Bmax +Bmin
(5.1)

The values quoted in this paper give the maximum amplitude inthe plasma, found near
the mid-plane (z = 0) at the low-field-side separatrix.

A series of experiments were performed to investigate the impact of the TF ripple on
the H-mode pedestal properties [19, 20] for which the TF ripple was increased from the
standard JET level ofδT = 0.08% up to1.0%. This paper will discuss the characteristics
of the rotation profiles and momentum transport in these experiments. In total, 16 dis-
charges were analyzed which were standard type I ELMy H-modes with a plasma current
of |IP| = 2.6 MA, a toroidal magnetic field of|BT| = 2.2 T andq95 = 3, using a plasma
configuration with a low triangularity and standard elongation (δ = 0.23, κ = 1.65).
The auxiliary heating came from NBI only, which in JET is injected near tangentially, in
the direction of the plasma current. The NBI power ranged from 13 to 19 MW and sup-
plied a toroidal torque of the order of15 Nm. Generally, these plasmas had equal ion and
electron temperatures (Ti/Te ∼ 1) and density profiles with a typical inverse gradient
length ofR/Ln ∼ 2. These H-mode plasmas can furthermore be characterized by the
main global dimensionless parameters; normalized collisionality (ν⋆ = 0.007 − 0.01),
normalized Larmor radiusρ⋆ = 2 × 10−4(0.02%) and normalizedβ (βN = 1.7 − 2.0).
The effective charge of these plasmas wasZeff = 1.5 ± 0.2.

The TF ripple breaks the axisymmetry of the magnetic field andenhances particle
losses, in particular energetic ions, such as alpha particles created in fusion reactions
or those injected by NBI. The non-ambipolar ion losses have asignificant effect on the
plasma rotation as have been shown experimentally [4, 21]. For the purpose of transport
studies it is important to understand the energy and momentum sources, or torque depos-
ition profiles, which will be affected by the varying TF ripple. An orbit-following Monte
Carlo code, ASCOT, was used to determine the TF ripple induced losses of NBI ions, the
details of which are described in [22]. In this way it was possible to calculate the fraction
of NBI power that was lost and how much toroidal torque was induced due to the TF
ripple losses. For TF ripple values up toδT = 1.0%, the dominant contribution to the
TF ripple induced torque is due to its effect on fast ions, injected by NBI, and trapped
in banana-orbits and not those actually trapped in the TF ripple [4]. ASCOT analysis
has shown that the fraction of particles trapped in the TF ripple is negligible. The torque
due to the TF ripple is directed in the counter-current direction and hence opposes the
co-current NBI torque. In the calculation of the torque deposition used in this paper, only
the effect of the TF ripple on fast ions has been considered.

In figure5.1, the power loss fraction and the TF ripple induced total torque, as calcu-
lated by ASCOT, are plotted as a function of TF ripple amplitude for all discharges used
in this study. It can be seen that forδT = 1.0% approximately20−25%of all NBI power
is not absorbed in the plasma but deposited on plasma-facingcomponents. The effect on
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Figure 5.1: The power loss fraction (diamonds) and TF ripple induced counter-current
torque (circles) as calculated by ASCOT for the series of discharges to be stud-
ied in this paper.

the rotation will be more pronounced, as the TF ripple induced torque forδT = 1.0% is
of the same magnitude as, but opposing, the torque supplied by the NBI. Hence the net
torque on the plasma for this TF ripple amplitude is near zero. This does not mean that the
entire plasma experiences a counter- current torque. In figure 5.2(a)the total torque de-
position profiles as calculated by ASCOT are shown for four discharges with different TF
ripple amplitudes. The increased TF ripple causes a region with counter-current torque
near the outer part of the plasma. However, the torque deposited in the core (ρ < 0.5)
is largely unaffected. Actually, in order to compensate forthe TF ripple induced power
losses and keep the total absorbed power constant, the requested NBI power was often
higher for the higher TF ripple cases, resulting in a higher torque density in the core.

For the same four discharges the electron density, measuredby the LIDAR Thom-
son scattering diagnostic, and ion temperature and toroidal rotation, measured by charge
exchange spectroscopy (CXRS), are shown in figures5.2(b)-(d). The profiles are plotted
versus the normalized radius,ρ. As has been reported earlier, the increase in TF ripple
affected the density profiles by lowering the density [20]. The pulses with the highest TF
ripple had a lower stored energy (βN = 1.7) as well as a lowerν⋆. The core ion temper-
ature profiles seem unaffected by the changes in TF ripple, while it has a strong effect on
the rotation profiles. Not only does the increase in TF ripplepush the plasma rotation at
the edge in the counter- current direction, the gradient of the rotation profile is reduced
significantly (by approximately a factor4 from δT = 0.08% up to 1.0%). Such a large
reduction in rotation gradient and lower momentum density,while the deposited torque
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Figure 5.2: (a)The torque deposition profiles as calculated by ASCOT for four similar dis-
charges but with different TF ripple amplitudes.(b) The corresponding dens-
ity profiles measured by the LIDAR Thomson scattering diagnostic. (c) The
ion temperature profiles measured by CXRS.(d) The toroidal rotation profiles
measured by the same diagnostic.

insideρ < 0.5 is actually larger, suggests that the momentum transport differs strongly
for these cases.

5.3 Momentum transport properties

Experiments have shown that TF ripple affects the plasma performance, mainly by a
change in the H-mode pedestal [19, 20] . However, its effect on the plasma rotation and
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momentum transport seems to be significantly larger. This paper will not deal with the
detailed effects of TF ripple on the general plasma performance but will compare the
momentum transport with the energy transport properties ofthese discharges.

In order to determine the effective momentum,χeff
φ , and ion heat,χeff

i , diffusivities,
both the gradients and the sources have to be determined using steady-state power and
momentum balance equations, assuming purely diffusive transport,

Qi = −χeff
i nk∇Ti, (5.2)

Γφ = −χeff
φ ∇Ω, (5.3)

whereQi is the ion heat flux,Γφ is the torque flux (i.e. the amount of torque deposited
within a certain region divided by the surface), as determined by the ASCOT code, and
∇Ti, ∇Ω are the gradients in the ion temperature and momentum density, respectively.
To begin with, all values are calculated at mid-radius (ρ = 0.5) averaged over the gradient
region fromρ = 0.3 − 0.7. In order to further reduce the error bars on the gradients, the
profiles have been averaged over a large time window of2 s in which the plasmas were
in quasi-steady state. Nevertheless, the error in the diffusivities was still of the order of
30%. It was found that the heat diffusivity varied from0.92 m2s−1 < χeff

i < 1.8m2s−1

although for most discharges the value was close to the average ofχeff
i = 1.3m2s−1.

The variation in core heat diffusivity may be attributed to the changes in density between
the pulses. However, a much larger variation was found for the effective momentum
diffusivity. The Prandtl number,Pr, can be used to compare the relative changes between
both diffusivities. TheeffectivePrandtl number is defined as

Preff =
χeff

φ

χeff
i

. (5.4)

In figure 5.3 it can be seen that for low TF ripple amplitudes, again effective Prandtl
numbers of about0.2 − 0.3 are found, similar to standard JET discharges [3, 4], but this
increases to around unity when the TF ripple is increased toδT = 1.0%.

Although the TF ripple affects the torque on the plasma, its effect for an amplitude of
δT = 1.0% only reaches up toρ > 0.6 as can be seen from figure5.2(a). As mentioned
above, the torque deposited in the core (ρ < 0.5) slightly increases with TF ripple for
this dataset. Hence it is not the momentum source that is changing with TF ripple but the
effective diffusivity that flattens the rotation profiles asseen in figure5.2(d). The increase
in TF ripple results in a reduction in edge rotation. If the effective Prandtl number is
plotted versus the rotation, as shown in figure5.3(b), the trend suggests that with a larger
rotation in the outer part of the plasma, one will have a smaller effective Prandtl number.
The effective momentum diffusivity is increased with respect to the heat diffusivity, when
a larger TF ripple results in a smaller momentum in the outer part of the plasma.

Besides looking at the local diffusivities, one can comparethe global energy and mo-
mentum confinement times. Here, the energy confinement time is defined as the total
integrated kinetic energy divided by the absorbed power, while the momentum confine-
ment time is the total angular momentum divided by the total torque on the plasma. The
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Figure 5.3: (a) The effective Prandtl number versus the TF ripple amplitude. (b) The ef-
fective Prandtl number versus average thermal Mach number at ρ = 0.55. The
four discharges from figure5.2are marked by the red squares.

ratio of the two is plotted in figure5.4versus the average thermal Mach number similarly
as in figure 8(c) of Ref. [4]. The thermal Mach number is determined by normalizing
the plasma velocity to the thermal velocity (Mth =

√

mi/eTivφ). The data follow the
main trend found in the JET rotation database: the ratio of energy and momentum time
increases with decreasing average Mach number. The energy and momentum confine-
ment time are approximately equal for those discharges witha low TF ripple. However,
for the high TF ripple cases, and low to zero edge rotation, the momentum confinement
time worsens and is found to be much smaller than the energy confinement.

The momentum confinement time for discharges with TF ripple of δT = 1.0% shows
a large variation. This causes the break in the trend seen in figure5.4, where the ratio
for the low Mach number cases seems to be lower. This may be dueto an inaccuracy
in the calculated torque on these plasmas. For these TF ripple amplitudes, the ripple
induced counter-current torque approaches that supplied by the NBI system, resulting in
a near zero net torque on the plasma. The data suggest that this net torque, as determined
by ASCOT, may be slightly overestimated (roughly by2 − 4 Nm). Similar issues have
been presented when operating with balanced NBI in DIII-D with the suggestion of the
presence of an intrinsic torque [18]. The discrepancy shown here could be attributed to
differences in the levels of rotation in Ohmic plasmas at larger TF ripple [23] or possibly
thermal ion losses [15] or neo-classical toroidal viscosity [24] which is not included in
the ASCOT calculations of the torque. Larger TF ripples may also affect thermal particle
orbits, enhancing the neo-classical toroidal viscosity [24]. This effect was estimated for
two discharges with a TF ripple ofδT = 1.0%, and0.5%, using the equations in [24]
and found to depend strongly onZeff . The torque due to neo-classical viscosity was of
the order of about3 Nm for Zeff ∼ 1.5. But because it is always difficult to accurately
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Figure 5.4: The ratio of the energy and momentum confinement time versus the average
thermal Mach number for these TF ripple H-mode discharge (blue dots). The
Mach number decreases for increasing TF ripple. In grey the points are from
the JET rotation database as in figure 8(c) in Ref. [4].

determine the effective charge of the plasma, a rather largeuncertainty remains.

5.4 Estimation of the effect of the momentum pinch

Usually the effective Prandtl number in JET H-mode discharges is well below unity.
Here the effective momentum diffusivity was found to increase with respect to the ion
heat diffusivity when the (edge) rotation was reduced due tothe larger TF ripple. The
question is, however, whether momentum transport is purelydiffusive. The observations
can be explained by including an inward convection term to the momentum transport as,

Γφ = −χφ∇Ω + VpΩ. (5.5)

Here the symbolsΩ and∇Ω represent the momentum density and its gradient,Vp is the
(inward) pinch velocity. One may question whether one has totake into account possible
intrinsic sources by adding an additional term in equation5.5, independent of the velo-
city or its gradient. This may originate from, for example, residual stress [25] and/or upÐ-
down asymmetries in the equilibrium [26]. The latter may be of less relevance because of
the symmetric, low triangularity, plasma configurations used in these experiments. In any
case at JET the intrinsic rotation is usually at least one order of magnitude smaller than
that in predominantly NBI heated discharges [4, 27]. Hence in equation5.5 a possible
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intrinsic momentum flux, independent of the velocity or its gradient, could be neglected
with respect to the flux supplied by the neutral beam (Γφ). The momentum diffusivity,
χφ, contrasts with the effective momentum diffusivity,χeff

φ , calculated by Eq.5.3. The
presence of an inward convection reduces the effective momentum diffusivityχeff

φ with
respect toχφ [27]. It is clear from equation5.5 that a smaller momentum densityΩ (in
the outer part of the plasma) would reduce the inward convection flux. Hence, in these
cases, such as with a large TF ripple (δT = 1.0%), χeff

φ may approachχφ which may
be similar toχi. While when a significant inward convection is present one obtains an
effective Prandtl number smaller than unity. This is indeedwhat was found in figure5.3.
Similarly a reduction in the inward convection term (by increasing the TF ripple) will
result in a lower momentum confinement time with respect to that of the energy as found
in figure5.4.

The termVpΩ is a parameter that can be indirectly altered by the TF ripple. One can
rewrite Eq.5.5 by normalizing it by the torque fluxΓφ, removing the variations in the
central deposited torque from discharge to discharge. Because of the small values ofΩ
in the discharges with a high TF ripple, normalization byΩ was found to be impractical.
This thus gives,

∇Ω

Γφ
=

(

Vp

χφ

)

Ω

Γφ
− 1

χφ
(5.6)

In figure5.5 the above equation has been plotted for the 16 discharges. Asbefore, these
parameters have been determined atρ = 0.5 averaged fromρ = 0.3 − 0.7. The nor-
malized gradient,∇Ω/Γφ, clearly scales with the normalized momentum densityΩ/Γφ.
Note that according to equation5.3 the normalized gradient on the y-axis is also equal
to χeff

φ . The slope is determined by the magnitude of the pinch velocity and diffusiv-
ity, while the off-set is equal to1/χφ. This gives an estimate of the average pinch ve-
locity and momentum diffusivity of this set of discharges. An important parameter is
the average normalized pinch velocity,RVp/χφ ∼ 6.6, whereR is the major radius,
which can be compared with the theoretical predictions [5]. The average pinch velocity
was found to be〈Vp〉 = 3.4 ± 0.2 ms−1, while the average momentum diffusivity was
χφ = 1.5 ± 0.2 m2s−1. The latter parameter is close to the average ion heat diffusivity
of χeff

i ≈ 1.3m2s−1 for these discharges. Hence the diffusive transport of momentum
was found to be approximately the same as the energy diffusivity as predicted by gyro-
kinetic calculations. As was pointed out above, there is some variation from discharge to
discharge and it is likely that this is the same for momentum.Nevertheless, the data from
figure5.5give an estimate of the average momentum pinch and diffusivity to explain the
changes in the rotation profiles with varying TF ripple. It should be pointed out that the
near zero values ofΩ or 〈Mth〉 are obtained atρ = 0.5, with the outer part rotating in
the counter-current direction while the core rotates in thesame direction as the plasma
current (and NBI injection).

The above analysis provides a profile averaged momentum pinch over the gradient
region of the plasmas. In order to get an idea of the radial profile of the pinch velocity one
can redo the analysis for a smaller inner region (i.e.ρ = 0.10−0.45) and an outer region
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Figure 5.5: The normalized gradient,∇Ω/Γφ, for the series of discharges in which the TF
ripple was varied betweenδT = 0.08% and1.0%, plotted versus the normal-
ized momentum density,Ω/Γφ. The red line is a fit through the data points
with a slope of2.19 and an offset of0.66. The four discharges from figure5.2
are marked by the red squares.

(i.e.ρ = 0.65−0.90), albeit increasing the error in the determination of the gradients. As
shown in figure5.6, the slope and thus also the normalized momentum pinch for the outer
region are close to the averaged value found for the entire (mid) gradient region, with
RVp/χφ ∼ 7.5, while the offset is lower, indicating a higher diffusivityof χφ = 4.0 ±
0.6m2s−1. The normalized pinch for the inner region is significantly smaller,RVp/χφ ∼
1.6 with a value for the diffusivity ofχφ = 1.3 ± 0.3m2s−1. Thus, near the outer part
of the plasma the momentum pinch velocity is of the order ofVp = 10ms−1 and this
value decreases towards the plasma centre, a profile similarto that found in previous
experimental results [11].

A detailed database to study the scaling of rotation and momentum transport in JET
discharges has been created [4]. The database contains entries from various operational
scenarios, such as type-I and type-III ELMy H-modes or plasmas with internal trans-
port barriers (ITB) for which the average rotation and momentum source and transport
properties are determined in steady-state phases of the discharge. All the entries have a
standard TF ripple(δT = 0.08%) and generally effective Prandtl numbers considerably
less than unity. If one considers the observations in the TF ripple experiments and as-
sumes the presence of an inward momentum pinch and thatχφ ≡ χeff

i or Pr = 1, one
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Figure 5.6: The normalized gradient,∇Ω/Γφ, for the four discharges in which the TF
ripple was varied betweenδT = 0.08% and1.0%, plotted versus the nor-
malized momentum density,Ω/Γφ.The red squares show the similar analysis
as in figure5.5, using gradients averaged over the mid-region of the plasma
(ρ = 0.4 − 0.8), while the green triangles and blue diamonds are calculated
for an inner (ρ = 0.10−0.45) and outer (ρ = 0.65−0.90) region, respectively.

can estimate the magnitude of such a pinch by rewriting equations5.3, 5.4and5.5as,

RVp

χeff
i

≈
(

1 − Preff
) R∇Ω

Γφ
=

(

1 − Preff
)

R/LΩ (5.7)

Using this equation the normalized momentum pinch,RVp/χφ, was calculated for all
database entries, averaged overρ = 0.3 − 0.7, as shown in figure5.7. Higher values are
found in discharges with more peaked density profiles (i.e. alargerR/Ln). The mag-
nitude and scaling are close to the one predicted by the theory [5],

RVp

χ
= 4 + R/Ln. (5.8)

The normalized momentum density gradient (∇Ω/Ω) used in Eq.5.7 was found to be
predominantly determined by the gradient in the rotation profile, and the density gradient
played only a minor role. Figure5.7gives an idea of the levels of the average momentum
pinch in JET plasmas. The values found for the TF ripple experiments match nicely
within the other H-mode entries in the database.
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Figure 5.7: The normalized pinch velocityRVp/χi calculated for the entire JET rotation
database [4] for various operational scenarios, under the assumption thatχφ =
χi plotted versus the normalized inverse density gradient lengthR/Ln. Note
that all parameters in the JET rotation database are determined atρ = 0.5
(averaged fromρ = 0.2 − 0.7). The black star gives the result obtained from
the analysis of the TF ripple experiments.

5.5 A simple momentum transport model1

Recent work with perturbative momentum studies at JET have shown the existence and
the parametric dependencies of the pinch velocity [28–30]. The effect of the convective
flux will depend on the height of the pedestal momentum density. By varying the edge
rotation with the TF ripple, the magnitude of the convectiveflux was altered. In the
steady-state momentum balance equation (equation5.5), the two transport coefficients,
Vp andχφ, can not be uniquely derived. However, if we assume the core transport to be
identical, dominated by turbulence, the variation in edge rotation obtained with different
levels of TF ripple will allow for a semi-perturbative study. In other words, by comparing
a reference (A) and ripple perturbed (B) discharge, both with similar core transport but
varying edge rotation due to the TF ripple, a constraint can be placed on the magnitude
and shape of thePr and pinch number profile.

From the measured momentum density and computed torque and heat flux of the ref-
erence case (A), the radial profiles of the transport coefficients are obtained by rewriting

1This section consists of supplementary results performed after the original publication.
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equation5.5with equation5.2to obtain an expression for both transport coefficients,

χφ = χi · Pr = − QA

∇pA
· Pr, (5.9)

Vp =
ΓA

ΩA
+
χφ∇ΩA

ΩA
. (5.10)

Here, the momentum and energy diffusivities have been linked via thePr = χφ/χi pro-
file. Depending on the choice of this profile, different sets of solutions are now possible
for χφ andVp that can describe the measured profile. An unique solution isobtained
by comparing this set of parameters to the measured profiles of the perturbeddischarge
(B). The momentum density profile of this discharge is stepwisecomputed starting from
a given momentum density,Ωk=0.

(∇ΩB)k = −Γk

χk
φ

+
V k

p · Ωk
B

χk
φ

(5.11)

Ωk+1
B = Ωk

B + ∇Ωk
B · (Rk+1 −Rk) (5.12)

Notice that the first term on the right in equation5.11 refers to the beam momentum
flux contribution to the gradient while the second term is theinwards directed (Vp < 0)
convective flux. At this point it will be assumed that the edgemagnitude scales directly
with the total applied torque, while the core transport is determined by the local flux
which in the core region (r/a < 0.8) is mostly dominated by the external NBI, even up
to δT = 1.0%.

Two matching discharges with varying boundary conditions were chosen from ex-
periments using an enhanced toroidal field ripple. The reference discharge was with the
standard JET TF ripple ofδT = 0.08% and the comparison case with an enhanced ripple
up toδT = 1.0%. Both discharges were standard type-I ELMy H-modes with a plasma
current ofIp = 2.6 MA and toroidal field ofBφ = 2.4 T at aq95 = 3 and similar plasma
shape (δ ∼ 0.26, κ ∼ 1.7). The total torque injected was approximately15 Nm with a
NBI power injection of15.4 MW and17.2 MW respectively in order to compensate the
loss power from the increased ripple induced orbit losses. Each discharges had roughly
equal ion and electron temperature profiles (Te/Ti ∼ 1). Under these conditions ITG tur-
bulence is expected to be the dominant instability. Both discharges were at high density
with a peaked profile. In both cases, the density profiles werecharacterized by a typical
density gradient length in the range ofR/Ln ∼ 2 at mid-radius and increasing outwards.
As one of the main parametric dependencies ofVp is R/Ln, this will also lead to sim-
ilar pinch velocities in both cases [29, 31, 32]. It is therefore reasonable to assume that
both the diffusive and convective transport coefficients are comparable in these two dis-
charges, allowing the calculation of thePr andRVp/χφ profiles. The calculation of the
effective ion energy diffusivity indeed results in similarχi values,χi ∼ 0.4 − 1.3m2s−1

in the region of0.2 < r/a < 0.85 (see figure5.8(b)). This suggest fully ITG turbulence
dominated transport in both cases, although with slightly lowerχi in the high rotation
case without TF ripple.
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(a) (b)

Figure 5.8: (a)Measured an modeled momentum density profile at standard JETTF ripple
(JPN:74611,δT = 0.08%) and with enhanced TF ripple (JPN:74617,δT =
1.0%). Several input Prandtl profiles are shown in the insert. Notice the good
agreement obtained with the unity (black) and linear (blue)Prandtl profiles.(b)
Effective momentum and energy diffusivity for both low and high ripple case.

Figure5.8(a)shows the measured momentum density profile for both the reference,
non-enhanced TF ripple case and the maximum applied TF ripple. The total stored an-
gular momentum decreases considerably from5.5 Nms in the low-ripple case to approx-
imately1.0 Nms in the high ripple case. The results from the forward model are shown
for several different Prandtl hypotheses. The boundary condition is in both cases set by
the momentum density at the top of the pedestal as measured from the last channel of
the core-CXRS diagnostic. This corresponded to approximately 0.023 Nms/m−3 for
δT = 0.08% and−0.004 Nms/m−3 in the case ofδT = 1.0%, which was rotating in the
opposite direction due to the ripple induced counter-current torque [33].

Each Prandtl hypothesis results in a radial profile of the momentum diffusivity (equa-
tion 5.9), given the measured ion diffusivity profile. The comparison with the momentum
density in the reference case then leads to a radial profile ofVp. To assure monotonic pro-
files and prevent numerical errors, especially near the magnetic axis where both the gradi-
ent and driving fluxes are small, a quadratic function is usedto describe the measuredχi

profile. Logically, each of the Prandtl assumptions must match the reference profile as it
is derived from it. By now reducing the boundary condition tothe value obtained in the
high ripple case, it is first observed that the original effective Prandtl profile is no longer
able to match the momentum density. This is because this assumption is insensitive to
the boundary condition due toVp = 0. Instead it can be observed that the best agreement
is obtained when assuming either a constant,Pr(r) ≈ 1, or slightly increasing profile
towards the boundary. This is qualitatively inline with results from modulation experi-
ments discussed in Refs. [11, 34], although slightly smaller which is most likely related
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(a) (b)

Figure 5.9: Forward modeling results for the ripple and no-ripple casesof figure 5.8 for
various input Prandtl profiles(a) and the obtained pinch number (RVp/χφ)
profile (b). Notice the clear band of accurate models aroundPr = 1 with a
slight increase towards the edge. Shade color is a measure offit accuracy (R2)
with the red line the profile with best fit accuracy in this set,R2 ∼ 0.06.

to differences in diffusivity between discharges. In short, the only variation in these two
matching cases is the pedestal momentum density which leadsto a significant difference
in the core gradient. By increasing the edge momentum density from approximately0
to 0.02 Nms/m3, an increase from0.05 to 0.15 Nms/m3 was obtained in the core at
identical torque flux and transport coefficients.

The above methodology actually results in a range of Prandtlprofiles that fit both
profiles within the measurement uncertainty. By systematically varying a linear Prandtl
profile in both slope and offset, a range of matching profiles is obtained as is summarized
in figure 5.9(a). The best profile range is shown in blue (〈R2〉 < 0.1) with the closest
fit marked by the red line,Pr(r) = 0.5(r − R0) + 0.7. All profiles are around Prandtl
number of unity as we would expect from turbulence dominatedtransport. In the vicinity
of the magnetic axis, the flattening of the momentum density profile indicates a depar-
ture from turbulence dominated transport and this region isexcluded from the fit. The
corresponding pinch number profiles, shown in figure5.9(b), increases from approxim-
ately3 to 7 within the turbulence dominated region,0.2 < r/a < 0.85. Superimposed
in the figure are both the theoretical estimates from Peeterset al [5, 31] (see equation
5.8) and modeling results obtained from linear gyro-kinetic simulations [29, 35]. The
increase is in good qualitative agreement with the theoretical fluid model estimate based
on the density gradient length due to trapped particle effects. Close to the pedestal, the
high pinch number obtained in the model may be overestimatedas the diffusivity de-
creases within the edge transport barrier. This therefore does not necessarily mean a high
pinch velocity. The effect in this region is two fold in that the reduced transport will limit
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the magnitude ofVp, while on the other hand, the improved transport regime enhances
the momentum density by sustaining a higher gradient. The resulting convective flux,
〈Vp · Ω〉, depends on both. The importance of the pedestal momentum density is readily
seen in figure5.8 where the difference in magnitude between the profiles is determined
only by the convective flux. It is interesting to note that even in the absence of any torque
flux, the aboveVp andχφ profiles lead to some core peaking in the momentum density
(see figure5.8). Depending on the direction of the boundary condition thiscan lead to
either positive or negative velocity shear in the rotation.In fact, due to a finite size of
Vp, a flat momentum density profile does not appear when taking a stationary boundary
condition and instead a slightly negative boundary momentum density is required (see
also Ref. [29]). In other words, the magnitude of the pedestal momentum density is a key
component for understanding, and controlling, the global rotation profile.

5.6 Conclusions and discussion

Previously the presence of a momentum pinch has been deducedfrom various experi-
ments [10–13]. It should be said that the power balance analysis presented here does not
independently prove the presence of such a pinch. Nevertheless, it was shown that an
inward convection component in the momentum transport equation would nicely explain
the behaviour of the rotation profiles when the TF ripple was enhanced and the edge
rotation was reduced. Moreover, effective Prandtl numbersincreased to values close to
unity when the inward convection was significantly reduced.This indicates that the small
effective Prandtl numbers found in standard JET dischargesare caused by the smaller ef-
fective momentum transport due to the inward momentum convection. It also explains
why in JET the ratio of the energy and momentum confinement scaled with the rotation
itself. The experiments clearly showed the significant impact of the momentum pinch on
the toroidal rotation profiles in JET H-mode discharges.

The profile average pinch velocity that explained the effects found in these H-mode
discharges wasVp = 3.4ms−1 which is smaller than the maximum found in detailed
torque modulation experiments [11]. However, the experimental parameters (e.g. density,
heating power andq-profile) differed between these experiments. The density in these
H-mode discharges was significantly higher and the heat diffusivity lower than in the
modulation experiments. A better comparison would be the normalized pinch velocity,
that was found to beRVp/χφ ∼ 6.6, which is close to the earlier experiments at JET.
Moreover, the magnitude and the observed scaling with the density gradient length match
well the theoretical predictions [5].

An estimation of the momentum pinch was made for all entries in the JET rotation
database by assuming thatχφ ≈ χi and the difference between the measuredχeff

φ and
χeff

i is due to the momentum pinch. This shows similar values as found from the analysis
of the TF ripple experiments, for H-mode discharges rangingfrom 0.3 ms−1 < Vp <
17ms−1, with approximately2 < RVp/χ < 10. An increasing trend with the peaking
of the density profile was found.

It is interesting to note that for discharges with no or little rotation at the edge the
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effective diffusivities of heat and momentum were approximately equal in the core, but
the momentum confinement time was more than a factor of2−3 times less than that of the
energy. The fact that the transport of energy and momentum inthe core is the same, while
the global confinement is different, suggests that the edge may have different impacts on
the confinement of momentum than on the energy. This could be due to a difference
in transport properties, additional drag or losses near theedge of the plasma. These are
factors that need to be understood when one would like to accurately predict rotation
levels in ITER as the edge rotation may affect the whole profile.
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Chapter

6

ELM influence on rotation

The loss of plasma toroidal angular momentum and thermal energy by edge loc-
alized modes (ELMs) has been studied in JET. The analysis shows a consistently
larger drop in momentum in comparison with the energy loss associated with the
ELMs. This difference originates from the large reduction in angular frequency at
the plasma edge, observed to penetrate into the plasma up tor/a ∼ 0.65 during
large type-I ELMs. As a result, the time averaged angular frequency is lowered
near the top of the pedestal with increasing ELM frequency, resulting in a signi-
ficant drop in thermal Mach number at the edge. An increase in profile peaking of
ion temperature and angular frequency is observed. At the same time the plasma
confinement is reduced while the ratio of confinement times (Rτ = τE/τφ) in-
creases noticeably with ELM frequency. This change could beexplained by the
relatively larger ELM induced losses for momentum in combination with the ob-
served longer build-up time for the momentum density at the plasma edge.

Published as:Versloot T W, de Vries P Cet al.2010Plasma Phys. Control. Fusion52 045014
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6.1 Introduction

Momentum transport is an active area of research in many tokamaks due to the role
of rotation and rotational shear in improving plasma confinement by e.g. turbulence sup-
pression and internal transport barriers (ITBs). The physical processes driving the plasma
momentum and energy transport are usually assumed to be closely related as in anomal-
ous transport both result from similar underlying fluctuations [1]. Recent results from a
large global database at JET [2] indeed showed a rough proportionality between energy
and momentum confinement, as well as similar observations inother devices including
ASDEX [3] and DIII-D [4]. However, the presence of a larger scatter does suggest a
difference in the local behaviour between energy and momentum confinement and/or
transport. At present it is, however, not well understood which parameters play a role in
determining the plasma rotation profile while, at least at JET, it must also be noted that
power and torque deposition are partially coupled in dominantly neutral beam injection
(NBI) heated plasmas [5]. As a result, the rotation profiles in current and future fusion
devices remain difficult to predict accurately.

In general, the magnitude of the H-mode pedestal in combination with the large ped-
estal enclosed volume contributes significantly to the global momentum and energy con-
tent. In this way, the magnitude of the parameters and the plasma edge can play an im-
portant role in the overall observed confinement. Furthermore, recent findings [6–8] and
supporting theory [9, 10] on the existence of a non-diffusive term in the momentum
balance equation, the momentum pinch velocityVp, show the importance of the edge
rotation in the magnitude of the inward momentum flux to the core. In this way, the ped-
estal can contribute both directly and indirectly to the global confinement by influencing
the momentum profile. It remains, however, largely unknown which processes determine
the magnitude of the plasma rotation at the top of the pedestal.

A major influence on the pedestal is observed during edge localized modes (ELMs),
where the repetitive collapse of the H-mode pedestal causesan ejection of particles and
energy through the last closed flux surface [11, 12]. Several models have been suggested
to describe the ELM behaviour and to predict, in particular,the particle and energy losses
in view of ITER [11, 13, 14]. Besides losses in particles and thermal energy, angular
momentum can also be lost due to an ELM, although these lossesmay not necessarily
be of a similar magnitude. The ELM associated energy losses are found to vary in the
range5 − 20% of the pedestal stored energy (Wth,ped = 3/2ppedVped wherepped and
Vped are the pedestal pressure and enclosed volume, respectively) depending on plasma
conditions [14–16]. It has been observed that the magnitude and nature of the energy
losses, conductive and convective, changes with collisionality. At low collisionality the
energy losses are found to be largest in size and mainly dominated by conductive losses,
while at high collisionality the energy loss is smaller withthe particle losses playing a
more significant role. Additionally, the energy loss due to ELMs roughly scales inversely
with ELM frequency (fELM) and the total loss appears to be constant at given plasma
scenario and input power, irrespectively of collisionality [17].

The magnitude of the momentum losses, however, remains as ofyet mostly unknown
and the measurement of these losses is the main topic of this paper. Recent high temporal
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resolution measurements at the plasma edge in ASDEX indeed show a drop in angular
frequency during a single ELM [18] with a reversed shear profile at the plasma boundary.
Also, results from the JET rotation database [2] indicate a reduction in edge angular
frequency with increasing ELM frequency while ion temperatures are less affected or
even seen to increase due to the increase in applied input power. Both results would
indicate a loss of momentum due to the ELM, and in order to describe the global rotation
profile it is therefore important to understand both the sources and sinks, in particular at
the plasma edge.

This paper will investigate the momentum and thermal energylosses in JET H-mode
plasmas with varying type-I ELM frequencies. The global plasma properties and con-
finement properties during several typical JET H-mode plasmas with increasing type-I
ELM frequencies are presented first in section6.2. These discharges have an increasing
power input by NBI in order to alter the global energy and momentum content. The ob-
served changes in the measured profiles of angular frequency(ω = vφ/R), temperature
(Ti, Te) and density (ne) are discussed in section6.3. In section6.4, an estimate of the
ELM induced momentum losses is presented using the observedradial drop profiles in
all parameters. and related to the measured energy losses. The relation of loss sizes with
ELM frequency is discussed in section6.5. In the last section (section6.6), the main
conclusions are summarized and discussed in which the diagnostic measurement cap-
abilities are also taken into consideration in order to quantify the observed changes in
confinement.1

6.2 Global confinement

It is found empirically that the energy confinement decreases with respect to the absorbed
input power (τIPB98(y,2) ∝ P−0.69 [19]) in plasmas with H-mode confinement. In order
to study the coupling of energy and momentum confinement in different ELM regimes,
a series of experiments was performed using a stepped neutral beam input power (PNBI)
as shown in figure6.1. The discharge shown is a low triangularity (〈δ〉 ∼ 0.28) type-I
ELMy H-mode with a plasma current|IP| = 1.6 MA and a toroidal field of|BT| =
1.6 T to obtain a low type-I ELM threshold in order to allow a large variation infELM

within the JET heating capacity. The input power was steppedup in three phases atPlow

(4.5 MW), Pmed (7.5 MW) andPhigh (12 MW). For this discharge, a steady-state phase
in global energy content is reached roughly∼ 0.5 s after both steps toPmed andPhigh

whereas atPlow the density profile continues to evolve after the initial beam switch on.
The particle recycling is also observed to increase at each step as can be seen in the
increase in baseline of theDα-radiation; however, the edge density slightly decreases
throughout the discharge and the net effect is thus assumed to be minimal. Each phase
is characterized by type-I ELMs with increasingfELM of approximately15, 30 and>

1Some figures in this chapter differ from the original published version due to additional results from later
supplementary analysis. The conclusions have been expanded accordingly, but are in general in support of the
main conclusion.
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Figure 6.1: Evolution of plasma properties during a stepped power discharge with(a)neut-
ral beam power and core/edge line integrated density(b) Dα-radiation show-
ing an increase infELM(c) Global angular momentum,Lφ, and thermal energy,
Wth(d)Confinement times(e)Ratio of confinement times (Rτ ) andH98(y,2)(f)
Thermal Mach number near the plasma core and pedestal determined from ion
temperature.

60 Hz, respectively, with an energy confinement enhancement factor (H98(y,2) ∼ 1 [19])
throughout the discharge.

The plasma rotation (vφ) and ion temperature (Ti) profile have been measured with
the core charge exchange recombination spectroscopy (CXRS) diagnostic with a meas-
urement integration time of∆t = 10 ms and spatial resolution in the order of3 − 6 cm
increasing with radial position [20]. The ion species measured is that of the main im-
purity, C6+, and it is assumed that all the ion species are in equilibrium. The outermost
measurement point is located close to the pedestal top as canbe interpreted from the
electron density (ne) profile measurements. The electron density (ne) and temperature
(Te) are obtained from the high resolution Thomson scattering (HRTS) diagnostic which
has a spatial resolution of2 cm with a50 Hz repetition frequency at a high temporal res-
olution of 10 ns [21]. An alternative method for determining the electron density is by
de-convolution of the line integration measurements, taking into account the magnetic
equilibrium, which shows good agreement with HRTS density measurements [22].
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(a) (b)

(c) (d)

(e) (f)

Figure 6.2: Averaged plasma profiles for(a)angular frequency(b) electron density(c) ion
temperature(d) electron temperature(e)Mach numbers and(f) kinetic pressure
at low (4.5 MW), medium (7.5MW) and high (12MW) stepped NBI phases.
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Combining these parameters, the global angular momentum (Lφ) and thermal energy
(Wth) are defined by the volume integral over the full plasma radius as,

Lφ =

∫

nemimpe〈R2〉vφ/RdV, (6.1)

Wth =

∫

3

2
k (neTe+ niTi) dV, (6.2)

with mi the mass of the main ion species,mpe the proton mass per electron andk as the
Boltzmann constant. In the first two phases of the discharge bothLφ andWth increase
with PNBI due to the coupling between torque and power deposition in NBI heating.
However, during thePhigh phaseWth continues to increase whereasLφ reduces. This
loss in momentum can be explained by a decrease in density, but also due to a large
drop in angular frequency in the outer part of the plasma which happens even though
significant additional torque is applied. This drop is better visualized in the radial profiles
shown in figure6.2for each heating phase. The drop in energy due to the loss in density
in the last phase is fully compensated by the power increase such thatWth increases due
to the increase in temperature. Equivalent to the temperature increase,ωφ in the core of
the plasma increases due to the increase in torque flux, leading to a steeper gradient of the
rotation profile with respect to the pressure profile. Subsequently, a lowering in thermal
Mach number (Mth = vφ/

√

eTi/mi) at the edge is seen from0.3 to 0.15 (see also figure
6.1) while the core value remains roughly constant throughout the discharge.

Similar to the energy confinement, a decrease in the global momentum confinement
(τφ = Lφ/ (Tφ − dLφ/dt)) is seen in figure6.1. In fact, the reduction inLφ plays an
important role in the change in the confinement time ratio fromRτ = 0.8 ± 0.2 atPlow

toRτ = 1.1± 0.1 atPhigh. A change inRτ would indicate a difference in the behaviour
of momentum losses in comparison with energy losses. Interesting to note is also the
magnitude ofLφ and higher momentum confinement atPlow. Especially in this phase,
the rotation and kinetic pressure at the plasma edge contribute significantly toLφ and
Wth, respectively, due to the large elliptical volume. By separating the stored energy
and momentum in a core and pedestal fraction, the edgeRτ is even seen to increase
further to a maximum ofRτ,ped = 1.80 ± 0.37 atPhigh. This suggests that fluctuations
at the pedestal play the dominant role in the observed behaviour. This would also be in
agreement with the general observation in several plasma scenarios [2] that the pedestal
conditions are an important factor in the observed global confinement. More evidently, it
suggests thatτφ does not scale asτE and that the losses for both channels therefore scale
differently.

6.3 ELM dynamics

In this section, we will focus on the losses associated with the ejection of energetic
particles due to ELMs and their impact on the profiles ofωφ, Ti,e andne. Besides direct
losses, there are also several other possibilities that could additionally influence the radial
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(a) (b)

Figure 6.3: ELM averaged (nELM = 82) radial profiles and statistical uncertainty of pre-
and post-ELM profile for angular frequency(a) and ion temperature(b). The
pedestal location is shown as derived from the average HRTS density profile.
The error bars denote the statistical spread in the averaging of all profiles within
the selected time window.

profile. For example, a change in stiffness or threshold levels [23] or changes in pedestal
characteristics [15] may play a role in these experiments by changing the nature of the
pedestal or local transport, but these are left outside the scope of this analysis.

The dynamics of the ELM cycle are characterized by a fast drop(∆t = 0.1−0.2 ms)
in pedestal pressure gradient followed by a build-up (in theorder of10 − 100 ms) due
to core transport until the critical gradient is reached anda successive ELM is triggered
(see, e.g. [16, 24]). Unfortunately, the measurement frequency of the CXRS atJET is
not high enough to obtain detailed time resolved information during a single ELM-crash
period. Instead, we attempt to make a separation between pre- and post-phases relative to
the ELM onset. For low-frequency ELM cycles (typically lessthan30 Hz), a separation
between pre-ELM (−10 ms < t− tELM < −5 ms) and post-ELM (5 ms < t− tELM <
10 ms) rotation and ion temperature profiles can be made. At higherfrequencies, the
resolution of the CXRS measurement is limiting the separation due to the overlap of the
pre- and post-ELM phases within the time integration period, effectively resulting in an
ELM averaged measurement forfELM above50 Hz. A consequence is therefore that this
method is unable to determine the absolute magnitude of the losses, but instead it can
be used for a comparison of momentum and energy losses when taken at equal sampling
rates and at equal time and spatial positions.

Using a coherent data sampling method as also used in Ref. [15], the averageωφ

andTi profiles around the ELM crash have been obtained for several fixed input power
H-mode discharges (|BT| = 2.2 T, |IP| = 2 MA) with type-I ELMs at an average
fELM ∼ 20Hz (see figure6.3). A clear drop inωφ is observed fromr/a ∼ 0.65 outwards
while theTi drop appears to be smaller and penetrating less deep. In a similar way, the
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Figure 6.4: ELM averaged time trace obtained with coherent data sortingfor ion (blue
triangles) and electron (red circles) temperature near thepedestal location
(top figure). In the bottom figure, angular frequency (blue triangles) and elec-
tron density (red circles). An exponential growth functionis fitted to the
post-ELM time profile indicating a faster recovery time for the temperature
(τ90% ∼ 21 ms) in comparison to the rotation (τ90% ∼ 44ms) to return to
90% of the average pre-ELM size.

change in thene andTe profile, measured by, respectively, HRTS and electron cyclotron
emission (ECE), can be interpreted on the same time and spatial grid. The HRTS pro-
files benefit from a high temporal resolution of10 ns but the resolution is limited by a
50 Hz repetition rate. Therefore, the pre- and post-ELM density profile are obtained by
averaging all density measurements within the set time windows. The maximum time
resolution of the ECE is∆t = 2 ms and allows for a measurement much closer to the
ELM crash. However, in order to compare the electron and ion profiles, the ECE signals
are convoluted with a10 ms time integration window. This then results in a systematic
underestimation of the change in profile due to the build-up of the profile within the first
few milliseconds. This difference was found to be up as largeas15% of the pedestal size
in several cases depending on plasma conditions and ELM size.
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Figure 6.5: 2D drop profile for angular frequency(a) and ion temperature(b). Profiles
obtained from time-bin averaging all ELMs in three similar and consecutive
JET discharges (73568,73569,73570). See also figure6.4.

The radial position of the last measurement point from the core CXRS (ρ ∼ 0.88 ±
0.03) is located close to the pedestal top (ρped = 0.92±0.02) as derived from the density
profile. The time evolution of several parameters obtained by ELM sorting is shown in
figure 6.4. A 5 ms time window around the ELM crash is excluded from the analysis
due to overlap between pre- and post-ELM periods. Natural variations in ELM dynamics
result in a scatter of measurements and reflect the statistical uncertainty in estimating
the average ELM induced drop. Nevertheless, a clear build-up of theTi,e andωφ can be
seen.2 Notice in this case also the good agreement betweenTe andTi at the edge of the
plasma, both in magnitude and time evolution, indicating a high collisionality between
both species during the pre- and post-ELM phases. However, it seems that the build-up of
the pedestal rotation does not always fully recover in between ELMs while this does seem
to be the case for the density and temperature. Fitting an exponential growth function to
the averaged time traces indicates a longer build-up time for rotation (t90% ∼ 44ms)
compared with the ion temperature (t90% ∼ 21ms) to return to90% of the pre-ELM
magnitude. The fitted rise times (trise) are similar, suggesting similar transport in the
recovery phase.

To assess the relative changes, the radial drop profiles are shown in figure6.6 nor-
malized to the pre-ELM magnitude, defined as∆A(ρk)/At→0(ρk) with ρk the location
of each radial measurement of parameterA = [ωφ, Ti, Te, ne] at a timet just before the
ELM onset. The data of several identical discharges have been averaged and the error bars
represent the spread in the distribution of drop sizes obtained in averaging all ELMs. A
consistently larger drop in angular frequency is observed relative to the ion temperature

2The 2D build up of the angular frequency and ion temperature are also shown in figure6.5. It is clearly
noticeable that both the radial penetration as well as the build up time is larger for rotation
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Figure 6.6: Radial profile of the parameter drop normalized to the pre-ELM magnitude for
angular frequency, ion temperature, electron temperatureand electron density.
The temporal resolution and measurement time relative to the ELM onset is set
equal for each signal. Notice the large drop in angular frequency together with
a deeper radial penetration.

at the pedestal,

∆ωφ/ωφ = 45 ± 7% [CXRS]

∆Te/Te = 20 ± 6% [HRTS, ECE]

∆Ti/Ti = 20 ± 4% [CXRS]

∆ne/ne = 12 ± 4% [HRTS]

The density profile obtained by de-convoluting the line integrated density shows good
agreement with the HRTS data, which increases certainty on the measured density drop.
Taking into account the measurement uncertainty, the low limit on the measurable drop
size is empirically set at5% for all diagnostics. The radial extent of the ELM losses is
therefore defined by the radial position at which the relative change is below this limit.
The ELM affected area in the rotation profile then extends up to ρ ∼ 0.65 into the
plasma, while both the electron and ion temperature and the electron density penetrate
less deep,ρ ∼ 0.80. It is generally observed in JET baseline ELMy H-mode plasmas that
the ELM penetration depth for density and temperature does not extend beyondρ ∼ 0.80
as reported in [11, 15]. Only in advanced tokamak scenarios, was the penetration seen to
extend further into the plasma [15, 25].

It must be noted that the time period between the ELM crash andthe first post-ELM
measurement is of the same order as diffusive transport timescales, of the order of mil-



Section 6.4 - Momentum and energy losses 91

0.20

0.15

0.10

0.05

0

0.25

0.05 0.10 0.15 0.20 0.250

E
n

e
rg

y
 d

ro
p

 (
Δ

W
th

/W
th

)

Momentum drop (ΔLφ/Lφ)

J
G

0
9

.3
4

4
-6

a

Bt = 2.0T, Ip = 2.2MA, δ ~ 0.26, νi* ~ 0.3

Bt = 2.7T, Ip = 2.5MA, δ ~ 0.42, νi* ~ 1.1  

Bt = 2.4T, Ip = 2.0MA, δ ~ 0.41, νi* ~ 0.6 

Bt = 1.6T, Ip = 1.5MA, δ ~ 0.26, νi* ~ 0.7    

(a) (b)

Figure 6.7: (a) Normalized thermal energy drop versus the normalized momentum drop
in several different plasmas discharges at varying operating conditions. The
drop in angular momentum is consistently larger compared with the thermal
energy by roughly a factor of1.6× (full line). (b) Thermal energy drop versus
diamagnetic energy loss. The errors are estimated from ELM averaging.

liseconds. Within this time, a significant part of the post-ELM profile can be regenerated
by transport from the plasma core, thereby decreasing the observed ELM affected area.
Recent work at ASDEX [18] from high resolution CXRS measurements at the plasma
edge does show profile evolution time scales in the order of milliseconds which could
affect momentum and energy differently.

6.4 Momentum and energy losses

The angular momentum and thermal energy are conserved quantities and a different be-
haviour in these losses would also suggest a difference in the underlying transport. The
momentum and energy drop are calculated by determining the pre- and post-ELM profile
using equations6.1and6.2. Figure6.7(a)shows the results for a selection of discharges
in which all the necessary diagnostics were available. It was found that for all discharges
the momentum drop is consistently larger than the drop in thermal energy. The losses
are shown normalized to the pre-ELM value and thus reflect theglobal loss fraction. In
all cases, this fraction is larger for momentum losses compared with the energy losses
by roughly a factor of1.6×. This difference is completely due to the contribution and
radial extent of the drop in angular frequency as particle losses contribute equally to both
parameters. The ion density was estimated from the electrondensity by a single carbon
impurity correction on the time averagedZeff as determined from Bremsstrahlung meas-
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urements, such that,

ni

ne
≈ ZC − Zeff

ZC − ZD
=

6 − Zeff

5
(6.3)

Unfortunately, this indirect method has a relatively largeuncertainty; however, any pos-
sible increase inZeff during the ELM crash will further decrease the main ion density
and hence only increase the difference.

For the similar discharges presented in the previous section (red dots), the average
loss fractions are,

∆Lφ

Lφ
= 9 ± 1%

∆Wth

Wth
= 5 ± 1%

The errors in this case have been derived from the statistical averaging in the data sort-
ing method. The largest contribution of these losses originates from the mid- to edge
region and therefore the losses are usually normalized to the pedestal stored value with
Wth,ped ∼ 0.3 − 0.4Wth. In this case, the loss fractions increase to, respectively

∆Lφ

Lped
φ

= 22 ± 3%

∆Wth

W ped
th

= 16 ± 5%

The magnitude for the energy loss in these low collisionality discharges is in good quant-
itative agreement with earlier analysis [11, 14, 15, 24] and also with infrared-camera
measurements [26]. Furthermore, the fraction of thermal energy for electrons was found
to be roughly equal to the ion thermal energy when includingZeff . This indicates that
both species have reached kinetic equilibrium such that theenergy losses are not concen-
trated in either electrons or ions. A difference could contribute to a discrepancy with the
momentum losses which is completely carried by the ions.

The analysis presented here focuses only on thermal losses.To assess the contribution
of fast particles, the drop in diamagnetic energy is shown versus the thermal energy
drop for all discharges in figure6.7(b). A good agreement is found which implies that
the energy losses are caused mainly by the thermal particlesif one assumes poloidal
symmetry throughout the ELM crash. The combination of largemomentum losses with
a long build-up time effectively reduces the time averaged momentum. Naturally, this
depends on ELM frequency and is smallest in the case of low-frequency ELMs where
the time in between ELMs is long compared with the build-up time. In these cases, the
momentum confinement time is also observed to be higher than the energy confinement
time (see figure6.1). This suggests an improved inter-ELM confinement for momentum
and a relation between ELM frequency, or inter-ELM time, andconfinement time ratio.
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Figure 6.8: (a) Scaling of normalized angular momentum loss as a function ofELM fre-
quency for all discharges. The loss per individual ELM reduces withfELM .
(b) Normalized momentum (blue dots) and energy (red triangles)loss versus
normalizedfELM . Both the total momentum and energy loss can be expressed
as a constant fraction of the global plasma content, with themomentum loss
consistently larger than the thermal energy loss.

6.5 ELM frequency dependence

With the increase in ELM frequency, the inter-ELM period is reduced and the ELM size
generally becomes smaller [11]. Furthermore, with the decrease in ELM size, the losses
of momentum and energy are reduced although it is observed inseveral studies that the
total energy loss remains a constant fraction (c) of the input power [17],

∆Wtot = fELM × ∆WELM = cPtot. (6.4)

In the study presented here, the largest observed drop in momentum was seen in dis-
charges with a low ELM frequency (6 Hz) but relatively large ELM sizes (250 kJ). In
order to study the effect of ELM frequency on the size of the momentum losses, a series
of discharges was selected with similar configuration but with the application of ELM
frequency mitigation by vertical kicks [27].

The nature of this method is outside of the scope of this analysis and assumed only to
affect the ELM frequency and size. Figure6.8(a)shows the normalized momentum loss
(∆Lφ/Lφ) versus the average ELM frequency observed in the time windows of all the
discharges presented in this study. The decay of the drop size with fELM suggests that,
similar to the behaviour for the energy losses, the total momentum loss might also be a
constant fraction of the total external sources. However, the range in ELM frequencies
is unfortunately limited by the diagnostic time resolution. The set of discharges shown
here consists of a wide range of applied power and torque at different plasma config-
urations but shows a consistent behaviour in the observed losses. However, to account
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for the variations in confinement time, figure6.8(b)shows the loss fraction versus nor-
malized frequency (fELM × τφ,E) for both energy and momentum. The loss fraction can
be approximated by a constant in the order ofcE ∼ 0.3 for energy andcφ ∼ 0.4 for
momentum, although with a relatively large uncertainty dueto the scatter.

6.6 Conclusions and discussion

In this paper, the effect of ELMs on the losses of momentum andthermal energy has
been studied. The change in ELM averaged confinement has beendiscussed with the
assumption that the external power and torque deposition are well known and remain
constant throughout the ELM phases. The effect of transportis assumed to be minimal,
although it does cause a limitation on the derived drop size when also considering the
diagnostic time resolution. Nevertheless, a comparison onsimilar time scales and resolu-
tions does provide an insight in the underlying processes byplacing a lower limit on the
ELM associated losses. Furthermore, it must be noted that the magnetic equilibrium is
assumed to be quickly re-established after the ELM crash. This might not necessarily be
the case as both fast fluctuations in plasma shape and the sharp increase inDα radiation
are indications of a change in equilibrium and the possible enhancement of external in-
fluences by e.g. charge exchange friction with neutrals at the edge. These effects, among
others, could influence the momentum and energy pedestal at the initial crash as well as
during the recovery phase. Here, however, we have not investigated the magnitude of the
pedestal but instead have focused on the relative size of theobserved losses caused by
ELMs.

In general, a consistent change in confinement time ratio is observed with ELM fre-
quency where the momentum confinement time is higher in the region of low-frequency
ELMs (Rτ > 1) and lower (Rτ < 1) at high fELM. A comparison of the ELM re-
lated losses revealed a consistently larger loss in angularmomentum in comparison with
thermal energy in several H-mode discharges at varying operating conditions. The mag-
nitude of the energy losses was found to be in good agreement with previous results.
The average losses obtained during moderate ELM frequency (fELM ∼ 20Hz) and low
collisionality was found to be approximately∆Lφ/Lφ,ped = 22 ± 3% of the pedes-
tal stored fraction for momentum in comparison with∆Wth/Wth,ped = 16 ± 5% for
thermal energy. With increasingfELM the magnitude of the losses is reduced as the ELM
size decreases however the total loss of momentum appears tobe a constant fraction of
the total applied external source, similar to observationsfor the scaling of energy losses.
The ELMs induce a periodic loss of energy and momentum which effectively reduces
the time averaged confinement. A significant change in confinement is then observed
when the build-up time is long compared with the inter-ELM time length. It was ob-
served that the recovery time of the rotation pedestal is slightly longer compared with
the temperature. In fact, for relatively slow ELMs (1/fELM ≫ trise) the initial losses can
be completely regenerated before the subsequent ELM while with increasingfELM the
rotation is first unable to fully recover to similar pre-ELM levels even though additional
external torque is being applied. As a result, the momentum density at the edge is effect-
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ively lowered due to the decrease in time averaged rotation.This mechanism thus offers
a possible explanation for the observed changes in the global confinement time ratio as
the energy confinement appears less affected due to the smaller losses.

Although global momentum and energy confinement are clearlyrelated, the local
behaviour seems to influence momentum and energy differently. This seems especially
the case near the pedestal and edge region where additional sources or sinks might play a
more profound role. In order to understand and accurately predict the global confinement
properties it is therefore necessary to further investigate all the processes affecting the
plasma boundary to assess their influence on both local and global plasma behaviour.
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Chapter

7

Neutral particle friction

The effect of a neutral density background on the toroidal angular momentum and
kinetic energy profiles has been investigated in JET. Under equivalent conditions
but with increasing gas fueling during the flat top phase, it has been observed that
both the edge rotation and temperature decrease. The increase in electron dens-
ity was not sufficient to compensate the rotation and temperature loss such that
both energy and momentum confinement times are significantlyreduced. The
ELM behaviour is observed to be significantly affected by theincreased neut-
ral influx. A simple 1.5D fluid model has been used to qualitatively capture the
neutral transport response within the plasma, followed by aforward model of the
passive charge-exchange emission of carbon to obtain a corrected radial neutral
density profile. It has been found that the neutral density reduces sharply over the
edge region, with similar edge magnitudes in both the non-fueled and maximum
fueled case. Discharges with reversed-B operation exhibited even higher normal-
ized neutral fluxes related to first orbit effects and increased wall interactions.
Over the full neutral influx range, a decrease in pedestal thermal mach number
from 0.25 to 0.14 was observed. Large neutral penetration up to the pedestal top
(r/a ∼ 0.9) due to multiple charge-exchange interactions is obtainedfrom the
interpretive model. Under these multiple neutral-ion interactions, the impact on
their associated losses is much larger for angular momentumcompared to the
thermal energy. The drag torque was seen to increase up to10% of the total input
torque, while energy losses appeared to be smaller.

Published as:Versloot T W, de Vries P Cet al.2011Plasma Phys. Control. Fusion53 0065017
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7.1 Introduction

The effect of plasma rotation on plasma confinement and stability has been an area of ex-
tensive research in recent years [1]. Early theoretical explorations into the role of plasma
rotation [2, 3] have led to a wide range of experiments into momentum transport on sev-
eral devices [4–7]. For example, results in [8] show that a radial rotation gradient can
play a role in the suppression of turbulent ITG dominated transport [9]. This naturally
raises the question how to generate sufficient angular momentum and what determines
its radial profile. It is clear from experiments [10, 11] that the transport of momentum
and energy is not necessarily similar while at the same time it remains partly unknown
which processes contribute in driving angular momentum. Due to the existence of an
inward convective pinch velocity [7, 12], the magnitude of the edge rotation is found
to contribute significantly to the global momentum confinement due to the large pinch
velocity (RVp/χ ∼ 4 − 10) in typical modeled JET H-mode cases [13]. The observed
core rotation gradient is therefore both related to the external torque flux as well as the
absolute magnitude of the momentum density, in particular at the plasma edge. Hence,
in order to accurately predict the observed rotation profile, a better understanding of all
the processes that influence the local edge momentum densityis required.

Several effects play a role in determining the edge momentum. In JET, the domin-
ant source of torque is provided by Neutral Beam injection (NBI). The particle beam
is injected in the co-current direction and due to beam attenuation and the trapping of
fast particles, most of the torque is deposited off-axis [14]. Non-ambipolar losses of fast
particles due to Toroidal Field Ripple [13] or Resonant Magnetic Perturbations [15] can
provide a source of counter-current directed torque. The ripple magnitude during normal
operation at JET is however small (δT ∼ 0.08%) and the associated torque is considered
negligible in this case, even at the plasma edge. Other sources such as intrinsic rotation
and residual stress might also be present, although these are typically orders of mag-
nitude smaller than NBI driven torque [1]. The dominant loss of momentum takes place
at the boundary of the plasma by flows to the stationary wall. With the presence of Edge
Localized Modes (ELMs), the repetitive collapses of the H-mode pedestal also cause an
ejection of both energy and momentum [16]. The steady-state momentum density at the
edge,Ω = nimi〈R2〉ωφ, is thus the result of the interplay between sources and sinks
with radial transport from the core by diffusion and local inward convection.

An additional process at the edge is the presence of neutral particles which is known
to be an efficient sink of angular momentum [17]. The penetration of neutrals from the
plasma boundary causes a loss of both energy and momentum by charge-exchange (CX)
interactions with the main plasma ions. In fact, the mechanism of neutral penetration has
been studied in relationship to characteristic pedestal properties (width and heigh) [18]
as well as its connection to the L-H transition [19]. In both cases, the presence of atomic
physic effects at the plasma boundary could provide an insight in global plasma prop-
erties due to external, usually relatively uncontrolled conditions like recycling and con-
ditioning of plasma-facing components. However, as of present no atomic physics com-
ponents have been directly identified in the energy confinement time scaling, although
hints of missing parameters could point in the direction of boundary effects [20]. In typ-
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ical tokamak experiments, the ionization frequency is slower than the charge-exchange
frequency. This process is critical to the extent that it cangreatly enhance the penetration
depth due to multipleCX interactions before impact ionization [21]. At each interaction,
a neutral and plasma ion exchange identity, but as the momenta of both are uncorrelated,
this results in large-angle scattering where new born neutrals carry away the original ion
momentum and energy. These neutrals thus show a random walk process where parts of
the original ion angular momentum can now easily be lost by viscous dissipation [21].
Interesting to note is that such conversion of rotational energy to thermal energy can also
also cause local heating [22] which could be related to generating poloidal flows. The
penetration of neutrals is therefore expected to have a different impact on the momentum
and energy balance.

Unfortunately, the characterization of atomic physics at the edge and in particular the
neutral density background, remains difficult to quantify directly in experiments due to
the inherent complex atomic processes involved. The neutral density profile therefore re-
mains one of the least well diagnostic fusion plasma properties, with usually only indirect
measurements available. Recent progress in multi-dimensional edge models have begun
to uncover the spatial distribution of neutrals from highlylocalized sources [23, 24]. For
example, results from [25] show that during gas fueling close to the X-point region, the
neutral density is highly peaked in the divertor region fromthe LCFS outwards, while at
the pedestal region no strong poloidal variation was found.This could thus allow for a
simpler 1.5D neutral fluid approximation to model the neutral transport response of the
plasma within the LCFS. The approach presented here in this paper has been to qualitat-
ively capture the atomic physics related to multiple neutral-ion interactions using a 1.5D
neutral fluid code. The uncalibrated neutral density is thenused to forward model the
passive charge-exchange emission profile [26] and subsequently is compared to the line
integrated intensities measured by the Charge Exchange Recombination Spectroscopy
(CXRS) diagnostic [27]. This approach allows for a correction on the neutral density
obtained from the fluid model.

Diagnostic and method limitations unfortunately result inan accuracy which is at
best in the order of magnitude, thus making it difficult to quantify the associated losses.
Instead a global analysis approach is followed to investigate the impact of edge localized
neutral friction on the core confinement. The final goals of this paper is therefore to
correlate the magnitude of the momentum and energy losses due to charge-exchange
interaction with the observed momentum and energy density profiles. Especially with
the influence of a momentum pinch, the presence of additionalmomentum losses due to
an increase in neutral interactions could help in explaining the variations in confinement
time ratio (Rτ = τE/τφ) and the observed range in local thermal mach number observed
[10].

This paper is built up as follows; in section7.2, the observations on global and edge
parameters during several JET H-mode plasmas with varying levels of external gas fuel-
ling are presented. Large variations in the observedDα emission, a measure of the neutral
density, are observed. Changes in profiles of angular frequency (ωφ = vφ/R), temperat-
ure (Ti,Te) and electron density (ne) are shown here. The method used to calculate the
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Figure 7.1: Time traces for several discharges at increasing external gas supply with(a)
external gas rate(b)-(e) CorrespondingDα-emission (vertical outboard line-
of-sight) and time-average ELM frequency and(f) edge line averaged density.
Notice the increase in baseline emission due to the increased neutral back-
ground in combination with a higher electron density. In general, a transition
from large ELMs to small and a high frequency ELM is observed.

neutral density (n0) in combination with the validation technique employed is discussed
in section7.3. The relevant neutral particle dynamics are discussed. In section7.4 and
7.5, the estimated magnitude and spatial distribution of the charge-exchange associated
losses are presented, taking into account the penetration by multiple charge-exchange
interaction processes. Conclusions are presented in the last section (section7.6) and dis-
cussed with an outlook on future work in this field.

7.2 Experiments

To investigate the influence of a neutral particle background on the main plasma, a series
of discharges was selected with similar plasma configurations and equal external heating
power, but increasing input gas flux during the flat top H-modephase. Heating was pre-
dominantly supplied by the NBI withPtot = 15(±1)MW and a resulting total torque
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Figure 7.2: ELM-averaged momentum density(a) and thermal Mach(b) profile for in-
creasing external gas dosing (see also figure7.1). A global decrease in mo-
mentum density despite an increase in ion density. Notice the large decrease in
thermal Mach number at the outer radius.

input of TNBI = 16(±1)Nm. The gas influx (Γ0 in elec/s) was supplied by a perfor-
ated toroidal ring manifold located at the inner divertor and increased from 0 (non-
fueled) toΓ0,max ∼ 4 × 1022 elec/s. The plasma configuration used is a high trian-
gularity (〈δ〉 ∼ 0.40 − 0.44) type-I ELMy H-mode with a clockwise plasma current of
|IP| = 2.5 MA and toroidal field of|BT| = 2.7 T. The presence of an external gas flux
has a significant impact on the plasma behaviour as can be seenin figure7.1. A regular
ELM period (fELM ∼ 10 Hz) is observed in the non-fueled case, while with increasing
fueling the ELM behaviour becomes less pronounce with an overall increase in ELM fre-
quency and the baselineDα-radiation from a vertical line of sight on the outboard side.
This is consistent with the general observations of plasma fueling. A higher fueling rate,
however, does not necessarily result in a larger neutral density near the plasma due to
vessel pumping and/or the plasma shape. The increase in visible emission along differ-
ent viewing lines is nevertheless an indication of a higher neutral background poloidally
around the entire plasma even though the input valve was localized in the divertor re-
gion in these cases. A higher edge electron density is thus observed with higher fueling
as also generally observed and studied in detail in e.g Ref. [28]. With plasma velocity
measurements from the core CXRS diagnostic, the thermal angular momentum density
profile is calculated as shown in figure7.2(a). The ion species measured is that of the
main impurity ion,C6+, and it assumed here that all the ion species are in equilibrium
such that the bulk plasma ion (D+) temperature and velocity can be computed.

A decrease inΩ over the full profile is observed, which seems to originate mainly
from a reduction at the pedestal as core transport is not assumed to be effected signific-
antly. Both ion temperature and rotation velocity are observed to decrease as the electron
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density increases during the gas scan, but also the ion pressure at the edge is seen to
decrease. The overall result is a drop in confinement qualitywith neutral influx which
is in agreement with earlier observations in several devices [20, 29, 30] although not in
all cases necessarily directly linked to the atomic physicsrelated to possible increased
neutral penetration. The induced changes in pedestal conditions can also alter the ped-
estal confinement as can be clearly seen in the ELM behaviour for various gas fueled
discharges in figure7.1. In fact, gas fueling beyond4×1022 elec/s was not performed in
this gas scan due to a significant decrease in confinement enhancement factor,H98(y,2).

All effects combined, a decrease in the thermal mach number (Mth = vφ/vth) near
the pedestal top (r/a ∼ 0.9, with a the minor radius) from approximately0.3 to below
0.2 is obtained, as can be seen in figure7.2. The thermal Mach number is by definition
the ratio of kinetic to thermal energy which is related to theglobal stored energy and
momentum. Due to the presence of an inward pinch in momentum transport, a local re-
duction in pedestal momentum can result in a larger decreasein momentum confinement
relative to energy, as is also observed in dedicated experiments [13]. In this analysis, the
maximum fueled discharge has in comparison to the non-fueled case, a fraction of,

Lmax
φ

L0
φ

= 0.50 ± 0.07,

Wmax
th

W 0
th

= 0.67 ± 0.08,

for the stored momentum and total thermal energy (see also figure 7.6(a)). Both input
power and torque deposition were kept constant throughout the gas scan, therefore the
confinement times decrease significantly, with their ratio (Rτ ) increasing slightly with
a decrease inMth as also observed in [10] for a large set of JET discharges. This dif-
ference is related to the reduction of the momentum and energy density at the plasma
edge and suggests a discrepancy in the local losses. These could, albeit possibly partly,
be attributed to the presence of neutral-ion interactions with a neutral background. Due
to gas fueling, both the neutral influx around the plasma periphery as well as the ion (and
electron) density at the plasma edge increase, which further enhances the magnitude of
charge-exchange losses. Additional losses by radiation, convection by parallel transport
along field lines and changes in stability also have an influence on bothτE andτφ, but
these are not necessarily similar. Those processes are not further discussed and instead
the focus in this paper has been in estimating the relative magnitude of the momentum
and energy losses due to charge-exchange interactions withbackground neutrals.

7.3 Neutral particle dynamics1

In general, high temperature and density plasmas are considered to be impermeable to
neutrals with a penetration depth limited to only a few cm [31]. The penetration depth

1See for additional discussion also section2.4
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Figure 7.3: (a) Schematic representation of a multiple charge-exchange interaction pro-
cess(b) Neutral (n0) and electron (ne) density profiles for both non-fueled and
maximum fueled discharges. For comparison, the calculatedneutral densities
from a 2D simulation code (EDGE2D-EIRENE) are over plotted.An agree-
ment in the order of magnitude with the 1.5D neutral transport response is
obtained after adjustment with the PCX method.

can be characterized by the mean-free path defined as,

λMFP =
v0

ne〈σv〉CX
, (7.1)

wherev0 is the velocity of the neutral particle. However, this does not necessarily result
in a total absence of neutral particles within the main plasma as the charge-exchange
frequency (〈σv〉CX ∼ 1013−14 m3s−1) is typically much larger than the ionization fre-
quency (〈σv〉IZ ∼ 1015 m3s−1).2 At eachCX interaction, a plasma ion and neutral
swap identity, allowing the now high energetic or hot neutral to penetrate deeper into
the plasma, while the low energetic ion is confined by the magnetic field at the in-
teraction location. As a result, a neutral background will be present due to constant
penetration of low energetic or cold neutrals through the last closed flux surface al-
though many orders of magnitude smaller than the electron density in the plasma core
(O(n0) ∼ 1011−12 m−3). The presence of neutral particles can therefore facilitate in re-
distributing energy, particles and momentum. In figure7.3(a), a schematic representation
is shown of this multipleCX interaction process. An external cold neutral,nc

0, collides
with a plasma ion,ni, exchanges charge and produces a hot neutral,nh

0 , that is assumed
to scatter uni-directionally. ThisCX interaction can be considered as a soft interaction

2See also figure2.3in section2.4
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[32] where the outgoing neutral obtains a velocity characterized by the local ion tem-
perature only. A fraction of the neutrals will penetrate deeper into the plasma and at a
secondary interaction, the process repeats itself. Only inthis case, the thermal energy,
a scalar quantity, from the hot neutral is fully transferredback to the bulk plasma. The
original ion angular momentum on the other hand was transferred to momentum of the
neutral fluid, which is unbound by the magnetic field, and is therefore assumed com-
pletely lost to either the wall or by viscous dissipation [21, 31]. The number of multiple
interactions and mean free path between interactions can also be high considering the
difference between ionization and charge-exchange frequency. MultipleCX interactions
can therefore result in a difference between the associatedmomentum and energy losses.
The magnitude of momentum losses byCX interactions is given by [31],

TCX = n0nimi〈σv〉CX (vi − v0) . (7.2)

As can be seen, the magnitude is directly related to the spatial and velocity distribution of
the neutral fluid. Additionally, the neutral fluid also consists of several energy compon-
ents resulting fromCX interactions (cold, hot) and also from e.g. fueling and recycling.
This and the fact that direct measurements of the neutral density are relatively complic-
ated, necessitates the use of extensive modeling in order toquantifyn0. However, it has
been shown that qualitatively describing the neutral transport response of the plasma
using a 1.5D fluid approximation can give satisfactory results [25].

Here, we use a 1.5D cylindrical fluid code (FRANTIC [33, 34]) to determine the
radial neutral transport response of the plasma to an external neutral source. The neut-
ral gas influx was characterized by two contributions with their relative intensities and
average energies obtained from theDα-spectrum (nh

0 [0.35, 10 eV] andnc
0 [0.6, 1 eV]).

Between discharges in the gas scan, these values were not observed to change much,
although they could potentially vary widely depending on, among others, recycling and
interactions with plasma facing materials. The neutral transport response and thus the
shape of the neutral density profile are highly dependent on the edge profile ofne and
Te. Therefore, high resolution Li-beam data were used in combination with Thomson
Scattering (TS) to obtain ELM averaged electron density profiles. The electron temper-
ature is obtained from combined Electron Cyclotron Emission (ECE) and TS. The model
results in a qualitative estimate of exponentialn0-profile within the plasma, but is unable
to directly quantify its absolute magnitude. Therefore, the following method was imple-
mented in which the uncorrected neutral density from the neutral model was used to
forward-model the passive charge-exchange (PCX) emissionas observed by the CXRS
diagnostic. Each line-of-sight of the CXRS measures both a local active signal from the
intersection with the neutral beam also passive emission from the interaction between
deuterium neutrals and impurity ions (C6+ +D0 → C5+⋆ +D+) along the line-of-sight.
The carbon density is derived from the active CXRS component. The total integrated
photon flux can then be determined using the modeled neutral profile [26, 35] together
with the appropriate atomic cross sections [36]. Because then0-profile is expressed lin-
early as a transport response to the influx [33], an adjustment factor (α) is obtained when
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Figure 7.4: (a)2D neutral density profile from EDGE2D-EIRENE for a typical non-fueled
case (see [37]). (b) Neutral density as a function of poloidal angle for both
a high-fueled and low-fueled case. Locations just within and just outside the
separatrix are shown. Notice the order of magnitude poloidal variations. The
neutral density is highest near the X-point region, but drops off quickly due to
field line flux expansion.

comparing the modeled photon flux with the measured photon flux,

fc =
IPCX

Imodel
PCX

. (7.3)

A corrected neutral density profile is then obtained from theoriginal model estimate by,

n0(r) = fcn
model
0 (r). (7.4)

Figure7.3(b)shows the adjustedn0 andne profiles for two discharges of the gas-
scan. With increasing neutral influx, the electron density profile increases. This pro-
cess actually shields the core plasma by reducing the penetration step size of neutrals.
This shielding seems to partly balance the increased influx and it is found that in both
cases then0 profile obtained is within similar order of magnitude at the plasma edge,
n0(r/a = 1.0) ∼ O(1015−16)m−3. A complication at this point is that there are known
large poloidal variations in neutral density at the plasma boundary, as is discussed in
detail in Ref. [23, 25, 35, 38, 39]. Figure 7.4(a)shows a poloidal cross-section of the
neutral density obtained from independent 2D edge model calculations using EDGE2D-
EIRENE [37] in the case when a low level of active external gas dosing wassupplied. The
largest concentration is observed near the X-point region with large poloidal variations at
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Figure 7.5: Neutral density expansion parameterE⋆ as a function of radius. Increased val-
ues beyond the separatrix (r/a > 1.0) indicate a poloidally asymmetry in the
neutral influx. This originates dominantly from X-point region partly due to
active fuelling from the inner divertor in this particular case.

the boundary. Variation of several orders of magnitude is clearly seen, as also shown in
figure7.4(b)as a function of poloidal angle for both a low-fueled and high-fueled case.
However, these appear to reduce with increased distance from the separatrix inwards.
This seems especially the case during high fueling, similarto Ref. [38]. This might be
related to the relatively large flux expansion in the divertor region shielding the main
plasma when fueling in the divertor region. The poloidal asymmetry due to local sources
indeed results in a large increase in values for the expansion parameter,E = ∂r/∂ψ [18]
(see figure7.5) from the separatrix outwards,

E⋆ =
Ē

E
=

1

E

∫

n0(r, θ)Edθ
∫

n0(r, θ)dθ
, (7.5)

thereby justifying the assumption of a poloidal symmetry inthe neutral density within
the main plasma,r/a < 1.

The CXRS lines-of-sight intersect the plasma at the outer mid plane and where the
neutral density encountered is expected to be lower than theflux surface average [35].
A comparison between the average neutral density obtained by the PCX-corrected fluid
model and the 2D model shows agreement (see figure7.3(b)) which gives confidence
that the above method is able to quantify the flux surface averaged neutral density at least
roughly in the right order of magnitude. Nevertheless, large uncertainties remain on the
accuracy of the neutral density at the pedestal due to the poloidal variations in the outer
region and the lack of direct experimental verification. Alleffects included, the model is
therefore likely to underestimate the poloidal averaged neutral density. A consequence of
these constraints is that the accuracy of the calculatedCX friction in the region beyond
r/a > 0.95 is at best a rough estimate.
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Figure 7.6: (a)Beam torque (top) and power (bottom) deposition profile calculated by AS-
COT and neutral-ion associated losses (charge-exchange and ionization, shown
positive) (b) Wth andLφ normalized to the reference discharge without ex-
ternal fueling. Open symbols refer to the charge-exchange and ionization losses
using the calibrated neutral density profile and integratedup tor/a ∼ 0.95 of
the plasma radius.

7.4 Momentum and energy losses

Using the derived neutral density profile, the charge-exchangeassociated frictional torque
and power loss can be calculated. It must be noted that here wefocus solely on the effect
on angular momentum and do not include additional effects resulting from an increased
neutral background, e.g. pedestal stability. Due to the increase in edgene the beam de-
posited torque and power calculated by an orbit following Monte-Carlo code (ASCOT
[40]) have shifted slightly outwards as shown in figure7.6(a). The magnitude ofCX
losses is focused dominantly in the edge region, where the concentration is highest and
quickly falls off as the neutral density decreases exponentially inwards. Nevertheless, a
penetration up to the pedestal top (r/a ∼ 0.9) is obtained for the torque loss while the
power losses appear more confined to the outer edge, which is in agreement with results
obtained in [38]. Furthermore, the ionization losses which only effect theenergy bal-
ance become of similar magnitude to charge-exchange energylosses further inwards.
In the case of additional fueling, the magnitude ofTCX increases more significantly
in the pedestal gradient region. However, the penetration depth is not altered notably.
As described earlier, a possible explanation could be related to the balancing of the in-
creased influx with the higher shielding by the core plasma. Interesting to note is that
even without applied fueling, significant friction from thenaturally present neutral back-
ground is modeled. In both cases, the absolute magnitude of theCX losses is similar to
the beam torque deposition near the pedestal. The beam source includes both collisional
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and J × B generated torque. Although dominantly a torque source,CX interactions
between beam neutrals (nb

0) and plasma ions can cause additional edge losses. Estimates
of their magnitude showed however only a small contribution. As those losses do not
depend on the neutral background and thenb

0 flux was kept similar, these contributions
were not included in this analysis.

The total loss due toCX interactions with background neutrals can now be calcu-
lated by volume integration, as shown in figure7.6(b)along with the normalized values
of Wth andLφ. The profiles are integrated up to the last measurement pointwith the
core CXRS diagnostic (r/a ∼ 0.95). Diagnostic limitations in the outer region prohibit
an accurate calculation of the totalCX friction and cooling. With an increasing neutral
density and lowering of the velocity towards the separatrixas is indicated by the edge
CXRS, the friction losses will be underestimated. In fact, recent high resolution meas-
urements [39, 41] show a flattening or even inverse gradient in the velocity profile, which
would further enhance momentum losses. It this analysis, the losses are estimated up to
r/a ∼ 0.95 and assumed rigidly coupled to the separatrix. As discussedin Section7.2, a
general decrease in bothWth andLφ is seen with increasing neutral influx. The neutral
influx per unit area has here been normalized to the average electron density which is
thus related to the number of neutrals per plasma unit charge(Γ0/ne [ ms−1]). For all
gas-scan discharges, the frictional drag is considerably larger than the charge-exchange
power losses and approaching up to10% of the total input torque (TCX/Tφ ∼ 0.10) with
WCX/Ptot < 0.03. This results in a totalCX drag of the order of1.0 − 1.5 Nm. Con-
trasting to the momentum losses, the total energy losses arealso enhanced by ionization
losses (WIZ). However even the combined ionization and charge-exchange loss can not
directly explain the absolute decrease in confinement timesobserved. This is therefore
most likely related to indirect effects from fueling on the plasma confinement. Neverthe-
less, the presence of neutrals at the edge is able to manifestitself as a significant sink of
angular momentum.

7.5 Co- and counter rotation

Besides active gas fueling, part of the neutral flux through the separatrix will result from
recycled particles of the plasma-facing components. As wasalready seen in7.4, this can
already dominate the deuterium particle source. By now selecting similar discharges used
in the gas-scan but with a large natural fraction of recycling, we can investigate higher
neutral fluxes. Additionally, scattering of e.g. first orbitlosses hitting the wall can result
in relatively highly energetic neutrals that are able to penetrate deeper into the plasma.
Large amounts of orbit losses have been observed in JET underoperation with reversed-
B and counter-current NBI [10]. In figure 7.7(a), two time-traces are shown of similar
discharges in co-current (CO-NBI) and counter-current (CNT-NBI) at |BT| = 2.4 T and
|IP| = 2.0 MA. In the CNT-NBI case, the trapped ion orbits have an outward radial
movement, thereby shifting the instantaneous (J × B) torque more off-axis, while for
CO-NBI this is opposite [14]. In the case of CNT-NBI, the magnitude ofDα-emission
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Figure 7.7: Comparison of co-current (CO) and counter-current (CNT) NBI discharges at
similar input conditions.(a) Time trace ofDα-emission, thenc

0 andnh
0 signal

intensity fromDα-spectrum, the edgeMth and the gradient of theMth profile
at mid-radius [r/a ∼ 0.4 − 0.7]. (b) Beam torque deposition profile (calcu-
lated with ASCOT) and charge-exchange friction (shown as positive) (top) and
power deposition and losses (bottom). Notice the outward shift in beam torque
due to prompt orbit losses and increased charge-exchange friction in the case
of counter-current NBI.

from the vertical outboard line-of-sight (R ∼ 3.2m) is clearly seen to increase result-
ing in a higher neutral background. Both the low- and high-energetic neutral populations
increase. In this comparison case even the average hot neutral component becomes of
similar size as the total neutral population in the CO-NBI discharge. The largest differ-
ence is however seen in a dramatic increase in the cold neutral component, which was
also identified experimentally by the visible glowing of thelimiter tiles. The rotation pro-
file in the CNT-NBI discharges is in that case significantly reduced in comparison to the
CO-NBI case with also a reduction in edge steady-stateMth. Interesting to note is that
theMth profile itself also changes in the core of the plasma with the gradient flattening
as the neutral influx increases. This is most likely related to the magnitude of the pedestal
as no significant transport differences in core transport were found in these discharges.
Estimating the neutral density profile with the method presented in this paper resulted
in similar order of magnitudes ofn0 at the plasma edge. However in the case of CNT-
NBI the electron density was on average lower in comparison.These combined results in
much larger values ofΓ0/ne. The beam deposition and associatedCX losses are shown
in figure7.7(b). In the case of CNT-NBI, the outwards directed orbit effectsare seen to
have shifted the torque deposition towards the outer parts of the plasma. Subsequently
this greatly reduces the core torque flux, thereby lowering the core rotation gradient. The
torque losses significantly increase when switching to CNT-NBI. With the beam torque
deposition near the plasma edge, efficient losses not limited to only neutrals would now
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Figure 7.8: (a)Thermal Mach at the plasma edge (r/a ∼ 0.9) as a function of normalized
neutral influx.(b) Friction torque using FRANTIC with PCX correction versus
approximation of global loss torque required when assumingτE ∼ τφ. Both
contribution are of similar order. Also notice the large frictional drag in the
counter-current cases. Prompt first orbit losses and the increased wall interac-
tion cause a significant increase in neutral influx.

be able to result in fast momentum losses thereby preventingthe rotation profile to de-
velop. As was seen before, the power losses byCX-interactions increase similarly to the
torque losses but remain localized further away at the boundary. This is seen also exper-
imentally in relatively higher temperatures (Te andTi) in the pedestal region. At least
during CO-NBI operation, the inward displacement current from orbit losses generates
counter torque which contributes directly in lowering the edge rotation. However, when
applying CNT-NBI, this generated torque will be co-directional with the NBI due to the
reversal in plasma current in order to remain at equal field helicity in JET.

With an increasing neutral influx, the magnitude of the edge velocity is reduced res-
ulting in a relatively larger momentum loss in comparison tothe thermal energy. In figure
7.8(a), the edgeMth is shown as a function of normalized neutral influx for all discharges
used in this paper. It is clearly seen that with increasing neutral influx the Mach number
reduces where the lowest value was obtained during counter-current NBI. Interesting
to note here is the location of a counter-current NBI discharge at the lowest value of
Γ0/ne. This discharge was performed under similar conditions, but with an increased
radial clearance on the low field side,∆wall = ∆wall + 5 cm. This effectively puts part
of the neutral source further away from the core plasma with possibly a wider scrape-
off layer in between the edge and plasma-facing materials. Improved performance has
been obtained by plasma shaping in JET [42]. Further investigations into the influence of
wall clearance as well as plasma shape (elongation, triangularity) is needed to investigate
these effects as they can have a large effect on the magnitudeof the neutral background.
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Unfortunately, the uncertainty on the absolute magnitude of the CX losses remains
large due to limited diagnostic coverage and the inherent complexity of the spatial dis-
tributed atomic physics processes. To independently checkthe validity of the required
magnitude, we can compare the CX associated torque to an empirical missing torque by
assuming,

∆T = Tφ − Lφ

τE
, (7.6)

whereLφ/τE is the global required torque under the assumption of equal confinement
times. The result is shown in figure7.8(b)where most of the model results are seen to
agree between a factor of2 to 3 with the required loss. It has to be kept in mind that no
distinction between different torque losses is made here. Additionally, the confinement
times are not necessary identical as shown in the first section of this paper. Nevertheless,
a fraction of up to50% does make the relatively crude model assumptions plausible
and more importantly would suggest that neutral friction plays a dominant role in the
discrepancy between the momentum and energy confinement time.

7.6 Conclusions and discussion

It is observed that the stored angular momentum and thermal energy content decrease
with increasing gas dosing in typical JET H-mode discharges. The angular momentum is
however more greatly affected with a significant lowering ofthe thermal Mach number
at the edge. Due to multiple charge-exchange interactions within the lifetime of a neut-
ral particle, additional angular momentum can be lost. Thiscould explain the imbalance
observed between the energy and momentum losses. An increase in friction losses up
to 10% of the total input torque was calculated withinr/a ∼ 0.90 − 0.95 using a neut-
ral transport response model. The charge-exchange power losses appeared smaller and
localized mostly at the boundary while torque losses were able to penetrate further in-
wards (r/a ∼ 0.9). The largest neutral flux was found in the case of counter-current NBI
(Γ0/ne ∼ 5 ms−1) which also showed the lowest edgeMth ∼ 0.12 and a large decrease
of the rotation profile over the full plasma radius.

Diagnostic limitations and model uncertainties place however large uncertainties on
the absolute magnitude of these edge localised losses in thefollowed global approach.
However, estimates of the required friction torque using the energy confinement time
(see also7.8(b)) shows that this missing torque could be of a similar order asthe calcu-
lated neutral friction. Furthermore additional charge-exchange in the outer region (r/a >
0.95) as well as ionization losses not included here could further increase the total loss
of momentum and energy in the main plasma. A neutral background, unbound by the
magnetic field, is an inherent non-symmetric source of particles. More detailed edge dia-
gnostic data in combination with 2D neutral transport calculations are therefore required
to fully quantify the spatial distribution of plasma-neutral interactions. Initial 2D model
results [37] show a large poloidal variation in neutral density of several orders outside of
the separatrix with the highest density in the divertor region. However, field flux expan-
sion could play a key role, reducing the penetration depth and influence in the divertor
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region while increasing penetration depth in regions of high neutral density in the main
chamber. Additionally, particles following closed field lines might spend more time in
these high density regions. Full 3D orbit following codes will be required to investigate
these effects [23, 24]. Nevertheless, average neutral densities at the plasma edge in the
order of1015−16 m−3 are found in agreement with a PCX collisional radiative model.
With significant torque input by NBI (>16Nm) these levels are already high enough to
cause a significant drag in the edge/pedestal region of H-mode discharges.

It must be noted that in this analysis only the effect of neutral particles by neutral-ion
charge-exchange processes has been investigated. Other losses and transport processes
which could affect the momentum pedestal and confinement have been excluded. Cur-
rently, several edge models discuss a direct influence of neutrals in the formation of the
H-mode pedestal and indeed a significant influence on the confinement quality during a
gas-scan has been observed in this study, however this is notnecessarily directly related
to neutral-ion interactions. Magnetic perturbations and orbit losses could also lead to an
imbalance between momentum and energy losses, although these effects will also play a
role in the development of the neutral background due to increased particle interactions
with the wall. An accurate treatment of the neutral pressuretherefore requires all these
effects to be included self-consistently.

Concluding, a neutral background can have a large impact on the boundary value of
the rotation. A lower neutral hydrogen background, as expected in the upcoming ITER-
Like Wall experiments in JET, would have a beneficial effect of reducing neutral friction
in the outer region and thereby raising the edge rotation. This will have an indirect effect
on the core gradient due to the presence of inward convectivetransport. This is similar
to the behaviour observed when applying Toroidal Field ripple [13]. Equivalent to here,
a lowering of the edge momentum resulted in a reduction of theobserved core rotation
gradient. The presence of atomic physics at the edge can therefore play a direct role in
setting the necessary boundary conditions for core transport and needs to be taken into
account when predicting both global and core plasma properties.
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[34] Valovĭc M et al 2004Plasma Phys. Control. Fusion46 1877

[35] Viezzer Eet al 2011Plasma Phys. Control. Fusion53 035002

[36] Summers H PADAS User Manual 2.6http://www.adas.ac.uk/manual.php

[37] Moulton Det al 2010Proc. of the 19th PSI Conference(San Diego, United States)P-3.75

[38] Callen J D, Cole A J and Hegna C C 2010Nucl. Fusion50064004

[39] Stacey W M and Groebner R J 2008Phys. Plasmas15012503

http://dx.doi.org/10.1088/0741-3335/51/12/124047
http://dx.doi.org/10.1088/0029-5515/41/9/305
http://dx.doi.org/10.1063/1.872367
http://dx.doi.org/10.1088/0029-5515/49/8/085005
http://dx.doi.org/10.1088/0741-3335/47/1/006
http://dx.doi.org/10.1088/0029-5515/48/8/085007
http://dx.doi.org/10.1103/PhysRevLett.102.075001
http://dx.doi.org/10.1103/PhysRevLett.102.175002
http://dx.doi.org/10.1088/0741-3335/46/12B/045
http://dx.doi.org/10.1088/0029-5515/48/6/065006
http://dx.doi.org/10.1088/0029-5515/49/11/115028
http://dx.doi.org/10.1103/PhysRevLett.98.265003
http://dx.doi.org/10.1088/0741-3335/52/6/065004
http://dx.doi.org/10.1088/0029-5515/38/2/309
http://dx.doi.org/10.1088/0741-3335/52/10/105007
http://dx.doi.org/10.1088/0741-3335/52/4/045014
http://dx.doi.org/10.1063/1.872762
http://dx.doi.org/10.1063/1.1605101
http://dx.doi.org/10.1088/0741-3335/40/5/030
http://dx.doi.org/10.1063/1.871543
http://dx.doi.org/10.1088/0029-5515/32/1/I01
http://dx.doi.org/10.1063/1.3422552
http://dx.doi.org/10.1063/1.3305809
http://dx.doi.org/10.1088/1742-6596/123/1/012029
http://dx.doi.org/10.1088/0029-5515/50/6/064017
http://dx.doi.org/10.1088/0741-3335/41/8/305
http://dx.doi.org/10.1063/1.2974806
http://www.iop.org/Jet/fulltext/EFDC100533.pdf
http://dx.doi.org/10.1063/1.874016
http://dx.doi.org/10.1088/0741-3335/42/5A/303
http://dx.doi.org/10.1063/1.872949
http://dx.doi.org/10.1016/0021-9991(81)90202-3
http://dx.doi.org/10.1088/0741-3335/46/12/006
http://dx.doi.org/10.1088/0741-3335/53/3/035002
http://www.adas.ac.uk/manual.php
http://www.iop.org/Jet/fulltext/EFDC100522.pdf
http://dx.doi.org/10.1088/0029-5515/50/6/064004
http://dx.doi.org/10.1063/1.2830653


114 Chapter 7 - Neutral particle friction

[40] Heikkinen J A and Sipil̈a S K 1995Phys. Plasmas2 3724

[41] P̈utterich Tet al 2009Phys. Rev. Lett.102025001

[42] Saibene Get al 2002Plasma Phys. Control. Fusion441769

http://dx.doi.org/10.1063/1.871072
http://dx.doi.org/10.1103/PhysRevLett.102.025001
http://dx.doi.org/10.1088/0741-3335/44/9/301


Chapter

8

Dominant NBI versus dominant
ICRH heated plasmas

The experiment described in this paper is aimed at characterization of ELMy H-
mode discharges with varying momentum input, rotation, power deposition pro-
files and ion to electron heating ratio obtained by varying the proportion between
Ion Cyclotron (IC) and Neutral Beam (NB) heating. The motivation for the ex-
periment was to verify if the basic confinement and transportproperties of the
baseline ITER H-mode are robust to these changes, and similar to those derived
mostly from dominant NB heated H-modes. No significant difference in the dens-
ity and temperature profiles or in the global confinement werefound. Although
ion temperature profiles were seen to be globally stiff, somevariation of stiffness
was obtained in the experiment by varying the deposition profiles, but not one
that could significantly affect the profiles in terms of global confinement. This
analysis shows the thermal plasma energy confinement enhancement factor to be
independent of the heating mix, for the range of conditions explored. Moreover,
the response of the global confinement to changes in density and power were
also independent of heating mix, and were reflecting the changes in the pedes-
tal, which is in agreement with globally stiff profiles. Consistently, the pedestal
characteristics (pressure and width) and their dependences on global parameters
such as density and power were the same during NB only or with predominant
IC heating.
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8.1 Introduction

Extrapolations from present day machines to the ITERQ = 10 inductive standard scen-
ario are predominantly based on ELMy H-modes heated by co-current neutral beam (NB)
injection, yielding a power deposition that is off-axis andmainly directed towards the
ions [1, 2]. In ITER auxiliary heating is mainly on-axis and predominantly directed to-
wards electrons while the standard Deuterium-Tritium scenario will be dominated by
on-axisα-particle heating. The comparison of H-modes with predominant positive NB
or predominant Ion Cyclotron (IC) heating can help therefore to confirm the prediction
for ITER in particular with respect to the pedestal behaviour [3] and the role of toroidal
momentum input and fueling [4, 5]. Previous studies at JET suggested that confinement
times depended on rotation, although the difficulty was to properly decouple power and
torque [6]. Input power and torque can be decoupled in H-modes with predominant IC.
In JET H-modes at medium/high plasma current and density, the NB heating is deposited
off axis, while IC can provide central electron heating, similar to ITER [7].

Previous experiments [8–11] comparing predominantly IC and NB heated H-modes
consistently reported no difference in energy confinement enhancement factor,H98, or
even an increase (< 10%) in H98 with IC. The latter was attributed to more peaked
electron temperature profiles due to more central power deposition with IC. Similarly,
the H98-factor did not vary significantly withTi/Te and the density profile shape in
Hybrid scenarios with strong central IC in ASDEX Upgrade [12]. On the other hand,
balanced beam experiments in DIII-D [13, 14] show a decrease inH98 with low torque,
while improved performance could be obtained in combined EC/IC heated discharges
in ASDEX [15] although in the latter case only when significant NB heatingwas still
applied.

The JET results in sawtooth-free H-mode phases, showed a tendency of electron tem-
perature profiles to achieve invariance once the critical inverse gradient length threshold
was exceeded, when performing an electron heat flux scan by using on- and off-axis dom-
inant IC [11]. A detailed transport analysis in [16] showed a significant effect of rotation
on the stiffness of the ion temperature profiles in the inner half of the plasma. As part of
that analysis, NB and IC heated H-modes were also compared, concluding that the mod-
est variation inTi-profiles was due to the small variation of the normalized core heat flux
when applying NB compared to IC, deriving from the less localized power deposition of
NB at constant total power. In these previous studies, the analysis of the pedestal beha-
viour is either missing or limited. Pressure pedestal analysis at JET [9, 10, 17] indicated
indirectly that poloidal Larmor radius of the fast particles lost to the edge could determ-
ine the width of the pedestal pressure,pped. It was later shown, with the same indirect
pedestal pressure analysis [8] but in a more extensive study, where long pulse highq95
discharges with IC and NB heating were compared at the same density, that the pedestal
width did not depend on the fast particles Larmor radius (seealso Ref. [3]). Ref. [8] finds
similar ELM frequency,fELM, andpped, for IC and NB H-modes, while results from [9]
show higherfELM and lowerpped with IC.

The limited number of IC dominated Type I ELMy H-modes in the JET databases is
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due to the difficulties in coupling IC power with these ELMs. The experiment described
in this paper is aimed at comparing Type I ELMy H-modes with dominant IC and dom-
inant NB heating in a relevant JET H-mode operational space,i.e. in a range of plasma
parameters that are comparable to the bulk of JET data for confinement, pedestal and
ELM studies. This experiment was made possible by the availability of the ITER relev-
ant ELM resilient systems (3dB and conjugate-T) installed in the JET A2 antenna and
of the new JET ITER like (ILA) antenna [18]. The new JET High Resolution Thomson
Scattering (HRTS) was used to provide pedestal data (ne, Te) that was not available in
previous experiments.

This paper is outlined as follows: first the experimental strategy is presented in section
8.2followed by the discussion of the general global propertiesobtained in both NB dom-
inated and IC dominated discharges in section8.3. The results of a more detailed study
of the confinement and core transport of a set of direct comparison discharges with NB
and with predominant IC heating, based on modeling results from JETTO, are presented
and discussed in section8.4. The pedestal pressure and width characteristics for NB and
IC dominated discharges and their trends with global parameters are discussed in section
8.5. Section8.6summarizes the main conclusions and their relevance for ITER.

8.2 Experiments

The scope of this experiment in JET was to compare both pedestal and ELMs, as well
as core confinement and transport of Type-I ELMy H-modes withIC and NB heating.
The experiments were carried out in a relevant H-mode operational space in terms of
plasma current,|IP| (= 2.5 MA), q95 (= 3.6) and density (= 60 − 70% of the Green-
wald density,nG). In order to maximize the coupled IC power, H-minority heating at
|BT| = 2.7 T with 42 MHz dipole phasing was used, allowing all the JET ELM-resilient
systems, including the new ILA antenna [18], to be employed together. In addition, a
standard low triangularity (〈δ〉 ∼ 0.25) plasma configuration was chosen, as having good
coupling characteristics. Under these conditions, up to9 MW of IC power could be reli-
ably coupled in a typical type-I ELMy H-mode. In all discharges, the H-mode is formed
with NB injection only in the starting phase. After reachingan initial steady state, the NB
was subsequently ramped down while simultaneously applying IC heating to achieve the
requested IC heating fraction,fp, defined as,

fp =
PIC

PNB + PIC
(8.1)

and total input power,Ptot = PNB +PIC. The duration of this ramp phase was approxim-
ately the same and independent of heating mix. The direct comparison between IC and
NB is carried out once a new stationary condition (constant stored energy and density for
several confinement times) is reached. This reason for this method is twofold. First, the
density increase in H-mode with no IC heating phase is observed to be more stable due to
reduced risk on long sawtooth periods, crashes and associated MHD. Secondly, it ensures
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Figure 8.1: Energy confinement enhancement factor versus normalized densityne/nG for
H-modes with different heating fractions,fp = PIC/(PIC + PNB).

similar starting references in both IC and NB discharges required for direct comparison.
A range from NB only (fp = 0) up to full IC (fp = 1) H-modes was explored, albeit not
all with the same total heating.

H-modes heated only by NB were compared to H-modes with50:50 IC:NB, with a
total loss power (Ptot) of ∼ 16MW, which was about twice the L-H threshold power.
Comparisons were also done at lower levels of total power, down to ∼1.2 the L-H
threshold power and with various fractions of IC heating up to 100% IC (fp = 1.0).
The bulk of the comparisons were performed at a line average density of∼ 65% of the
Greenwald density, corresponding tonG ∼ 5.7 × 1019 m−3. This density is slightly
higher than the natural density for NB H-modes with this plasma configuration, which is
∼ 60%nG. This was because some base level of external gas fueling with D2 and/orH2,
the latter for minority heating, was maintained in both NB and IC H-modes. The hydro-
gen concentration, measured at the edge, was maintained to4 ± 0.5% for all H-modes,
even for those with NB only. Furthermore, experiments were done at a higher density of
(∼70% of nG) via increasedD2 gas fueling. Since the NB system also provides particle
fueling, some IC comparison cases at constant power were carried out with the same
fueling rate used with NB. Finally, discharges with combined IC and NB heating up to
Ptot of 24 MW were achieved.

8.3 General results

The overall comparison of the confinement of H-modes with NB and with combined
heating at different fractions of IC power, different levels of total power and different
density shows that the thermal energy confinement enhancement factor (H98) does not
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Figure 8.2: (a) Combined heating H-modes (IC and NB) with varying proportion of
IC power (ranging from50 to 100%) and varying total input power (from
∼16 MW to ∼9 MW). Corresponding comparison H-mode with NB only is
shown on the right, apart from the9MW case.(b) H-modes heated by NB
only with varying total input power (from∼16 MW to 12 MW). The bottom
time trace shows the two levels of gas fuelling (φgas) with the full line for the
NB only at 16 MW and the dashed line for all others as well as thecomparisons
at IC:NB mixture.

depend on the heating mix, as seen in figure8.1. As usually found at JETH98 decreases
with increasing density [19]. Some further degradation of the energy confinement is seen
when the total external heating power is reduced. This aspect is discussed in section8.5.

A more detailed comparison between H-modes heated by NB and by predominant
IC was carried out by studying matching pairs of H-modes at similar density and power,
but with a different heating mix. The divertorDα traces of these pairs of H-modes with
decreasing levels of total power are shown in figure8.2(a)for varying levels of IC (fp >
0) and in figure8.2(b) for matched NB heating only (fp = 0). In the H-modes with
combined IC and NB heating, the IC power was kept constant while decreasing the total
power, therefore the IC proportion increases as the power decreases The IC proportion is
50% at16 MW total power and increases up to100% IC atPtot ∼ 9 MW (see also figure
8.2(a)). The IC fraction and loss power were therefore not independently varied during
the experiment.

No obvious correlation between ELM frequency (fELM) and external heating mix
is found. In fact,fELM is lower during NB heating only at16 MW in comparison to
the combined heating case, but it is higher with NB at13 MW. Zeff varies from 1.7 to
2.0 in all the pairs of H-modes of the comparison, apart from the NB only case with
the highest loss power, where it reached a slightly higher value of ∼ 2.5. In order to
maintain the same density, a three times higher gas rate (∼ 1.5 × 1022 compared to
∼ 0.5 × 1022 electrons/s) was necessary in the case of IC+NB than with NB heating
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(a) (b)

Figure 8.3: Time traces of the main plasma parameters.(a) For H-modes at16 MW with
NB only (blue) and 50:50 IC:NB heating mix (red).(b) For H-modes at
11MW with NB only (blue) and with∼ 84 : 16 IC:NB heating mix (red).

only in the matched pair of discharges at16 MW. The H-mode atfp = 0.5 was repeated
with the same lower gas fueling as in the comparable NB only plasma, and in this case
the density decreased from60% to 45% nG. For all the other comparison pairs at lower
power (lower NB) instead, similar density was obtained withthe same gas flow of1.5 ×
1022 electrons/s. Common to all the pairs that reach the same density is the fact that
an approximate fueling balance, carried out assuming a fueling efficiency of0.9 for NB
fueling and of0.1 for gas fueling, shows that the difference between the totalexternal
fueling flux in the IC and NB plasmas is∼ 1020 s−1, much lower than the recycling flux
[20] of ∼ 1022 s−1. ELM loss analysis shows that the ELM power fluxes (calculated as
〈∆WELM〉fELM in MW) are comparable in the IC and NB pairs, despite the difference
in ELM frequency. Therefore it is not unreasonable to assumethat also the ELM particle
flux is similar. When lower density is obtained with IC, this seems to be predominantly
due to lower external fueling and not to changes in ELM particle losses.

Figure8.3(a)and8.3(b)show the main plasma parameters for two comparison pairs
with fp = 0.5 atPtot ∼ 16MW and withfp = 0.85 atPtot ∼ 11MW. As indicated by
figure8.1, the differences in energy confinement enhancement factorswithin the pairs are
at most10% at similar density and not systematic. In fact at16 MW the NB H-mode has
a higherH98(y,2), while at11 MW the IC dominated H-mode has a higher confinement
enhancement factor.
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(a) (b)

Figure 8.4: Several plasma profiles for both the11MW at fp ∼ 0.85 (a) and16 MW at
fp ∼ 0.5 (b). The comparison cases are colored for NB only (black) and IC:NB
mixture (red). (top) Electron density from the HRTS diagnostic. (middle) Ion
temperature (from CXRS) and electron temperature (from HRTS) (bottom)
Angular frequency profile from CXRS. All profiles are time averaged over1 s
in the steady-state energy confinement phase.
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8.4 Transport and confinement

Core density and temperature profiles with predominant IC orNB heating are similar for
all the comparison pairs at similar density and power of figure 8.2(a)and8.2(b). This is
shown in figure8.4 for both the H-mode withfp = 0.85 (a) and for the H-mode with
fp = 0.5 (b). Some increase in the ion (Ti) and electron temperatures (Te) profiles inside
the sawtooth inversion radius, which corresponds to< 20% of the plasma volume, is
observed with predominant IC. In all these H-modes at relatively high density, the ion
and electron temperatures are similar although differences in the edge temperature offset
the global temperature profile. The largest difference betweenTe andTi is less than
20% at the highest NB power of16 MW, with no apparent correlation withfp, Ptot or
applied torque,Tφ. However, the reduction of the NB fraction, and henceTφ, resulted
in a significant drop in plasma toroidal rotation,ωφ, as measured by Charge Exchange
Recombination Spectroscopy (CXRS). Discharges withfp > 0.5 had approximately 5
times lowerωφ in the core and∼ 10 times lower values in the edge compared to the NB
only cases. The Mach number dropped from∼ 0.4 with NB heating to< 0.1 at almost
fully IC heating.

Interpretative transport analysis was carried out with theJETTO code for these two
comparison pairs, with a power of16 MW and50:50 IC:NB (fp = 0.5) and a power
of 11 MW with 85:15 (fp = 0.85), respectively. The power deposition profiles were
changed significantly from mainly off-axis with NB only to mainly on-axis in the case
of predominant IC as shown in figure8.5(a) for fp = 0 and fp = 0.85 at 11 MW.
In fact, by changing the total power, the beam energy and, more importantly, the beam
to IC proportion, the power deposition profiles were changedsignificantly during the
experiment. For NB only heating, the fraction of power deposited insideρ = 0.5 is
typically of the order of40% of the total power, increasing to60% for fp = 0.5 and
in the case offp = 0.85 an extremely peaked power deposition is obtained with up
to ∼ 85% deposited inside mid-radius. To put this in perspective, the power deposition
in the baselineQ = 10 ITER scenario (includingα-particles) is predicted to have∼
70% on the power deposited on ions and electrons within mid radius [2]. The power
to ions and electrons also changed significantly with increasing IC fraction; at50% IC
heating approximately14% more power was absorbed by ions while at85% IC heating,
the electrons received40% more power. While in the comparison case of NB only, as
shown in8.5(b), the power was equally distributed over ions and electrons as well as
broadly over the entire plasma profile. With an increase in direct electron heating, the
exchange power from electron to ions also increases. This process is peaked at mid-
radius (see figure8.5). Further towards the edge, a higherTi then caused an exchange
from ions to electrons.

The resulting effective ion and electron heat diffusivities for the same H-modes are
shown in8.5(c). The larger core power deposition, as the IC fraction was increased, did
not lead to a significant difference in the ion temperature profile, suggesting that these
profiles are generally stiff. Indeed, the profiles ofχeff

i andχeff
e increase in the plasma

core and gradient region in the case offp = 0.5, while they are similar further out-
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Figure 8.5: Interpretative transport results from JETTO for the NB only(black) and85%
IC (red) at11 MW with (a) Power density to the ions and electrons, and
thermal exchange power from electrons to ions.(b) Integrated power to ions
and electrons and(c) ion and electron effective heat diffusivity and(d) Ef-
fective Prandtl number. Notice the higher power depositionin the plasma core
when applying on-axis IC in comparison to off-axis NB heating.

wards where the volume integrated heat fluxes from direct heating and thermal exchange
become comparable.

Due to the decrease in torque with increasing IC fraction, the gradient in rotation
is significantly reduced and the question arises if this has an impact on the stiffness of
the ion temperature profile and the transport in general, as observed in in earlier JET
experiments [16]. A trend is not directly visible in the ion temperature profiles shown in
figure8.4. However, one has to be careful as the power deposition and heat fluxes also
vary considerably between these plasmas. Hence in figure8.6, similarly as in Ref. [16],
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Figure 8.6: Normalized heat flux in gyroBohm units versus normalized inverse gradient
length of the ion temperature in a local gradient region around ρ ∼ 0.4 ± 0.1.
The points are colored to highlight two different levels of∇ω (krad/ms), while
the symbols differentiate the levels of total absorbed power and varying levels
of IC heating (fp). The comparison cases of figure8.2, are marked in full
symbols with an estimate of error bars.

the normalized ion heat flux, defined by,

qgB = qtot
B2

tR
2
0e

neT 2.5
i m1.5

i

(8.2)

is plotted against the normalized inverse ion temperature gradient length,R/LTi
=

(R/a)(1/Ti)dT/d
√
ψpol. The data points are marked according to the total heating frac-

tion (fp) and the value of the local toroidal rotation gradient (∇ω) aroundρ ∼ 0.4± 0.1.
The location of the comparison cases as shown in figure8.2are marked in full symbols
with estimated error bars. Logically, the high rotation data are mostly populated by dis-
charges with a low IC fraction (fp < 0.3), while the high normalized heat flux region
is populated by discharges with an increased IC fraction. Ingeneral a similar range in
R/LTi

values is obtained for all discharges. At high normalized ion heat flux (qgB > 5)
however, the area with a lowerR/LTi

is more populated by discharges with a lower ro-
tation gradient, while the higher rotation cases tend to have largerR/LTi

. A similar ana-
lysis done for data taken radially further outwards, suggests that the separation between
the high and low rotation cases completely disappears.

The interpretation of these data is not unambiguous, in particular due to the relatively
large error in the gradient data (up to40%) as well as the spread in low rotation gradient
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data due to low levels of external torque. Nevertheless, these observations are consist-
ent with the results shown in Ref. [16]. As the width and volume Jacobean of this low
stiffness region are however small no significant differences in the global confinement
properties are observed (see also figure8.1). In addition, the above analysis however
does not separate the core plasma from the influence of the pedestal, which is known to
play an important role in the global confinement of an ELMy H-mode [19, 21]. Note for
example that both the normalized heat flux and value ofR/LTi

are smaller in the NB
only case at16 MW compared to the H-mode at11 MW. This is partly due to the differ-
ence in power deposition but also due to differences in the temperature pedestal between
these discharges.

8.5 Pedestal and ELMs

The pedestal analysis was carried out using density and temperature profile data obtained
by High Resolution Thompson Scattering (HRTS) and by Electron Cyclotron Emission
(ECE) diagnostics for the temperature data, and further information on the density from
the FIR interferometer. The comparison of the pairs of H-modes with NB and with com-
bined heating shows that the pedestal pressure does not depend on the heating mix. This
is illustrated in figure8.7, which shows thene-Te diagram of all H-modes in this analysis
at both low and high density and various heating fractions. Highlighted are the pairs of
matched H-modes of figure8.2.
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Figure 8.8: (a) Pedestal pressure normalized to the constant pressure value of figure8.7,
showing that the decrease in pedestal pressure is due to the decrease in input
power.(b) Pedestal temperature versus loss power for all the pairs of compar-
able H-modes with NB (black) or predominant IC (red). The point at lowest
temperature is the100% IC which has no NB comparisons at the same power.
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Figure 8.9: Normalized width of the electron temperature(a) and density pedestal(b) for
all the discharges. The height of the pedestal parameters isdetermined here
from the inter-ELM measured profiles.
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An average constant pressure line is drawn in figure8.7 (full line). In general, the
points follow this constant pressure line as the density increases. However, the figure
also shows that, independent of additional heating mix, a group of discharges deviates
from the constant pressure towards lower pedestal temperature. These discharges show
a decrease ofH98 when the density is increased at constant power (see also figure 8.1).
This is due to two factors that take place either separately or combined. Firstly, the con-
finement time scaling predicts an increase of stored energy with density and hence a
decrease inH98(y,2) even when both pedestal- and total stored energy remain constant in
the experiment [1]. Secondly, a decrease of pedestal temperature with density stronger
thanT ∝ 1/n, which is seen in JET mostly at low triangularity [19], produces a lower
total stored energy.

It is therefore not surprising thatH98 is seen to decrease with density here, even with
approximately constant pressure. The clear decrease in thepedestal pressure in figure
8.7, which is correlated with the decrease inH98 at almost constant density, is observed
when the the loss power is reduced from16 MW to approximately9 MW as illustrated in
figure8.8. This degradation ofpe,ped with decreasing power, which occurs independent
of heating mix, is due to a decrease of the pedestal temperature as illustrated in figure
8.9 and is seen in both ECE and HRTS data. The height of the temperature pedestal is
determined here from the inter-ELM measured profiles. The decrease of pedestal tem-
perature with decreasing power is also independent of heating mix. This effect could be
specific of the low triangularity configuration used in this experiment, and related to the
fact that, by decreasing the power, the margin above the threshold power was also de-
creased. Not only the pedestal pressure and its trends are similar with different heating
mix, the pedestal temperature (and density) widths are found to be independent of heating
mix, as shown in figure8.9. Therefore the temperature and density pedestal widths are
also independent of power. The finding that pedestal characteristics are independent of
heating mix in this experiment, which was performed at loweraverage triangularity than
the one of ITER (〈δ〉 ∼ 0.48), gives confidence that this result could also be applicable
to ITER.

Although the ELM frequency varies between H-modes with NB and with predomin-
ant IC at the same power, this variation does not seem to be correlated with changes in
the heating mix. Even if the ELM frequency,fELM, can be different, the comparison of
the pairs of H-modes at the same total power and density, withNB and with dominant
IC, shows that the power loss by the ELMs,fELM × ∆W is the same (see figure8.10).
The power loss by the ELM is also seen to increase with power. Both these observations
are in agreement with earlier results [22]. In summary, the pedestal is similar in both IC
and NB with similar trends. The variation of the H-factor observed reflects changes in
the pedestal in both cases, as is normally seen in ELMy H-modes [1].

8.6 Conclusions and discussion

The experiment described in this paper aimed to characterize ELMy H-mode for plas-
mas with varying momentum input, rotation, power deposition profiles and ion to elec-
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Figure 8.10:Total ELM power loss (fELM∆W ) versus ELM frequency for the comparison
cases of figure8.2.

tron heating ratio obtained by varying the external heatingmix. The motivation was the
verification that the basic plasma confinement properties ofthe baseline ITERQ = 10
H-mode scenario are similar to those derived from the large database of dominant NB
heated H-modes, where heating is normally associated to large momentum input, the
coupling between injected power and rotation, as well as with core fueling.

The power deposition profiles varied from very peaked (∼ 85% power insideρ = 0.5)
with predominant IC, to flat deposition for pure NB cases. Theplasma toroidal rotation
was varied by a factor of∼ 5 in the core and∼ 10 in the edge. Those variations did not
produce any significant difference in the density and temperature profiles or in the global
confinement. An analysis of the variations of the normalizedion temperature gradient
length with normalized ion heat flux showed that in general ion temperature profiles were
stiff. Albeit a small variation in stiffness was found, dependent on the plasma rotation,
similar as reported in [16]. However, these variations had no significant effect on the
global confinement due to the finite volume. The impact of rotation of the ion temperature
profile stiffness is also thought to be limited in the presence of large magnetic shear, such
as in these discharges with fully developedq-profiles [23].

This analysis shows the thermal plasma energy confinement enhancement factor to
be independent of the heating mix, for the range of conditions explored. Moreover, the
response of the global confinement to changes in density and power, and the consequent
variations ofH98, were also seen to be independent of heating mix. TheH98 factor was
seen to decrease with density, as normally seen in ELMy H-modes, and with power, at
low power above the threshold power. These variations are mainly reflecting changes
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in the pedestal. The pedestal characteristics (pressure and width) and their dependences
were found to be independent of heating mix. The differencesin global confinement were
mainly associated to changes in pedestal pressure (or temperature).

Finally, the range of the power deposition profile, ion to electron power deposition,
core fueling and momentum injection are inclusive of what isexpected for the ITER
baseline scenario. The results presented here indicate that the global confinement scaling
at the basis of the ITERQ = 10 performance prediction is robust in spite of having been
derived from a majority of plasma H-modes with high momentuminput, prevalent ion
heating and relatively flat deposition profiles.
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Chapter

9

Main conclusions and outlook

After describing the theoretical foundations of plasma rotation and studying
the observed behaviour during several different JET operating conditions, this
chapter will focus on answering the research questions formulated at the begin-
ning of the thesis. Afterwards, a view towards plasma rotation in future devices
and the prospects for active rotation control are briefly discussed towards topics
for future research.
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It is clear that the benefits of a rotational shear for the suppression of turbulent transport,
as well as a rotation itself in the stabilization of MHD modes, makes it highly desirable to
establish, and ultimately control, a plasma velocity profile. The aim of this thesis, laid out
in the first chapter, was to investigate and understand the origin of the observed toroidal
rotation profile at JET.

Plasma rotation is the part of the ion velocity that lies on a flux surface. The toroidal
component or toroidal angular frequency,ωφ = vφ/R, is constant on a surface with
its magnitude determined by the force balance. The evolution of the rotation profile is
described by the transport of canonical angular momentum,Ω = nimi〈R2〉ωφ. The ob-
served rotation profile, as measured with CXRS, is thereforelarger at low plasma density
but equal torque. The dominant external source at JET is by two neutral beam injectors
(NBI) which provide a broad torque deposition in the co-current direction. As a result,
significant rotation velocities can be obtained with valuesup to300 km/s (Mth ∼ 0.7)
in the core and100 km/s (Mth ∼ 0.4) at the pedestal top in low density, high NBI dis-
charges [1]. During dominant NBI heating, the power and torque deposition are coupled
and both exhaust at the edge, resulting in a tight link between energy and momentum
transport and similar confinement times,τφ ≈ τE. An additional source of power is
via resonance heating of ions (ICRH). This mechanism, as well as intrinsic sources, can
provide a limited amount of torque, although usually small compared to NBI.

Which processes determine the shape of the rotation profile?(chapter5)
Recent advances in the understanding of the underlying momentum transport have re-
vealed that both a diffusive and convective momentum flux arepresent [2–4]. This is in
contrast with ion energy transport, which is mainly diffusive in nature. In current toka-
maks, transport is in many cases characterized by turbulence, e.g. driven by the ion tem-
perature gradient (ITG). As a result, the Prandtl number,Pr = χφ/χi, is in the order of
unity in most of the plasma core (0.2 < r/a < 0.8). A consequence of ITG driven tur-
bulence is the enhancement of diffusive transport with increasing power, leading tostiff
ion profiles and a reduced confinement quality [5]. It was, however, observed that the
magnitude of the convective flux〈Vp · Ω〉 can play a significant role in the core rotation
profile and gradient, possibly even dominating over the externally applied torque. This
would be especially the case in the presence of a high edge momentum density,Ωφ,ped.

By applying counter-torque through enhancement of the toroidal field (TF) ripple, the
pedestal rotation was decreased and also in the counter-direction at the highest available
ripple,δT = 1.0% [6]. This variation in edge rotation was observed to have a clear influ-
ence on the core gradient at similar NBI torque flux. In fact, the low and high ripple cases
could be described by an identicalPr and pinch number,RVp/χφ, profile. The profiles
are, moreover, qualitatively inline with gyro-kinetic models and turbulent fluid descrip-
tions. In summary, these findings indicate a link through inwards convection between
edge and core rotation.

Which sinks influence the magnitude of the edge momentum density? (chapters6 & 7)
Due to the dominant role of the pedestal rotation, any loss process at the edge will influ-
ence the core rotation profile. Two momentum sinks have been investigated in particular.



Main conclusions and outlook 133

Edge Localized Modes (ELMs) result in a repetitive loss of particles, energy and mo-
mentum. A comparison of the total ELM ejected momentum and energy losses revealed
a significantly larger drop for rotation. Moreover, this drop was observed to penetrate
deeper into the plasma, up tor/a∼0.6 for low type-I ELM frequencies (fELM < 10 Hz)
[7]. As a result, the build-up time of the pedestal momentum density was observed to
be longer compared to the thermal energy. However, the totalloss was found to be in-
dependent of the ELM frequency. As a result, at high ELM frequency the edge rotation
was reduced and the ELM-averagedτφ decreases with respect toτE. The regeneration of
Ωφ,ped is mainly due to the torque flux from the core.

A neutral particle background acts as a continuous momentumsink around the peri-
phery of the plasma [8], in particular due to an enhanced penetration length of ener-
getic neutrals. Qualitative experiments using a varying neutral influx, resulting from both
active fueling and recycling, showed a significant impact onboth pedestal energy and
momentum density [9]. Cumulative momentum losses due to multiple charge-exchange
interactions result in a larger reduction in momentum in comparison to thermal energy.
An overall drop in Mach profile is observed over the full radius. Although the accuracy
of the neutral particle model is rather limited, these effects due indicate that conditions
resulting from plasma-wall interactions have a direct influence on the pedestal rotation
and thereby indirectly, through inward convection, on the core rotation.

Can the rotation profile be controlled by the edge momentum density?(chapter5)
The edge pedestal momentum plays a key role in determining the core rotation profile
due to the contribution to the convective momentum flux. The magnitude of the edge mo-
mentum density is observed to scale dominantly with the total applied torque, although
significant variations are observed, suggesting either missing contributions and/or uncer-
tainties in the momentum sources and sinks [1]. Application of localized counter-torque
in the edge by means of TF ripple was shown to result in a dramatic change in core profile
in the presence of similar core external torque. These results indicate that at sufficiently
largeRVp/χφ, the inward momentum flux from the edge could contribute significantly
towards generating a core rotation gradient. The profile peaking will depend on the sign
and magnitude of the edge momentum density.

Can the momentum and energy density profiles be decoupled?(chapter8)
By varying the ratio of NBI and ICRH heating power and hence torque flux, a decoupling
between power and torque deposition was achieved resultingin different rotation profiles
at similar energy densities [10]. The core performance was, however, only marginally
affected. The latter observation is thought due to a high degree of profilestiffness[11].
Despite significant differences obtained in heat deposition and rotation profile between
NBI and ICRH this did not lead to any clear variation inH98(y,2). In fact, most of the
energy confinement actually originated form the H-mode pedestal. These results show
that the performance predictions of the H-mode baseline scenario in ITER are robust to
changes in rotation and heating mix. Nevertheless, the highest normalized temperature
gradient (R/LTi

) was observed at an equal heating ratio, possibility benefiting a small
non-stiff region with sufficient flow shear and increased heat flux from on-axis ICRH
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deposition. All discharges had fully relaxedq-profiles with high magnetic shear, which
could limit the confinement enhancement by flow shear [11]. Discharges in which these
conditions were optimized do show a clear improvement with rotation [12].

9.1 Rotation in ITER and outlook for active control

Although the reduction of the temperature gradient stiffness by flow shear will be be-
neficial for economic reasons1, the primary reason for creating a fast rotating tokamak
plasma is the suppression, or preferably control, of MHD modes which occur in high
β operation. Stability calculations [14] currently estimate this requirement at roughly
MA = vφ/vA ≈ 2%, corresponding tovφ > 120 km/s at the plasma centre. An effect
on transport will require even higher velocities [15]. For example, a reduction in stiffness
was observed in optimized JET discharges forMA > 3% [12].

A back-of-the-envelop calculation reveals, however, thatthe expected rotation in
ITER driven by neutral beams only (Tφ = 52 Nm) is rather low and approximately
16 km/s in the edge (R ≈ 8.2 m) [16]. This rough estimate is rather optimistic, assum-
ing a momentum diffusivity ofχφ = 1 m2s−1 and neglecting any damping effects from
e.g. magnetic perturbations or neutral friction. Hence, itis clear that beam driven rotation
will not be large enough to affect stability, let alone suppress turbulent transport. Instead,
edge flow velocities in excess of40 km/s would be necessary. In comparison, JET NBI
heated H-mode discharges routinely obtain pedestal rotation velocities up to100 km/s
[1].

In order to reach such flow velocities, alternative momentumsources will be required
at a sufficiently large magnitude to overcome the large inertia (∝ R0a

2ne). Possible
mechanisms could be electromagnetic from e.g. fast ion redistribution [17, 18], ICRH
mode-conversion [19] or generated by symmetry-breaking mechanisms like neoclassical
toroidal viscosity [20, 21]. Collectively, these intrinsic sources may provide the necessary
flows, although not much is known on the exact magnitude or even direction of each
of these. The intrinsic rotation scaling presented by Riceet al [22] predicts optimistic
rotation velocities, that are not always verified in currentmachines [23]. Furthermore,
calculations of the torque from symmetry-breaking mechanisms based on experiments
result in only minor levels of torque when scaled to ITER [24]. It is also uncertain to
what extent efficient damping mechanisms, e.g. by ELMs and neutral penetration or from
magnetic perturbations (TF ripple and error fields), could prevent a build-up of the edge
rotation. In short, large uncertainties remain on the expected intrinsic flow drive and more
differentiating experiments in this area are required.

As it is likely that the magnitude of the directly driven corerotation will be limited,
an alternative approach may be to enhance the rotation profile by optimizing the con-
vective flux (see e.g. figure5.8). This method would still require an edge rotation but at
a lower required torque flux. As was observed in this work, thepinch velocity is largest
at the plasma edge. Additionally, it has a favourable scaling with the density peaking

1e.g. the formation of ITBs [13] in advanced scenarios to increase the fusion yield in a finite size tokamak.
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[25, 26], high βN and high fast particle fraction [27] expected in ITER [28]. It is there-
fore expected that a lower, but still non-zero, edge velocity may be sufficient to establish
a peaked rotation profile, even in the complete absence of an external torque source [16].
If the pinch number (RVp/χφ) obtained in ITER is comparable to JET this will, however,
require a larger absolute value ofVp in order to achieve a sufficient inward flux.

Nevertheless, the above mechanism could also be beneficial for rotation control as
the core profile could be controlled by tailoring the edge rotation and hence the convect-
ive flux, 〈Vp ·Ω〉, in a similar way as was obtained here using TF ripple. In fact, this may
even allow torque flux from NBI to function as anactuator. Tailoring the rotation profile
using a combination of co-current and counter-current NBI has already been success-
fully implemented in several tokamaks (see e.g. Ref. [29]). Unfortunately, a drawback of
counter-current injection is the increase in fast ion orbitlosses and associated wall loads
that limit any practical application. Only co-current beaminjection is therefore foreseen
at ITER. Alternatively, one could imagine a scheme for adjusting the edge transport coef-
ficients (χ andVp) to indirectly adjust both the pedestal rotation and convective flux. This
could for example be achieved by resonant magnetic perturbations [30]. Such a scheme
will require detailed (real-time) knowledge of edge transport, stability and fluxes for ac-
curate feedback control.

A feedback control sequence will also require an accuratesensorfor measuring the
controlled parameter. Charge-exchange recombination spectroscopy allows for fast and
spatially resolved measurements and would be applicable assensor for, at least, impurity
ion velocities [31, 32]. A possible drawback of this technique the need for a (modulated)
neutral beam, although it could simultaneously function asactuator. Alternatively, as the
main interest may be only the edge/pedestal flow velocity, passive emission from ion-
ization stages of heavy impurities (e.g.Ni-like W46+) could provide direct information
on plasma flows at well localized positions. However, most ofthis emission will be in
the soft x-ray region which complicates both the detection due the requirement of an
unobstructed line-of-sight and analysis procedure of groups of emission lines.

In either case, the implementation of a control scheme for the edge rotation will
most likely involve a complex multi-input multi-output controller, as such actuators will
also affect several other, possibly controlled, plasma parameters. For example, pedestal
rotation may be tightly linked with the behaviour of the edgetransport barrier and the
occurrence of ELMs. In fact, flow shear generation and damping mechanisms by e.g.
neutrals are expected to play a role in the L-H transition andthresholds [33–35]. When
altering the pedestal transport coefficients, such effectsneed to be taken into account.

In summary, an extrapolation towards a rotation-based control scheme is challenging,
but such a system would be worthwhile to pursue because of thebeneficial role of rota-
tion. Moreover, there may only be a few possible actuators available. The contribution of
an inward convective momentum flux in rotation profile peaking is a promising method-
ology to explore. Investigating the relationship between turbulence and (sheared) plasma
flows in the plasma edge [36–38] will shed light on the processes determining the size of
the convective velocity and the properties of the edge barrier transport. Both are essential
boundary conditions for understanding and controlling core momentum transport.
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138 Appendix A - List of discharges used in this thesis

Chapter 3 & 4
3.3 78065, 74620
4.3 78032
4.6 72344, 73863

Chapter 5
5.1, 5.3, 5.4, 69834, 69837, 69838, 69839, 69842, 69843, 69844,
5.5 69845, 69648, 69649, 69650, 69651, 69652, 69653,

69654, 69655
5.2, 5.7 69837, 69842, 69843, 69844
5.8, 5.9 74611, 74618

Chapter 6
6.1, 6.2, 6.3 73658
6.4 73659
6.5, 6.6 73658, 73659, 73570
6.7, 6.8 73245, 73246, 73247, 73247, 73569, 73569, 73570,

73658, 73659, 73660, 73661, 73662, 73337, 73340,
73344

Chapter 7
7.1 72344, 72339, 72341, 72342
7.2 72344, 72339, 72340, 72341, 72342
7.3 73312, 72342, 72344
7.4 74312, 72342
7.5 72342
7.6 72337, 72338, 72339, 72340, 72341, 72342, 72344,

72345, 73337, 73340, 73342, 74312, 74320, 74321
7.7 59630, 58418
7.8 72337, 72338, 72339, 72340, 72341, 72342, 72344,

72345, 73337, 73340, 73342, 74312, 74320, 74321,
59629, 59630, 59633, 59634, 59635, 59636, 59637
59639, 59646, 59647

Chapter 8
8.1, 8.6, 8.7, 77542, 77543, 77545, 77546, 77547, 77548, 77550,
8.8, 8.9 77551, 77552, 77553, 77554, 78025, 78032, 78034,

78035, 78061, 78064, 78065, 78068, 78069, 78070,
78072, 78073, 78074, 78075

8.2 78065, 78070, 78072, 78073, 78032, 78075, 78074
8.3, 8.4 78032, 78065, 78072, 78074
8.5 78072, 78074



Summary

Title: Edge rotation and momentum transport in JET fusion pl asmas

Fusion power - energy generated by nuclear fusion - could contribute substantially to
large-scale sustainable energy generation. At a temperature in the order of hundreds of
millions oC, the nuclei of hydrogen isotopes deuterium and tritium can fuse together to
form helium and a neutron, thereby releasing a large amount of energy. To date, the most
successful way for achieving fusion conditions on earth is via magnetic confinement in
a toroidal geometry. In these devices, called ’tokamaks’, fusion plasmas can be con-
fined for minutes and up to16 MW of fusion power has been released. But despite these
phenomenal achievements, several challenging tasks remain ahead on the road towards a
viable fusion reactor. One of the issues experienced in current tokamaks is the occurrence
of turbulence driven heat losses, which limit the efficiencyof the tokamak. A method to
reduce this anomalous transport can be provided by flow shear. Additionally, a rotating
plasma is less susceptible to possibly destabilizing magnetic mode structures. Both these
effects make it highly desirable to establish, and ultimately control, a plasma rotation
velocity. This dissertation investigates the central research question; what determines the
rotation velocity in a tokamak plasma and how could it be usedfor plasma control?

A wide range of toroidal plasma rotation velocities are observed in the Joint European
Torus (JET). The evolution of the rotation profile is described by the transport of angular
momentum. The main source of momentum is provided by the neutral beam heating
systems, which inject high energy neutral particles tangential into the torus. This results
in a fairly broad profile of momentum deposition. Besides providing torque, the neutral
beam is also the main heating system, thereby coupling powerand torque deposition in
most high power, high confinement discharges. The sinks are located at the edge of the
tokamak. Here several braking mechanisms can play a role, such as the friction with
neutral particles or the interaction with the ripple of the toroidal field. For the transport
of momentum, turbulence driven diffusion has long been regarded as the prime actor, but
recent work has demonstrated that also convection - directed towards the centre - can
play an important role. The inwards momentum convection originates from symmetry-
breaking effects in a toroidal plasma and is largest in the edge region.

The contribution of the convective flux in enhancing the corerotation gradient de-
pends on the magnitude of the rotation at the plasma edge. Experiments were carried
out using the unique JET capability of enhancing the toroidal field ripple to reduce the
edge rotation velocity by the ripple-induced counter beam torque. The led to a significant
variation in the gradient of the core rotation, even at similar applied beam torque. In a
comparison between a low and high ripple discharge, the effective ion heat transport was



140

lower at high rotation. In both cases, the core momentum transport could be described
by a Prandtl number (ratio of momentum to ion energy diffusivity) around unity in com-
bination with a similar convective velocity. This result isin agreement with theoretical
predictions based on turbulence dominated transport. The peaking of the rotation by a
convective momentum flux would be favorable for rotation control schemes as a relat-
ively low boundary flow would already allow for shaping of thecore rotation profile.

As this shifts the importance of rotation control towards the edge, the magnitude of
the pedestal rotation and efficiency of momentum sinks at theperiphery were invest-
igated. Two processes were studied in particular, namely the momentum loss by Edge
Localized Modes (ELMs), and friction by charge-exchange with a neutral background.

In the case of ELMs, the crash of the edge transport barrier results in a clear drop
in rotation. It is observed that the change in rotation is both larger in magnitude and
extended further inwards into the plasma edge compared to the drop in ion or electron
temperature. The regeneration time is therefore longer formomentum, leading to a lower
average edge rotation in the case of a high ELM frequency.

Neutral particle friction is an efficient momentum sink in the edge region of the
plasma. The presence of multiple charge-exchange reactions leads to an enhanced neutral
penetration depth. Additionally, cumulative momentum losses occur in the transfer from
rotational to kinetic energy between the neutral and ion fluid. In a series of discharges
at varying neutral influx, a significant decrease in edge rotation is observed which is in
qualitative agreement with the calculated friction losses. The uncertainty in the neutral
model is however large, while simultaneous effects on edge transport could also lead to
a change in rotation. This is especially the case in situations where the neutral influx is
expected to be largest, e.g. during gas fueling and enhancedplasma-wall interactions.

In short, multiple sinks contribute towards establishing the rotation at the top of the
edge transport barrier, or pedestal. This leads to a large range of edge momentum densit-
ies observed at JET, even at similar injected torque.

Finally, dedicated experiments in which the power and torque deposition were de-
coupled by replacing neutral beam heating with cyclotron resonance heating, showed a
significant variation in rotation at similar energy densities. No clear impact on the energy
confinement was however observed with the temperature profiles remainingstiff, possibly
limited by an unfavorable magnetic shear, although hints ofreduced turbulence were ob-
served at large rotational shear. However, the results alsoshow that the performance of
thebaselineITER H-mode scenario is robust to changes in rotation. This is favorable as
the neutral beam system in ITER will not be able to generate the core rotation velocities
which are achieved in current tokamaks. Nevertheless, fromthe work presented in this
thesis, rotation peaking, required for improved operation, could be possible by manip-
ulating the edge rotation. Whether the achieved gradient will be sufficient to influence
transport and stability will depend on the magntiude of the edge rotation in combina-
tion with the inwards pinch velocity. Such a rotation velocity will need to be driven by
intrinsic sources. Although such mechanisms have been shown to exist, it remains un-
clear what velocities they could generate in a burning plasma. High resolution turbulence
measurements in the plasma edge will shed more light on both these processes.
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