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1. Context

The principle of magnetic fusion is to use strong magnetic fields to confine a Deuterium-
Tritium (DT) plasma and to heat its ions until a state in which enough nuclear fusion
reactions occur to gain energy. In a Tokamak, the plasma is maintained in a toroidal
vacuum vessel and confined through a strong toroidal magnetic field (several Teslas) ge-
nerated by a set of magnetic coils and a smaller poloidal magnetic field, generated by a
toroidal plasma current induced in the plasma by transformer action or by direct drive. The
state, in which the plasma temperature is maintained by fusion reactions (i.e. a-particle
heating), against the energy losses, is called ignition. In order to achieve this state, the
triple product of the ion temperature T;, the plasma density n and the energy confinement
time, labelled 7z (i.e. the ratio of global plasma energy content, W, and the applied to-
tal heating power Pq), should exceed a certain minimum value. In toroidal geometry,
charged particles flow more or less freely in the direction of the field lines while making a
cyclotron motion around them. The tokamak geometry is such that particle orbits are well
confined including their drifts. One obvious way the particles could be lost is by jumping
from one field line to another through collisions with other particles. Neoclassical theory,
which describes transport of particles, momentum and energy based on collisions, taking
into account the particles trapped in the inhomogeneities of the magnetic field, predicts,
in typical tokamak conditions and minor radius a = 1m, a global energy confinement time
that should be in the range of 7g e, = [10 — 100]s. For DT fusion reactions, the triple pro-
duct nT;7g is minimal for an ion temperature of around 10keV. The plasma temperature
reached by the ohmic-heating power Ppy, coming from the current that is induced inside
the plasma, is limited, since the resistivity decreases proportionally with the temperature
as T—3/2. Thus, to increase the plasma temperature, two additional heating methods are
commonly used : the injection of a beam of energetic neutrals (i.e. Neautral Beam Injection
or NBI) and/or the resonant absorption of radio frequency (RF) electromagnetic waves.
The three principal RF heating mechanisms involve waves at frequency around the ion cy-
clotron frequency (ICRH), the electron cyclotron frequency (ECRH), and the lower hybrid
frequency (LH). These heating schemes allow the plasma to reach required temperatures.

However, the performance of fusion plasmas (i.e the energy confinement time) is limi-
ted by cross-field transport. This transport of energy (heat and particles), which typically
exceeds neoclassical prediction by an order of magnitude or more, is usually attributed
to turbulence. In fact, due to the strong gradients of density and temperature imposed
by the magnetic confinement, turbulence at spatial scales that are small compared to the
mean-free-path of plasma particles develops inside the plasma. This turbulence generates
a radial transport of heat, particles and momentum. This so called anomalous transport,
causes the core plasma to loose its energy and particles, orders of magnitude more rapidly
than the base transport due to collisions. The tokamak presents a large variety of instabi-
lities. Among them, the main micro-instabilities that underlie turbulent transport in the
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1. Context
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FIGURE 1.1. — Schematic illustration of the stability of a tokamak plasma with respect
to the interchange instability. The magnetic field decreases with the major
radius of the tokamak R, creating a High Field Side (HFS) and a Low
Field Side (LFS) of the plasma, in which the magnetic field gradient and
the pressure gradient are respectively co-aligned and counter-aligned. The
bottom figure shows the balloonned fluctuations of the electrostatic poten-
tial from gyrokinetic simulation performed using GYSELA code
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FI1GURE 1.2. — Growth rate of the main micro-instalibities present in the confined tokamak
plasmas as a function of the perpendicular wavenumber normalized to the
inverse of Larmor radius p;

core of fusion plasmas belong, in essence, to the family of interchange modes which are
unstable when the gradient of magnetic field is aligned with the gradient of equilibrium
pressure. In the tokamak configuration, this situation occurs on the low field side of the
plasma (i.e on the external side of the torus since the toroidal magnetic field decreases
with the major radius) while the interchange is locally stable on the high field side. Since
field lines connect locally unstable to locally stable regions and modes tend to be aligned
along the equilibrium magnetic field (due to the strong magnetic field), such modes belong
to a class of ballooning modes (i.e with an amplitude varying in the poloidal direction).
Figurel.l illustrates the geometry of a tokamak with stable and unstable areas as well
as the ballooning character of micro-turbulence that develops inside the plasma core via
results from first principles numerical simulations of turbulence performed using gyroki-
netic description of the plasma in which the fast cyclotronic motion of charged particles
is averaged reducing the system from 6 dimensions (3 in positions and 3 in velocity) to
5 dimensions. These micro-instabilities, which are driven unstable by density and tempe-
rature gradients above a certain threshold, extend over a large range of spatial scales. As
presented in Figure 1.2, at spatial scales of the order of the ion Larmor radius, typically
p; = [Ilmm — lem], the main instabilities are the modes driven by the Ion Temperature
Gradient (ITG) and Trapped Electron Modes (TEM), where the latter is driven by the
electrons trapped in the low magnetic field side of the machine. At smaller scales (i.e. larger
wavenumbers), there are modes driven by the Electron Temperature Gradient (ETG) with
spatial scales around the electron Larmor radius (typically p. = [10um — 100um]).

Non-linearly, turbulence self-organizes through energy transfer between different spatial
scales. For a given spatial scale injection, related to a linear instability, the energy will be
transferred to both smaller and larger scales to cover a wider spatial scale range, leading to
a saturated state with a specific wavenumber spectrum. Among these mechanisms of non-
linear transfer of energy, inverse cascade plays an important role and generates large-scale
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1. Context

FIGURE 1.3. — Jupiter’s zonal flows

structures extended in the radial direction that lead to a rapid increase of the ion heat
transport. In addition, it is found experimentally that plasma turbulence self-organizes
through nonlinear development of oscillating large-scale flows [1] that back-react on the
small-scale fluctuations, which generate them, thus reducing the ion thermal transport.
This picture is also supported by simulations [2]. Among these flows, zonal flows, which
are similar to the flow structures observed in Jupiter’s atmosphere (see Figure 1.3), are
uniform along the toroidal and poloidal directions but strongly sheared in the radial di-
rection in tokamaks. Closely related to these stationary zonal flows (ZFs) are the geodesic
acoustic modes (GAMs), which are oscillations of the poloidal flow at the geodesic acous-
tic frequency. These modes are similarly turbulence-generated and appear in the form of
a coupling between a ZF and an axisymmetric (m = 1) pressure sideband mode due to
geodesic curvature.

The strong velocity shear associated with these large-scale flows (ZFs and GAMs), tends
to decorrelate turbulent structures and in particular the radially elongated ones that are
responsible for the turbulent transport (for a complete review see [3]). In Figure 1.4,
this effect is illustrated via results from gyrokinetic simulations with the comparison of
two cases : a case without ZF (left figure) in which turbulent structures are strongly
radially extended and a case with ZF (right figure) in which the radial extend of as well as
the intensity of turbulent stuctures are significantly reduced. The nonlinear decorrelation
effect comes from the decrease of the radial correlation length, decrease of the fluctuation
intensity as well as the change in the phase between density, temperature and potential
fluctuations, as predicted initially by analytical theory [4]. This effect is general to any
sheared flows that can be generated by turbulence (like ZFs and GAMs) or coming from the
neoclassical profile of the radial electric field. The most remarkable experimental example
of the turbulence reduction by velocity shear is the edge barrier that develops in the so-
called H-mode (for High confinement) regime [5] that is accessed routinely on a wide variety
of machines. The presence of this barrier at the edge, associated with a local increase of
sheared flow and a reduction of the turbulence level allows higher density and temperature
values in the plasma core than the standard L-mode regime (for "Low" confinement). When
the barrier is well established (i.e in H-mode regime), there is a growing body of evidence
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FIGURE 1.4. — Turbulent transport reduction by velocity shearing

from experiments showing that the mean flow responsible for the barrier is governed by
force balance and well described by neoclassical theory [6, 7]. In essence, the neoclassical
physics naturally forces the mean poloidal flow to relax towards a strongly sheared profile
at the tokamak edge, resulting in strong gradients of both neoclassical coefficients and
of pressure in the pedestal region. However the entire dynamical process and the time
sequence of the formation of this barrier are not completely understood yet and the role
of turbulence generated flows and their interaction with turbulence itself are commonly
invoked as one of the key phenomena in the transition and the establishment of the barrier
[8, 9]. The respective roles of neoclassical friction and turbulence generated flows remains an
active and important subject of research. For example, it has been shown that accounting
for the effect of collisional friction between trapped and passing particles on the radial
electric field allows for the spontaneous formation of a transport barrier in flux-driven
three-dimensional fluid simulations of resistive balooning turbulence [10]. An analysis of
the roles of zonal-flows and force balance during the transition, shows that zonal flows
provide temporary quenching of the turbulence via non-linear coupling, allowing for the
mean flow to grow and form the barrier.

For future fusion reactors, prediction of confinement and scenario development are es-
sential. Both require an excellent description of turbulent plasmas and therefore an im-
provement of our understanding on turbulent transport, its dependence on plasma para-
meters, its spatial scales as well as an improvement in our understanding on turbulence
self-regulation mechanisms. In the magnetic fusion community, these subjects are addres-
sed through various approaches from experiments to theory, from steering of the machine
to fundamental understanding of precise physical mechanisms.

The approach I chose in my research work presented in this manuscript, is an experi-
mental approach designed to highlight specific physical mechanisms invoked in turbulent
transport to be compared with theory, via simple models and with high performance nu-
merical simulations of plasma turbulence, performed mainly with gyrokinetic codes.

This report summarizes my main research contributions performed from the end of my
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1. Context

PhD and is articulated around six selected publications covering three research areas. In
the first chapter, my post-doctoral research work on confinement and heat transport and
their dependences with the parameter  in the ASDEX Upgrade tokamak is presented. The
approach used, which consists of performing dedicated dimensionless scans, is particularly
interesting in view of improving our understanding of some physical mechanisms, notably
via comparisons with theory and numerical simulations. For this reason, this approach
has been kept during a large part of my research work. Following this transport study, I
will present my contribution on spatial scales repartition of turbulence (Chapter 4) and
fluctuating or equilibrium flows (Chapter 5). The work presented in these two chapters
are based on density fluctuations measurements using a Doppler Backscattering System
that was installed on the Tore Supra tokamak. Some possible perspectives of my research
contributions are proposed and discussed in the last chapter.
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3. Dimensionless approach and
dedicated scan experiments

One of the main experimental approaches that are used in the fusion community to
characterize turbulence and transport issues while avoiding detailed physical mechanisms,
is to determine the dependence of the global energy confinement time with respect to
relevant plasma parameters. The basic approach consists of using empirical scaling laws
which describe the global confinement time as a function of operating parameters such
as the density, the plasma current, the additional power etc. For example, for H-mode
plasmas, the scaling law the most commonly used is given in [11] and is written as :

ELMy 0.93 0.15 p—0.69, 0.41 0.19 »1.97 0.58 .0.78
Ty = 0.056210%° B35 Py L8000 M09 R1IT0-58 0 (3.1)

in which the confinement time 7g4, = Wi/Prry is in s and Prrg = P — Prioss 18
the loss power corrected for charge exchange and unconfined orbit losses in MW, I, is
the plasma current in M A, By is the toroidal magnetic field on geometrical axis in 7', n
is the central line average electron density in 10%m ™3, M is the effective atomic mass in
AMU, R is the geometrical major radius of the tokamak in m, ¢ = a/R is the inverse
aspect ratio (a is the minor radius) and k, = area/(ma?) is the elongation. This approach
is simple, practical and allows predictions for the performance of the future devices such as
ITER. However, while thinking in term of engineering parameters is convenient to design
and operate experiments, the understanding in terms of physical processes involved in
the turbulent transport is rather limited. Another approach consists on converting these
engineering parameters in terms of dimensionless parameters.

The analysis of plasma energy transport in terms of dimensionless parameters [12, 13, 14]
is a powerful technique widely used in the study of fusion plasmas. The idea is to use
a reduced set of relevant dimensionless parameters, naturally built from the equations
governing the system, instead of the "engineering" parameters. If the energy transport is
dominated by plasma physics (i.e. does not depend on atomic physics), it has been shown
that using the scale invariance approach, the normalized energy confinement time can be
described as :

Born = F(p*, B, v, q, %, Z ; Tt s 1,0, Myos, ..) (3.2)

where By is the toroidal magnetic field on axis, 74, is the thermal energy confinement
time, px = p;/a is the normalized ion Larmor radius, 8 = 2uop/B? is the plasma pressure
normalized to the magnetic pressure, v* = v;/(ewy;) is the ratio of ion collision frequency
to trapped ion bounce frequency wy; = v1;/qR(r/2R)Y/?, q is the cylindrical safety factor,
T;/T. is the ion to electron temperature ratio, Z.ss is the effective charge of the plasma
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3. Dimensionless approach and dedicated scan experiments

ions, k is the plasma elongation, § is the plasma triangularity and M, = Vi /+/T;/m; is
the toroidal Mach number.

One can use a reduced set of dimensionless parameters composed of p*, v* and . In this
case, the translation for the IPB98(y,2)(eq. 3.1), for H-mode plasmas gives :

BTtQhSyQ x p*—2.76—0.901/*—0,01q—3.0 (33)

Note that all these dimensionless parameters are normalized using a relevant quantity.
The energy confinement time is generally normalized to the cyclotron frequency at the
magnetic axis () = % and is expressed as By7y,. This is coming from the normalization
using the Bohm time 75 = a?/xp where xp = T'/eBy is the Bohm diffusivity.

These parameters are independently related to different physical aspects of the plasma
dynamics. The p* dependence gives informations on the scale of turbulent structures.
Considering diffusive transport and taking the turbulence scale equal to p* gives the so
called gyro-Bohm scaling (while if turbulent structure is independant of p*, the same
approach gives a Bohm scaling). The normalized collisionality, v*, is related to collisional
processes that will be discussed in the next chapter. The [, which is the ratio of the
kinetic pressure over the magnetic pressure, mesures the significance of the electromagnetic
component of the turbulence.

Therefore, studying separately the effect of these dimensionless quantities on the energy
confinement and transport, provide indications about the relative weight of each mecha-
nisms as compared to others. However, the accuracy of such an approach is largely questio-
nable due to the correlation between engineering parameters. A more powerful approach is
to perform dedicated dimensionless scan experiments. The principle of dimensionless scan
is to vary one dimensionless parameters from one discharge to another keeping the others
constant. Ideally, all dimensionless parameters but one should be kept constant on the
entire radial profile. While this requirement is extremely demanding, it offers a powerful
background for precise transport and turbulence studies and has been largely used in the
community to verify the dependences exhibited in these empirical scaling laws.

Considering the effect of S on turbulent transport should provide indications about the
nature of turbulence and in particular gives information about the role and weight of elec-
tromagnetic turbulence. For a long time the main instabilities responsible for turbulent
transport in the core of fusion plasmas have been described using electrostatic approxi-
mation but this strong hypothesis should be constantly validated. In addition, because
fusion power production Py, increases with increasing 3, there is large economic interest
to operate reactors at [ as high as possible. A robust knowledge of the dependence of the
energy confinement time with [ is therefore necessary to predict performances in future
devices.

From a theoretical point of view, in the case of strongly unstable ITG mode (e.g. CY-
CLONE base case), linear electromagnetic simulations commonly show a stabilization of
ITG modes and a destabilization of kinetic balooning modes (KBM) when increasing /3.
Thus, above a certain value of 8, KBM prevails, leading to a strong 3 dependence of tur-
bulent transport [15, 16, 17]. The 8 value necessary to destabilize KBM, is found to vary
from the ideal MHD g limit [16] to half of this value [15] depending the approximations
that are employed and generally remains above the experimental § range. Note that in
the experiments, the § limit, labelled (3. is generally avoided and that all experimental
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investigations on the § dependence range below this (. value. In experiments, a weak
improvement of the confinement time with [ is expected until the critical 5. value.

0
0 - : -
50 TG
E _100\?\9\9\
=< :
- —150; :
-200} E KBM

-250 : 5 —.

0 0.2 0.4 0.6 0.8 1
B, (%)

FIGURE 3.1. — 8 dependence of the linear growth rate (top panel) and real frequency
(bottom panel) of n = 20 instability in the pedestal top region in GTC
simulation. Vertical dotted line indicates the experimental value of 5. Fi-
gure from [18]

In addition to these numerical results for CYCLONE base case, an electromagnetic
stabilization of ITG, related to non-linear effects and fast ions, is observed in simulations
with plasma conditions corresponding to JET discharges [19, 20]. The electromagnetic
destabilization seems to be effective only at a ratio of 5/f, large enough [19].

However, concerning the experimentally observed [ dependence, it is interesting to note
that both scaling laws, for L-mode plasmas as well as for H-mode plasmas (eq.3.1) pre-
dict a clear and strong degradation with increasing 8 which is not beneficial for reactor
perspectives. On the contrary, dedicated experiments have been performed in 2003 both
in the DIII-D tokamak and the JET tokamak [21, 22] showing no 5 dependence of energy
confinement or heat transport. Therefore, contradictions also exist between the empirical
scaling laws and the results of dedicated experiments. The latter being, in principle, more
reliable. In 2005, a new experiment performed in JT-60 [23] showed a moderate degrada-
tion of performances increasing [ reinforcing the confusion on this question. This situation
motivates to perform dedicated experiments in AUG.

The publication included next [Publication 1] presents the first dedicated 5 scan expe-
riments performed in AUG. It found that the global confinement time strongly decreases
while the local heat diffusivity significantly increases between p = [0.5 — 0.75] with increa-

sing f3.
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Abstract

First B scan experiments have been made in ASDEX Upgrade in H-mode plasmas with type-I ELMs. Two sets
of discharges, performed in different density ranges, scan 8 between By = (1.4-2.2) and By = (1.4-2). Global
analysis of these dedicated experiments exhibits a strong unfavourable S scaling as Bty o< B~%°. This tendency
is confirmed by a local analysis which shows an increase in the thermal heat diffusivity with increasing 8 as
Xeft/ B oc B2, These results are discussed and compared with studies made in DIII-D, JET and JT-60U.

PACS numbers: 52.55, Fa, 52.25, Fi, 28.52s

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Both experimental and theoretical studies show that small
scale plasma fluctuations (micro-turbulence), arising from
instabilities driven by temperature and density gradients, can
generate high levels of heat and particle transport, thus limiting
fusion device performance. The understanding of the micro-
turbulence induced transport and, consequently, the prediction
of the confinement time plays a crucial role in determining
the feasibility of a thermonuclear fusion reactor. The
analysis of plasma energy transport in terms of dimensionless
parameters [1, 2] is a powerful technique widely used in
order to extrapolate from present day devices to next step
experiments, like ITER. In addition to this, the experimental
scaling of confinement time and local transport as a function of
physically relevant quantities can provide useful insight about
the nature of the instabilities responsible for the anomalous
transport. This is particularly important for validating the
different proposed theories of turbulent transport in tokamak
plasmas.

Using the scale invariance approach it has been shown [2]
that if the energy transport is dominated by plasma physics
(i.e. does not depend on atomic physics) the normalized energy
confinement time can be described by a set of dimensionless
parameters and be written as

Bty = F(p*,v*, B,q,¢,8,k, T;/ T, ...),

where B is the toroidal magnetic field on axis, 7y is the
thermal energy confinement time, p* = p;/a is the normalized

0029-5515/07/050490+08$30.00 © 2007 IAEA, Vienna Printed in the UK

ion Larmor radius, v* = v;/(ewy) is the ion collision

frequency normalized to the ion bounce frequency wy =
v1i/qR(r/2R)Y?, B = 2uop/B? is the normalized plasma
pressure, g is the safety factor, € = a/R is the inverse plasma
aspect ratio, « is the elongation, § is the triangularity and 7;
and T, are, respectively, ion and electron temperature.

This paper focuses on the experimental study of the §
scaling of transportin the ASDEX Upgrade tokamak. Since the
fusion power production Py, increases with increasing S, there
is large economic interest to operate reactors at 8 as high as
possible. Furthermore, the knowledge of the 8 dependence of
confinement is also important to extrapolate present discharge
scenarios to ITER.

In addition, a precise experimental characterization of the
B dependence of transport may provide indications about the
nature of turbulence. Electrostatic theories, in which finite
B electromagnetic effects are neglected, predict a weak
dependence through geometrical effects like the Shafranov
shift. ~ For example, in drift wave theory, transport is
expected to slightly decrease with increasing 8 due to the
stabilizing g effect on ITG modes. On the other hand,
approaching the ideal § limit, electromagnetic mechanisms not
only affect electrostatic instabilities but also can destabilize
electromagnetic modes, generally leading to a strong f
dependence of turbulent transport [3—5].

Experimentally, the 8 dependence of transport is still
a subject of controversy: contradictions exist between the
prediction of empirical multi-machine scaling laws and the
results of dedicated experiments. The widely used empirical
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scaling law for high confinement mode (H-mode) plasmas
with edge localized modes (ELMs), named IPB98(y, 2) [7],
expressed in dimensionless parameters reads

98y2
B Y

-3.0
Ty X p .

>k72.70‘B 70.90‘)*70.01 q

This strongly negative S dependence suggests that
electromagnetic effects may play a role in the turbulent
transport process. In agreement with this negative S
dependence, recent dedicated experiments in JT-60U [8]
exhibited a degradation of global confinement time with
increasing 8 as Bty o f°6. In contrast, dedicated 8 scans
performed in DIII-D [9] and JET [10] yielded no 8 dependence,
in both global confinement time and local thermal diffusivities.

To contribute to clarifying these discrepancies, first
scaling experiments have been performed in ASDEX Upgrade.
In the next section, experiments for the ASDEX Upgrade
scans are described and the results are presented in section 3.
Differences in experimental conditions of 8 scans performed
in DIII-D and JET as compared with ASDEX Upgrade
and their possible impact on the results are discussed in
section 4.

2. Experimental conditions

Dedicated B scan experiments on ASDEX Upgrade have been
performed keeping p*, v* (global and local values), the safety
factor ¢ and the plasma shape constant. The parameters p*, v*,
as well as the magnetic shear are known to have a strong impact
on the plasma core instabilities, while a constant plasma shape
is particularly important for the control of the edge behaviour.
To vary B while keeping p*, v*, the safety factor ¢ and the
plasma shape constant, the magnetic field B is varied in these
discharges, and the main plasma parameters have to satisfy the
following relationships:
I x B, n o BY, T o B2

Following these requirements, 8 varies as B*. Asusual, in
order to simplify the analysis and to compare with the empirical
scaling law, we have made the assumption of considering a
power law for the dependence of confinement time on 8 :
Bty o« B~* F(p*, v*, ...). Therefore, the heating power must
vary as P, o« B+ In the following, 8 will correspond to the
total normalized pressure including fast particles, the thermal
normalized pressure will be written as By, and n = /(I /aB).
Experimentally, the 8 range is limited by the L-H transition
at low B8 (Bn ~ 1.1) and by appearance of the neoclassical
tearing modes (NTM) at high 8 (Bn ~ 2.5). In addition,
since the density has to vary as 8 (ccB*), another important
limitation arises at low 8 from the natural density and at high
B from the H/L transition close to the Greenwald density.
In ASDEX Upgrade, the procedure to perform S scaling
experiments was to first carry out a low S discharge at the
lowest density reachable and at the lowest power needed to
have type-I ELMs. From this discharge, the high 8 discharge
was performed trying to reach simultaneously the density and
the B required to match p* and v*. All these experiments were
performed in a single-null divertor plasma configuration and
the shape parameters were chosen to closely match the plasma

shape of JET and DIII-D experiments (§ >~ 0.2 and k =~ 1.8)
and g9s = 3.8. The plasma was fuelled by deuterium gas
puffing, heated by neutral beam injection (NBI) and in some
cases with (H-minority) ICRH heating. The voltage of the
NBI injectors was adjusted according to the density to match
as well as possible the heating deposition profile between low
and high B discharges. The divertor cryopump was used to
control the plasma density in low density discharges and turned
off to help reaching high density. The density profiles are
calculated from interferometer and lithium beam data. The
electron temperature profiles are measured by the Thomson
scattering diagnostic. The charge exchange recombination
spectroscopy (CXRS) during neutral beam injection provides a
measure of the ion temperature and rotation profiles. Equilibria
and g-profiles are reconstructed using the MHD equilibrium
code CLISTE [12]. The heating deposition profiles for
NBI and ICRH are calculated, respectively, by the Monte-
Carlo code FAFNER [13] and the TORIC code [14]. The
power balance analyses have been made using the ASTRA
code [15] and comparisons carried out with the TRANSP
code [16].

3. Experimental results

In the study presented here, two separate 8 scans in H-mode
with Type-I ELMs have been performed in ASDEX Upgrade.
The B ranges are By = (1.4-2.2) (scan A) and fn =
(1.4-2) (scan B) and cover two different density windows.
The heating power was feedback-controlled to obtain a
stationary phase at the required 8. Engineering parameters
as well as global dimensionless quantities of both scans are
summarized in table 1. Global parameter calculations and
analyses were performed over a stationary phase characterized
by a time window width At. For discharges 21225 and
21226 At is comparable to the confinement time. However,
during these discharges the time window was chosen at
the maximum of 8 which correspond also to the maximum
of the confinement time. Therefore, enlarging the time
window leads to a stronger 8 degradation. The H factors
of these discharges are close to 1 showing that the thermal
confinement times are consistent with the IPB98(y, 2) scaling
law. Considering only ‘random’ errors, the uncertainties on
global parameters for both scans are estimated as 3.1% for
p*, 15.4% for v*, 3.2% for B and 9% for Bty. Global
(deduced from stored energy) and local quantities such as
p*, v* and plasma shape parameters have to be well matched
between discharges of the same scan in order to separate
the B dependence of Bty from the dependences induced by
these parameters.

The first scan composed of one low S and three
high B discharges was performed at high density, 1., =
(7.2-9.4) m~3, which corresponds in terms of the Greenwald
fraction, Fgw, to Fgw = (57%—68%). In this scan, in addition
to NBI heating, ICRH was used in an attempt to adjust the
heating profile deposition. Even without cryopump, it was
difficult to reach the density required (1., = 9.7) while
keeping Bn = 2. Thus, in scan A, there is a significant v*
and p* mismatch while gos, ¥ and § were well matched.

Scan B, composed of two discharges, was carried out at
lower density than scan A, 11, = (5.3-8) m~3, or in terms of
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Table 1. Engineering and dimensionless parameters for the two 8 scans. Parameters are averaged over time windows with a width Ar.

Scan A Scan B
Pulse 20989 21101 21225 21226 21403 21426
At (ms) 2000 300 100 100 600 400
Ty (mMs) 135.5 94.81 67.86 60.67 160.9 89.47
B (T) —-2.10 —-2.29 —2.28 —2.28 —2.12 —2.33
I (MA) 1.00 1.10 1.09 1.09 0.99 1.09
fle (10" m™3) 7.2 8.6 8.7 9.7 53 8
iie/B* (10" m=3/T*) 0.37 0.31 0.32 0.36 0.26 0.27
Fow (%) 57 64 63 68 43 54
Pnpr (MW) 24 7.75 7.5 10 2.6 8.75
Picry (MW) 1.11 0.6 3.8 3.8 0 0
Po/B7 (MW/T) 0.019 0.025 0.035 0.043 0.013 0.023
qos 3.8 3.9 3.8 3.8 3.8 3.8
a/R 0.30 0.31 0.30 0.30 0.30 0.30
K 1.84 1.79 1.84 1.83 1.82 1.86
) 0.21 0.24 0.22 0.23 0.20 0.22
p* 0.0061 0.0069 0.0066 0.0067 0.0070 0.0071
v* 0.610 0.300 0.396 0.388 0.243 0.279
BN 1.41 2.22 1.97 2.22 1.41 2.05
Bin 1.32 2.07 1.87 2.09 1.30 1.93
Bty 0.284 0.217 0.155 0.138 0.342 0.208
Hippos(y,2) 0.99 1.11 0.89 0.90 1.16 1.01
0.4 . . . . . the uncertainties reported in table 2 were calculated taking
into account only the uncertainties on 7y and fBg. The
0.35 21403 . inclusion of p* and v* uncertainties (Ap* and Av*) requires
assumptions about the dependence of the global confinement
03r 20989 h time on p* and v*. The Gyro-Bohm scaling Bty oc p*~3
is well established in H-mode plasmas and has been verified
& 025 21426 21101] on different tokamaks [17,18]. The v* dependence in
m ._+_ dedicated experiments was found to be weak, v 03 at low
0.2 ﬁ 7 density [18, 19] and stronger, v*~!, at high density [20].
i 21226 Since Ap* and Av* are correlated via the stored energy and
015 21225 T density uncertainties, Aag must be calculated using directly
] . . . . . AW and An. For example, assuming Bty o p*3v*~! for
0. 12 14 1.6 18 2 22 24 the pair 21403-21426, Aag = 0.9. In contrast, assuming
By Bty o p*3v* 703, the uncertainty on ag almost does not

Figure 1. Normalized thermal energy confinement time as a
function of By for the discharges given in table 1.

the Greenwald fraction, Fgw = (43%-57%). Both discharges
were performed with NBI heating only. Matching of global
parameters (within 15% for v* and within 2% for p* which are
within the error-bars) as well as heating deposition profiles are
clearly better than in scan A.

3.1. Global confinement time analysis

Figure 1 shows the normalized thermal energy confinement
time Bty as a function of By for the six previously described
discharges. For each scan, there is a clear degradation of
the global confinement with increasing 8. Linear regressions
of each pair of discharges yield a 8 dependence of Bty
which varies significantly from ag = 0.6 £ 0.4 to ag =
1.8 & 0.7 (table 2). When all discharges of scan A are
considered, ag = 1.16, while scan B (red) gives Bty
ﬂ;”ieb. Although uncertainties on ag are quite large ,
in particular when regression is made on only 2 points, og
remains always positive within the error-bars. Note that
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change as compared with the values reported in table 2.

As mentioned before, the p* and v* matching between low
and high B discharges is not perfect and differs significantly
for each pair of discharge. Therefore, parameter mismatching
affects each pair of discharges in a different way and may
explain the large scattering of ag values obtained. In order
to compensate for these effects, the global confinement time
can be corrected using its p* and v* dependence obtained from
previous experiments.

Corrections considering the dependences described above
have been applied, separately and together, to each pair of
discharges and the resulting S dependences are summarized in
table 2. The p* correction tends to decrease the 8 dependence
for both scans. In contrast, the v* correction acts in opposite
directions in scan A and scan B. In the first scan, the v*
mismatch leads to an underestimate of ag while it leads to
an overestimate in scan B. Note that applying no v* correction
and only the Gyro—Bohm scaling correspond almost to the
dimensionless scaling obtained from the IPB98(y, 2).

For the first scan, the significant p* and v* mismatches
induce a strong influence of corrections and in particular
of the choice of the v* correction. However, applying the
corrections, the 8 scaling remains clearly unfavourable in both
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Table 2. 8 dependence obtained from linear regressions performed on each pair of discharges listed in table 1 with and without mismatch

corrections.
20989-21101  20989-21225 20989-21226  21403-21426

ag 0.6+£04 1.8+0.7 1.6 £0.5 1.2+0.6

With corrections

o3 —0.18 1.09 0.94 1.14

p*03 0.98 2.02 1.75 1.08

v*! 1.86 2.61 2.18 0.69

03 %03 026 1.16 1.13 0.94

P 3k prl 1.08 1.93 1.56 0.58
scans. Considering the v* correction for high density, scan %107
A leads to By, o« B3 considering all discharges, while 4 ~___ =
ap = 1.08 for the pair 20989-21101. The B dependence . T~ — B2
obtained for discharges 21225 and 21226 is clearly stronger @‘5 5 el . T
(up to ag = 1.93). As mentioned above, in scan A, ICRH T
has been added to NBI. Applying ICRH has been shownto | .+ 1 7l
flatten the density profile [21], effect which increases with 0 2) \'\
Picry. Therefore, in shots 21225 and 21226, the high ICRH 0 02 04 o 0f 08 !
power of 3.8 MW induced a stronger flattening of the density x10°
profile than in shots 21101 and 20889 with much lower ICRH T -
powers. Consequently, in discharges 21225 and 21226 much - 49 \"‘\
stronger gas puffing was required to reach the desired line & T N
averaged density than in 21101. This produces an extremely S P S S
flat density profile with very high pedestal density, inducing b) T
low pedestal ion temperature. In addition, the ELMs frequency 0 ) 0.4 0.6 0.8 - 1
is much higher 180Hz compared with 90Hz in 20989 Py

and 21101.

For scan B, applying the low density correction (Bty, o
v*703) yields Bry, o B,%* which agrees with the result from
scan A (pair 20989-21101) using high density v* correction.
The latter result is in accordance with the B dependence
deduced from the IPB98(y, 2) [7] and the unfavourable B
scaling found recently in JT-60U [8]. In order to cancel
completely the B8 degradation in scan B, considering a Gyro—
Bohm scaling, a v* dependence as Bt o v* 2 would be
required. However, such v* dependence has never been
found in v* scaling experiments or in empirical scaling
laws.

3.2. Local heat transport analysis

In addition to matching the global normalized parameters, it is
also important to verify that of local dimensionless quantities
which are expected to play a role in heat transport. The local
study of transport was performed on the best matched scan
(scan B). All radial profiles presented in the following are
plotted as a function of the normalized toroidal flux coordinate
p:. First of all, the heating deposition profiles normalized
to B7 (if ag = 0, P, « B7) and plotted in figure 2(a)
show that, in order to reach the B required, more additional
power was needed than expected without 8 degradation. This
behaviour agrees with the negative dependence found in the
global analysis. Considering g = 1, the profiles P,/B7s
are correctly matched as we can see in figure 2(b). The radial
profiles of the kinetic normalized plasma pressure By, and of
the quantity Byn/B* are shown in figure 3. The profile of the
quantity Byin/ B* is similar for low and high g discharges even
at p, = 0.85. The H-mode edge pedestal and the core seem
to vary in concert but in these discharges, no accurate edge

Figure 2. (a) Radial profiles of the heating power deposition
normalized to B as a function of the normalized toroidal flux
coordinate for discharges 21403 (Bx = 1.4) and 21426 (B = 2).
(b) Profiles of the heating power deposition normalized to B’+*#
withapg =1

measurements were available. For this reason, in the following,
all radial profiles will be plotted between p, = (0-0.85) and
no detailed analysis of the plasma edge will be done. On the
profiles of Bi,/B*, only around p, = 0.5 there is a small gap,
the high g discharge being slightly higher, but the difference
is within the uncertainties.

The density and temperature profiles show that the
normalized gradient lengths R/L, and R/Lyt (for ions and
electrons) do not change significant between low and high
B discharges. This feature suggests that core transport is
governed by microinstabilities like ITG and TEMs, with
consequent stiff behaviour of the temperature profiles in
response to variations of the heat fluxes. Therefore, in these
conditions the heat conductivity in the core might be strongly
affected by the confinement at the plasma edge.

Figure 4 shows the profiles of the other relevant
dimensionless quantities p*, v*, T;/ T, q, effective ion charge
Zeits Vrot/(Ti/mi)Y? and RV, /(T;/m;)'/?. These profiles
are well matched between the low and high 8 discharges except
for Z.¢r. The mismatch does not exceed 5% for p* and 20% for
v* profiles. The small difference in the safety factor profiles
at the centre is not really relevant because the uncertainties are
quite large at this location due to the sawtooth activity. The
ratio 7;/ T, varies radially, the ion temperature is higher than
electron temperature at the edge and the mismatch between
the two discharges reaches at most 15%. Note that higher
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Figure 3. (@) Radial profiles of thermal normalized pressure By, for
discharges 21403 and 21426. (b) Radial profiles of By, normalized
to B* for discharges 21403 and 21426.

values of T/ T, are expected to stabilize electrostatic modes
ITG [22].

The level of impurity is higher in the low g discharge
for which Z.g is around 2 while Z. >~ 1.5 during the high
B discharge. This general feature that Z.; decreases with
increasing density is commonly observed in ASDEX Upgrade
ELMy H-mode plasmas [23]. In the local analysis, the effect of
the dilution is taken into account computing the power balance
using the experimental Z. profiles. Calculations have been
made considering Carbon, Helium or Bore as main impurities.
The relative behaviour of the thermal conductivity profiles
(comparison of low and high B discharges) does not change
from one impurity to another.

From theoretical standpoint, Z.g affects the stability of
ITG modes by ion dilution, such that increasing Z.s has a
stabilizing effect on ITG, stronger for light impurities than
for heavy impurities [24,25]. Therefore, the lower value of
Z.g in the high g discharge could amplify the 8 degradation.
To estimate the Z.; mismatch effect, we performed linear
gyrokinetic simulations in the experimental conditions (GS2
code [26,27]). They show that a change in Z. from 2 to 1.5
leads to an increase in the ITG growth rate of around 5% and
a shift in the normalized gradient length (R/Lt) threshold of
less than 0.5. Thus, the mismatch in Z.g is expected to only
play a minor role in the confinement and heat transport of the
discussed experiments.

The rotational shear has a stabilizing effect on transport,
therefore the relative influence of the toroidal rotational
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velocity v,y must be kept constant during dimensionless
scaling. Considering that v,y is the dominant term in the radial
electric field (E, & Bpvyo), the shearing rate may be written as
WExB X €/q V. The radial profiles of RV vt/ (T; ) mi)'/?
plotted in figure 4 show that this quantity is slightly higher
(6%) in the low B discharge than in the high g discharge. This
mismatch is very small but means that the £ x B stabilization
is larger in the lower 8. A recent experimental study on the role
of T;/ T, and Vu,y on ion heat transport in ASDEX Upgrade
H-modes has presented the ITG threshold (R /L ;) dependence
on RV, /(Ti/m;)'/? [28]. In this reference it is shown that
decreasing the quantity R Vv, /(T;/m;)'/? by 6% at fixed ratio
T/ T. has a very weak effect on R /L7, and leads to a decrease of
R/L7, smaller than 5%. Finally, this effect which affects only
the ion channel may increase only very slightly the effective
local transport.

To evaluate the 8 dependence of the local heat transport,
experimental thermal diffusivities have been calculated from
the radial power balance analysis. The heat flux has
been assumed to be purely diffusive, therefore the thermal
diffusivity is given by x = —¢g/nVT. In the following, the
effective heat diffusivity is defined by

qe * gi

Xell = NT, +m VT,

where g. and ¢; are, respectively, the electron and ion heat
flux.

The total stored energy obtained by the equilibrium
reconstruction and by the sum of kinetic energy from the
experimental profiles and fast particle energy (from FAFNER)
agrees within 5%. For comparison, the power balance
calculations deduced using the TRANSP code yielded a similar
B dependence of the thermal conductivity.

The normalized xefr/ xB X xefr/ B profiles, where xg is the
Bohm diffusion coefficient, are plotted in figure 5. The error-
bars reported in figure 5 were calculated as follows. First,
for each of the two discharges of scan B, a set of N = 500
fitted profiles (7¢, T; and n.) has been generated by varying
randomly (using a Gaussian distribution) the experimental
points within their experimental errors. The latter were taken
as 15% for T,, 10% for T; and 5% for n.. Note that in
the heat diffusivity, the largest uncertainties come from the
temperature gradients. Secondly, for each set of the 500
profiles, a x.s profile was calculated by power balance. In this
procedure, the heating deposition profiles are kept the same
and have not been re-computed using FAFNER on the new
set of profiles. However, FAFNER and ASTRA calculations
show that varying density and temperature profiles in their
error-bars lead at most to a change in . around 5%. The
distribution of x.g obtained in this way is not symmetric.
For this reason, the x.s/B plotted in figure 5 is taken at the
maximum of the distribution function and the error-bars are
the half-widths of each sides of this maximum. Following
this procedure, the uncertainties are found to be around 15%
at mid-radius and larger at the edge. The effective diffusivity
is clearly higher for the high 8 discharge on a large radial
area in the confinement zone (po; = 0.3-0.9). For these
profiles, the parameter ag, defined as x.r/B o< f%, is plotted
in figure 6.

The average 8 dependence of x.i/B from p, = 0.2 to
pt = 0.8 corresponds to ag = 0.65. The B dependence



Study of the B dependence in ASDEX Upgrade

x 10°

12

1 n n n
0.2 0.4 0.6 0.8
pt

02 03 04 05 06 07 08

Figure 4. Radial profiles of p*, v*, T;/ T, safety factor q, Z and RV v,o /vy, for discharges 21403 and 21426.

Figure 5. Radial profiles of the effective thermal diffusivity
normalized to B for discharges 21403 and 21426.

changes significant with radius from ag >~ 0 at p; = 0.2 to
ag 2= 1 in the range p; = (0.5-0.7).

4. Conclusion

First dedicated experiments on § scaling in ASDEX Upgrade
show a clearly unfavourable § dependence of transport in both
global and local analyses. The global confinement time is
found to vary as Bty, o< 871206, Since in these experiments
the p* and v* profiles are not perfectly matched, attempts to
correct these mismatches have been made. These corrections
did not cancel the strong negative 8 degradation and lead
to a B dependence as Bty, o« B7°°. In addition, the local
effective heat diffusivity is enhanced with increasing B as
Xeit o< B9 (on average from p; = 0.2 to p, = 0.8).
These results are in agreement with the 8 exponents derived
from the ITER-IPB98(y, 2) scaling law and with the results of

495



L. Vermare et al

2 3

1.5¢

1 -

02 03 04 05 06 07 08
pt

Figure 6. Radial profiles of g from /B for discharges 21403
and 21426.

JT-60U dedicated experiments. However, they do not agree
with DIII-D and JET experiments, in which no 8 dependence
has been found. Although the experimental conditions of 8
scans performed in JET, DIII-D and ASDEX Upgrade are very
similar, two main differences can be identified. The possible
reasons for these differences are discussed in the following
paragraphs.

Firstly, in ASDEX Upgrade, the collisionality is higher
at p, = 0.5 by a factor 5 as compared with JET and DIII-
D experiments while the Greenwald fractions are in similar
ranges (from 26% for the low B to 68% for the high fB).
According to the present results from dedicated experiments
on the v* dependence of confinement time [18-20], the effect
of collisionality via the v* mismatch cannot be responsible for
the apparent § degradation, as it was shown in section 2.1.
However, collisionality may play a role in the 8 scaling by
changing the turbulence regime.

Secondly, a comparison of the plasma shapes in these
B scans indicates that the elongation is the same in DIII-D
and AUG (k =~ 1.8) while k = 1.6 in JET experiments.
The average triangularity is equal in JET and ASDEX
Upgrade (6§ = 0.2) and slightly higher in DII-D (§ =~
0.3), but the upper triangularity &y, is clearly smaller in
AUG §4V5 ~ 0.06 as compared with both DIII-D and JET
GoP ~ &7 ~ 0.2) plasmas. The plasma shape is
known to influence ELMs and H-mode pedestal properties.
In particular, high triangularity shapes exhibit an increased
edge pressure gradient and lead to a better confinement [32—
35]. In addition, at high §, confinement degradation with
increasing density occurs at high density as compared to
low § plasmas [36]. These two effects can be linked to the
observed g degradation in ASDEX Upgrade. As suggested
in [37], the upper triangularity might play a role in the
dependence of transport. In this reference, from analysing an
ASDEX Upgrade subset of the International Tokamak Physics
Activity (ITPA) confinement database, a 8 degradation has
been found and attributed to §,, < 0 plasmas. Although in the
experiments presented here §,, > 0, the tendency is in the same
direction.

The influence of the plasma shape suggest that the S
dependence of confinement is a plasma edge effect. In contrast,
the increase in the normalized thermal conductivity y.s/B with
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increasing B is not only localized at the edge but itis also visible
at mid-radius. However, in the confinement region, density
and temperature gradient lengths do not change significant
between low and high § discharges. In these conditions, a
strongly negative 8 dependence of the edge plasma may be
sufficient to explain the increase in the thermal conductivity at
mid-radius.

To investigate the role of the edge in the 8 scaling, new
B scans with changing plasma shape with edge measurements
are planned in ASDEX Upgrade.
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3. Dimensionless approach and dedicated scan experiments

The possible reasons of this strong /3 degradation of the performances, notably as compa-
red to DIII-D and JET experiments, were : collisionality which is higher in AUG experiment
and/or a possible influence of the plasma shape and more precisely the upper triangula-
rity, which is lower in AUG plasmas. Indeed, to improve our knowlegde in shape effect,
we proposed and performed new experiments in DIII-D to compare [ scalings using dif-
ferent shapes (DIII-D and AUG shapes performed in the DIII-D tokamak). Three /3 scans
were achieved in the DIII-D tokamak : one in the AUG shape and two in the standard
DIII-D shape, one at high rotation (standard case) and another at low rotation (using
balanced NBI). Note that the new scan performed with the DIII-D shape at high rotation
is expected to be similar to the previous experiments performed in DIII-D [21] in which
no degradation was observed with increasing 3. However, in all scans, a [ degradation of
the global confinement time was observed, going from Byr o< %7 for the AUG shape
experiments to Byt oc 7% in the low rotation case and By7 oc 37%* in the high rotation
case. These results are then surprising.

AUG shape DIll-D shape

FIGURE 3.2. — Example of plasma shapes at low upper triangularity 9, < 0.1 labelled
"AUG shape" (left) and at higher upper triangularity J, ~ 0.3 labelled
"DIII-D shape" (right)

However due to the high sensibility of the analysis with respect to the choice of the time
sequence, none of these results were published. The discharges were not very stationary
and displayed dependence on the selected time window for the analysis. Therefore upon
matching between different parameters, the g degradation of the global confinement time
changes significantly (still in the error-bars, since they are quite large). Therefore, no clear
conclusion has been drawn after this set of experiments expect that this kind of experiments
are quite sensitive and challenging.

In parallel to this experimental work, we performed a simple [ scan, numerically. It
consists of a linear stability analysis using gyrokinetic simulations with the GS2 code [24]
in the experimental conditions (at least, using as much as possible, the experimental plasma
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3. Dimensionless approach and dedicated scan experiments

conditions as input parameters : local gradients, collision frequency, temperature ratio ...)
of the dedicated 3 scan. This work is contained in the publication included in the following
[Publication 2]. Note that most of the numerical studies on this topic are performed far
from the linear threshold of the main instabilities (i.e. in the CYCLONE base case cor-
responding to extremely large normalized gradient lengths). These plasma conditions (of
largely unstable situation), which are really useful to benchmark codes, remain far from
real experimental conditions, in which naturally the temperature and density profiles are
generally close to the threshold values (i.e. to marginal stability). This work shows that, in
the AUG experimental condition of the 5 scan, the KBM are not destabilized at this range
of B values, that the plasma triangularity does not modify the KBM stability and that
microtearing modes (MTMs) are linearly destabilized and dominant for a certain range of
wavenumber and gradient lengths (especially density gradient length). The latter, which
have a very narrow radial extension, are supposed not to play a crucial role in turbulent
transport.

In addition, in a recent publication [25], non-linear gyrokinetic simulations inlcuding
both ETG modes and MTMs indicates that radially localized current-sheet structures of
MTMs are strongly distorted by fine-scale & x B flows of ETG turbulence. Consequently,
MTMs are suppressed by ETG turbulence.

On another side, the linear simulations performed in the context of AUG expetiments
[Publication 2] show an interesting aspect, ITG modes are found to be slightly destabilized
with increasing 8. While this effect remains too weak to explain the 5 degradation obtained
it highlights a different behavior of the stability of ITG modes depending on the distance
from the linear threshold.
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Abstract. The [ scaling of micro-instabilities has been investigated by several authors using
gyrofluid or gyrokinetic description in linear as well as in non-linear calculations. The typical
picture well established now is that at low 3, Ion Temperature Gradient (ITG) mode is stabilized
with increasing [ until Kinetic Ballooning modes become unstable. Such kind of numerical
studies have been generally performed in plasma conditions close to the CYCLONE case, which
means for ion temperature gradient length strongly above the ITG linear threshold and density
gradient length around R/L, = 2.2. However, in some standard H-mode plasmas, not only the
ion temperature gradient length is closer to the ITG threshold but also the density gradient
length can be rather small as compared to the CYCLONE case. In these conditions, the
B scaling of micro-instabilities can significantly differ from the expected behavior described
above. The goal of this paper is to investigate numerically the 3 scaling of micro-instabilities
around such experimental conditions. Simulations have been performed using the gyrokinetic
electromagnetic flux-tube code GS2 in its linear version and considering as reference, discharges
from the dedicated 3 scaling experiments performed recently in ASDEX Upgrade. The effect
of changing the gradient lengths (density and temperature) within experimental errors-bars is
studied. It appears that for certain ranges of plasma parameters micro-tearing modes are the
dominant micro-instability and coexist in the spectrum with ITG modes with a comparable
growth rate. The effect of the plasma shape on the 3 scaling of micro-instabilities is also
investigated. It is shown that the triangularity affects slightly the KBM branch which is
destabilized at value of 3 clearly above the experimental range. However, it is found that
at pr = 0.7 Trapped Electron Modes are the most unstable instabilities and that such modes
are destabilized with increasing @ in agreement with results from dedicated (8 experiments
performed in ASDEX Upgrade.

© 2008 IOP Publishing Ltd I
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1. Introduction

The investigation on electromagnetic effects on micro-turbulence and heat transport is very
challenging, in both, theoretical and experimental studies but is of primary importance
considering the interest in operating at high £ in future devices.

Experimental studies on 3 scaling of heat transport did not lead yet to a clear conclusion. The
empirical scaling law IPB98(y,2) [1] exhibits a strong 5 degradation of the thermal confinement
time 73, as By, o< 8799, The dimensionless parameters dependence of the global confinement
time are obtained by replacing the engineering parameters in the empirical scaling law by
dimensionless parameters. Therefore, a little change in the exponents of engineering parameters
can lead to a significant change in the exponents of the dimensionless parameters. In particular,
the 8 dependence is very sensitive to the exponent of the additional power which is by itself
subject to large uncertainties. The alternative approach consists in measuring directly the 3
dependence of confinement by performing dedicated experiments in which 3 is varied keeping
the other dimensionless parameters (normalized Larmor radius p*, normalized collisionality v*,
the plasma shape, etc ...) constant. Such kind of experiments have been performed in DIII-D
and JET and no 8 dependence was found [2, 3]. In contrast, more recent experiments carried
out in JT-60U [4] and ASDEX Upgrade [5] found a 8 degradation comparable to the dependence
predicted in the scaling law.

From a theoretical point of view, a substantial effort to include electromagnetic effects in
numerical simulations has been undertaken. The study of finite § effects on core turbulence has
been investigated by several authors using gyrofluid [6, 7, 8, 9], as well as gyrokinetic [10, 11, 12,
13, 14] descriptions. The plasma conditions used for these studies were close to the CYCLONE
case (the normalized density gradient lenght R/L,, = RVn/n = 2.2 where R is the major plasma
radius, the normalized temperature gradient length R/Ly = RVT/T = 6.9, the magnetic shear
§ = 0.78, the electron and ion temperature ratio 7, /7; = 1 and the safety factor ¢ = 1.4), for
which at low § the most unstable modes are Ion Temperature Gradient (ITG) modes with the
maximum of the growth rate around kgp; ~ 0.3 (where kg is the poloidal wavenumber and p;
the ion Larmor radius). As a general result, linear simulations show that finite 3 effects on
ITG modes are stabilizing. With increasing 3, a transition from nearly electrostatic ion drift
turbulence to electromagnetic modes as Kinetic Ballooning modes (KBM) is observed. The
transition occurs when [ is increased above a threshold value generally smaller than the ideal
MHD ballooning limit. Non-linear simulations at low 3 give a 8 dependence of transport which
agrees with the linear results : far from the ideal ballooning limit, the ion heat conductivity
decreases with 8 but it starts to increase strongly when 8 approaches the ideal ballooning limit.
However, in high collisionality H-mode plasmas, not only the ion gradient length at mid-radius is
closer to the linear ITG threshold (R/Ly < 5) but also the density gradient length can be rather
small (around R/L,, ~ 1) as compared to the CYCLONE case (R/L,, = 2.2). In these conditions,
the behavior of the § scaling of micro-instabilities could be different from the expected picture
described above. The goal of this paper is to study the 8 dependence of micro-instabilities in
these particular experimental conditions which are close to the [ scaling discharges performed
in ASDEX Upgrade. The tool used for simulations is the gyrokinetic electromagnetic flux-tube
code GS2 [15, 16] in its linear version.

The remainder of this paper is organized as follows: in section 2 a description of the ASDEX
Upgrade discharges [5] used as reference for the numerical simulation parameters is given. In
section 3, O scans considering different density and temperature gradient lengths, within the
experimental error-bars, are presented. Spectra of micro-instabilities for low and high 3 cases
are shown in section 4. Section 5 is devoted to a discussion on the plasma conditions for which
the micro-tearing modes are the most unstable modes in the system. In section 6, the 3 scaling
of micro-instabilities at p; = 0.7 (p; is the normalized minor radius defined by the toroidal flux)
and the effect of the triangularity are presented. Finally, in section 8, a brief summary is given.
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2. Description of the reference discharge

As mentioned above, the reference input parameters used for the following simulations are based
on the best pair of discharges from the dedicated [ scaling experiments recently performed in
ASDEX Upgrade [5]. These discharges (#21403-421426) are in standard H-mode type-I ELMs
regime with pure NBI heating (all details can be found in the latter reference). During this
scan experiment, p*, v*, 3/B*, the safety factor ¢ and the plasma shape were kept constant
while only 8 was varied. This means that temperature and density gradient lengths as well as
the ratio T, /T; were equal in both discharges. Temperature, density and safety factor profiles
for the low (3 shot (#21403) are plotted in figure 1.
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Figure 1. Toroidal radial profiles for the low 3 discharge §21403. Average from t = [2.8 — 3.4]s.
a) Density profiles from interferometer data combined with lithium beam measurements (DLP)
(full line) and from Thomson scattering measurements (dashed line). b) Electron temperature
profile. c¢) Ion temperature profile. d) Safety factor profile.

The main input parameters for numerical simulations at p; = 0.5 are : T./T; = 0.9,
R/L, =[0.7;1.5;2], R/Lt, = 5.92, R/Ly; = 4.17, the electron collision frequency v, = 0.00279
logAn/Tgﬂa\/mi/Ti = 0.16 and the ion collision frequency v; = ve\/me/m; (Te/Ti)?’/2 with
the density in 10! and the temperature in keV. Note that the experimental uncertainty on the
gradient length is relatively large. In particular, the estimate of the density gradient length
depends on the diagnostic used (cf. figure 1) and may vary significantly (from R/L, = 0.7 to
R/L, =2 at py = 0.5). The Thomson scattering profile is flatter at the edge and more peaked in
the core than the profile obtained by combined measurements of interferometer and lithium beam
diagnostics. For comparison, the scaling law density peaking from Reference [17] predicts for
this discharge R/L, ~ 1.5. The experimental local- value ranges between 5(p; = 0.5) = 0.88%
(low B discharge) and B(p; = 0.5) = 1.48% (high 8 discharge). All simulations presented in
the following have been performed using the GS2 [15, 16] code which solves the gyro-averaged
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Vlasov equation coupled to the Maxwell equations. Dynamic of electrons and ions, passing and
trapped, is resolved and perturbations of the magnetic field in all directions (i.e., perturbations
both parallel B and perpendicular § B, to the equilibrium field) are included. Particle collisions
are modeled using a Lorentz collision operator. The GS2 code uses the ballooning representation
in which the coordinates follow the magnetic field lines (the ballooning angle is noted 6;).

To reproduce closely the experimental equilibrium, the Miller local equilibrium model [18]
was used. The equilibrium input parameters are : the normalized half-width of the flux surface
pe = 0.17, the local safety factor ¢ = 1.3, the local derivative of the Shafranov shift A’ = —0.15,
the local elongation xk = 1.377 and its derivative k' = 0.58, the local triangularity § = 0.03 and its
derivative ¢’ = 0.33, the magnetic shear § = (p/q) x (dg/dp) = 0.95. For the low S case, 8(p; =
0.5) = 0.88% and its local derivative 8’ = 3> [nT(R/Lr + R/L,)] = [—0.096; —0.110; —0.118]
depending on the density gradient length chosen. For the high g case, B(p; = 0.5) = 1.48% and
B =[-0.161; —0.183; —0.197].

All simulations have been performed including collisions and only two species were retained
which means that the deuterium density is imposed to match the electron density and to verify
the quasi-neutrality condition.

3. [ scan close to experimental conditions

The B scans presented in this section were performed at kgp; = 0.4 where ITG modes, which
are supposed to play the main role in heat transport in tokamak plasmas, are strongly unstable.
In these simulations 3 and (3’ are varied consistently while all other input parameters were kept
constant. In the local Miller equilibrium model [18] we used, the Shafranov shift is determined
by (', therefore it has also been changed consistently with 5. In term of plasma conditions,
there are several main differences comparing the present 8 scan to previous studies. Firstly, the
value of the ion temperature gradient length R/Ly; is here taken very close to the ITG threshold
while generally R/Lp; = [6.9—9]. Secondly, the collisionality in the present simulations is rather
high (v* = v;/(e wp;) = 0.05, where wy; is the ion bounce frequency). And as third difference,
the value of the density gradient length is small (generally R/L, = 2 — 2.2 while here in most
of the simulations R/L,, = 0.7 — 1.5).

The [ scaling of micro-instabilities is very sensitive to the density gradient length while
experimentally the uncertainty on this value is rather large. For these reasons, we have analyzed
three different values of R/L, = [0.7,1.5,2]. The evolutions of the growth rate and the real
frequency as a function of 3 are plotted in figure 2.

For R/L, = 2, ITG modes are the most unstable modes from g = 0 to § = 4.5%. Between
B = 4% and B = 4.5%, the real frequency as well as the growth rate shows a discontinuity
corresponding to the destabilization of KBM. In these specific conditions (R/L; close to the
ITG threshold), ITG modes are not stabilized with increasing 5 and the growth rate is very
weakly affected by any increase of 3. Note that in this scan, 3 and 3’ were varied simultaneously,
indeed the stabilizing effect of 3 is balanced by the destabilizing effect of 8’ (at low 3'), via the
Shafranov shift. This has been proven by repeating the same scan keeping 3’ constant : in this
case the ITG growth rate clearly decreases with increasing . For R/L, = 1.5, the behavior
of the f§ scaling of micro-instabilities is similar to the R/L, = 2 case with a slight shift of the
KBM threshold toward higher § values (around g = 5%).

For R/L, < 2, the behaviour of the growth rate is significantly different from the expected
theoretical picture of ITG stabilization with § up to the critical limit where the electromagnetic
modes (KBM) become unstable. For R/L, = 0.7, at low 8 (8 = [0 — 1%]), the most unstable
modes are ITG modes which are stabilized with increasing (3. For 8 > 1%, the most unstable
modes rotate in the electron direction. Looking at the eigenfunctions of such modes (figure 3),
it appears that the electrostatic potential (®) is asymmetric with respect to the ballooning
coordinate and the electromagnetic potential (A) is symmetric. This is not consistent with ITG,
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Figure 2. Growth rate and real frequency (normalized to v;p;/R where vy, = +/T;/m; and R
is the major radius) vs f3 for the experimental conditions of the reference shot §21403 at p; = 0.5
for R/L, = 0.7 (dashed line), R/L, = 1.5 (full line) and R/L, = 2 (dotted line). Simulations
were performed on n = 15 toroidal turns (circle symbols) or on n = 79 toroidal turns (square
symbols).

Trapped Electron Modes (TEM) or KBM instabilities for which the electrostatic potential (®) is
symmetric and the electromagnetic potential (A) is asymmetric. This behaviour is the signature
of micro-tearing modes which have been yet only detected, in experimental conditions, in high
£ simulations (8 = 10%) made for Spherical Tokamak plasmas [21, 22, 23, 24]. Micro-tearing
modes are very extended in the ballooning coordinate (6,) meaning that they are extremely
narrow in term of radial extension. Therefore, they required calculations on large boxes in term
of B (~79 toroidal turns) to be correctly resolved.
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Figure 3. Eigenfunctions for 8 = 2.5% (a) for simulations performed on n = 15 toroidal turns
and (b) for simulations performed on n = 79 toroidal turns as functions of the ballooning angle
Op.

In calculations performed on narrow boxes, the growth rate of micro-tearing is overestimated
and they can artificially appear as the most unstable modes in the system. Therefore, each time
micro-tearing modes have been identified as the most unstable modes in a simulation, we have
enlarged the box size until convergence was reached (6, grid extended up to a factor 5). In all
the following figures, square symbols represent runs on large box while circle represent smaller
box simulations.
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Figure 2 shows that the growth rate of the micro-tearing modes, 7,, increases with increasing
[ until a saturation phase is reached, around 8 ~ 3%. The appearance of micro-tearing modes
as most unstable modes is not only due to the ITG stabilization but also to the increase of the
micro-tearing growth rate with 3, for example, v,:(8 = 2%) > vyrra(8 = 0.5%).

In this 8 scan, micro-tearing modes are the most unstable modes until 8 = 6% at which
value a KBM is destabilized. However, a similar scan has been done with values of 8 increased
artificially by a factor 1.3 (not consistent with 8 and gradient length values) in which micro-
tearing modes are the dominant micro-instabilities even at 3 = 9%. KBMs have a stronger
dependence on ( than micro-tearing modes : when they become unstable, they become the
most unstable modes as soon as [ is slightly increased. This means that in such a case, where
3 is artificially increased, KBM are still stable at 8 = 9%.

The effect of changing the temperature gradient length within the experimental error-bars
has been also investigated. Simulations of § scans at kgp; = 0.4 increasing R/Ly; show that
for R/L, = 1.5, the expected ( stabilizing effect on ITG is recovered for R/Lp; > 5. For
R/L, = 0.7, the § range in which micro-tearing modes are the most unstable modes is reduced
but still exists between § = [2.5 — 4%)] even with R/Lp; = 7. Similar simulations have been
done to study the effect of the electron temperature gradient length R/Lt,. on the g scaling of
micro-instabilities. The results are presented in figure 4.

For R/Lt, = 4, the most unstable modes are ITG modes between 5 = [0 — 2]% for which
the growth rate decreases with increasing 8. For 8 > 2%, the dominant instabilities become
micro-tearing modes. Even at § = 5% no KBM is destabilized. Increasing slightly the electron
temperature gradient length to R/Ly. = 5 has a destabilizing effect on ITG. The ITG growth
rate increases slightly with increasing 8 and ITG modes stay the dominant instabilities between
B = [3.5 — 5]% instead of micro-tearing modes. At § = 5%, KBMs are destabilized. At low
B, for R/Lt, = 7, simulations did not converge. For § > 1.5%, the behavior of the dominant
modes is similar to the 3 scan for the nominal value R/Ly. = 5.9 already discussed above. ITG
modes which are the most unstable modes until 8 = 4.5% is very weakly affected by S.
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Figure 4. Growth rate and real frequency vs g for various values of R/ Ly, for R/L, = 1.5 and
kgp; = 0.4.

From these simulations, the effect of R/Lt. on the § scaling of micro-instabilities is not
very clear and surprising. In particular, ITG modes are found to be destabilized with increasing
R/ L, which is not expected from collisionless simulations in which trapped electrons are affected
by R/Lt, and lead to a stabilization of ITG with increasing R/ L.

Note that the AUG experiments, used as reference, cover the range G(p; = 0.5) = [0.88 —
1.48]%. Simulations show that in this range, the most unstable modes for R/L, = 1.5 and
R/L, = 2 (considering nominal values for R/Lt) are ITG modes. The growth rate is slightly
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increasing from the low g to the high g8 (by about 9%). For R/L,, = 0.7, at 8(p: = 0.5) = 0.88%
the most unstable modes are also ITG modes (with a growth rate very close to zero) but for the
high 3 case, micro-tearing modes are the most unstable modes. The appearance of micro-tearing
for such small values of 8 (8 < 2) is rather unexpected especially at wavenumber kgp; = 0.4 for
which the ITG growth rate is close to its maximum value.

4. Spectrum of micro-instabilities

The simulations discussed in the previous section showed the presence of micro-tearing modes
for R/L, = 0.7 at kgp; = 0.4. This value of R/L,, is at the lower limit of the experimental
error-bars and may be considered too small even for a high collisionality H-mode plasma in
ASDEX Upgrade. Therefore in this section, we discuss the spectrum of micro-instabilities for
R/L, = 1.5.

Figure 5 shows the linear spectrum of the most unstable modes in the range kgp; = [0.1—0.6]
for both low and high 8 cases. ITG modes appeared to be the most unstable modes for
kgp; = [0.2 — 0.5] with a maximum in the growth rate at kgp; = 0.3 for both values of .
Surprisingly, at lower wavenumber (between kpp; = [0.1 — 0.2]) micro-tearing are the most
unstable modes. This result shows that even with a standard value of density gradient length,
micro-tearing modes may be unstable in H-mode plasmas at low 8 values. Furthermore, the
growth rate of micro-tearing and ITG modes are comparable.
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Figure 5. Spectrum for R/L, = 1.5 for the low g case (8 = 0.88%) and for the high 3 case
(B =14%).

However, it is important to underline that even if the poloidal wavenumber is smaller for
micro-tearing than for ITG, the radial wavenumber of micro-tearing modes is much higher than
the ITG one. This is due to the fact that micro-tearing have a very narrow radial extension. As
a result, the average perpendicular wavenumber &k, , computed by GS2, is a factor of 5 higher
for micro-tearing modes (k,p; = 2.5) as compared to ITG modes (k,p; = 0.5). According to
the quasi-linear theory and the mixing length estimate (x o< v/k? ), ITG modes are therefore
expected to play the dominant role in heat transport. However, it is well known that during
the non-linear evolution, the spectrum of ITG turbulence is down shifted from kgp; ~ 0.3 in the
linear phase to kgp; ~ 0.15 in the saturated non-linear phase [20]. In this spectral region, micro-
tearing modes are linearly unstable and up to now the non-linear coupling of such modes with
ITG modes is not completely understood. In reference [8], it has been shown when ITG modes
are stabilized enough by the increase of 3, the electron heat transport can become dominated
by micro-tearing modes. In addition, it is apparently possible for micro-tearing to exhibit self-
sustainment. On another hand, it is not certain that taking the perpendicular wavenumber of
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the linear modes as an average yields a reasonable estimate of the transport coefficients especially
for electromagnetic modes such as micro-tearing.

In figure 5, it can also be observed that, for both branches, the increase of 8 has a weak effect
on the growth rate and does not affect the real frequency.

The computation of the spectrum for R/L, = 0.7 at 8 = 0.88% shows that ITG modes are
weakly unstable, with a very low growth rate, as seen in figure 2 for kyp; = 0.4. Thus, at low
density gradient, the micro-tearing branch extends to higher wavenumbers as compared to the
R/L, = 1.5 case (between k; p; = 0.1 — 0.3), with a comparable value of the growth rate.

5. Stability conditions of micro-tearing

Starting from the input parameters of the low g case with R/L,, = 1.5 for kgp; = 0.15, we have
tried to define the domain in which micro-tearing modes are the most unstable instabilities. It
has been found that, in AUG conditions, micro-tearing modes appear to be the most unstable
modes when R/Ly, > 3. A minimum of § = 0.4% is required to obtain v, > vyrrg and
for 3 > 6% KBMs start to be dominant instabilities even at kygp; = 0.15. The micro-tearing
threshold in term of collisionality has been found to be between v, = 0.066 and v, = 0.1.

Up to now, micro-tearing modes have been identified as the dominant micro-instabilities
in gyrokinetic simulations applied to experimental discharges [21, 22, 23, 24] only for plasma
conditions of the Spherical Tokamak (ST). The plasma parameters of ST discharges are rather
different from AUG plasmas conditions. In particular, the plasma shape is different as compared
to conventional tokamaks and very high 3 can be reached in ST (up to a factor 10 higher than
in AUG plasmas). The number of parameters which may play a role in the stability of micro-
tearing, ITG and TEMs is so large that it is very difficult to make a direct and complete
comparison of the present study with MAST [23, 24] publications. However, we would like
to underline some specific differences and agreements. The first difference is that, in AUG
simulations, micro-tearing modes are the most unstable modes only for a limited part of the
spectrum (around kgp; = 0.15) and coexist with ITG while on MAST they are dominant over
the entire poloidal wavenumber range (kgp; = [0 — 1]) with a clear maximum of the growth
rate localized around kgp; = 0.8. Secondly, the § scaling of the micro-tearing growth rate in
MAST conditions exhibits a maximum at 8 = 15% [24] but these modes are almost completely
stable at § = 5%. The maximum of the growth rate of micro-tearing modes in MAST is
around v = 7.56 x 103s~! while in AUG simulation, v = 5.48 x 10°s~!. These comparable
amplitudes at very different 3 values show that the 3 scaling of micro-tearing is strongly affected
by other plasma parameters. For example, micro-tearing stability is strongly dependent on
collisionality [24] and in AUG simulations, v, is lower by about a factor of 3 as compared to the
MAST case.

6. Effect of the triangularity at p; = 0.7

Experimentally, the plasma shape is known to play a role in the quality of the confinement in
tokamak plasmas. The increase of the elongation x and of the triangularity ¢ is favorable
in experiments. For example, it provides a significant increase in the [ stability limit in
DIII-D [25, 26] and the increase of triangularity changes the plasma edge dynamics (such as
ELMs) and leads to an increased edge pressure gradient and consequently to an increase of the
confinement time [27]. The effect of plasma shaping has been investigate numerically by several
authors [28, 29, 30, 31]. As general results, it has been found that the elongation has a stabilizing
effect on ITG mode and TEM while the effect of the triangularity seems to depend itself on the
value of the elongation. In the electrostatic limit, § has been found to be destabilizing at
moderate x and stabilizing at high s [31]. In electromagnetic simulations, ¢ is also found to
have a stabilizing effect on KBM by increasing the threshold of such modes.
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The impact of increasing triangularity, in the conditions of the AUG [ scaling experiments,
on the micro-instabilities [ scaling is explored in this section. As plasma shape affects more the
edge, even if in this work we investigate core turbulence, triangularity effects have been study
at p = 0.7 to use plasma parameters closer to the edge conditions. The main input parameters
at p = 0.7 are : T./T; = 0.71, R/L,, = 3.26, R/Ly. = 9.68, R/Lp; = 3.56, v; = 0.0036 and
ve = 0.35. For the low 8 case, B(p: = 0.7) = 0.68% and its local derivative 8’ = —0.109. For
the high g case, B(ps = 0.7) = 1.08%.
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0.2r
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Figure 6. (3 scaling of the growth rate and the ral frequency at p; = 0.7 for § = 0.07 (full line)
and 0 = 0.4 (dotted line)

Figure 6 shows the growth rate and the real frequency of the most unstable modes at p; = 0.7
for two values of triangularity (6 = 0.07 which is the nominal value in the reference discharge
and 6 = 0.4 corresponding to the experimental value of a high triangularity AUG plasma).
Firstly, in the § scaling under experimental conditions at p; = 0.7 (§ = 0.07), it appears that
TEMs are the most unstable modes from the electrostatic limit to 8 = 1.5% and that TEMs
are destabilized with increasing 3. The fact that TEMs are the most unstable modes for these
conditions of low density and high density gradient is not unexpected. It has been found from
linear gyrokinetic simulations that in ASDEX Upgrade discharges, with similar gradient lengths
than in this present study, TEMs are the dominant instabilities [32]. However, the influence of 3
on TEMs are not well known and the destabilization of TEM with increasing (3 is an interesting
result which requires deeper investigations.

Note that the experimental range of § values is in the regime of dominant TEM. The
growth rate increases by about 30% from the low 8 (8(p; = 0.7) = 0.68%) to the high (3 case
(B(pr = 0.7) = 1.08%) while the perpendicular wavenumber computed by GS2, k, decreases
from k; = 5.37 to k;, = 5.03. This behavior leads to an increase of the mixing length estimate
X X ’y/kﬁ_ of about 50%. The simulation performed at 8 = 2% did not converge and we can
observed a jump of the absolute value of the real frequency between 8 = 1.5% and 8 = 2.5%
which means that the nature of the most unstable modes changed. At 8 = 2.5%, micro-tearing
modes are again the dominant instabilities (in these simulations, kgpp; = 0.4). Another transition
appears around 8 = 4%, this time, the real frequency as well as the value of the growth rate
jumps. The dominant modes, which rotate in the ion direction, are KBMs.

Now, increasing artificially the triangularity (keeping its derivative constant as compared to
the low § case), no micro-tearing modes appear as the most unstable modes at any value of
(. TEMs are also the dominant micro-instabilities at low 8 and destabilized with increasing [.
The B value for which the KBM becomes the dominant instability is not strongly affected by
the change of the triangularity.
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7. Summary

The 8 dependence of micro-instabilities have been studied using linear gyrokinetic simulations
in experimental conditions of the ASDEX Upgrade dedicated § scan discharges. In such high
density H-mode plasmas with low density gradient, it is found that when the ion temperature
gradient length is close to the linear ITG threshold, § scaling of micro-instabilities is very
sensitive to the density gradient length. The f scaling of micro-instabilities can significantly
differ from the expected behaviour in which at low 8, ITG modes are stabilized with increasing
[ until KBMs start to become unstable.

From linear gyrokinetic simulations, KBMs seem not to play a role in the 8 degradation
observed in dedicated ASDEX Upgrade experiements. First, it is found that KBMs are
destabilized at value of § clearly above the experimental 3 range. Even changing the density
gradient length and the temperature gradient length within the error-bars do not change this
result. The effect of the plasma triangularity on the KBM branch has been also investigated.
It shows that at p, = 0.7, the increase of the triangularity does not affect strongly the KBMs
stability.

It is also shown that for low density gradient length, micro-tearing modes are the most
unstable modes already for § = 1%. Such modes are dominant at kgp; = 0.4 for the specific case
of very low density gradient length (R/L,, = 0.7) but are also found to coexist with ITG modes
for higher value of R/L, (R/L, = 1.5) at kgp; = 0.15 with similar value of the growth rate.
These modes, which have a very narrow radial extension, are supposed not to play a crucial role
in the turbulent heat transport observed in tokamak plasmas . However, non-linear evolution
of such modes and their coupling with ITG modes are not completely understood. Therefore,
their role in the 8 dependence of heat transport is not excluded and deeper investigations are
required.

In addition to this, it has been found that, for values of R/Lr; close to the linear ITG
threshold, the 8 dependence of I'TG modes is rather different from expected. In these conditions,
[ has a very weak effect on ITG stability. At low 8 (8 < 2%), ITG modes are slightly destabilized
with increasing ( while the stabilizing effect of § slowly starts for § > 2%. Even if, in the
experimental 8 range, I'TG modes are destabilized with increasing (3, the absolute effect is very
weak and the perpendicular wavenumber decreases in the same time as the growth rate increases
leading to a change in the mixing length estimate which is not in agreement with the observed
experimental 3 degradation.

Finally, the study of the g scaling of micro-instabilities at p; = 0.7 has shown that TEMs
are the dominant modes and that § has a destabilizing effect on TEM. In this case, not only
the growth rate increases with increasing 0 but also the perpendicular wavenumber decreases.
In the experimental [ range, the mixing length estimate x o 7/ kﬁ_ changes by about 50% from
the low § to the high 8 case. Therefore, TEMs may play a role in the 8 degradation observed
in ASDEX Upgrade.
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3. Dimensionless approach and dedicated scan experiments

From this entire work, it appears difficult to clearly conclude about the § dependence
of confinement and heat transport. However, since all experiments performed during this
study exhibit a g degradation, it is unlikely that S has no impact at all in turbulent
transport in actual tokamak plasmas and performance degradation could be expected in
future devices. In addition, it should be noted that new experiments have been performed
in JET (without my participation) exhibiting a clear § degradation [26]. Therefore, in
2008 all tokamaks which have investigated (8 scaling have shown a 3 degradation, while in
2005, DIII-D and JET experiments, cited as reference, claimed that no § degradation is
observed in tokamaks. Unfortunately, I do not believe that this turnaround is the result
of progress in performing this kind of experiments (even if for sure, progress have been
made, notably to measure and control the plasma) but translates the large sensitivity of
such dedicated scans. As mentioned above, errors bars on the power indexes deduced from
these experiments are quite large (reaching sometimes 100% of the index, which makes
no sense). Another important limitation of dedicated dimensionless scans, comes from the
fact that such experiments are designed to study the core plasma. However, in H-mode
plasmas, the formation and the subsistence of the density pedestal strongly constraints
these experiments. In order to match the global and local quantities, the density is largely
increased during the high S plasma of such scans, leading to the excessive use of gas
puffing, which degrades the edge conditions strongly. Also, the potential role of plasma
shape observed in dedicated dimensionless scans, is probably an 'edge effect" since the
profiles of dimensionless parameters are usually not well matched at the edge.
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4. Wavenumber spectrum of density
fluctuations

The shape of wavenumber spectrum represents the distribution of fluctuation energy
over different spatial scales. In other words, it represents how different spatial scales of
turbulence interact and exchange energy with each other. It contains detailed information
about the character of underlying instabilities and the mechanisms involved in energy
transfer between different scales. The knowledge of the wavenumber spectrum can help
us to identify which instability is the dominant one, and to determine which mechanisms
cause the cascade of energy (or some other conserved quantity such as enstrophy, free
energy etc.). As a result, wavenumber spectrum is one of the few quantities which allow
us a high detail comparison (i.e. a "lower order” in contrast to a comparison, merely of y;)
between experiment and theory. This latter feature, is the main motivation of the work
performed on this topic.

Forward Enstrophy ]
Cascade |

Inverse Energy 7:1/ B

Cascade \ ]
LI

0.1 1 10

FI1GURE 4.1. — Cartoon of the usual 2D cascade assuming that the turbulence is isotropic
and homogeneous. Figure is taken from [27]

The fluid theory is interesting here to get a simple understanding of the non-linear
dynamics of turbulence, which determines the shape of the wavenumber spectrum. In fluid
theory, the wavenumber spectrum is derived using a dimensional analysis. This formulation
requires a conserved quantity and the existence of an inertial range, a range of scales, for
which the production and dissipation of this conserved quantity can be neglected. In 2D,
the injection of energy is expected at a given limited scale while the energy is transferred to
larger scales via inverse energy cascade or to smaller scales via forward enstrophy cascade,
to be dissipated, respectively at larger and smaller scales (see. cartoon presented in figure
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4. Wavenumber spectrum of density fluctuations

4.1). For 2D Euler turbulence, considering the vorticity conservation equation and energy
and enstrophy as conserved quantities, the dimensional analysis gives a forward enstrophy
cascade range in which the energy scales as E(k) oc 2/3k~% and an inverse energy cascade
range in which the energy spectrum is £(k) oc ¢2/3k7%/3 corresponding to the well-known
Kraichnan-Kolmogorov spectra. It should be noted that in the context of comparison with
fluctuations measurements, instead of spectral energy, one has to use fluctuation intensity.
Since for Euler turbulence, the spectral energy E(k) o< kv? and v o< k¢, then E(k) oc ¢?/k?
and the fluctuations intensity becomes || oc k= 14/3 k6.

It should be emphasised that the existence of an inertial range, in fusion plasmas, is
highly questionable. First, the injection is not really localized and there exists a multitude
of linear instabilities injecting turbulence energy in various different scales. In addition,
dissipation is not truly localized in fusion plasmas either, since the main processes that
dissipate turbulence energy are Landau damping and the existence of linearly damped
large scale structures (such as zonal flows and GAMSs) that feed on turbulence. Both of
these may extract energy from micro-turbulence over a wide range of spatial scales.

From a diagnostic point of view, measurements of the wavenumber spectrum (k-spectrum)
in fusion plasmas is challenging since it requires a scale selectivity over a certain range of
scales and access to the hot, confined plasma without perturbing it. Therefore, there are
relatively few measurements of the k-spectrum. Most of the measurements of density fluc-
tuations are based on the detection of radiation mainly coming from the scattering of
a probing, electromagnetic beam on the density fluctuations. Micro-waves, with or wi-
thout cut-off in the plasma, or shorter wavelength beams such as Far-Infra-Red (FIR)
(A = 1.22mm) [28] or COy (A = 10.6um) lasers [29] can be used as probing beams. For
example, first measurements of wavenumber spectrum in the range of medium to large wa-
venumbers (typically k ~ [5 — 15]cm™!) were obtained in 1976 [30] using wave scattering
in the ATC (Adiabatic Toroidal Compressor) machine. This technique uses forward scat-
tering of micro-waves to probe the plasma without a cut-off layer in the plasma (unlike the
standard reflectometry technique). More common techniques based on forward scattering
of electromagnetic waves using lasers have been largely used leading to the first measure-
ments of both poloidal and radial wavenumber spectrum, in 1987, in the TEXT tokamak
[31]. This measurement, using FIR laser, exhibits an anisotropy of large scale structures
(k < 5cm™') which has been also observed using Beam Emission Spectroscopy (BES)
[32, 33], which measures the local density by observing the collisionally excited emission
from the deuterium beam particles as they traverse the plasma, interacting with plasma
electrons and ions. This anisotropy, at small wavenumbers, is such that while the poloidal
wavenumber spectrum peaks around kgps = 0.1 — 0.3 (corresponding approximatively to
2cm ™), the radial wavenumber spectrum does not exhibit any maximum at the observed
range and decreases continuously from k,.p, = 0. This anisotropy is well recovered in gyro-
kinetic simulations [34] and is coherent with the existence of radially elongated turbulent
structures which generate significant energy transport in the radial direction.

Considering a wider wavenumber range, the perpendicular wavenumber spectrum has
been measured using laser scattering on Tore Supra [35] between k| ps = [0.5 — 2.5]. Note
that here and in the following, the "perpendicular" direction refers to the binormal direc-
tion which is defined as the direction that is perpendicular both to the magnetic field line
and to the radial direction on the magnetic surface. At small k (kp, < 1), it is found to
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decrease as k| °, in agreement with early measurements in the tokamak Microtor [36] (using
FIR) which found a decrease as k>®. Thanks to the improvement of turbulence simula-
tions through the development of gyro-kinetic description and of computing capabilities,
comparisons between experiments and simulations in more and more realistic conditions
become possible. In particular, a precise comparison has been performed using gyrokinetic
simulations, for ion turbulence scales (kp; < 1), and using experimental plasma condi-
tions (as much as possible) of the Tore Supra experiments [37]. The comparison of the
perpendicular wavenumber spectrum shows an encouraging agreement in this wavenumber
range. Note that the precise comparison required an adequate treatment of the simulation
results in order to be consistent with the diagnostic selectivity (integration on the same
radial wavenumber range). This specific aspect motivates a subject of research on synthetic
diagnostic [38].

The radial wavenumber spectrum has also been measured in Tore Supra in L-mode
plasmas using fast sweep reflectometry [39, 40]. At small k (i.e. k.ps < 2), it is found to
decrease slightly more slowly than the perpendicular wavenumber spectrum, as k %5+0-25,
also in agreement with the gyrokinetic simulations mentioned above [37]. However, it was
shown that the probing of the edge plasma using micro-wave in X-mode polarization may
be affected by non-linear effects of wave propagation leading to a flattening of the measured
spectrum [39]. This issue has been addressed using both analytic and numerical studies
[41, 42, 43] showing that above a certain threshold (depending mainly on amplitude and
correlation length of the density fluctuation and on the probing frequency), the detected
signal is largely affected by small angle multi-scattering. This aspect must be kept in mind
when studying wavenumber spectra measured using micro-wave scattering.

For ki p; > 1, the level of fluctuations turns out to decrease much faster for scales
smaller than p;, typically with a power law S(k;) oc k% The transition is observed for
1 < kip; < 2 [35]. This first observation of a fast decrease was surprising and was not
confirmed by numerical simulations, which had to resolve smaller scales in order to adress
this issue. These aspects motivate, both, new experimental and theoretical approaches. The
latter lead to the derivation of spectral models for drift-wave based on the Hasegawa-Mima
[44] and Hasegawa-Wakatani [45] models that include interactions between fluctuations and
large scale flow structures. When interaction between a large scale mode (such as zonal
flows for example) and the disparate scales are dominant, the steady state spectrum is
found to have the form [40] :

on? oc k*/(1 + k?)? (4.1)

A generalized form, more flexible and permitting the application of the fitting procedure
is obtained using, for example an "i-delta" model to relax the adiabatic condition in the
Hasegawa-Wakatani model :

ka
As
(14 ank?)? 4 B1k?
It is interesting to mention that using the dimensional analysis for 2D fluid, as discussed
above for Kraichnan-Kolmogorov spectrum, the k-dependence of Eq.4.1 can be recovered.
This is obtained by adding non-local interactions (in term of wavenumbers) with a single
dominant mode (see illustratiion in figure 4.2) and using the Hasegawa-Mima model. While

(4.2)
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4. Wavenumber spectrum of density fluctuations

this approach is not completely rigourous (since different scales are involved), it allows one
to emphasise that the main ingredient to obtain this k-spectrum shape is the non-local
interaction and the simple model of drift wave turbulence. For a nice and more detailed
description of shell model for wavenumber spectrum resolution, one can refer to [27].

Note that in the variety of existing theoretical models that address the question of the
shape of the wavenumber spectrum in plasma turbulence, other mechanisms are considered
such as damped modes which may play the role of dissipation for small wavenumbers [47,
48] and kinetic effects such as phase mixing (similar to Landau damping) that will create a
"transfer" in the phase velocity space [19, 50] in the transfer region of the spectrum (k, p; >
1). The critical balance hypothesis is then used to couple the parallel and perpedicuar
wavenumbers and is also used in the low wavenumber range [51].

ZF Mediated ]
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FIGURE 4.2. — The cartoon of the Zonal Flows (ZF) mediated 2D "cascade'. Figure is
taken from [27]

The novel experimental approach consists of developping a Doppler Back-scattering
(DBS) system [52, 53] in order to perform, among other objectives, a specific study of
the wavenumber spectrum in L-mode plasmas of the Tore Supra tokamak. The Doppler
backscattering system allows the detection of density fluctuations with a high sensitivity,
combining advantages from both reflectometry and scattering techniques, namely a good
spatial localization and a good scale selectivity, respectively. This technique is detailed in
the Annex A.

A first encouraging attempt of DBS measurement was previously performed on Tore
Supra [54]. The main part of the system used in the work presented in this manuscript
was installed on Tore Supra in 2003. It has two channels in the equatorial plane : one of
which operates in the V-band frequency range (50-75 GHz) in ordinary polarization (i.e.
O-mode) and a second one covers the W-band (75-110 GHz) in extra-ordinary polarization
(i.e. X-mode) [52, 53]. In addition, in 2010, a complementary channel has been installed
on the top of the machine with a vertical line of sight. The latter operates in the V-band
with an ordinary polarization and has been used essentially in the study presented in the
next chapter. Note that in parallel to the DBS development, Upper Hybrid Resonance
Scattering (UHRS) [55] system were developed and installed on the small tokamak FT-2
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[56]. This system is able to probe small scale density fluctuations using the presence of the
resonance, were probing wavenumber and electric field amplitude increase strongly. Perfor-
ming radial correlation between two close probing frequency channels, one can recover the
radial wavenumber spectrum over a large wavenumber range (typically from k,p; = 1 to
k.ps = 10). The wavenumber spectrum obtained in FT-2 shows a faster decrease, as k',
for k.ps > 2 [57, 58|(figure 4.4), similar to the behavior of the perpendicular wavenumber
spectrum [35]. In addition, later on, DBS systems were also installed on AUG and DIII-D
tokamaks [59, 60] and on TJ-II stellerator [G1]. In AUG, k-spectrum were measured and
no fast decrease was observed in the wavenumber range k, reinforcing the necessity of a
new investigation on Tore Supra, in which long stationary phase in L-mode plasmas allows
detailed turbulence measurements. The experimental study of the k-spectrum performed
using DBS in Tore Supra plasmas is presented in the publication included next [Publication
3.
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Article history: A better understanding of turbulent transport in a tokamak plasma requires precise
Available online 17 March 2011 comparisons between experimental observation and theoretical prediction of micro-
p . turbulence characteristics. The repartition of fluctuation energy over different spatial scales,
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which contains detailed information about the character of underlying instabilities and
the mechanisms involved in energy transfer between different scales, is one of the few
quantities allowing a high detail comparison. The present article reports the investigation
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RESUM E

Une meilleure compréhension du transport turbulent dans les plasmas de tokamak
exige des comparaisons précises entre les observations expérimentales et les prédictions
théoriques des caractéristiques de la micro-turbulence. La répartition de I'énergie des
fluctuations sur les différentes échelles spatiales, qui contient des informations sur le
type instabilités sous-jacentes et sur les mécanismes de transfert d’énergie entre échelles
spatiales, est I'une des rares quantités permettant une comparaison de niveau élevé. Cet
article présente le travail mené sur le tokamak Tore Supra sur I'étude du spectre en
nombre d’onde de la micro-turbulence mesuré par rétro-diffusion Doppler. L'approche
théorique consiste en la dérivation de modéles spectraux qui inclut les interactions entre
les fluctuations et les structures d’écoulement de grandes échelles.

© 2010 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

The performance of most recent tokamaks are limited by the existence of turbulent transport (also denoted as anomalous
transport) that results in loss of heat, faster than only through the effect of collisions. The main instabilities that underlie
turbulent transport in fusion plasmas are now well identified. The spectrum of such instabilities is quite rich and extend
over a large range of spatial scales. At the “large scales” of the micro-turbulence range (i.e. relatively smaller wavenumbers),
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the main instabilities are the modes driven by the lon Temperature Gradient (ITG) and Trapped Electron Modes (TEM), where
the latter is driven by the electrons trapped in the low magnetic field side of the machine. Both of these modes develop
at spatial scales of the order of the ion Larmor radius (typically p; =[1 mm-1 cm]). At even smaller scales, there are
modes driven by the Electron Temperature Gradient (ETG) with spatial scales around the electron Larmor radius (typically
pPe = [10 p1m-100 pum]). These micro-instabilities are all driven unstable by density and temperature gradients above a
certain threshold.

Nonlinearly, turbulence in the core of tokamak plasmas self-organises through the development of large scale structures
that back-react on small scale fluctuations. In particular, two kinds of structures have been identified from numerical simula-
tions of turbulence. In the case of ITG turbulence, the linear instability has a so-called ballooning structure that is extended
in the radial direction, commonly named streamers, and leads to rapid rise of the ion heat transport. As back-reaction, large
scale sheared flows, called “zonal flows” are nonlinearly generated. These tend to regulate the ion heat transport by shearing
apart radially elongated linear structures [1]. The existence of such zonal flows has been confirmed by several observations
on different machines (for a complete review see [2]) however their roles in the saturated state still remains to be investi-
gated. In addition, while the experimental level of ion heat transport may roughly be explained by the ITG modes, the role
of TEM and ETG in the observed electron heat and particle transport also remain an open question.

A better understanding of turbulent transport requires precise comparisons between experimental observations and the-
oretical predictions. The repartition of fluctuation energy over different spatial scales, as represented by the wavenumber
spectrum, contains detailed information about the character of underlying instabilities and the mechanisms involved in en-
ergy transfer between different scales. As a result, wavenumber spectrum is one of the few quantities which allow us a high
detail comparison (i.e. a “lower order” in contrast to a comparison, merely of ;) between experiment and theory.

The first observations of wavenumber spectra of density fluctuations made in the early eighties, showed that the fluc-
tuation energy is concentrated at ion scales, (i.e. at relatively small wavenumbers, kp; < 1) [3-7], which correspond to the
range for which ITG/TEM are unstable. At these scales, a difference between the radial direction and the poloidal direc-
tion is highlighted [3,5,8]. While the anisotropy is clearly manifest for smaller wavenumbers (k <2 cm™'), for the larger
wavenumbers, the fluctuation energy follows, in both directions, a power law S(k) = én? o k=% such as o ~ —3.54+1 [9-13].
This behaviour is generally observed for kp; < 1. Thanks to the extension of the spatial scale range of the measurements, a
faster decrease of the energy of fluctuations at higher wavenumbers has been observed, for the first time on the Tore Supra
tokamak: the spectrum is composed of two power laws, at small k, S(k) = k=3 while from kp; = [1 — 2] S(k) = k=5 [14].
Similar spectra have, then, been also observed in W7-AS (k=28 and k~%-) [15] and in FT-2 (k=25 and k~7) [16]. This kind
of spectrum evokes two-dimensional fluid turbulence in which, in addition to a direct cascade that transfer energy from
large to small structures, an inverse cascade takes place. However, the similarity between fluid and magnetized plasma tur-
bulence is rather limited. First, in plasmas, injection appears at various different scales. Secondly, as mentioned above, the
development of large-scale structures that interact with the background fluctuations is known to impact the saturated state
of turbulence possibly more profoundly than the case of fluid turbulence.

Thanks to the impressive improvement of turbulence simulations through the development of gyro-kinetic description
and of computing capabilities, comparisons between experiments and simulations in more and more realistic conditions
become possible. In particular, it has been recently shown that wavenumber spectrum obtained from gyrokinetic simula-
tions is consistent with experimental observations [17] for ion turbulence scales (kp; < 1). However, the behaviour of the
wavenumber spectrum at smaller scales still remains unresolved.

In this article we present the investigation on the wavenumber spectrum shape that we have performed on the Tore
Supra tokamak. In order to increase our understanding of plasma turbulence, we use the experimental and the theoretical
approaches, in parallel. The theoretical approach involves the use of simple turbulence model, which allows us to isolate
specific mechanisms and to study the impact of these mechanisms separately. Thus, on the one hand, we derive spectral
shell models to describe the evolution of turbulence spectrum that include large scale flow structures and the interactions
between these structures and fluctuations [18]. On the other hand, we extensively used an efficient and flexible diagnostic,
during dedicated experiments, to determine wavenumber spectrum with a combined spatial localization and wavenumber
resolution over a large spatial scale range and during a single discharge.

Theoretical background and a description of these spectral shell models are given in Section 2. The experimental ap-
proach is then detailed in Section 3. We first present the Doppler back-scattering system installed on Tore Supra and the
observation of wavenumber spectrum of density fluctuations and how it compares with theoretical results. Then a discussion
on perspective works is proposed in the last section.

2. Theoretical considerations

Theoretical understanding of the form of the wavenumber spectrum in plasma turbulence is nowhere near the under-
standing of wavenumber spectrum in fluid turbulence. There are different approaches, with different implications about
the form of the spectrum, some of which are incompatible with each-other. The quasi-linear approach, which involves bal-
ancing the linear growth with a weak-turbulence quasi-linear transfer rate [19,20], gives a spectrum in the linearly driven
region and explains roughly the shape of the spectrum near the region of the drive (k; ps < 0.5). However especially near,
and just beyond k, ps ~ 1, the linear growth linked to ITG/TEM modes (the primary sources of energy injection), is al-
most completely irrelevant. For instance, for the standard ITG mode, nonlinear transfer dominates over the linear growth
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approximately around k; ps > 0.6 [17], beyond which the spectrum becomes clearly isotropic. This has various interesting
implications. First, if we consider a given scale, the energy that enters that scale does not come directly from the instability
(i.e. the for which the background gradient is the free energy source), but rather from the nonlinear transfer. The transfer
in plasma turbulence involves a process akin to the standard cascade processes of fluid turbulence. However, in addition
disparate scale interactions with large scale structures such as Zonal Flows, Geodesic Acoustic Modes (GAMSs) or convective
cells, are also likely to play a role in the form of the spectrum.

In order to obtain a simple description, it is common to take plasma turbulence as being two dimensional. This is
justified by the fact that the fluctuations are generally rather elongated in the direction parallel to the strong confining
magnetic field, and have a locally two-dimensional character for the spatial scales of interest. It is also common to take the
electron response as being adiabatic for further simplification when one is concerned with the ion Larmor radius scales.

This means that the plasma maintains % ~ %, so that the parallel force on electrons is zero. If a fluctuation deviates from

this, the electrons move rapidly in the parallel direction and re-establish this state. Note the contradiction here, however.

We take the plasma as being 2D (i.e. V| & 0), yet we say that in order for the force (F ~ —TeVH(% — %)) to vanish it has
to be that % ~ %. This is in fact resolved by separating the k =0 modes (large scale structures, denoted here by @), from

those that have small but nonzero k| (denoted actually by @), that is @ = @ + &, and compute the force only from this
fluctuating component whose kj is small but nonvanishing.

2.1. Potential vorticity conservation

The simplest two-dimensional theoretical models of plasma turbulence are reduced fluid models, such as Hasegawa-
Mima [21], or Hasegawa-Wakatani [22] models, which are akin to some of the simplest geophysical fluid dynamics (GFD)
models such as the Charney model (see for instance [23] for the detailed analogy). The mathematical similarity between
these two physically very different systems can be emphasized in particular by using potential vorticity (PV) description. It
can be shown that, nonlinear dynamics in these reduced systems conserve potential vorticity.

In the case of fusion plasmas, the potential vorticity defined as h = nigc ~n— pr%%) (and is linked to the ion guiding

center density n;gc) is indeed conserved:

dh 0

dt —
In principle, after solving for h, the adiabatic electron response % ~ % can be used to revert the solution that is found for
PV in terms of density:

flk = (1 +k2)ék
in normalized units (i.e. x — X'/ ps, t =t'2j, ® — e®’/Te, n — n’/ng etc. where the primed coordinates have physical units).

We shall use the conservation of potential vorticity in order to formulate our simple shell model that permits a computation
of the wavenumber spectrum when the interaction with the large scale flows are dominant.

2.2. Shell model and wavenumber spectrum

Once it is established that PV conservation is a good approximation to turbulent plasma dynamics, one can use it to
build a simple shell model. Such models, which are based on homogeneous, isotropic turbulence, and local interactions are
used commonly in fluid dynamics and they can be used to

1. obtain the steady state spectrum by finding the fixed points of the shell model
2. study nonlinear dynamics, intermittency etc. by numerically integrating them in time

In order to be applicable to fusion plasma systems we include local as well as disparate scale interactions. Since we are
interested mainly on the small scales, we integrate over the large scale structures as a single k; =0 mode with an average
perpendicular wavenumber denoted by q.

Nonlinear interactions in a PV conserving system, or the particular example of Hasegawa-Mima model, conserve energy
and generalized enstrophy. Similarly the nonlinear interactions in Hasegawa-Wakatani model conserve kinetic and internal
energies and a generalized helicity-like term involving both density and electrostatic potential. When the disparate scale
interactions with a large scale flow are allowed, the main conserved quantity takes the form of potential enstrophy (i.e.
W = h?). Note that it is the “total” potential enstrophy (fluctuations + large scale flows) that is conserved, which suggests
that it is in fact potential enstrophy that is exchanged between fluctuations and large scale flows.

Taking kn, = g"ko where g > 1 is a parameter denoting shell spacing, above observations allow us to build a shell model
that conserves potential enstrophy. The model has the form [18,24]:

a

ﬁhn — Ynhn — apkn (éhn-%—l - g_ld_jhn—l) = apky (E¢n+1 - g_lﬁgbn—]) +C(h, @) (M
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Fig. 1. Illustration of the principle of the Doppler backscattering system.

where y, represent linear growth and « is a “free” parameter for the shell-model, representing the strength of the nonlinear
term. Here the wave collision term:

Ch,®)= a,kﬁ{g73(¢n—2hn—l = @p_1hn—2) — g71 (Pn-1hnt1 — Py1hn-1) + &(@Pni1hnia — (pn+2hn+l)} (2)

describes the local cascade. The mean PV equation can be written as:
- Zag_]’<n(¢nhn—1 — ®n_1hy) =0 (3)
n

The model as given by (1)-(3), describes the coupled evolution of large and small scales. Of course one should also add
a damping term (or take y;, as being negative) for large n (i.e. large k). If we use h, ~ @,(1 + k%) one can show that

Op ~ky 43 and Dy ~ky 2 make C(h, ®) vanish exactly. This means that the solution when the local interactions dominate
has the basic form E(k) o {k=>,k=11/3}(1 +k?). In contrast, when the disparate scale interactions with & are dominant we
find that h, oc k=172, which gives W (k) o k=2. If we interpret potential enstrophy as enstrophy and link it to the Euler 2D
problem, this is apparently equivalent to the Saffman’s solution [25] written for enstrophy. Now if we relate W (k) to the
discrete Fourier transform, and note that W (k) ~ |hi\k, where hy « (1 + k)@ and that &y ~ ny we find that

k=3
(1+k2)2
This is the spectrum, when the disparate scale interactions dominate over the local interactions in plasma turbulence. We
obtained it here as the solution of a simple shell model in the limit when the local interactions are dropped. In fact, the

result is more generic, and is simply due to the form of the nonlinearity as modified by the fact that the electrons cannot
respond to large scale modes and the nonlinear interactions are mediated by the large scale flows.

2 2
[y | o< | Py | o

(4)

3. Doppler back-scattering system

Different types of diagnostic systems are generally used in order to measure and characterize density fluctuations in hot
magnetized plasmas where probes and cameras are not usable. Among those are two major diagnostic families which rely
on scattering of electromagnetic waves on plasma fluctuations. On one hand, there is reflectometry that uses microwave
frequency range to obtain a cut-off layer inside the plasma. In this case, the probing wave reflected from the plasma
is detected and analysed to extract information about the density fluctuations in the vicinity of the cut-off layer (the
layer where the refractive index vanishes and the probing wave gets reflected). Major advantages of this method are high
sensitivity and excellent localization of the measurement. On the other hand, there are wave-scattering systems based on
the detection of probing waves scattered by the fluctuations of the plasma [3,26,27]. The choice of the angle between the
emitter and the receptor, permits selecting the spatial scale of the detected fluctuations (elastic scattering). This selectivity
in wavenumber is the main advantage of this kind of system.

The Doppler backscattering system combines advantages from both reflectometry and scattering techniques. It is based
on the detection of the field backscattered on density fluctuations in the vicinity of the cut-off layer. In practice, the probing
wave is chosen in the microwave range and is launched in oblique incidence with respect to the normal of iso-index surfaces
(angle o) thereby only the back-scattered signal (no or little reflected signal is received) is detected by the emitter antenna,
which also serves as a receptor. The fluctuations whose wavenumber matches the Bragg rule * f=-2 k are selected exclu-
sively, where k, and ¥ 7 are the local wave-vectors of the probing beam and the density fluctuations respectively (cf Fig. 1).

This technique thus provides the instantaneous spatial Fourier analysis of density fluctuations, n(k, t)= fv n(r, t)e’k dF, act-
ing as a band pass filter in k-space around k = kgsina at the cut-off layer. The radial localization of the measurements
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Fig. 2. Mapping r/a vs. k of Doppler backscattering system (V-band, O-mode) measurements for a typical Tore Supra discharge.
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Fig. 3. Frequency spectrum of density fluctuations measured using Doppler backscattering system. The spectrum is Doppler shifted with V| =2 fp.

is provided by two combined effects: a propagation effect and an effect linked to an intrinsic characteristic of the plasma
turbulence. First, back-scattering processes are strongly amplified close to the cut-off layer due to swelling of the incident
field near the cut-off layer. Secondly, the physical fluctuation energy in the large radial wavenumbers (that interact with
the incident beam along the beam trajectory towards the cut-off layer) is quite low, leading to a good localization of the
measurement.

The system installed on Tore Supra has two channels [28]: one channel operates in V-band range of frequencies in
ordinary polarisation while the second one covers the W-band in extra-ordinary polarisation. These channels allow us,
respectively, to probe the plasma from r/a =0.5 to r/a = 0.9 (where r/a =0 is the center of the plasma and r/a =1
corresponds to the last closed flux surface) for wavenumber k = 3-20 cm~! and from r/a = 0.85 to r/a =1 with k =
2-25 cm~!. Gaussian optics are used to control the scattering volume (for more details see [29]). However, due to the long
distance between the antenna and the plasma, the waist of the Gaussian beam remains distant from the scattering zone
in contrast with the conditions of the analysis of optical mixing in scattering experiments reported in [30] and with other
similar systems [31,32].

The radial position and the wavenumber of the probing wave at the cut-off layer are determined using a 3D beam
tracing code [33] simulating the propagation of a Gaussian beam in a stationary plasma represented by a radial density
profile (measured using fast-sweep reflectometers [34]) and an equilibrium profile of the magnetic field (only needed in the
case of extra-ordinary polarisation). An example of measurements mapping for a typical Tore Supra discharge is shown on
Fig. 2. The wavenumber selectivity Ak is related to the refraction of the Gaussian beam during its propagation and can be
evaluated directly from the beam tracing code [35,36]. .

The power spectral density is Doppler shifted Aw = k f.T/’f due to the perpendicular (to the field lines) movement of
density fluctuations (cf. Fig. 3). This property allows us to determine the fluctuation velocity at the cut-off layer and is the
most currently used property by present Doppler systems for studying plasma flows [37], radial electric field profile [38,39]
and instantaneous velocity field [31,40].

The integration of the power spectral density gives the power of fluctuations contained at a radial position and at a
specific spatial scale. The measurement of spectra at a large number of couple (F,«) <> (r,k) allow us to resolve the
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Fig. 4. Example of wavenumber spectrum measured on Tore Supra discharge.
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Fig. 5. Experimental wavenumber spectrum of density fluctuations during the discharge 45511 compared with power law I<p;3 (in blue) and the shell
model kp;3/(1+kp2)? (in red).

wavenumber spectrum with a very high discretization such as the one plotted in Fig. 4. Error-bars reported on this figure
are evaluated as follows. As mentioned just above the selectivity in k is evaluated directly from the beam tracing code. Then
uncertainties on the radial density profile must be also taken into account to determine the resolution in k. The evaluation
of the uncertainties on the sn? is less trivial. First, there is an impact of the amplitude of the incident signal that differs
for each probing frequency. This is corrected using a calibration technique which is not completely perfect and that must
be included in the evaluation of the error bars. Secondly, the efficiency of back-scattering processes may be wavenumber
dependent. This effect seems to be relevant, only for very small wavenumbers [41-43]. Finally, a small uncertainty coming
from the integration process must be included as well.

4. Shape of the wavenumber spectrum

Thanks to the steady-state operation of the Tore Supra tokamak and to the flexibility of the Doppler backscattering
system installed on it, we can scan a large number of probing frequency and incident angle pairs (F,«) and obtain
the wavenumber spectrum with a high level of resolution in terms of wavenumber discretization. Fig. 5 presents the
wavenumber spectrum of density fluctuations measured around r/a = 0.8 & 0.08 during the discharge #45511. This spec-
trum corresponds to a typical discharge of Tore Supra at B =3.8 T, in which the plasma is heated using lon Cyclotron
Resonance Heating system and performed during dedicated experiments (to study the impact of dimensionless parameters
such as vx on transport and turbulence). As shown in Fig. 5, at small wavenumber (kps < 0.6) the spectrum seems to sat-
urate. This behaviour corresponds to the characteristic feature of the linear part of the spectrum as discussed in Section 2
and is roughly consistent with a Gaussian shape, thought to be linked to the linear growth rate of the ITG/TEM mode. In
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Fig. 6. Experimental wavenumber spectrum of density fluctuations of the discharge 45511 (in black squares) fitted using two exponential functions.

contrast, for the range of wavenumbers kps = [0.6-0.9], it follows a power law as s(k) o« k=3 and starts to decrease faster for
higher wavenumbers, consistently with previous observations [14]. This form is correctly described using the shell model (4)
for kps = [0.7-1.2]. Note that the shell model expression does not have any fitting parameters (apart from the fluctuation
level). Therefore, the correct agreement between experiment and this model is remarkable and suggests that interaction be-
tween disparate scales including zonal flows is an important ingredient to determine the wavenumber spectrum shape. As
already noticed in [14], the wavenumber spectrum may also be fitted using exponential functions. Fig. 6 presents the same
wavenumber spectrum as before, but this time fitted using two separate exponential functions. For the smaller wavenumber
(kps < 0.7), the measurements are well fitted using an exponential as e~!-7%%s. This wavenumber range corresponds to the
anisotropic part of the spectrum and is labelled in the figure as the “linear part”. Although nonlinear processes inevitably
affect this region as well, it appears mainly as the region of energy injection from the plasma micro-instability, driven un-
stable by gradients in background profiles. In the range of larger wavenumbers, where the nonlinear interactions and the
energy transfer dominate, the spectrum has the form: e~>2%s_ This region is akin to the inertial range in fluid turbulence,
even though the dominant mechanism for energy transfer may be different and some residual instabilities may exist in this
region, due to the final form of the spectrum, the energy these instabilities can inject (i.e. o« yP) is quite small.

5. Results and discussion

The wavenumber spectrum gives the repartition of fluctuation energy over different spatial scales. In the present study,
we use the wavenumber spectrum of density fluctuations to obtain detailed information about the character of underlying
instabilities and to study the mechanisms involved in energy transfer between different scales. For this end, we employed
an experimental approach using the Doppler backscattering system installed on the Tore Supra tokamak, which allow us to
diagnose the shape of the wavenumber spectrum, accurately, over various discharges. In addition, we employed a theoretical
approach based on the study of nonlinear transfer using simple shell models, derived from reduced descriptions of plasma
turbulence based on conservation of potential vorticity. During the experimental studies, where various plasma conditions
are tested, two main characteristics of the spectrum has been noted. We observed first that the wavenumber spectrum is
composed of two regions: at the smaller wavenumbers (kps < 0.7), a region of energy injection from the main instabil-
ity/instabilities where the spectrum is rather flat and decreases slowly in our range of observation; at larger wavenumbers
(kps > 0.7), a region of energy transfer in which the spectrum decreases in a steady fashion. Secondly, the shape of the
spectrum in this energy transfer range is found to be well described by the simple form k=3/(1 + k)% (Eq. (4)) suggest-
ing that the interactions between large scale flow structures and fluctuations may play an important role in determining
the wavenumber spectrum shape. However, note that this part of the spectrum is also well represented by an exponential
function. These results lead to a picture of wavenumber spectrum different from that of fluid turbulence. While in the stan-
dard picture of fluid turbulence, the energy transfer takes place mainly via local cascade processes, in magnetized plasmas,
nonlocal interactions between disparate scales seem to play a dominant role in determining the form of the spectrum. In
particular the interactions between small scale fluctuations and large scale flow structures that are driven by the turbu-
lence/instabilities themselves appear to be rather important. In addition, in plasma turbulence, the injection of energy is
intrinsic, driven by micro-instabilities and may be important at various different scales while in the standard fluid dynami-
cal study of turbulence the energy injection is usually taken to be well localized in k-space and is assumed to be externally
sustained. Another difference between turbulence spectrum in fluids and plasmas comes from the dissipation processes: in
fluid turbulence, dissipation of the forward cascading conserved quantity (such as energy for 3D turbulence or enstrophy
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for 2D turbulence) affects only small scales while in plasmas, kinetic effects such as Landau damping may appear at various
scales depending on the details of parallel dynamics. Finally, the conserved quantities are different. In 2D fluid description,
the enstrophy is the main invariant that cascades forward, whereas in plasma turbulence, formulated as a reduced 2D tur-
bulence problem, it is the potential enstrophy that is conserved. In order to characterize the energy injection range and
the effects of changing the energy injection on the energy transfer range (or more accurately, potential enstrophy transfer
range) one should investigate the effects of changing various plasma parameters. Studying the impact of relevant plasma
parameters (such as collisionality, normalized Larmor radius etc.) on the wavenumber spectrum shape, will allow future
research to identify the importance of linear phenomena (which is sensitive to plasma parameters) vs. nonlinear processes
(which is insensitive to plasma parameters). Moreover, the question of electron thermal transport, and therefore the detec-
tion of small scale turbulence, linked possibly to ETG modes at a detail and resolution comparable to that of ion turbulence
remains as an important and interesting challenge.
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4. Wavenumber spectrum of density fluctuations

The first main results of this work is that the general behavior of the k-spectrum is
coherent with the previously observed spectra [35]; the wavenumber spectrum is compo-
sed of two regions : at the smaller wavenumbers (kps; < 0.7) the spectrum is rather flat
and decreases slowly corresponding to a region of energy injection from the main instabi-
lities while at larger wavenumbers(kps; > 0.7), a region of energy transfer, the spectrum
decreases faster. The fact that the shape of the spectrum measured using two different
systems (scattering of C'O, laser and DBS) is similar gives confidence in the reliability and
reproducibility of the measurement. Notably, with regards to the possibility of non-linear
effects of the propagation of micro-waves.

The second main result of the paper presented above, is that the shape of the spectrum
in this energy transfer range is found to be well described by the simple form k73 /(1 + k?%)?
obtained from a theoretical approach consisting of the derivation of spectral models that
include interactions between fluctuations and large scale flow structures [46]. This result
suggests that these latter may play an important role in determining the wavenumber
spectrum shape.

4.1. Effect of collisionality on the wavenumber spectrum
shape

To investigate deeper the role of large scales structures in turbulence saturation, we
study the effect of collisionality on the wavenumber spectrum. In fact, it is well known
that collisionality plays an important role on the dynamics of such large-scale structures
whether they are zonal flows (ZF) or geodesic acoustic modes (GAMSs). It is commonly
argued for instance that the effect of collisionality on zonal flows might lead to an increase
rather than a decrease of the fluctuation levels when the level of collisions is increased. The
argument is based on the idea that the fluctuation level is usually set by the turbulence
reduction by shearing via zonal flows [62] and not by the collisional dissipation. Thus, for
instance, if the collisionality is increased, the zonal flow level should decrease which should
then lead to the turbulence fluctuation levels to increase. In reality, of course collisions
are expected to play a dual role, since increasing collisionality would also lead to stronger
damping on the fluctuations and a larger range of wave-numbers where the energy is
dissipated (i.e. smaller “inertial” range). It is not a priori known which of these effects
would be the dominant one in real experimental conditions. Moreover, collisions may also
change the nature of the linear instability mechanism and thus the character of energy
injection. In contrast, increasing the collisionality should not change the nature of the
nonlinear interactions. It would change however, the slow nonlinear dynamics, represented
by predator-prey oscillations.

Knowing the advantages of the dimensionless approach, we performed dedicated v* scans
in the Tore Supra tokamak. Analysis and interpretation of the best scan obtained is pre-
sented in the following publication [Publication 4].
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The influence of changing collisionality on density fluctuation characteristics is studied during
dedicated v+ scaling experiments, using Doppler backscattering system. First, the repartition of
fluctuation energy over different spatial scales, as represented by the wavenumber spectrum, is
investigated and a modification of the shape of the perpendicular wavenumber spectrum in the low
wavenumber part of the spectrum is observed when changing collisionality. In addition, a new
procedure to evaluate the dispersion relation of micro-turbulence is presented. From the behavior of
the perpendicular mean velocity of density fluctuations with the perpendicular wavenumber,
different dispersion relations are obtained between low and high collisionality cases. © 2011

American Institute of Physics. [doi:10.1063/1.3536648]

I. INTRODUCTION

Particle and heat transport induced by micro-turbulence
largely determine the performances of modern day tokamaks.
Turbulent transport modeling is thus the main challenge for
the study and realization of magnetic fusion energy. There
are three different methods that allow predicting confinement
performances for next step devices such as ITER and DEMO
(DEMOnstration Power Plant). One commonly used tech-
nique is based on extrapolating global empirical scaling laws
obtained from existing experimental multimachine
databases.! However, the degree of confidence in this ap-
proach is unsatisfactory, and as a result, its predictive capa-
bilities are limited. Another approach for confinement pre-
diction, which in principle promises higher degree of
confidence, is to use first principle models retaining compre-
hensive physics. Direct numerical simulations using gyroki-
netic description appear as the main tools for this purpose.
However, these codes should be carefully validated against
experiment in order to be useful for actual prediction. One
way this can be done is to perform precise comparisons be-
tween  experimental  observations and  theoretical
predictions,” ™ in particular via studies of parametric depen-
dencies of turbulence characteristics. The description of
plasma dynamics using dimensionless parameters is another
powerful and commonly used tool to extrapolate from
present day devices to next step experiments.s’6 The depen-
dence of turbulent transport on dimensionless parameters
such as p*, B, and v* can be studied by performing dedi-
cated scan experiments in which one of these parameters is
varied while the others are kept constant (also keeping the
geometry of the plasma unchanged). These kinds of experi-
ments constitute an excellent framework to perform compari-
sons between the observed -characteristics of micro-
turbulence and the results from simple theoretical models
and gyrokinetic simulations.

The repartition of fluctuation energy over different spa-
tial scales, as represented by the wavenumber spectrum, is
one of the few quantities which allow a high detail compari-
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son (i.e., a “lower order” in contrast to a comparison, merely
of x;) between experiment and theory. The perpendicular
wavenumber spectrum contains specific information about
the character of underlying instabilities and the mechanisms
involved in energy transfer between different scales. It has
been suggested that the interactions between fluctuations and
large scale flow structures that are driven by turbulence may
play an important role in the energy transfer mechanism,
since measured wavenumber spectra are found to agree with
the simple cascade model for drift waves in the limit of
solely disparate scale interactions.”® While such an agree-
ment may be coincidental, it is consistent with the basic un-
derstanding of plasma turbulence based on large scale flows
mediating nonlinear interactions. It is also well known that
collisionality plays an important role on the dynamics of
such large scale structures whether they are zonal flows or
geodesic acoustic modes (GAMs). It is commonly argued for
instance that the effect of collisionality on zonal flows might
lead to an increase rather than a decrease of the fluctuation
levels when the level of collisions is increased. The argument
is based on the idea that the fluctuation level is usually set by
the turbulence reduction by shearing via zonal flows’ and not
by the collisional dissipation. Thus, for instance, if the colli-
sionality is increased, the zonal flow level should decrease
which should then lead to the turbulence fluctuation levels to
increase.””

In reality, of course collisions are expected to play a dual
role, since increasing collisionality would also lead to stron-
ger damping on the fluctuations and a larger range of wave-
numbers where the energy can be dissipated. It is not a priori
known which of these effects would be the dominant one in
real experimental conditions. Moreover, collisions may also
change the nature of the linear instability mechanism and
thus the character of energy injection. In contrast, increasing
the collisionality should not change the nature of the nonlin-
ear interactions. It would change however, the slow nonlin-
ear “dynamics,” represented by predator-prey oscillations.

In the present paper, we investigate the shape of the
perpendicular wavenumber spectrum using Doppler back-

© 2011 American Institute of Physics
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scattering system.ll In order to isolate the specific effect of
the collisionality on micro-turbulence characteristics, we per-
formed this study during dedicated v* scaling experiments.
The Doppler backscattering technique, also called Doppler
reflectometry, is based on scattering of electromagnetic
waves in the vicinity of a cut-off layer. In addition to provid-
ing access to the spatial scales of density fluctuations, this
technique also allows us to probe the dispersion relation of
micro-turbulence through the representation of the perpen-
dicular velocity as a function of the wavenumber. It is found
that for kp;<<0.7, the wavenumber spectrum of density fluc-
tuations gets flatter when increasing collisionality while for
kpy>0.7, the shape of the spectrum does not change. At the
same time, the behavior of the dispersion relation is modi-
fied: at high collisionality, the phase velocity is found to
decrease with the wavenumber while at low collisionality,
the phase velocity remains rather constant over the full
wavenumber range.

A short description of the Doppler backscattering system
is given in Sec. II. The study of the perpendicular wavenum-
ber spectrum is then detailed in Sec. III. First, after an intro-
duction, the shape of the wavenumber spectrum commonly
observed on Tore Supra is presented. Second, the effect of
collisionality on the shape of the spectrum highlighted dur-
ing the v* scans is given. Section IV is dedicated to the
wavenumber dependence of the perpendicular velocity of
density fluctuations. The impact of changing the collisional-
ity in the behavior of the dispersion relation of micro-
turbulence is presented. Finally, a discussion is proposed in
the last section.

Il. DOPPLER BACKSCATTERING SYSTEM ON TORE
SUPRA

The Doppler backscattering system combines advan-
tages of both reflectometry and scattering techniques. It is
based on the detection of the field backscattered on density
fluctuations in the vicinity of the cut-off layer. In practice,
the probing wave is chosen in the microwave range and is
launched in oblique incidence with respect to the normal
vector to the surfaces of isoindex-of-refraction (a being the
angle of incidence with the normal vector to the isoindex-of-
refraction surface), thereby only the backscattered signal
(little or no reflected signal is received) is detected by the
emitter antenna which also serves as a receptor. The fluctua-
tions whose wavenumber matches the Bragg rule lgfz—2l§,-
are selected exclusively, where k; and sz are, respectively, the
local probing wave-vector and the density fluctuations wave-
vector. This technique thus provides the instantaneous spatial
Fourier apalysis of density fluctuations, ﬁ(lg ,1)
=[yn(7,t)e’™"dr, acting as a band pass filter in k-space
around k=k, sin « at the cut-off layer.

The system installed on Tore Supra has two channels:
one channel operates in the V-band frequency range in ordi-
nary polarization (i.e., O-mode) while the second one covers
the W-band in extraordinary polarization (i.e., X-mode).
These channels allow us to probe the plasma from r/a=0.5
to r/a=0.9 (where a is the minor radius) for wavenumber
k=3-20 cm™ and from r/a=085 to r/a=1 with k
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=2-25 cm™!, respectively. Note that for this wavenumber
range, the efficiency of the backscattering processes is ex-
pected to remain constant.'*™* The scattering volume is con-
trolled by using Gaussian optics. However, due to the long
distance between the antenna and the plasma, the waist of the
Gaussian beam remains distant from the scattering zone and
the wavenumber selectivity Ak is thus related to the refrac-
tion of the Gaussian beam ' (for more details see Ref. 17).
The radial position and the wavenumber of the probing wave
at the cut-off layer are determined using a three-dimensional
beam tracing code'® simulating the propagation of a Gauss-
ian beam in a stationary plasma represented by a radial den-
sity profile (measured using fast-sweep reflectometers'®) and
a radial profile of the magnetic field (only used in the case of
extraordinary polarization). Note that here we assume that
the collected signal comes essentially from backscattering
processes occurring in the vicinity of the cut-off layer.

The power spectral density that is detected is Doppler
shifted by Aw:lzf.l?f due to the movement of density fluc-
tuations perpendicular to the field lines. This allows us to
determine the fluctuation velocity at the cut-off layer and is
currently used, mostly for studying plasma flows,” radial
electric field proﬁles,ZI’22 and instantaneous velocity
fields™** by present Doppler systems. In addition to the flow
profile, the Doppler reflectometers can be used to obtain the
wavenumber spectra, locally, since the integration of the
power spectral density gives the power of density fluctua-
tions contained at a radial position and at a specific spatial
scale. Using different incident angles and different probing
frequencies, the wavenumber spectrum can be reconstructed
at a corresponding radial position. In the following, only the
results from the ordinary channel will be presented. Note that
in O-mode, the selected wavenumber at the cut-off is mainly

in b X f direction (where b is along the field lines and F is
radially outward).

Note that the incident probing beam amplitude (and thus
the measured raw signal amplitude) is sensitive to various
factors such as reflection, antenna coupling, mixer response,
conversion losses, etc. We use a well defined calibration pro-
cedure which permits us to measure these losses for each
probing frequency and correct for those. The net effect of
this calibration procedure is to reduce the unphysical spread
in the data, and bring the curves corresponding to different
frequencies together. Regarding the frequencies used in this
paper, the correction due to this calibration procedure is up to
about 30%.

lll. COLLISIONALITY DEPENDENCE OF DENSITY
FLUCTUATIONS CHARACTERISTICS

A. Shape of the wavenumber spectrum

In simple, two-dimensional fluid turbulence, theory pre-
dicts that k-spectrum follows a power law in the ranges of
wavenumbers where drive and damping are unimportant
(commonly called the inertial ranges), due to cascades of
conserved quantities: energy and enstrophy (e.g., Ref. 25). In
the case of tokamak plasmas, the drive is not expected to be
well localized in k-space since several modes, corresponding
to various different scales are possibly linearly unstable.
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Among these, the ion temperature gradient (ITG) driven
mode and the trapped electron mode (TEM) are known to
play important roles in the heat and particle transport in to-
kamaks. The ITG mode, for which the free energy source is
the ITG, has a linearly most unstable mode at around k | p,
~().3, which tends to be shifted nonlinearly toward even
smaller wavenumbers.”® It has negligible linear growth or
energy injection beyond roughly k&, p,=~0.6. TEM in contrast
usually appears in conjunction with the ITG mode and has a
characteristic scale of roughly k, p;~ 1. There are other in-
stabilities associated to electron gyroradius scales such as the
electron temperature gradient driven mode. However the en-
ergy injected by these modes is expected to be relatively
weak in the range of wavenumbers considered. In addition to
these different kinds of instabilities, the interactions with
zonal flows act as a damping process on turbulence on a
wide range of scales. This means that the concept of inertial
range is not really applicable to fusion plasmas, since drive
and damping affect almost all scales. As a result, making a
simple theoretical prediction for the k-spectrum is nontrivial.
Experimentally, the determination of the wavenumber spec-
trum is also very challenging since the fluctuations must be
measured on a wide range of scales in the core of the plasma
(which is usually not accessible with probes). Such measure-
ments are usually done using scattering of electromagnetic
waves.”

Early density fluctuations measurements showed that the
fluctuation energy is concentrated at ion scales.’** These
scales correspond to relatively small wavenumbers, kp; <1
where the ITG and TEM modes are unstable. At the largest
scales measured (k<<2 cm™'), an anisotropy is observed be-
tween the radial and the poloidal directions®**** while for
higher wavenumbers (but still kp;=<1) the fluctuation energy
follows, in both directions, a power law S(k)=dn>ock™
where a~-3.5%*1.""* Thanks to the extension of the spa-
tial scale range of the measurements, a faster decrease of the
energy of fluctuations at high wavenumbers has been ob-
served, first on Tore Supra using CO2 laser scattering sys-
tem: the spectrum is composed of two power laws, at small
k, S(k)=k=> while from kp;=[1-2], S(k)=k=®.*® This obser-
vation has been confirmed on W7-AS (k~>% and k%) (Ref.
41) and on FT-2 (k23 and k™7) (Ref. 42) in which spectra
with similar shape have been observed as well as on Tore
Supra using Doppler backscattering system.17 The decrease
in the form of a power law with a=-3 in the large scale
range has been compared against gyrokinetic simulations be-
tween kp,=[0.5—1] and found to be in fair agreement with
numerical results when using similar data processing.3 The
faster decrease of the spectrum at higher wavenumbers is
found to be in rough agreement with a family of simple
spectral shell models for drift waves.”® When disparate scale
interactions (in particular, interactions with zonal flows) are
dominant, this model gives

i =Dp =k /(1 + k) (1)
in standard normalized units (dng=n;/no(p,/L,)~", &

=ed, /T, (p,/L);", k=pk’, etc. where primed quantities are
in physical units.)
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FIG. 1. (Color online) Example of k-spectrum resolved with small k-step
measured using Doppler backscattering system and the probing frequencies
49 GHz (stars), 53 GHz (squares), 55 GHz (circles), and 58 GHz (triangles).

In the present work, we focus on the effect of collision-
ality on the shape of the perpendicular wavenumber spec-
trum during dedicated v* scan experiments using the Doppler
backscattering system. Thanks to the steady-state operation
of the Tore Supra tokamak and to the flexibility of the Dop-
pler backscattering system installed on it, we can scan a large
number of (F,a)<>(r,k) pairs (F being the probing fre-
quency and « the angle of incidence) and thus obtain the
wavenumber spectrum with a high level of resolution in
terms of wavenumber discretization. Figure 1 presents the
wavenumber spectrum of density fluctuations measured
around r/a=0.8*0.08 during a typical discharge of Tore
Supra at B=3.8 T, in which the plasma is heated using ion
cyclotron resonance heating system. Errors on the perpen-
dicular wavenumber spectrum, as reported in Fig. 1, come
essentially from uncertainties in the integration of the power
spectral density on’(k,w) to evaluate on’(k), and from the
slight variations of plasma conditions (though all measure-
ments presented here are made during stationary phase) that
may affect both the level and the localization.

The error-bars are then evaluated by comparing values
of dn® obtained using different integration procedures (from
the raw spectra versus from using different fitting functions,
etc.) and from the dispersion of Sn> measured at a given
wavenumber using different probing frequencies in a narrow
radial window (e.g., A(r/a)=0.08). Note that in this disper-
sion, the impact of the change of the amplitude of the inci-
dent signal between each probing frequency which is not
perfectly corrected by the calibration procedure (described in
Sec. II) is also taken into account. The error-bars on the
perpendicular wavenumber have been evaluated directly
from the beam tracing code by considering the possible
modification of the propagation due to the uncertainty on the
radial profile of density. In addition, the uncertainties coming
from the evaluation of the local p, is also taken into account.

In the lowest wavenumber range, the spectrum is rather
flat and seems to saturate while for higher wavenumbers, the
shape of the spectrum is similar to previous observations
made on Tore Supra.”’28 In the wavenumber range around
kp;=0.6—0.8, the spectrum is compatible with a power law
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S(k)ock™® with a spectral index a= -3 while this power law
representation starts to break down around kp,~ 0.8 and the
spectral power decreases much faster (o= —6). This form is
consistent with the shell model expression (1) for kp,
=[0.7-1.2]. Note that the shell model expression does not
have any fitting parameters (apart from the fluctuation level).
Therefore, the agreement between experiment and this model
is remarkable and suggests that interaction between disparate
scales including zonal flows may be an important ingredient
to determine the wavenumber spectrum shape.

As already mentioned in Sec. I and in Ref. 28, this kind
of k-spectrum is not consistent with well known theories of
neutral fluid turbulence.”” Two-dimensional (2D) turbulence
theory provides a mechanism of dual cascade. In the inertial
range, the kinetic energy at the scale 1/k varies as E(k)
o k™3 (direct cascade) while in the enstrophy inertial range,
E(k)=k™"3 (inverse cascade). However, assuming adiabatic
electrons, the slopes expected for the spectral power of den-
sit}ll\f/luctuations from the§e\J predictions, respectively, S(k)
=|n(k)|?ck™® and S(k)=|n(k)[>«k 3 differ significantly
from what is observed. In addition, in the case of 2D turbu-
lence, the transition should be expected around the energy
injection scale. However, the main instabilities in tokamak
plasmas appear at different scales with a predominance in
numerous experiments of ITG modes expected around kp,
~0.1 while the change of slope which can be considered as
a transition is observed for kp,~[1-2].

More generally, through wavenumber spectra measured
in various plasma conditions, it is observed that the wave-
number spectrum is composed of two regions: at the smaller
wavenumbers (kp,<<0.7), a region of energy injection from
the main instability/instabilities (corresponding to the aniso-
tropic pal130’32’35) in which the spectrum is rather flat and/or
decreases slowly; at larger wavenumbers (kp,>0.7), a re-
gion in which nonlinear interactions and the energy transfer
dominate and the spectrum decreases roughly as a power
law.

B. Impact of v* on the shape of the wavenumber
spectrum

During the dedicated »* scan experiments, the entire ra-
dial profile of the collisionality has been varied by more than
a factor 4 between two different discharges (i.e., 45494 and
45511, see Fig. 2). In order to keep the dimensionless param-
eters p* and S constant, we varied the magnetic field B be-
tween both discharges, while density profiles are maintained
unchanged and the electron temperature profiles are varied
following T« B! adjusting the power of ion cyclotron reso-
nance heating system with keeping a central deposition. The
plasma current is also varied in order to keep the same safety
factor profile (especially at the edge). The wavenumber spec-
tra of density fluctuations during these discharges have been
measured using the same probing frequencies (49, 52, and 55
GHz) and are compared in Fig. 3. Using the mixing length
approximation, the relative fluctuation level dn/n scales as
1/((k )L,), where L, is the density gradient length® and con-
sidering that the turbulence scale length is related to the gy-
roradius (k,)=1/p; (gyro-Bohm scaling), én/n=p;/L,.
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FIG. 2. (Color online) Radial profiles of v*, B8, and p; during the discharges
of the dedicated dimensionless scan.

Since density profiles and p* profiles are kept constant be-
tween these discharges, here the wavenumber spectra are
compared without any normalizations.

A clear impact of the change of v* is observable on the
wavenumber spectrum: at low k, the amplitude of the spec-
trum is similar in both cases, while the shape differs such
that during the low v* discharge, the spectrum decreases
faster than during the high v* discharge. The difference on
the spectrum shape at small k£ generates a gap between both
spectra that persist in the higher wavenumber range even
though the shapes remain quite similar for kp,>0.7. We
would like to point out that the comparison in terms of am-
plitude remains rather limited since the energy is mostly con-
tained by the smaller wavenumbers, which are not measured
here. Thus, for instance, it is impossible to say, as we go to
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FIG. 3. (Color online) Comparison of the perpendicular wavenumber spec-
tra, normalized to on?/n% between low v discharge 45494 and high v
discharge 45511 at r/a=0.8 £0.08.

smaller k, if the spectrum continues to increase in the case of
low v* and becomes higher than that of the high v* dis-
charge, or not.

In the following, we will focus on the form of the spec-
trum, and in order to quantify the effect of collisionality on
the wavenumber spectrum shape we use a rigorous fitting
procedure. The best agreements occur when treating the two
wavenumber ranges kp;<<0.7 and kp,>0.7 of the spectrum
separately using exponential A e~ ?* functions (or a Gaussian
Aze‘gk2 for the low-k region), or a generalized expression of
the spectral model for drift waves [Eq. (1)] mentioned above

k—3
A3(1 +ak®)? + B @
The derivation of this expression will be given in a future
paper. This generalized form is more flexible and permits the
application of the fitting procedure while the standard form
[Eq. (1)] has no fitting parameters.

The results from the fitting procedure for both low and
high collisionality cases are presented in Fig. 4. For the
smaller wavenumber range (kp,<<0.7), the spectrum is well
described, for both cases, by Gaussian and exponential func-
tions. Note that for small value of k, both functions are simi-
lar and cannot be distinguished. Note that the justification for
the Gaussian function comes from the shape of the linear
growth rate of the main instabilities. The quasilinear ap-
proach, which involves balancing the linear growth with a
quasilinear transfer rate, gives a spectrum in the linearly
driven region and explains roughly the shape of the spectrum
near the region of the drive (k, p,=<0.5). The change of the
value of v* affects this region in a way that decreasing v
the spectrum decreases faster. This effect can be quantified
by comparing the fitting parameter ¢ of the Gaussian func-
tion. For the low »* discharge £=3.3 while for the low
discharge é=1.6. In the higher wavenumber range, the spec-
trum is well fitted using the generalized form of the spectral
shell model [Eq. (2)] as well as by the exponential function
(fitting curves cannot be distinguished) and is almost not
affected by the variation of v+. Comparing the exponential
parameters y=5.8 for the high v* case while y=5.2 for the
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FIG. 4. (Color online) Fitting of the wavenumber spectra considering sepa-
rately the wavenumber range kp,<<0.7 and kp,>0.7 for both discharges
45494 (top) and 45511 (bottom).

low v case and comparing the parameters from shell model
expression, a=1.1 and B8=-3.6 for the high v+ case while
a=1.2 and B=-4 for the low v* case.

C. Evolution of the dispersion relation

In addition to the spatial scales of micro-turbulence,
Doppler backscattering system also permits to access the dy-
namics of the density fluctuations. The Doppler shift of the
spectral density power Sy (f) gives the perpendicular veloc-
ity of density fluctuations in the laboratory frame: V
=Upxp) tVues Where vpwp, =—E,/B (E, being the radial
electric field) and vg,. is the mean phase velocity of the
density fluctuations. For all the discharges presented in this
paper, the Doppler shift is in the electron diamagnetic direc-
tion (negative frequency) as it is almost always the case in
Tore Supra plasmas [except for very specific conditions™ or
in the Scrape of Layer (SOL)]. For reasons of simplicity, we
will consider in the following the absolute value of V|,
which corresponds to convention that V>0 means in the
electron direction and V<0 means in the ion direction. The
mean phase velocity of the density fluctuations v, is known
to be small as compared to vyyp, (Refs. 17, 22, and 44)
therefore extracting its value from V, requires a precise
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FIG. 5. (Color online) Evolution of the mean perpendicular velocity of
density fluctuations (in electron diamagnetic direction) vs the normalized
perpendicular wavenumber for low v+ discharge 45494 and high v+ dis-
charge 45511 at r/a=0.8 = 0.025.

measurement/determination of toroidal and poloidal veloci-
ties and ion pressure gradient using the radial force balance
relation: E,=v 4By—v 4B 4~V P;/ng;. The toroidal velocity of
the carbon can be measured on Tore Supra discharges using
the charge exchange diagnostic. However no direct measure-
ments or reliable theoretical predictions permit the evalua-
tion of the poloidal velocity sufficiently accurately to deter-
mine vg,. with some confidence using this scheme.
Nevertheless, vgxp,, Which is a global quantity, does not
depend on the wavenumber. Therefore, the dependence of
the perpendicular velocity V|, (measured at a given radius)
with the perpendicular wavenumber gives an indication on
the dependence of vg,. with k. This then gives us important
information on the dispersion relation g, (k) from vy,
=wp,./k . The k, dependence of the Doppler velocity V
for the discharges presented above measured at the same
radial location (r/a=0.8 = 0.025) is shown in Fig. 5. In other
words the technique gives us access, directly to the disper-
sion relation apart from an unknown “offset” that depends on
the radial electric field. Note that the data points are selected
in a radial window Ar/a=0.025, narrower than for the wave-
number spectrum (in which Ar/a=0.08) in order to mini-
mize the impact of the radial dependence of vgyp | .

A clear difference in the behavior of V, (k) is observed
between both discharges: for the high v+ discharge, V| de-
creases with increasing k, while V| (k) remains rather flat
during the low »* discharge. In the high collisionality dis-
charge, the behavior of the perpendicular velocity with the
wavenumber can be interpreted/translated as follows. If we
consider that the density fluctuations are dominated by ion
turbulence vg, <0, the decrease of V| with k; means that
Ugye increases with increasing k. This led to a dispersion
relation such as wpuo(k )=k v *k] with a>1. On the
opposite, if we consider that vy, >0 (electron turbulence),
the decrease of V| with k£, means that vy, decreases with
increasing k, leading to wpyc(k )=k v k] with a<lI.
Now, if we consider the low w* discharge, the k;, depen-
dence of V, indicates that regardless of the type of turbu-
lence (pure ion mode or pure electron mode), wqy(k,)

Phys. Plasmas 18, 012306 (2011)

=k Ugu. <k . One can also imagine a case of mixed ion and
electron turbulence that generates density fluctuations in both
ion and electron diamagnetic directions at the same spatial
scales leading to a Doppler shift associated to the mean of
both components (ion and electron components, respectively,
shifted in the negative and positive directions with respect to
the vpwp, component).

We would like to point out the fact that when scanning
the wavenumber (by varying the incident angle of the prob-
ing wave), the radial position of the measurements also
slightly changes. Even if we use very narrow radial window
to extract V| (k ), the radial dependence of vgyp, may still
affect the results. In particular, in presence of a strong veloc-
ity shear it may be difficult to distinguish which effect—the
k, dependence of v, or the radial dependence of
Ugpx g —dominates.

IV. DISCUSSION

In the present paper, we used Doppler backscattering
system to study certain micro-turbulence characteristics such
as perpendicular wavenumber spectrum and perpendicular
velocity of density fluctuations, and their collisionality de-
pendence. The wavenumber spectrum gives the repartition of
fluctuation energy over different spatial scales and allows us
to access detailed information about the character of under-
lying instabilities and to the mechanisms involved in energy
transfer between different scales. At a basic level, its form
seems to be a robust feature of all wavenumber spectra mea-
sured in various plasma conditions. We observed that the
wavenumber spectrum is composed of two regions: at the
smaller wavenumbers (kp,<<0.7), a region of energy injec-
tion from the main instability/instabilities in which the spec-
trum is rather flat and/or decreases slowly; at larger wave-
numbers (kp,>0.7), a region of energy transfer in which the
spectrum decreases in a regular fashion. In the range of small
k (referenced as the linear part of the spectrum), the shape of
the spectrum is well represented by Gaussian functions. At
larger k, the form is correctly described by the simple form
k73/(1+k?)? [from the shell model Eq. (1)] suggesting that
the interactions between large scale flow structures and fluc-
tuations may play an important role in determining the wave-
number spectrum shape in this energy transfer region. This
part of the spectrum is also well fitted using a generalized
form of the shell model [Eq. (2)] or using an exponential
function A e~ (with typically y=5-6).

During dedicated »* scan experiments it is found that the
shape of the perpendicular wavenumber is affected by chang-
ing the collisionality: in the linear part, the spectrum de-
creases faster with decreasing v*. In contrast, no impact was
observed at larger wavenumbers. On one hand, considering
the impact of zonal flows, it is expected that a decrease of v
would reduce the damping on zonal flows, which would lead
to a decrease of energy content on small wavenumbers due to
the shearing by large scale structures.*® This would give a
flatter wavenumber spectrum when decreasing v*. On the
other hand, considering the role of TEM, the increase of v
is supposed to stabilize TEM and then is expected to peak
the spectrum (since only the ITG “peak” remains). Both ex-
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planations seem to contradict the present observation sug-
gesting that the effect of collisions on turbulence may be
more complicated than we think. This motivates further in-
vestigations, especially on the possibility that the TEM may
cause a reduction of the zonal flow 21ctivity46’47 or on the role
of GAMs as a second predator species feeding on the main
instability.**

In addition to the effect of collisionality on the wave-
number spectrum, an impact is also observed in the behavior
of the perpendicular velocity of density fluctuations. Doppler
backscattering system permits access to the wavenumber de-
pendence of the perpendicular velocity which can then be
used to obtain information about the dispersion relation of
the micro-turbulence measured inside the plasma. While the
measurements are indicative of a change of the behavior of
V (k) between the two v* discharges, the results are not
conclusive. We present it as an illustration of this powerful
procedure to evaluate the form of the dispersion relation,
which can then be compared with theoretical predictions
from simple models as well as from complete gyrokinetic
simulations.
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4. Wavenumber spectrum of density fluctuations

From this work, it is found that, at small wavenumbers (kps; < 0.7) where energy in-
jection from the main instabilities takes place, the perpendicular wavenumber varies when
collisionality is changed. In this region, the shape of the spectrum is well represented by
a Gaussian function and the spectrum decreases faster with decreasing v*. In contrast, no
impact of changing the collisionality was observed at larger wavenumbers and its shape
remains correctly described by the simple form k73/(1 + k?)? from the shell model [46].
This part of the spectrum is also well fitted using a generalized form of the shell model or
using an exponential function Ae~7* (with typically v = 5 — 6).

The interpretation of such observation is not straightforward. On the one hand, conside-
ring the impact of zonal flows, it is expected that a decrease of v* would reduce the damping
on zonal flows, which would lead to a decrease of energy content on small wavenumbers
due to the shearing by large scale structures [63]. This would give a flatter wavenumber
spectrum when decreasing v*. On the other hand, considering the role of TEM, the increase
of v* is supposed to stabilize TEM and then is expected to peak the spectrum (since only
the ITG "peak” remains). Both explanations seem to contradict the present observation
suggesting that the effect of collisions on turbulence may be more complicated than we
think. This motivates further investigations, especially on the possibility that the TEM
may cause a reduction of the zonal flow activity [64, 65] or on the role of GAMs as a
second predator species feeding on the main instability [66].

From this study, new observations of wavenumber spectrum have been obtained in other
fusion plasma devices such as TJ-II [67, 68], DIII-D [69], AUG [70] and in the spherical
tokamak MAST [71]. The strong decrease in the region of energy transfer is also observed
during L-mode plasmas in TJ-IT (c.f. figure 4.3) and MAST (the k-spectrum varies as
k~?). Note that in MAST, due to the low magnetic field, wavenumbers that are probed
are very large (kyps = 7 — 11) as compared to other experimental works, except the
measurements performed in FT-2 [57, 58, 72] plasmas, in which the radial wavenumber
spectrum is evaluated between k,ps = [1 — 15].

However, the shape of k-spectrum such as k=3 up to about kp, < 1 and a faster decrease
at higher £ was not seen in DIII-D and depending the radial location and on the plasma
conditions, not always observed in TJ-II [73] and AUG [59, 74] either. The spectra measu-
red appeared flatter than the shape described above and some incoherence is found when
compared with gyrokinetic simulations [70]. This specific behavior is related to non-linear
effects of micro-wave propagation in a turbulent plasma. The detailed study lead by Happel
et al. [75] clarifies this point. The comparison of wavenumber spectrum measured using X-
mode and O-mode DBS systems (at the same radial location and same plasma conditions)
exhibits a strong difference in the spectral indexes such that the spectrum obtained using
X-mode polarization are flatter than the one coming from O-mode measurements (c.f left
figure 4.5). The comparison of these experimental spectra to the result from a gyrokinetic
simulation (performed using the experimental plasma conditions) shows an agreement with
k-spectrum measured with O-mode. In addition, 2D full-wave simulations have been perfor-
med using the turbulence field obtained via gyrokinetic simulations. Again, the comparison
of k-spectrum obtained for X and O-mode, shows an impressive difference : the X-mode
spectrum is flat until £, = 11em ™! while O-mode spectrum starts a fast decrease, such as
k15® from k = 5em™! (c.f right figure 4.5). The flattening of the X-mode spectrum seems
to result from a saturation of the scattering response. This explanation is supported by
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4.1. Effect of collisionality on the wavenumber spectrum shape
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4. Wavenumber spectrum of density fluctuations

the fact that nonlinear processes are indeed expected to appear at lower turbulence levels
when probing fluctuations with X-mode polarization [76]. These findings show that DBS
in O-mode is better suited than X-mode polarization for k-spectrum measurement and
more generally for turbulence amplitude investigations. However, it should be noted that
comparing full-wave spectrum with direct (applied lowest synthetic diagnostic) spectrum,
it is obvious that neither the wavenumber spectrum measured with O-mode nor the one
measured with X-mode wave polarization reproduces directly the wavenumber spectrum
of the input exactly.
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FIGURE 4.5. — Perpendicular wavenumber spectra measured on AUG using DBS in O-
mode and X-mode polarisation (left) and spectra obtained using 2D full-
wave code and gyrokinetic simulations (right)

In addition to the results on the wavenumber spectrum, the measurement of the perpen-
dicular velocity of density fluctuations (using also the DBS system) during the dedicated
v* scan allows us to observe an interesting behavior of this velocity. For a given radius,
here r/a = 0.8, the measured velocity is found to strongly vary with the wavenumber of
the probed density fluctuations, suggesting that the phase velocity is not always negligible.
This work, presented in the section C of the [Publication 4], is discussed in the next section.
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5. Dynamics of the plasma via the
dynamics of density fluctuations

In this chapter, we present the results related to the dynamics of density fluctuations
obtained using the DBS systems. This system, presented in the Annex A, gives access to the
perpendicular velocity of density fluctuations in the laboratory frame, which is the sum of
the "plasma velocity" plus the apparent (i.e phase) velocity of the fluctuations in the plasma
frame. In most cases, density fluctuations are used as "tracers" to evaluate the "mean or
equilibrium" plasma dynamics in the perpendicular direction. Since the presence of a strong
shear in the perpendicular velocity tends to decorrelate the turbulent structures and thus
reduce the turbulent transport (see for example [9]), research on rotation and flows that
develop inside the confined plasmas is of major interest. This nonlinear decorrelation effect
comes from mean/equilibrium velocity profile as well as from large-scale flows (ZFs and
GAMs) generated by the turbulence itself. In the following, both kinds of flows are studied.
Depending on the time integration of the data analysis, DBS gives access to the "mean"
or "equilibrium" perpendicular plasma velocity or to a kind of "instantaneous" velocity,
which allows an observation of velocity fluctuations at a given frequency as in the case
for example, for geodesic acoustic modes (typically few kHz). In this chapter, the choice is
made to first present a study on the fluctuations of plasma velocity related to the Geodesic
Acoustic Modes (GAMs), while in a second section, the "mean" or "equilibrium" velocity
investigations are presented after a brief reminder of the different components of the fluid
plasma velocity.

5.1. GAMs

Geodesic Acoustic Modes (GAMs), in their basic form, are oscillations of the poloidal
flow at the geodesic acoustic frequency, appearing in the form of a coupling between a
zonal flows (m = 0,n = 0) and an axisymmetric (m = +1,n = 0) pressure sideband
mode due to geodesic curvature. Similar to stationary zonal flows, the flow (or radial
electric field) structure of GAMs is symmetric around the magnetic axis, (i.e. m =n = 0)
while they have a poloidally asymmetric from (with m = 1) for density fluctuations. The
physical mechanism can be understood considering an electric field perturbation £ which
causes a perpendicular flow perturbation v, = E x B /B2. Since the magnetic field has
a dependence as 1/R, this perturbating flow will lead to an accumulation of the density
such as 72 oc —V -47;. This density perturbation causes a radial current J oc (B x V#)/B?,
which tends to counteract the initial F, leading to an oscillation at the GAM frequency.

ZFs and GAMs have been intensively studied, from a theoretical perspective, over the
last five decades since these axisymmetric large scale sheared flow structures back-react on
small scale turbulence that drives them [77] and tend to regulate the turbulent transport
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5. Dynamics of the plasma via the dynamics of density fluctuations

by shearing apart radially elongated structure of the underlying instability. While GAMs
are not expected to reduce turbulence intensity as much as low-frequency ZFs [78], they are
believed to exchange energy with ZF and drift-wave turbulence, acting as a third player in
a possible predator-prey dynamics [79, 80]. As a result of this, it could be a key ingredient
in the L-H transition [81]. Knowing precise properties of GAMs and comparing them with
simulations may help in understanding the different parts of the puzzle, which may in turn
help predicting, and potentially increasing, the performance of future machines.

The GAM was first predicted based on an ideal magnetohydrodynamic (MHD) model
[82], which, for a large aspect ratio, circular plasma, gives the GAM frequency as :

wGAM:% 2—|—q12 (51)
where R is the major radius, Cj is the sound velocity Cy = /I';T; + I'.T, with I'; and T,
the adiabatic coefficients respectively for ion and electrons and T; and T, the ion and elec-
tron temperature, and ¢ is the safety factor. This prediction for wgay neglects geometrical
effects (i.e shape effects), impurities, kinetic and finite Larmor radius effects. Electromagne-
tic components are also neglected. Therefore, from this first investigation, several models
for GAMs have been derived to take into account the plasma geometry [33] or gyrokinetic
description [84, 85, 86] leading to slightly different frequency predictions. To give an order
of magnitude, in the edge of a medium-sized tokamak, the value of GAMs frequency is
typically of the order of 10 — 20k H z. This frequency range makes them easier to detect as
compared to stationary, or very low frequency (f = 0), zonal flows (ZF).
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FIGURE 5.1. — Interdevice comparison of GAM frequencies between experiments and pre-
diction from Ref.[87]. The GAM frequency roughly satisfies the relation

feam x Cs/R

Experimentally, GAMs appear as quasi-coherent symmetric oscillations of the plasma
flows and are identified mainly via their frequency, their poloidal symmetry and in only
few experiments via a complete symmetry, namely in both toroidal and poloidal numbers
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5.1. GAMs

(n=m = 0) [88, 89, 90, 91]. After the pioneering works on the H1 heliac device [92, 93],
GAMs are usually detected in the plasma edge (typically p = 0.8 — 1) of tokamak plasmas
coherently with the fact that GAMs should experience Landau damping, which roughly
varies as exp(—q?®). Observations of GAMs have been reported from a number of toroidal
devices, notably using DBS on AUG [94], DIII-D [95, 96] and FT-2 [97]. A more complete
review, including a larger number of diagnostic techniques, can be found in Ref. [98]. The
GAM frequency is generally found to be close to Cs/(2nR) (see Figure 5.1), following
the trend of the sound speed Cj, with a dependence on the plasma shape, especially on
the plasma elongation [99]. However, an interesting aspect is that GAMs are observed
with two significantly different behavior. Namely they either follow the local sound speed
[94, 100], or have a fixed frequency over a wide radial domain [101, 96, 102] (for example,
p = [0.86 — 0.9] in DIII-D and p = [0.75 — 0.95] in TCV ). This latter behaviour is also
observed in gyrokinetic simulations using the code ORB5[103]. In certain cases, the radial
profile of GAM frequency exhibits some "plateau” (step frequency over p = [0.86 — 0.88])
[99] as discrete change in the frequency with the formation of several radial layers of GAMs.
These different behaviors can be seen as corresponding to a GAM as a continuum (with
varying frequency on each flux surface) or as an "eigenmode” structure (i.e a mode at a
given frequency with a radial extension) [104, 105].
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FIGURE 5.2. — Radial profile of the GAM frequency and amplitude in TEXTOR from
Ref.[100] (left). Auto-power spectrum of electron density fluctuations and
radial profile of the GAM amplitude in TCV from Ref.[102] (right) .

The tokamak Tore Supra had a complementary set of reflectometry systems, with an
ultra-fast-sweep reflectometer [106] as well as a fixed frequency system [107] and two
Doppler backscattering systems [53]. However, until 2010, no GAMs have been obser-
ved on Tore Supra plasmas while it was already largely detected in the other tokamaks
[108, 109, 94, 110, 95]. The question of "why GAMs are not observed in Tore Supra plas-
mas ?" was puzzling. Is it due to an intrinsic property of the machine (i.e. large ripple,
circular cross-section, lack of the dynamics leading to the L-H transition) or due to a
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lack in detection systems ? Therefore, after intensive studies on characterization of density
fluctuations using several scattering and reflectometry systems [111, 40, 112], dedicated
analysis of electric field fluctuations from Doppler backscattering measurements have been
performed. Exploiting the recently installed DBS acquisition system, the diagnostics were
set up in order to acquire data with a long-time sequence (over 50 ms) and we have ex-
panded our data analysis to include new data processing which extends considerably our
capabilities in terms of Doppler velocity measurements. In addition, specific experiments
have been designed and performed on Tore Supra looking for GAMs. These experimental
studies allowed, for the first time, the detection of GAMs on Tore Supra plasmas and are
presented in the following paper [Publication 5].
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Abstract

This paper presents the first observation of geodesic acoustic modes (GAMs) on Tore Supra plasmas. Using the
Doppler backscattering system, the oscillations of the plasma flow velocity, localized between r/a = 0.85 and
r/a = 0.95, and with a frequency, typically around 10 kHz, have been observed at the plasma edge in numerous
discharges. When the additional heating power is varied, the frequency is found to scale with Cs/R. The MUlItiple
Slgnal Classification (MUSIC) algorithm is employed to access the temporal evolution of the perpendicular velocity
of density fluctuations. The method is presented in some detail, and is validated and compared against standard
methods, such as the conventional fast Fourier transform method, using a synthetic signal. It stands out as a powerful
data analysis method to follow the Doppler frequency with a high temporal resolution, which is important in order

to extract the dynamics of GAMs.

(Some figures may appear in colour only in the online journal)

1. Introduction

The performances of today’s tokamaks are limited by the
micro-turbulence in the confined plasma that generates radial
transport of heat and particles. = The main instabilities
that underlie this turbulent transport are drift instabilities
driven unstable by density and temperature gradients. Non-
linearly, the turbulence in the core of tokamak plasmas self-
organizes by forming large-scale structures, and in particular,
large scale sheared flows called ‘zonal flows’ that back-
react on small scale turbulence that drives them [1]. These
axisymmetric sheared flow structures tend to regulate the
anomalous transport by shearing apart radially elongated mode
structure of the underlying instability. Closely related to these
zonal flows (ZFs) are the oscillations of the poloidal flow
at the geodesic acoustic frequency, called geodesic acoustic
modes (GAMs), which are similarly turbulence-generated
and appear in the form of a coupling between a ZF and an
axisymmetric (m = 1) pressure sideband mode due to geodesic
curvature. ZFs and GAMs have been intensively studied
over the last decade both theoretically and experimentally.
The detection of such structures is quite challenging since it
requires direct measurements of plasma flow or electric field

0029-5515/12/063008+13$33.00

with high temporal and spatial resolution. In particular the
stationary ZFs, which evolve at a very low frequency (f =~ 0)
are virtually impossible to detect with only one localized
system and requires long distance correlation analysis between
separate and distant systems. ZFs can be directly detected in
the plasma core by measuring the electrostatic potential using
heavy ion beam probes (HIBP) [2, 3] and at the plasma edge
from floating potential measured using Langmuir probes [4—6].
Because GAMs have a frequency typically of the order of a few
kHz, they are easier to detect and have been observed on several
tokamaks such as DIII-D [7-9], JIPP T-IIU [10], ASDEX
Upgrade (AUG) [11], JFT-2M [12], T-10 [13], TEXTOR [14],
HL-2A [15] using beam emission spectroscopy (BES), HIBP,
Doppler backscattering systems (also referred to as Doppler
reflectometry) and Langmuir probes.

The tokamak Tore Supra has a complementary set of
reflectometry systems, with an ultra-fast-sweep reflectometer
[16] as well as a fixed frequency system [17] and two Doppler
backscattering systems [18, 19]. However, until recently, no
GAMs have been observed on Tore Supra plasmas. Whether
this was due to an intrinsic property of the machine (i.e. large
ripple, circular cross-section, lack of the dynamics leading
to the L—H transition), has been a question for the scattering
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community, which has finally been resolved in this paper. The
detection in Tore Supra has proved difficult due to a variety of
reasons: the standard reflectometry systems are located in the
equatorial plane (where the density fluctuations due to GAM
cannot be observed); the Doppler system was not adapted to
the detection of GAMs because of the poor flexibility of the
acquisition system and it operated mostly in the ordinary (O)-
mode. In short, the scientific focus was on the wavenumber
spectrum of density fluctuations and on radial profiles of the
mean radial electric field studies, which require a set-up, which
is not suitable for the detection of GAMs.

Therefore, after intensive studies on characterization
of density fluctuations [20-23] using several scattering and
reflectometry systems, dedicated analysis of electric field
fluctuations from Doppler backscattering measurements have
been performed which allowed, for the first time, the detection
of GAMs on Tore Supra plasmas. Taking advantage of a new
acquisition system, the diagnostics were set up in order to
acquire data with a long time sequence (over 50 ms). Various
data analysis methods for determining the instantaneous
Doppler frequency and therefore the instantaneous velocity
of density fluctuations are considered. Among those methods
that have been tested are the calculation of the frequency as
the derivative of the phase of the complex signal, use of the
fast Fourier transform (FFT) on reduced time sliding window
(SWFFT) and the multiple signal classification (MUSIC)
algorithm [24]. The latter is a power spectral estimation
method based on the eigenmode analysis of data vectors, which
can provide a fine estimation of the frequency content of
the signal, with high temporal resolution [25-27] (i.e. using
a small number of data points, see for instance [28] for a
recent review that contrasts modern power spectral density
estimate methods). The key advantage of this algorithm
is its ability to separate the information contained in the
data into distinct signal and noise sub-spaces by determining
the eigenvectors of the auto-correlation matrix. In this
decomposition, the projection of each frequency component on
the noise eigenvectors becomes minimum at the frequencies of
the signal (e.g. the Doppler frequency in our case). A spectral
(or frequency) estimator is thus formed by taking the inverse of
this projection, which yields sharp peaks at the frequencies of
the signal [29]. From our study, presented in the following, the
MUSIC method has been determined to be the most efficient
technique for detecting GAMs. In particular, the flexibility
of this method in terms of determining the GAM frequency
with a relatively low number of points from the Doppler
backscattering signal, admits a high resolution characterization
of GAM dynamics such as frequency modulations of GAM
oscillations.

This paper is devoted to the first observations of GAMs
on Tore Supra plasmas and the MUSIC method that can be
used for detecting them. After this short introduction, a brief
description of the Doppler backscattering system, used in the
following, is given in section 2. Section 3 is dedicated to
the data analysis technique. The MUSIC method, which we
choose for our study, is described, tested and compared with
the better known methods, such as, the derivative of the phase
and SWFFT using a synthetic signal. Then, the oscillations
observed in the velocity of the density fluctuations during
ion cyclotron resonance heated (ICRH) L-mode plasmas are

presented in section 4. Finally, a discussion gives perspectives
of this work in section 5. Appendices A and B describe the
mathematical foundation and the practical implementation of
the MUSIC algorithm used in this paper.

2. Doppler backscattering system on Tore Supra

Doppler backscattering system allows measurements of
density fluctuations with good spatial localization and an
excellent wavenumber selectivity. This technique combines
the advantages of both the reflectometry and the scattering
techniques. The probing wave which is chosen in the
microwave range, in order to reach a cut-off layer inside
the plasma, is launched in oblique incidence with respect to
the normal vector to the surfaces of iso-index-of-refraction.
In this configuration, only the field backscattered on density
fluctuations in the vicinity of the cut-off layer is detected
by the emitter antenna, which also serves as a receptor.
The fluctuations whose wavenumber matches the Bragg
rule kf = —2k are selected exclusively, where k is the
local probing wavevector close to the cutoff and kt is the
wavevector of density fluctuations. This technique thus
provides the instantaneous spatial Fourier analysis of density
fluctuations, ﬁ(lz, 1) = fv n(7, H)e*” dr, at the wavenumber
k = ki. Due to the movement of density fluctuations
perpendicular to the field lines, in the b x 7 direction, the
detected signal is Doppler shifted by Aw = k;.vy. This
allows the determination of the velocity at the cut-off layer,
which corresponds to the speed of movement of the density
fluctuations in laboratory frame, mainly due to the E x
B drift, written as v = UVgxp + vpn Where vp,p is the
E x B velocity and vy, is the phase velocity of density
fluctuations.

The system installed on Tore Supra has two channels: one
of which operates in the V-band frequency range in ordinary
polarization (i.e. O-mode) while the second one covers the
W-band in extra-ordinary polarization (i.e. X-mode). The
scattering volume is controlled by Gaussian optics and the
antenna is motorized in order to vary the tilt angle during a
single discharge. This allows us to probe the plasma from
r/la = 0.5 tor/a = 0.9 (where a is the minor radius)
with wavenumber k;, = 3-20cm~! (for the O-mode) and
from r/a = 0.85 to r/a > 1 with k; = 2-25cm™! (for
the X-mode). The radial position and the wavenumber of
the probing wave at the cut-off layer are determined using
a 3D beam tracing code [30] simulating the propagation of a
Gaussian beam in a stationary plasma. In-phase (I = A cos ¢)
and quadrature (Q = A sin ¢) signals are sampled at 10 MHz
(and possibly up to 100 MHz). More detailed description of
this system can be found in [31]. In this paper, we have used
data from the X-mode system.

3. Data analysis

In the past, the capabilities of Doppler backscattering system
[18,32], installed on Tore Supra have been mainly used for
studying the dynamics of the mean plasma flows and the radial
electric fields. In order to do that, both I and Q signals are
acquired over a time sequence of around typically 5 ms, for a
given fixed probing frequency and a fixed tilt angle. The power
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spectrum density is then obtained by a FFT of the complex
signal z(t) = I(t) +iQ@) = A(1)e'?™ over the total time
sequence giving access to the ‘mean’ flow velocity, via the
Doppler shift of the maximum of this power spectrum.

In order to obtain the temporal evolution of the flow
velocity, or in other words, the ‘instantaneous’ velocity, several
data analysis techniques can be used. The simplest and the
fastest method is to determine the Doppler shift frequency
directly from the phase derivative of the complex signal [33].
The limitation of this technique comes from its inability to
treat signals when the signal amplitude varies rapidly (from
high to near zero levels), which makes it difficult to determine
the complex phase as distinct from the amplitude variations.
A second method consists of applying FFT to the complex
signal z(t), on a small, sliding window in time and taking
either the simple weighted spectral mean, or the maximum of
the Doppler peak (using a fitting process) as the instantaneous
Doppler shift. This technique has been intensively used
to study GAMs on ASDEX Upgrade [9,11,34-36]. Here
we will introduce another technique for the detection of
GAMs. This method, well known in the signal analysis
community, is called the MUSIC algorithm [24]. It is
used in various applications from speech recognition [37] to
estimating locations, directions and speeds of moving objects
via radar/microwave signals [38], in particular in direction
finding, and source localization using sensor arrays in a
wide variety of applications such as mobile communication
and wireless network arrays [39], volcano seismology [40],
ultrasound imaging [41] and applications such as mapping of
the human brain using magnetoencephalography [42].

3.1. The MUSIC technique

The MUSIC algorithm [24] is a frequency estimation
algorithm, which is based on the idea that a large variety of
observed signals can be represented by a finite number ny of
frequency components plus an incoherent noise part:

ng

x(t) =xV@) +n(t) =Y Bee M 4 n(n), 1)

k=1

where x®(¢) is the relevant part of the signal, B, are the
amplitudes of each frequency component and n(f) is the
‘noise’, which can be the actual noise or it can be an
incoherent/undesired part of the data.

The method is based on the observation that the
eigenvectors of the auto-correlation matrix R = (za') (where
x is the complex data vector, sampled over N regular time
intervals) can be used for separating the signal and noise
components. When the eigenvalues are sorted in decreasing
order, the larger eigenvalues of this matrix correspond to
the signal components while the eigenvalues of the noise
components are all equal to the minimum eigenvalue. Using
the fact that the eigenvectors are perpendicular to one another
and the hypothesis that they are also perpendicular to the
random noise, the method allows a very good separation
of signal from noise. In practice, instead of the ensemble
averaged matrix R, a forward—backward averaged R is
considered, formed from sampling the correlation matrix in
smaller matrices of size ny, < N. Furthermore, the well-
known property of the singular value decomposition (SVD) is

used such that the SVD of a reorganized data matrix X (such
that R = X' X) yields the eigenvalues and eigenvectors of
R as the squares of its ‘singular values’ and its ‘right singular
vectors’, respectively (see appendices A and B). The pseudo-
spectrum is then directly estimated from the noise eigenvectors
using the MUSIC power estimate, which can be obtained by
choosing the form of the filtering function (a vector function
w( f) that picks out the frequency component corresponding
to the frequency f from the data, such that the power at a given
frequency can be defined as P(f) = w'(f)- R(zx) - w(f), see
for instance [43]) to minimize the noise content:

1
@' () Broise Bl a(f)

Here FE,s is a matrix whose columns are the noise
eigenvectors and a(f) is a vector function of sinusoids (i.e.
a;j(f) = e 27if). Note that here, while the maximal
frequency of the vector f is fixed by the time interval between
each data point (i.e. acquisition frequency), the length of this
vector (which fixes the frequency resolution) is free. Assuming
that the noise and the sinusoidal signals are uncorrelated, d?
defined above would vanish and thus Pyysic diverge for each
f = fi of the signal. In practice, the noise and the signal
cannot be perfectly distinguished due to errors coming from
the computation of Es.’s and noise-signal correlations, and
one obtains a large narrow peak at the location of the signal
frequencies. The heights of these peaks represent how distinct
from the noise (i.e. significant) that particular frequency signal
is. However, the heights of these peaks do not give the
amplitude of the signal since the bases of the decomposition
are not constant from one time sequence to another. The
information of the amplitude of the signal at a given frequency
is, anyway, accessible taking directly the eigenvalues: since
R(x) - e(f) = A(f)e(f) (where e(f) is the eigenvector
corresponding to the component with the frequency f) the
eigenvalue A(f) is directly proportional to the square of the
amplitude of the component of the signal with that frequency.
Since in the MUSIC approach the eigenvalues are sorted (and
positive), the square root of the first eigenvalue corresponds to
the amplitude of the dominant sinusoidal component.

In practice, for evaluating the frequency content of each
time sequence of interest, one has to decide the values of
two parameters; n¢ being the number of frequencies expected
to be detected (number of expected complex sinusoids in
the signal), ny, being the size of the signal subspace which
corresponds to the size of the resulting averaged matrix R
when using the forward/backward averaged auto-correlation
matrix. In addition, in order to access the time evolution
of the Doppler frequency, the MUSIC algorithm should be
applied on a reduced time sliding window, with a length of
nws, Which is then slided over the full data sequence. The
shift amount (or inversely, the overlap), then determines the
temporal resolution, which should be finer than the frequency
of the oscillation that we want to resolve. Here, the shift is set
at half the window size ngif = nws/2.

In application to backscattering, we use the MUSIC
algorithm to determine the Doppler frequency in sufficiently
high resolution to be able to detect an oscillation of the
Doppler peak. Therefore, to resolve a single frequency, the
parameter n¢ should be taken as 1 (which is correct when

1
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the signal frequency spectrum is formed by a single-broad-
Doppler component). The parameter n,,, which corresponds
to the size of the matrix on which the eigenvalue decomposition
is performed, has technical limitations: it must be larger
than n¢ (so that we have at least ny signals and 1 noise
components), and smaller than the length of the time sequence
to be analysed (can be much smaller); however, the optimal
value is not straightforward and is decided by performing
several tests using a synthetic signal (see next subsection). The
pseudo-spectrum Pyysic is evaluated at a frequency vector
f sampled between — ficq/2 and fyeq/2 with a number of
points ny adapted to the desired resolution Af (where fucq
is the acquisition frequency of the signal to be analysed). As
described in the next subsection, the key point of using the
MUSIC method is that, unlike the conventional FFT method,
the frequency resolution is not limited by the width of the
sliding window. In other words, considering a pure sinusoid
with a frequency f, the MUSIC method can be applied on
just a fraction of the full period to resolve the frequency f,
as can be seen in figure 3 of [44]. Therefore, nay, can be
chosen independently to resolve the amplitude of the frequency
oscillation that we want to detect keeping a high temporal
resolution, by choosing a narrow sliding window (i.e. a small
value of 71ys).

3.2. Validation and limitations of the data analysis techniques

The method introduced just above is compared with the
other methods discussed in the introduction of this section
using a synthetic signal S(#). In order to have a reasonably
realistic test-signal, the complex signal S(¢) is composed of a
distribution of 1000 oscillators with a mean frequency equal
to the frequency of the Doppler component and a frequency
distribution with a width comparable to the experimental one.
Furthermore, the frequencies of each of these oscillators are
sinusoidally modulated (synchronously) in order to imitate the
effect of the GAM. The signal is written as

S(t) =Y cosQuFjt+¢L)+iy sin@uFit+¢) (3)
J J

with F; = fpop + 8fj, where 8f; = &f x rj, r; =
rd(j) with rd is normally distributed pseudorandom numbers
between —1 and 1 and ¢ = famp(QJng)_l cos(2m fgt).
(The normalization of ¢ comes from the fact that the phase
derivative d¢y/dt o< famp sin(27 fgt) should represent the
oscillation of the Doppler frequency at the GAM frequency
fc with an amplitude fynp). The frequency fimp defines the
amplitude of the oscillation and corresponds experimentally
to the amplitude of the oscillation of the velocity such that
AvVymp = 27 famp/ k¢ (Where k¢ is the wavenumber of the
detected density fluctuation). The parameters fpop, and §f
are chosen to obtain a frequency spectrum S(¢) close to that
measured during an ICRH Tore Supra discharge (#45510)
using the X-mode channel. For the same reason, the
generated time sequence is 7poins = 524 000 points long which
corresponds to a time sequence of 52.4 ms. Note that due to
the low level of noise in the experimental signals (signal to
noise ratio is around 45 dB), no noise has been added to the
synthetic signal. The jitter in the data comes from § f;, which is
random. A comparison between the mean frequency spectrum
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Figure 1. Comparison of the frequency spectrum measured on Tore
Supra during the discharge 45510 in X-mode (F = 78 GHz) and the
frequency spectrum of the synthetic signal S(z).

of the experimental data and synthetic signal, over the full time
sequence, is shown in figure 1.

In the following, the acquisition frequency is fixed at
facqg = 10MHz (as commonly used in our system), fpop =
700kHz, §f = 300kHz and f; = 15kHz are kept constant
and four different sets of parameters are used:

Case 1: famp = S0kHz and npeins = 524 000
Case 2: famp = 20kHz and npgins = 524 000
Case 3: famp = 50kHz and npyins = 100 000
Case 4: famp = 50kHz and npins = 50 000.

As already discussed in the introduction of this
section, the easiest way to extract information about the
dynamics of the velocities of density fluctuations from the
Doppler backscattering system is to determine the Doppler
frequency directly from the derivative of the complex phase
¢(t). For this, we compute the logarithmic derivative
Ap = (IAQ — QAI/(I*+ Q%)) and perform standard
FFT analysis on the resulting time sequence. This technique
has the advantage of being very fast and has no adjustable
parameters (in contrast with the other techniques presented
in the following). In addition, this method retains the high
time resolution of the signal. However, when studying low-
frequency modes such as GAMs (f < 50 kHz), the resolution
of high frequency (above 50 kHz) is not really necessary. The
weakness of this method comes from the fact that the phase of
the experimental signal is not always well defined: the phase
derivative is computed from a fraction whose denominator (the
signal modulus) can reach values close to 0, which causes the
instantaneous Doppler frequency computed by this method to
diverge. This is mainly due to the bursty character of density
fluctuations in tokamak plasmas that leads to strong and fast
variations of the signal amplitude. As a result, the frequency
spectrum extracted from the phase derivative is generally very
noisy and is not well adapted to detect velocity oscillation of
a small amplitude.

To improve the sensitivity by reducing the effect of
the strong and fast amplitude variations, oscillations of the
velocity are often studied using FFTs on a sliding window.
This technique consists of two separate steps. First, the
application of the SWFFT on the signal S(#) and secondly
the determination of the Doppler shift from each frequency
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spectrum 3’,«( f) = FFT[S(® t; + 8t)] (obtained from
each sliding window). SWFFT must be able to resolve the
main Doppler component correctly (centered typically around
700kHz with a width of about 300kHz) and in the same
time be able to follow a small variation of the Doppler shift
(in this case fimp = 20kHz). This requires to choose the
width ny, carefully and the number of points ngs that the
window shifts at each slide. Note that during this procedure,
the maximum frequency detectable is given by fiax = facq/2
while the frequency resolution (i.e. the minimum frequency
detectable) is given by funin = faicq/Mwin- In order to
detect an oscillation in the Doppler frequency of an amplitude
Sfamp> fmin must be such that f,in < famp. For the second
step, i.e. the determination of the Doppler shift from the
frequency spectrum S( f), two different methods may be used.
The simplest one is to compute the weighted spectral mean,
defined as fpop = Y f - S(f)/ . 8(f). In the presence
of low-frequency components in the detected signal due to a
contribution of the reflected signal, this method does not work
correctly and each spectrum must be fitted in order to extract
the maximum of the main Doppler component. This is time
consuming but appears necessary sometimes for Tore Supra
data (in O-mode for instance), this is not the case for the data
series used here (see figure 1).

At this stage, the new signal generated from this second
step has an acquisition frequency given by ficqz = facq/shifc
and then the maximum frequency detectable fr.x2 =
Sacq/ (2nghir). The minimum frequency detectable can be at
most fumin2 = facq/Mpoinis (the total time of the generated
sequence remains the same), but from usual signal processing
techniques it is better to use an averaged spectral estimator
to decrease the variance and increase the detectability of the
peak at the oscillation frequency. Then, unless mentionned,
in the rest of the paper, to analyse the time evolution of the
Doppler velocity (obtained using any of the three methods
discussed here), we will use an averaging on eight Hamming
windows with 50% overlap to process the generated time
sequence, which decreases fiin2 by a factor around 4 (taking
into account the fact that ny;,, should be chosen to be a
power of 2). To summarize, there are two main constraints
in choosing the SWFFT parameters. The width of sliding
windows (nyi,) should be large enough to satisfy fuin =
Sage/ @nywin) < 2 famp and in the same time ngp;re must be small
enough to satisfy frax2z = facq/Chsnir) > fg. However,
both parameters, ngi and nyi, are linked by the fact that
the signal cannot be oversampled and then ngpniy = Rwin/2.
Therefore a correct balance between detecting small amplitude
oscillation and resolving high frequency oscillation should be
found. Choosing the width of the sliding windows equal to
256 points and an overlap of 128 points is, in principle, a
good compromise to detect an oscillation of the velocity with a
minimal amplitude of 10 kHz ( fi,in = 20 kHz) and a frequency
up to fmax2 = 40kHz. These are the values that will be used
in the following but the efficiency of this technique depends
strongly on the amplitude of the oscillation that we want to
detect and on the length of the analysed signal (7poins)-

In order to avoid these limitations, we use the MUSIC
method, presented above, on a sliding window of nyg points.
Because we want to detect the Doppler frequency (which is
a single dominant frequency in the signal), the parameter n

is set to 1 (tests with higher values of n¢ indicate that the
results are not sensitive to this parameter as long as one takes
the dominant frequency and that no other components such
as low-frequency components are present in the experimental
signal). Considering an oscillation with an amplitude f,, the
number of points n s to sample the pseudo-spectrum over the
frequency vector f must be such that the frequency resolution
givenby fmin = facq/Nay is clearly finer than fynp. Therefore,
because here and in all the paper f,,q = 10MHz, for the
case 1 (famp = 50kHz), nay should be clearly higher than
200, as it was for the SWFFT method. Similarly, considering
an oscillation of frequency fg, the maximal width of the
sliding window, ny, which determines the temporal resolution
of the Doppler frequency sequence, and thus the maximum
oscillation frequency that can be detected, should be such that
Nws < facq/(2fc) (.e. nws < 330 in the cases considered
here). Performing several tests using the case 1, with ny = 1
and nay = 512, it appears that the best results, in detecting
the oscillation of the Doppler frequency, are obtained for n,,
from 2 to 10 and ny, from 4 to 128. Note that the sensitivity of
the results with the choice of these parameters is quite weak:
increasing ny, at fixed nys, tends to increase the ‘background
level’ (other frequencies than the oscillation frequency) while
increasing nys, at fixed ny, does not affect the spectrum of
the generated time sequence and just modifies the maximum
accessible oscillation frequency. In order to compare with the
other methods, the MUSIC algorithm has been applied to the
synthetic signal S(f) using the set of parameters: ny = 1,
ny = 6, nys = 32 and ngi = 16 and an FFT analysis, similar
to the one used with the other methods (i.e. using an averaging
of eight sliding windows, here, 6600 points, with a 50% overlap
and ng = 8192), on the time evolution of the perpendicular
velocity.

Figure 2 shows frequency spectra obtained using the three
different methods. In the presence of a strong oscillation in
the Doppler velocity (famp = 50kHz) and using a long time
sequence acquisition (npoins = 524000 corresponding to a
time sequence of 52.4ms), all the methods considered can
clearly detect the oscillation at fg = 15kHz, as shown in
figure 2(a). The ratio of the maximum of the peak over the
background level, which gives the signal to noise ratio, may be
used in order to evaluate the sensitivity of each method. Using
the phase derivative method, the relative amplitude is around 5
as compared with 22 using the SWFFT method. The higher
relative amplitude is obtained using the MUSIC method, in
which the relative amplitude is around 100. Note that the error
in recovering the frequency of the GAM is given here by the
frequency resolution which is given by the FFT applied on the
Doppler velocity and which depends on the total number of
data points (for example, A f = 0.08 kHz when using 524 000
points).

When reducing the amplitude of the oscillation of the
Doppler shift down to fymp = 20kHz (i.e. Avyyp = 27 X
20kHz/k, which gives for a typical value of k; = 10cm™!
a GAM flow velocity of around Avyy,, = 125ms™"), the
phase derivative method starts to fail while both SWFFT and
MUSIC methods remain capable of detecting the oscillation at
the frequency 15 kHz (figure 2(b)).

When reducing the total number of points 7,inis down to
Npoins = 100000, in the case with a strong oscillation in the
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Figure 2. Synthetic signal: comparison of the normalized frequency spectrum of perpendicular velocity obtained using the three different
methods for several cases: (@) fump = S0kHz and npoins = 524 0005 (b) famp = 20kHz and npgins = 524 000; (¢) fump = 50kHz and

Mpoins = 100000 and (d) fump = 50 kHz and 7o = 50 000

velocity (case 1), all three methods function as they should, as
can be observed in figures 2(c) and (d). For npgins = 50000,
the velocity oscillation remains visible for all methods but the
relative amplitude starts to be very weak, especially using the
SWFFT method.

To determine the combination of both effects of the
amplitude and the total number of points, the final test has been
performed using a weak amplitude oscillation in the velocity
and reducing the number of data. Figure 3(c) shows the spectra
obtained using npoins = 100000 in which only the MUSIC
method remains capable (with difficulty) of detecting the
oscillation at 15 kHz. Using only nyeins = 50 000, it becomes
impossible to detect the oscillation present in the velocity as
visible in figure 3(d). As a conclusion, for an acquisition
frequency of f,,q = 10MHz, it appears reasonable to use
npoins = 100000, knowing that for oscillation amplitude of
about fymp = 20kHz or lower, the detection becomes difficult.
The use of the MUSIC method has two main advantages for
our application. First, weaker oscillation can be detected
using shorter time sequence (lower number of data point) than
using phase derivative or standard SWFFT methods. Secondly,
it allows us to determine the ‘instantaneous’ perpendicular
velocity (Doppler shift) with a higher time resolution than
using the standard SWFFT method (in principle up to 1 MHz).

It should be noted that in the case of very short
experimental signals, one can also use a double MUSIC
approach (that we call MUSIC?) which replaces the FFT of the
velocity time signal with a second MUSIC spectral estimate of
the velocity signal performed over the total sequence length.
This can reduce the number of points needed to detect a GAM
drastically (see figure 6). This MUSIC? method functions
down to a time signal that contains a single period of the GAM
oscillation, which would be unthinkable with the SWFFT
method.

4. Observation of GAMs on Tore Supra

4.1. Experimental conditions and general statistical
properties

Results that are presented here were obtained by analysing
the discharges of a dedicated v* scan performed on Tore
Supra [23]. These discharges are in L-mode, and are
heated using ion cyclotron resonance heating (ICRH). The
particular experiment that is presented corresponds to the high
collisionality case of the v* scan and is composed of two
identical discharges, between which the set-up of the Doppler
backscattering were changed. The first set-up was designed for
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SWFFT method (black) using windows of 128 points and from
MUSIC algorithm with n,, = 128 (dark blue), and with nys =5
(light blue), and obtained form the phase derivative (in green). The
average power spectral density of the scattering signal is shown

in red.

the study of GAMs, where long time sequences were acquired
(53 ms corresponding to 71peinis = 530 000 data points) for each
probing frequency and therefore only two probing frequencies
and four incident angles were measured during the same shot.
The second set-up was a standard set-up generally used for
wavenumber spectrum and radial electric field measurements,
short time sequences (71poinis = 33 000, i.e. a time sequence of
3.3 ms) were acquired for each probing frequency, allowing the
scan of ten probing frequencies and ten incident angles during
a single shot.

The time series of the Doppler instantaneous frequency
obtained using the MUSIC algorithm, SWFFT and the phase
derivative method are first analysed using statistical tools
such as power probability Density Functions (PDF) which are
compared in figure 4. It should be noted that since the first
two methods use a two steps analysis (i.e. determination of the
Doppler velocity and analysis of the dynamics of this velocity),
the PDF of the velocity will depend on what time-scale we are
looking at. When using the same time resolution for SWFFT
and MUSIC (nywin = nys = 128), the different statistical

moments, such as the standard deviation, the kurtosis and the
skewness, are quite similar for both methods, and similar to
what was obtained in [11] (close to Gaussian). However,
the kurtosis and the skewness vary significantly when the
time resolution is changed. If the time resolution of the
Doppler velocity time series is reduced down to the turbulence
correlation time or less (of the order of a microsecond, typically
<10 points), the PDF obtained from MUSIC (light blue,
nws = 5) and from phase derivative (green) departs from a
Gaussian and closely follows the shape of the power spectral
density of the original scattering signal (shown in red); this is
what can be expected if the signal spectrum indeed reflects the
fluctuation velocity time distribution [18]. The PDF statistical
analysis then provides information about the dynamics of the
underlying turbulence and not of the GAM.

4.2. GAM identification, radial repartition and frequency
scaling

Figure 5 shows, in log—log scale, the frequency spectrum of
both the perpendicular velocity of density fluctuations and
the level of density fluctuations (from the time evolution of
the dominant eigenvalue, ny = 1) measured using Doppler
backscattering system in set-up 1. The measurements are
performed using the X-polarization channel of the Doppler
backscattering system, the probing frequency was set to F' =
78 GHz and the antenna tilt angle to 7.75°, which corresponds
to the plasma edge around r/a = 0.95 and k; = 11cm™!.
The spectra are obtained using the MUSIC method to extract
the Doppler frequency as well as the amplitude of the density
fluctuations and applying an FFT on the time evolution of both
quantities (using an averaging on eight Hamming windows
with 50% overlap and ng = 8192). An oscillation is clearly
detectable on the frequency spectrum of the velocity at a
frequency of f = 8.1kHz. In contrast, there are no oscillations
that are distinctly observable on the frequency spectrum of
the amplitude of density fluctuations. It should be noted that
neither the SWFFT method (not shown here) nor the MUSIC
method show no peak in the amplitude spectrum while the
same oscillation (with the same frequency) is observed in the
velocity.
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Figure 5. Experimental signal (shot TS45510): frequency spectrum
of the perpendicular velocity of density fluctuations (a) and of the
amplitude of the Doppler component (b) using the MUSIC
algorithm with ny = 1, ny, = 4, nys = 32.

Note that in order to evaluate the minimum duration of
the time sequence required to detect the oscillation on the
velocity, spectra presented in figure 5 have been computed
considering several number of data points. The oscillation of
the velocity remains undeniably detectable decreasing 7poings
down to npoins = 66000 for this given example. Note
that decreasing the number of data point hence the length of
the time sequence decreases the frequency resolution from
Af = 0.08kHz (npoins = 530000) to Af = 1.2kHz
(npoims = 33000).

In order to evaluate the capability of the MUSIC method
as compared with the SWFFT method on experimental
data, figure 6 presents the same data (as presented in the
figure 5) analysed using the SWFFT and the MUSIC? method
(introduced in the previous section). This means that the latter
has been used consecutively on the complex signal to extract
first the perpendicular velocity dynamics and then on the total
sequence of the perpendicular velocity signal itself, instead of
the standard FFT applied in section 3.2. Note that velocity
time series is real and then ny = 2 is necessary to detect a
single frequency in a real signal. As can be observed clearly
in figure 6, the SWFFT starts to fail in detecting the velocity
oscillation when using 5376 points (in fact, the confidence in
the method is probably very much open to question even with

10 —SWFFT — 500 000 pts
—SWFFT - 5376 pts
—MUSIC?- 500 000 pts

10" b —MUSIC2- 3232 pts |
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Figure 6. Experimental signal (shot TS45510): comparison of the
frequency spectrum of the perpendicular velocity of density
fluctuations using SWFFT for two different signal lengths (signal
with 500 000 points in red and signal with 5376 points in black) and
the pseudo-spectrogram obtained using double MUSIC methods
with ny = 1, n,, = 4 for the first MUSIC and n; = 2, n,, = 64 for
the second MUSIC for two different signal lengths (signal with

500 000 points in blue and signal with 3232 points in magenta).

much more points), while the double MUSIC method, remains
capable of detecting distinctly the oscillation using only 3232
points. The difference between the position of the peaks for
the MUSIC? methods with higher and lower number of points
is not due to loss of accuracy but as is shown in figure 11 due
to an evolution of the GAM frequency in time.

In the same spirit, a comparison between the frequency
spectra of the perpendicular velocity of a synthetic signal (with
a constant GAM around the experimental mean frequency
of the GAM observed during the discharge 45510) and the
experimental signal using the MUSIC algorithm with the same
parameters are shown in figure 7. This comparison shows that
the GAM component has a finite width in the experiments in
contrast to the synthetic signal with constant GAM frequency,
and therefore points to the fact that, in the experiments, the
GAM frequency is evolving in time (which is clearly seen in
figure 11).

In order to evaluate the radial extent of area where the
velocity oscillation can be detected, the identical discharge
with set-up 2 has been analysed and similar oscillations
are detected at several probing frequencies (even using only
Npoins = 33000). Figure 8 presents the radial profile of
the amplitude of the Doppler frequency oscillations, at two
different wavenumbers. The amplitude in terms of velocity is
then deduced taking A(km sTh = 2wrA(kHz)/k (m™). Tt
appears that the amplitude of this oscillation is of the order of
0.3kms~! which represents approximately 10% of the total
perpendicular velocity (v) (r/a = 0.9) = 3.2kms~!, which
is normally a sum of the background E x B velocity and the
phase velocity). These values are similar to the ones observed
on ASDEX Upgrade [35]. Note that, no difference is observed
between radial profiles when two different wavenumbers are
investigated (i.e. using two different launching angles for the
probing wave) as expected for GAMs which are oscillations of
the mean poloidal flow and thus are not related to the spatial
scale of the moving density fluctuation that is observed.

The oscillation detected is localized at the edge, where the
safety factor is higher (in this discharge ¢ (r/a = 0.95) = 4)
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Figure 8. Radial profiles of the GAM oscillation amplitude for the
discharge #45510 considered in figure 5 obtained using two
different incident angles o = 5.9° (blue) and o = 9.2° (black).

and therefore the GAMs can be more easily excited. The
radial extent is relatively wide (from r/a = 0.95 to r/a =
0.75) as compared with the observations made on ASDEX
Upgrade [35].

The frequency observed is compared with the simple
expression for the GAM frequency, which has been derived
by [45] for a large aspect ratio R > a (where R and a are
the major and the minor plasma radii, respectively), circular
plasma (both of which are reasonably valid for Tore Supra
plasmas), and gives wgam = (2 + 1/¢?)2C,/R, where C
is the ion sound speed and approximated in the following
by C; ~ /2T./m;i. Here, we consider the majority ion
(i.e. deuterium). Figure 9 shows the observed frequencies
during both discharges (set-up 1 and set-up 2) and the radial
profiles of the quantity Cs/(27w R) and the GAM frequency
foam = wgam/(2m) expected from the above expression.
Note that the uncertainties on the experimentally observed
frequencies and those that are plotted in this figure correspond
to the frequency resolution of the FFT (related to npgins)-
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Figure 9. Radial profiles of the predicted GAM frequency for the
discharge #45510 considered in figure 5 and experimental values of
the frequency of the GAM observed during the similar discharges
(#45510 and #45509).

Unfortunately no ECE measurements of 7, are available for
r/a > 0.93, C is not evaluated at the plasma edge where
the most precise measurements are made (with the smallest
uncertainties obtained using set-up 1) and therefore where
the frequency of the oscillations is determined with a better
accuracy (r/a = 0.95). However, itappears from the discharge
using set-up 2 that the frequency of the oscillation observed
in the velocity remains in between both quantities, namely
Cs/Q2R) and (2 + 1/¢*)'/?C,/(2m R). This agreement, in
addition to the fact that the oscillation is observed on the flow
velocity and not in the fluctuation level, and gets stronger near
the edge, suggests strongly that these oscillations are indeed
GAMs.

Similar oscillations in the velocity of density fluctuations
(i.e. oscillations of the radial electric field) have been observed
in several other discharges, including three discharges with
different additional ICRH power: Prcy = 1 MW, PRreg =
2MW and Prcy = 4.5 MW, which were otherwise identical.
The frequency spectra of the Doppler frequency, measured
atr/a = 0.9 £ 0.5, for these three discharges are presented
in figure 10 in linear-linear scale. It was observed that
the frequency of the oscillation increases slightly from f =
11kHzto f = 12.5 kHz when increasing the additional power.
Comparing these frequencies with the radial profiles of the
quantity Cs/ (27 R) for each discharges shows good agreement
supporting the interpretation of these observations as GAMs,
since Cs/(2n R)(r/a = 0.9) = 8kHz, 9.5kHz and 10.5kHz,
respectively, for the discharge 45500, 45498 and 45496.

4.3. GAM frequency modulation

Trying to resolve the dynamics of these oscillations, one
can reanalyse the time evolution of the Doppler frequency
(obtained using MUSIC algorithm) using again the MUSIC
method over sliding windows scanning the full time sequence.
This has been performed on the data of the discharge 45510
and is shown in figure 11.

The set of parameters used for the first MUSIC is ny = 1,
Ny = 4, nws = 256 and ng,e = 128. The value of ny has
been increased in order to reduce the effect of the fast variations
of the Doppler frequency not related to the physics of GAMs.
For the second MUSIC, applied on the time evolution of the
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Figure 11. Time evolution of the pseudo-spectrum of the velocity of
density fluctuations.

Doppler frequency, the set of parameters used is n¢, = 2,
Nw2 = 8, Nys2 = 256 (narn, = 512). The choice of
these parameters has been determined using a synthetic signal,
similar to the signals used in the previous section, in which
a time evolution of the GAM frequency has been added.
Because of the high sensitivity of the results against these
parameters, the use of this MUSIC? method requires a certain
care. However, the method allows us to extract the temporal
evolution of the GAM frequency as presented in figure 11. To
the best of our knowledge, this is the first time such an analysis
has been performed showing that the GAM frequency is
modulated in time. This modulation (while plasma conditions
are stationary), has a typical frequency of about 100 Hz. Such
modulation may arise as a result of slow oscillations of the
mean flow velocity, such as that expected to arise from the
zonal flow dynamics. Temporal evolution of the amplitude
of GAMs, and its correlation with the turbulence level have
been observed on several machines such as TJ-II [46], AUG
[36] and DII-D [47] during the L-H transition, and is often
related to the predator—prey oscillations [48,49] that result
fromnonlinear wave interactions between turbulence and zonal
modes [50], which is possibly the dominant mechanism for
the spectral ‘cascade’ in Tore Supra [51, 52]. This method of
extracting the frequency modulations of the GAM oscillations

10

allows a secondary diagnostics for the impact of zonal flows,
which perhaps has not the accuracy and the confidence that
one desires of a primary diagnostics system, but can be used
in conjunction with a standard long range correlation set-up
[9,53-55], which is planned on Tore Supra using the two
Doppler backscattering systems.

5. Discussion

The main objective of this paper was to present the first
observation of GAMs on Tore Supra plasmas using the
MUSIC algorithm. Oscillations of the flow velocity (i.e. radial
electric field) have been observed on several discharges using
Doppler backscattering system while no clear oscillations
are visible on density fluctuations (line of sight close to
the equatorial plane). Using several probing frequencies
during the same discharge, allows us to evaluate the radial
extent of these oscillations, which are localized at the edge
of the plasma, near the separatrix, between r/a 0.85
and r/a 0.95. The frequency of these oscillations is
slightly higher than Cs/(27 R) and slightly lower than the
expected GAM frequency (2+1/¢%)!/?C,/(2m R) and is found
to scale with Cg when performing a scan in the power of the
additional heating (ICRH). The observation of GAMs in Tore
Supra, provides another point for the R dependence of the
GAM frequency between DIII-D and JT60-U or JET, which
may hopefully be useful to distinguish detailed theoretical
dependencies especially among larger machines. Note for
instance that, in accord with the 1/ R dependence of the several
theoretical expressions for GAM frequency, the frequency of
GAMs observed on Tore Supra is lower than the frequencies
observed on both DIII-D and AUG tokamaks.

In this paper, we also present the MUSIC algorithm for
the Doppler backscattering signals, which we have used for
detecting GAMs and validate it via numerous tests performed
using a synthetic signal. This algorithm appears as a powerful
data analysis method that can capture the Doppler frequency
with a high temporal resolution. The key point of using
the MUSIC method is that, unlike the conventional FFT
method, the frequency resolution is not limited by the width
of the sliding windows. Therefore, for the typical setting
of the Doppler backscattering systems used on Tore Supra
(acquisition frequency f,,q = 10 MHz and time sequence of
Npoins = 100000 points, i.e. 10ms), oscillations of the flow
velocity around 15 kHz (and in principle up to 1 MHz) with an
amplitude down to f,mp = 10kHz are detectable. In addition,
the use of the MUSIC method may give access to the time
evolution of GAMs performing a double analysis: first the
determination of the time evolution of the Doppler frequency
(and eventually the amplitude) and secondly the time evolution
of the GAM frequency (and eventually the amplitude).

In conclusion, this study shows the possibility of studying
GAMs with high precision using the Doppler backscattering
system, which is particular in that it allows us to observe
GAMs and their effect of turbulence characteristics such
as wavenumber spectrum and amplitude of the density
fluctuations simultaneously. The installation on Tore Supra
of a new channel with a vertical line of sight grants access
to long-range correlation studies between channels away from
each other which would permit studying the physics of ZFs.
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Using this capability of measuring the detailed time evolution
of GAMs, the interplay between GAMs, ZFs and density
fluctuations can be studied in the near future.
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Appendix A. Mathematical foundation of the
MUSIC algorithm

The MUSIC algorithm assumes that the signal consists of a
finite number of frequency components plus an incoherent
noise part as given in (1), which takes the form

z=z%+n=A4-B+n

“

when discretized, where

is the discrete complex signal vector, superscript (s) indicating
the ‘pure signal part’, sampled over N regular time intervals
as x; = x(t;), and

Bl ni
B; ny
B = . s n= s

B, ny
e—i2nnfi  g—i2nnfr e~ i27t fug
e—i2nnfi  o-i2nnfy e 1271 fug

A =

e—i2Tinfi  gi2uinf e 127N fug

with B;’s being the coefficients (i.e. amplitudes) of the ng
frequency components. Noting that the Hermitian adjoint of
@) is zt = Bt - AT + n', we can define the auto-correlation
matrix as

R= (a:a:T> = (m(s)w(m) + <nn7) =A-P-A +0%I, (5

where P = (BBT), assuming that the noise is not correlated
with the signal (i.e. (A - Bn') = 0) and is white. Note that
the components of the N x N matrix A- P - A" can be written
as
T, = <m(.r)m(.r)’r>ij =(A- BB . .AT),‘,/

ng ng

= 3 S (B Frer i)y

m=0 n=0
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it is easy to see that TT = T, so that T (as well as R) is
Hermitian, and thus has real eigenvalues. The hypothesis of
statistical stationarity, which is implicit in a large number of
data analysis techniques, means that the ensemble average
T;; cannot depend on T = (#; +¢;)/2, but only on ¢; — f,
which basically means that T is also a ‘Toeplitz matrix’ (i.e.
T(i,j) =T — j)), and thus has eigen-values that are non-
negative (see appendix B for a practical demonstration of this).
It is also singular, since N > n; and, T;; has an actual rank n;.
These two properties guarantee that the minimum eigenvalues
of the auto-correlation matrix R are all equal to o2, whichis an
essential feature of R that allows the signal/noise separation.

In order to see this, we consider the eigenvalues and
eigenvectors e; of R:

R-e = Aje;,

where e;’s are the eigenvectors and A;’s are the eigenvalues.
Note that the eigenvalues of R and those of T differ by o2, i.e.

det (R — A I) = det (T + (0% — 1) I).

Therefore, the eigenvectors of the pure signal correlation
matrix T are also the eigenvectors of the data correlation matrix
R. Since therank of Rislarger than therank of T'(i.e. N > ny)
the remaining N —ny eigenvectors of R, all have the eigenvalue
o2, Thatis, if we sort the eigenvalues of R in descending order,

they satisfy: A; = Ay = -+ 2 Apy1 = Appy2 -+ = Ay = 02
See appendix B on the SVD for details.
Finally, for those eigenvectors with the minimum

eigenvalues, we have

Re; (T + 021) e =\ie, = crzei

:>AT€,':O,

which means that those eigenvectors, which in fact correspond
to noise eigenvectors are perpendicular to the signal. This is
also evident when we use the eigenvectors of R as the bases,
since all the eigenvectors are perpendicular to one another, and
the signal can be represented using only the first n¢ eigenvectors
(i.e. the signal eigenvectors), and thus is perpendicular to the
last N — ny eigenvectors (i.e. the noise eigenvectors) with the
minimum eigenvalue.

In the classical MUSIC method, the signal and the noise
are assumed to be not correlated. Therefore, if we knew the
noise eigenvectors perfectly, the expression

d*(f) = a" (f) Enoise EL 0 (f),

where FE, 1S a matrix whose columns are the noise
eigenvectors would be exactly zero for each f = f; of the
signal. The MUSIC spectral estimate is then to consider
the quantity in (2), which would be infinite for each f =
fi of the signal if the signal and the noise were perfectly
distinguished. In practice one obtains large, narrow peaks at
the locations of the signal frequencies. The heights of these
peaks indicate significance (i.e. distinctness from the noise) of
the corresponding frequency signals.
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Appendix B. Practical implementation of the
MUSIC algorithm

The expression for the spectral power estimate for the
MUSIC method in (2), requires only the computation of the
eigenvectors of R. But the mathematical basis for its Toeplitz
form relies on statistical stationarity of the ensemble average.
The ensemble average in data analysis is an idealization if not
an abstraction. In practice, one uses a kind of time average
(or a forward—backward time average) over the data itself with
some overlap, which defines R as
— T — 1 il
R = <:cm ) =N ;mnmn, 6)
where av; = [Xn, -+, Xn+nw—1] With ny, being the size of the
resulting averaged matrix, one can construct from the data of
size N, a maximum of Ng N — ny + 1 ‘ensembles’ over
which to compute the average. Obviously 7, should be larger
than n¢, in order to resolve all the frequencies in the signal. If
Ng is not sufficiently large one can improve the situation by
performing a forward-backward average by defining the nth
backwards data vector:

*
XN711+1
x*
N—n
0=
*
AN —n—nw+2
and using
= — (mnmz + m;b)m;bﬁ) . (7)
2Ng -

We will in practice use this form, since it also permits an
important simplification of the computation of the eigenmodes.
It also explicitly enforces a Toeplitz form for the averaged auto-
correlation matrix. Note that by defining a reorganized data
matrix X of the form

XK X1
_ 1 XN XN—nw+l 8)
- * *
A/ 2NE xl ‘xnw
* *
AN —nw+1 AN

we can write the averaged auto-correlation matrix defined in
(7) simply as

R=X" X. )
As we have noted earlier, the eigenvectors of R are also the
eigenvectors of T. The matrix T' can also be written using
(9)as T = X®TX® but using the pure signal xi(s)’s in the
definition of X in (8) instead of the data x;’s. A matrix X
can be factored as

X9 =yzvrT, (10)

where U = [uy, up, ..., ug],and V = [v|, va, ..., vg] are
unitary matrices, with w; and v; the left and the right singular
vectors, respectively. The matrix 3 has the following structure:

5=(2 9),

0 0
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where D = diag(oy, 03, ..., 0¢) is an ny X n¢ diagonal matrix
of ‘singular values’, o;’s. Note that, since U and V" are unitary,
we can write

XYy =Ux and Xy =vxf

using (10), or column by column:

X(‘Y)'vi =0o;u; and X@Tu,- = 0;;.

an

It is clear from (11) that the right singular vectors v; are also

the eigenvectors e; of T' with the eigenvalues A, = aizz

XTI XOy, = X0 = olv;.

One important advantage of the SVD technique, is that it will
also determine the rank n¢ of the matrix as the number of
singular values o;’s. In equation (2), it is the eigenvectors of
the noise that is needed. For this we use the eigenvectors of R,
which can be computed as demonstrated above for T', using
the SVD method. However R is a full rank matrix. Its signal
eigenvectors v; are the same with the eigenvectors of T" but
with eigenvalues A; = A} + 0%, and its noise eigenvectors all
have the eigenvalue A = o2,

Due to this observation, one uses in practice the SVD of the
vector X (not X, which is impossible to compute without
knowing the noise anyways), to compute the noise eigenvectors
to be used in the equation (2) above for the MUSIC spectral
power estimate. The method has the further advantage that by
looking at where the singular values saturate, one can estimate
the number of frequencies needed to represent a given times
series.

The actual algorithm we use can be summarized as follows
(Note that for steps 2—4, various commercial (i.e. MATLAB"™
function pmusic [56]) and open source implementations (i.e.
‘pmusic’ function in the ‘Spectrum’ library for python [57], the
‘musicsp’ function in the SPCToolbox [58], which works with
GNU-Octave [59], etc)) of the algorithm exist. The algorithm
described above is the modern version of the MUSIC algorithm
due to [24] and is not linked to a particular implementation.

(1) Select a segment (of size N = ny,) of the complex signal
x formed by combining the reflectometer / and Q signals
(of size npoins), optionally with an overlap, between the
segments.

(2) Construct the reorganized data matrix X as defined in
equation (8) using the components of the complex signal x.

(3) Compute the SVD of the reorganized data matrix X.

(4) Take the last n,, — ny singular values, and the singular
vectors (which are incidentally the eigenvectors of R)
and use these to compute Pyysic power estimate using
equation (2).

(5) Use the maximum of the Pyysc as the detected frequency
for that segment.

(6) Repeat for each segment by sliding the time window by
Nghife to construct the time series that corresponds to the
Doppler frequency as a function of time.

(7) Compute the power spectrum of this fyp(f) signal, using
one of the two methods:

(a) averaged spectral estimation (for intance the
periodogram) which works if fy,, has sufficient
number of points (see the result for instance in
figure 5.
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(b) Or a secondary Pyusic, which works even with less
points, and therefore permits the construction of
figure 11.
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5. Dynamics of the plasma via the dynamics of density fluctuations

In this paper, the first observation of GAMs on Tore Supra plasmas are presented :
oscillations of the plasma flow velocity have been observed at the plasma edge in numerous
discharges using DBS system in X-mode polarization (while, previously, mainly O-mode
measurements were performed on Tore Supra). Using several probing frequencies during
the same discharge, GAMs are found to extend between r/a = 0.85 and r/a = 0.95, with
a frequency that varies with the probing radius and scales with C/R during a power scan,
which is performed by increasing the additional heating (ICRH). The amplitude of the
GAMs are usually observed to increase towards the edge, as for example in TEXTOR
[100]. A significant part of this paper is devoted to the comparison of various data analysis
methods for determining the instantaneous Doppler frequency. In particular, the multiple
signal classification (MUSIC) algorithm [113], which is a power spectral estimation method
based on the eigenmode analysis of data vectors, is presented and validated in some detail.
It stands out as a powerful data analysis method to follow the Doppler frequency with
a high temporal resolution due to the fact that it requires a relatively low number of
points from the Doppler backscattering signal to determine the Doppler frequency. The
remarkable aspect of this method is that, in contrast to Fourier analysis, MUSIC can obtain
the frequency of an oscillatory signal even from a time sequence shorter than the period
of oscillation. This impressive capability allows us to observe a surprising dynamics of the
GAMs itself : a modulation of the GAM frequency (c.f. Figure 5 from [Publication 5]). The
first observation of this behavior/characteristic is particularly interesting in the context of
predator-prey dynamics and the energy exchange with the low-frequency ZF and the drift-
wave turbulence in which GAM may act as a third player. These results motivate a new
study based mainly on detailed comparisons of GAM properties between the experimental
observations and the results from gyrokinetic simulation performed with GYSELA [114].
This work has been performed by Alexandre Storelli during his PhD [115] and published
in the reference [116]. The comparison was performed using experiments from the v* scan
(presented in the previous section) and a simulation tailored to represent, as much as
possible, the plasma conditions of the high collisionality case. To summarize this work, the
quantitative comparison between experiments, theoretical models and simulation highlights
some limits of the current predictions of GAM frequency. While the GAM frequency from
the simulation and from theoretical predictions is in fair agreement, the measured GAM
frequency is below predictions. Taking into account the effects of plasma shaping and
impurities helps approaching an agreement for the experimental high v* case. However,
such effects are not large enough in the low v* case counterpart.
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5.1. GAMs
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F1GURE 5.3. — Synchronization of the phase of the GAM oscillations between different
radial zones. Extrema (maxima in red and minima in blue) of the velocity
measured filtered at the GAM frequency from Ref. [116]

Some potential missing ingredients, such as the effect of finite orbit and trapped particles
and/or the effect of the radial wavenumber of the GAM, have been identified and deeper
investigation is required to elucidate the over-estimated prediction. Note that because Tore
Supra plasmas are circular, no strong shape effects are expected.

Concerning the radial evolution of the GAM frequency, it follows the local sound speed
both in experiments and simulations. However, in some cases, frequency steps have been
detected in Tore Supra experiments while the GAM frequency in the simulations always
appears to be continuous. It should be noted that the radial precision of the data analysis
must be carefully evaluated, both in experimental data and simulation results.

In addition, it has been shown that GAM oscillations have an intermittent behavior,
appearing as bursts in amplitude, both in the experiments and the simulation with a burst
autocorrelation time of the order of 0.1ms. In experiments, GAMs seem more coherent at
some precise radii where it is more intense and where frequency steps are visible. Note
however that in experiments, only few channels are available (corresponding to several
probing frequency) and are not simultaneous (but only measured in a stationary phase
with a small-time delay corresponding to the pattern of the sweeping of the probing wave
frequency), the simulations allow analyzing all the radial positions simultaneously. Thus,
it has been possible, in the simulation, to identify a pattern of mode intermittency, cha-
racterized by an outward propagation through phase synchronization at several km/s.
Interestingly, over a large radial extension, this phase synchronization varies in time lea-
ding, occasionally, to phase jumps that are visible in Figure 5.3. This figure displays the
maxima (red) and minima (blue) of E, filtered around the GAM frequency. Four temporal
filtered FE,1o signals have been superimposed for the sake of clarity. It can be observed
that red and blue lines are rather straight, meaning that the GAM oscillations are radially
correlated. However from time to time the the phase direction is modulated or two phases
merge. One can observe for example, at ¢ = 7.1ms oscillations are out of phase while at
t = 7.7ms there is no significant phase delay between radii. This phenomenon is obviously
caused by the radial gradient of GAM frequency, which progressively desynchronizes GAM
oscillators between radii. GAM frequency is lower at p = 0.93 than at p = 0.85, so the
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5. Dynamics of the plasma via the dynamics of density fluctuations

direction of the red and blue lines turns clockwise with time. This phenomenon reaches a
limit where a critical slope is reached. For example, at t = 7.15ms and p = 0.86, a phase
jump happens. Such jumps happen regularly, at various radii, and coincide with a low
intensity of GAM, as shown by the superimposed grey curves. This phenomenon of phase
synchronization is interesting to investigate deeper in the context of continuum versus ei-
genmode behavior of the GAM. Is a stronger synchronization between different radii can
lead a GAM with a fixed frequency over a large radial extension ?

This encouraging comparison presents, however, some limitations. First, GYSELA code,
which operated with an adiabatic approximation (0® = dn) was not relevant to simulate the
low collisionality case making a numerical study of collisionality effect on GAMs impossible.
In addition, this simulation was limited due to the basic boundary conditions imposed at
the edge of the plasma (electrostatic potential ® = 0), which probably strongly impacts the
GAM behavior. New simulations are now running, including more realistic edge conditions
and new comparisons are then required to carry out in this promising study.

5.2. Poloidal asymmetry of the perpendicular velocity of
density fluctuations

In this section, we present a study on the poloidal asymmetry of the perpendicular
velocity of density fluctuations. This work has been done comparing the radial profiles of
the velocity measured using Doppler backscattering technique at two poloidal locations : at
the low field side, in the equatorial plane (6 ~ 0°) and at the top of the plasma (6 ~ 90°).
As presented in the publication included in the following, it is found that the perpendicular
velocity is significantly asymmetrical for a wide range of L-mode plasma parameters in such
a way that in the confined plasma between the radii 0.7 < p < 0.95, density fluctuations
move clearly faster in the equatorial plane than in the vertical one.

Plasma velocities

Before entering more into details, we give a brief overview of the main components of
the plasma velocity. The term "plasma velocity" refers to the fluid velocity common to
all the species of the plasma (i.e. E x B velocity) while the velocity detected using DBS
comes from the apparent movement of the electron density fluctuations of a structure at
a given spatial location of a given scale. These electron density "structures” move both as
a result of their phase propagation as well as because of advection by the plasma velocity.
Concerning the components of a given velocity, let us remind the reader that a tokamak
plasma is a complex system, commonly described using different basis depending on the
problem at hand. It is common for instance to use toroidal and parallel directions as oblique
coordinates in neoclassical theory as the physical mechanisms of collisions are concentrated
in these directions. In contrast, in global, experimental measurements, it is natural to use
poloidal and toroidal directions as the two independent components of the velocity. Finally,
in local turbulence studies, one uses the magnetic topology and therefore the directions
that are parallel and perpendicular to the field lines. The plasma flow components in
these different directions are governed by fundamentally different physics. These different
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5.2. Poloidal asymmetry of the perpendicular velocity of density fluctuations

representations are used depending on the context. In the following, we consider both, and
specify when necessary which one is considered.

From a statistical point of view, a plasma is a system composed of a large collection
of different species of interacting particles : ions, electrons and neutrals. The statistical
behavior of a such a system is described by the Boltzmann equation, which prescribes the
evolution of the distribution functions fs(x,u,t) of the species s particles :

af, F

Ofs
at T v“fs " HS . VUfs a < at )collisions (52>

From the first and the second moment of the Boltzmann equation, we obtain the mass
and the momentum conservation equation for the species s :

CZ;S + .V v =0 (5.3)
Ovg
msnsﬁ + mgns(vs - V)vg = =Vps + ngqs(E 4+ ve x B) = V - II + Rg + Sq (5.4)

with the following definitions : ny, = [ fidu is the density, v, = [ufsdu is the fluid
velocity of the species s; ps and Il are the pressure and viscosity tensors whose sum is
pij + si; = nm(u; — v;)(u; — v;); Ry is the momentum transfer due to collisions between
different plasma species (i.e. friction force Ry = ¥, [ m,vCd®v where C;, is the collision
operator) ; Ss is the momentum source and includes all torques externally applied to the
plasma. Note that the term myng (vs - V) vy is negligible as compared to the viscosity tensor
when the thermal velocity is much larger than the plasma velocity, which is generally the
case in tokamak plasmas. Considering the stationary situation (% = 0), without any
external source of momentum, neglecting friction and considering an isotropic pressue
(P =~ pI, with I the identity matrix), the momentum conservation equation (Eq. 5.4)
reduce to :

Vps = nst<E + Vgl) X B) (55)

This equation is the force balance equation which states that, at the lowest order, the Lo-
rentz force is balanced by the pressure force. This equilibrium is established approximately
in Alfvenic timescale (us), which is the propagation timescale of magnetic perturbations.
On longer timescales, the plasma flows and the magnetic and electric fields can evolve to
very different values through intermediate states for which, to first order, the force balance
equation is satisfied.

Taking the cross product of Eq.5.2 with B, gives the perpendicular component of the
first order velocity :

(1)_EXB 1 vaXB

VLT TBY g, B2
The first term of the right hand side is the E x B drift, labelled vgy g, while the second
term is the co-called diamagnetic drift, labelled v:. Note that this drift is not a real drift

(5.6)
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5. Dynamics of the plasma via the dynamics of density fluctuations

of the particles but comes from an average effect of gyro-motion in presence of a pressure
gradient and can be see as "fictive velocity".

Note that, at first order, the parallel component of the velocity is not constrained by
the force balance equation (Eq.5.2) and that the first order flows lie entirely on a magnetic
surface. It is however often convenient in neoclassical theory to decompose vectors in their
toroidal and parallel components and considering incompressible flows. The first order
flows can be expressed as :

v =w(¥)Re, + Up(V)B (5.7)

which gives the toroidal and poloidal components written as :

B
vy, = w(\II)R—l—ngw (5.8)
o

vy = Up(V) By (5.9)

where w and Uy are functions of the poloidal flux ¥, hence constant on a flux surface.
Thus, in general, neither poloidal nor toroidal rotation are flux functions. In particular,
poloidal rotation varies with 6, following the poloidal variation of By. The 'rigid rotor"
toroidal rotation w(W) is corrected by a term that varies poloidally, following the variation
of B,. Note, however, that these poloidal asymmetries remain small (i.e. of the second
order).

The toroidal and the poloidal velocities are determined, in the framework of neoclassical
theory, by the collisional damping in both direction ; which is depending on the collisionality
regime. In the absence of external sources, the toroidal and poloidal velocities can be
deduced from the parallel momentum balance (projecting Eq.5.4 on B/B) and calculating
the parallel and the perpendicular first order flows (known as "momentum approach" [117]).
In the steady state, this theory predicts, in a pure plasma with circular cross section and
large aspect ratio, a poloidal velocity equal to [118] :

K dT;
lel dr

Vp = (510)

with K = —1.17 in the banana regime, K = 0.5 in the plateau regime and K = 1.7 in
the collisional regime.

If for some reason the poloidal rotation velocity happens to be different from this neo-
classical prediction, collisions will tend to restore it to this neoclassical value. For example,
in the banana regime, the neoclassical poloidal flow damping is caused by friction bet-
ween the passing population, which carries the poloidal rotation, and the trapped particles
which are locked in their magnetic well and cannot rotate. The poloidal velocity relaxes
on timescales of the order of the ion collision v;;, linked to the viscosity force in the paral-
lel direction. In addition to this damping, the poloidal rotation is submitted to a strong
damping coming from toroidal magnetic equilibrium in which B,, is larger for the inboard
plasma and weaker outboard. A poloidal rotation plasma volume sees a time varying ma-
gnetic field, by which it is periodically pinched (HFS) and stretched (LFS). Through this
mechanism of magnetic pumping [119] the energy of this time varying field is transferred
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5.2. Poloidal asymmetry of the perpendicular velocity of density fluctuations

to the plasma in the form of kinetic energy (i.e. heat). These damping mechanims explain
the generally small neoclassical predictions for poloidal rotation. However, faster poloidal
rotation can arise if the plasma is subject to a poloidal torque. For instance, plasma turbu-
lence can produce local Reynolds stress, i.e. a non-vanishing average poloidal component of
the inertial term (m;n;(%; - V)9;) in the fluid momentum equation. This causes the plasma
to rotate poloidally at a speed that is determined by the relative magnitude of the driving
force and the neoclassical poloidal flow damping.

Concerning the toroidal rotation, which results from the source of momentum, transport
and boundary conditions, neoclassical theory gives an explicit expression :

Vp = — —
¢ B@ eBg

1
K, (Vs e)nf o +

(5.11)

Within this treatment, the radial electric field E,. is undetermined. This degree of freedom
relates to the axial symmetry of the problem, which is not resolved at first order. A full
self-consistent prediction of plasma rotation requires an independent theoretical prediction
for E,, which is typically the result of momentum transport on timescales longer that the
ion collisional time.

During the 1980s, it has been observed that tokamak plasmas rotate even in the ab-
sence of any obvious external sources of momentum. This natural rotation is known as
intrinsic rotation. The origin of intrinsic rotation has been a subject of great controversy.
For instance, the role of turbulence via the residual stress, has been largely studied, fol-
lowing different approaches[120, 121, 122, 123, 124, 125]. However, this issue remains not
completely resolved and no clear consensus is adopted yet.

DBS velocity measurements and radial electric field on Tore Supra
plasmas

The DBS gives the perpendicular velocity of density fluctuations whose wave-number
matches the Bragg rule k; = —2k;, where k; is the local probing wave-vector. This velocity
corresponds to the movement of density fluctuations in the perpendicular direction (c.f.
figure A.2) in the laboratory frame :

vi(r ki) =vex(r) +vs(r, ki s) (5.12)

where vpyp = —E,/B is the plasma E x B velocity and v, is the phase velocity of
density fluctuations. It should be mentioned that while the vgyp does not depend on
the wavenumber of density fluctuations since it is the plasma flow velocity not related
to fluctuations (fluctuations are convected by the main plasma flow), the phase velocity
naturally depends on wavenumber via the dispersion relation v, = w(k)/k.

In the case of weak turbulence, standard linear theory implies that the phase velocity,
which is related to the linear frequency of the locally most unstable mode, is of the order
of the diamagnetic velocity. Therefore, it is generally assumed that the phase velocity re-
mains weak as compared to the vgyp. This hypothesis has been tested using comparisons
between v; measured using DBS and vgyp computed using measurements from CXRS
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5. Dynamics of the plasma via the dynamics of density fluctuations

(Charge eXchange Recombination Spectroscopy), see for example [126] and linear gyro-
kinetic simulations, in which the real frequency of the most unstable mode is computed,
as performed in [127]. Thus, the perpendicular velocity measured using DBS is commonly
used directly to evaluate the radial electric field E,.

Note that taking the radial projection of the Eq.5.4 and considering the stationary
situation (% = 0) with thermal velocity much larger than the plasma velocity (which
is generally the case in tokamak plasmas), neglecting friction and considering isotropic
pressure, we obtain the radial force balance, which links the radial electric field to plasma

velocity and to pressure gradient :

Vps

E, =v,,By —vs9B, +
r 5, S, ¥ nsqs

(5.13)

This equation constrains simultaneously the evolution of the radial electric field E,,
the poloidal velocity vg and the toroidal velocity v,. On the other hand, the evolution
of the radial electric field can be extracted from the Maxwell-Ampere equation [128] for
circular plasmas showing that ambipolar particle fluxes cannot drive a radial electric field.
In the frame of neoclassical theory, which describes transport of particles, momentum
and energy in a plasma confined by an inhomogeneous toroidal magnetic field, accounting
for collisions, neoclassical fluxes are automatically ambipolar in the case of axisymetric
tokamak [129, 130] and the temporal evolution of the radial electric field should only be
generated from pressure gradient and poloidal and toroidal velocities or from mechanisms
that are not taken into account in the neoclassical theory.

In Tore Supra, investigations on FE, have been performed using DBS measurements
in the plasma edge [131]. The particularity of Tore Supra tokamak is the presence of a
relatively strong magnetic ripple (toroidal modulation of the magnetic field due to the
finite number of poloidal magnetic coils), which is up to 7% at the plasmas boundary and
of the order 2-3% at r/a = 0.6. In this study, it was shown that non-ambipolar fluxes of
thermal ions trapped in magnetic ripple wells play a dominant role in the generation of
E,.. The theoretical prediction for an ambipolar electric field arising due to ripple induced
fluxes of thermal particles [132] gives :

T, (Vn; VT;
B i =~ ( 4 O ) (5.14)

where the constant C'r, depends on the collisionality regime and therefore on the domi-
nant trapping effect. For local trapping Cr, = 3.37 [132, 127] and for the ripple-plateau
regime (i.e. toroidal trapping) C7, = 3/2 [130, 127]. The comparison of the measured DBS
velocity v, with these theoretical predictions shows a convincing agreement (Figure 5.4).
The computed field has, an average tendency to be more negative than the measured one,
even if it remains often within the error-bars (that are large due to the gradients of the
measured quantities, especially of the T; measurements). In particular, comparing the ra-
dial profiles of the perpendicular velocity for two discharges, a mixed result was found : an
excellent agreement was observed for one discharge (c.f. figure 5.10 right), while for another
discharge, for lower plasma current, the prediction is higher by a factor 1.5 (c.f. figure 5.10
left). The gap between predictions (from Eq.5.14) and measurements could be related to
the contribution of the fluctuation phase velocity, which appears not to be negligible in
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5.2. Poloidal asymmetry of the perpendicular velocity of density fluctuations

some cases [133]. For example, on Tore Supra, the perpendicular velocity measured using
DBS at a fixed radius (r/a = 08) is found to vary significantly with the wavenumber of
the probed fluctuations [112]. The variation reaches 1.5 km/s, which corresponds up the
50% of the total perpendicular velocity (see figure 5.5). This result is unexpected since
this order of magnitude for the phase velocity is significantly larger than the diamagnetic
velocity (which is around 500m/s in the discharge and at the radius considered here).

Velocity measurements using both equatorial and vertical DBS

Until this section, results presented in this manuscript have been obtained using the DBS
channels (V-band in O-mode and W-band in X-mode) installed on the equatorial plane of
the LFS of the Tore Supra tokamak (named DIFDOP). From 2011, measurements using
a vertical system, called DREVE (Section A) with a vertical line of sight were performed.
The systematic comparison of the frequency spectra detected in both equatorial (6 ~ 0°)
and vertical (6 ~ 90°) planes reveals a systematic poloidal asymmetry of the perpendicular
velocity of the density fluctuations. A dedicated study of this asymmetry established clearly
that the density fluctuations flow faster in the equatorial plane than in the vertical plane
between r/a = 0.7 and r/a = 0.9. Note that these comparisons are performed for equal
probed wavenumbers in both vertical and equatorial V-band channels (see figure 5.6) to
complete the following publication). Results from this study are reported ans discussed in
the following publication [134], which is included next [Publication 6].
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Poloidal asymmetries of flows in the Tore Supra tokamak
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Simultaneous measurements of binormal velocity of density fluctuations using two separate
Doppler backscattering systems at the low field side and at the top of the plasma show signifi-
cant poloidal asymmetry. The measurements are performed in the core region between the radii
0.7 < p < 0.95, over a limited number L-mode discharges covering a wide range of plasma condi-
tions in the Tore Supra tokamak. A possible generation mechanism by the ballooned structure of
the underlying turbulence, in the form of convective cells, is proposed for explaining the observation

of these poloidally asymmetric mean flows.

Turbulent transport in magnetized plasmas is a sub-
ject of utmost importance for fusion devices such as toka-
maks since it determines their confinement properties. It
is now widely admitted that large scale inhomogeneous
flows have a deep impact on turbulence via vortex shear-
ing. A distinction is usually made between mean flows
and time dependent zonal flows that are generated by tur-
bulence. Zonal flows induce a scattering of large scale tur-
bulent structures, thus participating in turbulence self-
regulation. Moreover, vortex shearing due to mean or
zonal flows is commonly invoked as one of the key aspects
of the formation of transport barriers [1]. However, what
determines (i.e. sets up and sustains) large scale flows
and their gradient is not fully elucidated. One view is
that non ambipolar neoclassical (i.e collisional including
3D effects) fluxes generate a radial electric field in order
that the resulting charge transport stays ambipolar [2—4].
However, this would imply that the poloidal and toroidal
velocity that would result, should also be neoclassical.
Since toroidal rotation is rarely neoclassical [5] , one has
to consider the alternative view, which is that the tur-
bulence can generate toroidal and poloidal rotation [6],
which together with the pressure gradient determine the
radial electric field via the radial force balance [1]. For
instance, poloidal rotation measured in the core of Ohmic
L-mode plasmas of ASDEX Upgrade are found to be in-
consistent with the neoclassical prediction [7].

In this Letter, we present measurements of the bi-
normal flows at two different poloidal locations through
the measurement of the perpendicular velocity of density
fluctuations. Here the "perpendicular" direction refers to
the binormal direction which is defined as the direction
that is perpendicular both to the magnetic field line and
to the radial direction on the magnetic surface.

This study has been performed in the Tore Supra
tokamak using two independent Doppler Backscattering
(DBS) diagnostics, simultaneously, over a wide range of
L-mode plasma parameters. DBS is a diagnostic, that
can be used to probe density fluctuations at a given
wavenumber in different parts of the plasma. This system
allows the determination of radial profiles of the perpen-

dicular velocity of density fluctuations. Note that density
fluctuations in a plasma move both as a result of plasma
motion and wavelike phase propagation.
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FIG. 1: Poloidal view of DBS probing beam for both equato-
rial and top locations computed using beam tracing code for
a standard Tore Supra discharge.

The system that is installed on Tore Supra provides
three DBS channels : an equatorial view (0 ~ 0°)
with O- and X-mode polarization channels, and a ver-
tical view (0 ~ 90°) with an O-mode polarisation chan-
nel situated at A¢ = 120° with respect to the former
in the toroidal direction (Fig.1). In the standard set-
up, probing frequencies at different antenna angles are
scanned during the discharge. The measured signal is
then proportional to the Fourier transform of the den-
sity fluctuations along the scattering wave vector k. [8]:
Eq o [,n(r,t)e ™ Td® in the probed region. Fre-
quency spectra, obtained from data analysis over a time
integration between 5 — 10ms, are Doppler shifted due
to the movement of density fluctuations in the b xt
direction [9] where b and i are the unit vectors along
the magnetic field and in the direction normal to mag-
netic surfaces respectively. This shift of the peak of



the spectrum provides the mean Doppler shift frequency
wpps = ksevi at a given radial location (an area of
a few centimeters width) and at a given wavenumber,
where v = vgxB + Vpi, is the perpendicular velocity of
density fluctuations in laboratory frame. It is commonly
assumed that the F x B drift, vgxg, is the dominant
contribution and that the velocity measued using DBS is
proportional to the radial electric field [10, 11]. However,
it has been shown on Tore Supra that the phase velocity
of the density fluctuations, v,y,, can contribute up to 50%
[12] and its contribution cannot be completely excluded.
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FIG. 2: Radial profiles of the perpendicular velocity of density
fluctuations v measured using both equatorial low field side
view(f ~ 0°) in solid-lines and the vertical line of sight (6 ~
90°) in dashed-lines

A comparison of the perpendicular velocity of density
fluctuations at different poloidal locations is presented
in Fig.2 as a function of radius. Note that the veloc-
ity considered here is a mean velocity in the sense that
it does not include velocity fluctuations with frequency
lower than 300Hz (i.e. such GAMs which are resolved
using adapted data analysis on shorter time sequences).

It is found that density fluctuations move in the elec-
tron diamagnetic direction (upwards in the Low Field
Side) for both locations, as generally observed in Tore
Supra [9, 13], where the radial electric field E, is nega-
tive (i.e. inwards) in the confined plasma and dominated
by ripple effects [14]. In addition, this comparison ex-
hibits a clear poloidal asymmetry of the measured veloc-
ity in the region between 0.7 < p < 0.8. It is found that
density fluctuations move faster in the equatorial plane
(0 ~ 0°) and with a perpendicular velocity up to three
times faster than at the top (6 ~ 90°).This asymmetry
seems to vanish toward the core.

To illustrate the robustness of the observation of such
asymmetry, Fig.3 shows the perpendicular velocity of
density fluctuations in three discharges that are repre-
sentative of a wide range of Tore Supra plasma param-
eters (see table I). In all these three discharges, density
fluctuations clearly move faster in the equatorial plane
than in the vertical plane. The accessibility of the DBS
systems depends on plasma parameters (mainly the den-
sity profile) and of the DBS set-up (probing frequencies
and probing angle). As a consequence, measurements
during these discharges cover different radial locations in

Discharge‘ Bo ‘ I, ‘ ICRH ‘ ny ‘QQ5‘
TS-47224 [3.87 T|1.12 MA 2 5.710¥%m 3| 4
TS-47491 [3.87 T|0.75 MA [4.3 MW| 610*°m~2 |6.5
TS-47177 [3.41 T|1.29 MA 0 16.910%mn3|3.2

TABLE I: Overview of the discharges considered

the plasma, and show that the poloidal asymmetry can
be observed from r/a = 0.6 to r/a = 0.95. The mea-
sured perpendicular velocity asymmetry varies between
700m/s to 2km/s in the region 0.7 < p < 0.95. In ad-
dition to these observation, it should be emphases that
such poloidal asymmetry is systematically observed in all
discharges in which data from both locations are avail-
able.

The impressive amplitude of this asymmetry is not ex-
pected in these plasma conditions from well-known neo-
classical effects. The simplest contributions come from
the equilibrium. Since vgxp = EBXQB is proportional to
the inverse of the local magnetic field, and hence increases
with the major radius R, a slight poloidal asymmetry is
expected. Another simple contribution to the poloidal
asymmetry comes from the Shafranov shift (which brings
magnetic surfaces closer to each other at the LFS and
makes E, slightly higher here than at the top). Both
contributions have been evaluated considering that the
electrostatic potential is a flux function (i.e. toroidally
and poloidally symmetric). In this case, the quantity
V,/B is computed from the equilibrium and lead to a
poloidal asymmetry that reaches at maximum 30% which
is not large enough to explain the observed asymmetry.
In addition, since in this discharge without torque in-
jection, the toroidal rotation remains weak (around few
km/s) and the ICRH heating has a central deposition,
none of the effects of centrifugal force and temperature’s
anisotropy are expected to play a significant role here.

Such asymmetry bears some similarities with observa-
tions performed in TEXTOR in ohmic plasmas [15] using
Correlation Reflectometry which mentions that density
fluctuations flow faster in the equatorial plane than in
the vertical one in the edge of TEXTOR ohmic plasmas.

Here, after a brief discussion of the main potential ef-
fects and their limitations, a possible explanation based
on the generation of asymmetric poloidal flows by turbu-
lence is proposed.

Ripple effect is an option since non-ambipolar particle
flux induced by ripple losses have been shown to be the
dominant mechanism that sets the radial electric field
in the plasma core [16] on Tore Supra. In this previous
work, only the flux surface average of the radial electric
field was derived and compared to measurments. In real-
ity, since the magnetic ripple decreases significantly from
low flied side toward high field side, a possible poloidal
dependence of the radial electric field induced by rip-
ple losses is conceivable. However, it turns out that a
poloidal asymmetry is also observed in TEXTOR, where
the ripple amplitude is weak (< 1.5%). This suggests




TS - 47224 - t = 6.5s

—--TOP
- EQUA-O q

-500

-1000

-1500

(m/s)

perp

\"

-2000
2500

-3000 {

-3500 & i L L L L L L L L |
0.7 072 074 076 078 0.8 082 084 086 0.88 0.9
r/a

500 . TS' - 47491 - t=6.5s

T
—~-TOP
-8 EQUA-O

-1000

(m/s)

1500 -

-2000 »" ~~_ }
-2500 ; .
06

L L L L
0.65 0.7 0.75 0.8 0.85 0.9 0.95 1

perp

\

. . . . . . _TS-47177 -t=7s
- EQUA-O
500k -=-TOP

-1000 -

-1500

(m/s)

perp

-2000 -

\

-2500

-3000 -

3500 L L L L L L L L L
0.7 072 074 076 0.78 0.8 082 084 086 0.88 0.9

r/a

FIG. 3: Poloidal asymmetry of v for the different discharges
(cf. Table I)

that the ripple induced friction and its impact on the
radial electric field may not be the dominant effect.

We note that the poloidal asymmetry is observed at the
edge where the radial electric field has been shown to be
strongly related to the boundary conditions [17]. Indeed,
it has been shown that the modification of flow dynam-
ics in the scrape of layer (i.e. region of open field lines),
propagates inside the plasma edge (region of closed field
lines). Flows are known to be highly poloidally asymmet-
ric in the scrape of layer [18] hence the poloidal asymme-
try observed here could result from a propagation of edge
flow asymmetries towards the core due to viscous effects.
However, the influence of the boundary conditions has
been generally visible only at the extreme edge (i.e. for
r/a > 0.9), the large asymmetry observed at r/a = 0.7
appears difficult to explain by this kind of mechanism.

Concerning the role of the phase velocity, it is gener-
ally assumed that linearly, the phase velocity is given by
the diamagnetic drift velocity, which is around 500m/s in
the discharge that is considered in Figure 2. A possible
poloidal asymmetry coming from the phase velocity, is
therefore expected to be significantly weaker than that,
which is observed. On the other hand, it has been shown
in Tore Supra plasmas that the velocity measured using
DBS at r/a = 0.8 varies significantly with wavenumber

[12] implying that the phase velocity can account for 50%
in the total DBS velocity (only the phase velocity is sup-
posed to depend on wave number, the E x B velocity
is in principle independent of it). This observtaion sug-
gests that the nonlinear phase velocity is not anymore of
the order of the diamagnetic velocity (or the more com-
plete linear estimate, which is not so different from the
diamagnetic velocity), but is determined by the turbu-
lence itself. While a poloidal asymmetry coming from an
asymmetry partly contained in the phase velocity cannot
be totally excluded, it must be related (similarly to the
mechanism proposed below) to the ballooning character
of the turbulence.

These considerations motivate an explanation based
on the generation of poloidal flows by turbulence. These
flows are similar to zonal flows, though not axisymmetric
in a poloidal section of a tokamak. An estimation based
on simple arguments is presented here. F x B drift flows
are ruled by an equation for the generalized evolution of
plasma vorticity of the form

o (6~ AV16) ~ BV (Vi + V.)- V] V9} =D (9)
(1)
where Vg is the F x B drift velocity, V* is the dia-
magnetic velocity, ¢ the electric potential. The linear
operator D (¢) covers all dissipative processes, i.e. con-
ventional neoclassical damping, and ripple induced fric-
tion. The electric potential is then split into a large-scale
component, which depends on the minor radius r and
the poloidal angle 6, and small scale fluctuations. This
procedure can be formalized by using a ballooning rep-
resentation [19].
The vorticity equation Eq.(1) averaged over the turbu-
lence small scales yields

1 0
wiéVy = 2o [r2TL,¢] (2)

where §Vy measures the departure of the flow from is
axisymmetric neoclassical value,

Moo= kok, (1 -
kw

Wik
w

) [6hal? 3)

is the turbulent stress tensor, u; is the damping rate of
poloidally asymmetric flows and w is the pulsation in
the plasma frame. Here ky = = is close to a poloidal
wavenumber (n is the toroidal wavenumber), while &, is
a radial wavenumber. Using a rapid distortion argument,

1dVy r dq

one finds k. = kgs(0 — 0x) where Oy ~ 27y, s = T

the magnetic shear (¢ the safety factor), dc% the shear
rate of the mean poloidal flow, and 75 a mode life time
at wavenumber k [20].

This estimation of k, agrees with the one found for
a vortex distorted by magnetic and flow shears, as de-
scribed in [21]. In steady-state, a local expression of the



large scale poloidal flow is found

1:6Vy = Tiz%ﬂ {Z (se - dﬁm) (1-=%) VEMF}
kw

(4)
where Vg, = is the radial component of the tur-
bulent F x B drift velocity. Since turbulence balloons on
the low field side of a tokamak,the turbulence intensity
|VEkw|2 depends on the poloidal angle. This leads to a
poloidal asymmetry of the plasma flow. A kinetic calcu-
lation shows that the damping rate u; is of the order of
an inverse transit time p; ~ Z%, where vp; is a thermal
ion velocity and R the major radius.

In order to estimate this effect, experimental data from
the discharge presented in Fig.2) have been used to evalu-
ate the terms of the equation 4. Only the frequency and
the wavenumber appearing in this equation have been
evaluated from the a local linear gyrokinetic computation
using the GENE code [22] in the experimental condition
of the discharge considered. For this discharge, the most
unstable low-k mode at r/a = 0.8 is found to be an ITG
mode with a maximal growth rate around k, p; = 0.5,
with a growth rate v = 3.2%10*s~! and a real frequency
of w = 3.2%10%ad/s. Using these values, the experimen-
tal profiles, and a friction equal to ion transit time, it is
found that Eq.4 gives a poloidal velocity which rapidly
varies from 200m/s at r/a = 0.8 to 5 km/s at r/a = 0.9.

Since this evaluation corresponds to the equatorial
plane (all profile measurements are performed in the
equatorial plane) and that turbulence is strongly bal-
looned (flow generation can be neglected in the top),
the value obtained is roughly an estimate of the poloidal
asymmetry between 6§ ~ 0 and 6 ~ 7 /2 velocities. There-
fore, while this evaluation remains quite approximatif due
to the different hypothesis used (mixing length estimate
in addition to the assumptions used for the derivation of
the equation 4), to the experimental error bars and to
the choice of the flow damping, it is of a great interest to
note that the Reynolds stress can generate an asymmetric
poloidal flow with a quite large amplitude (much higher
than the diamagnetic velocity) which is in agreement
with the poloidal asymmetry observed (AV, = 2km/s).
Obviously, this is only an order of magnitude estimation
of the asymmetry and not a proper evaluation.

In summary, a strong poloidal asymmetry of the
plasma perpendicular flow has been found in the Tore
Supra tokamak. This asymmetry is observed in a broad
range of conditions in L-mode plasmas. The perpendicu-
lar velocity is found to be faster on the low field side than
at the top of the plasma in the measured range of radii
0.7 < p < 0.95, with a ratio of velocities v, rrs/vi roP
lying between 1.4 and 3. The difference between those
velocities is up to 2km/s. Four possible explanations
for this asymmetry have been addressed. The first one
relies one the contribution of the phase velocity that

—ing Pxw

may participate to the observed asymmetry. The sheer
magnitude of the observed asymmetry does not encour-
age this possibility from a linear theory perspective. In
non-linear regime, a potential poloidal asymmetry of the
phase velocity may contribute at some level to the ob-
servation. However, it should be noted that in this case,
such poloidal asymmetry must also be proportional to
the intensity of the turbulence and therefore related to
the ballooning character of the turbulence. The second
mechanism relies on a viscous spreading of poloidal flow
asymmetries from the far edge towards the plasma core.
The radial localization of the flows within the scrape-off
layer make this propagation unlikely, though not impos-
sible. The third possible explanation is based on a com-
petition between ripple induced neoclassical friction and
turbulent viscous damping of the toroidal flow, which af-
fects in turn the poloidal flow. Turbulence ballooning
and poloidal variations of the magnetic ripple amplitude
result in poloidal asymmetries of the plasma flow. How-
ever, the observation of asymmetries on the TEXTOR
tokamak seems to exclude this possibility (at least as the
dominant effect), since the ripple amplitude is quite small
in TEXTOR. Finally, the fifth possibility is the turbu-
lent generation of large scale flows similar to zonal flows
that are poloidally asymmetric. Turbulent generation of
asymmetrical flows result from the tilting of turbulent
structures by magnetic and mean flow shears, combined
with turbulence ballooning. A balance of the turbulent
Reynolds stress with Landau damping leads to a poloidal
velocity that is proportional to the local intensity of tur-
bulence (radially and poloidally) and therefore stronger
in the equatorial plane. For ITG turbulence, the velocity
that is generated is found to be in the electron diamag-
netic direction and to decrease from the equatorial plane
towards the top of the device. The order of magnitude is
in agreement with the observation, which is an indication
that this mechanism may be a plausible explanation of
the observations. It also raises the interesting question
of the feedback of these flow asymmetries on the back-
ground turbulence, via processes similar to zonal flow in-
teraction with small scale eddies and wheter these effects
can be detected with fluctuation diagnostics. A combi-
nation of these two effects, i.e. poloidal flow induced by
magnetic ripple and large scale flows generated by tur-
bulence that both predict a faster flow in the equatorial
plane, appears as an encouraging explanation.
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FIGURE 5.5. — Perpendicular velocity of density fluctuations as a function of the probed
perpendicular wavenumber at r/a = 0.8 measured using DBS during a
dedicated v* scan from reference [112]
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FIGURE 5.6. — Wavenumber of the density fluctuations probed as function of radial loca-
tion of the measurements for the high v* discharge studied in the related
publication (cf. Figure 2 of this publication)

94



5.2. Poloidal asymmetry of the perpendicular velocity of density fluctuations

45509 47224

0.3

0.25

Z (em)

0.15

0.05

R (cm)

47491 4777

Z (cm)
Z (cm)

180 200 220 240 260 280 300 180 200 220 240 260 280 300
R (cm) R (cm)

FIGURE 5.7. — Poloidal cross-section of %|V7"| for the evaluation of its influence on the
poloidal asymmetry on v, for a poloidally symmetric electrostatic potential
¢ and locations of DBS measurements (turning point of the probing beam
for discharges presented in the following publication)

As mentioned in the related paper, the simplest contribution on the poloidal asymmetry
comes from the equilibrium. Since vgy«p is proportional to the inverse of the local magnetic
field, and hence increases with the major radius R, a slight poloidal asymmetry is expected.
Another simple contribution to the poloidal asymmetry comes from the Shafranov shift
(which brings magnetic surfaces closer to each other at the LFS and makes E, = —0®/0r
slightly higher in the equatorial than at the top). These contributions (i.e. the term |Vr|/B)
have been evaluated directly from the equilibrium computed using EFIT [135] for the
discharges studied in the publication included above and are presented in figure 5.7. The
poloidal asymmetry coming from the magnetic equilibrium reaches at maximum 30% which
is not large enough to explain the total asymmetry, except maybe for the Ohmic discharge
(47177) in which the asymmetry does not exceed 50% (figure 3 from [134]).

In parallel, these figures are also interesting to visualize the location of the measurements.
It can be noticed, first, that the poloidal locations of the measurements are not exactly 0°
and 90°, respectively, for equatorial and top system measurements. The extension of the
poloidal location of the measurements changes between discharges (depending on the den-
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sity profile and the diagnostic’s setup). Secondly, we can see that for the discharge 45509,
this extension is large enough to end up, deep inside the plasma, with measurements from
top and equatorial systems at poloidal locations that are close to each other. Coherently,
the radial profiles of perpendicular velocity obtained from both systems are found to meet
at the radial position r/a = 0.6.

The other possible contributions to the poloidal asymmetry are discussed in the paper.
However, in order to bring some additional materials, the different contributions are briefly
repeated here. Since the contributions related to the centrifugal force and to the tempe-
rature’s anisotropy are discarded (discharges without torque injection and with a central
deposition of ICRH), three other options are identified :

Possible effect of phase velocity of density fluctuations

As mentioned above, it has been found that the velocity measured using DBS at r/a =
0.8 varies significantly with wavenumber [112] implying that the phase velocity can account
for 50% in the total DBS velocity (only the phase velocity is supposed to depend on
wavenumber, the F x B velocity is in principle independent of it). This observation suggests
that the nonlinear phase velocity is not anymore of the order of the diamagnetic velocity
(or the more complete linear estimate, which is not so different from the diamagnetic
velocity), but is determined by the turbulence itself. Then a poloidal asymmetry coming
from an asymmetry partly contained in the phase velocity cannot be totally excluded but
should be at least two times larger than the asymmetry observed in the DBS velocity
(which is the sum of the E' x B velocity and the phase velocity). Note however that such
poloidal asymmetry should be related (similarly to the mechanism proposed below) to the
ballooning character of the turbulence.

Turbulence driven asymmetric poloidal flows

Possible theoretical explanation of observed poloidal asymmetry, with asymmetrical tur-
bulence generated flows, has started during A. Storelli’s PhD [115]. A promising explana-
tion based on the generation of flow due to the distortion (tilting) of turbulent structures
by the magnetic shear was proposed (as illustrated in figure 5.8). This explanation was
inspired by a previous work in the context of SOL dynamics [136] and gives a flow with
an amplitude comparable to the observation. However, the poloidal asymmetry of this
generated flow was in opposite direction to the experiments (i.e. the generated flow was
predicted to increase the velocity in the vertical plane as compared to the vertical one).
Later, inspired by [137], an improvement of this first explanation has been proposed. The
spirit remains similar to the initial proposal and the main idea is that turbulence generates
flows via Reynolds stress vpv,.. The distortion of turbulent structures by magnetic shear is
used to create an asymmetry of the Reynold stress tensor and to link the poloidal velocity
vy to the radial velocity v,.

This time, the derivation is performed using a generalized equation for the evolution of
the potential vorticity, in order, notably, to include finite Larmor radius effect (FLR). In
this derivation, the poloidal dependence is keept, the poloidal component is retained and
a scale separation is performed between large-scale fluctuations (which depend on 6 and
r) and small-scale fluctuations leading to the expression :
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5.2. Poloidal asymmetry of the perpendicular velocity of density fluctuations

F1GURE 5.8. — Illustration of the eddy tilting due to magnetic shear. Figure is taken from
[136]
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where p; is the damping rate of the turbulence generated poloidal flow, dVjy measures the
departure of the flow from its axisymmetric neoclassical value Vp, s is the magnetic shear, 7,
is the eddy life time of the mode, w* is the diamagnetic frequency, wy is the mode frequency
and Vg, = #% is the radial component of the turbulent E x B drift velocity. The main
hypothesis of this derivation is related to the GAM contribution which is neglected (when
taking the stationary state of the vorticity equation and to the damping of the turbulence
generated flow. This latter is assumed to act as a friction (term in V2®) like in the case of
Zonal Flow (ZF) and GAMs instead of the usual dissipation via viscosity acting on small
scales. In addition, the damping rate is estimated through previous kinetic calculation to
the inverse of the transit time p; =~ %. In order to evaluate the order of magnitude of
such turbulence generated flow, an evaluation is performed using experimental data of high
v* discharge (corresponding to the figure 2 of the publication included in this section). A
linear gyrokinetic simulation (performed with the GENE code) has been used to evaluate
the growth rate v and the pulsation w of the most unstable mode. The eddy life time 7 is
estimated taking 7, = % Since wavenumber spectrum has been measured for this discharge
at r/a = 0.8 using DBS and is decreasing with increasing the wavenumber, the sum of
the turbulent modes has been reduced to the mode with the lowest k measured with DBS
which around k&, ps = 0.5. From the simulation, it is found that for £, p; = 0.5, v = 0.2 and
w = 0.2 normalized to a/Cs with C's = 115088 and « = 0.72, which gives : v = 3.2 * 10%,
7w = 1/v = 31us and w = 3.2 * 10*rad/s. Using the Boltzmann approximation O & %%"
which neglects the fluctuations of temperature, the velocity Vg, is evaluated by k’g%%.
The relative density fluctuation level is measured using fast sweep reflectometry from local
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F1GURE 5.9. — Comparison of the radial profiles of perpendicular velocity measured using
DBS for plasmas with two different contact points. Figures are taken from
[138]

radial wavenumber spectra [39]. In fact, it is the radial derivative of this quantity which is
dominant in the expression 5.15. The radial derivative of the density fluctuations changes
rapidly at the edge. Thus, the experimental evaluation is performed at two different radii.
At r/a = 0.8, the amplitude of the turbulence generated flow is estimated around 200m/s
while at 7/a = 0.9 it increases to bkm/s. Even if the error-bars of this estimation are quite
large, this result is interesting since it shows that such mechanism is able to create an
important asymmetrical flow that can explain the experimental observations.

Spreading of far edge flow asymmetries towards the plasma core

Another possible contribution to the poloidal asymmetry is related to the spreading of
edge flows. As mentioned in the publication, the poloidal asymmetry is observed at the
edge where the radial electric field has been shown to be strongly related to the boundary
conditions [138]. In this latter work, the flow dynamics in the Scrape Of Layer (i.e. region
of open field lines) has been modified by changing the contact point (between the plasma
and the outboard limiter) position. As shown in figure 5.9 taken from, reference [138],
the comparison of the radial profiles of the perpendicular velocity measured using DBS in
similar plasmas, with contact point situated on the top or on the bottom of the machine,
shows that a modification of flow dynamics in the SOL, propagates inside the plasma edge
(region of closed field lines). Since flows are known to be highly poloidally asymmetric in
the SOL [139], the poloidal asymmetry observed here could result from a propagation of
edge flow asymmetries towards the core due to viscous effects. However, in the example
presented in the figure 5.9 (right), the influence from the SOL vanished for radial position
inside 7/a = 0.9 suggesting that the large asymmetry observed at r/a = 0.7 remains
difficult to explain by this kind of mechanism. Nevertheless, additional experiments are
required to conclude on this aspect.
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F1GURE 5.10. — Comparison of measured perpendicular velocity and the predicted velocity
due to ripple in the ripple-plateau regime (i.e. Cr, = 3/2)

Neoclassical effects related to the poloidal dependence of the toroidal magnetic
field ripple in Tore Supra

Ripple effect is also a possible explanation since non-ambipolar particle flux induced by
ripple losses have been shown to be the dominant mechanism that sets the radial electric
field in the core of Tore Supra plasmas [131]. Because a similar poloidal asymmetry has
been also observed in TEXTOR [140], where the ripple amplitude is weak (< 1.5%), our
first intuition was to not consider this possible explanation very seriously. However, it
should be noted that in TEXTOR, the asymmetry is reported only for Ohmic discharges
(and NBI with torque injection [141]) while in Tore Supra, in the case of Ohmic discharge,
it has been shown that equilibrium alone may explain the asymmetry observed. Therefore,
this suggests that the ripple induced friction and its impact on the radial electric field
cannot be completely excluded. Figure 5.10 shows a comparison of the measured radial
profile of the perpendicular velocity in both locations (equatorial and vertical planes) and
the prediction obtained using 5.14 for the high v* discharge (idem figure 2 from [134]). In
this discharge, the collisionality is higher than in the discharges presented previously (5.4),
Vi > (Nq)*wopi, where N is the number of toroidal coils and wy; = €/?vy,/qR is the bounce
frequency of toroidally trapped particles. This condition corresponds to the ripple-plateau
regime (i.e. K = 1.5). For the predicted values, error-bars are rather large, especially at the
edge, but inside 7 /a = 0.7 the prediction seems to be closer to the top measurements than to
the equatorial ones, in agreement with the generation of asymmetrical flows by turbulence
proposed below. However, it must be noted that the expression 5.14 has been derived
using a non-ambipolar flux averaged over the poloidal direction, cancelling a possible
dependence. Since the magnetic ripple depends on #, a possible poloidal asymmetry of
the radial electric field induced by ripple is conceivable. This aspect is the subject of an
ongoing theoretical work.
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6. Perspectives

The perspectives of my research activity can be separated into two major parts : one,
which contains, in some sense, the direct continuity of the different works presented in this
report and a second one, which will open a new research area in my activity, related to the
L-H transition.

Among the studies addressed in this manuscript, some parts of them have been stopped
due to the shutdown of the Tore Supra tokamak in 2013 and will restart in the WEST
tokamak, others, which are still under investigation will continue. Concerning the charac-
terization of turbulence, the detailed comparison of turbulence spatial scales, through the
k-spectrum, between experiments and gyrokinetic simulations is a difficult task. However,
progress made over the last few decades in computing science, resources and our unders-
tanding, make this more and more precise and relevant. In the future, the study of the role
of large scale structure such as Zonal Flow on the k-spectrum will continue, using simple
models and gyrokinetic simulations in parallel. In addition, the radial evolution of the
turbulence amplitude, in the edge region, sometimes called no mans land, will be studied
with the GYSELA code with a specific care in performing simulations with conditions as
similar as possible to the experimental conditions. This entire work is part of the process
of precise comparisons based on multiple turbulence characteristics, such as turbulence
amplitude, frequency spectrum, k-spectrum and correlation lengths. On the experimental
side, a new diagnostic, based on Upper Hybrid Resonnance Scattering (UHRS) will be
installed in WEST to measure small scale fluctuations related to electronic turbulence.
Such measurements should allow studying the interplay between ion and electron scale
turbulence.

In addition, the investigations on GAMs will also continue through new comparisons with
gyrokinetic simulations, especially on GAM frequency and spatial structure and performing
new studies, coupling if possible new experiments and gyrokinetic simulations with kinetic
electrons on GAM damping, including both Landau damping and collisional damping. A
project is planned in order to study the transition from eigenmode to continuum mode and
the role of a possible synchronization of GAM oscillators.

The puzzling observation of the largely varying phase velocity with the probing wave-
number merits additional investigations. Experimental work in WEST, TCV and AUG
should be performed and numerical studies must be dedicated to this subject. In the same
spirit, a specific study of turbulence generated flows with GYSELA is ongoing and new
experimental investigations on the poloidal asymmetry is planned for the next year in AUG
(installation of a vertical DBS). In parallel, the poloidal asymmetry of the velocity measu-
red on Tore Supra plasma motivates additional theoretical investigations on the poloidal
dependence of the radial electric field related to the presence of magnetic ripple.

Since the bulk of our experimental results are from the radial region at the interface
between edge end core plasma, an important evolution of my research activity will consist
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of including more and more of these different issues, considering edge turbulence and
intensifying our efforts to investigate the coupling between edge and core dynamics.

This aspect offers a perfect transition to a topic that we plan to investigate in detail
in WEST plasmas : the L-H transition. Our project on this subject will focus on the
dynamics of the key ingredients of this transition : the flows and the turbulent density
fluctuations. It will address the multi-scale dynamics and the interplay between flows and
turbulence approaching the L-H transition via simultaneous measurement of equilibrium
sheared flows, turbulence and turbulence generated sheared flows. The main motivation
of this project is to improve our understanding on the synergy between the role of the
mean radial electric field profile (mean flows) and the turbulence generated flows in the
L-H transition, and in addition to establish a link between the dependencies of the power
threshold of the L-H transition and the physical mechanisms involved in the transition.

The project will be subdivided into three main tasks : the characterization of turbulence
and flows in L-mode plasmas in different turbulence regimes; the establishment of the H-
mode regime in the WEST tokamak and the study of the sensitivity of the L-H transistion
with respect to plasma conditions; the measurements of flows and turbulence during the
L-H transition.

The first task is to investigate the L-mode phase and has two main objectives. The first
goal is to establish the link between the core turbulence and/or the edge dynamics and the
shape of the radial profile of the flows which are key ingredients in the transition to H-mode.
The second goal is to determine the link between the characteristics of flows and turbulence
and the accessibility of the L-H transition, i.e., the power threshold scaling. As mentioned
above, the power threshold depends on several plasma parameters, including the plasma
density (the dependence of which is non-monotonic, having a minimum), the toroidal
magnetic field, the main ion species, the direction of the magnetic field gradient drift
relative to the position of the X-point and the height of the X-point. The second objective
of this task would be in particular the determination of whether these dependencies may
be mediated by underlying effects on the turbulence and flows. This task will be mainly
carried out in the WEST tokamak, but maybe also completed by TCV measurements.

The second task will be related to the L-H transition in the WEST configuration. Since
we have a comprehensive knowledge of the radial electric field profile in Tore Supra plas-
mas before the WEST upgrade (having accumulated 10 years of DBS measurements), the
first step will be to compare our observations of turbulence and flows in L-mode in this
new configuration with similar observations performed on Tore Supra. This comparison
should help in understanding the role of the plasma shaping in the edge dynamics and core
turbulence. For example, it should help in determining how strongly the radial electric field
profile is influenced, in a circular plasma, by the presence of a strong ripple, and how this
dependence is modified in shaped plasmas. In addition, the influence of the aspect ratio,
which will be up to twice as large in WEST than in Tore Supra, on turbulence characteris-
tics and flow profiles, will be investigated. The second step will be to follow and assist the
achievement of the first H-mode on this tokamak. Preliminary analysis based on existing
scaling laws indicates that achieving the H-mode on WEST should not be problematic. Ho-
wever, since the calculation of the threshold power results from an extrapolation with large
error bars for some parameters such as aspect ratio and ripple, the accessibility to H-mode
in WEST may in fact not be straightforward ; however, this difficulty can be turned into
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an advantage in that it may add new points to constrain the empirical scaling laws. Once
the H-mode becomes routine in WEST, more systematic studies of power threshold will
be undertaken, to fully characterize the scenario with high aspect ratio and large ripple.

The third task will be performed in parallel to the others and will consist of a direct
investigation of the L-H transition, through measurements performed during the transition.
This part is the most challenging one for several experimental reasons. The transition is
generally quite fast and changes in the density profile are drastic. One possible solution is
to slow down the transition, by approaching the power threshold very slowly, or to access
a regime in between the L and H phases. Such scenarios have been obtained in the DIII-D
and AUG tokamaks and should, in principle, be accessible in TCV and WEST.
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A. Measurements of density
fluctuations using Doppler
BackScattering

Different types of diagnostic systems are used in order to measure and characterize
density fluctuations in the hot core of magnetized plasmas where probes and cameras are
not usable. Among those are two major diagnostic families which rely on scattering of
electromagnetic waves on plasma fluctuations. On one hand, there is reflectometry that
uses microwave frequency range to probe the plasma up to a cut-off layer, where the
refractive index vanishes and the probing wave gets reflected. In this case, the probing
wave reflected from the plasma is detected and analyzed to extract information about the
density fluctuations in the vicinity of the cut-off layer. Major advantages of this method
are high sensitivity and good localization of the measurement. On the other hand, there
are wave-scattering systems based on the detection of waves scattered by the fluctuations
of the plasma [30, 142, 143]. The choice of the angle between the emitter and the receptor,
permits selecting the spatial scale of the detected fluctuations (elastic scattering). This
selectivity in wavenumber is the main advantage of this kind of system.

The Doppler backscattering system combines advantages from both reflectometry and
scattering techniques.

Diagnostic aspects of the Doppler backscattering
technique

Principle of the measurements

This technique is based on the detection of the field backscattered on density fluctua-
tions in the vicinity of the cut-off layer. The detected field comes from collective scat-
tering, in the sense that the power of the scattered signal is due to the existence of co-
herent structures (fluctuations) which involve a large number of particles. This collective
scattering comes mainly from electrons, lighter than ions. All the the electrons located
in the scattering area are, accelerated by the electric field of the incident probing wave
Ei(r,t) = Eyexpi(wt — k;.77) (which has an angular frequency w and a wavenumber ;)
and then emit dipolar electromagnetic radiation of the same frequency in all directions, in
the form of a spherical wave. The detector collects the superposition of these radiations
coming from all electrons. In far field approximation (i.e. distance between the antenna and
the scattering area much larger than the size of the scattering area and than the probing
wavenumber), the collective electric field can be written as :
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k ¢, the probed fluctuation wave vector, obeys the Bragg selection rule which writes

k f = —2k; in the case of backscattering, with % ; the local wave-vector of the probing
beam (cf. Figure 1 from [Publication 3]).

In practice, the probing wave is chosen in the microwave range (typically from 50 to 75
GHz for O-mode corresponding to cut-off density from 3 * 10m =3 to 7 * 10'%m =2 in O-
mode) and is launched in oblique incidence with respect to the normal of iso-index surfaces,
so that no or little reflected signal is received, and thereby only the back-scattered signal
is detected by the emitter antenna, which also serves as a receptor.

This technique thus provides the instantaneous spatial Fourier analysis of density fluctua-
tions, ﬁ(E, t) = i, n(7, t)e*7dF, acting as a band pass filter in k-space around k = kysina
at the cut-off layer. Due to the movement of density fluctuations, the detected signal is
Doppler shifted by Aw = ? f.v—f>. This allows the determination of the velocity of the
selected density fluctuations at the cut-off layer, corresponding to the movement of the
density fluctuations in laboratory frame, which corresponds to the sum of the £ x B drift,
written as vy = vpxp + vy Where vgyp is the E x B velocity plus the phase velocity of
density fluctuations v4. Due to the geometry of the apparatus, the Doppler back-scattering
system detects density fluctuations that flow inside the plasma with a selectivity in the
direction both perpendicular to the magnetic field lines and perpendicular to the radial
direction (cf. schema in Figure A.2), called bi-normal direction, or perpendicular direction
(this labelled commonly used may be however misleading since it may correspond also
to the radial direction). The radial localization of the measurements is provided by two
combined effects : a propagation effect and an effect linked to an intrinsic characteristic of
the plasma turbulence. First, back-scattering processes are strongly amplified close to the
cut-off layer due to swelling of the incident field near the cut-off layer. Secondly, the probed
wavenumber kg, have their highest values far from the cut-off and decrease along the beam
trajectory down to the cut-off, while the physical fluctuation energy decreases as a power
law at large radial wavenumbers, which makes the contribution at small £ dominant, close
to the cut-off.

Technical aspects

The system installed on Tore Supra has two channels in the equatorial plane : one of
which operates in the V-band frequency range (50-75 GHz) in ordinary polarization (i.e.
O-mode) and a second one covers the W-band (75-110 GHz) in extra-ordinary polarization
(i.e. X-mode). In addition, in 2010, a complementary channel has been installed on the
top of the machine with a vertical line of sight. This latter operates in the V-band with an
ordinary polarization (see. A.1).

Basically, the three channels are based on the same microwave scheme initially used
on the high sensitive reflectometers installed on Tore Supra from 2000 [145]. During the
decade covered in the present report, technical improvements have been regularly made,
however the scheme of principle remains quite similar to the one presented in Figure A.3.
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FIGURE A.2. — Tllustration of the bi-normal direction (figure from [127] and of the reflec-
tion plane (figure from [144])

O-mode X-mode
DIFDOP (equatorial plane) | V-band (50-75 GHz) | W-band (75-110 GHz)
DREVE (vertical plane) | V-band (50-75 GHz)

TABLE A.1. — DBS systems installed on Tore Supra
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F1GURE A.3. — Electronical scheme and a corresponding picture of the DIFDOP system

All three channels implement an heterodyne detection : the source signal, produced by a
synthesizer with ultra low phase noise, typically operating in the range 12.5 to 19 GHz, is
split in a probing arm and a reference arm (local oscillator "LO"). The probing signal is
frequency shifted by use of a single sideband modulator [116] to Fy + F), with very high
rejection levels of harmonics and Fy — F,,, component. The intermediate frequency F,, is
provided by 100 MHz quartz. These signals are set to the V-band and W-band ranges by
the use of active multipliers (respectively, quadrupleur N=4 and sextupleur N=6). It is then
sent to the plasma through a high gain antenna via a high directivity coupler, to separate
emission and reception signals. The LO signal is also send through active multipliers (N=4
and N=6) to get signal at N x F, which feeds a mixer together with the received signal,
frequency shifted to N x Fy+ N x F,,, + Fg, where Fs characterizes the Doppler effect on
scatterers in the plasma. The output signal at the intermediate frequency N x F,, + Fg is
sent to an I/(Q) detector to mix it with the N x F,,, quartz signal to get real and imaginary
parts of the scattering signal at the Doppler frequency Fg. Modulation and demodulation
are performed with the same quartz oscillator. More detailed description of this system
can be found in Ref. [52].

The scattering volume is controlled by Gaussian optics (to reduce small-angle scattering
related to the diffraction of the probing beam), however, due to the long distance between
the antenna and the plasma, the waist of the Gaussian beam remains distant from the
scattering zone in contrast with the conditions of the analysis of optical mixing in scattering
experiments reported in [147] and with other similar systems [148, 149]. The antenna is
motorized in order to vary the tilt angle (in poloidal direction) during a single discharge
(capability available only for the equatorial system DIFDOP).

To fulfil the Bragg selection condition near the cutoff layer, the beam wave-vector should
have a small toroidal component since the density fluctuations are nearly aligned along the
magnetic field lines [142, 150] (kj << k). The beam is thus launched with a small (fixed)
toroidal tilt angle so that the wave-vector makes at the cut-off an angle &, 5 with the poloidal
plane nearly equal to the pitch angle of the magnetic field lines (around 5° depending on
the safety factor profile). This condition is not critical due to the beam slight divergence,
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Mode name | Acquisition | Samples Number of Number | Delay between
frequency | per step | frequency steps | iterations iterations
Wavenumber 10MH=z 66000 4 13 100ms
Frequency 10MH=z 33000 15 5 100ms
Long steps 10MH=z 530000 4 1

TABLE A.2. — Example of set-up for both DIFDOP and DREVE systems

but is important to get a good sensitivity. Note that in the vertical system DREVE, the
antenna has no toroidal angle.

Set-up and capabilities

As mentioned previously, probing frequency can be varied from 50GHz to 7T5GH z for
both, equatorial and vertical, V-band systems in O-mode, and from 75GHz to 110GHz
for the W-band in X-mode. The probing angle of the equatorial system can be scanned by
varying the inclination of the GOLA antenna during the discharge from 1° to 6°. Depending
of the plasma parameters (mainly the electronic density for the O-mode and the density
and the magnetic field for the X-mode), the channels installed in the equatorial plan allow
to probe the plasma from r/a = 0.6 to r/a = 0.9 (where a is the minor radius) with
wavenumber k; = 3 — 20cm ™! (for the O-mode) and from r/a = 0.85 to r/a > 1 with
ki =2 —25e¢m™! (for the X-mode). Concerning the vertical system DREVE, the probing
angle can be changed only in between discharges in a reduce angle (due to the accessibility
in the machine) from —1° to 3°. This system therefore gives access to the plasma from
r/a = 0.6 to r/a = 0.85 with wavenumber k;, = 6 — 10cm ™.

In order to probe different locations the probing frequency is scanned by steps lasting
typically 10ms to allow for stationary measurements and statistical analysis (typically
Fourier). In the default set-up, a pattern of 10 steps frequency (typically 10ms) is repeated
11 times during which the antenna angle is slowly varied.

The three channels use a similar acquisition set-up. In-phase (I = Acos¢) and Qua-
drature (@) = Asing) signals are sampled at 10MHz (and possibly up to 100M Hz). The
main limitation comes from the memory card which has a maximum of 4 Mega samples
for each acquisition channel. However, since the acquisition card can be emptied during
the discharge (data are transferred to the PC acquisition), it allows some flexibility. In the
standard set-up for instance, data are transferred between each frequency pattern repeti-
tion. The time delay between each block of 10 steps must be long enough, typically 100ms,
to transfer the 10° samples (i.e. 10 steps fo 10ms sampled at 10 MHz). This mode requires
then a long stationary phase, at least 2s, to complete all the iterations of the probing fre-
quency pattern. To illustrate this mode of operation, an example is plotted in Figure ?77.
In order to reduce the measurement time, another possibility is to acquire several blocks of
steps before to empty the memory card. The steps must be shorter or the number of step
lower, or both of them. To illustrate this flexibility, examples of some set-up used in the
work presented in this report are summarised in Table A.2. A continuous acquisition at a
single probing frequency during 0.5 s is also used for statistical and dynamical studies.
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A. Measurements of density fluctuations using Doppler BackScattering
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FIGURE A.4. — Set-up

Vertical Doppler backscattering system installed on Tore Supra

From 2010, a new channel (V-band in O-mode), called DREVE, has been implemented
on the top of the tokamak with a vertical line of sight. It has been designed to study long
range correlation with the V-band channel of the DIFDOP system. Therefore, in addition
to their positions at two separate poloidal angle (# ~ 0° and 6 ~ 90°), DIFDOP and
DREVE are also situated at two separate toroidal positions with an angle Agp = 120° (see
Figure A.5). Except for the positions and the line of sight, DREVE system is identical to
the V-band of the DIFDOP system.

Measurements and interpretation

The interpretation of DBS measurements is strongly related to the spatial distribution of
the scattering phenomena. This key issue has been studied numerically [126, 151, 152, 153]
and analytically [154, 155, 41, 156] for Doppler reflectometry in which scattering is generally
assumed to occur in the cut-off layer vicinity. The case of low turbulence level is investigated
in the framework of linear theory, using the Born approximation, which assumes that
the fluctuations amplitude is small enough to neglect multiple scattering. For Doppler
reflectometry, it has been shown that, in the linear regime, the received signal consists of
backscattering occurring in vicinity to the turning point, especially when using focused
beam [1506]. As for standard reflectometry, the scattering efficiency is found to be inversely
proportional to the square of the radial wavenumber of the probing wave at the scattering
location. At high turbulence level, small-angle multiple scattering can occur (far from the
cut-off), reducing the localization of the measurement and complicating its interpretation.
The turbulence level at which occurs the transition from "linear" to "non-linear regime" is
not straightforward to determine and briefly addressed in Non-linear effects. To give an
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FIGURE A.5. — Top view and a poloidal/3D view of the implantation of both DFIDOP
and DREVE systems on the tokamak Tore Supra)

order of magnitude and a general view, it is reasonable to consider that the condition for
"linear regime" is fully valid in the major part of the confined plasma where dn/n < 1%. At
the periphery of the plasma (i.e r/a > 0.85), where the amplitude of fluctuations can be
above 1% and can reach 10% at the extreme edge (close to the separatrix), reflectometry
and DBS signals must be analyzed carefully. Note, however, that signatures of non-linear
regime are generally clearly visible on the measurements allowing a simple selection of the
reasonable data (see. A.13).

Localization and scale of the fluctuations detected

Concretely, the interpretation of DBS measurements requires the knowledge of the radial
position where occur the main backscattering phenomena and the wavenumber of the
probing beam at this position. To simulate the propagation of the probing microwave in
the "real" plasma, the computation would be ideally performed using a "full-wave code"
which resolves the interaction between density fluctuations and the probing wave by solving
the Maxwell’s equations in the presence of a plasma permittivity tensor including the real
density fluctuations. In this case, all propagation phenomena (forward scattering, single
backscattering, small-angle multiple scattering...) are taken into account and "linear" as well
as "non-linear" regimes can be correctly treated. However, since "real" density fluctuations
are exactly what we tend to determine and characterize, the perfect simulations with real
density fluctuations are not available yet (even if turbulence codes reach high level of
refinement, they are not able to predict perfectly density fluctuations). Secondly, since the
beam propagation computation has to be done for each data acquisition sequence (in the
order of 50 triggers per shots), the systematic use of "full wave" simulations is not realistic
(due to their cost in term of computation time and resources).

Nevertheless, as mentioned above, in the linear regime the signal is dominated by backs-
cattering occurring at the turning point, which can be determined using a ray tracing
code. Therefore, the determination of the radial position and the wavenumber of the pro-
bing wave at the cut-off layer (i.e turning point) are performed using a 3-D beam tracing
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A. Measurements of density fluctuations using Doppler BackScattering
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FIGURE A.6. — Beam tracing for DIFDOP system for probing frequency F' = 51.9 GHz
in O-mode for a typical Tore Supra discharge in a poloidal view. In this
illustration, the number of rays per radius (nbrayr) has been set to 9. Bold
rays correspond to the rays computed in the set-up routinely (nbrayr = 2)

code [144] which requires much less time than "full-wave' simulation. This code simulates
the propagation of a Gaussian beam in a stationary plasma. The optical index is calculated
from a radial density profile (measured using fast-sweep reflectometers [157]) mapped on
the magnetic equilibrium ; the magnetic field is also needed for the optical index calculation
in the case of extra-ordinary polarization. The Gaussian beam is computed via several rays
to describe beam size and wave vector resolution evolution. Generally, one central ray and
four peripheral rays (corresponding to an intensity reduced to 1/e?) are computed. The
equations of propagation are resolved using the WKB (Wentzel-Kramers-Brillouin), which
means that the refractive index is varying slowly (i.e the length of inhomogeneity is much
larger than the local probing wavenumber) and that the equation could be solved locally.
Each ray tracing computation, gives access to the radial position of the turning point of
the probing wave and of its wavenumber at this position. The spatial resolution and the
wave-number selectivity Ak, related to the refraction of the Gaussian beam during its
propagation, can be evaluated directly from the beam tracing code [158, 151] considering
the several computed rays. Examples of beam tracing computation are presented in Fi-
gure A.7 for both equatorial and vertical systems in O-mode polarization. In addition, an
example of measurements mapping for O-mode for a typical Tore Supra discharge is shown
on Figure A.8. It should be noted that changing the probing frequency changes mainly the
radial position of the measurements but also changes slightly the probed wavenumber. On
the other side, changing the probing tilt angle changes mainly the probed wavenumber but
also change slightly the radial position of the measurements.

112



TS-47500 @t=9.2 s Mode O lz=ﬁ.308 r7n32= -0,a=72 cm
B0O=3.9T F = 60.0 GHz S Log
plquha_z's
Plan poloidal | DIFDOP Plan poloidal | DREVE
100r i .
= 501 =
E g 100p il T
€ =
R R S = -
s ) A0 AP A S
N 50 - Nt
o=5.1°
-10 L L L L L g R a 9
50 200 250 300 350 400 . 450 2(')0 3(')0 460
Toroidal Plane Toroidal Plane
100 4 \ o
) ..}# \‘ \‘
T N ; ‘ K
S T | g
2 op : S
B ! B
L ' S
> _50 I:, B SE =
’E‘t "/ /‘1’
-10 50 200 250 300 350 400 450 dial
x(cm) [radial] x(cm) [radial]
r/a = 0.80 (-0.05,+0.06) r/a = 0.78 (+0.06,-0.04) 2k =0.00 cm-1 (+0.96,-0.97)
2ks =7.15 cm-1 (_323Y+275) 2k0 =-0.12cm-1 (+1 .61,-1 .50) 2k5 =5.87 cm-1 (+3.04,—3.59) é 0= 180.0? (-9.2,-350.6)
£ - _09? - - =1 (= k ’ .
2k9: 7.15 cm=-1 (=3.23,+2.75) S 0.9? (+12.8,-11.9) 2k9 5.87 cm-1 (-3.04,+3.59)

FIGURE A.7. — Beam tracing for DIFDOP and DREVE systems for probing frequency

F =51.9 GHz in O-mode for a typical Tore Supra discharge in a poloidal
view computed in the set-up routinely used

15 : :

k, (cm™)

r'a

FIGURE A.8. — Mapping r/a vs. k of Doppler backscattering system (V-band, O-mode)
measurements for a typical Tore Supra discharge
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A. Measurements of density fluctuations using Doppler BackScattering
Frequency spectrum

The time analysis of the detected signal (at a given probing frequency and at a given
probing tilt angle) gives access to the frequency spectrum of density fluctuations at a
given radial position and at a given scale. An example is presented in Figure A.9. This
spectrum is Doppler shifted due to the movement of detected density fluctuations and its
amplitude is proportional to the intensity of density fluctuations. From the set of frequency
spectra measured during a single discharge for several couples of probing beams frequency
and probing tilt angle, wavenumber spectrum of density fluctuations or velocity of these
fluctuations can be evaluated.

The shape of the frequency spectrum is related to several effects : the width of the
probing beam which determines the spatial location extension, the distribution function of
the density fluctuations velocity (statistics of the turbulent movement) and depending on
the time integration of the analysis, the presence of velocity fluctuations.

The localization of the measurement related to the probing beam is discussed in the
previous subsection.

The frequency spectrum is obtained from the Fourier transform of correlation function
of the scattered field Ey, which can be written as [159] :

T = —
Cr) o (S enpli B (T = T+ D))
o (Sag expli K (7 (1) = T (0))eapli K- A(T)),

Assuming a normal probability distribution function for the turbulent displacement A,
the last term which contains the time/frequency information is proportional to :

(A.2)

R did 2 2
F(k,7) =< et 87 5= gh <>/ (A.3)

To evaluate < A% >, hypothesis are made for the statistics of the turbulent movement :
the turbulent macroscopic motions can be described using the classical statistical Lagran-
gian analysis [159]. In this approach, the dynamics of a particle with a velocity v is described
through the mean square value of the displacement < A? > where A(7) = r;(t+7) —7;(1).
For time longer than the Lagrangian velocity correlation time 7, = [;° C,(7)dr (where
Co(1) =< v(0)v(r) > /u? , u? =< v? >), this displacement corresponds to a diffusive
transport (i.e < A? >= 2u?r;,7 = 2D7) while for shorter time, 7 < 7, it has the si-
gnature of a convective transport behavior. The transition between diffusive or convective
behavior can be modelled by a fast decreasing function for the velocity correlation as
proposed by Taylor [160] C,, = e~/ which leads to < A% >= 2u’17(Z — 147 7/™).

The correlation function reads :

ik

; N T —T/T
F(k,7) =<¢*2 AT (T ke (A.4)

T>=¢e€

the Fourier transform is then numerically computed to fit the experimental Power Spec-
tral Density (PSD).

In this report, no proper study on statistics of the turbulent movement are presented
and this aspect appeared only through the fitting process performed using : or a Gaussian
function which corresponds to the convective character of turbulence, when kur;, > 1, or
a Lorentzian function translating the diffusive character of the fluctuations when kur, <1
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or the test function labelled "T" corresponding to the intermediate regime described above

(A.4), which is able to very well reproduced the measured frequency spectra (see. Figure
A9).
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FiGURE A.9. — Example of frequency spectrum and fitting functions for an O-mode step
frequency measurement

In practice, the time analysis is performed using a Power Spectral Density (PSD) esti-
mate using the Welch algorithm (averaged spectral estimator). For a given time sequence
of Npoint, PSD are calculated using Fast Fourier Transform (FFT) on typical time windows
of N¢¢ points with a certain overlap between each window. The resulting spectrum is the
average of all PSD. Depending of the context of the analysis, N¢ and the number of points
of the overlap (Nyyer) are adapted to the characteristic studied. For a given step frequency
of Npoint, one can choose to average all the time sequence or to subdivide the total time
sequence in shorter time windows (of N points), for example to extract a time evolution of
the fluctuations velocity. Note that, all data analysis is based on the hypothesis that the
plasma conditions are stationary, at least, during each frequency step. Figure A.10 shows
frequency spectra corresponding to time sequences of different length for a given very long
(one of the longest achievable, i.e. Npyin: = 529920) step frequency.

Depending of the time integration of the measurements (determined by N), the Doppler
shift related to the maximum of the spectrum will correspond either to an "equilibrium"
velocity (for large value of N) or to the "fluctuations" of the velocity (for smaller value
of N). Of course, the limit between what can be labelled as "equilibrium velocity" and
"fluctuations" depends of the frequency of the dynamics processes that are considered.

From the set of frequency spectra measured during a simple discharge for several couples
of probing beams frequency and probing tilt angle, wavenumber spectrum of density fluc-
tuations or velocity of these fluctuations can be evaluated. For both wavenumber spectrum

115



A. Measurements of density fluctuations using Doppler BackScattering

and velocity determination, the three fitting functions discussed just above are used to des-
cribe the shape of the frequency spectrum.

When evaluating the velocity, the Doppler frequency shift fp can be obtained either
from a direct evaluation of the maximum of the raw frequency spectrum, or using these
fitting functions. Note that fp does not change much depending on the method or function
choose. Nevertheless, for a given total time length for the analysis (fixed N), varying Ny
modifies both, the frequency resolution and the averaging (by changing the number of win-
dows). An illustration on this aspect is presented in Figure A.11. For increasing the time
resolution one could decrease both N and Ny but is therefore limited by the frequency
resolution. To study the fluctuations of the velocity about few kHz with an amplitude
around (300m/s which corresponds typically to 50k H z in term of Doppler frequency oscil-
lations), data analysis based on the Multiple Signal Classification (MUSIC) algorithm has
been used. The MUSIC algorithm [113] is a power spectral estimation method based on the
Eigenmode analysis of data vectors, which can provide a fine estimation of the frequency
content of the signal, with high temporal resolution [161, 162, 163]. This method allows
the determination of the Doppler frequency with a relatively low number of points from
the detected backscattering signal, and gives therefore access to a kind of "instantaneous"
velocity. For more details see Section 5.1.

Concerning the determination of the wavenumber spectrum, the time analysis parame-
ters are chosen is order to get a well resolved frequency spectra (i.e. with a NV large enough
and an intermediate Ny s,). The integration of the power spectral density is performed using
the "T" function (chosen because of its excellent agreement with raw spectra). As visible
in Figure A.9 comparing Fq, Fr and Ep, Gaussian function gives generally close values
and Lorentzian function, gives slight different results (due to the tails of the spectrum not
contain in this function).

Non-linear effects

At high turbulence level, the probing wave can experience non-linear propagation phe-
nomena before and after the vicinity of the cut-off layer. For example, it has been shown
using fast sweep reflectometry that non-linear effects affect the detected signal already for
amplitude level around 1%. In this context, the determination of the radial wavenumber
spectrum of density fluctuations appears questionable while some characteristics, as the
amplitude of density fluctuations seems more robust [39]. For DBS, both analytic and nu-
merical studies have addressed this issue. Analytically, E.Z Gusakov has first study the
transition from linear to non-linear scattering regime, using a one-dimensional model, in
the context of correlation reflectometry [41]. Under several hypothesis, it derived a criteria
for this transition defined as the situation in which the probing line is no longer observable
in the reflected spectrum, leading to :

2lC C(S 2 C
DB O T s (A.5)

2 n2 1

where w is the angular frequency of the probing wave, [.z is the correlation length
of density fluctuations, z. is the cut-off layer position and dn/n. is the relative density
fluctuations amplitude at the cut-off.
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It shows that in the non-linear regime the probing beam is affected by small angle
scattering reducing diagnostic’s localization and leading to a broadening of the reflected
signal frequency spectrum. In this context, E.Z. Gusakov studied precisely the case of
Doppler reflectometry, within the framework of Born approximation in order to evaluate
its spatial and wavenumber resolution [156] and also when the multiple forward scattering
of the probing wave is dominant [12] for determining the limitations of measurements
interpretation. It demonstrated that the frequency shift is not influenced by the absolute
amplitude of the turbulence and gives information on the density fluctuations velocity
averaged over the vicinity of the cut-off (which has a radial extension that depends on
the density profile and turbulence distribution). In the case of uniform plasma velocity
profile, the frequency shift formed by the nonlinear mechanisms coincides with the linear
Doppler effect, while, in the more realistic case of non-uniform velocity profile, the "non-
linear" spectrum shift corresponds to an averaged velocity as illustrated in A.12. This result
means that in the presence of a strong local gradient in the radial electric field, as observed
in the edge of Tokamak plasmas, the measured DBS velocity may be smoother as compare
to the real one. However, concerning the width of the frequency spectrum, it is shown that
in the multiple scattering regime, it is much larger than that in the linear case (see from
(c) Figure A.12) and it is found to be proportional to the turbulence amplitude and to the
probing trajectory length (cf. Eq 24 from [42]). This result is observable in measurements
performed using X-mode channel at the plasma edge, as illustrated in Figure A.13, leading
to distorted wavenumber spectrum Figure A.14.

In addition to these analytic studies, 2D full-wave codes are used with realistic density
fluctuations (simply modeled from some basic characteristics, or determined using first
principle turbulence codes) and experimental density profile to measure the perpendicular
k-spectrum and the perpendicular velocity of the density fluctuations [43, 164, 165, 74].
Such simulations confirm that the measurement of the velocity is quite robust and does
not depend too much on the turbulence level. However, numerical results show that the
relationship between the scattered wave amplitude and the turbulence level is linear only
at low turbulence levels and short radial correlation lengths, otherwise, the relationship
becomes non-linear and the changes in the scattered wave amplitude do not reflect the
changes in the turbulence level. This effect is more pronounced in X mode compared to O
mode and depends on the density profile shape. Non-linear scattering processes distort the
wavenumber spectrum, especially in X-mode polarization [74]. The comparison between
k-spectrum obtained using O-mode and X-mode 2D full wave simulations with density
fluctuations coming from first principle code turbulence exhibits a clear flattening of the
X-mode k-spectrum. This result explains the different k-spectrum shapes obtained in AUG
from the measurements in O-mode and X-mode [75].
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FiGURE A.10. — Example of frequency spectrum using time analysis on different time
lenght for an O-mode step frequency measurement
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FIGURE A.12. — Results from analytic investigations on multiple scattering effect in Dop-
pler reflectometry from [12]
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FIGURE A.14. — Evaluation of the wavenumber spectrum for O-mode and X-mode data at
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linear regime (top). Evaluation of the non-linear regime critera A.5 for
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intensity from fast sweep reflectometry and a correlation lenght [. = 10p;
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