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ABSTRACT OF THE DISSERTATION

Multi-Field /-Scale Interaction of
Neoclassical Tearing Modes with Turbulence

and Impact on Plasma Confinement
by

Laszl6 Bardoczi
Doctor of Philosophy in Physics
University of California, Los Angeles, 2017
Professor Troy A. Carter, Chair

Neoclassical Tearing Modes (NTMs) are a major impediment in the development of opera-
tional scenarios of present toroidal fusion devices. The multi-scale and non-linear interaction
of NTMs with turbulence has been an active field of theoretical plasma research in the past
decade for its role in plasma confinement. However, little to no experimental effort has been
devoted to explore this interaction. As part of this thesis, dedicated experiments were con-
ducted utilizing the full complement of the DIII-D turbulence diagnostics to study the effect

of NTM on turbulence as well as the effect of turbulence on NTM growth.

The first localized measurements of long and intermediate wavelength turbulent density
fluctuations (1) and long wavelength turbulent electron temperature fluctuations (Te) modi-
fied by magnetic islands are presented. These long and intermediate wavelengths correspond
to the expected Ton Temperature Gradient (ITG) and Trapped Electron Mode (TEM) scales,

respectively.

1



Two regimes were observed when tracking n during NTM evolution: (1) small islands
are characterized by steep electron temperature (T.) radial profile and turbulence levels
comparable to that of the background; (2) large islands have a flat T, profile and reduced
turbulence level at the O-point. Radially outside of the large island, the T, profile is steeper

and the turbulence level increased compared to the no or small island case.

It was also found that turbulence is reduced in the O-point region compared to the X-
point region. This helical structure of turbulence modification leads to a 15% modulation of
n? as the island rotates in the lab frame and this modulation is nearly in phase with the T,
modulation.

These measurements were also used to determine the turbulence penetration length scale
(Lg) at the island separatrix and was found that Lz is on the order of the threshold island
width for temperature flattening and turbulence reduction to occur at the O-point. This
suggests that the physics of island transition could be related to turbulence penetration into

the island.

In addition, a novel, anisotropic, non-linear heat transport model of magnetic islands
with spatially non-uniform cross-field thermal diffusivity (x,) was developed. This model
was utilized to derive y, at the O-point from measured electron temperature data and it
was found that x, at the O-point is 1 to 2 orders of magnitude smaller than the background
plasma transport. As the anomalously large values of y, are often attributed to turbulence
driven transport, the reduction of x is consistent with the found turbulence reduction at

the O-point.

Complementing the experimental results of turbulence-NTM interaction described in
this thesis, qualitative comparisons were carried out for the first time to GENE non-linear
gyrokinetic turbulence simulations employing static magnetic islands. These simulations
qualitatively replicate the measured 2D response of turbulence as well as the observed scaling

with island size.

The consequences of the observed NTM-turbulence interaction on the global plasma con-

finement were studied via analyses of simultaneous changes in NTM amplitude, plasma pro-
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files, turbulence, fluxes and confinement. It was found that the global confinement degrada-
tion is intimately linked to the turbulence enhancement outside of the island region (induced

by the island).

Experimentally observed local turbulence and transport reduction at the O-point, as well
as the effect of global confinement decrease was incorporated in the dynamical equation of
NTMs, which shows that the NTM growth rate increases when turbulence and gradients are

reduced inside the island (right after the transition from small to large island regime).

Additionally, the shrinking of NTM islands due to strong temperature perturbations
associated with Edge Localized Modes was observed. Simultaneous increase in turbulence
level at the O-point was also observed and the data suggests that this temporal increase
of turbulence level at the O-point accelerates NTM recovery after the ELM-crash. This is
facilitated via the fast turbulent cross-field transport that leads to a rapid restoration of the

flat profile (and bootstrap current perturbation) at the O-point.

Finally, a series of low torque H-mode experiments were carried out to measure the
perturbed ion temperature and toroidal flow profiles via CER across slowly rotating islands.
Comparison of the observed flow perturbation to the gyrokinetic simulations suggests that

large islands develop a vortex like plasma flow circulating around the O-point.
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"I found that the grown-ups had a terrible time, everybody got tired of what he was doing.
Klug was the first grown-up whom I met who loved what he was doing, who did not get
tired, and who even enjoyed explaining things to me. That I think is when I made up my

mind, very firmly, that I wanted to do something that I really did want to do. Not for
anyone else’s sake, not for what it may lead to, but because of my inherent interest in the

subject.”

- Edward Teller
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CHAPTER 1

Introduction

1.1 Motivation

In a fusion power plant, the energy output increases with plasma pressure (p), while the
cost of operation increases with magnetic field (B). Therefore, to make commercial fusion
viable, one must maximize the plasma beta (8 oc p/B? x a/B*Vp, where a is the plasma
minor radius and Vp is the pressure gradient). Neoclassical Tearing Modes (NTM) are
large-scale resistive magnetohydrodynamic (MHD) instabilities that form magnetic islands
across the nested flux surfaces of tokamaks. NTMs are destabilized by the neoclassical
bootstrap current, which is proportional to Vp. Therefore, NTMs are often unstable in
high 8 tokamak plasmas. In particular, the m = 2, n =1 NTM is a major impediment in
the development of operational scenarios in present and future toroidal fusion devices as it
often degrades confinement and can lead to plasma termination [8, 9]. The multi-scale
interaction of large-scale MHD modes with micro-turbulence has been found to play an
important role in transport regulation in magnetized plasmas [10] and fluids [11-13] and is
suspected to be a key ingredient of the low-to-high confinement mode transition [14].
Magnetic island interaction with plasma turbulence has been observed in simulations

[6, 15-29], but experimental observations have been limited so far [30-32]. Improved
understanding of NTM physics and interaction with turbulence can lead to improved
control of NTMs and plasma performance. Therefore, it can have important implications
for future fusion devices, in particular for the International Thermonuclear Experimental

Reactor (ITER).



1.2 Tokamaks

A tokamak is a toroidal magnetic device that uses a strong helical magnetic field to confine
a plasma. The word "tokamak" is a Russian acronym of "toroidal’naya kamera s
magnitnymi katushkami", meaning toroidal chamber with magnetic coils. A schematic

view of a tokamak is shown in Figure 1.1.

Inner poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer poloidal field coils
(for plasma positioning and shaping)

JG05.537-1¢

Resulting helical magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.1: Schematic view of a tokamak [1].

The helical magnetic field results from the combination of (i) the toroidal field of currents
driven externally in the toroidal field coils and (ii) the poloidal field of the internal toroidal
plasma current. The poloidal field coils are used to improve the confinement quality
through plasma shaping. A toroidal vacuum chamber isolates the outside air from the
plasma (not shown). The plasma is created from injected neutral gas (usually hydrogen or
helium) via a large electric field arising from a sudden change of an external transformer
current (not shown). Next, auxiliary heating methods are employed (e.g. neutral beams

and electron cyclotron waves) to achieve a target plasma.



1.3 Micro-instabilities and transport

The theory of collisional transport in tokamaks has been well-developed and is called
neoclassical transport theory [33]. Experimentally measured diffusivities are, however,
typically 1 to 2 orders of magnitude larger than neoclassical predictions 34, 35] and
therefore, the transport in tokamaks is called "anomalous". It is widely accepted that the
anomalous component of the transport is caused by turbulent gyroradius-scale
micro-instabilities [36, 37|. Mostly, these are non-linearly interacting drift waves and
curvature driven modes. Both are driven by the pressure gradient and are dominantly
localized in the low field side, see Fig. 1.2. These instabilities result in small (1%)

fluctuations in the electrostatic potential (¢), density, and temperature, which can lead to

heat and particle transport across the nested flux surfaces of tokamaks. Neoclassical theory

Figure 1.2: Turbulent 5 in GYRO gyrokinetic simulation [2].

predicts decreasing transport with increasing heating power, however, experiments show
the opposite [38]. This is a strong indication that the underlying physics of the transport
mechanism is not dominated by collisional transport. Further, the fact that plasma profiles
often adopt about the same shape, regardless of the heating profiles, shows that
instabilities are able to regulate the profiles. Finally, in the low-to-high confinement
transition [39] the abrupt increase of confinement with heating power is accompanied by a

significant decrease of core turbulence [40], which is a clear indication that a major fraction



of the anomalous transport is driven by turbulence.

The most common types of micro-instabilities leading to broadband turbulence in
tokamaks are the ITG (ion temperature gradient) mode, the TEM (trapped electron mode)
and the ETG (electron temperature gradient) mode. These instabilities can couple
interchange and drift wave physics. In principle, these modes can be distinguished via their
wavenumber and direction of propagation in the E x B plasma frame. However, simulations
show that they are not necessarily always distinct: e.g. the TEM can smoothly turn into

the ETG mode as a function of wavenumber.

1.3.1 Curvature driven modes

The curvature driven or interchange modes can be purely growing modes without
propagation. For a simple mathematical description of the interchange instability, consider

a slab perpendicular to the background magnetic field, as shown in Fig. 1.3.

m m m m BO
X X X X
= E M E = E M
o= > (o)< » (D)< &) > <« ®
as] 2] an]
Yy X X X
2 & K &2 Vp
x Ve «<— —>» V;

Figure 1.3: Scheme of an interchange mode in a plasma.

Assume a background Vp perpendicular to B, finite VB and field curvature. The combined

drift velocity due to the inhomogeneous magnetic field is:

m R. x B
Vp = VyB —|-VRC = E (Vﬁ +Vi/2) T (11)



Here vyp and vy, are the VB and curvature drift velocities, respectively. This combined
drift has the opposite sign for electrons and ions. When an initial pressure perturbation is
present, this drift leads to a net charge separation and concomitant electric field
perturbation (as shown in Fig. 1.3). This electric field leads to a secondary drift, the E x B
drift. The direction of the E x B drift is such that it amplifies the original Vp perturbation
in the LFS (where Vp is parallel with VB, "unfavorable curvature region") and becomes
linearly unstable. On the other hand, the E x B drift suppresses the initial Vp

perturbation in the HFS (where Vp is antiparallel with VB, "favorable curvature region").

Interchange modes are 2-dimensional, with k = 0. Parallel dynamics becomes important
when the unfavorable and favorable curvature regions are connected by the field lines, as is
the case in tokamaks. This introduces variations along the field lines, and gives rise,

therefore, to 3-dimensional dynamics with kj > 0.

Finally, note that this mode has a hydrodynamic version known as the gravitational
Rayleigh-Taylor instability. In that case, a heavier fluid is supported against gravity by a
lighter fluid. This configuration is unstable to small perturbation; a ripple of the boundary
leads to mixing (interchange) of the two fluid layers. An example of a simulation of the

Rayleigh-Taylor instability is shown in Fig. 1.4.

Figure 1.4: Large eddy simulation of the Rayleigh-Taylor instability [3].



1.3.2 Drift waves

Drift waves are intrinsically 3-dimensional instabilities with finite parallel wavenumber. For
a simple mathematical description, consider again a plasma slab perpendicular to the
background B field |Fig. 1.5]. Assume a uniform background magnetic field in the
z-direction, a background pressure gradient in the y-direction and an initial density
perturbation. The small electron mass and the fast thermal motion of electrons yields a

relation between the electron density and potential, also called as Boltzmannn relation:

n e e
- (1.2)

= ekBTe — 1 & kT,
This means that in phase with the density perturbation, an electrostatic potential
perturbation develops. The associated E x B drift modifies the phase of this sinusoidal
perturbation such that the perturbation effectively shifts in the z-direction. This
perturbation, therefore, leads to a wave, propagating in the direction perpendicular to B
and Vp. This wave is called drift wave, and it propagates with the diamagnetic drift

velocity vgia.

2} as) as}
X X X
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Vdia = = =
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Yy X X X
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Figure 1.5: Scheme of a drift wave in a plasma.

1.3.3 Ion temperature gradient modes

The ITG mode [41-44] is thought to be a major cause of radial heat and particle transport

in tokamaks. ITG modes have low wavenumber (kgps < 1) and propagate in the ion



diamagnetic direction in the plasma frame. In tokamaks, broadband turbulent n associated
with I'TG can be measured e.g. locally via Beam Emission Spectroscopy and non-locally
via Far Infrared scattering. T, in this wavenumber range can be measured via the
Correlation Electron Cyclotron Emission diagnostic. ITG modes have a critical

gradient [44], below which these modes are stable. The best understood mechanism for the
non-linear saturation of ITG provided by self-generated, poloidally and toroidally

symmetric potential structures, called zonal flows [10, 14, 45-49].

1.3.4 Trapped electron modes

Toroidal geometry allows the growth of a broad spectrum of modes, which are otherwise
stable in e.g. linear devices. One of these modes, the TEM [48, 50, 51| is related to the
trapped particle population. This mode leads to turbulence and transport in intermediate
wavelengths (kgps < 1) and has a critical gradient nature. In most cases, TEM is predicted
to propagate in the electron diamagnetic direction. TEM-scale n can be routinely

measured via Doppler Backscattering.

1.3.5 Electron temperature gradient modes

The ETG instability [52, 53] leads to fluctuations at electron scales (kgps ~ 10). The ETG
mode can be considered isomorphic to the ITG mode. Ions are treated via the Boltzmann
relation for the former and electrons are for the latter. ETG modes are also expected to
have a critical gradient and have been argued to play an important role in electron heat

transport [54].



1.4 Classical tearing modes

Tearing modes in tokamaks are driven by the gradient of the equilibrium plasma

current [37]. This instability leads to the tearing and rejoining of the magnetic field lines as
a consequence of finite resistivity (hence the name). The new topological objects, formed
by the reconnection, are characterized by a confined region of nested flux surfaces, called

magnetic islands |Fig. 1.6 (a)].
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Figure 1.6: (a) Flux surfaces of a magnetic island (2(r, &), defined by equation 1.3)
and contours of Te(&,r) (solution of equation 1.4). (b) T, profiles across the O-point and
X-point (at £ = 7w and £ = 27, respectively).

X-point profile

T [keV]

1.4.1 Magnetic island structures

Magnetic islands are 3D helical structures having m and n poloidal and toroidal mode
numbers, respectively, and are located on rational g surfaces where ¢ = m/n. Field lines on
rational ¢ surfaces are characterized by a constant pitch (or rotational transform) ¢ = 27 /¢,
where ¢ = d¢/df (¢ and 0 are the toroidal and poloidal angle, respectively). In the large
aspect ratio limit, shift along a field line is a symmetry transformation. This symmetry
allows to reduce the poloidal and toroidal coordinates to a single helical coordinate

¢ =mb —ng. £ is perpendicular to the field lines (on the rational surface), m and n are the

poloidal and toroidal transits along a field line. The perturbed magnetic flux surfaces of



the island are mapped out by the contours of the normalized flux surface label €2. Due to

the symmetry along the field line, 2 is a function of £ and r only:

0=

8(r \;]Ts) I <2A(7;N_ rs) + 1) cos(&) (1.3)

Here W is the island full width, ry is the minor radius coordinate of the rational surface
where ¢ = m/n and A is a radial asymmetry parameter [55]. The island in Fig. 1.6 (a) is
shown in the (§,7) plane. In the direction perpendicular to r and &, the island is
symmetric. The X-points are located at £ = 2km and the O-points are located at

¢ = (2k + 1), where k is an integer. The symmetry along the field line extends to O-point
into an O-line, with the rotational transform ¢ = 27n/m (same that of the local

unperturbed field line), see the O-lines of islands with different m/n numbers in Fig. 1.7.

1/1 2/1 3/2

Figure 1.7: Cartoon of 3D helical winding of the magnetic island O-line with different
m/n mode numbers.

The reconnection takes place in the X-point region from where the plasma flows toward the
O-point region and the island grows until the stabilizing effect of the field line bending

leads to saturation.

1.4.2 Theory of heat transport across the islands

Due to the change of field line topology and concomitant changes in heat and particle
transport, temperature and pressure perturbations associated with tearing modes also

exhibit a 3D helical structure. Heat transport across the island in tokamaks was first



modeled [56] via anisotropic diffusion:
X|ViTe+x1ViTe =0 (1.4)

Here x and x| are the perpendicular and parallel electron thermal diffusivities,
respectively, with a typical ratio of x| /x| ~ 107% — 10~%. Example numerical solution of
the Te(&, ) contour is shown in Fig. 1.6 (a) and profiles across the O-point and X-point in
Fig. 1.6 (b). In this example, T, is flat in the O-point region due to the field line structure
and fast parallel transport inside the island. Analytic solutions [56] were calculated
assuming that x, is spatially uniform and independent both of W and VT, for
mathematical simplicity. This assumption allowed the derivation of a critical island width
We = (x1/x1)"Y*\/RoLy/n (Ro is the plasma major radius and L, is the magnetic shear
length at ¢ = m/n), which has two fold physical meaning in this theory:

1. The flattening effect of the parallel transport and the gradient restoring effect of the
perpendicular transport compete with each other. The effectiveness of the parallel
transport depends on the connection length, which is shorter in the O-point region
when the islands are larger. This gives rise to a critical island width required for

temperature flattening to occur.

2. The connection length diverges as approaching the separatrix from the O-point. This
gives rise to a boundary layer, where gradients are maintained and has a width of
W./2. Essentially, this is the region where perpendicular flux is converted into
parallel flux inside the island. This effectively reduces the flat region around the

O-point.

Note that y itself can depend on turbulence fluctuation levels, which are sensitive to the
local gradients. This gives rise to x; = x 1 (VT), which turns the above model

(equation 1.4) into a nonlinear partial differential equation. This nonlinear model was
developed [Chapter 3| and tested against DIII-D experiments [Chapter 4] as part of this

thesis and resulted in a publication in Physics of Plasmas [7].

10



1.5 Bootstrap current

In a tokamak, particles possessing less then a certain parallel energy are trapped on the
LFS (Low Field Side), while particles having higher energy access the HFS (High Field
Side). These are called trapped and passing particles, respectively. Trapped particles move
on banana orbits, which, together with the background pressure gradient gives rise to a

current, called banana current [Fig. 1.8 (left)].

B Bx1/R
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. =5 obical Scattering
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E N Poloidal

A\ projection
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-4—— ‘banana

Toroidal ]

direction VN current parallel velocity — ©
This orbit lies further inside more particles Distribution function as a function of the parallel
follow this orbil than the orbit further out. velocity for constant perpendicular velocity.

Figure 1.8: The banana current driven by density gradient [4].

Moreover, due to the finite radial width of the banana orbit, the trapped particles are
effectively shifted radially outward by about the width of the banana orbit. Due to the
background density gradient, this shift leads to an increase of the trapped particle density
at any location. The increase in trapped particle population would lead to a discontinuity
in the distribution function at the boundary of trapped and passing particles

[Fig. 1.8 (right)]. This discontinuity is prevented by collisions between passing and trapped
particles but leads to a shift of the full distribution function. This shift is in the opposite
direction for electrons and ions, giving rise to a current, called the neoclassical bootstrap

current (jgs) [4].

The term neoclassical refers to the fact that this current arises in toroidal geometry (due to
trapping of particles). jgs is proportional to the background pressure gradient and also
depends on collisionality. Also note that a perturbation of the pressure profile therefore

leads to a perturbation of jgs and concomitant magnetic field perturbation which has an

11



effect on the tearing mode growth [Section 1.6].

1.6 Neoclassical Tearing modes

The flattening of the pressure profile at the O-point leads to a bootstrap current
perturbation [57] that reinforces the island. Magnetic islands destabilized by the
neoclassical bootstrap current are called NTMs. The modified Rutherford equation [58]
(MRE) is often used to study the evolution of the NTM, the simplest form of which

(including neoclassical effects), reads:

dW(@) — n [ W(t)
P ﬂ—(A +DNCm> (1.5)

The first term on the RHS describes the classical tearing mode stability, while the second
term is the destabilizing bootstrap current term, giving rise to the NTMs. Examples of the
solution are shown in Fig. 1.9. Notice that the growth rate is negative when the island
width is smaller then a critical island width, therefore a seed island must be generated for
the instability to grow. This means that NTMs are linearly stable, non-linearly unstable
MHD modes. After the island is generated, it grows until reaches a saturated island width.
The growth is faster, the critical island width is smaller and the saturated island width is
larger when f is higher in the plasma. Also, there is a critical 5, below which NTMs are
stable. In fact, NTMs are typically unstable in high-3 H-mode discharges. In equation 1.5,
n and u, are the plasma resistivity and the vacuum permeability, respectively. A’ is the
linear stability parameter [37] and Dnc = a1 (V 1p|x-point — V1 P|0-point) 1S the neoclassical
drive proportional to the "missing" pressure gradient at the O-point. V | p|x point and

V 1 p|o-point are the pressure gradient at the X-point and at the O-point, respecively. The
numerical coefficient is ay = —2,/ErrpoLq/(BjLo), where ety is the trapped electron
fraction and By is the poloidal magnetic field, L, is the magnetic field shear length and L,

is the parallel wavelength of the mode.
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Models and experimental data of dW/dt [cm/ms]
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Figure 1.9: Solutions of the modified Rutherford equation (equation 1.5) and experi-
mental data from DIII-D.

This model has been tested against experiments and was found to reasonably agree with
observations [7, 59| as also shown in Fig. 1.9 and will be discussed in more depth in
Chapter 7. However, notice that turbulent transport enters the MRE via W, XIL/ 1 As
mentioned in Section 1.4, finite cross-field transport leads to a boundary layer inside the
island, where gradients are partially maintained. This effectively reduces the width of the
flat spot and therefore the bootstrap current perturbation which has an impact on the

NTM growth.

As part of this thesis work, this model was used to study the effect of turbulence on the
NTM growth in Chapter 7.
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1.7 Gyrokinetic turbulence simulations with magnetic islands

NTM interaction with plasma turbulence and potential implications on NTM stability has
been an active field of theoretical research [6, 15-29] in the past decade. The most
complete simulations are achieved via the gyrokinetic approach, where the effect of static
magnetic islands has been studied on ITG turbulence |6, 21, 22, 26]. The delta-f
approximation is used, in which the distribution function is written as the sum of a

Maxwellian background (F') and a perturbation f. The equilibrium is:

2
F= ﬁ/—%?hexp (——2 (1.6)

Uth

and the equation prescribing the evolution of f is:

_uBB-VBOf

dg
a + (UHb + VD) -Vf+ Vy Vg J28 aU” =

Here y is the magnetic moment, v) is the parallel velocity, B is the magnetic field
magnitude, m and Z are the particle mass and charge number, respectively. The function
g=f+(Ze/T)v (A)) contains the parallel component of the vector potential A. S is the
source term and is determined from the equilibrium. The velocities are: (i) motion parallel
to the unperturbed, background magnetic field (v;b), (ii) drift due to inhomogeneous field
(vp) and (iii) motion due to the perturbed electromagnetic field (v, ). The effect of the
island enters the gyrokinetic equation through v,, which is a combination of the E x B

velocity and the motion along the perturbed magnetic field:

vy = , (1.8)

where x = (¢) — v(4)). The electrostatic potential ¢ is calculated from the gyrokinetic

Poisson equation. Ampére’s law is not solved for as the island is not evolved in the
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simulation. The perturbed vector potential is simply:
A” = AﬁeiE’ (1.9)

where Aj is the amplitude of the perturbation (4 o W?) and € = m# — n¢ is the helical
angle (m and n are the poloidal and toroidal mode numbers of the magnetic island
structure).

An example of the instantaneous turbulent density and temperature fluctuations (n and

Te, respectively) across an island is shown in Fig. 1.10

60-40 20 0 20 40 60 -40 -20 0 20 40 60
r—7s [pi] r—7s [pi]

Figure 1.10: GENE gyrokinetic turbulence simulations in 3-dimensional, toroidal geom-
etry: (a,b) instantaneous n and Te, respectively, (without an island); (c,d) instantaneous
n and T, with a static island of W = 42p;.

In Chapter 6, the analysis of non-linear gyrokinetic turbulence simulations with magnetic
islands is presented. These simulations were conducted by A. Banén Navarro of UCLA
using the GENE code [52]. The static islands were implemented as in previous GKW
(Gyrokinetics at Warwick) simulations (by W. A. Hornsby and coworkers) as described

above [60]. The analysis (calculations, figures, etc.) presented in this thesis is my own
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original work. This work resulted in a paper in Plasma Physics and Controlled Fusion [6].
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1.8 Heat transport measurements across islands

Experimentally, x is often obtained from one-dimensional power balance calculations, e.g.
TRANSP [61], where the m = n = 0 symmetry of the plasma profiles is a major assumption
(m/n are the poloidal/toroidal mode numbers) and the helical perturbation imposed by
the island is not taken into account. As the major part of the radial heat flux is driven by

parallel transport in the island region, these methods cannot estimate y, at the O-point.

Heat/cold pulse propagation experiments [62, 63] have found the reduction of the electron
X1 by about 1 order of magnitude at the O-point of static islands generated by resonant
magnetic perturbation. Assuming that the cooling/heating of the island is dominated by
the cross-surface heat flux inside the island, a one-dimensional diffusion model was solved
and fitted [62, 63] to the transient experimental electron temperature T, (t). However, these
methods infer y; reduction at the O-point of externally generated non-rotating magnetic
islands (not NTMs) in non-stationary thermal conditions. Interestingly, similar result was
derived for the ion y, at the O-point of a cooling, locked, tearing driven island after high

to low confinement back transition [64].

In stationary thermal conditions x| is important in the island region, hence
two-dimensional modeling of the transport is required. In a number of experimental
studies [65-69] x| was obtained by fitting the numerical solutions of equation 1.4 to
experimental T, data. However, due to the unknown properties of x| across the island
spatially uniform y; was assumed which contradicts the simulations reporting turbulence
and concomitant transport reduction at the O-point. The reduction of x, at the O-point of
NTM islands in stationary thermal conditions has not been confirmed by experiments

before.

In order to determine y; at the O-point in stationary thermal conditions, a new model was
developed [Section 3| and compared to experimental data [Chapter 4| as part of this thesis
work. This study found that x, is reduced at the O-point by 1-2 orders of magnitude

compared to the background and has been published in Physics of Plasmas [7].
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1.9 Turbulence and flow measurements across islands

Line-integrated Far Infrared Scattering measurements found reduction of low-k 1 in line
with the O-point of rotating, tearing driven islands in TEXT [30]. Local turbulence
reduction at the O-point of static magnetic islands has been measured in the J-TEXT
tokamak via Langmuir-probes [31]. A series of flow measurements across static islands of
different size in LHD [5, 70] [Fig. 1.11 (a)| clearly showed the existence of two island
regimes: (i) Strong shear flows exist just outside the separatrices of small islands resulting
from a flat space potential inside the island; (ii) Large islands are characterized by a vortex
flow and curved space potential. The vortex circulates around the O-point and has a radial

extent somewhat larger then the island itself.

These results were qualitatively replicated by the GENE simulations [6] as part of this
thesis work [Chapter 6], see an example of the vortex mode in Fig. 1.11 (b). The former
results were recently replicated by Doppler reflectometry measurements across static

islands in the TJ-II [32] stellarator.

(a) Measured space potential  (p) Vortex mode in GENE
3 across islands in LHD simulation (ExB velocity)
T ' \electron root |
E >0
0.0 _—
)
0.3 |
. ion root|
s E <0 |
0 ’l 11 1 Q/drl I>|Q lrl P
'8.90 395 4.0& 405 410 415
(m)

Figure 1.11: (a) Measured potential in LHD [5], (b) vortex in simulation [6].

As part of this thesis work, the flow perturbation around rotating, coupled NTM island
chains was measured in low-torque H-mode experiments [Chapter 9]. These results suggest

that large NTMs also develop vortex modes.
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1.10 Outline of the thesis

First, the DIII-D tokamak, the plasma diagnostics used and data processing techniques are

briefly described in Chapter 2.

Next, various heat transport models of magnetic islands are presented in Chapter 3. This
effort extends beyond previous work, as a spatially non-uniform electron thermal diffusivity

was introduced in an anisotropic heat diffusion model of magnetic islands for the first time.

Island structures are described in Chapter 4 via the analysis of measured 2D (R, &)
perturbed electron temperature profiles. This is followed by the derivation of the cross-field
electron thermal diffusivity in the O-point of the island from T, data using a heat

transport model presented previously in Chapter 3.

The major results of this thesis are presented in Chapter 5: the first localized
measurements of low-k and intermediate-k T and low-k T, across naturally growing, freely
rotating 2/1 NTM magnetic islands. Differences between O-point and X-point fluctuation
levels, fluctuation levels inside vs outside the island region and scaling of turbulence
modifications vs island width are all presented. Additionally, these measurements were

used to determine the turbulence penetration length scale at the island separatrix.

To help interpreting these experimental observations, GENE gyrokinetic simulations were
run to study the effect of magnetic islands on turbulence in Chapter 6. These simulations
were carried out by my collaborator A. Banén Navarro and the output was analyzed by
myself. We found that the measured turbulence modifications in DIII-D were qualitatively

replicated by these simulations.

Consequences of the observed NTM-turbulence interaction on global plasma confinement
were studied via analyses of simultaneous changes in NTM amplitude, plasma profiles,
turbulence, fluxes and confinement and are described in Chapter 7. This is followed by
discussing the effects of NTM-turbulence interaction on NTM growth rates via the

dynamical equation of NTMs.

Additionally, the shrinking of NTM islands due to strong temperature perturbations
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associated with Edge Localized Modes was observed and is described in Chapter 8.
Simultaneous changes in turbulence levels across the island were also observed and the
potential implications of this turbulence level modification on the island recovery is

discussed.

Finally, a series of low torque H-mode experiments were carried out to measure the
perturbed ion temperature and toroidal flow profiles via CER across slowly rotating islands

and the results are presented in Chapter 9.
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CHAPTER 2

The DIII-D tokamak, diagnostics and analysis techniques

In this Chapter, the DIII-D tokamak and plasma diagnostics used for island and turbulence
studies are briefly introduced. The most commonly used data processing techniques are

also discussed here and preliminary examples are shown.

In this thesis work, analysis codes were written from scratch and did not borrow from
existing data analysis packages at DIII-D except the profile fitting tool ("GAprofiles’) and
equilibrium reconstruction fit viewer ("EFITviewer’). This includes complex analysis tools
(phase-locking BES and DBS turbulence cross-powers, determination of diffusivities at the
O-point of the island from ECE data, partial differential equation solvers, fitting
procedures for non-standard functions, etc.) and standard analysis tools (such as
calculation of cutoff frequencies, power/coherence/phase spectrum calculations, correlation

functions, spectral filtering of signals, etc.).

Reproducible, high-confinement mode experiments were carried out with stationary,
long-lived large m/n = 2/1 NTM magnetic islands. Plasma fluctuations were monitored on

two distinct time and spacial scales: (i) MHD-scale and (ii) turbulent-scale.

The MHD-scale fluctuations are associated with the NTM islands, which have a typical
saturated width of 11 em, toroidal and poloidal mode numbers are m/n = 2/1. The islands
grow on a time-scale of about 50 ms and rotate with typically 5-15 kHz. The primary
diagnostic used for studying the island structure and heat transport is the ECE
radiometer, which provides local measurements of T,. Additionally, T; profiles across the
island are reconstructed from Charge Exchange Recombination (CER) measurements when

the island rotation was below 1 kHz. These local measurements are complemented by
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external magnetic measurements (Mirnov), which provide the NTM mode numbers as well

as the evolution of the magnetic amplitude.

Probed turbulent fluctuations are typically in the range of the I'TG and TEM instabilities
and are probed up to 7 ecm™! in the 50-500 kHz frequency range. The turbulence

measurements were focused on the island region and include:

1. Far Infrared scattering: line integrated, low-k n;
2. Beam Emission Spectroscopy: local, low-k 1/n;
3. Doppler backscattering: local, intermediate-£ n;

4. Correlation Electron Cyclotron Emmission: local, low-£ 'T‘e.

Note that the island rotation extends the radially resolved n and Te measurements to 2D
(R, &) allowing detailed investigation of both the radial and angular dependence of the

turbulence power modifications due to the island.
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2.1 The DIII-D tokamak

DIII-D is a tokamak developed in the 1980s by General Atomics in San Diego, USA. The
mission of the DIII-D Research Program is to establish the scientific basis for the

optimization of the tokamak approach to fusion energy production [71]|. DIII-D is an

Figure 2.1: Schematic representation of the tokamak showing 2D reconstruction of T,
with magnetic islands in the poloidal plane.

advanced tokamak, characterized by operation at high plasma [ through strong plasma
shaping, active control of various plasma instabilities (such as NTMs), and achievement of
current and pressure profiles that produce high performance. A schematic view of the
DIII-D tokamak is shown in Fig. 2.1. The 2D reconstruction of T, in Fig. 2.1 shows

magnetic islands in the poloidal plane.
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2.2 Magnetic field measurements via Mirnov-coils

The DIII-D magnetic diagnostic system [71] provides data for real-time equilibrium control,

post-shot equilibrium reconstruction, and analysis of MHD fluctuations. The magnetic

diagnostic signals come from inductive loops, most of which are connected to analog

integrators. Magnetic probes on the inner surface of the vacuum vessel wall measure the

local poloidal and toroidal magnetic fields (By and By, respectively) [Fig. 2.2]. In this
360°-0°

\

probes for
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90°

270° H
I

o)

180°
Figure 2.2: A horizontal cross-section of DIII-D at the midplane (z=0). The 14 probes

in the low field side toroidal array are shown as red rectangles, with about twice their
actual dimensions.

thesis, mainly the RMS of the n = 1 component of the By fluctuations are used which is

associated with the magnetic amplitude of rotating m/n = 2/1 NTM magnetic islands and
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is calculated from signals of two magnetic probes separated by 33°. The analysis of a
rotating mode takes advantage of the fact that the mode rotates past the sensors many
times during the analysis time interval, allowing standard time-domain Fourier analysis
techniques to be used. The n = 1 magnetic RMS signal is calculated by frequency filtering
By to a narrow frequency band where the phase relationship between toroidally offset
probes is about Q(w) = nA¢g, where A¢ is the toroidal separation of two probes, Q(w) is
the phase spectrum and w is the frequency [72|. An example of the time history of the

n =1, n =2 and n = 3 magnetic RMS signals is shown in Fig. 2.3. In this case, a
dominant n = 1 mode started growing around 3800 ms, saturated to about 20 G and was

stationary for about 1500 ms.

Magnetic amplitude of rotating modes (#134360)
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Figure 2.3: Example time history of the n = 1, n = 2 and n = 3 magnetic RMS signals
(discharge #134360).
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2.3 Electron temperature measurements via Electron Cyclotron

Emission Radiometer

In tokamaks, T, measurement is provided via the cyclotron radiation of thermal electrons.
The first harmonic frequency of this radiation is w. ~ qB/m,, where q is the electron
charge, B is the magnetic field strength and m, is the electron mass. As the variation of
the toroidal magnetic field in the tokamak follows the By oc R™! relation (R is the major
radius coordinate), the frequency resolved detection of the emitted radiation is equivalent
with spatially resolved measurement |73, 74]. The power radiated by the gyrating particle
relates to the local temperature as:

dE  oB*V]

T oL where v o T (2.1)

Note that density fluctuations can mix into this measurement if the probed plasma layer is
not optically thick. In this thesis, the ECE measurements were focused on core NTM
studies, where this is not a problem. However, electromagnetic waves at frequencies lower
or equal to the cutoff frequency can not propagate in the plasma. The radial profiles of the

cutoff frequencies can be calculated as:

wo(R) = w, (2.2)
wr(R) = %[wc + (w2 + 4w12))1/2] (2.3)
wr(R) = % [ — we + (W2 + 4%2,)1/2] (2.4)

Here wp is the cutoff frequency for O-mode polarized radiation and wgr and wy, are for right
handed and left handed X-mode radiation, respectively. w, is the electron cyclotron

frequency and w, is the plasma frequency:

Wy = and w, = — (2.5)
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The density and magnetic field data was taken from Thomson scattering [75] and an

equilibrium reconstruction code [76], respectively. The 1/R like (blue) lines show the first

three harmonics of the radial profile of the electron cyclotron frequency, see Fig. 2.4. The

Frequency [GHz]

140

120

100

80

60

40

20

Radial profiles of cutoff frequencies and
probing locations of microwave diagnostics

L) T T I

LI B ) I LI B | I LI B | I LI B | I

T
|
L
|
|
1
|
|
1

ECE range

(JY)
(N
5/ ]

P - I L1 1 I 1

<>
DBS range

1
1
1
NI‘_I‘_I
NI NI NI

e 1 I

i Oi Gi
| PRI B RS B B RN B B B P

magnetic axis

- LCFS

1.0

1.2 1.4 1.6 1.8 2.0 2.2 2.4
Major radius coordinate [m]

DII-D #165064, t=1805ms, ZipFit, B;= 1.9T, n = 5.5x107"°m™, EFIT02

Figure 2.4: Cutoff frequencies at ¢t = 1805 ms in #165064 for O-mode and X-mode
(black solid lines) polarized microwaves. The first three harmonics of the electron cyclotron
frequency profiles are shown with blue solid line. Last closed flux surface (LCFS), magnetic
axis and relevant q surfaces are marked by vertical dashed or dotted lines. ECE and
Doppler backscattering (DBS) frequency bands are shown with shaded areas and probed
frequencies and locations are marked by symbols.

DIII-D electron cyclotron radiometer (ECE [77]) provides T, from measurements using

optically thick, second harmonic (X-mode) electron cyclotron emission in 40 radial locations

with a 480 kHz sampling rate in the tokamak mid-plane. The measured ECE frequencies

are shown with empty circles and the probed frequency range is highlighted and labeled as

"ECE range". As the second harmonic cyclotron frequency is well above the right hand
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cutoff, the ECE signals are not cutoff in the presented example. Notice that the probed
domain contains the ¢ = 3/2, 2/1, and 3/1 rational surfaces thus the m/n = 3/2, 2/1 and
3/1 modes can be probed via the ECE system (on the LFS). Additionally, this figure is
used to demonstrate approximate probing locations of the Doppler backscattering
measurements in O-mode and X-mode polarization, see symbols on the O-mode cutoff and

on the right-hand cutoff, respectively, in the frequency range labeled as "DBS range".

The island rotation allows the probing of T, with respect to £ (helical phase of the island).
In the lab frame £ = w.t, where w,/(2m) ~ 5 — 15 kHz is the island frequency, and ¢ is time.
This allows a 2D reconstruction of T, across the island in the R, ¢ plane [Subsection 2.3.1].
Further, combining this with the equilibrium profile measurements, one can reconstruct the
full 2D perturbed T, in the poloidal plane [Subsection 2.3.2]. The typical saturated island

full width is about 12 cm, see the example of flattened T, at the ¢ = 2 rational surface

shown in Fig. 2.5.

Electron temperature [keV]
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Figure 2.5: Raw ECE data shows T, flat spots of full width W ~ 12 cm. Circles on the
right vertical axis mark the center of the ECE detection locations. The vertical dashed
lines mark the X-point times and the light horizontal dashed line indicates the ¢ = 2
surface.

The radial resolution of the ECE system is about 0.5 cm and the radial separation of the
channels is about 2 cm which sets the size of the smallest detectable islands. This set-up

allows the simultaneous probing of T, at about 5 locations within the island separatrices

28



when the island full width is about 10 cm. Outside the island separatrices the perturbation
0T, decays on about 10 cm scale which is captured by 5 additional measurement points on
each side of the island. In total, typically 15 channels are used to reconstruct the

two-dimensional T, profile across the island via phase-locking.

2.3.1 Reconstruction of 2D T, profiles across the island via phase-locking in

the (R,¢) plane

To obtain the time series of T¢(R, &) first the X-point times ¢; were found by constructing a
reference signal with Singular Value Decomposition (SVD) calculated from a few ECE
signals measured on the inner region of the rational surface. In these signals 6T has
maxima at the X-point times thus ¢; can be identified by the maxima of the principal mode
SVD signal. After this 100 points were evenly interpolated between each consecutive
X-point yielding the ¥ times (k = 1,2,...100). Since the ECE system probes in the
tokamak mid-plane and a rotating 2/1 mode results 1 island cycle per 27 toroidal rotation,
the evenly interpolated ¢¥ times within one cycle can be mapped to & = 27/100 - k helical
phases by the £ = mf — n¢(t) relation. Here 6 = 0 is the poloidal angle and ¢ is the
toroidal angle of the probing locations in the plasma frame. We neglect here the effect of
plasma shaping (i.e. assume that the cylindrical formulation of the magnetic island holds
in the tokamak mid-plane), assume that the toroidal rotation frequency is constant within
one full toroidal turn-over time (/& 70us) and that it is much larger than the poloidal
rotation frequency. As a result the T, is parametrized by R, £ and the X-point times as

Te(R;, &, t;). The data were then phase-lock averaged using:

N-1
1

(Te(Rj, ks tes))) = N ; Te(R;, ks titt) (2.6)

where the (---) brackets stand for averaging, t.;) = (titn — t;)/2 is the center of the phase

locking window A7 and N is the number of island cycles within this window. The optimal

value of A7 will be obtained in Section 4.2 where the heat transport model will be
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compared with experimental data. An example of phase-lock averaged T, contour and
average X-point and O-point T, profiles are shown in Fig. 2.6. The X-point profile is not
flattened but the O-point profile is flattened in about 12 cm radial range as expected from

an island [Fig. 2.6 (b)].
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Figure 2.6: (a) T¢({, R) phase-lock averaged over 10 ms (about 150 island cycles using
data in Fig. 2.5)), error bars are the standard deviations. (b) Te(R) across the X-point
(£ =0 or 2m) and O-point (§ = 7).

2.3.2 Reconstruction of full 2D perturbed T, profiles in the poloidal plane

T, is reconstructed in the R — z plane (z is the vertical coordinate) assuming that the
equilibrium T, is a flux function (T¢(p)) and the perturbation due to the island (6T,) can

be written in the convergent Fourier series [56]:
0Te(p,€) = Y Bi(p)cos(kE) (2.7)
K

where By(p) is the amplitude of the k' Fourier harmonic component. The effect of
toroidicity and plasma shape on the angular dependence of By(p) is not considered.

Typically Bx(p)/Bx+1(p) =~ 10, therefore higher order harmonics are neglected, leading to:

Te(p, €) = (Te(p))e + Bi(p)cos(§). (2.8)
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The mean part (Te(p))e = Te(p) + Bo(p) is obtained by averaging Te(p, ) vs £ (ECE and
Thomson scattering). Bi(p) was obtained via Fourier analysis of T(p, ). At a given
toroidal angle (¢,), 6 is related to £ as & = m# — ne., giving Te(p, ). Finally, the mapping
of Te(p, @) to the R — z plane is done via the § = §(R, z) and R = R(p) relations given by
EFIT [76] (magnetic equilibrium reconstruction code). FIG. 2.7 (e) shows the plasma
shape and T.(R, z) after NTM saturation.
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Figure 2.7: Plasma shape (EFIT), Tc(R, z) reconstructed from 1D ECE data and over

plotted the Q = 1 (island separatrix, defined by eq. 2.9) and © = 0 contours (thin and
thick solid lines around T, & 2.3 keV, respectively).
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The 2/1 islands have flat T, profile at the O-point and are centered at ¢ = 2 (p ~ 0.35). 2

maps out the perturbed flux surfaces of the island:

Q =8X% 4 (24X + 1)cos(&) (2.9)

The separatrix is at 2 = 1, see FIG. 2.7 (e). Here X = (R — R;)/W and A~ —0.6 is a
dimensionless parameter that quantifies the radial asymmetry [55] of the island. The region
of turbulence measurements was centered around the island structure in the outboard

mid-plane, see the highlighted area in FIG. 2.7.
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2.4 Line integrated low-k turbulent density fluctuation

measurements via Far Infrared scattering

The FIR system [78] utilizes an O-mode microwave beam that is scattered by density
fluctuations n along the ¢ = 60° chord 7.6 cm above the mid-plane. The scattered
radiation is detected near 0° scattering angle which selects (k) in the kg < lem™!
wavenumber range, where k is the wavenumber of 1 in the vertical direction in the lab
frame and nearly perpendicular to the magnetic field. At ¢ = 2 the ion-gyroradius (p;) is
approximately 0.7 cm, so that kgp; < 0.7 which is a typical range of the ITG instability. As
scattering occurs everywhere along the beam trajectory, the FIR system is a line integral
measurement in the mid-plane. The low-k FIR scattering system is then a good monitor of
n along this chord encompassing the radial location and extent of the 2/1 tearing mode, see

an illustration in Fig. 2.8 (a) and example data in Fig 2.8 (b).

(b) 200 Spectrogram of low-k FIR signal
rotating ‘ —_—
\i/l islands |~ E
il ;
(illustration) FIR ﬁ
beam >
e
» S ‘ :
launch g_ Tl L St i
and [} g i :
receive |L Bt
(©) 10 — N=1 mode ampl. [G] -
0 e
— g-contours 0 500 1000 1500 2000 2500 3000
-- p-contours

: (#134375, t=2105 ms) Time [ms] DIII-D #134375
Figure 2.8: (a) FIR geometry shown in the poloidal plane of the tokamak. Over plotted
are ¢ (dark dashed) and p (light solid) contours. (b) Spectrogram of FIR signal showing
coherent density fluctuations at the NTM frequency (12 kHz and higher harmonics) and
low-k broadband density fluctuations. (c¢) n = 1 magnetic RMS and the island half width
(obtained from ECE data + modeling, see Chapter (4)).
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2.5 Local low-£ turbulent density fluctuation measurements via

Beam Emission Spectroscopy

The BES system [79] detects relative density fluctuations n/n|ggs locally by measuring the
light emission from the neutral beam at ¢ = 150°, 3.6 ¢cm above the mid-plane. The radial
locations of the channels are adjustable and were set to cover the m/n = 2/1 island region
[Fig. 2.9]. The BES system is sensitive to localized, long-wavelength density fluctuations of
ko <1 cm™! corresponding to the ITG wavenumber range (kgp; < 0.7) similarly to the FIR
system. The typical separation between the analyzed 26 channels is about 1 cm, the radial

and poloidal localization is about 1 cm.

BES measurement locations in the poloidal plane
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MDSplus, shot = 165064, run = EFIT02, time = 1805.00

Figure 2.9: BES measurement locations in the poloidal plane. An array of 6 by 8
channels were centered on the ¢ = 2 surface monitoring the m/n = 2/1 island region.
Complementing this, two linear arrays of 8 channels (16 in total) were probing fluctuations
on each side of the island 4 mm above the mid-plane.
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Data processing

In discharge #165064 two signals of n/n|ggs measured at the same radial coordinate but
offset poloidally by 1.4 cm are coherent below 200 kHz [FIG. 2.10]. The linear phase below
200 kHz (with zero intercept) shows that n/n|ggs in this range is due to poloidally
propagating broadband density fluctuations. Above 200 kHz the signals are dominated by
photon and electronic noise as seen from the low level of coherence and incoherent phase.
Below 50 kHz the BES spectra exhibit a coherent peak at the NTM frequency (5 kHz) and
at higher harmonics due to the modulation of n(¢) by the rotating island. Therefore, data
is analyzed in the f = 50 — 200 kHz range only. Note that the BES photon noise has a near
white spectrum and the total power of the photon noise is proportional to the density.
Therefore, a slow modulation of the density leads to the slow modulation of the signal level
in the f = 50 — 200 kHz range through the photon noise modulation. To remove this
spurious contribution, the turbulence power was calculated using the nearest neighbor
cross-powers. As the BES channels are separated radially by about 1.25p;, the photon noise

is uncorrelated between neighboring channels but the turbulence is correlated.

1.0 3 | ’ "
! ITGrange ! photon & electronic
a3 ': : noise dominated range -]
I 1 ]
a.6 é’ \
" 1
054 1 by
I significance level
a.2 - : 4
a.0 i -3 . i . .
100 200 3400 400 404 a0 200 300 400 404
F [kHz] F [kH2]

Figure 2.10: (a) Coherence and (b) phase across poloidally offset BES channel pairs
averaged over the array of 6 channels. Points, where the coherence is larger or equal to the
significance are colored. Below 200 kHz, only those points are colored that approximately
follow a linear phase relationship.
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2.6 Local intermediate-k turbulent density fluctuation

measurements via Doppler backscattering

The DBS system launches a microwave beam into the plasma with oblique incidence and
measures the the electric field component of the backscattered microwave. Plasma density
fluctuations whose k, satisfies the Bragg condition k, = —2k; backscatter the incident
beam (momentum conservation). Therefore, the backscattered electric field is used as
proxy for the amplitude of density fluctuations n(k ). Here k; is the wavenumber of
density fluctuations perpendicular to the magnetic field, k; is the local probing wave vector
determined by the launch angle « relative to n as k; = kosin(a), where ks, is the
wavenumber of the incident microwave beam in vacuum and 7 is the normal vector of the
cutoff surface [80]. The radial wavenumber of the microwave beam decreases during inward
propagation and vanishes at the probed surface, see examples of calculated beam

trajectories in Fig. 2.11.

Due to the matching condition and the varying beam wavenumber along the trajectory, the
different Fourier components of the backscattered signal originate from different locations
along the path. Plasmas with a turbulence k-spectrum following power law, enhance the
scattered amplitude around the cutoff layer and suppress everywhere else. This provides a

good spatial localization of the backscattered amplitude.

Due to energy conservation in the backscattering process, the frequency of the
backscattered signal is Doppler shifted by fp = kv, /(27). This allows the determination
of turbulence propagation velocity v, . This is often dominated by a global E x B flow,
thus flow velocity and electric field information can be extracted from the time trace of the
the Doppler-shift [47]. See an example of the power spectrum of the DBS signal in

FIG. 2.12. Additionally to the Doppler-shifted signal component (about 5 MHz wide
Gaussian-like peak centered around 2 MHz), a zero mean frequency component is present
which is a combination of a line integral of scattering along the beam, reflection from the

tokamak inner walls, background radiation and electronic noise. This zero mean frequency
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Figure 2.11: Example of a GENRAY output showing DBS beam trajectories in (a)
the poloidal plane and in (b) the toroidal plane. (c¢) Measured density (via Thomson
scattering) and fitted profile used as input to GENRAY (cubic spline).

component is often referred to as "noise", as it can not be used to derive local turbulence

characteristics at the cutoff surface.

The DBS system installed on DIII-D [81, 82| measures in the Af = 55 — 75 GHz frequency
range with 8 evenly separated channels. In the presented discharges, n probed by the DBS
system is typically in the 2 < kyps < 5 range and is likely due to the TEM instability as
indicated by GENE gyrokinetic simulations (ps = \/m is the ion sound Larmor
radius, m; is the ion mass, q is the ion charge and B is the magnetic field strength). The
probing locations can be varied by adjusting polarization, magnetic field and plasma

density.
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Doppler backscattering power spectrum
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Figure 2.12: Example of raw DBS power spectrum and fitted Gaussians defined by
equation 2.10.

Data processing

The zero mean frequency component is subtracted by fitting a double Gaussian to the DBS

power spectrum P(f) defined by Pg(f) as:
Pgi(f) = Age 178 4 Ape= =10/ (2.10)

The 5 free parameters are fitted simultaneously: Ay and og are the amplitude and width of
the zero-mean frequency noise component, respectively, Ap, op and fp are the amplitude,
width and Doppler-frequency of the Doppler-shifted turbulence component, respectively.
The fitted components compare well with the raw DBS data, see FIG. 2.12. The power of

the Doppler-shifted component is analyzed thereafter, referred to as the turbulence power
fipps(t) = Ap(t)op(t).
Determination of probing locations and probed wavenumbers

Probing locations and wavenumbers were determined via GENRAY, which is a general ray
tracing code for the calculation of electromagnetic wave propagation and absorption in the

geometrical optics approximation [83]. For a given launched wave (defined by the frequency
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and polarization) GENRAY returns the probing location in the poloidal plane (R, z) as
well as the toroidal displacement and the wavenumber (k) of the probed plasma density
fluctuation (n(k)). Images of the beam trajectory are shown in Fig. 2.11 (a) and (b). The
input density profile is generated through a cubic spline interpolation of Thomson
scattering data [Fig. 2.11 (c)|. In Fig. 2.11, the measurement locations and probed wave
numbers cover the p = 0.18 — 0.65 radial range and 4.0 cm™! < k < 11.5 cm™! wave

number range, respectively, such that longer wavelengths are probed further out.
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2.7 Local low-£ turbulent electron temperature fluctuation

measurements via Correlation Electron Cyclotron Emission

Radial profiles of broadband T . turbulence are obtained with the new 8-channel DIII-D
CECE radiometer [84], which is similar to the earlier 2-channel system [40]. This system
receives second harmonic X-mode ECE radiation emitted from the plasma in the frequency
range 72-108 GHz, 7.6 cm above the tokamak mid-plane. The spectral decorrelation
technique [85] is used to obtain true T, distinct from the thermal background noise.
Coherent modes observed at low frequency (f < 50kHz) are excluded from the fluctuation
level calculation. In these plasma, the eight measurement locations of the CECE system
cover the p = 0.4 — 1.0 radial range. Example coherence spectrum of T, fluctuations is

shown in FIG. 2.13 with and without islands.

Coherence spectra of turbulent T,

0.20 ! T T
— without island
: —— with island
0.15L I A significance level |]
8 : : T. fluctuations in the 1
$ 0.10F ', 50-200 kHz range are ]
o / reduced with NTM .
< ' ]
o 1
o I :
0.05f ! :
0.00 b = I HERGIEVAUA L AN AN Y
0 200 400 600 800 1000
Frequency [kHZ]

Figure 2.13: Coherence spectrum of CECE signals at p = 0.45, = 1 — 2 cm from
q = 2, averaged over typically 150 ms in 16 similar discharges (165057 - 165154) showing
significant turbulent T, fluctuations without island in the 50 — 200 kHz range. These
fluctuations are reduced when the island grows to about 5 G (W ~ 6 cm).
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2.8 Effect of ELMs on profile and turbulence measurements

Finally, it is worthwhile to mention that Edge Localized Modes (ELMs) can lead to
spurious fluctuations in a broad spectral range in every profile and turbulence
measurement. To avoid this contribution, only ELM-free times were analyzed. The
excluded time windows were selected using the amplitude of the D,, signal, which exhibits a
peak after each ELM crash, see an example in Fig. 2.14 together with the D, signal. The
critical signal level, above which a peak in the D, signal is considered an ELM, as well as
the excluded window width (7.c) were set such that analysis results reported here are
independent of these parameters. The excluded windows are shaded with light color in
Fig. 2.14. For the turbulence analysis, the data in ELM-free windows was combined into a
single signal and characteristic quantities (such as fluctuation amplitude) were determined

from this ELM-free signal.

Excluded times for BES data analysis (fs04)
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Figure 2.14: Example of excluded windows and D, signal.
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CHAPTER 3

Heat transport model of magnetic islands

Gyrokinetic simulations predict the reduction of turbulent fluctuations and cross-field heat
transport across the island O-point [6, 19, 21, 60|. As the anomalously high x, is often
attributed to turbulence, the simulations suggest an interesting relationship between the
decreased fluctuations and x; at the O-point of the islands. In qualitative agreement,
recent experiments have reported decreased low-k turbulence at the O-point of naturally
arising, rotating NTM islands [86, 87]. The turbulence driven cross-field transport has
implications on NTM stability, hence, determination of x; at the O-point of NTM islands

is of timely interest.

As mentioned before [Section 1.8], available transport codes (e.g. TRANSP) can not be
used to determine x, due to the assumed simple geometry (m=n=0) in the codes. So far
only perturbative experiments have investigated the transport at the O-point of static
islands generated by resonant magnetic perturbations in L-mode tokamak plasmas and in

stellarators.

Measurements of y; at the O-point of NTM islands in stationary thermal conditions have

not been reported by experiments before.

In this chapter, 4 cases of the heat transport will be modeled:

1. Stationary, anisotropic diffusion with spatially uniform x, in the absence of thermal

sources and sinks (similar to previous studies [65-69])

2. Stationary, anisotropic diffusion with spatially non-uniform y, in the absence of

thermal sources and sinks (for the first time [7]).
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3. Stationary, anisotropic diffusion with spatially uniform y, in the presence of heat

sources and sinks (for the first time [88]).

4. Transient, one-dimensional diffusion with spatially uniform x, in the absence of

thermal sources and sinks (similar to previous studies [62-64]).

These models (2 and 4) will be used in Chapter 4 and Chapter 8 to derive x, at the

O-point of m/n = 2/1 NTMs in stationary and transient thermal conditions, respectively.

3.1 Spatially uniform cross-field thermal diffusivity

Model assumptions:

Here stationary, anisotropic heat transport is assumed, governed by diffusion in the

absence of heat sources and sinks:

Vi VyT) + Vi(x.V.iT) =0 (3.1)

In tokamaks parallel heat transport is typically not diffusive but is instead convective.
However a diffusive transport model can be used by adopting a flux limited expression [66]
for x|. Here the determination of x| at the O-point is in focus for which it is not necessary
to determine the numerical value of xj. In eq. (3.1) constant electron density profile is
assumed across the island region (n, = const.) which is reasonable as the equilibrium
density profile is relatively flat in the experiments, hence the perturbation due to the
magnetic island is also small (dn. ~ 0). The perturbed magnetic flux surfaces of the island

are mapped out by the contours of the normalized flux surface label €2:

Q=2X"+ (AX +1)cos(§) (3.2)

Here X = (r — ry)/w is the normalized radial coordinate and ¢ is the helical angle

(& = mb — no, where ¢ is toroidal and 6 is the poloidal angle). r is the minor radius
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coordinate, r¢ is the resonant surface location, w is the island half width and the
dimensionless parameter A is a correction to the perturbed flux function that breaks up the
radial Q(X) = Q(—X) symmetry of the island [55]. The X-point is located at £ = 0 or 27
(X =—A/4, Q=1-— A?%/8) and the O-point is located at £ =7 (X = A/4,
Q=—1-—A?/8). The Q = 1 surface is the separatrix of the island. The effect of the

parameter A is shown in Fig. 3.1, namely:

1. when A < 0 the island is elongated toward the magnetic axis [Fig. 3.1 (a)],
2. A = 0 describes a symmetric island [Fig. 3.1 (b)]| and

3. the island is elongated toward the edge plasma when A > 0 [Fig. 3.1 (c)].

Equation (3.1) is written in the perturbed magnetic field of the radially asymmetric island

(defined by equation (3.2)):

A 0 AX +1 . 0
<X + ZCOS(E)) o€ . 1 sm(f)a—X 5 T+ (3.3)
0 (wioT\
X <W—a—x> =0 (3:4)

where the explicit form of V for arbitrary values of A was derived in previous work [68|

and V; = w19/0X. The scale island width w, is related to the transport anisotropy

RoL v
We = ) —o2a [ AL (3.5)
n Xl

where L, = q(0q/0r)! is the magnetic shear length at rs, R, is the major radius of the

(xL/xy):

tokamak, and n is the toroidal mode number of the tearing mode. Spatially uniform x| is

assumed.
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Figure 3.1: The effect of the asymmetry parameter A on the shape of the island: (a)
A=-0.6, (b) A=0, (c) A=0.6. Note that direction of plasma edge/core are shown by
arrows. The island separatrix (€ = 1) is marked by the solid line, other flux surfaces
(Q=-1,0,2,3,---) are marked by dashed lines. (§ = mf — n¢ is the helical angle and
X = (r — rs)/w is the normalized radial coordinate.)

Solution method:

Equation (3.3) was solved numerically using the pseudospectral method [89] as follows.

The Fourier series of the trial solution
15
T(X,€) =) Ty(X)cos(ng) (3.6)
n=0

is substituted into equation (3.3). Here TM(X) is the n'™ Fourier harmonic amplitude of

the model solution (hence the superscript M). Next, equation (3.3) is turned into a set of
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coupled equations of harmonic modes with Fourier’s method. This eigenvalue problem is
solved numerically with second order finite difference scheme on the X = [—6, 6] and

¢ = [0, 27| domain.

Example solutions:

Examples of the solution are shown in Fig. 3.2. Note that the radial width of the flat spot
at the O-point varies with x at fixed island width. This can be seen clearly from the
variation of the radial distance between the maxima of the 1% Fourier harmonic amplitude
as y is varied at fixed w. This example illustrates that the radial extent of the T, flat
spot can overestimate or underestimate the magnetic island width w. In this case, the

1/4

difference is 5 cm when w, oc x|/ is varied by a factor of 4.5, meaning that x, is varied by

about 2 orders of magnitude.

Model solution 1: w=5 cm , w.=0.5 cm, A=-0.6

Model T. a lux surfaces [keV] T, profiles [keV] Fourier amplitudes [keV]
40 e 240 3.4 ; ; 0.10 ; i
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Figure 3.2: Stationary solutions of the heat transport model (eq. (3.1)) with w = 5 cm,
A=-0.6 and (a-c) we = 0.5 cm and (d-f) we = 2.25 cm.
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3.2 Spatially non-uniform cross-field thermal diffusivity

In this section a model for a non-uniform y is presented. The spatial variation of x is
assumed to be proportional to the local V| T,, modeling the effect of temperature gradient
driven turbulence in the transport. The effect of spreading/penetration [90] and convection

of turbulence into the island is not considered here.

Model assumptions:

Spatially non-uniform yx is employed in the form:
XL(VLT,Vin) = xY + x1(V.T, Vin), (3.7)

where the neoclassical contribution (yY) is assumed to be constant across the island region
but the anomalous contribution (x4') is an unknown function of the turbulence drives. One

can Taylor expand x4 up to first order about zero with respect to VT and V n:
A ~
X1 (VJ_T, VJ_H) ~ aTVLT —+ anan, (38)

where ar and a, are the (constant) coefficients of the expansion. x /x| << D./Dy
implies [56] that V  n is practically constant across the layer and this constant can be
incorporated in the spatially uniform part of x, (D, and Dy are the perpendicular and

parallel particle diffusivities). Finally equation (3.7) is written as:

X1~ Y (1+eF(V.T)) (3.9)

where X(f) is the spatially uniform contribution to x, and ¢ is a single new dimensionless

parameter that controls the magnitude of the spatial variation F. Fis linear, dimensionless

function of VT. Note that the particular form of F can be chosen freely. For mathematical
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convenience the following expression is used:

~ VLT — mean{VLT}
Fe- :
max{V T} — min{V, T}

(3.10)

F has zero mean value and the magnitude of the variation is normalized to unity. With this

form of F the fit parameter € describes the sensitivity of x, with respect to V T.

The transport equation with spatially non-uniform y,; now reads:
2 O)72  _ (0) in
X|\ViT+x"ViT = —ex VL (FV.T) (3.11)

which is a non-linear partial differential equation with the non-linearity on the right hand
side arising due to the effect of the magnetic island on turbulence driven transport. The
equation conveniently transforms into the spatially uniform y; model when ¢ — 0, i.e.

when the latter effect is neglected. The explicit form of V% and Vﬁ were shown in eq. 3.3.

Solution method:

The y; o« VT, model turns the diffusion equation into a nonlinear problem which is
solved via a fix point iteration method: the solution process is started from the solution of
the spatially uniform case (¢ = 0) T® which yields the approximation for the diffusivity
)Z(Ll) using expressions (3.9)-(3.10). Here the superscript refers to the sequence of
approximations. The £ # 0 problem is then solved with )Z(Ll) to obtain T™. The process is

then successively repeated to generate the )ZS{C) and T®) series until they converge.

Example solutions:

Examples of the O-point profiles of the spatially non-uniform model y, and the the first
harmonic amplitude of the solution (T} (X)) are shown in Fig. 3.3 (a) and (b) as ¢ varies,

respectively.

The shape of TY(X) is preserved at the O-point while the rate of decay of TY(X) is
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(a) Dependence of x| on X = (r — rg)/w as the parameter € is varied
1 [m2/s] for clarity). (b) Dependence of the n = 1 and n = 2 Fourier

harmonic amplitudes of the temperature perturbation 6T on X as ¢ is varied (maxima are
normalized to unity). Note that 6T decreases outside of the island as ¢ is increased, while
it stays about the same inside the island. (Other parameters are fixed and experimentally
relevant: A=-0.6, w, = 0.1w.)

enhanced at |X| > 1 and it is controlled by the new parameter €. This shows that the

flattening of T at the O-point region is still effective as y, is suppressed inside the island

even though x of the background plasma is relatively large.

As the cross-field heat flux through the O-point is small even with uniform y, (due to

V. T is small), a decrease of y, at the O-point leads to little difference in the overall

transport. Therefore, experimental determination of ¢ is difficult.
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3.3 Effect of heat sources and sinks

Model assumptions:

The heat transport equation with heat sources and sinks reads:

2

AX +1 0
+ N Te+

A 0 :
<X + ZCOS(f)) 7€ . 1 sm(f)aX 5

10°T T P
we T T (3.12)
wt 0X? ot (f/2)neqex)w?

Here both x| and x . are assumed to be spatially uniform for simplicity as in previous
studies [65, 67, 68]. P is the power density of the heat source/sink. P > 0 represents a heat

source and P < 0 represents a sink; for example:

e neutral beam heating,
e clectron cyclotron heating ,
e heating or cooling due collisional coupling of electrons to ions or neutrals and

e cooling via radiation.

f and . are the degrees of freedom and charge of an electron, respectively, and n, is the

electron density which is assumed to be flat.

The model heat source/sink used here is uniform vs ¢ and Gaussian vs. X with a half
width of ox = 3:
P(X) = P, (e—XQ/QU?f - e—1/2) (3.13)

Here P, is the maximum of the power density of the heat source/sink. P(X) is centered
about the resonant surface, it vanishes at the boundaries of the domain (at X = +£3) and is
experimentally reasonable as: (1) it is broader than the island region, hence localized
peaking of the profile is not expected solely due to the spatial variation of P(X); (2) It is

uniform with respect to £. Although auxiliary heating sources (ECH and/or neutral beam
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heating) are poloidally and toroidally localized in the lab frame, this localization is

removed in the island frame due to island rotation.

Solution method:

First, the stationary problem was solved without heat sources via the pseudo-spectral
method as described previously. Next, the inhomogeneity (heat source) was included and
fixed-point iteration was employed starting from the solution of the homogeneous equation
as proxy for the solution of the inhomogeneous equation. This mathematical method is the

same as the one used to solve the problem with spatially non-uniform y .

Example solutions:

Experimentally relevant parameter values are (e.g.) w =5 cm, P, = 0.5 W/cm?3,

ne = 3.5 x 10Ym ™3, y; = 10°* m?/s, x; = 1.7 m*/s without ECH and x, =5 m?/s with
ECH. Example solutions are shown in FIG. 3.4 with symmetric magnetic flux surfaces
(A =0).

In the absence of heat sources, T, is flat across the O-point as expected [FIG. 3.4 (a)] but a
peak (ATpgak) develops at the O-point when the heat source is imposed [FIG. 3.4 (b)]
(defined by equation 3.13). The peak is slightly asymmetric since the X < 0 side of the
island (and the peak) is in thermal contact with a hotter plasma region (via finite x )
while the X > 0 side is in contact with a colder plasma region. This asymmetry is more
pronounced when Yy is increased e.g. by a factor of 3 as in FIG. 3.4 (c). Interestingly, a
heat sink (due to e.g radiation) leads to a valley at the O-point [FIG. 3.4 (d) and (h)].
Based on these model solutions, the following general statements can be made about the

peak ATpgak at the O-point:

1. A heat source can lead to the peaking of T, at the O-point of magnetic islands with
nested flux surfaces. This peaking would not be observed in islands without nested

flux surfaces, e.g. in a situation where chaotic field lines are present in the island

o1



(b)

0 ™ 27 0 ~7T 2w 0 ] ~7r ] 210 _7r 2

(e) (f) (9) (h)
4.0 «—— X-point profile Tepeak | [ Te peak AN 10
— 3.5 —noi e 1 F at O-point | A at O-point | Tevalley 48
% flat O-point profile N / at O-point
x, 3.0} 16 o
P e U | e S N e SN SN g
é 2.5¢ 14 8
2.0t _ 1 I bheat source N\ heat source heat sink a
-Ut no heat source/sink (Po=0.5 MW/cm3) 1 F (Po=2.5 MW/cm3) 1 F (Po=-2.5 MW/cm3) 12
1.5t o
-3 -2 -1 0 1 2 3 -2 -1 0 1 2 3 -2 -1 0 1 2 3 -2 -1 0 1 2 3

X X X X
Figure 3.4: Stationary solutions of the heat transport model (eq. (3.12)). (a,e) No

heat source (P, = 0 MW /cm?). (b,f) small heat source (P, = 0.5 MW /cm?), (c,g) large
heat source (P, = 2.5 MW /cm?®) and (d,h) heat sink (P, = —2.5 MW /cm?). Contours
of Te(X, &) and contour lines of the magnetic island flux (Q(X,¢)) are shown in (a)-(d)
(€ = 0 thin solid line, = 1 thick solid line, separatrix of island and © > 1 dashed lines).
Profiles across the X-point and the O-point are shown in (e)-(h) with solid lines. Dashed
lines are the O-point profiles without heat source/sink for comparison in (f)-(h).

region. Hence, the peak indicates that the island has nested flux surfaces.

2. Since x is spatially uniform in this model, the T, peak is not due to a reduced y, at
the O-point, but is instead, a topological effect. It follows that a T, peaking at the

O-point alone does not indicate x, reduction inside the island.

3. The peak is asymmetric about the resonant surface even when the island and the
heat source/sink are symmetric. This asymmetry is due to the background VT, (i.e.

different T, on the two sides of the island).

4. A heat sink (e.g. radiation or energy exchange with a cold ion or neutral population)

leads to a valley at the O-point.

Notice that VT, is altered at the boundaries when a heat source/sink is present. This
follows from integrating eq. (3.1) with respect to X over the full domain. In other words,

the heat outflow is increased compared to the inflow as a result of the heat source/sink.
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3.4 Heat transport dynamics

As mentioned before, if the thermal source or sink is turned off, the temperature at the
O-point should flatten. In this subsection, we focus on the dynamics of the temperature

profile flattening inside the island after a heat source is removed.

Model assumptions:

As heat can be driven through the island separatrices via cross-field transport only, the
parallel term in equation (3.12) can be dropped when studying the evolution of the
temperature peak at the O-point. This leads to a simple time-dependent radial heat
diffusion equation [62, 64| which is used to derive x, at the O-point without adopting an
expression for x|

xL 0°T 0T P

w20X2 Ot (f/2)neqe (3.14)

Solution method:

The inhomogeneous equation (equation (3.14)) can be turned into a homogeneous equation

for the variable ATpgak assuming P is static and spatially uniform in the plasma layer:

P1w2

2x1

ATppak(X,t) = T(X,t) + 2% — Pot + a17 + ay (3.15)

The 2" and 3" terms on the RHS describe the effect of the heat source on the background
profile with the Py and Py constants (P; + Py = 2P/(f neq.) is constrained). This
background consists of a static parabolic part (consistent with FIG. 3.4 (f),(g) and (h))
and a linearly evolving spatially uniform part. The 4" and 5" terms can be added freely as
equation (3.14) is second order in X and first order in ¢. The value of a; and ay must be

chosen to satisfy initial and boundary conditions.
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Example solutions:

A particular solution of the homogeneous equation for ATpgak, describing a decaying

Gaussian peak centered at the O-point, is:

ATS
ATPEAK(X, t) — ﬁe—)ﬂ/(%(tﬁ) (3.16)

where o(t) = \/oo + (t — to) /7 with the decay time scale 7 = (W/2)?/x.. ATppax and o
are the amplitude and width of the peak at t = t,, respectively. Experimentally relevant

values are ATSp ik =~ 0.2 — 0.4 keV and o, = 0.7.

The decay rate of this peak at X =0,t =0 is:

1 O0ATpgak XL

= — 1
ATPEAK 875 WQO'(%/Q (3 7>

Larger y, therefore leads to faster decay and y, can be obtained by fitting

expression (3.16) to experimental data.

3.5 Discussion

In this chapter a series of heat transport models of magnetic islands were presented. First,
stationary, two-dimensional, anisotropic heat transport was investigated as in previous
works. Next, this model was generalized by employing spatially non-uniform x, and the
dependence of the perturbed T, was derived vs the spatial non-uniformity of x,. The
effect of heat sources was studied thereafter, assuming stationary thermal conditions, also
for the first time. This analysis found that a heat source can lead to the peaking of T,
when the island has nested flux surfaces. This model shows that temperature peaking
occurs even if the cross-field thermal diffusivity is not reduced at the O-point, i.e. the peak
is a topological effect. Finally, a relationship between y, and the time history of the peak

evolution was derived for a case when the heat source (or sink) is turned off.
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CHAPTER 4

Measurements of cross-field electron thermal diffusivity

at the O-point of magnetic islands

In this section the heat transport model of magnetic islands employing spatially
non-uniform y, is used (Section 3.2) to derive x, at the O-point from electron
temperature data measured across 2/1 NTM islands in DIII-D. It was found that x, at the
O-point is 1 to 2 orders of magnitude smaller than the background plasma transport, in
qualitative agreement with gyrokinetic predictions [60]. As the anomalously large values of
XL are often attributed to turbulence driven transport, the reduction of the O-point x is

consistent with turbulence reduction found in recent experiments.

4.1 Experimental overview

m/n = 2/1 NTMs were studied in a H-mode DIII-D discharge (#134375). Typical plasma
parameters are: major radius R, = 1.74 m, minor radius a = 0.56 m, elongation 1.84. The
toroidal magnetic field was Br = 1.9 T and a steady ramp rate of plasma current (I,) was
maintained with a maximum of 1.1 MA [Fig. 8.1 (a)]. The heat transport is analyzed in
the At = 1500 — 1900 ms window where the NTM is quasi-stationary. The line averaged
core density (interferometry data [91]) was about 3.4 - 10"m=3 [Fig. 8.1 (b)] in the
analyzed window. The ion temperature (T;, Charge Exchange Recombination data [92])
was comparable with the electron temperature (T,, ECE and Thomson scattering data) at
R =199 cm (which corresponds to the center of magnetic islands on the low field side after

NTM onset), see Fig. 8.1 (c¢). The normalized plasma beta (Sy = faBr/I,) was growing
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linearly, similarly to I, [Fig. 8.1 (d)]. The minimum safety factor (gumn) reached 2 around
1350 ms [Fig. 8.1 (e)] near the time that a dominant n = 1 magnetic mode began to grow:
Fig. 8.1 (f) shows the amplitude of the n = 1 toroidal harmonic component of magnetic
fluctuations measured by Mirnov coils. The island rotation frequency was about 15 kHz
resulting in 6000 island cycles within the analyzed window providing a large statistical

ensemble for the heat transport study.
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Figure 4.1: Time trace of (a) plasma current, (b) density, (c) T; and T, at R = 199 cm
(center of 2/1 island), (d) normalized plasma beta, (e¢) minimum safety factor and (f)
n = 1 mode amplitude (magnetic signal).

Representative n, T, T; and ¢-profile averaged over 20 ms are shown in Fig. 4.2. These
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profiles do not show flat spots as the islands make about 300 periods during the window
used for averaging. However the temperature profile across the O-point reconstructed in

2D via phase-locking shows flat spot at q=m/n (see later in Fig. 4.4).

P
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—_ 4F T T T T ]
e 3 i
é 3F ]
2 - ]
© 2r island 3
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%‘ 3k } temperature
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T, [keV]
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(#134375) R [em] (t=1685 ms)
Figure 4.2: Experimental profiles at ¢t = 1685 ms averaged over At = 20 ms after NTM
onset: (a) chord averaged density, (b) Te, (¢) Te and (d) q. The solid lines are spline fits
on (a), (b) and (c).

The island structure and heat transport are analyzed using the DIII-D electron cyclotron
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radiometer [77] that provides local T.. The typical saturated island full width is about

12 cm, see the example of flattened T, at the ¢ = 2 rational surface shown in Fig. 9.4
(repeat of Fig. 2.5). The good alignment of the magnetic islands with the ¢ = 2 rational
surface and the n = 1 toroidal mode number [Fig. 8.1 (f)| is consistent with an m/n = 2/1

tearing mode.

Electron temperature [keV]

1.3
(#134375)

1.6

g 1.9
@

2.2

: : : o : : : 2.5

1539.75 1540.00 1540.25
Time [ms]

Figure 4.3: Raw ECE data shows T, flat spots of full width W ~ 12 cm. Circles on the
right vertical axis mark the center of the ECE detection locations. The vertical dashed
lines mark the X-point times and the light horizontal dashed line indicates the ¢ = 2
surface.

The 2D T, profile across the island was reconstructed via phase-locking the raw T, data
via the method described in Subsection 2.3.1. The optimal value of the phase locking time
A7 will be obtained in Subsection 4.2 where the heat transport model will be compared
with experimental data. An example of phase-lock averaged T, contour and average
X-point and O-point T, profiles are shown in Fig. 4.4 (repeat of Fig. 2.6. The X-point
profile is not flattened but the O-point profile is flattened in about 12 cm radial range as

expected from an island [Fig. 4.4 (b)].
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(a) Electron temperature [keV] (b) Electron temperature profiles [keV]
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Figure 4.4: (a) Te(r, &) phase-lock averaged over 10 ms (about 150 island cycles using
data in Fig. 9.4)), error bars are the standard deviations. (b) Te(r) across the X-point
(€ =0 or 2m) and O-point (£ = 7).

4.2 Determination of island fit parameters

To obtain the sensitivity of x; to VT, (i.e. €) and other island parameters (w and A),
the first harmonic of the model solution T} (r;) (see eq. (3.6)) was fitted to the first
harmonic of the phase-lock-averaged ECE temperature (Ty(r;, tc(;))) with chi-square (X¥?)

minimization:

2 i (TY (1) = (T1(r), te)))?

_ (4.1)
ot (rj, te(i)

j=1
where (T1(r;,t.4))) and o1(rj, te;)) are the mean value and the standard deviation of the
n = 1 component of the angular decomposed (§ — n) T, respectively. The determination
of higher-order harmonics is less accurate due to their small values compared to the first
harmonic amplitudes [56]. Also, mode coupling [93, 94| could contribute to the second
harmonic which can not be captured by a single island model. (Ty(r;,t.))) was calculated
from the phase-lock averaged T, (defined by equation (2.6)), while the standard deviation
01(7j, o)) was calculated from the first harmonics of each island within the phase-locking

windows:

=2

1 2
o (riste) = ¢ D ((Ta(ry,te@)) = Talry tire)) (4.2)
l

Il
=)

01(rj,te(s)) s interpreted as the measurement error and it is attributed to small variations

of the island within the window, residual of various plasma phenomena which are not phase
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coupled to the NTM (e.g. small scale fluctuations due micro-turbulence, edge localized

modes, Alfvén waves, etc.) and noise of the diagnostic (dominated by amplifier noise). As

the solution of the model is parametrized by the set {w,x1 /x|, A, 15, V. T(rs)}, the

minimum of XZ yields the best fit value of each parameter for each phase-lock averaged T,

profile, i.e. the time series of the parameters.
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Best fit parameters with €=0.0: w=4.0 cm, wc=0.6 cm, A=-0.45, Chisqrrep=2.5
Best fit parameters with €=1.5: w=5.0 cm, wc=0.8 cm, A=-0.55, Chisqrrep=1.5

Figure 4.5: Comparison of experimental T, data with the solutions of the diffusion
models. (a) Phase-lock averaged T, and Q. (b) Amplitude of 15 Fourier harmonic of
experimental 0T, and the best fit solution of the transport model with spatially uniform

X1 (¢ =0) and with spatially non-uniform y; (¢ = 1.5).
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Figure 4.6: Higher ¢ (corresponding to smaller x| at O-point) leads to better fits.

(b)

Example of the experimental T, and the best fit solution are shown in Fig. 4.5 (a) and (b).

60



The T, contour together with  of the best fit at ¢ = 1.5 is shown in Fig. 4.5 (a). The first
harmonic of T, is shown in Fig. 4.5 (b) together with the best fit solution at ¢ = 0.0 and

¢ = 1.5. The ¢ = 1.5 model predicts an island half width of w =5 cm and the island is
peaked toward the core plasma as in references [66, 68| with asymmetry parameter

A = —0.55. The scale island width is w.=0.8 cm. The island width is typically smaller by
about 20% with uniform y, (¢ = 0.0), and the transport anisotropy is x 1 /x| ~2-107".
The standard deviations of the fit parameters w, w/w. and A were estimated to about 20%
while the standard deviation of x| /x| is 1 order of magnitude. Using a window of 5 ms for
phase-locking (75 island cycles) the uncertainties of the mean values of w, w/w. and A
within a phase-locking window are about 20%/+/74 ~ 2.3% and the uncertainty of the

mean of x, /x| is about 30%.

The agreement between the experimental data and the numerical solution is significantly
better with non-uniform y in the range R < 195 cm, [Fig. 4.5 (b)]. We point out that the
first Fourier harmonic amplitude measured via Thomson scattering in MAST [68] (top
right panel in Fig. 7) systematically deviates from the best fit solution of the spatially
uniform y; model as here |Fig. 4.5 (b)].

To determine the sensitivity of x; to VT, the best fits of the model at different values of

2. 7! where v is the number

€ are compared using the reduced chi-square test: X%ED =X
of observations (15) minus the number of fit parameters (5). Typically XQRED >> 1
indicates a poor fit, i.e. the difference between the observation and the model is larger than
the measurement error. X2RED > 1 indicates that the model has not completely captured
the data or the measurement errors were underestimated. XQRED < 1 indicates over-fitting
or that the measurement errors were overestimated. Finally, XQRED ~ 1 is obtained when
the agreement between observations and model estimates is comparable with the
measurement errors [95]. <ZQRED) calculated at 6 different values of € (averaged in the

At = 1500 — 1900 ms window corresponding to 6000 island cycles) shows that the best fit

solution is obtained in the range ¢ = 1.0 — 1.5 regardless of the phase-locking time At

[Fig. 4.6]. However, (XZRED> has a minimum at A7 = 5 ms, giving the best value of the
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phase-locking time for the transport study. On one hand, if the island evolves/moves

radially on A7 > 5 ms timescale then the phase-locked island is smeared enough to prevent
the model from capturing the data. On the other hand, when A7 < 5 ms the phase-locking
is not effective enough, i.e. other plasma phenomena not phase-locked to the island persists

in the data.

(X2gp) of the fit is 2.2 + 3% (where +£3% is the standard deviation of (X2 )) at € = 0.0
and it gradually decreases as x, at the O-point is decreased until it saturates around
1.27 £ 3% in the range ¢ = 1.0 — 1.5 |Fig. 4.6]. This shows that the spatially non-uniform
x1 model is a better fit to the experimental data. Given the large statistical sample size
and that <X§{ED> at € = 1.5 is consistently smaller then at £ = 0.0 by about 50% it can be
concluded that x is reduced at the O-point and the best fit value is ¢ ~ 1.5. Next, we
identify the lower and upper bounds of the best estimator of . € > 1.5 is unphysical as it
describes x; < 0 at the O-point and the lowest possible value of x is set by neoclassical
transport (a physical constraint). This gives the upper bound of the estimation: ¢ < 1.5.
To obtain the lower bound the time series of Xlz%ED are analyzed. For example, one can
differentiate between two fits obtained with two different values of € (1 and &5) if the

following inequality is satisfied:

[{Xn (1 €1)) — (X (1 €2))) (4.3)

> |02y + 05, (4.4)

where 0., and o., are the uncertainties of <]X§ED(7S, e1)) and <|X2RED(1§, £9)), respectively.
The XéED(t, e) series are not fully stochastic as slow variations of the plasma profiles have a
common imprint in them. This non-stochastic, time dependent contribution leads to the
increase of the standard deviations o. which prevents one from distinguishing the fits in the

e = 1.0 — 1.5 range [Fig. 4.6]. To distinguish between the fits in this range we remove this
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common time dependent contribution by analyzing the differences:

AXQRED = X?{ED(go) - XQRED(E) (4.5)

Here ¢, = 1.5 and ¢ can take values between 0.0 and 1.4. We are looking for the highest
value of ¢ for which <AXQRED> is inconsistent with zero, i.e. where the fit is significantly
different from the € = 1.5 fit. When € < 1.4 the (AX%ED) is inconsistent with zero which is
seen from the fact that (AX%ED) is larger then the standard deviation of (AX%ED), see

Fig. 4.7. Fig. 4.7 (a) shows the probability distribution functions (PDF) of AX%ED and
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Figure 4.7: (a) Probability distribution functions (PDF) of the differences defined by

eq. (4.5) and (b) the mean values of the distributions (error bars indicate the standard
deviation of the mean).

Fig. 4.7 (b) shows that (AX%ED) goes to nearly zero when ¢ = 1.4. As 80 independent fits
are obtained in the 400 ms window (using A7 = 5 ms windows for the phase locking) and
the width of the distributions are about 0.5-0.05 the uncertainties of <AX;ED> are relatively
small ~ 5 x 107273 allowing one to constrain € in the 1.5-1.4 range. In the following we
estimate the absolute value of y, at the island O-point by fitting the ¢ = 1.4 and ¢ = 1.5
model predictions outside the island to y; obtained with TRANSP power balance

calculation.
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4.3 Determination of y, at the O-point of the island

TRANSP is a time-dependent transport analysis code used for energy, particle and
momentum transport calculations [61]. TRANSP uses the experimentally measured
density, T., T}, impurity density, rotation and radiation profiles to calculate local radial
transport coefficients assuming m = n = 0 symmetry. The sampling rate of the radial

electron thermal diffusivity profile resulting from the power balance calculation Y1 34%bs as

well as the neoclassical value xS is limited to 20 ms due to the temporal resolution of
the equilibrium magnetic field reconstruction. This in fact corresponds to about 300 island
cycles. As such, the O-point and X-point profile data are averaged and a spline fit is used
as input for TRANSP [see examples on Fig. 4.2|. As discussed in the introduction
TRANSP can not determine the cross-field diffusivity across the island, hence we do not

try to capture short spatial details of the profile by the fitting procedure but to estimate

the transport of the background plasma outside of the island region.

Also, the equilibrium magnetic field reconstruction used by TRANSP does not incorporate
the m/n = 2/1 perturbation imposed by the island. Hence the TRANSP output is
interpreted as the radial electron thermal diffusivity of the background plasma. The power
balance calculation yields x784%¢% & 1.7 m?/s and the neoclassical value is

Agodass ~ 0.01 m?/s at ¢ = 2 |Fig. 4.8].

The two-dimensional diffusion model studied here predicts x| /x| o< wi ratio only
(equation (3.5)), not x, and x| separately. x| is often estimated with a semi-classical
formula [66]. Given the best fit value of ¢ we do not need to estimate x| as equations (3.9)
and (3.10) directly yield the ratio R, = x9/x%, where x¢ is the cross-field diffusivity at
the O-point and x% is that of the background plasma (i.e. X = x| |x~_2). Requiring the
electron heat flux of the two-dimensional model outside the island region to match the

TRANSP power balance calculation result, i.e setting (x5) = (x£24%%), yields the
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Figure 4.8: Radial electron thermal diffusivity profiles calculated by TRANSP.
(At =1500-1900 ms).

estimation of y, at the O-point:

Power b.

X? = <XTRANSP>RL (4-6)

Using this prescription the time series of x¢ are shown in Fig. 4.9 for € = 1.4 and 1.5. Due
to equation (4.6) (x}) agrees with the TRANSP result. Inside the island the model
predicts y, reduction and x{ approaches YA59%ss as € goes to 1.5. XQRED decreases
gradually as y, is decreased, as follows from Fig. 4.6. As 1.4 < € < 1.5 the estimated value
of the electron cross-field thermal diffusivity at the O-point is 0.1 m?/s < x, < 0.01 m?/s
(as indicated by the shaded region in Fig. 4.9), i.e. x is decreased by about 1 to 2 orders
of magnitude at the island O-point compared to the background plasma. This result is
consistent with heat pulse propagation studies which found the reduction of x, at the

O-point of static islands by 1 order of magnitude in LHD [62] and TEXTOR [63|. Finally,

we point out that the heat flux across the island region in this procedure is fixed when ¢ is
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Reduction of x. at the O-point of the island

Power b.
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Figure 4.9: x, obtained with the two-dimensional transport model at ¢ = 1.4 and
1.5 is compared with the TRANSP prediction (X]JB_ and XE are the cross-field thermal
diffusivities outside the island and at the O-point, respectively).

varied as the gradient of the solutions at the boundary is matched to experimental data

and x outside the island region is matched to x145%<hs.

4.4 Discussion

A heat transport model of magnetic islands employing spatially non-uniform y; was used
to derive x, at the O-point of 2/1 NTM islands from experimental T, data. X%ED of the fit
decreases gradually by about a factor of 2 as y, at the O-point approaches the neoclassical
limit. x, at the island O-point falls in the range 0.01-0.1 m?/s while x, of the background
plasma is about 1.7 m?/s. Interestingly, in heat pulse propagation studies [62, 63| it was
found that x is reduced by about 1 order of magnitude at the O-point of islands

generated by resonant magnetic perturbation. In those cases, an anomalous x| is
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reasonable as the deposited heat at the O-point modifies VT, and VT; (turbulence drives),

hence it is expected to increase y | itself.
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CHAPTER 5

Modifications of turbulence fluctuation power across

magnetic islands

This chapter reports the first localized measurements of low-k 1 (via BES and FIR),
intermediate-k T and low-k T, (via CECE) being modified by naturally growing, freely
rotating 2/1 NTM magnetic islands in the DIII-D tokamak. These measurements show
that mean turbulence levels (averaged over the island rotation) as well as gradients of

Te, Ti and n are not modified when the island width (W) is smaller than a threshold of
W =~ 5 cm. On the other hand, when W > W; the reduction of the mean turbulence levels
is observed radially inside the island region in sync with radially localized reduction of
mean VT., VT; and Vn. Radially outside the island region an enhancement of the mean
fluctuation levels is observed along with radially localized increase of mean gradients.
Finally, n is reduced at the O-point compared to the X-point when the islands are

large [86] leading to a 15% modulation of the turbulence envelope across the island that is
nearly in phase with the temperature modulation.

These measurements also allow the determination of turbulence penetration length scales
Lg and Lg_ at the island separatrix. Turbulence penetration is predicted to affect NTM
stability via (i) increasing the seed island width (W.) required for neoclassical growth [27]
and (ii) partially restoring the pressure gradient (Vp) and bootstrap current (jgg) at the
O-point of large islands [7]. Beyond NTM stability, Lz and L, may provide insight into
turbulence spreading considering that the interior of the island is a more stable region for
drift waves compared to the exterior.

The material of this Chapter has been presented in an APS invited talk (2016) and will be
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published in the associated Physics of Plasmas paper.
This Chapter is organized as follows. The experimental overview is given in Section 5.1.
The effects of magnetic islands on turbulence are described in Section 5.3 and the scaling of

the effects vs. island width as well as turbulence spreading is discussed in Section 5.4.

5.1 Experimental overview

Low- and intermediate-k n and low-k Te was studied across naturally occurring and
rotating 2/1 NTMs in reproducible, stationary H-mode plasma conditions utilizing the full
complement of DIII-D turbulence diagnostics. The major radius of the magnetic axis was
R=179 c¢m, minor radius a=>58 cm, elongation was 1.85. A steady plasma current of 1 MA
was maintained [FIG 5.1 (a)], in the stationary state the chord averaged density was

3.8 x 10m™3 [FIG 5.1 (b)] (interferometry [91]), the toroidal magnetic field was

Bt = —2.05 T, normalized plasma beta was 2 (fy = 5 aBr/Ip) and neutral beam power
was 8 MW. T, and T; were about 2.6 keV in the stationary state at ¢ = 2 [FIG 5.1 (c)|.
The major radius coordinate and the square root of the normalized toroidal flux surface
label of the ¢ = 2 rational surface was Ry = 203 cm and p = 0.42, respectively. Mirnov coils
at the tokamak edge show that the n = 1 magnetic amplitude initially grows to 12 G

[FIG 5.1 (d)| and the associated 2/1 island full width was W ~ 11 cm, rotating at 5 kHz
and well aligned with the ¢ = 2 surface. The onset of these NTMs do not always correlate
with MHD events (e.g. sawtooth crashes or Edge Localized Modes), therefore it could be
the case that they are driven by turbulence [96].

B has decreased during the NTM growth phase as indicated by the decrease of n and T, in
FIG 5.1 (b) and (c). This decrease of Sy then led to the decrease of the NTM amplitude,
followed by a quasi-stationary state of about 3 seconds. The island structure was monitored
via the DIII-D ECE radiometer [77|. As mentioned before, these islands saturated to a full
width of about W = 11 cm, determined by fitting the solutions of a heat transport model
of magnetic islands [Section 4.2 to the experimentally determined Bj(p). This method is

applicable when the island size is larger than the radial resolution of the ECE measurement
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Figure 5.1: Time history of (a) plasma current, (b) chord averaged electron density,
(c) Te and Tj at ¢ = 2, (d) n = 1 amplitude (magnetic RMS). (e) Plasma shape (EFIT),
Te(R, z) reconstructed from 1D ECE data and over plotted the = 1 (island separatrix)
and © = 0 contours (thin and thick solid lines around T, & 2.3 keV, respectively).
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and when the island is at least partially flattened, which is the case for islands larger then
5 cm. The determination of W was extended to the range of small islands by combining
this method with external magnetic measurements [59]. T, is reconstructed in the R — z
plane as described in Subsection 2.3.2; see Fig. 5.1 (repeat of Fig. 2.7).

Radially resolved turbulence measurements were performed via BES, DBS and CECE.
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Three windows were used for analysis which are highlighted in FIG 5.1 (a-d):

1. A reference window of 50 ms before NTM onset is used to obtain equilibrium

quantities (e.g. unperturbed radial profile of n and Te)

2. Scaling of changes in turbulence vs island width is studied during the NTM growth

phase.

3. Finally, a long window during stationary NTM is used for CECE analysis which

requires long data series.

5.2 Plasma profiles and unstable drift waves (GENE)

The profiles of n, (Thomson scattering |75]), T, (ECE and Thomson scattering) and T;
(Charge Exchange Recombination [92]) are shown in FIG. 5.2 (a)-(c) averaged over 20 ms
(100 island turnover times) before NTM onset and after the magnetic island has grown to a
size of about W =9 cm but not yet saturated. These profiles are steep without an island
but are flattened at ¢ = 2 with island. Consequently, the inverse scale lengths

L' =n'0gn, L;el =T, 10T, and L_i1 = Ti_lﬁRTi are reduced inside and tend to be
increased outside of the island region, see FIG. 5.2 (d)-(f). As the inverse scale lengths act
as turbulence drives, n and T, reduction inside and increase outside the island region is
expected.

Determining the type of unstable drift-waves across the island requires nonlinear
gyrokinetic simulations with magnetic islands and plasma parameters (T./T;, VT,, VT,
Vn, geometry, rotation, etc.) carefully matched to the experiment. This is beyond the
scope of this thesis but will be the focus of future work. To identify the type of dominant
micro-instabilities of the background plasma at ¢ = 2 before NTM onset, the growth rates
and frequencies of the fastest growing micro-instabilities were calculated via linear GENE
gyro-kinetic simulations [52| [FIG. 5.3] using the experimental profiles measured before
NTM onset [FIG. 5.2|. These flux-tube simulations were run on ion- and electron-scales

(kgps = 0.1 — 100.0), used two fully kinetic species (deuterons and electrons) and included
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Figure 5.2: Rotation averaged plasma profiles and inverse scale lengths before NTM
onset (w/o) and after NTM saturation (w): (a) ne, (b) T and (c) Ty, (d) Lyt (e) Ly
and (f) Lil The profiles are fitted with cubic splines to determine the scale lengths.
electromagnetic effects. Here kg is the poloidal wavenumber and ps = ¢s/w; &~ 0.4 cm,

where ¢; = /Te/m;, and m; and w; are the ion mass and cyclotron frequency, respectively.
A dominant ion mode in the range of the Ion Temperature Gradient (ITG) instability that
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propagates in the ion diamagnetic direction was found at long wavelengths (kgps < 2),
while at shorter wavelengths in the range of Trapped Electron Mode (TEM) and Electron
Temperature Gradient (ETG) instabilities (2 < kgps; < 100) the dominant mode propagates
in the electron diamagnetic direction [FIG. 5.3]. In contrast, the simulations show that all
modes are stable when using the profiles after NTM saturation [FIG. 5.2]. This suggest

that all modes are linearly stable at the O-point of the islands.

(a) Linear growth rates of drift waves at q=2

108

electron-scale

10° (TEM, ETG)

7 [kHz]

1 04 ion-scale

10° et S
(b) Frequencies of drift waves at q=2 i~
< 200 15 =
2 L OfF o jo ¢
9 =200 4-5 &
g —400 electron i-10¢
c —600 diamag. direction o
S —800 |, e ....‘—1548
1 10 100 w

DIII-D #165064
(1705 ms, at q=2) k@ps

Figure 5.3: (a) Linear growth rates and (b) frequencies of unstable drift waves at ¢ = 2
before NTM onset via GENE (see input experimental profiles in FIG. 5.2). Ion modes are
shown with filled circles, electron modes are shown with open circles. Shaded columns
mark the sensitivity range of the turbulence diagnostics.

BES, FIR and CECE are sensitive in the kyps < 1.0, kgps < 0.7 and kgps < 0.5 range,
respectively |[FIG. 5.3]. Hence, the fluctuations probed by these diagnostics are presumably

due to ITG turbulence. Complementing these low-k measurements, DBS is sensitive in the
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2 < kgps < 5 range, and therefore the probed DBS fluctuations are potentially due to TEM
or low-k ETG turbulence.

5.3 Effect of islands on turbulent fluctuation power

The turbulent fluctuation power (1?(R,¢)) is written as the sum of the unperturbed radial

profile (12(R)) in the NTM-free plasma and the perturbation (6n%(R,&)) due to the island:
(R, €) = 2(R) + 63°(R, ¢) (5.1)

n%(R, ) is obtained from a series of 10 ms windows during island evolution and n2(R) is
determined from the reference window of 50 ms before NTM onset; see these windows in
FIG. 5.1 (a-d). Note that n2(R) > 0 but n?(R, &) = 1%(R, £) — n2(R) can be negative if the
fluctuation level after NTM onset decreases below the level measured before NTM onset.
As turbulence is driven by gradients, it is reasonable to look at the perturbation

(0n%(R, €)) in a Fourier series pertaining terms up to the & = 1 harmonic component:
00 (R, §) ~ Tig(R) + 17 (R)cos(§ + A& (R)) (5:2)

n2(R) is the radial profile of the helically averaged part of the perturbation (k = 0
response) and is obtained simply by the n2(R) = (0?(R, €))e — n2(R) relation where (- - - )
stands for averaging over ¢ which is accomplished in practice by averaging over time (recall
that £ = wot and therefore (---)¢ = (--+);). Note, that nj(R) can be either positive or
negative, corresponding to an average increase or decrease, respectively. n3(R) > 0 is the
amplitude and A& (R) is the phase of the £ = 1 component of the perturbation (vs. T,)
and are calculated via standard Fourier analysis in the stationary state. Finally, radial
variations unrelated to island physics (e.g. electronic amplifier calibration factors) are

removed from the data by calculating the percentage change of nZ(R) and n%(R) relative to
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before NTM onset:
i(R)
(R)

=X

0(R)
(R)

=X

ANS(R) = , and An3(R) = (5.3)

:Sl\g|
El\gl

Similar definitions hold for T‘e. In this paper, the effect of magnetic islands on turbulence is
characterized by the AnZ(R), An?(R) and A& (R) dimensionless radial profiles. The
evolution of AnZ(R) during island growth is presented in Subsection 5.3.1 together with
AT 2o(R) obtained in the stationary regime. Ani(R) and A& (R) were calculated in the
stationary regime and are presented in Subsection 5.3.2. Finally, the full 2D turbulence

response is discussed in Subsection 5.3.3.

5.3.1 Rotation averaged part of turbulence response

NTM growth and saturation takes place in about 100 ms [FIG. 5.1 (d)| providing 10
independent windows of &~ 10 ms data to study turbulence response to islands of full width
ranging from 0 — 11 ecm. Contours of T¢(R, &) are shown at 3 distinct stages during island
evolution in FIG. 5.4: (a) small island right after NTM onset (W = 3 cm), (d) intermediate
island during NTM growth (W = 6 cm) and (g) large island right after saturation

(W =9 cm). Contours of the perturbed magnetic flux function at 2 = —1,0, 1 are over
plotted on Te(R, &) (recall that = 1 is the separatrix of the island). The following

observations are made in these stages of the NTM evolution:

e When the island is small (W ~ 3 cm)
Ly and Ly [FIG. 5.4 (b)] are not modified substantially at R, (i.e. profiles are not
flattened) which is consistent with expectation as the gradient restoring effect of
cross-field turbulent transport can effectively compete with the flattening effect of the
parallel transport in small islands [56]. In accord with these profiles, AnZ =~ 0 both in

the low- and intermediate-k 1 range, indicating that small islands do not affect

turbulence [FIG. 5.4 (c)].

e When the island is mid-sized (W ~ 6 cm)

Ly and Ly decrease inside and slightly increase outside the island [FIG. 5.4 (e)]. In
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Figure 5.4: T, inverse temperature length-scales (L~!) and turbulent fluctuations
across a growing 2/1 magnetic island. (a-c) small island, (d-f) intermediate island and
(g-1) large island. Top row shows contours of the phase-locked Te. Radial locations of
the measurements are marked by dark semicircles at & = 0. Over plotted are the island
flux surfaces at @ = 1 (thick line - separatrix) and @ = —1,0 (thin line). Middle row
shows the inverse length-scales of T and T;. Bottom row shows the % change of rotation
averaged low-k A2 (hexagons), intermediate-k A2 (triangles) and low-k AT, (circles)
relative to before NTM onset. Note that the vertical axis of low-k An3 is on the left but
that of intermediate-k AnZ and low-k A’I’&g is on the right.
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turn both the low- and intermediate-k An? decrease inside the island region and the

low-k An3 increases outside of the island region at large major radii [FIG. 5.4 (f)].

e Finally, when the island is large (W ~ 9 cm)
Lyt and Ly further decrease inside and increase outside the island region
[FIG. 5.4 (h)]. AnZ of in the low-k range decreases to about -30% while that in the
intermediate-k range decreases to about -60% [FIG. 5.4 (i)]. Therefore the
intermediate-k An2 has 2x stronger response than the low-k AnZ. Notice, that the
scale of low-k AnZ is shown on the left, while that of intermediate-k An3 is shown on

the right side of the figure.

To compare the trends of fluctuations of different scales and fields in FIG. 5.4 (i),

instead of the quadratic quantity A;fg,o, the linear quantity A'Te,o is plotted:
ATeo = (To — To)/Te. (5.4)

Here T_e is calculated before NTM onset and Te is calculated from a window of 3 s
during the stationary state. The reduction of of low-k ATG,O inside the island region
is about 2x the reduction of low-k AnZ. Follows, that the decrease of low-k ATE’O is

about 4x the decrease of the low-k An3.

Note, that the DBS measurement relies on the backscattering of a microwave beam at a
cutoff surface, which is usually assumed to be a symmetric (m = n = 0) toroidal surface.
However, the island leads to a dominantly m/n = 2/1 spatial modulation of the flux
surfaces (and cutoff surface), which can, in principle, have an imprint on the DBS signal
even when turbulence is not affected by the island. This issue has been investigated with a
simple analytic calculation, which indicates that AnZ can be in fact increased but not

decreased solely due to the cutoff modulation.
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5.3.2 Turbulence modulation

In this section, the dimensionless radial profiles of the relative amplitude and phase of
turbulence power modulation are reported (An? and A¢; respectively). The modulation is
studied via BES and FIR and the fluctuations are denoted as ni|gg and n/n|ggs,
respectively.

The island rotates with 14.5 kHz as seen from the spectrum of B |Fig. 5.5 (a)]. Similarly to
T., it is expected that n is also flattened at the O-point [56], hence n measured in the
lab-frame is expected to be modulated due the island rotation. This 14.5 kHz modulation
is seen in the spectrum of n|pr [Fig. 5.5 (b)] and 1n/n|ggs [Fig. 5.5 (¢)] measured 0.3 cm
inside R,.

For reference, comparisons are made with n|gg measured before NTM onset and with
n/n|ggs measured during the same window (with NTM) but further out where the effect of
the island is not dominant (p ~ 0.75, 17 cm away from Ry).

Before NTM onset there is no coherent peak at 14.5 kHz in the spectrum of the reference B
and n|pr [Fig. 5.5 (a) and (b)] and the spectrum of the reference n/n|ggs shows no
coherent modulation either [Fig. 5.5 (c)|. Hence the peak at 14.5 kHz seen in the n|pr and
n/n|ggs spectra is identified as the local density profile modulation due to the island
rotation. Cross-correlation analysis of ni|pgr with B and n/n|ggs with B confirms this point.
Besides the coherent peak at 14.5 kHz (and higher harmonics) the n|pg and n/n|ggs signals
possess broadband fluctuations up to about 500 kHz attributed to the effect of broadband
turbulent density fluctuations [Fig. 5.5 (b) and (c)]. Next the modulation of turbulence
was investigated by analyzing the envelope of the fluctuations in the A f = 100 — 500 kHz
range (shaded in Fig. 5.5 (b) and (c)). The envelope WER(¢) of 11(t)|pg is calculated as:

500 kHz , 2
(L) = (/1 n(f)|r - ez%ftdf) (5.5)

00 kHz

where f is the frequency and n(f)|gr is the Fourier transform of n(¢)|pr. The envelope of

1i(¢)/n(t)|ges and B(t) are calculated similarly and denoted as WBES(¢) and U (1),

n/n
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Figure 5.5: Power spectrum of (a) B (Mirnov), (b) n|pg and (¢) n/n|ggs. Amplitude

spectrum of the corresponding envelope signals: (d) envelope of B, (e) envelope of 1i|pr
and (f) envelope of 1/n|ggs. Note that the magnetic and FIR reference signals (light color)
were measured before NTM onset, while the reference BES signal was measured during
NTM but further out (17 cm away from Ry showing the radial and temporal localization
of the NTM.

respectively, while the Fourier transforms are WE™(f), WPPS(f) and Wg(f), respectively.
U= (f) has no coherent peak at 14.5 kHz, hence the measured broadband B(t) is not
modulated by the rotating island [Fig. 5.5 (d)|. This is consistent with expectation as the
magnetic field By of a poloidal harmonic component of the perturbed current located at rg
decays as By(b,) o (r5/b,)™ !, where b, is the probing location. Therefore the measured
broadband magnetic fluctuations originate from the edge plasma, not from the island

region.

WE(f) and WEPS(f) [Fig. 5.5 (e) and (f)] exhibit a clear peak at the NTM frequency (and
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additionally at the second harmonic frequency) showing the modulation of broadband
turbulence across the island. The envelopes of the reference signals show no turbulence
modulation (without island), as expected [Fig. 5.5 (e) and (f)].

Both the FIR and BES systems detect the reduction/increase of the broadband turbulent
density fluctuations at the O-point/X-point region of the island. As the diagnostics are
separated toroidally and poloidally, they probe different phases of the island at a given

instant of time [Fig. 5.6].

\/\ 7 >
| FIR ($=60°) —ECE ($=81°) — BES (9=150°)|

Figure 5.6: The ECE, BES and FIR diagnostics are separated toroidally and poloidally,
which gives rise to an effective phase lag in the local fluctuations induced by the rotating
island. (Cartoon. Dashed lines are in the tokamak midlplane, solid red line marks the
O-line of the m/n = 2/1 island. Left: 3D view, right: top view.)

Due to the island rotation this offset translates to an effective time lag: At = A{/w, where
AE = —n(A¢ — 2w tAF), w is the NTM frequency and ¢ is the rotational transform. Given
the probing locations the helical phase differences are Aé|pr = —12° and A&|ggs = —84°,
the time lags are At|pr = 2.3 ps and At|ggs = 1.6 us relative to the T, measurement.
UER (1) and \IJHBElS(t) were shifted by At|pr and At|ggs, respectively, and bandpass filtered
to Af =10 — 50 kHz. These signals are shown in Fig. 5.7 together with T, inside

(Rs > R =194.7 cm) and outside (Rs < R = 204.3 cm) the ¢ = 2 surface.

The minima/maxima of WE™(¢) and WPES(t) are close to the minima/maxima of

T.(R < Rs) which correspond to the O-point/X-point passing-by-times. The measured
phase lags are Al|pr = —12.06° (0.5% difference from the estimated —12°) with v ~ 0.5
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Figure 5.7: T, outside (Rs < R = 204.3 cm) and inside (Rs > R = 194.7 cm) ¢ = 2
and the envelope of (a) ni|pr and (b) n/n|ggs. O-point passing-by-times are marked by
vertical dashed lines (134375).

coherence (0.14 significance level) and A&|gps = —90° (6% difference from the estimated
—84°) with = 0.67 coherence at 14.5 kHz (0.22 significance level). Here WPPS(t) was
calculated using the nearest neighbor cross-powers, which removes any spurious
contributions of photon noise modulation present in the BES signal. As the BES channels
are separated radially by about 1.25p;, the photon noise is uncorrelated between
neighboring channels but the turbulence is correlated.

Small differences between the calculated and measured phases can be explained as 7
changes over time by about 2 cm (8%) resulting in a small change in Af. Another, also
small contribution comes from the phase asymmetry of the island [55]: the typical phase
difference between two T, signals measured on the same side of the island is < 4°.

Turbulence is modulated by a maximum between 13-14% and this modulation is confined
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to the island region [Fig. 5.8 (a)| (the island region is determined by the maximum radial

distance between the island separatrices as mentioned previously).

(@) Relative amplitude of envelope modulation [%]
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[ i reference:
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Figure 5.8: (a) Modulation amplitude of broadband turbulence relative to the mean
fluctuation levels (BES) and (b) phase of modulation relative to Te(R < Rs) (134375).

The modulation has near constant phase across the island region. This is consistent with
gradient driven turbulent fluctuations being modulated by the rotating island since V'T,,
VT; and Vn exhibit no phase jump at Rs. Fig. 5.8 (b) shows that the relative phase
between turbulence modulation and Te(R < Rjy) is nearly constant and near zero across the
island. As T.(R < Rs) has minima at the O-point region the near zero phase means that
turbulent fluctuations are smaller at the O-point region (11 ~ 3.6 x 10" m~3) and larger at
the X-point region (0 &~ 4.4 x 10" m™3), i.e the modulation shown in Fig. 5.8 (a) is in fact
a reduction of the O-point n/n|ggs below the X-point n/n|ggs.

Finally, note that a similar analysis can not be obtained for T, as the CECE analysis
requires longer windows for integration than are available in the dataset due to the fast

NTM growth.
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5.3.3 Full 2D effects of islands on turbulence

To obtain a radially and helically resolved turbulence measurement [FIG. 5.9, 50 ms BES

data (corresponding to about 250 island rotation cycles) was binned into a set of 19

¢ = wot windows in the large island regime (W &~ 9 cm), where £(¢) was obtained from

T.(t) signals. As turbulence is driven by gradients, this data is directly compared to VT,
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Figure 5.9: (a) Phase-lock averaged Te(R,§). (b) —VTe(R) across the O-point (§ = )
and X-point (¢ = 0,27). Percentage change of low-k n? relative to before NTM onset
(An2%(R,€)): (c) 2D contour in the (R, &) plane, (d) radial profiles across O-point and
X-point and (e) helical cut at Rs = 206 cm. O-point region is < 0, X-point region is
2> 01in (e). The island flux surfaces at Q2 = —1,0, 1 are over plotted in (a) and (c) with

light solid lines.

that was calculated with the same method and in the same time window: (1) Te(R,¢)

contour is shown in FIG. 5.9 (a), profiles of VT, across the O-point and X-point are shown
in FIG. 5.9 (b); (2) 2D (not rotation averaged) An?(R,¢) = dn?(R, 5)/32(]:{) contour is
shown in FIG. 5.9 (c), profiles across the O-point and X-point are shown in FIG. 5.9 (d).

n? is reduced at the O-point region by a maximum of about 35% and is increased by about
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20% close to the X-point region, in qualitative agreement with

simulations [6, 19, 26, 28, 97]. Outside the island, along a radial chord encompassing the
O-point, 0? is increased by about 20 — 30%, see the O-point profile in FIG. 5.9 (d). The
X-point profile [FIG. 5.9 (c)] shows a maximum of 20% increase inside the island region,
however this is not aligned with the X-point of Q(R,&). These changes of n? are
reasonable, considering the profiles of VT, [FIG. 5.9 (b)] as well as the average profiles and
turbulence drives shown previously in FIG. 5.2.

A helical cut at Ry = 206 cm [FIG. 5.9 (e)] shows that the difference between X-point and
O-point n? gives rise to a modulation of n? with about 30% amplitude due to the island
rotation in the lab frame (recall that £ = w,.t). Note that the symmetry of n? about £ = 7

indicates near zero phase with respect to Ly, as in FIG. 5.7 and 5.8.

5.4 Scaling of turbulence modifications with island size

This section presents the degree of the turbulence reduction (increase) and its dependence
on local gradients as well as on scaling with islands size during NTM growth. FIG. 5.10 (a)
shows that T, is not flattened substantially as long as the island is smaller than a threshold
size of Wy &= 5 cm. When W > Wy, VT, progressively decreases inside the island region
and increases outside the island region as the island grows in accord with the predictions of
a heat transport model of magnetic islands [56]. Comparing the helically averaged
turbulence reduction inside the island region (minimum of An2) and enhancement outside
the island region (maximum of AnZ) with VT,, a simple linear relationship is observed
with a correlation coefficient of 91% (low-k) and 82% (intermediate-k) [FIG. 5.10 (b) and
(e)]. It follows, that 1 tracks the evolution of VT,. As shown in FIG. 5.10 (¢) and (f), n is
not modified when W < Wy, but n progressively decreases inside the island region and
increases outside the island region when W > W;. This data shows the existence of two

regimes during NTM evolution:

Small islands characterized by steep O-point T, profile and turbulence level comparable
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Figure 5.10: (a) Helically averaged VT, shows little to no change when W < W,
(W¢ =~ 5 cm) but a gradual decrease inside and increase outside the island region when
W > W;. (b) and (e) show that low-k and intermediate-k AnZ are correlated with
VT, respectively. (c) and (f) show that the scaling of reduction (increase) of low-k and
intermediate-k Aﬁg vs W is similar to that of VT,, i.e. little change when W < W;
but gradual decrease inside and increase outside the island region when W > W;. (d)
Turbulence penetration length scale (defined in eq. (5.6) vs W.

to that of the background.

Large islands characterized by flat T, profile and reduced turbulence level at the

O-point, but steeper T, profile and increased turbulence level outside the island.

Transition from small to large island occurs when W exceeds a threshold of Wy ~ 5 cm.

A previous analytical study [56] estimated Wy = (x1/x1)"*\/RoLy/n assuming that x is
spatially uniform and independent of W and VT, (Ro is the plasma major radius and L is
the magnetic shear length at ¢ = m/n). However, as the ratio of turbulent and neoclassical
X1 is typically order 10? and as turbulence is sensitive to local gradients, the physics of W;
is likely linked to critical gradient phenomenon. Moreover, beyond local stability
conditions, turbulence is also affected by spreading [90] which allows turbulence to
penetrate to the O-point region from outside the island. This could increase y; and

therefore VT, which could feed back to increase fluctuations non-linearly. Therefore, a
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lower estimate for Wy could be given by twice the turbulence penetration length-scale (due
to penetration from both sides of the island). The penetration length-scale of the turbulent

fluctuations into the island region was estimated from the helically averaged BES

1om2\
L = <Ta_>

As such, here Lg is the length-scale of the rotation averaged n? evaluated at the boundary

fluctuation data as:

(5.6)

R—R,=W/2

of the island region. This definition is not identical, but similar to that given in a recent
simulation study [27]. Note that as long as W < Lz, turbulence penetrating through e.g.
the inner separatrix of the island leads to fluctuations in the vicinity of the outer separatrix
(and vice versa). This effect is eliminated by looking at the asymptotic behavior of Lz(W)

L3AT ~ 2.5 cm as the

in the large island regime. FIG. 5.10 (d) shows that Lz approaches
island saturates. As significant turbulence reduction can take place when W > 2L§AT, the
lower estimate of the threshold is W ~ 2L5AT ~ 5 cm. This compares well with the
observed threshold for n reduction and T, flattening.

It is worthwhile to note that the ion banana width is about 3 cm at ¢ = 2. As trapped
particles at the island separatrices partially restore the local gradients, the transition from
small to large island regimes could be related to the step size of trapped particle transport.

Further, neoclassical effects on islands get washed out when islands are smaller than the

ion banana width.
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5.5 Discussion

A series of controlled H-mode experiments have been dedicated in DIII-D to measure the
effect of naturally occurring, freely rotating 2/1 NTM islands on plasma turbulence. Local
measurements of low- and intermediate-k n via BES and DBS, respectively, and low-k T,
via CECE show reduction of fluctuation levels in the region of magnetic islands for the first
time [FIG. 5.4]. Fluctuations are increased at the X-point region as well as outside the
island region (where gradients are elevated) [FIG. 5.9]. The dependence of turbulence
increase/reduction on local gradients as well as scaling with islands size was also presented
[FIG. 5.10]. It was found that significant profile flattening and turbulence modification
occurs when the island width is larger than a threshold island width of W; ~ 5 cm. Based

on these observations, 2 regimes have been identified:

Small island regime when W < W,;. Temperature flattening is minor and turbulence is

not modified. Cross-field transport inside the island is presumably anomalous.

Large island regime when W > W;. Temperature is significantly flattened and
turbulence is reduced inside and increased outside the island. Cross-field transport

inside the island is on the order of neoclassical transport [7].

The physics of transition from small to large island regimes remains an open question for
future investigations. Here,it was found that transition occurs when the island width
exceeds the characteristic length-scale of turbulence penetration into the island

[FIG. 5.10 (d)].

It was reported that turbulence is modulated (due to the island rotation) and this
modulation is confined to the island region [FIG. 5.8 (a)| in discharge #134375. In
contrast, a modulation outside of the island region is observed in discharge #165064, as
seen from the fact that An?(r,€) is increased in line with the O-point compared to that in
line with the X-point [FIG. 5.9 (d)]. This difference between the two discharges could be
e.g. due to the interaction of turbulence with sheared flows connected to the m/n = 2/1

component of the electric field. This process is closely analogous to the familiar effect of

87



zonal flows on drift-wave turbulence and has been predicted theoretically [15] and reported
in global nonlinear gyrokinetic particle-in-cell simulations [18]. Shear flows outside of the
island have been observed around static magnetic islands in stellarators [5, 32| but have
not yet been studied around rotating NTM islands in tokamaks.

Finally, the observed turbulence modifications in the large island regime can have direct
implications for understanding the interaction between turbulence and large-scale NTMs as

well as the reduction of plasma confinement by NTMs:

Turbulence reduction at O-point as the local gradient at the O-point is determined by
the x . /x| ratio (x. and x| being the perpendicular and parallel diffusivities),
reduced turbulent cross-field transport modifies local gradients and concomitant
bootstrap current perturbation. This enters the modified Rutherford equation (MRE)

which governs the evolution of the NTM.

Turbulence enhancement outside the island likely leads to increased radial heat and
particle fluxes which play a role in decreasing the confinement as well as the

bootstrap current.

Inclusion of turbulence effects in the MRE and the impact of NTM-turbulence multi-scale

interaction on plasma confinement will be the focus of Chapter 7.
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CHAPTER 6

Magnetic islands in nonlinear gyrokinetic simulations

The simulations presented in this section were conducted by A. Banén the of UCLA using
the GENE code [52]. The analyses (calculations, figures, etc.) presented here are my own

original work.

6.1 Introduction

Static magnetic islands have been implemented in GENE nonlinear gyrokinetic simulations
in 3-dimensional, toroidal geometry to study the effect of static magnetic islands on
ion-scale turbulence. This was accomplished by introducing a static m/n = 3/2 radial
magnetic field perturbation through the parallel component of the vector potential [6].
GENE self-consistently solves the gyrokinetic-Maxwell system of equations on a fixed grid
in five dimensional phase space (plus time). Two particle species (deuterons and electrons)
were used including electromagnetic effects. The equilibrium magnetic configuration (large
aspect-ratio, circular model equilibrium) is characterized by a safety factor of ¢ = 1.5,
magnetic shear of § = 0.16 and inverse aspect ratio of e = 0.19, R/Ly; = R/Ly. = 6.9,
R/L, = 2.2. These parameters are similar to the "Cyclone DIII-D base case parameter

set” [44] (discharge #81499) as in other gyrokinetic simulations [26, 60]. As such, these
simulations can only be compared qualitatively to the DIII-D experiments presented in this
thesis. Therefore, here the simulation results are presented in arbitrary units.

These simulations are started out with constant gradients which drive the ITG modes
unstable. Next, the turbulent cross-field transport and the fast parallel transport inside the

island lead to the modification of the initially imposed profile such that gradients are
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reduced at the O-point but increased outside the island region. The modified gradients in
turn can lead to turbulence modification, which feeds back into the transport and profile
evolution in a self-consistent way. After the system has come to statistical equilibrium, the
simulation is continued for a time much longer then the turbulence correlation time. For
the analysis presented in this thesis, the stationary part of the simulations are analyzed.
Note, that the equilibrium profiles are fixed through the boundary conditions, as the
characteristic global confinement time-scale of H-mode plasmas is much longer than the
time-scale of these simulations. However, the profiles quickly modify inside and around the
island due to the parallel transport which has a much shorter time-scale than the global

confinement.

6.2 Plasma profiles

The stationary state is characterized by an m = 3,n = 2 static perturbation (magnetic
field, T., T}, etc.) as well as ITG turbulence and shear flows. In this section, the
characteristics of the T, T; and n profiles are described. Subsequent sections focus on
flows, turbulence and transport across the island.

Small islands maintain a finite VT.(r) and VT;(r) across the O-point while large islands
are almost flat, see Fig. 6.1 (a), similarly to a diffusive transport model of magnetic
islands [56]. The threshold island width required for temperature flattening is Wy & 33p;.
Interestingly, the flat region of T;(r) [Fig. 6.1 (a)] is shifted from the O-point of the large
island by about 5p;. In contrast, the flat region of T;(r) is centered about 7y when the
island is small. This shift has been observed in these gyrokinetic simulations for the first
time and is potentially linked to finite banana width effects.

Fig. 6.1 (b) shows the logarithmic gradients around the O-point (averaged over 2 < —0.5)
normalized to the equilibrium logarithmic gradient (R/Lg). In the large island regime, the
flattening of T;(r) in the O-point region is less than that of T.(r) but the trends vs. W are
similar. Finally, the flattening of n(r) is marginal, which could be due to trapped particles

that do not follow the field lines inside the island, maintaining a steep density profile at the
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Figure 6.1: (a) Time averaged electron and ion temperature profiles across the O-point.
Small islands maintain a finite temperature gradient at the O-point while large islands are
completely flat. (b) Logarithmic gradients around the O-point (2 < —0.5) vs the island
width.

O-point in contrast to passing particles.

6.3 Flow perturbations

In this section, the mean E x B flow (vgypg) is described. The helical component (vg),

radial component (v,) and flow magnitude vgy p are calculated from the electrostatic

potential (¢) at 8 = 0 as follow:

(ve) = <

199
B or

> and (v,); :<

(VExB)t = <\/U§ + U3>

1 96
~ BRO¢

)

t

60

where (-); represents the time average. It is worth noting that ¢ has a fluctuating part b

and a mean component (¢,—») due to the island. The shear (wg) of the helical £ x B flow

is calculated from the radial derivative of vg:

<WE>t = <

1 0%
B or?

I}
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The absolute value of 9>¢ was used here as negative and positive shear have the same effect
on turbulence.

Two examples of vgy g are shown as contours on Fig. 6.2 (a) and (c) for different island
widths. Here, the over plotted arrows represent the vectors of vgypg. Small islands develop
a strong, localized shear flow just outside of the island, which is parallel with the
separatrices, as seen from the contour of vg.p [Fig. 6.2 (a)] and from the radial profiles of
ve and wg across the O-point [Fig. 6.2 (b)]. On the contrary, when W > W, a peaked ¢
develops at the O-point leading to a vortex-like £ x B plasma flow circulating around the
O-point inside and outside the island separatrices [Fig. 6.2 (c)]. The radial extent of this
vortex is comparable to W/2 on each side of the island as seen from the radial profiles of v
and wg across the O-point in Fig. 6.2 (d). The onset of this flow occurs simultaneously
with the flattening of the temperature profiles and, therefore, with the shift of T;(r). The
direction of the circulation is random at mode onset, the magnitude fluctuates over time
and even random reversals occur. Outside the separatrices, the vortex flow magnitude and
shear are typically both larger than the localized shear flow of small islands, but wg is
reduced by about a factor of 3 at the O-point when W > W;. The transition point from
small to large island regime is most clearly seen in ve, which reverses on one side of the
island at the transition point [Fig. 6.2 (e)]. Therefore, W is obtained from the discontinuity
of ve vs W. Finally, wg is about constant when W < Wy, but increases about linearly with
W when W > W, [Fig. 6.2 (f)]. Vortex-like plasma flow has been observed in previous
simulations 22, 60| and in LHD experiments |5, 70| via CER across static magnetic islands.
The physics of the transition and the dependence of W on various plasma conditions (such
as plasma shape, collisionality, trapped particle fraction, temperature ratio, equilibrium
gradients, E x B shear, island rotation, etc) is beyond the scope of this work and remains
therefore a topic for future investigations. However, it is conjectured here, that the different
ion and electron pressure at the O-point (established by the shift) drives a current through
the island separatrices, which, interacts with the background magnetic field and spins the

plasma about the O-point, leading to the vortex.
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Figure 6.2: (a) Helical flow and (b) shear flow around an island of W = 30p; showing
symmetric flow structure. (c) Helical flow and (d) shear flow around an island of W = 55p;
showing a vortex mode centered at the O-point. (e) Flow and (f) shear versus island width
for values taken left of the resonance surface (rs < r) and right (rs > r).

6.4 Impact of islands on I'TG-turbulence

In this section, ITG-scale density 1i(r, £) and temperature Te(r, ¢) fluctuations are
investigated, as these can be measured in the core of H-mode tokamak plasmas and are
therefore experimentally relevant.

Example contours of the instantaneous turbulent fluctuations n(r, &) and 'T‘e(r, ¢) are shown
in Fig. 6.3 for three cases: (a,b) without island for reference (W = 0), (c,d) for a small
island (W = 20p;) and (e,f) for a large island (W = 40p;). Turbulent fluctuations are

calculated from the simulation output (n(r,£,t)) by removing the static MHD-perturbation:

ﬁ(r>€7t) = n('r,ﬁ,t) - <7”L(7’,§,t)>t, (64>

and similarly for rﬁfe(r, €). As it was shown previously in Fig. 6.1, the T(r) profiles are not
flattened at the O-point in the small island regime. Accordingly, little to no reduction of

turbulent fluctuations is seen at the O-point, compare Figs. 6.3 (a) and (b) to Figs. 6.3 (c)
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Figure 6.3: Contours of instantaneous turbulent fluctuations without an island (a,b),
with an island of W = 20 p; (¢,d) and with an island of W = 55 p; (e,f). 1i(r, £) and Te(r, §)
are shown in the left and right columns, respectively. (g) and (h) show radial cuts of the
RMS level across the O-point of the large island (£ = 7, see dotted light horizontal line
on (ef)). (i) i(r,€) and (j) Te(r,€) are helical cuts of the RMS level along the resonant
surface of the large island (r = rs, see dotted light vertical line on (e) and (f)).
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and (d), respectively. In contrast, fluctuations are substantially decreased in the O-point
region of large islands [Figs. 6.3 () and (f)]. Radial profiles of the RMS 1i(r, ) and Te(r, €)
across the O-point [Figs. 6.3 (g) and (h), respectively| show as much as about 50%
reduction of n inside and increase outside a large island of W = 40p;, and a stronger
response (about 70%) for T‘e. Finally, by looking at the fluctuations at the resonant surface
(r =r,) |Fig. 6.3 (i) and (j)], it is clear that Tl and T, are significantly reduced at the
O-point and slightly increased at the X-point. Note that the reduction at the O-point is
more pronounced than the increase at X-point, resulting in average, in a reduction of the
fluctuations across the resonant surface.

The power of turbulent density and temperature fluctuations are calculated from the

GENE simulation output as:

(1, £) = / R(r et dt and  T2(r,€) = / T2y €, 1) dt. (6.5)

n2 and T? is written in the form of a Fourier series focusing on the n;'" helical harmonic

component of the perturbation, similarly to the experiments:

n’(r, &) =n2(r) + Z 02 (r)cos(n;& + AL () = n2(r) +n2(r) + 2(r)cos(€ + AL (r))  (6.6)
Note that 1,6 = n;(mf — ny), where § = 0 and therefore the n; = 1 helical harmonic
corresponds to the toroidal mode number of the island structure, in this case n = 2. Here,
02(r) is the unperturbed radial profile of the turbulent fluctuation power in the island-free

simulation:
() = (0.6 e )| (6.7)

n2(r) is the radial profile of the n = 0 component of the perturbation, n2(r) and A& (r)

are, respectively, the radial profiles of the amplitude and phase of the n; = 1 helical

harmonic component of the turbulence power modulation. A similar expansion is carried
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out for T2(r, ). As mentioned in Chapter 5 (Section 5.3), turbulence measurements are

subject to various diagnostic uncertainties (such as electronic amplifier calibration factors),

which are unrelated to island physics. To remove such factors, we use the change of n3(r)

and 1 (r) relative to the fluctuation power before NTM onset:

AT (r) = and An;(r) =

and similarly for T o
The reduction of An2(r) and ATgo(r) inside and increase outside the island region is
observed |Fig. 6.4 (a) and (b), respectively| and this effect increases with increasing island

width for W > W, [Fig. 6.4 (c) and (d)|. In the large island regime, An3(r) is decreased

o n=0 response of turbulent fluctuations
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Figure 6.4: n = 0 response of turbulence: (a) AnZ(r) and (b) A'Tg’o(r). Scaling of
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circles) of (c) Ang(r) and (d) ATg,O(T) vs. the island width.

0

inside and increased outside the island region by as much as 50% and as much as 70% for

ATg’O(T). This change in the fluctuations is in qualitative agreement with expectations
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based on the decreased gradients at r = r, shown previously in Figs.6.1 (a) and (b). Note
that outside the island, the increase of the fluctuations is due to an increase of the gradient
since the shear flow is also increased in this region. However, inside the island, the
reduction of the fluctuations is attributed to the smaller gradient since the shear flow has
also been reduced in that region (see Fig. 6.2(d)). In other words, changes in the
fluctuations are opposite from what is expected due to changes in the flow shear but are
consistent with changes of the gradients. It is important to mention that this could be
different in experimental conditions if, for instance, an additional background shear is
present outside of the island due to the plasma rotation, so that the effect of the flow shear
could dominate the effect of the drive.

The relative modulation amplitudes are shown in [Figs. 6.5 (a) and (b)]. Inside the island

n=1 relative modulation amplitude of turbulence power
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Figure 6.5: Relative modulation amplitude (a) An2(r) and (b) AT2(r) (n; = 1 re-
sponse). Scaling of relative modulation amplitude (¢) AR2(r) and (d) AT2(r) vs. W.

region, the maximum relative modulation amplitude An?(r) and Afil(r) is about
40 — 50%. The amplitude progressively increases with W following the linear relation

ATZ(W) = 0.65 Wp;t [%] and AT2 (W) ~ 0.75 Wp; ' [%] |Fig. 6.5 (c) and (d)]. This
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nonzero modulation inside the island is due to differences in the turbulent drive between

the O-point and X-point. In this region, the phase of this modulation A& (r) and Af;e(r)

is near zero (with respect to cos(§)) [Fig. 6.6 (a) and (b)]. The phase in the island region is

near zero regardless of

the island size: AEH(W) ~ AET (W) ~ 0 [Fig. 6.6 (c) and (d)].

Finally, outside of large islands, a nonzero modulation with a phase close to m (left side)

and —m (right side) is also observed. This phase is due to an increase of fluctuations

outside of the island in

line with the O-point, and the different sign between the two sides

is due to the effect of the vortex flow on turbulence distribution around the island.
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6.5 Transport

In gyrokinetic turbulence simulations without islands, the total radial particle flux, as well
as electron and ion heat fluxes (I'iot, Qetot and Q; 101, respectively) are driven by
turbulence. In contrast, when static magnetic islands are present, three different
mechanisms combine to drive radial fluxes: (1) turbulent flux (I'ty) due to ITG modes
(n > 2), (2) convection (I',) by the vortex mode (n = 2) and (3) free streaming along the
field in the radial direction (I',) due to the finite radial field perturbation. Therefore, the

total radial particle flux in the presence of a static magnetic island can be written as:

Ftot = 1—‘turb(r) + Fv (7') + Fp(r)a (69)

and a similar expression applies for the heat fluxes. The turbulent fluxes were calculated

from the GENE simulation output in normalized unit as:

Fturb(r7 g) = <ﬁf}r>ta (610)
Qeaann(r:) = S( -+ To)inhe, (6.11)
Qiaun(1:) = S(G+ T, (612)

where @, is calculated using ¢ (i.e. the fluctuating part of ¢). In the vicinity of the
simulation box boundary (at e.g. r, = rs + 55p;) the transport is dominantly driven by
turbulence, since the field perturbation as well as the radial component of the vortex flow
is small (I', (1) = [',(rp) = 0), leading to 't (rp) &~ ewn (7). In a stationary state

(Oyn = 0), therefore 0,y = 0 due to continuity. Therefore, I'io; & ['iyen (7). Thus, the

total particle flux is:

(6.13)

1 2w
Ftot ~ <%/0‘ Fturb(ra g)df)

=y}
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On the other hand, the turbulent radial particle flux at the O-point is defined as:

o _
Fturb - (/S;<0 FtUrb(Tv f)df)

In the following, when W = 0, these quantities are marked with a bar as [y, and T'Q ;.

(6.14)

r=rg

The dimensionless quantities Tyt /Tor and T'Q , /TO | reflect the effect of the islands. A
similar analysis also holds for the heat fluxes. Finally, the convective I', and parallel fluxes

I', s for a given species s are defined as:

F’U(TJ 5) = <ﬁn:2ﬂr,n:2>t> (615)

FP,S(h 5) = <aH,sBx>ta (616)

where ) is the fluctuating parallel current.

When W > W, T'Q /T, and Qgturb / Qgturb progressively decrease by about 1-2 orders of
magnitude as W is increased |Fig. 6.7]. This reduction of turbulent transport at the
O-point is in accordance with qualitative expectation since fluctuations are significantly
decreased at the O-point of large islands [Figs. 6.4 (c) and (d)]. Tit/Tier does not vary
when W is varied which is due to a nearly 0 cross-phase between n and (95213. The same
holds for Q. ot/ Qe,mt as long as W < W;. However, when W > W; the total electron heat
flux increases with W and reaches Qe tot/ Qe,tot ~ 3 at W =55 p;. Similarly,

Qi tot/ Qi,tot ~ 3 and the electron and ion channels compare as @ tot/ Qe tot =~ 2. This
increase in the total heat flux is due to the increased turbulence level outside the island
(inside the island the parallel transport dominates the transport). Therefore, these
simulations indicate that the turbulence increase around islands can be the mechanism
leading to increased radial transport observed in high performance fusion plasma
experiments with large NTM magnetic islands.

Finally, in case of the largest island (W = 50p;), 20% of the total fluxes is driven by
turbulent transport localized at the X-point region (I'tyb/Ttot = 0.2, Qe turb/ Qe tot = 0.2

and Q; turb/ Qi tot ~ 0.2). The remaining 80% is split equally between parallel transport and
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Scaling of fluxes vs. island width
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Figure 6.7: Scaling of (a) particle and (b) electron heat flux vs island width: total flux
across the island (empty circles) and local turbulent heat flux at O-point region (filled
circles).

the vortex mode.

6.6 Effect of radial asymmetry on shear flows and turbulence

regulation

It has been found by a previous study [27] that ITG-turbulence can penetrate into the
island (where ITGs can be stable) via turbulence spreading [90]. The increased fluctuation
level in a boundary layer of a few centimeters leads to increased turbulent transport across
the island separatrices. This leads to steeper temperature profiles [7] at the O-point which
has a stabilizing effect on NTMs [4, 58]. However, a strong wg at the island separatrices is
expected to regulate turbulence penetration into the island. Understanding the effect of
flow shear on turbulence is important as it can lead to turbulence and transport regulation
in plasmas with NTMs and has a potential impact on NTM stability. In the following, we
study the effect of shear flows (developed at the island separatrices) on turbulence
penetration into the magnetic island. The flow magnitude is controlled via the radial
asymmetry of the island (A), which is a new feature in gyrokinetic turbulence simulations

and is studied here for the first time.
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In these simulations, a gradual increase/decrease of ¢, ve and wg is observed
asymmetrically about rg as A is varied. The largest perturbations are observed for n = 2 in
the O-point profiles in the vicinity of the island separatrices, see Fig. 6.8. The intersection

points of the radial chord encompassing the O-point with the island separatrix are:
ra=rsFW/2(1FA/4+ (A/4)%)2), £ = (6.17)

For instance, when A < 0 the magnitude of the perturbation of ¢, v and wg increases

(a) Electrostatic potential (b) Helical flow (<) Helical flow shear
sof (Pn=2)e/ | 0.9
& ) 0.8
20 T eI 0.7
0
— A =-0.7 0.6
—ooll==A=0.0] ... 0.5F /..
20 --A=04 relgio:li 0.4 ..':.
-40 -20 0 20 40 -40 -20 0 20 40
T —7s [pi] T —7s [pi] r—7s [pi]

Figure 6.8: Effect of radial asymmetry (A) on the radial profiles of (a) electrostatic
potential (¢), (b) binormal flow (v¢) and (c) flow shear (wg) across the O-point of the
island for n = 2. Circles on (b) and (c) show that the flow is comparable but the flow
shear is different on the separatrices of the asymmetric island.

around r; and decreases around ro. At the same time, I'TG-scale fluctuations are
significantly reduced (about 35%) around r; compared to 7, see the RMS of T, in

Fig. 6.9 (a). This asymmetry in T; (and other fluctuation profiles such as T, T; and 5) is
possibly resulting from the asymmetric wg.

To further investigate the relationship between Ti and wg, we use correlation analysis
employing a simple model [45, 98] of turbulent structures moving in the helical direction
and having Gaussian shape both in space and time. In this model one can calculate the
autocorrelation time (7o) of turbulent fluctuations as a function of the turbulence

structure lifetime (7 ) and the velocity dependent transit time (7,):

TNifeTv

Teorr = .
2 2
V Tiige T 75

(6.18)
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The transit time is 7, = s¢/ve, where s¢ is the spatial correlation length of the turbulent
structures in the flow direction. From this model, it is clear that at fixed 7,, the variations
of Teorr provide information about the variations of 7, which can reflect the effect of wg.
Figs. 6.8 (b) and (c) clearly show that ve(r1) & ve(r2) but wg(r1) > wg(r2) when A = —0.7,
i.e. the helical flow is comparable but the shear of this helical flow is different on the
separatrices. As such, a difference in 7., can reflect a difference in 7y (not 7,). The
autocorrelation functions of $(r1, t) and 5(7’2, t) in Fig. 6.9 (b) show that 7., is shorter in
the high shear region by about 40% compared to the low shear region (7eo (1) = 0.7 and
Teorr(T2) = 1.2). Therefore it is reasonable to attribute the reduction of fluctuations on the
separatrix (at r1) to the local increase of wg. This shows that the shear flow at the island
separatrix reduces turbulence penetration into the island. As such, wg can lead to more
flat islands and therefore to more unstable NTMs. Interestingly, there is no progressive

change in T, vs. A outside of the island where wp strongly depends on A.

(a) T}(r) RMS level across O-point (b) Autocorrelation of ¢ vs. wg (c) Total heat and particle flux vs. A
15 | ] EF| ® low wg side —-> =12 E :
' 1.2F o highwg side > | n=07 3 :
- AN~ s Fl--noisland |4 ; 1.00F- Q@O0 Q5
1ol 1 S osf E :
' fo E 3 H
9 —
0.5 s .'/ff -L\ I By
' 0-0 pggesessesgoo” ooo3esess9598 £Qi/Qs
0.0 ) ) . . ) 0.4 E significance level E 001 @ F/F :
-40 -20 O 20 40 -6 -4 -2 0 2 4 6 -0.8 -0.6 -0.4 -0.2 0.0 0.2 0.4
r—rs [pi] Time delay [arb.] A

Figure 6.9: (a) RMS level of T; across the O-point of an asymmetric island of A = —0.6.
(b) Autocorrelation function of ITG-scale turbulent electrostatic potential fluctuations (¢)
show shorter turbulence life-time (7o) in the high-shear region by about 40% compared
to the low-shear region. (c) Total heat and particle fluxes across the island region vs. A.

This could be due to simultaneous changes in gradients or zonal flow amplitude in this
region, i.e. the turbulence decreasing effect of wg is balanced by changes of either one or
both of turbulence driving effect of V'T; and shear effect of turbulence generated zonal
flows. Finally, there is no change in the total particle and heat fluxes vs. A [Fig. 6.9 (c)].
This is an interesting result and it might follow from the continuity of I'iot, Qe ot and Q; tot
in a stationary regime: Ti(Arl) < Ti(Arg) would lead to Q; tot (A1) < Qitot(Ar2) (here

Ary and Ary refer to the r < r; and r > o domains, respectively). Due to continuity, we
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will have that 0,T; # 0, and therefore T; would decrease at Ary, leading to the increase of
V'T; at Ary. This increase of gradients would lead to the increase of Ti(Arl) until

Qitot (A1) = Q; 1ot (Ar2) is reached and the system comes to a steady state with 9,T; = 0.
The Qitot(Ar1) = Qitot(Ar2) constraint requires Ti(Arl) = Ti(Arg). Therefore, the system

reaches the steady state equilibrium when the turbulence drive balances the shear.

6.7 Discussion

In this Chapter, experimentally relevant quantities of the simulation output were analyzed,
aiming to provide guidelines for interpreting experimental data and as a first step in
validation of turbulence-island simulations.

In summary, we have investigated the effect of static magnetic islands on ITG turbulence
in non-linear GENE gyrokinetic simulations in 3-dimensional toroidal geometry.
Depending on the island width, two regimes have been observed, with a threshold of

W; = 33p;. These two regimes show distinct features in profiles, flows, turbulence and
transport, and their main features are briefly summarized in the following. In the small
island regime (W < W,), finite gradients across the O-point and strong localized shear just
outside the island are present. In accordance with that, little or none reduction of
turbulent (temperature and density) fluctuations are seen at the O-point. This also leads
to practically unchanged total transport levels. In the large island limit (W > Wy), the
temperature profiles are almost flat while the flattening in the density profile is minimal.
Here, the flattening of the ion temperature profile is less than the electron temperature
profile, and the flat spot of the ion temperature profile is shifted from the O-point by a few
p;. In this regime, a vortex flow develops that circulates around the O-point.
Inside/outside the island region, a decrease/increase of the fluctuation levels was observed,
with a stronger response in Te than n. These modifications of turbulence level are
consistent with changes in gradients and shear flows in those regions. Accordingly, both
turbulent radial particle and heat fluxes are reduced at the O-point while only the total

heat transport is increased across the island region. Finally, the effect of flow shear on
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turbulence was studied by implementing an asymmetric island in gyrokinetic simulations
for the first time. The asymmetry of the n = 2 electrostatic potential perturbation as well
as the associated helical flow shear scales with the asymmetry parameter. This asymmetric
shear reduces turbulence penetration into the island on the side where the shear is
increased. This shows that shear flows at the island separatrices can reduce turbulence
penetration making the NTMs more unstable.

As future work, we will perform global gyrokinetic simulations with magnetic islands for a
DIII-D discharge, and compare quantitatively several experimentally measurable
quantities, which will help in further improving the predictive capabilities of the numerical

simulations and interpreting results from present day experiments.
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CHAPTER 7

Effect of NTM-turbulence interaction on global plasma

confinement and NTM growth

7.1 Introduction

The effect of saturated NTMs on the global energy confinement time (7.) was quantified by
the Chang-Callen belt model [99] which has predicted a linear relationship between 7, and
the saturated island width Wgar. This belt model, however, neither informs about the
dynamics nor the physics of the transition of the plasma to the new equilibrium with an
embedded NTM. In this Chapter it is shown that the evolution of g links the global
confinement degradation to the observed O-point flattening and turbulence enhancement
(outside of the island but induced by the island) [Section 7.2].

Next, experimentally observed local turbulence effects as well as global equilibrium changes

are incorporated in the MRE [Section 7.3|, namely:

e Local effect: flattening of O-point pressure profile has impact on bootstrap current
perturbation dj,s: when the island is small W, = 5 ¢m but when the island is large

W, =1.2 cm.

e Global effect: turbulence driven transport decreases the core T, and n which lead

3/2

to: (a) increase of n ox Te '~ and (b) decrease of bootstrap current jp.

This generalized MRE is then tested against measured NTM growth rates.
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7.2 Physics of confinement degradation by NTMs

The experiments analyzed in this Chapter are identical to those presented in Chapter 5, see
the time series of Py (beam power), T,, T;, n and n = 1 magnetic amplitude in FIG. 7.1.
As Pg is ramped up in steps after the plasma start-up, T,, T; and n progressively increase.
A sharp increase in T, T; and n around 1100 ms (Pp increasing from ~ 5 MW to 8 MW)
indicates the low-to-high confinement mode transition (LH-transition). Following the
transition, T,, T} and n are quasi-stationary or slightly increase before the m/n =2/1
NTM starts growing (1% window). During the first part of the NTM growing phase (before
the dashed line in the 2°¢ window), T,, T; and n do not change significantly. However,
during the second part of the NTM growing phase, T, and T; drop by about 30% and n
drops by about 10%, which are both significant changes. Therefore, T., T; and n display a
qualitatively different behavior during the early stage of the NTM evolution compared to
the later stage. As the NTM saturates in the 3' window, T., T; and n also saturate (to a
lower level then before NTM onset) and remain quasi-stationary.

Plasma confinement is often quantified in terms of § = p/pg, where p is the kinetic
pressure and pg is the magnetic pressure. In order to track the evolution of the core
confinement, one can use p when pg is fixed. Here changes in confinement are tracked via
the product of the chord averaged core n and T, measured on axis. This is only a proxy for
B, but reflects qualitative changes in the confinement and is sampled fast enough (500 kHz)
to look at changes on the time-scale of NTM evolution in contrast to the relatively slow
sampled 3 or 7.

First, notice that even though x| is large in the O-point region, the saturated island leads
to no ’extra transport’ (3' window) compared to before NTM onset (1% window). This is
counter intuitive, as both Sy and 7, has decreased and therefore the confinement has been
degraded by the NTM. In fact, confinement degradation is constrained in the window of

284 window). This point is substantiated in the following.

growing NTM only (
At constant input power the plasma is in a quasi stationary state before NTM onset (1%

window). After NTM saturation (3'¢ window) the plasma is also in a stationary state, but
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Figure 7.1: (a) Input beam power, (b) chord averaged core density (interferometry),
(c) electron and ion temperature at ¢ = 2 (ECE and CER, respectively) and (d) n =1
magnetic amplitude (Mirnov).

characterized by lower confinement as seen from the drop of T,, T; and n. In both of these
stationary states, radial fluxes balance the same input power. Therefore, radial fluxes after
NTM saturation match those before NTM onset. In accord, gradients outside the island
region after NTM saturation is comparable to that before NTM onset, see FIG. 7.2 (a) and
(b).

The physics allowing this counter intuitive transport is as follows. The large x| alone can

not lead to ’extra’ transport because energy conservation requires the parallel fluxes going

inside the island to be equal to the cross-field fluxes going through the island separatrices
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(on both sides of the island). In other words, parallel fluxes are limited by perpendicular
fluxes. This limit is realized by the reduction of VT, inside the island (i.e. flattening)
until x|V T, = x1 VT, is satisfied. So, the overall transport in the stationary state is
determined by x, VT, outside of the island region, which is the same as before NTM
onset.

Global plasma evolution, therefore, from the first stationary state (without island) to the
second stationary state (with island) is realized by elevated radial transport in a limited
time window only. Also, energy conservation requires the radial transport to be elevated
not only inside the island but in every radial section of the whole plasma during this time.
Inside the island, this transport is carried along the field, while outside of the island, the
radial transport must be carried across the nested flux surfaces.

Focusing on the transient state, FIG. 7.2 (a) and (b) show that gradients are increased
outside the island during NTM evolution (solid line). These elevated gradients are due to
the fact that the parallel transport time-scale is much shorter then the global confinement
time, flattening the O-point before p could change on axis. VT, is a turbulence drive and
the elevation of it is consistent with observed increase of turbulence in the experiments.
Therefore, it is likely that the ’extra’ transport outside the island region is linked to the
observed increase of gradient driven instabilities, which is also supported by the GENE
simulations (Chapter 6). This increase in x; V| T, up shifts the limit on X V| Te across the
island, leading to overall increase of the fluxes in every radial segment of the plasma. These
two combined effects: the fast parallel transport inside the island and the increased
turbulent transport outside the island leads to the degradation of the global confinement.
To further support this point, notice that the confinement degradation is a strongly
non-linear function of the island width. Namely, T¢(¢), Ti(f) and n(¢) are about constant
up to the point when the NTM amplitude reaches about 7 G (marked with dashed line in
FIG. 7.1) and decrease only when the NTM amplitude is larger then 7 G. This effect is
more pronounced, when looking at the conditional averaged pressure vs W calculated from

a series of 10 similar discharges during NTM growth [FIG. 7.2 (¢)]. p does not change
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(a) pe as NTM island grows (b) VTe as NTM island grows (c) Core pressure vs island width
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Figure 7.2: Evolution of (a) p(r) and (b) VTe(r) during island growth: W < Wens

(dotted), W =~ Wons &~ 5 cm (solid) and W &~ Wgar ~ 10 cm (dashed). Note that VT,

is elevated outside of the island region when Wy < W < Wgar. (c) p conditional averaged

vs W. This shows a non-linear global confinement response to the island: p decreases only

when W > W onr = 5 cm.
before the island reaches a width of W, = 5 cm but decreases only when W > W ,¢. Le.
the confinement degradation is linked to a characteristic island width W .,¢, and this has
about the same magnitude as the observed threshold island width W;. Recall that W; is
the island width required for T, flattening (steepening) and turbulence decrease (increase)
to occur inside (outside) the island region. Due to the causal relationship between Wy and

Weont (beyond numerical agreement), it is reasonable to make the equation W o, = Wy.

It worths mentioning explicitly the following:

e Radially localized increase of fluctuations at the X-point region alone can not lead to

decrease of confinement (due to continuity).

e The fact that the confinement does not decrease when W &~ Wgar clearly shows that
the parallel transport alone does not facilitate any changes in § (due to limits

imposed by x 1V, T, at the island separatrix).

e Confinement degradation (as a dynamical process) requires elevated radial fluxes
outside of the island region (in addition to inside the island) for a certain amount of
time as illustrated in the cartoon in FIG. 7.3. Therefore, turbulent transport plays a

key role in the 3 drop.

Finally, the new equilibrium (with NTM) is stable (even though /5 did increase before

110



Heat flow across a magnetic island chain (cartoon)
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Figure 7.3: Cartoon of transport across a magnetic island: radial fluxes increase due
to elevated gradients and concomitant turbulence increase outside of large islands (in
line with the O-point). Here X = (r — rs)/W; is a normalized radial coordinate and
& = mb —n¢ is the helical coordinate with # and ¢ being the poloidal and toroidal angles,
respectively. (a) Small island with no profile and flux modification, (b) large island with
modified gradients and fluxes.

NTM onset at this same value of 5 and input power) because an increase in 8 would
increase W and therefore it would increase the fluxes which would decrease 5. I.e. this

equilibrium is stabilized by the form of the mutual dependence of 5 and W.

7.3 Turbulence effects in the NTM growth

NTM evolution has been modeled without turbulence effects within the framework of the
modified Rutherford equation [59, 100] (MRE), where the major destabilizing mechanism is
due to the perturbation of the neoclassical bootstrap current [4] (Jjps) arising from pressure
flattening at the O-point [58]. Turbulence can affect the NTM growth as the cross-field

transport reduces djps (via reducing the flat spot at the O-point, see Chapter 1). This
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effect has been included in the MRE via the critical island width W, o X1L/4 with the
assumption that x, is unaffected by the island [56]. Therefore, the effect of
NTM-turbulence interaction on NTM growth rates has not been investigated before. Recall
that the physical meaning of W, is two fold: (i) the threshold (W) for transition from
small to large island regime and (ii) the width of the island boundary layer (Wy). Hence,
the x| = const. approximation implies W, = W; = Wy,.

On contrary, turbulence experiments (Chapter 5) and simulations (Chapter 6) show that
magnetic islands can lead to the reduction of turbulence levels at the O-point region, which
implies that W, is not a constant but depends on W itself. It was found in Chapter 5 that
W; ~ 5 cm, while the boundary layer of saturated islands is of order Wy, ~ 1 cm as
observed in several mid-sized tokamaks |7, 68, 69] (Chapter 1). This means that W, = W,
when the islands are small, but later on W, = Wy, when the islands saturate. This
reduction in W, (W > Wy,) is likely arising due to turbulence decrease and concomitant
X1 reduction at the O-point region when the island goes through the transition, both of
which effects have been reported before (Chapter 5 and 4, respectively). The dependence of
W, on W is an important observation as W, directly enters the MRE which governs the
evolution of the NTM. In this section, the effect of W.(W) will be investigated on NTM
growth using the MRE.

Further, the decrease of plasma § due to the NTM leads to changes in the resistivity (n) as
well as in the bootstrap current (jus). These effects also feed back in the evolution of the

NTM. The MRE reads:

dW g DncW
AR (/N ) A 7.1
e ( W g Wg) (7.1)

The experimental dW/dt is shown in FIG. 7.4 with circles. The solution of equation 7.3
assuming constant W, = 1.2 ¢cm and fixed [ is shown in FIG. 7.4 (dashed green). Clearly,
this equation describes subcritical islands as seen from the fact that the growth rate is

negative around W = 0. When W, = 0, dW/d¢ diverges around zero (dashed black). When
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W, =5 cm, the predicted growth (dashed red) is close to the experimental points.
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Figure 7.4: (a) Experimental dW/d¢ (circles) and solutions of the modified Rutherford
equation with/without turbulence effects for 4 cases: W. = 0 (black), W, = 1.2 cm
(green), W, = 5 cm (red) and evolving W, (blue). These are shown with evolving
(solid) and fixed S (dashed). Notice that the MRE with turbulence effects (solid blue)
compares well with the measured dW/dt. Model Dnc(W), Te(W) and W (W) are shown
in (b), (c) and (d), respectively.
Notice, that maximum growth occurs at W = W, which allows the determination of the
W, parameter simply from the time history of W without profile or turbulence
measurements. The average of 10 discharges shown in Fig. 7.4 shows W, ~ 4 cm, in good
agreement with that obtained via turbulence and profile measurements in Chapter 5. This
observation is important as it helps to distinguish the solutions with W, = 1.2 cm and
W. =5 cm. The maximum at W, ~ 4 cm supports the solution with W, ~ 5 cm when the
island is small.
However dW/dt has a clear "knee" after W > W;. This means that dW/d¢ slightly
increases off the W, = const. line after W > W, has been passed, which indicates that W,

has reduced after W > W,. Clearly, this feature is not captured by the constant W, model.

In order to capture this "knee", two (local and global) transport effects will be
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incorporated in equation 8.9 as follows:

e Local effect (decrease of y, at O-point): W, = W; ~ 5 cm in small island

regime but W, = Wy, = 1.2 cm in large island regime.

e Global effect (confinement degradation): (i) increase of o< Te 32 and (ii)

decrease of djps < Dyc.

Smooth transitions of W, T, and Dy¢ are assumed in the following form:

W)/ L =1 -Af(m“@lif‘f ) *%) (7.2

Here f can be either W, T, or Dnc. fo = flw=0 and Af is the magnitude of the change
during the transition. Clearly, f(W)|w_o = fo + Af. The parameters a; and ay control
the speed and the location of the transition vs W. a1 ~ 1.5 and as; = 2W; result in a
moderately steep transition when W passes W;. These model Dyc(W), To(W) and W (W)
are shown in FIG. 7.4 (b), (¢) and (d), respectively. The MRE to solve now is:

dW —n(W) [+, | Dnc(W)W
At pe (A W2fWC(W)2) (73)

This form of the MRE is consistent with measured W, as well as includes the dynamics of
n and jps. Solutions are plotted with evolving W, (blue) as well as fixed W, =5 cm (red),
evolving [ (solid) and fixed /5 (dashed) for comparison [FIG. 7.4]. These solutions show
that the MRE with local and global turbulence effects (solid blue) compares well with the
measured dW/dt and (in contrast to the MRE without turbulence effects) can qualitatively

and quantitatively replicate the following observations:
1. Turbulence decreases dW /dt when W < W,

2. Decrease of W, (due to reduction of turbulence at the O-point) increases dW /dt after

the island has passed the transition point

3. Subsequent drop of § further decreases dW /dt.
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In terms of a fusion plasma experiment, not the growth rate itself but Wgar is the
important parameter as it determines whether the tokamak can be operated safely or not,
i.e. if the torque (Tiy) slowing the NTM rotation will lead to locking and subsequent
disruption since Tig o Wg ar- The global effect decreases Wgar by about 3 cm. This effect
is partially compensated by the local effect which increases Wgar by about 1.5 cm. The
cumulative effect of turbulence is therefore a decrease of Wgar by about 1.5 cm (~ 10%),
which is favorable as it reduces the chance of NTM locking and subsequent disruption, but

also leads to decreased confinement.
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7.4 Discussion

In this Chapter it has been shown that the dynamics and the physics of the confinement
degradation is clearly linked to turbulence increase outside of the island region [87]
(induced by the island). Namely, the T, profiles show that the island increases VT, outside
of the island when W is slightly larger then W;. This results from the fast parallel
transport flattening T, at the O-point before T, on axis could decrease. This increase of
VT, (and increased turbulence) is responsible for the increased transport. The increased
transport decreases the confinement and the gradients until the fluxes balance the constant
input power. This non-linear, multi-scale process brings the plasma to a new equilibrium,
which is characterized by the same input power, fluxes and gradients as before NTM onset,
but with lower 5 and a ~ 10 cm wide m/n = 2/1 magnetic island.

Next, experimentally observed local turbulence effects as well as global equilibrium changes
have been incorporated into the MRE. This qualitatively and quantitatively replicated the
observed increase of NTM growth when turbulence was reduced at the O-point.

In a fusion experiment, Wgar determines whether the tokamak can be operated safely or
not. The cumulative effect of turbulent transport is a decrease of Wgar by about 1.5 cm
(= 10%), on the price of decreasing the confinement. As the drag on the island (due to
eddy currents generated in the wall by the rotating island) scales with W§,1, One can see
the decrease of confinement as 'favorable’, since it decreases the chances of NTM locking
and disruption. These observations also suggests that we can avoid small islands becoming
large by driving turbulence at ¢ = m/n (e.g. via ECH), providing an opportunity for

scenario development.
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CHAPTER 8

Shrinking of magnetic islands due to ELMs and the role

of turbulence in island recovery

8.1 Introduction

The multi-scale interaction of small-scale turbulence with the large-scale NTM during the
NTM growth phase was reported in Chapters 5 and 7. On the other hand, quasi-periodic
shrinking of saturated core m/n = 2/1 NTM islands due to coupling to type-I ELMs have
been observed previously [101|. However, the physics of coupled island and local turbulence
dynamics during the ELM cycle has not been explored yet. Cold pulses linked to the ELM
crash propagate to the island region, which could lead to significant perturbations of the
otherwise nearly flat T, inside the island. The concomitant increase of gradients at the
O-point (and decrease of djgg) could be the key physics resulting in the island shrinking.
On the other hand, a turbulence increase in sync with increased gradients at the O-point
could increase the NTM recovery rate via accelerating the relaxation of the T,
perturbation at the O-point via turbulent cross-field transport.

To address the above hypothesis, the response of m/n = 2/1 islands and low-k turbulence
to type-I ELMs has been studied. The islands respond with the peaking of T, at the
O-point, leading to increased VT, when the cold pulses reach the island region. In sync,
the island width shrinks by as much as 30%, presumably due to changes in djgg at the
O-point due to peaked T,. Next, the T, peak relaxes via anomalous cross-field transport
and the island recovers simultaneously, suggesting a key role of the peak in the stability of
the NTM. Following the ELM crash, local measurements of low-£ n via Beam Emission

Spectroscopy (BES) show increased turbulence at the O-point when local gradients are
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increased, which offers an explanation for the observed anomalous transport. Therefore,
these measurements indicate that turbulent cross-field transport accelerates NTM recovery
after an ELM crash by relaxing Vp and thus restoring djgs at the O-point.

Finally, to investigate this possible relationship between turbulence and NTM growth, it is
shown that the modified Rutherford equation [58] (modeling the evolution of the NTM)
coupled with the predator-prey equations [10] (modeling the evolution of local turbulence
power and pressure gradient at the O-point) can replicate the above observations. In this
coupled model, turbulence accelerates NTM recovery via relaxing Vp and therefore
restoring djgs at the O-point.

These new observations have importance (i) in the frontier of experimental research and
gyrokinetic simulations of multi-scale interaction of NTMs with micro-turbulence, and (ii)
in developing a more complete understanding of ELM and core NTM coupling, especially
in regard of the island shrinking and recovery during the ELM cycle. In addition, the key
physics of the relationship between the T, peak and NTM stability has potentially
far-reaching consequences, such as NTM control via pellet injection in large fusion devices,
for example in the International Thermonuclear Experimental Reactor (ITER). The

material of this Chapter has been submitted for publication to Physics of Plasmas [88].

8.2 Experimental overview

m/n = 2/1 NTMs and turbulence were studied in the DIII-D tokamak in two similar
H-mode discharges (#134360 and #134375). Discharge #134375 |[FIG. 8.1] was described
previously in Chapter 4, where heat transport was studied across the island. In the
following, the 2200 — 2500 ms window is in focus, when the islands were heated by 3 MW
ECH [FIG. 8.1 (e)|. In this discharge, magnetic islands were monitored via the ECE
radiometer and turbulent density fluctuations (1) were probed across the islands locally via
BES (Beam Emission Spectroscopy [102]) and non-locally via FIR (Far Infrared

scattering [78]).
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Figure 8.1: Time histories of the studied H-mode plasma discharge: (a) plasma current,
(b) density, (c¢) T; and T, at R = 199 cm (center of 2/1 island), (d) n = 1 mode ampli-
tude (magnetic signal) and (e) electron cyclotron heating power. Note that the analyzed
window is shaded.

Local turbulence measurements via BES

To avoid spurious photon noise contributions, 7?(¢)ggs was calculated from radially offset,

nearest neighbor cross-powers:

500 kHz
n*(t)ges = / n1(w, t)pes 15 (w, t)prs dw
100 kHz
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Here 1y (w, t)pgs and 7a(w, t)pgs are the short-time Fourier transforms of two neighboring
BES signals (n1(t)pgs and nq(t)pes) near ¢ = 2 (* stands for complex conjugation). Note
that n?(t)ggs is calculated from frequencies (f) much higher then the NTM frequency

(f > 100 kHz) to avoid contributions form the modulation of the density profile itself
caused by the rotating island. Therefore, 11%(¢)ggs is associated with broadband low-k
turbulence power. Next, making use of the island rotation and using the ECE signals as
reference, the n%(t)pgrs was extended to n%(t, £)ggs by mapping time (¢) to the helical
coordinate (£) within each island cycle as in a previous study of magnetic islands |7]. The
sampling frequency of the helically resolved m%(t, £)ggs is then lower than that of 7?(t)ggg
and is equal to the island rotation frequency (9kHz). Finally the n?(t, £)pgs signal was

phase lock-averaged in the O-point region:

3m/2
15 (t)Es = l/ 72 (t, §)prsde (8.2)

T Jr)2
Here the O-point region is defined as €2 < 0, which at fixed r corresponds to
/2 < & < 3m/2. n(t)pEs is therefore the power of broadband, low-k turbulent density
fluctuations at the O-point region of the island.

Line integrated turbulence measurements via FIR

The low-k turbulent n measured via FIR is denoted as n(t)pr. The line integrated and

rotation averaged broadband fluctuation power was calculated from the FIR signal as:

500 kHz
ﬁQ (t)FIR = / ﬁ(w, t)FIR ﬁ* (w, t)FIR dw (83)
100 kHz

Here n(w, t)pr and is the short-time Fourier transform of the FIR signal n(t)pig.

T. measurements via ECE

The contours of T, were reconstructed by phase-locking the radially resolved ECE data

over 0.5 ms windows (4 island turnover time) via the method described in Subsection 2.3.1,
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see examples in [FIG. 8.2] (a), (b) and (c). The full width of the island is about
W = 10 cm, determined by fitting the solutions of the heat transport model to T,
data (Chapters 3 and 4 [7]).
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Figure 8.2: Contours of T¢(R, &) in the experiment and contour lines of the magnetic
island flux function (2(R,&)) determined by fitting |7] the solutions of equation (3.3) to
Te(R,&). (a) flat island without ECH; (b) increased and peaked T, at the O-point due
to static ECH between two ELMs; (¢) Te drops on island outer separatrix after an ELM
leading to larger effective peak and a temperature gradient of —40 eV over a significant
radial range inside the island. (d), (e) and (f) show radial profiles of T, across the O-
point and X-point corresponding to (a),(b) and (c), respectively. Note that the ECH
power density is shown in (e) and (f).
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8.3 Structure of T.(r, &) with heat sources and sinks

Three distinct type of Te(r, &) profiles have been observed across the islands, resulting from

a combination of a heat source (ECH) and a sink (ELM):

1. First, the island is almost flat in the absence of ECH [FIG. 8.2 (a) and (d)]. This is
similar to the solution of the homogeneous heat transport model shown in

FIG. 3.4 (a) and (e) [Section 3.3].

2. The background T, is elevated by ~ 0.7 keV when ~ 0.5W/cm?® ECH is heating the
island region [FIG. 8.2 (b) and (e)]. In addition, a ATpgax =~ 100€V is established at
the O-point. This is qualitatively expected from the model presented in Section 3.3,
compare with FIG. 3.4 (b) and (f). ATpgaxk is calculated from the phase-locked ECE
contour by subtracting T, of the outer separatrix (R ~ 207 cm, { = m, proxy for T,
at X-point) from T, at the O-point (R ~ 201.5cm, £ = 7). Note that, according to
the heat transport analysis of islands with peaked T, in Subsection 3.3, the T, peak
at the O-point suggests that field lines inside the island are not chaotic but form

nested flux surfaces.

3. Right after an ELM crash, T, rapidly drops on the island separatrix by =~ 110eV. At
this time the O-point T, has not yet changed, leading to an effective
ATpgak = 210eV [FIG. 8.2 (c) and (f)]. Next, this peak equilibrates via cross-field
transport that drives heat from the O-point region through the island separatrices as

in the model described in Subsection 3.4.

Note that broad-band thermal emission is often observed in ECE signals during an ELM
crash leading to a false increase in the signal level in the edge plasma. The observation
described above relies on core measurements (p =~ 0.4), and in fact reports a decrease of T,

after the ELM crash which is inconsistent with spurious broadband emission.
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8.4 Peaking of O-point T, and island shrinking due to type-I
ELMs

In this subsection, the dynamics of ATpgak is described which is modulated by type-I Edge
Localized Modes. ATpgak was calculated from each island cycle, giving a time history
with 9 kHz sampling rate (limited by the island rotation frequency), see FIG. 8.3 (a).
ATpgak(t) reflects the statements drawn from the T(r, &) contours [FIG. 8.2]. Namely,
the island is almost flat (ATprax ~ 0) when the ECH is off (¢ < 2200 ms), and a peak
develops (ATpgak ~ 0.25 keV) after the ECH is switched on at 2200 ms.

ATpgak(t) undergoes quasi-periodic oscillations of about 0.15keV (on top of a base value
of ~ 0.25keV during the ECH heating phase) [FIG. 8.3 (a) and (b)]. Note that these
oscillations of ATpgak(t) are not due to the island rotation as the timescale of these
oscillations is =~ 30 ms while the island turnover time is about 0.12ms. These oscillations
align with the peaks of the divertor D,, signal [FIG. 8.3 (d)] originating from type-I ELMs
showing that a strong coupling exists between ELMs and the core NTM. ELMs are edge
magnetohydrodynamic instabilities leading to the quasi-periodic collapse of the H-mode
pedestal [39]. This collapse results in a perturbation that propagates from the edge plasma
to the ¢ = 2 surface. In turn, T, drops at the island separatrix resulting in a cold pulse
that travels around the island via fast parallel transport (instead of penetrating all the way
to the O-point via slow cross-field transport). This leads to the fast drop of T, at the
X-point which is followed by a slower drop of T, at the O-point, see FIG. 8.3 (c). The
difference between T, at the X-point and at the O-point thus suddenly increases as shown
in FIG. 8.3 (b), consistent with the contours shown in FIG. 8.2 (b) and (c). After the ELM
crash, this peak relaxes via cross-field transport (since parallel transport can not drive heat
across the nested flux surfaces of the island).

In sync with the ELMs and O-point peaking, the NTM magnetic amplitude decreases by as
much as 50% (from 8 G to 4 G; the magnetic island width shrinks by about 30%)

[FIG. 8.3 (e)]. This shrinking is possibly due to the increased gradients (due to ATpgak)

and decreased djps at the O-point. Reduced djgs at the O-point of 3/2 islands after an
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Figure 8.3: (a) Time series of temperature peak at O-point (ATpgak) and ECH heating

(Pgcn). (b) Expanded view of ATpgak during ECH heating. (¢) Time series of T, at O-
point (upper) and at X-point (lower). (d) Divertor D, signal and (e) 2/1 NTM amplitude
(n = 1 magnetic RMS). Expanded view around ¢, = 2385.5 ms is shown in FIG. 8.4.

ELM crash was reported previously [103|. Therefore, the transport mechanism relaxing

this peak (and restoring djgs) has potentially a key role in the NMT growth rate when a
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saturated NTM magnetic island is recovering after an ELM perturbation. One potential
cross-field transport mechanism is linked to low-k fluctuations at the O-point which were
measured locally via BES (Beam Emission Spectroscopy) and non-locally via FIR (Far

Infrared scattering) [Section 8.5].

8.5 Transport, turbulence and island dynamics during an ELM

cycle

In this section, cross-field transport inside the island, local turbulent fluctuations at the
O-point and island recovery during an ELM cycle is presented. For this purpose, a window
of 20 ms is analyzed in depth [FIG. 8.4] around a large ELM crash at ¢, = 2385.5 ms
(marked with vertical dashed line in FIG. 8.3).

8.5.1 Cross-field transport at the O-point

The perturbative x; was determined at the O-point by fitting expression (3.16) of the 1D
transient heat transport model to the experimentally measured time history of the
decaying ATpgak. An expanded view of T¢(t) at the X-point and at the O-point is shown
in FIG. 8.4 (a) and ATpgak in shown in FIG. 8.4 (b) (at t, = 2385.5 ms). The fitted
analytic solutions of the model (solid lines) compare well with the experimental X-point
Te, O-point Te and ATpgax (circles). The fit estimates x}°G ~ 2 m*/s at the O-point and
x‘i‘?&” ~ 10 m?/s at the X-point. In comparison, the power balance electron thermal
diffusivity of the background plasma at =2 (not that of the island) is x5%%kEs ~ 6m?/s

and the neoclassical cross-field electron thermal diffusivity is xFeoaas:, ~ 1072 m?/s,

estimated via TRANSP [61]. xTZxxgp is reasonably close to both X% and x}°G and

XE’?Q' > xhor b, as expected. This is an interesting result as it shows that y, at the
O-point is anomalous when T, is peaked in contrast to flat islands, where y, is reduced by

1-2 orders of magnitude |7] (compared to x of the background plasma).
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8.5.2 Low-k turbulence at the O-point

As mentioned in Section 8.2, the BES diagnostic allows the determination of 72 (¢)ggs, the

power of broadband, low-k turbulent density fluctuations at the O-point region of the

. . =2 =2 .
island. Reference fluctuation levels ng prg and npp were calculated from windows when

the perturbations due to the ELMs have decayed:

N tf;rl

=2 1 ~
no,BES = 7 Z/ Mo () pesdt

=1 Jth+AL

i+1
N té+

=2 1 ~
L Y Z/ 2 (t)pdt

=1 Jt AL

Here ¢! is the time of the i*" ELM event, N is the number of ELMs and At = 4 ms. The

change of fluctuation levels An (¢)grs and An?(t)pr were calculated using these reference

fluctuation levels as:

~ =2
n20(t)BES — "0,BES

Aﬁé (t)BES = —

o BES
~ =2
7% (t)pIR — Mg

AﬁQ (t)FIR = —

NpIR

(8.6)

(8.7)

[FIG. 8.4 ()| shows a significant increase of AnZ (t)ggs after an ELM event, meaning that

turbulence is increased at the island O-point after an ELM. In accord with this, An?(¢)pr

also shows an overall increase of n? along a chord encompassing the island region.

This increase of the measured low-k broadband fluctuations seen both in 72%(¢)ggs and

n%(t)pr is consistent with low-k turbulence being increased at the O-point due to increased

local gradients after an ELM crash. These increased fluctuations are likely responsible for

the observed anomalous heat transport across the nested flux surfaces of the island, hence,

accelerating the relaxation of ATpgak (compared to slow neoclassical transport).

Interestingly, both AR (t)pgs and An?(t)pr show nearly the same delay prior to

increasing with ATpgak as well as decaying significantly earlier than the decay in ATpgak.

One possible explanation is multiple types of instabilities covering the same wavenumbers
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(e.g. ITG with lower-k TEM) but with different critical gradient type response [104, 105]
to ATpgak. This is beyond the scope of the present paper but will be explored in future

publications.

8.5.3 Magnetic island dynamics

As mentioned in Section 8.4, the NTM magnetic amplitude decreases by as much as 50%
(from 8 G to 4 G; island width shrinks by 30%) in sync with ELMs and O-point T,
peaking, see FIG. 8.4 (d). This shrinking could originate from the local drop of 5 at ¢ = 2
due to the large ELM event (approximated by T, at X-point shown in FIG. 8.4 (a)) and/or
the decrease of djgg at the O-point due to increase of ATpgak. A theoretical model of djgg
inside a peaked island has not been developed yet, therefore, here it is not

verified /confirmed the second possibility on a theoretical basis. However, recall that the
reduction of djgs at the O-point of 3/2 islands after an ELM crash has been measured in
DIII-D plasma [103]. Also, notice that there is a characteristic breakpoint in the time
history of the NTM amplitude, typically about 7 ms after each ELM crash [FIG. 8.3 (d)
and FIG. 8.4 (d)]. This breakpoint suggests that there are two characteristic regimes in the
NTM recovery:

e In the first regime (¢ — t, < 7 ms), the NTM recovers by 70% with a growth rate of
7 ~ 110 Hz (= 0.70 G/ms). In this window, 7 is increased and ATpgak shrinks by
70% [FIG. 8.4 (b)].

e In the second regime (¢t — t, > 7 ms), the NTM recovers by 30% only with a growth
rate of 75 ~ 15 Hz (= 0.12G/ms). In this window, turbulence is reduced at the

O-point and ATpgak is small.

These observations suggest that during the early phase, NTM recovery is accelerated by
local cross-field transport inside the island, potentially due to increased low-k 7 (via
relaxing ATpgak and therefore recovering djgs). Later on, after ATpgak and n has

decreased to the original level, the NTM grows resistively.
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The observations reported in this section suggest that the recovery of a large NTM
magnetic island after an ELM crash is accelerated by micro-instabilities driven transport.
To investigate this possible relationship, solutions of the modified Rutherford equation
(modeling the evolution of the NTM) coupled with the predator-prey equations (modeling
the evolution of local turbulence power and pressure gradient at the O-point) was

investigated for the first time in Section 8.6.

8.6 Model equations

The predator-prey model [10] of turbulence, zonal-flows and pressure gradient provides a
fundamental set of equations to model the observations reported in Section 8.2. NTM
evolution is included via the modified Rutherford equation [58] (MRE). Zonal-flows are
removed for simplicity (and also due lack of measurement) which is reasonable as flows are
not expected to be dominant at the O-point (however are predicted to regulate turbulence
just outside the island separatrices |6, 18, 60]). The 3 coupled first order differential
equations describing the evolution of 72 (turbulence level at O-point), W (island width)

and Vp, (pressure gradient at O-point) are:

ong = agVpo — a1mg (8.8)

N A W(Vpx — Vpo)
oW = ’u—o <A + by W2 1 W2 (8.9)
9:(Vpo) = F(w) — cong — ¢1Vpo (8.10)

A flat density profile is assumed, meaning that at the O-point Vp o« VT, oc ATpgak. The
pressure gradient at the X-point is assumed to be constant and is denoted by Vpx. The
physical meaning of the parameters and terms are as follows. Equation (8.8) prescribes the
evolution of 173: turbulence is driven by Vpo and is saturated via a linear dissipation.
Equation (8.9) is the MRE. n and p, are the plasma resistivity and the vacuum
permeability, respectively. W, = 2w,, where w. = 1 cm is the boundary layer width of the

saturated island where gradients are maintained without localized heating |7, 56] and A’ is
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the linear stability parameter [37]. The numerical coefficient in the drive term is

b1 = —2,/e1rpeLq/(BjLs), where erg is the trapped electron fraction, L is the magnetic
shear scale length, By is the poloidal magnetic field and L = R, /n. It is assumed that this
model holds for the bootstrap current and variations of it are considered due to the
temperature peaking. Equation (8.10) is the evolution of the pressure gradient at the
O-point which is driven by a periodic external force describing the effect of ELMs (F(w),
here a sharp Gaussian perturbation) and is relaxed via turbulent (cq) and diffusive (c;)
transport. The model has 6 fit parameters, 2 from each equation: ag,a;,nA’/pe,mb1/e,co
and c;. Vpyx and W, are directly obtained [7] from the DIII-D measurements and are fixed
in this model.

Two set of solutions are shown in FIG. 8.5: one with turbulent transport (thick solid light
lines) and one without (dotted lines). The experimental data (symbols) of FIG. 8.4 is
re-plotted here, for a convenient comparison. First, the model parameters were estimated
by fitting the model with turbulent transport term to the experimental data. Before t = t,,
the pressure gradient is small at the O-point, the turbulence level is constant and the NTM
is saturated. Next, ATpgak grows due to a model ELM at ¢, and the island shrinks due to
modification of the bootstrap current term via increased Vpo. Simultaneously, the
turbulence level increases, which accelerates the peak relaxation and therefore the NTM
recovery. A second set of solution (dotted lines) was calculated by turning the turbulent
transport term off (setting ¢y = 0). In this case, turbulence does not have an effect on the
peak relaxation, which results in a longer NTM recovery. These two types of solutions
demonstrate that the growth of the NTM after an ELM crash is faster with turbulence
compared to without turbulence.

This simple model replicates the experimental observations reported in Section 8.5, namely
that after the ELM crash the pressure gradient grows at the O-point which is followed by
the shrinking of the island and turbulence increase. The relaxation of the profile and the
mode recovery take place on the same, turbulent transport time-scale. In this model,

turbulence accelerates NTM recovery via rapid relaxation of the pressure profile and figure
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Figure 8.5: Solution of the coupled predator-prey and modified Rutherford equation
(equations (8.8-8.10): (a) pressure gradient, (b) turbulence level and (¢) NTM amplitude.
Free parameters of the model were chosen to match experimental data. Solid thick light
line: with turbulent transport, dotted line: without turbulent transport. (Parameters are:
ag = 0.01, a; = 0.005, nA’/uo = —1.3, nby1/pe = 0.5, Vp|x = 150, w, = 2.5, ¢p = 0.001
and c¢; = 0.007, experimental data is a repeat of FIG 8.3.)

of the missing bootstrap current at the O-point.
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8.7 Discussion

First, the effect of ECH on m/n = 2/1 islands in DIII-D H-mode plasmas was studied
[Section 8.3|. The peaking of T, at the O-point was observed, which indicates that the
island has nested flux surfaces, as in the heat transport model [Subsection 3.3]. On top of a
base value, this peak oscillates due to cold pulses generated by ELMs (Section 8.4). The
experimental value of the perturbative x, at the O-point was constrained by comparing
the time history of the peak to analytic solutions of the heat transport model

[Subsection 8.5.1]. This found x°¢ ~ 2m?/s, unlike in flat islands where

xL0 = 0.1 —0.01 m?/s was found |7]. Local BES measurements indicate that low-k density
fluctuations at the O-point are increased when the island peak is increased

[Subsection 8.5.2|. This suggests an explanation for the observed anomalous transport
inside the island when the T, peak is increased.

In sync with ELMs and O-point peaking, the island shrinks by as much as 30%
[Subsection 8.5.3]. Comparison of the NTM amplitude recovery with the time history of
the temperature peak suggests that the NTM recovery is connected to the local gradients
at the O-point, as expected. As such, the growth rate of the NTM is linked to cross-field
transport at the O-point region which is likely driven by the increased 7.

Finally, predator-prey equations coupled with the modified Rutherford equation were found
to reproduce the experimental observations of coupled NTM-turbulence dynamics. In this
model, increased gradient driven turbulence at the O-point accelerates NTM recovery via
rapid relaxation of the pressure profile and therefore restoring the missing bootstrap
current at the O-point. The key physics of the relationship between the temperature peak,
turbulence level at the O-point region and the NTM magnetic island width has potentially

far-reaching consequences:

Gyrokinetic code validation
Turbulent cross-field transport equilibrating the peak accelerates NTM recovery after
ELMs; This observation could be used for testing and validation of nonlinear

gyrokinetic turbulence simulations with magnetic islands, where a propagating cold
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pulse could be realized e.g. by employing a transient boundary condition on the cold
side of the simulation box. Validation is important as these models (investigating the
multi-scale interaction of turbulence with islands) have been undergoing significant
development in the past decade but only initial experimental validations [87] have

been carried out so far.

Scenario development
ECH heating inside the island (without ECCD current drive) combined with localized
cooling outside the island via pellet injection could stabilize NTM islands (via leading
to a temperature peak and concomitant increase of gradients at the O-point, making
the island shrink below W, where it is neoclassically stable). This method could be
used in scenario development to suppress 2/1 NTMs in ITER relevant plasmas,

avoiding possible disruptions and therefore accessing higher 3 regimes.
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CHAPTER 9

Ion temperature and rotation across slowly rotating

NTMs

Measurements of 0T;(R, {) and dvy(R, ) across rotating NTM islands can be accomplished
using the CER diagnostic. However, helically resolved CER measurements of NTMs
require steady state low torque high-f plasmas, which are advanced and challenging
tokamak experiments requiring significant resources.

The island rotation frequency (fxTy) must be below the sampling rate of the CER
diagnostic, which is relatively low, fcgr ~ 1 kHz.

Rotating magnetic islands lead to the formation of eddy currents in the conducting
tokamak wall, which, due to resistivity, dissipate the island rotation energy. If the
associated drag is large, this effect can lead to progressive slowing until the islands
eventually lock to the wall, which is often followed by disruption [8|. Typically, small fxtum
and large W lead to large drag. Therefore, slowly rotating islands must be small in order to
avoid locking. fyrty and W can be controlled by the beam torque and power, respectively.
In practice, these two can be varied independently via manipulating the voltage of the 3
co- and 1 counter neutral beams of DIII-D. Here co- and counter refer to positive and
negative torque, respectively.

In principle, it is possible to slowly increase (8 early in the discharge via a feedback loop
until the islands grow to a target size and then reduce the torque at fixed 8. However, the
reproducibility of such plasmas would be extremely difficult, due to the random nature of
NTM onset and coupled nonlinear dynamics of 5 with W.

It is a more reliable experimental approach to set up a target discharge with a large,

stationary NTM (the same as the one used for turbulence measurements previously) and
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then slow that island down while simultaneously decreasing 5. The most difficult part is to

avoid locking at slow rotation. An example of such experiment is shown in Fig. 9.1.
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Figure 9.1: (a) Beam power, (b) beam torque, (c¢) normalized plasma £, (d) frequency
and (e) amplitude of the rotating m/n = 2/1 islands.

Further, a few more constraints worth to be mentioned: (1) W must exceed the radial

resolution of the CER, which is about 3 cm; (2) CER can record only 500 ms data (at 1 kHz
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sampling rate) the timing of which must be matched with the window of slowly rotating
NTM. The development of this plasma required 15 discharges (which cost about $0.5M).

Next, the scaling of required torque and beam power are derived vs fnrum.

9.1 Scaling of drag vs island width, rotation and location

The rotating magnetic field perturbation (§B) generates an electric field perturbation (6E)

in the wall as prescribed by Maxwell’s equation:

V x 0E = —B (9.1)

This electric field drives a current (Ieqq) as prescribed by Ohm’s law:

_ $0Edl [ 6BdS

9.2
R R (9:2)

Iedd =

Here the integral is calculated over the surface of the eddy current (5), [ is the arc length
on the circumference of .S and Rgq, is the resistivity of the tokamak wall. The number of
current loops are given by mn and the total Ohmic dissipation (Pg) of these currents are

given by:

Po = mnRo(I%,,); = %< ( / 5Bds> > (9.3)

This Ohmic loss acts to slow down the plasma rotation, therefore it can be expressed as a

torque:
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R, is the plasma major radius and the velocity (v) is due to plasma toroidal rotation

v = wR,, which gives:

Pq mn . ’
Tu="0 = RQW< ( / 6BdS> >t (9.5)

Finally, one has to express 6B in terms of experimentally relevant parameters, such as W.
For mathematical simplicity, it is reasonable to assume that By is dominated by a single
harmonic component at the wall (r = a) due to the rapid decay of higher poloidal

harmonics:

. d [~ _
dB(a) ~ - (Bg(a)cos(nwt + f)) = nwBy(a)sin(nwt + &) (9.6)
Expression (9.6) describes a 2D magnetic structure on the wall associated with one eddy
current. This results from the projection of the 3D helical structure associated with the
island, hence the £ = méf — n¢ dependence. This structure is rotated toroidally, hence the

nwt time-dependent phase. Eg(a) is the amplitude of magnetic field fluctuation at the

tokamak wall and is related to the island width:

- - w2 (B e
Bg<a>=Br<rs><?;) :ZRO (ﬁ) (—) (9.7)

The torque becomes:

2
mn ~ _
Tiq = ng< (/ang(a)sm(nwt + f)dS) >t =
mn nW?2By [ 75 i . ’
= Row W o sin(nwt + £)dS =
qfto .
2m+2 2
= —mn5W4Biw Ls sin(nwt + £)dS (9.8)
~ 4L2R%Rq \ a '
t

Using the Gy = [ cos(£)dS and G, = [ sin(§)dS notation and the
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sin(a + ) = sin(a)cos(f) + sin(f)cos(a) trigonometric identity, the integral becomes:

<</sin(nwt+£)d$> > =
= <</sin(nwt)cos(f) +cos(nwt)sin(§)d$) > =

= <sm2(nwt)G% + cos(nwt)*G3 + QSinGngsin(nwt)cos(nwt)> =

t

=@ 99)

The G; and Gs integrals are numerical factors that describe the geometry of one eddy
current on the tokamak wall. Recall that S is the surface of one eddy current, not the total
toroidal surface, hence Gy and Gq are not necessarily zeros. With expression (9.9) the
torque becomes:

a

n4W4B?¢w (Ts

2m+-2
Ty = m ) (G + G3) oc wWHr2m+2 o wBZr2m+2 (9.10)

In summary:

e the W* comes because P oc 6B2 and By oc W2

e r2™t2 comes because of the r™*! radial decay of magnetic field perturbation with m

poloidal mode number in cylindrical geometry and Pg o B2

e finally the linear dependence in w is because P o« B2 oc w? but this is related to the

drag as Pg = Tw

At high frequencies the wall acts more like an ideal conductor, which results in a correction

to the above formula:

TsW

WWA‘?“?””Z XX W4w*1 XX ngil (911)

Tig o<
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Here 7, &~ 3 ms is the resistive decay time for induced currents in the wall [106]. The
maximum of the drag occurs when nr,w = 1 is satisfied as shown in Fig. 9.2 which yields

50 Hz for a m/n = 2/1 mode.

xl/('l +X2.)

0 2 4 6 8 10

Figure 9.2: F  w in the small w limit, F o< w™! in the large w limit, and F has a
maximum at nrsw = 1.

9.2 Required torque for a given NTM frequency

It is assumed that in stationary conditions the beam torque (Tp) is balanced by a viscous
torque (T,) and the island torque (Tiy). Therefore, the dynamical equation for the rotation
is give by:

wox Tg =Ty — Tig (9.12)

Assuming that Tjg is small compared to Ty and that the viscous torque is a simple linear

function of the plasma rotation frequency (T, o f,), it follows:

Tg1 fp 1
— = = 9.13
TB,Q fp,2 ( )

139



Here the indices 1 and 2 refer to the rapidly and slowly rotating plasma states, respectively.

Assuming that the island rotates with the plasama w = f, leads to:

Te1 wi
—_— = — 9.14
Teo wo (9:14)

Equation (9.14) shows that in order to slow down the island rotation (e.g.) from 7 kHz to

1 kHz, one must ramp down beam torque by a factor of 7.

9.3 Required 3 to avoid NTM locking at low rotation

When the island rotation is decreased, the island drag increases if the island width is kept
constant. As it was shown in equation (9.11), Ty o< w™*W*. Therefore, to avoid mode
locking, one must decrease W, which was done in practice by decreasing 3 via decreasing
the beam input power.

A simplified estimation of the required W can be obtained by keeping the island drag

constant: Tig; = Tig 2, this gives:
witWT = wy 'W5 (9.15)

On time scales much longer then the island evolution, W = Wgar. The scaling of Wgar vs

By is obtained simply from the MRE:

nA’ 2/enLyq

_ _ 1
/JzoW + (W2 _|_ Wg)Bg (va VPO) (9 6)

T™M

with the vy, = 0 condition. At large island size (W >> W) this gives:

WSAT ~

2%10v/ZLo [ Vo — Vpx
9.17
B ( A ) (6-17)
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Therefore, W o< B,?  f3y, which, together with equation (9.15), gives:

1/4
Bo2 = Do (5—?) (9.18)

This means that if the island rotation is decreased by a factor of (e.g.) 7 (assuming

Py, o fp) one has to decrease Py, by a factor of about 1.6.

9.4 Perturbed ion temperature and rotation profiles

By simultaneously reducing the torque and beam power, the island rotation was slowed
down to about 700 Hz and kept there for about 500 ms in shot 141951 [Fig. 9.3 (b)]. The
CER measurement was well synchronized to the window of slowly rotating NTM, providing

helical resolution for the T;(R) and v,(R) measurements [Fig. 9.3 (a)].

NTM analyzed

onset window
< 5| temperature | Te T ' (a)]
(0] 4 — 1 \ \ 1 -
X 1 1 1
= 3r ! -
|_\ 2F 1 ) ) —
o) E |

T. crosspower : island rotation 1 :
~ e slows below , :
T 10 1kHz ' !
— Nyquist : :
o freq.of CER 1 1
o~ — — - = = = = = = = - - = L iy L . ] S ¥ -
S 1 gt
o !
8 “
w ‘ u
| b AL ll.,

0 1000 2000 3000 4000 5000
Time [ms] (#141951)

Figure 9.3: (a) Time history of T and T;. (b) Cross-spectrogram of T, signals measured
across the islands.

The contours of T.(¢, R) clearly show phase coupled islands |[Fig. 9.4 (a)]. Taking into
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account their locations vs ¢ as well as the m; + my = m3 and ny = ny = n3 coupling
constraints [93], it follows that the islands have m;/n; = 1/1, ma/ne = 2/1 and

ms/n3 = 3/1 mode numbers. The X-point times of the m/n = 3/1 island are marked with
vertical dotted lines. Example of the reconstructed £(t) is shown in Fig. 9.4 (b). £(t) goes
from 0 to 27 during each island cycle. £ = 2km corresponds to the X-points of the

m/n = 3/1 island and O-points of the m/n = 2/1 island (here k is an integer).

€ = (2k + 1)m corresponds to the O-points of the m/n = 3/1 island and X-points of the
m/n = 2/1 island. This helical phase signal is used to phase lock-average T., T; and v

across the m/n = 3/1 and m/n = 2/1 islands.

(a) Electron temperature ECE probing locations —+

3/1

210 island
En 200 - 2/1
=, g island
x 190E
: 1/1
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(b) Helical phase signal
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Time [ms]
Figure 9.4: (a) Contours of electron temperature show coupled 3/1, 2/1 and 1/1 island
structures. (b) Reconstructed helical phase of islands vs time.

The difference between X-point and O-point T profiles

AT (R)x,0 = Te(R,§ =0) — Te(R,§ = 7) in Fig. 9.5 (a) shows 3 island structures. The
zeros of AT.(R)x, o are well aligned with the ¢ = 1,2, 3 rational surfaces which are marked
by vertical dotted lines. Over plotted is AT;(R)x, o, which shows a similar structure as
AT.(R)x,0. Avg(R)x,0 in Fig. 9.5 (d) has a qualitatively similar structure as AT.(R)x 0

and AT;(R)x o with zeros well aligned with the rational ¢ surfaces. Notice that each island
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Figure 9.5: Temperature and ion flow perturbations due 2/1 and 3/1 coupled islands.
(a) 0Te(R)x,0 and dT;i(R) x,0, (b) first Fourier harmonic amplitude and (c) phase of T,
and 0T;. (d) Ion flow perturbation, (e) first Fourier harmonic amplitude and (f) phase of
ion flow perturbation.

leads to a dominantly odd flow perturbation, i.e. AT(R — Rs,)x,0 = AT(Rs, — R)x.0
locally around R,, , where R;, are the major radius coordinates of the ¢ = 3,2 and 1
rational surfaces. The arrows in Fig. 9.5 (d) show that the flow direction reverses about the
rational surfaces. This odd structure is similar to that seen around large islands in the
GENE simulations [Chapter 6|, where vortex modes developed about the O-point.
Additionally, the amplitude and phase of the first Fourier harmonic of 6T, and 0T; is
shown in Fig. 9.5 (b) and (c), respectively, and those of dv, in Fig. 9.5 (e) and (f),
respectively. The first harmonic amplitude shows strong similarity with dT.(R)x o and
dTi(R)x,0, meaning that the perturbation is dominantly due to the first harmonic. The
first harmonic phase of T, exhibits 77 jumps at rational surfaces, as expected. The phase of
T; has a very similar structure as T, but there is an overall phase shift of about /3, which
is due to the toroidal offset of the ECE and CER diagnostics. The interpretation of the
first harmonic amplitude and phase of v, is less clear and is left for future work. In

principle, this flow can be different from that observed in the gyrokinetic simulation, as
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here 3 islands are coupled to each other with different 3D helical structure that can modify

the electrostatic potential and the flow around the islands.

9.5 Discussion

In this chapter, experiments with slowly rotating NTMs were presented. After calculating
requirements on the beam torque and input power for a given island frequency, 0T; and dv
was reconstructed from CER measurements via the phase-locking technique using the ECE
measurement as reference. This analysis found that 0'T; is very similar to T, and the dv,
is similar to the vortex modes seen previously in gyrokinetic simulations. Detailed

investigation of the dv, spectrum and comparison with simulations is left for future work.
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CHAPTER 10
Summary

As part of this thesis work, 5 major results have been accomplished:

e A new heat transport model of magnetic islands employing spatially non-uniform y |
has been developed and used to derive the experimental value of x, at the O-point of

rotating NTM islands for the first time.

e The first localized measurements of low- and intermediate-k 1 and low-k Te modified

by magnetic islands were presented [87].

dedicated experiments were conducted utilizing the full complement of the DIII-D
turbulence diagnostics to study the effect of Neoclassical Tearing Mode magnetic islands on
turbulence as well as the effect of turbulence on NTM growth.

The first localized measurements of low- and intermediate-k i and low-k T, modified by
magnetic islands were presented [87]. These long and intermediate wavelengths correspond
to the expected ITG and TEM scales, respectively, as indicated by linear GENE
gyrokinetic simulations.

Two regimes were observed when tracking n during NTM evolution:
e Small islands are characterized by steep T, radial profile and turbulence levels

comparable to that of the background;

e Large islands have a flat T, profile and reduced turbulence level at the O-point.
Radially outside of the large island, the T, profile is steeper and the turbulence level

increased compared to the no or small island case.

It was also found that turbulence is reduced in the O-point region compared to the X-point

region [86]. This helical structure of turbulence modification leads to a maximum 15%
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modulation of n? as the island rotates in the lab frame. This modulation is confined to the
island region and is nearly in phase with the T, modulation.

These turbulence measurements were also used to determine the turbulence penetration
length scale (Lg) at the island separatrix and was found that Ly is on the order of the
threshold island width for temperature flattening and turbulence reduction to occur at the
O-point [87]. This suggests that the physics of small to large island transition could be
related to turbulence penetration into the island.

In addition, a novel, anisotropic, non-linear heat transport model of magnetic islands with
spatially non-uniform y,; was developed|7|. This model was utilized to derive x, at the
O-point from measured T, data and it was found that y,; at the O-point is 1 to 2 orders of
magnitude smaller than that of the background plasma. As the anomalously large values of
x . are often attributed to turbulence driven transport, the reduction of y, is consistent
with the found n and Te reduction at the O-point.

Complementing the experimental results of turbulence-NTM interaction described in this
thesis, qualitative comparisons were carried out for the first time to GENE non-linear
gyrokinetic turbulence simulations employing static magnetic islands [6]. These simulations
qualitatively replicate the measured 2D response of turbulence as well as the observed
scaling with island size [87].

The consequences of the observed NTM-turbulence interaction on the global confinement
were studied via analyses of simultaneous changes in NTM amplitude, plasma profiles,
turbulence, fluxes and confinement. It was found that the global confinement degradation
is intimately linked to the turbulence enhancement outside of the island region (induced by
the island).

Experimentally observed local turbulence and transport reduction at the O-point, as well
as the effect of global confinement decrease was incorporated in the dynamical equation of
NTMs, which shows that the NTM growth rate increases when turbulence and gradients
are reduced inside the island (right after the transition from small to large island regime).

To further investigate the effects of turbulence on NTM growth, the recovery of NTM
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islands and evolution of local low-k n was investigated during ELM cycles for the first time.
Synchronous peaking of T, and island shrinking after the ELM crash suggest that local T,
perturbations at the O-point are linked to the NTM stability. These changes are followed
by an increase of 1, rapid relaxation of the T, peak and island recovery. The analysis of
n(t), Te(r,t) and NTM amplitude suggests that the increased n accelerates NTM recovery
after the ELM-crash by rapid restoration of the flat profile (and bootstrap current
perturbation) at the O-point via fast turbulent cross-field transport. These observations
were qualitatively replicated by coupled predator-prey equations and modified Rutherford
equation. In this simple model, turbulence accelerates NTM recovery via relaxing Vp and
therefore restoring djpg at the O-point. The key physics of the relationship between the T,
peak and NTM stability has potentially far-reaching consequences, such as NTM control
via pellet injection in high-f5 tokamak plasmas.

Finally, to measure the perturbed ion temperature and toroidal flow profiles via CER, a
series of low torque H-mode experiments were carried out with slowly rotating NTM
islands. Comparison of the observed flow perturbation to the gyrokinetic simulations
suggests that large islands develop a vortex like plasma flow circulating around the O-point.
Next, various heat transport models of magnetic islands are presented in Chapter 3. This
effort extends beyond previous work, as a spatially non-uniform electron thermal diffusivity
was introduced in an anisotropic heat diffusion model of magnetic islands for the first time.
Island structures are described in Chapter 4 via the analysis of measured 2D (R, ¢)
perturbed electron temperature profiles. This is followed by the derivation of the cross-field
electron thermal diffusivity in the O-point of the island from T, data using a heat
transport model presented previously in Chapter 3.

The major results of this thesis are presented in Chapter 5: the first localized
measurements of low-k and intermediate-k i and low-k T o across naturally growing, freely
rotating 2/1 NTM magnetic islands. Differences between O-point and X-point fluctuation
levels, fluctuation levels inside vs outside the island region and scaling of turbulence

modifications vs island width are all presented. Additionally, these measurements were
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used to determine the turbulence penetration length scale at the island separatrix.

To help interpreting these experimental observations, GENE gyrokinetic simulations were
run to study the effect of magnetic islands on turbulence in Chapter 6. These simulations
were carried out by my collaborator A. Banén Navarro and the output was analyzed by
myself. We found that the measured turbulence modifications in DIII-D were qualitatively
replicated by these simulations.

Consequences of the observed NTM-turbulence interaction on global plasma confinement
were studied via analyses of simultaneous changes in NTM amplitude, plasma profiles,
turbulence, fluxes and confinement and are described in Chapter 7. This is followed by
discussing the effects of NTM-turbulence interaction on NTM growth rates via the
dynamical equation of NTMs.

Additionally, the shrinking of NTM islands due to strong temperature perturbations
associated with Edge Localized Modes was observed and is described in Chapter 8.
Simultaneous changes in turbulence levels across the island were also observed and the
potential implications of this turbulence level modification on the island recovery is
discussed.

Finally, a series of low torque H-mode experiments were carried out to measure the
perturbed ion temperature and toroidal flow profiles via CER across slowly rotating islands

and the results are presented in Chapter 9.
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CHAPTER 11

Open questions

The improved picture of NTM-turbulence physics emerging from this thesis work naturally

gives rise to several question, some of which are elaborated in the following.

e What is the physics of transition from small to large island regimes? What is Wy set

by? Hypotheses:

1. Recall that gradients and turbulence at the O-point are linked to each other: the
profile steepness is determined by the ratio of of @, /@) and turbulence is driven
by local gradients. When the island grows, the connection length along the field
line decreases, which leads to more effective ()| and therefore flattens the island.
It is expected that turbulence becomes stable when the local gradient at the
O-point is equal to the critical gradient of the micro-instability. When
turbulence decreases, ), decreases (by about 1-2 orders of magnitude) and the

island completely flattens.

2. Turbulence can penetrate into the O-point region across the island separatrices.
Significant (), reduction is therefore expected only when the island width

exceeds the turbulence penetration length scale.

3. Finite banana width effects could prevent the island to flatten, when it is

smaller than the ion banana orbit width.

e What is the physics of vortex modes and what is their effect on NTM stability?

Hypotheses:

1. The emergence of the vortex mode is suspected to be due to different

neoclassical electron-ion transport across the island separatrix when the
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transport is not turbulence dominated (when the island is flat). This could lead
to a current perpendicular to the separatrix, which, interacting with the

background magnetic field spins the plasma around the O-point.

2. The shear of the vortex can regulate turbulence, which in turn can lead to more
flat islands and therefore more unstable NTMs. On the other hand, the vortex
mode leads to the braking of turbulence isotropy, which then leads to finite
Reynold’s stress. This stress can drive energy from turbulence to the flow itself,

leading to a time-dependent zonal flow component.

3. The vortex mode moves the turbulent eddies from the most unstable domain
(outside of island in line with O-point) along the flow. This is in the opposite
direction on the two sides of the island, leading to a helical asymmetry in the
turbulence distribution, which then leads to helically asymmetric transport and
profile flatness. This can further feed back into the bootstrap current and the

magnetic island shape.

e Can gyrokinetic codes quantitatively predict turbulence - NTM interaction? This
topic requires extensive computational effort and is underway in collaboration with

A. B. Navarro.
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