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Abstract

Magnetic confinement of hot plasmas in Tokamaks is one of the important av-

enues to realize fusion energy, which promises to provide a clean and lasting source

of energy for the human civilization. Turbulent transport of energy, particles and

momentum is one of the important limiting factors for long time plasma confine-

ment. In a magnetically confined hot plasma which is macroscopically stable, small

scale instabilities set in due to the inhomogeneity of the magnetic field. In the

presence of equilibrium density and/or temperature gradients, low frequency elec-

tromagnetic perturbations become unstable and generate turbulence, which leads

to radial transport and thereby undermine long time confinement. Early analytic

works in ballooning angle formalism have identified ballooning parity modes such

as Ion Temperature Gradient mode (ITG), Kinetic Ballooning Mode (KBM) and

Electron Temperature Gradient mode (ETG) as some of the important modes which

could cause transport through fluctuations, and tearing parity modes such as Mi-

crotearing modes which change the local magnetic topology and cause transport

through stochasticization of the magnetic field.

The framework of modern gyrokinetic theory is well developed and simulations

are now able to consider realistic Tokamak configuration and plasma parameters in

the limit of low plasma pressure β. Such simulations, in particular ITG, at the low

β approximation have been successful in accounting for ion thermal transport to

within an order of magnitude or better. However, plasma is at a finite plasma pres-

sure, which brings characteristically new length and time scales to these instabilities

and also excites new modes and thereby new transport channels. Obtaining a theo-

retical understanding of the electron thermal transport has remained a major chal-

lenge. Several electron-driven instabilities have been found and investigated, such

as the ETG, Trapped Electron Mode (TEM) and the trapped electron-coupled-ITG

(ITG-TEM). The relative contribution of these instabilities in different experimental

scenarios has been found to be different and a conclusive picture is slowly emerging.

Considering plasma parameters relevant to present day experiments, recent simu-

lations have found possibility of existence of unstable microtearing modes. These

are inherently multi-scale, kinetic, low frequency electromagnetic mode with tearing

parity. Development of advanced gyrokinetic electromagnetic codes and availability

of large scale computational facilities have enabled the study of these modes.

In this thesis, global, linear, gyrokinetic study of electromagnetic microinstabilities

that cause turbulent transport in Tokamaks is carried out. The primary focus is
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to address the possibility of existence of completely collisionless microtearing mode

in large aspect ratio, fusion tokamaks. To study multiscale modes such as the

microtearing modes, the electromagnetic gyrokinetic spectral code EM-GLOGYSTO

has been numerically improved to handle high resolutions. A hybrid MPI-OpenMP

parallelization has been introduced to obtain improved runtimes of upto 2x-10x

relative to the earlier MPI versions.

Electromagnetic gyrokinetic simulations using EM-GLOGYSTO find the collision-

less MTMs linearly unstable in large aspect ratio Tokamaks. By considering only

passing particle contribution, the magnetic drift resonance of passing electrons due

to the toroidal magnetic configuration is identified as the collisionless drive mech-

anism. The closely spaced mode rational surfaces due to the high value of safety

factor q and magnetic shear couple several poloidal modes, and the global mode

is several ion-Larmor radii in width. Several characteristics of MTM are recovered,

such as the tearing parity of ϕ̃ and Ã‖, the free energy source being electron temper-

ature gradient, dependence on β and the requirement of threshold values of these

parameters. The MTM is found to be unstable above a larger β threshold than

for KBM. At lower β, the KBM is dominant whereas at larger β, MTM is found

to be more dominant. The β threshold for different toroidal modes is found to be

different. Importantly, the η threshold is found to be lower at higher β and vice

versa and a stability regime is proposed in η-β space. The MTM is found to have

a broad radial spectrum, ranging from ion-Larmor scales to a few electron-Larmor

scales, making the mode truly mesoscale.

The inclusion of non-adiabatic trapped electrons is found to contribute to the

instability via a resonance of the ϕ̃ fluctuations with the toroidal precessional drift.

The trapped electrons destabilize the high-n modes in particular and are significant

at smaller aspect ratios. The trapped electron contribute to, and also broaden the

range of, short scale fluctuations. The tearing parity of the fluctuations are found

to be preserved clearly. The β threshold is found to be downshifted by the inclusion

of trapped electrons.

The strong dependence of MTM on the closeness of MRS raises questions about

its stability in lower shear. A systematic study of dependence on shear by varying

global safety factor profiles shows that MTM is relatively stabilized at lower shear

and is subdominant to AITG in weak reverse shear configuration. The emergence

of unstable mixed parity modes is observed alongside subdominant MTMs in lower

shear configurations. The tearing parity modes are found to correlate to the location

of high temperature gradient (dT/ds) location, unlike the electrostatic ITG mode
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which localizes about the region of peak logarithmic temperature gradient. In con-

trast, in weak reverse shear, subdominant MTM mode is found to remain fixed at a

radial location regardless of the peak temperature gradient location. The unstable

growth rate spectrum is found to extend to relatively shorter wavelengths in weak

reverse shear than the monotonic q-profile case.

Comprehensive global linear gyrokinetic study of purely collisionless MTM and

its comparison to Kinetic Ballooning Mode has been attempted in this thesis in

a range of drive factors has increased the understanding of linear electromagnetic

microinstabilities.
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excluding trapped electrons. . . . . . . . . . . . . . . . . . . . . . . . 79

4.8 Radial Fourier space plots for MTM Ã‖ fluctuations n = 8, 12, .., 33,
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4.11 Ratio of strength of Ã‖ and ϕ̃ for MTM and MTMTE. (a) dependence
on n at β0 = 5%, at η = 4, and (b) dependence on β at η = 4 . . . . 82

4.12 Mixing length estimates for MTM and MTMTE (a) for different
toroidal mode numbers n at β0 = 5%, at η = 4, and (b) dependence
on β at η = 4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

4.13 Mode averaged values of perpendicular wavenumbers for MTM and
MTMTE (a) for different toroidal mode numbers n at β0 = 5%, at
η = 4, and (b) dependence on β at η = 4 . . . . . . . . . . . . . . . . 84

4.14 (a) Growth rates (b) frequencies versus aspect ratio A for MTM and
MTMTE modes n = 12, 23 at β0 = 5%, η = 4,. . . . . . . . . . . . . 86

4.15 Mode averaged values of kθ versus aspect ratio A for MTM and
MTMTE n = 23 mode at β0 = 5% and η = 4. For the range of
aspect ratio (A) variation studied here, variation in kθρLi is less than
1%. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

4.16 Mode averaged values of parallel phase velocity versus aspect ratio A
for MTM and MTMTE n = 23 mode at β0 = 5% and η = 4. . . . . . 87

5.1 The safety factor profiles - standard qM and reversed shear qWRS as
functions of normalized radius s. The corresponding magnetic shear ŝ
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Chapter 1

Introduction

1.1 Magnetic confinement fusion

The modern civilization of humans has entailed an increasing need for energy, re-

sulting in a quest for clean and lasting sources of energy that are alternative to

existing sources of energy such as fossil fuels, nuclear fission and wind energy. From

time immemorial, the major source of energy for all life on Earth has been the Sun.

The core of the Sun is comprised of fully ionized hydrogen nuclei, the strong electro-

static repulsion of which is contained by the self-gravitational compression due to

its own mass. The core is millions of Kelvin hot and energy is produced by thermo-

nuclear fusion reaction, a process in which two hydrogen nuclei with sufficient energy

breach the electrostatic repulsion and fuse to form a helium nucleus, which has a

relatively lesser nuclear mass than the two hydrogen nuclei combined, releasing a

large amount of nuclear energy obeying Einstein’s famous relation E = mc2. Closer

on the Earth, fusion energy can be produced by obtaining a similar “plasma” (i.e.

a collective medium of fully ionized ions and electrons) of Deuterium and Tritium.

If the plasma sufficiently hot, the energetic nuclei among these fuse to produce

fusion energy. This reaction is energetically more feasible alternative to Hydrogen-
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Hydrogen fusion [1]. This process produces a net positive energy that can then

be extracted in the form of heat to produce electricity [2]. Confinement of such a

plasma is achieved by externally applied high magnetic field in the shape of a torus.

In the presence of a magnetic field, the motion of charged particles are confined in

the transverse direction by cyclotron motion due to the Lorentz force. A Tokamak

is a magnetic confinement system in the shape of a torus, in which the plasma

is confined with the help of toroidal magnetic field generated by a set of current

coils external to the vessel and poloidal magnetic field generated by plasma current.

Topologically, a torus is the only closed surface that can be covered with a vector

field, in this case, the confining magnetic field ~B, without a fixed point, in accordance

with the “Poincare Theorem” [3]. A poloidal magnetic field Bp together with the

toroidal magnetic field causes the magnetic field to wind helically around the torus

and thereby confines the plasma. The poloidal magnetic field Bp is generated in

Tokamaks by driving an inductive current in the toroidal direction, which is also

a heating mechanism. As plasma temperature increases, the large angle Coulomb

collisions become rarer and inductive heating becomes less efficient. The plasma is

heated further in other ways by driving non-inductive current within it [1]. The

magnetic field lines confine themselves to closed surfaces (called as flux surfaces) at

each radial location with respect to a magnetic axis and wind helically around the

surface. The magnetic axis is the unique non-helical field line that winds toroidally

and joins itself. The pitch of poloidal magnetic field with the toroidal magnetic field

Bt varies with the radius from the magnetic axis due to the current density profile

and is called the rotational transform. The inverse of the rotational transform, the

so-called the “safety factor” q(r), determines the macroscopic stability properties of

the plasma, which can be described by MagnetoHydroDynamic (MHD) model.

In a Tokamak, the “major radius” R0 is the distance of the magnetic axis from

the vertical axis at the center of the torus, while “minor radius” a is defined as the
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Figure 1.1: Schematic of a large aspect ratio Tokamak geometry. The vertical
axis, magnetic axis, major radius R0, minor radius a, and unit vectors in toroidal
coordinates (êρ, êθ, êφ) are indicated. The radius from the magnetic axis ρ normalized
to a is denoted as s. The net equilibrium magnetic field winds helically around the
torus.

distance from the magnetic axis to the “last closed flux surface” within which the

plasma is confined. A schematic of the Tokamak is shown in Fig. 1.1. The ratio

A = R0/a is known as the ‘aspect ratio’ of the Tokamak. As described later, in the

presence of a magnetic field, charged particles gyrate around the magnetic field line,

while motion along the field line is unconstrained. Thus, charged ions and electrons

“free stream” helically along the field lines and gyrate or have a Larmor motion about

the magnetic field. The geometric centre of the Larmor (perpendicular) motion is

known as the “guiding centre”. As dictated by Maxwell’s equations, the magnitude

of the toroidal magnetic field decreases as ∼ 1/R as one moves away from the vertical

axis. The “adiabatic invariance” of the magnetic moment of charged particles implies

that some particles get reflected upon reaching a turning point according to the pitch

of the perpendicular velocity v⊥ with the parallel velocity v‖ and are hence “trapped”

within a region towards the outer side of the Tokamak, whereas those particles with

high v‖ trace a complete field line and are termed “passing particles”. In addition,

the inhomogeneity of the magnetic field lead to slow drift motion of the guiding

centre across the magnetic field. The basic physical and engineering principles for
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the Tokamak operation are described by J.Wesson in Ref. [1] and in a handbook

on the JET mission [4]. Other important alternatives to Tokamaks that are being

investigated for achieving fusion are the Stellarators, in which the confining magnetic

field is completely generated by a non-axisymmetric set of 3-D coils external to the

plasma, Reversed Field Pinch, and the so-called inertial confinement fusion (ICF)

in which a tiny blob of fusion fuel is confined and heated by intense laser beams to

achieve fusion [2].

1.2 Turbulent transport by microinstabilities

Macroscopically confined hot plasma or MHD stable plasma in a Tokamak is not in

thermodynamic equilibrium and hence is susceptible to instabilities. In a Tokamak

plasma, the temperature and density are high in the core region and fall off rapidly

towards the edge of the plasma, closer to the wall of the vessel. The inherent free

energy due to the gradients of these quantities in the plasma excite several small

scale instabilities called microinstabilities that can lead to turbulent cross-field losses

of heat, momentum and particles from the core of the plasma to the outside. A high

level of ion thermal transport and a similar level of electron thermal transport is

observed in Tokamak experiments. The observed levels are far in excess of analyt-

ical estimates expected from known classical and neo-classical (i.e. due to toroidal

geometry) theories. Hence, this transport is termed “anomalous”. For the design of

future Tokamaks towards a fusion reactor and control of the plasma, transport data

from experiments in several past and existing Tokamaks have been used to obtain

empirical scaling law [5]. Such an exercise, while inevitable, is expensive, however.

Theoretical understanding and predicting turbulent transport from microinstabili-

ties is hence particularly important for fusion because the size (and therefore cost) of

future Tokamak reactors is determined by the balance between fusion self-heating

and turbulent transport losses that hinder onset of ignition. Extensive progress
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has been achieved over the years in obtaining the growth, saturation and transport

driven by several microinstabilities, in tandem with the development of advanced

numerical codes and availability of large-scale computational resources [6, 7, 8].

Considering simplifying assumptions and simple geometries, early analytic predic-

tions have suggested several microinstabilities [9, 10, 11, 12]. These instabilities are

variously characterized according to the free energy source, ion vs electron driven

modes, length and time scale of fluctuations. In experimental Tokamak plasmas

consisting of ions and electrons, the Larmor radii ρj (of a particle species j) of the

particles are much smaller than the typical equilibrium length scales L, which are

of system size, i.e. ρj/L << 1. The different length and time scales in microin-

stabilities can be characterized in terms of this smallness parameter ǫg=̇ρj/L as

follows: (a) the mode real frequency is much smaller than the cyclotron frequency

of ions/electrons ωr << ωc,j (b) the wavelength is long parallel to the magnetic

field: k‖ρj ∼ O(ǫg) (c) the perpendicular wavelength is of the order of Larmor radii.

For ion-driven modes such as Ion Temperature Gradient mode (ITG) [9], Alfvén-Ion

Temperature Gradient mode (AITG) [12] (described later), k⊥ρi ∼ O(1), while for

electron-driven modes such as Electron Temperature Gradient mode (ETG) [10],

k⊥ρe ∼ O(1). This set of ordering is usually known as gyro-ordering. Microinstabil-

ities can be studied by applying this ordering to kinetic models by averaging over

the fast gyromotion and considering only the guiding-centre motion parallel to the

field line and slow drift-motion across the flux surfaces. In the last few decades,

gyrokinetic framework of theory [13, 14] and simulations has progressed and numer-

ical simulations now are able to consider realistic geometries and plasma parameters

based on Tokamak experiments. The gradient in density and/or temperature is a

free energy source for various density, temperature and/or pressure gradient insta-

bilities. The plasma pressure in a Tokamak, normalized to the magnetic field energy

is defined as the so-called plasma beta: β = 2µ0 < p > /B2, where < p > is the

average plasma pressure and B is the magnitude of Tokamak magnetic field. In the
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very low β limit, the magnetic field fluctuations are negligible and electrostatic po-

tential fluctuations are excited by these gradients. For example, amongst this class

of low frequency, short scale instabilities, the one driven by ion temperature gradient

(ITG) in the radial direction, the ITG mode destabilizes electrostatic perturbations

of the scale of ion-Larmor radius [9]. The ITG mode driven by nonadiabatic ions, is

believed to cause anomalous loss, or transport of ion heat at low β. In the presence

of ion temperature gradient, above a certain threshold (R/LT )crit ≃ 4, the mode

is destabilized by the torioidal magnetic drift of ions. Several ITG modes interact

with each other in the nonlinear regime to generate poloidally symmetric flows with

short radial scales called zonal flows. These self-generated zonal flows tend to sup-

press the instability leading to a non-linear saturation and a nonlinear upshift of the

threshold temperature gradient to (R/LT )crit ≃ 6, known as the “Dimits shift” [15].

On the other hand, the non-adiabatic electrons tend to bring fine-scale structures

near the mode rational surfaces of ITG modes, while marginally affecting the linear

growth rates and its threshold [16].

With increasing plasma β, due to electromagnetic fluctuations, the ITG mode is

stabilized beyond a critical β. Similarly, in the presence of gradient in electron

temperature profile, the Electron Temperature Gradient (ETG) mode is unstable at

much shorter scales than ITG. The Trapped Electron Mode is unstable due to the

trapped electron dynamics in the presence of a pressure gradient in the edge region

of the Tokamak. These modes have been studied extensively and seen to generate

electrostatic turbulence, leading to transport in excess of neo-classical estimates [5].

Experimental plasma, however, has a finite plasma pressure; therefore magnetic

fluctuations cannot be neglected. As indicated earlier, the presence of magnetic

fluctuations fully stabilizes the ITG turbulence between 1% and 2% [12]. The TEM,

on the other hand, is found to be insensitive to magnetic perturbations and remain

unstable at finite β [17]. Above a threshold β, the Alfvén-ITG or Kinetic Ballooning

Mode(KBM) has been shown to become unstable in the presence of ion temperature
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gradient and grows more unstable with β [12, 18, 19]. Thus, fully electromagnetic

investigations are necessary for a thorough understanding of the nature of turbulent

transport from these instabilities. However, such a problem is difficult to tackle

analytically and progress has been made only in the last two decades with the

development of fully electromagnetic gyrokinetic codes [20]. Thus electrostatic and

electromagnetic modes driven by electrons and/or ions have been extensively studied

using gyrokinetic simulations. The particular form of the perturbations in these

modes, known as the ‘ballooning parity’, does not affect the mean magnetic field

configuration and causes transport by “flutter” type of fluctuations.

Another class of electromagnetic modes which are driven by electron nonadiabatic-

ity, but are of ion scale (thus inherently mesoscale) are called the tearing parity

modes. The tearing parity modes lead to a change in the local magnetic topology.

The nature of transport in these broken magnetic fields assuming stochastically gen-

erated by tearing parity modes was investigated by Rechester and Rosenbluth [21]

and Stix [22], who found that such fields allow free-streaming of the electrons away

from the flux surfaces, leading to turbulence and hence increased transport. Tear-

ing parity modes, can generate magnetic islands near the Mode Rational Surfaces

(MRS) due to their having k‖ = 0 near the MRS and A‖ even. If the MRSs are

closely spaced and and magnetic island widths are sufficiently large to overlap, it

leads to a stochasticization of the magnetic field. Thus the MicroTearing Mode

(MTM) has recently emerged as an important candidate to understand anomalous

transport due to its electron-driven, multi-scale nature that spans length scales from

ion-Larmor radii to electron-Larmor radii. Unlike the conventional tearing modes

which derive their free energy from electric current gradients, MTMs draw free en-

ergy from the electron temperature gradient. These modes do not alter the MHD

equilibrium but are rather short scale, low frequency fluctuations that is envisaged

to open up an important channel of electron transport.
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1.2.1 A survey of earlier work done

In the wake of unstable pinch experiments [23] which were earlier predicted to be

stable to ideal, large scale hydromagnetic instabilities and triggered by Dungey’s

suggestion [24] that near an X-point of magnetic field, finite conductivity can lead

to an unstably growing electric current density, Furth, Killeen and Rosenbluth [25]

proposed a resistive hydromagnetic instability of a current sheet leading to discrete

current filaments via a magnetic “tearing” instability. The released magnetic en-

ergy was proposed to lead to ideal plasma flow away from the point of “tear”. This

is the conventional long scale MagnetoHydroDynamic tearing mode. The observa-

tion of kink-like oscillations prompted Hazeltine et.al. [26] to study tearing modes

for plasmas in Tokamaks. Using guiding centre kinetic equations or drift kinetic

equations in cylindrical geometry (no toroidal effects) and a Fokker-Planck collision

operator, they obtained a general dispersion valid for a range of νei/ωr, where νei

is the electron-ion collision frequency and ωr is real frequency of the mode. They

predicted that a relatively short scale tearing parity mode can be driven unstable

by electron temperature gradient (eTG). In the limit of zero collisionality, this “mi-

crotearing mode” was found to be stable. This is perhaps one of the earliest work

which found that temperature gradient can also produce a tearing parity electro-

magnetic mode. Hazeltine and Strauss [27], subsequently invoked this model to

estimate using a quasilinear theory, saturated amplitude of δBr. These studies were

performed in straight cylinder coordinates, used a quasi-linear fluid model and a

parallel heat conduction equation dependent on E|| and temperature fluctuations

(or Thermo Electric force). For a local flattening of equilibrium temperature profile

To(r) i.e, dTo/dr small around am = n surface, saturation amplitudes predicted were

of the order δBr/B ∼ 1 × 10−4 due to tearing instability, but with large cross-field

transport coefficients.

Drake and Lee [28], again using cylindrical coordinates, identified 3 regions of
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collisionality for MHD tearing modes and 3 regions of collisionality for drift-tearing

modes (with real frequency depending on density and temperature gradients), namely

collsionless (νei/wr << 1), semicollisional (νei/wr ≤ 1) and fully collisional (νei/wr >

1) regimes. In the collisionless limit as defined above, drift tearing modes were mod-

erately found to be unstable and their growth rates were found to be insensitive to

density and temperature gradients whereas real frequency was found to depend on

density and temperature gradients. In the semi-collisional and collisional limits,

both growth rates and real frequencies depended on density and temperature gra-

dients. The authors note that toroidal effects which they neglect is not justifiable.

Subsequently, Drake et.al. [29] showed that using a shear slab geometry and using a

drift kinetic, low β (two potential) model for electrons, Microtearing modes (MTM)

driven by electron temperature gradient are stable in collisionless regime and in

highly collisional regimes. It was shown that in the regime 10 < νei/wr < 100, the

mode survives with positive growth. Outside this limit, MTM was shown to be sta-

ble. For low frequency banana regime, (i.e. νei/wr < ǫ, where ǫ = a/R0), Catto and

Rosenbluth [30] considered the trapping-passing boundary in velocity space and its

contribution to the stability of MTMs. Using a gyrokinetic, radially local calcula-

tion, they evaluated the effect of electrons near a narrow passing-trapping boundary

in velocity space. Collisions were taken into account via a Lorentz model collision

operator. They argued that as the response of barely trapped and barely passing

electrons to parallel electric field is different near the passing-trapping boundary,

to make a smooth transition, existence of a narrow boundary-layer at the passing-

trapping boundary becomes necessary. They found a correction to the growth rate

of those obtained by Drake and Lee [28] which further destabilizes the mode. In

this work, magnetic drift of passing electrons was neglected as its magnitude was

considered to be smaller than the trapped particle drift and opposite in direction.

As mentioned earlier, the calculations were local.

Except for a few studies [31, 32], investigations on the tearing parity modes driven
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by electron temperature gradient was largely dormant until the recent work by Ap-

plegate et al. [33] which investigated the microinstabilities, in general, in connection

to MAST experimental observations. With a linear electromagnetic gyrokinetic nu-

merical study using flux tube code GS2 [34] for MAST-like equilibria, they found

amongst host of conventional ballooning parity modes such as ITG, ETG, a mode

which possess a tearing parity. It was found that setting collisionality to zero had

stabilizing influence on the mode and more importantly, the character of the mode

became ITG-like (ballooning parity from tearing). A detailed analysis in 2007 [35]

showed that neither the shaping of the flux surfaces in MAST-like equilibria nor the

large trapped particles fraction or the type of MHD equilibria (s− α, Solovev etc.)

was important, but a high value of β, in the presence of steep electron temperature

gradient and collisionality (linearized Lorentz Collision Operator). It was found

that the decreasing collisionality stabilized the mode qualitatively consistent with

[26, 28]. Mode was strongly destabilized by magnetic drift of passing electrons and

electrostatic potential fluctuations. Using GENE [36] flux tube code, Told et al. [37]

considered for ASDEX Upgrade realistic edge profiles, the linear electromagnetic

gyrokinetic simulations which indicate that as the edge profiles steepen, a host of

electron temperature gradient driven modes such as ETG, TEMs and MTMs are

found. These MTMs were sensitive to collisionality and as collisions are reduced,

growth rate of MTMs reduced and were found to couple to TEMs which survive at

zero collisionality and zero β.

Dickinson et al. in [38, 39] studied MTMs in edge pedestal region. Starting

from MAST experimental, shaped profiles, they considered a closely related circular

shifted flux surface and performed local, electromagnetic, gyrokinetic analysis for

experimentally relevant, equilibrium profiles of density and electron temperature. It

was found that the trapped electrons and their magnetic drifts were more important

than the passing electrons as predicted by [35] for MAST-like equilibria for core.

MTMs were found to be maximally unstable for weak or zero collisionality. It was

10
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indicated that trapped electrons, high β and high electron temperature gradient

are responsible for this MTM to be unstable in both large and small aspect ratio

Tokamaks. For another spherical Tokamak namely NSTX, Guttenfelder et al. [40],

showed using GYRO electromagnetic gyrokinetic code [41, 42] that for NSTX rel-

evant collisionality, β and electron temperature gradient, the linear stability and

nonlinear turbulence of MTM explains the observed transport level in NSTX ex-

periments. Internal Transport Barriers were found for self organized Single Helical

Axis (SHAx) regimes in Reverse Field Pinch (RFP) device RFX-Mod [43], where

steep electron temperature gradient at ITB was found to trigger magnetic activity.

Linear stability analysis with GS2 and field mapping indicated MTMs which grow

and the magnetic island overlapping produces stochastic transport of electrons. For

RFP, a more detailed study [44] with GS2 at the limit of very small collisionality

showed the MTMs can be unstable as long as magnetic drift of electrons and suffi-

cient electron temperature gradient is available. Doerk et al. [45, 46] investigated

microtearing turbulence in standard geometry Tokamak ASDEX-U, with an aspect

ratio of 3. In these global electromagnetic gyrokinetic simulations with GENE, the

microtearing modes were found to be linearly unstable in collisional plasmas in stan-

dard Tokamaks. The mode was found to be unstable and dominate ITG in the low

wavenumber range and a 2-D structure of the current layer was obtained, whose

width was in close agreement with analytical predictions. In these studies, the de-

pendency on collisionality was found to be weak, but necessary nevertheless. From

the non-linear evolution, saturated amplitude of the magnetic perturbations was ob-

tained and found to be described well by the Rechester and Rosenbluth model [21].

In summary, study of microtearing modes, which are short scale kinetic analogues

of tearing modes, were begun in the 70’s and 80’s. In the presence of electron

temperature gradient, collisional destabilization was found to sustain the mode in

simplified geometries in these analytic works. The hot plasmas in fusion relevant

experiments being essentially in a collisionless regime, the MTM was expected to be

11
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unimportant, resulting in a hiatus until the early last decade. The development of

advanced electromagnetic gyrokinetic formulations and the availibility of large scale

computational resources has enabled the study of MTM in realistic toroidal geome-

tries and plasma parameters to understand the observed, large levels of electron

thermal transport. Local flux tube simulations for Spherical Tokamaks MAST and

NSTX, which operate at high β and with significant collisionality found MTMs un-

stable. Subsequently, unstable collisional MTMs have been reported for several MCF

devices, such as the Reversed Field Pinch and standard Tokamaks, typically using

local flux-tube simulation. In Spherical Tokamaks, using flux-tube simulations, drift

resonance of trapped electrons was identified as a possible source collisionless drive

by Dickinson et al.

A natural thought is the following: In large aspect ratio fusion plasmas, the rel-

ative fraction of trapped electrons is much less than that of a spherical tokamak.

Do such large aspect ratio plasmas support an unstable, collisionless, microtear-

ing mode? If so, what are the collisionless drive mechanisms? What is the role

of trapped electrons? If the aspect ratio is reduced, can one establish a qualitative

connection with the results of Spherical Tokamak? What is the 2D eigenmode struc-

ture of this Mode? Will these modes survive in advanced tokamak magnetic shear

configurations? In the following Chapters, using global gyrokinetic electromagnetic

simulations as applicable to large aspect ratio fusion plasmas, several of the above

stated issues are addressed.

1.3 Thesis organization

In Chapter 2, the global gyrokinetic formulation implemented in ElectroMagnetic-

GLObal GYrokinetic STability of TOkamaks (EM-GLOGYSTO) to study the elec-

tromagnetic microinstabilities will be detailed. The formulation is valid to arbitrary

12
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wavelengths and hence is capable of studying some of the complex multi-scale mi-

croinstabilities considering actual electron-to-ion mass ratio and non-adiabatic elec-

trons and ions. In the past, the code has been used to obtain several features of the

mainly ion-scale modes such as ITG, AITG, Kinetic Infernal Modes [47], to mention

a few. Optimization of the numerical implementation and introduction of a second

level of parallelization using OpenMP results in a speedup of 2x-10x in runtime,

thus enabling the study of the problems addressed in this work.

In Chapter 3, a comparative study of various electromagnetic microinstabilities

previously reported such as finite-β ITG, AITG and the Microtearing Mode will be

discussed. Collisionless Microtearing Mode are found unstable in large aspect ratio

Tokamaks. A clear evidence for the existence of collisionless MTM was reported

for the first time during the course of this Thesis. Results on the wavenumber

spectrum of the mode, global 2-D structures in the poloidal cross-section, β-scaling

of the mode is discussed. The main drive mechanism leading to the instability is also

addressed. Mode sensitivity to global temperature profiles and Landau resonance is

investigated.

In Chapter 4, the role of non-adiabatic trapped electron population on the Col-

lisionless MTM is studied. Modelling the trapped electron dynamics via a Drift

Kinetic Equation, the bounce averaged contribution to the electrostatic potential

is obtained in the formulation. At a given aspect ratio, the contribution is found

to be destabilizing at high-n but is found to be ineffective for low n. At lower as-

pect ratios, the trapped electron contributions are seen to significantly add to the

destabilization. The trapped electrons are seen to bring short-scale structures on

each mode rational surface and enlarge the radial wavenumber spectrum of electro-

static potential fluctuations, whereas the magnetic perturbations are more or less

unchanged.

In Chapter 5, the global mode characteristics of MTM and AITG are explored for
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their sensitivity to equilibrium safety factor profiles. Keeping in mind, the primarily

passing-particle driven nature of these modes, the trapped particles are ignored for

this study. This is justified in particular for low-n, in accordance with the results of

Chapter 4 at large aspect ratio and also helps to delineate the distinct role of passing

and trapped particle dynamics on the complex nature of MTM. Considering only

passing particles, the sensitivity to global temperature profiles at given q-profiles

and to global q-profile (and hence shear profiles) at a given temperature profile

and qmin is studied. Multiple MTM and AITG modes are found for any given

profile. The dominant MTM mode is found to prefer regions of higher dT/ds in

regular safety factor operations, whereas subdominant branches exist that prefer a

particular magnetic shear location location and are insensitive to location of ηmax.

The dominant MTM branch is found to changeover to linearly unstable collisionless

mixed parity mode with a change in the global safety factor profile MTM is seen to

be very sensitive to q variation relative to AITG.

Finally, in Chapter 6 a summary of important findings from this global linear

gyrokinetic study of MTM and AITG is described. The study of electromagnetic

instability is only beginning to gain momentum and several important problems

remain to be addressed. Several nontrivial issues that remain outside the scope of

this work are outlined including directions along which the model may be improved.
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Chapter 2

Global linear electromagnetic

gyrokinetic model

Global mode structures and stability characteristics of electrostatic and electromag-

netic microinstabilities provide useful means to gain insight into turbulent transport

processes in tokamak plasmas. The hot plasmas in experimental tokamaks are at

intrinsically finite pressure. The study of electromagnetic turbulence and transport

is of immense importance since electromagnetic fluctuations not only bring charac-

teristic changes to intrinsically electrostatic modes such as the ITG, but also excite

other instabilities such as the Kinetic Ballooning Mode (KBM) at finite β [12]. The

linear characteristics act as a natural platform for more detailed and realistic non-

linear investigations. Understanding such linear processes can provide a means to

predict transport phenomena and to control and/or mitigate such phenomena in

order to realize the desired conditions in future reactor tokamaks.

In hot plasmas with ion and electron temperatures of 7-10 KeV and density of

the order 1018 − 1019 m−3, the collision frequency νei is typically much smaller than

the real frequency ωr of the instabilities, 2πνei/ωr . 2 × 10−3. As described in the

previous chapter, the microinstabilities that produce turbulence can be studied by

15



CHAPTER 2. GLOBAL LINEAR ELECTROMAGNETIC GYROKINETIC
MODEL

applying the gyrokinetic ordering. In this thesis, the 2-D global linear characteris-

tics of microinstabilities is studied using the fully gyrokinetic electromagnetic code

EM-GLOGYSTO [48, 49]. With circular flux surfaces and an axisymmetric equilib-

rium in toroidal coordinates (ρ, θ, φ), this code models microinstabilities in purely

collisionless tokamak plasmas by numerically solving Gyrokinetic Vlasov-Maxwell

equations in Fourier space using Nyquist method. The code takes into account fi-

nite Larmor radius effects (FLR) to all orders, contribution of passing and trapped

particles and Shafranov shift and is fully electromagnetic, with perturbations in

the electrostatic potential ϕ, the magnetic vector potentials A‖ and A⊥. In EM-

GLOGYSTO, the passing and trapped particle effects can be delineated and the

physics of these species can be addressed separately or together. Both ion elec-

tron and ion scales are resolved using a very large number of radial grid points and

poloidal Fourier harmonics, keeping intact the physics of FLR at all orders. The

high resolution in velocity space allows for dissipationless, accurate description of

kinetic effects such as Landau and magnetic drift resonances.

In the past, the code has been extensively used to study different instabilities,

namely the Ion Temperature Gradient mode (ITG), Electron Temperature Gradient

mode (ETG), Trapped Electron Mode-coupled ITG, Universal Drift Mode, Short

wavelength ITG and AITG, as well as the effect of E ×B flows on ITG and AITG

modes [18, 19, 48, 49]. The formulation relevant to the present work is described

in the remaining Sections of this chapter. For the basic theoretical formulation and

implementation, the reader is referred to Refs. [48, 49] and for the electromagnetic

formulation, Refs. [18, 19, 50].

2.1 Gyrokinetic Formulation

Starting from the Vlasov equation appropriate for collisionless hot plasmas in toka-

maks, the standard technique of gyrokinetic change of variables is employed [51]

followed by an eikonal or spectral ansatz to obtain a gyrokinetic Vlasov equation.
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Theoretical formulations used here are an extension of those studied in [48, 52] with

a major change, namely the use of proper gyrokinetic non-adiabatic passing electron

response to the fluctuations. A brief description of the electromagnetic formulation

considering ϕ and A‖ fluctuations relevant for current studies is presented in the

rest of this Section. For details of the full electromagnetic formulation the reader is

referred to Ref. [19].

The basic equation for the kinetic description of a collisionless plasma is the Vlasov

equation

D

Dt
fj(r,v, t) =

[

∂

∂t
+ v · ∇ +

qj
mj

(E + v × B) · ∇v

]

fj(r,v, t) = 0 (2.1)

where fj(r,v, t) is the distribution function of a given species j of mass mj and

electric charge qj and E(r, t), B(r, t) are the electromagnetic fields consistent with

Maxwell’s equations. For a linear stability study, the full distribution function

fj(r,v, t) of species j is linearized about a suitable equilibrium f0j = f0j(r,v) such

that fj(r,v, t) = f0j(r,v) + f̃j(r,v, t) with the assumption that f̃j/f0j ≪ 1. The

equilibrium distribution function is invariant along the equilibrium or unperturbed

trajectories of particles, so that,

D

Dt

∣

∣

∣

∣

∣

∣

u.t.p.

f0j(r,v) = 0

where u.t.p implies unperturbed trajectories of particles, with

D

Dt

∣

∣

∣

∣

∣

∣

u.t.p.

≡ ∂

∂t
+ v · ∇ +

qj
mj

(v × B0) · ∇v (2.2)

The linearized equation is

D

Dt

∣

∣

∣

∣

∣

∣

u.t.p.

f̃j(r,v, t) = − qj
mj

(Ẽ + v × B̃) · ∇vf0j (2.3)

17



CHAPTER 2. GLOBAL LINEAR ELECTROMAGNETIC GYROKINETIC
MODEL

Here Ẽ and B̃ are the perturbed electric and magnetic fields such that E = E0 + Ẽ

and B = B0 + B̃, where E0 and B0 are the equilibrium fields. For the studies in

this work, the equilibrium electric field E0 is considered to be zero.

Then, following change of variables (r,v) → (r, ε = v2/2, µ = v2
⊥/2B, ψ0j)

wherein the particle canonical angular momentum for species j is ψ0j = êφ ·

[r × (A +mjv/qj)] = ψ + mjrvφ/qj , and ψ = rAφ is the poloidal flux function per

unit radian, vφ the particle speed in the toroidal direction, one obtains f0j(r,v) =

f0j(r, ε, µ, ψ0j). Such a transformation enables one to express f0j in terms of single

particle constants of motion (ε, µ, ψ0j). Thus the ∇vf0j term on the right hand

side (r.h.s) of Eq. (2.3) becomes

∇vf0j(r, ε, µ, ψ0j) = v

(

1 +
mjrvφ
qj

∂

∂ψ0j

)

∂f0jψ

∂ε
+

v⊥

B

∂f0jψ

∂µ
+ êφ

mjr

qj

∂f0j

∂ψ0j

∣

∣

∣

∣

∣

∣

ψ0=ψ

(2.4)

where f0jψ ≡ f0j(ψ0j = ψ) and êφ is the toroidal unit vector. To obtain Eq. (2.4), f0j

is Taylor expanded to first order in (mj/qj)rvφ about ψ0j = ψ. Then, the following

gyrokinetic ordering is used ǫg=̇ ̺Lj/Leq, ω/wcj ∼ O(ǫg), k⊥̺Lj ≃ O(1), k||̺Lj ≃

O(ǫg) where k⊥, k|| are perpendicular and parallel wavenumbers respectively, ̺Lj is

the Larmor radius of the species j and Leq is a typical equilibrium scale length, such

as the length scale over which the equilibrium temperature profile varies.

Rewriting f̃j in Eqs.(2.3), in terms of the explicit adiabatic contribution and the

non-adiabatic remainder h
(0)
j :

f̃j = h
(0)
j +

ϕ̃qj
mj

(

1 − vφ
Ωpj

∇n

)

∂f0jψ

∂ε
+

qj
mjB

∂f0jψ

∂µ

(

ϕ̃ − v‖Ã‖

)

− qj
mj

Ãφ
Ωpj

∇nf0jψ(2.5)

In the large aspect ratio limit with circular flux surfaces Ã‖ and Ãφ are related by

Ã‖ = ê‖ · Ã = bφÃφ + bθÃθ, where bφ = êφ · B0/|B0| and bθ = êθ · B0/|B0|. The

quantities Ãφ and Ãθ are toroidal and poloidal components of the vector potential Ã.

Invoking the previously mentioned gyrokinetic ordering followed by some standard
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algebra, one arrives at

D

Dt

∣

∣

∣

∣

∣

∣

u.t.p

h
(0)
j (r,v, t) = − qj

mj





∂f0jψ

∂ε

∂

∂t
+
v||

B

∂f0jψ

∂µ
ê|| · ∇ +

∇nf0jψ

Ωpj

êφ · ∇


×

(ϕ̃− v · Ã) +O(ǫ2g) (2.6)

In Eqs.(2.5-2.6), the following definitions are introduced: ∇n = −rBp
∂
∂ψ
,Ωpj =

wcjbp, wcj = qjB/mj . bp = Bp/B and Bp = |∇ψ|/r. h(0)
j is the zeroth order term of

the perturbative series in the “inverse gyro-frequency expansion” of the nonadiabatic

part hj = h
(0)
j + (1/wcj)h

(1)
j + (1/w2

cj)h
(2)
j .... Note that since D/Dt ≃ O(wcj), only

h
(0)
j is retained which is independent of wcj and hence the gyro-angle (defined below).

In the rest of this presentation h
(0)
j is referred simply as hj . Eq. (2.6) is our starting

equation.

The gyroaverging proceeds as follows. In a large aspect ratio tokamak geome-

try, the velocity v of a particle gyrating around a field line is v = v⊥(êρcosα +

êθsinα) + v‖ê‖ where unit vectors êρ, êθ, êφ define the toroidal coordinates and α is

the gyroangle. Gyro-averaging a quantity “Q” is defined as

< Q >=
1

2π

∫ 2π

0
dαQ(α; ..)

In Eq. (2.6), the terms in square brackets [..] on the right hand side (r.h.s.) are all

equilibrium quantities and are independent of α. Thus only the potentials need to

be averaged. Similarly, on the left hand side (l.h.s), hj is independent of α, hence,

only D/Dt|u.t.p is to be gyro-averaged. Therefore,

D

Dt

∣

∣

∣

∣

∣

∣

u.t.p

gyro−averaging
=⇒ D

Dt

∣

∣

∣

∣

∣

∣

u.t.g

≡ ∂

∂t
+ (v‖ê‖ + vdj) · ∂

∂R

where vdj = (v2
⊥/2 + v2

‖)êz/(rwcj), u.t.g. implies unperturbed trajectory of guiding

19



CHAPTER 2. GLOBAL LINEAR ELECTROMAGNETIC GYROKINETIC
MODEL

centers R defined by R = r + v × ê‖/wcj. Therefore,

< ϕ̃− v · Ã > =
1

2π

∫ 2π

0
dα

[

ϕ̃(r[α], t) − v · Ã(r[α], t)
]

∣

∣

∣

∣

∣

∣

r=R−v×ê‖/wcj

Since ϕ̃(r[α], t) and Ã(r[α], t) are unknown functions, the gyro-averaging is per-

formed by first Fourier decomposing these functions, then representing the particle

coordinate r by the gyro-center R and utilizing

Jp(x) =
1

2π

∫ 2π

0
dα exp[i(xsinα − pα)]

one obtains a gyro-averaged equation for the nonadiabatic distribution function.

For low but finite β, B‖ fluctuations are neglected so that Ã = Ã‖ê‖. However,

generalization to include B‖ fluctuations is obtained by setting Ã = Ã‖ê‖ + Ãθ êθ

[19], which leads to a Bessel function J1. It will be seen later in Chapter 3 that for the

problem of interest, namely microtearing instability, the inclusion of B‖ fluctuations

in a β scaling study does not affect the calculations even at very high values of β.

Hence, unless otherwise specified, electromagnetic fluctuations are taken to imply

only the low β approximation where Ã = Ã‖. With the above said procedure, one

obtains the following gyrokinetic equation:

D

Dt

∣

∣

∣

∣

∣

∣

u.t.g

hj(R,v, t) = −
(

qj
mj

)





∂f0jψ

∂ε

∂

∂t
+
v||

B

∂f0jψ

∂µ
ê|| · ∇ +

1

Ωpj
∇nf0j

∣

∣

∣

∣

∣

∣

ψ

êφ · ∇


×
(

ϕ̃(k; )J0(k⊥̺Lj) − v‖Ã‖(k; )J0(k⊥̺Lj)
)

+O(ǫ2g) (2.7)

Here, ∇n ≡ ∇ρ = ∂/∂ρ, k = κ êρ + kθ êθ + kφ êφ and κ = (2π/∆ρ) nρ, with

∆ρ = ρu − ρl which defines the radial domain, kφ = n/r, kθ = m/ρ; and (nρ, m, n)

are radial, poloidal and toroidal mode numbers respectively. (In later Chapters, r is

used for the radial variable ρ and the notation for radial wavenumber κ and kr are
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used interchangeably). The solution to Eq. (2.7) is obtained by the Green’s func-

tion technique (unit source solution say P) [53]. An explicit form of P is obtained

analytically by the method of characteristics of unperturbed trajectories of guiding

centers (u.t.g) and followed by a perturbative technique for the guiding center ve-

locity [49]. Moreover, the unit source solution, P, to Eq. (2.7) is independent of the

type of perturbation (electrostatic or electromagnetic) and solely depends on the

considered equilibrium. The equilibrium distribution function f0j is assumed to be

a local Maxwellian of the form

f0j(ε, µ, ψ) = fMj(ε, ψ) =
N(ψ)

(2πTj(ψ)/mj)
3/2

exp

(

− ε

Tj(ψ)/mj

)

so that ∂f0j/∂µ ≡ 0 by choice and density profile N(ψ) is independent of the species

type j. Thus, for a “sinusoidal” time dependence, the solution to Eq. (2.7) in guiding

center coordinates R is :

hj(R,v, ω) = −
(

qjFMj

Tj

)

∫

dk exp (ik · R)
(

ω − ω∗
j

)

(i Pj)

×
(

ϕ̃(k; )J0(k⊥̺Lj) − v‖Ã‖(k; )J0(k⊥̺Lj)
)

+O(ǫ2g)

where ω is the eigen value and ω∗
j = ωnj

[

1 +
ηj

2

(

v2

||
+v2

⊥

v2

thj

− 3
)]

wherein

ωnj = (Tj∇n lnNkθ)/(qjB) is the diamagnetic drift frequency; ηj = (d lnTj)/(d lnN).

Note also that since the equillibria considered are axisymmetric, the toroidal mode

number n can be fixed and the problem is effectively two dimensional in (r, θ) (con-

figuration space) or (κ, kθ) (Fourier space).

The unit source solution P for a given (k, ω) is,

P(R,k, ε, µ, σ, ω) =
∫ t

−∞
dt′ exp (i [k · (R′ − R) − ωt′])

=
∫ t

−∞
dt′ exp

(

i
∫ t′

dt′′k · vg(t
′′) − iωt′

)

(2.8)
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where the guiding center velocity dR/dt = vg = v‖ + vd and R(t) is obtained by

solving for the unperturbed guiding center trajectories as an “initial value problem”.

Passing ions and electrons: For passing particles, the solution is obtained analyt-

ically by first assuming the cross-field drift terms [vd] to be small and drop them at

the zeroth order and to include them iteratively at the next order. This procedure

gives us an explicit form for passing particle propagator as:

iP =
∑

p,p′

Jp(x
σ
tj)Jp′(xσtj)

ω + kθvdz − σk||v|| − pωt
exp(i(p− p′)(θ − θ̄σ)) (2.9)

where xσtj = k⊥ξσ, ξσ = vd/ωt, vd =
(

v2
⊥/2 + v2

‖

)

/(ωcR), ωt = σv‖/(q(s)R), σ =

±1 (sign of v‖), k⊥ =
√

κ2 + k2
θ , k‖ = [nq(s) −m] /(q(s)R) and θ̄σ is defined as

tan θ̄σ = −κ/kθ and s = r/a, a− is the minor radius at the plasma edge. To obtain

the particle density fluctuation ñj(r;ω) and current density fluctuation j̃j(r;ω), one

needs to go from guiding center (g.c.) co-ordinate R to particle co-ordinate r using

R = r + v × ê||/wcj, by replacing hj using Eq. (2.5) followed by the integration

over v keeping in mind the gyro-angle integration over α. This last integration on

α yields an additional Bessel function “J0” for ϕ̃ and Ã‖.

A few points to be noted here are as follows: (1) In arriving at this solution,

the parallel velocity of the particles are assumed to remain unchanged as they pass

through the high field side. That is, the modulation of v‖ due to inhomogeneity

of the magnetic field B is assumed to be weak and hence negligible. In this sense,

particles are considered as “highly passing”. (2) The grad-B and curvature drift

effects appear through the drift vdz in the argument of Bessel functions (xσtj =

k⊥vd/ωt) and the term kθvdz in the denominator in Eq. (2.9). Thus for example,

“radial” and “poloidal coupling” vanishes if vdz in Eq. (2.9) and one would recover

the “cylindrical” results. (3) The argument of Bessel functions Jp’s in Eq. (2.9)

i.e., xσtj = k⊥ξσ also depends on transit frequency ωt, x
σ
tj can become xtj ≃ O(1).
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Hence transit harmonic orders are to be chosen accordingly. In this form P contains

effects such as transit harmonic and its coupling, parallel velocity resonances and

poloidal mode coupling. (4) Finite plasma pressure results in a compression of

the nested flux-surfaces in the outboard side and is known as Shafranov Shift (∆)

where ∆(ρ) is the shift measured from magnetic axis. EM-GLOGYSTO takes into

account Shafranov shifted circular equilibrium and its effects on the equilibrium

trajectories of the particles for small shifts with ∆′ ≃ O(A−1). ∆ is the shift from

the magnetic axis. For details of the Shafranov shift corrected unit source solution,

P see Refs. [18, 19]. However, for the purposes of present thesis, the corresponding

changes due to Shafranov shift are ignored.

Trapped electrons : The mirror effect due to the inhomogeneous magnetic field of

the tokamak causes a fraction of the population of ions and electron species to be

trapped in the outboard region of the tokamak. These particles trace the well known

banana orbit with a slow precessional drift in the toroidal direction. Considering

a particle at its thermal velocity, the bounce frequency is ωb ∼
√
A−1vth/qR. Mi-

croinstabilities typically have real frequencies ωr ∼ vthi/a. Thus bounce frequency

of trapped ions is low, ωbi/ωr << 1 and can be neglected. On the other hand, the

bounce frequency of electrons is much higher, ωbe/ωr >> 1. Hence, a bounce period

averaged response of the trapped electron dynamics to the perturbations is consid-

ered. The Larmor radius of the electrons is smaller than that of ions by a factor
√

mi/me. Hence, for instabilities with k⊥ρi ∼ O(1), FLR effects of electrons are

negligible and a Drift Kinetic Equation is used to model them following Ref. [49].

The fluctuating part of the guiding center (GC) distribution function is defined

as f̃g = g̃g − qϕ̃FM/T , where g̃g is the non-adiabatic part. With perturbations of

the form expi(ωt− nφ), where n is the toroidal mode number and φ is the toroidal
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angle, the evolution equation for g̃g is obtained as

D

Dt

∣

∣

∣

∣

∣

u.t.g

g̃g = − q

T
FM i(ω − ω∗)ϕ̃

with ω∗ = − T
qB

∇nlnFM
B
Bp
kφ = ωn[1 + η(ε/v2

th − 3/2)] and ωn = − T
qB

∇nlnN
B
Bp
kφ.

This equation is then expanded to different orders in small parameter ǫb = ω/ωb ≪ 1.

Subtracting the slow precessional drift < φ̇ > from the fast periodic trapping motion

and assuming ω ∼ ω∗, one can write to lowest order in ǫb,

(

~vg · ∂

∂ ~R
− < φ̇ >

∂

∂φ

)

g̃(0)
g = 0,

where ~R is the guiding center coordinate. Thus g̃(0)
g is constant along the non-drifting

banana orbits and to first-order,

(

~vg · ∂

∂ ~R
− < φ̇ >

∂

∂φ

)

g̃(1)
g − i(ω − n < φ̇ >)g̃(0)

g = − q

T
FM i(ω − ω∗)ϕ̃ (2.10)

Averaging this relation over a complete banana trajectory leads to the actual

bounce-averaged equation

(ω − n < φ̇ >)g̃(0)
g =

q

T
FM(ω − ω∗) < ϕ̃ >b .

Thus, g̃(0)
g = q

T
FM

ω−ω∗

ω−n<φ̇>
< ϕ̃ >b, with

< ϕ̃ >b (~R, ε, µ) =
1

τb

τb
∫

0

dtϕ(~R′),

such that ~R′(t = 0) = ~R, where ε is the kinetic energy and µ is the magnetic

moment.

By integrating only along the parallel motion of the GC, thus neglecting the finite
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banana width effects, one obtains in the general flux coordinates (ψ, χ, φ),

< ϕ̃ >b=
1

τb

τb
∫

0

dtϕ(ψ, χ′)einφ
′

=
1

τb
2

χ1
∫

χ2

dχ′JB

|v‖|ϕ(ψ, χ′)e
in(φ−

χ
∫

χ′

JBφ

r
dχ′′)

= ϕ̄(ψ, λ)ein(φ−
χ
∫ JBφ

r
dχ′)

(2.11)

where

ϕ̄(ψ, λ) =





χ1
∫

χ2

dχ
JB

√

1 − λB/B0





−1 χ1
∫

χ2

dχ
JB

√

1 − λB/B0

ϕ(ψ, χ)e−in(
χ
∫ JBφ

r
dχ′) (2.12)

and using ψ = const, dχ/dt = −v‖/JB, dφ/dχ = JBφ/r along the lowest order

trajectories. Here J is the Jacobian, λ = µB0/ε is a constant for a given energy

along the trajectories, χ1, χ2 are the turning points.

Closure: In real space r, for species j, one finally obtains the passing and trapped

particle density fluctuations (ñcj , ñ
t
j respectively), and parallel current fluctuations

j̃‖j as:

ñj = ñcj + ñtj (2.13)

where

ñtj = −
(

qjN

Tj

)



αtϕ̃+ < ϕ̃ >b



 (2.14)

ñcj = −
(

qjN

Tj

)



αcϕ̃+
∫

dkeik·r
∫

dv
fMj

N

(

ω − ω∗
j

)

(iPj) [ϕ̃(k; ) − v‖Ã‖(k; )]×

J2
0 (xLj)



,

(2.15)
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j̃‖j = −
(

q2
j

Tj

)





∫

dkeik·r
∫

v‖dvfMj

(

ω − ω∗
j

)

(iPj) [ϕ̃(k; ) − v‖Ã‖(k; )]×

J2
0 (xLj)



,

(2.16)

where xLj = k⊥̺Lj . Owing to the average over the bounce motion, the terms

containing the velocity moments cancel, therefore electromagnetic effects do not

enter in the contribution of the trapped particle population. It may be worthwhile

to emphasize here that (i) equilibrium effects (incorporated in P) and perturbation

effects are clearly delineated in the formulation (ii) a Solovev-type solution for flux

surfaces at large aspect ratio is considered. This enables one to analytically obtain

the particle response to electromagnetic perturbations in this numerical model.

As is well known, the underlying plasma current profile, which results in the global

safety factor profile, and the equilibrium pressure gradients need to be consistent

to an ideal MHD equilibrium magnetic field structure. However, the Solovev-type

simplification, as employed here, implies a constant safety factor across the minor

radius. Nevertheless, radially varying q-profiles are used. Hence, to this extent, the

global profiles used in this formulation are ad-hoc with respect to the equilibrium

magnetic configuration. Ideally, the equilibrium magnetic configuration is to be

obtained as a solution to the Grad-Shafranov equation considering pressure and

current profiles from an actual experimental MHD equilibrium. However, in the

present study, the pressure profiles and magnetic safety factor profiles may not

necessarily obey ideal MHD radial force balance. The global profiles employed in

studies with this formulation are assumed to be close to the actual equilibrium and

have minimal bearing on the quantitative observations in the large aspect ratio limit.

Equations are finally closed by invoking the Poisson equation and the component
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of Ampère’s law parallel to B:

∇2ϕ̃ = − 1

ǫ0

∑

j

qjñj(r;ω);
1

µ0

∇2
⊥Ã‖ = −

∑

j

j̃‖j (2.17)

By Fourier decomposing the potentials in Eq. (2.17) and then taking the Fourier

transform of this same equation, one obtains a convolution matrix in Fourier space.

Considering a hydrogen-like plasma with ions and electrons,

∑

k′









∑

j=i,e Mj
ϕ̃ϕ̃,k,k′

∑

j=i,e Mj

ϕ̃Ã‖,k,k′

∑

j=i,e Mj

Ã‖ϕ̃,k,k′

∑

j=i,e Mj

Ã‖Ã‖,k,k′

















ϕ̃k′

Ã‖,k′









= 0 (2.18)

where k = (κ,m) and k′ = (κ′, m′). The Laplacian of ϕ̃ and for the parallel

component of Ampère’s law is also included to the appropriate matrix elements. The

submatrices M are symmetric about the diagonal. With the following definitions,

∆κ = κ− κ′ and ∆m = m−m′ matrix elements are :

Mi
ϕ̃ϕ̃,k,k′ =

1

∆r

∫ ru

rl

dr exp(−i∆κr) ×


αpδmm′ + exp(i∆mθ̄)
∑

p

Î0
p,i



,

− 1

∆r

∫ ru

rl

dr exp(−i∆κr) ×
(

κ′2 +
m′2

r2

)(

ǫ0Ti(r)

q2
jN

)

,

Mi
ϕ̃Ã‖,k,k′ = − 1

∆r

∫ ru

rl

dr exp(−i∆κr) ×


 exp(i∆mθ̄)
∑

p

Î1
p,i



,

Me
ϕ̃ϕ̃,k,k′ =

1

∆r

∫ ru

rl

dr exp(−i∆κr) ×




αpδmm′

τ(r)
+

exp(i∆mθ̄)

τ(r)

∑

p

Î0
p,e



,

Me
ϕ̃Ã‖,k,k′ = − 1

∆r

∫ ru

rl

dr exp(−i∆κr) ×




exp(i∆mθ̄)

τ(r)

∑

p

Î1
p,e



, (2.19)

Mi
Ã‖Ã‖,k,k′ =

1

∆r

∫ ru

rl

dr exp(−i∆κr) ×


 exp(i∆mθ̄)
∑

p

Î2
p,i





− 1

∆r

∫ ru

rl

dr exp(−i∆κr) ×
(

κ′2 +
m′2

r2

)(

Ti(r)

q2
iNµ0

)

,

Me
Ã‖Ã‖,k,k′ =

1

∆r

∫ ru

rl

dr
exp(−i∆κr)

τ(r)
×


 exp(i∆mθ̄)
∑

p

Î2
p,e



,
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where

Î lp,j =
1√

2πv3
th,j(r)

∫ vmax,j(r)

−vmax,j(r)
vl||dv|| exp

(

−
v2

||

v2
th,j(r)

)







N j
1I

σ
0,j −N j

2I
σ
1,j

Dσ,j
1







p′=p−(m−m′)

,

Iσn,j =
∫ v⊥max,j(r)

0
v2n+1

⊥ dv⊥ exp

(

− v2
⊥

2v2
th,j(r)

)

J2
0 (xLj)Jp(x

′σ
tj )Jp′(x

′σ
tj ) ,

The following definitions are introduced: ǫ = a/R0 is the inverse aspect ratio,

vmax,j(r) is the upper cutoff speed considered in the numerical implementation,

of the species j, v⊥max,j(r) = min(v||/
√
ǫ, vmax,j) excludes trapped particles when

estimating the ω − independent perpendicular velocity integrals Iσn,j; αp = 1 −
√

ǫ/(1 + ǫ) is the fraction of passing particles; For electrons and ions at their thermal

velocity, the drift term in Eq. 2.9 is a small fraction of the typical real frequencies,

kθvdz ∼ (1/4)vth,i/a. For negligible values, the term can be ignored, and paves

way for decoupling the parallel and perpendicular velocity integrals and enables

numerical tractability. This simplification, used in the existing implementation,

significantly improves the runtime. For modes with ωr ∼ vth,i/a, the resultant effect

on the eigenvalues maybe expected to be minimal, although the effect is not evident

a-priori. It will be seen later in Sec.[3.2.6] that this is indeed small for the linear

growth rates and the global mode structures. Î lp,j, are ω − dependent parallel

integrals; xσtj = k⊥ξσ, N
j
1 = ω−wn,j

[

1 + (ηj/2)(v2
||/v

2
th,j − 3)

]

; N j
2 = wn,jηj/(2v

2
th,j)

and Dσ,j
1 =< wt,j(r) > (nqs − m′(1 − p)(σv||/vth,j) − ω, where < wt,j(r) >=

vth,j(r)/(rqs) is the average transit frequency of the species j.

2.2 Eigenvalue solution

Numerical solution to the eigenvalue problem Eq. 2.18 is obtained by using Davies

method [54, 55]. The method involves evaluating the determinant of the matrix

M(k, ω) on a preset, finite number N of test frequencies ω on the Nyquist curve in
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the Complex frequency plane ω ∈ C. The MPI implementation of the code employs

a coupled-domain decomposition scheme involving the test frequency ωl, l = 1, 2...N

and radial wavenumber kρ. Each MPI rank performs precalculation of the “equi-

librium” quantities parallel for a single frequency ωl. The matrices are then split

in blocks corresponding to ∆kρ intervals for a reparallelization with the same MPI

processes, with each MPI process calculating matrix elements in its ∆kρ domain. A

significant fraction of the compute time is involved in building the matrix elements

are independent from the frequency ωl, hence the parallelization of ∆kρ intervals

is very efficient. The coupled-domain decomposition scheme optimizes CPU time

by a factor of 10. Details of this scheme, done prior to this thesis, is described in

Ref. [55].

As is typical, the compute time scales with size of the matrix. For instabilities

involving mainly ion-Larmor scales, such as ITG, the required resolution is relatively

less and runtime required was about 30 minutes. However, as described later in

Chapters 3-5, a rigorous treatment of the physics of the instabilities relevant to this

thesis, in particular the microtearing modes in toroidal geometry turned out to be

very demanding. This is due to the dynamics of MTMs being electron dominated but

characteristically spanning from ion length scales to meso-scale. For the convergence

of these modes, the radial wavenumber spectrum required was found to be nearly 5 ∼

6 times larger, corresponding to resolutions spanning upto k⊥ρi ∼ 24. Calculations

with such high resolutions increased the required runtime significantly to nearly 10

hours. Consequently, attention was paid to improve numerical performance, details

of which is presented in the next section.
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Figure 2.1: The speedup of EM-GLOGYSTO obtained in two stages (i) Stage-
1 using LAPACK routines for LU decomposition and (ii) Hybrid MPI-OpenMP
parallelization for different microinstabilities - Microtearing Mode (MTM), Universal
Drift Wave (UDW) [56] and Alfvén ITG.
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Figure 2.2: Actual runtimes for the test cases in Fig. 2.1.

2.3 Numerical Optimization

Profiling the code blocks for the amount of time spent in each block of a code is

a primary step towards improving efficiency and runtime. Such an exercise showed

that a major portion of the CPU runtime was consumed by two components in the
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algorithm, for which there was scope for improvements: (a) building the matrix

by calculation of the matrix elements and (b) the LU decomposition of the matri-

ces while obtaining the determinant for the Nyquist method. The latter task was

performed by the routine ZGEFA from open-source library LINPACK. This legacy

package was replaced with routine ZGETRF from another open-source and mod-

ern library LAPACK, resulting in a significant speedup. Figs. 2.1 and 2.2 show

the improvement of more than 2x (at a rather benign plasma parameter requiring

resolution upto k⊥ρi ∼ 8), labeled as “Stage-1”. For further speedup by optimizing

the matrix construction, a hybrid-parallelization scheme was necessary, for which

GPGPU programming and OpenMP methods provide the alternatives. Considering

the complexity of the algorithm, and the large memory requirements than provided

by the prevalent GPGPUs, and considering the advantage offered by the shared

memory architecture of OpenMP, the latter was chosen. Within the existing algo-

rithm, the matrix is constructed sequentially for the two species in plasma namely

ions and electrons as Mk,ω = Mi
k,ω + Me

k,ω. The elements in the ion matrix Mi
k,ω

are independent of those in the electron matrix Me
k,ω and hence offers a possibility

for domain-decomposition. Thus, using the OpenMP architecture, a second-level

parallelization was implemented in matrix construction providing a further speedup

of ∼ 1.5x and resulting in a hybrid MPI-OpenMP code that is able to better utilize

the multi-core CPUs in present day HPC infrastructure.

2.4 Conclusion

Gyrokinetic formulation of microinstabilities provides an important means to un-

derstand the turbulent transport in tokamaks. The 2-D global linear gyrokinetic

eigenvalue formulation of EM-GLOGYSTO described in this Chapter provides a

mechanism to obtain global mode structures. The eigenvalue problem is solved with

the Nyquist method, and all the linearly unstable eigenmodes (i.e. those with γ > 0)
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can be obtained simultaneously. The propagator is constructed analytically as an

initial value problem so that the damped modes with γ < 0 cannot be addressed.

The fully gyrokinetic treatment of both ions and electrons considers several kinetic

effects, including FLR effects to all orders, transit and precessional drift resonance,

Landau and magnetic drift resonances. The numerical improvements to the code in

this thesis extends the access to the study of complex microinstabilities occurring

at meso-scale. In the following Chapters, the optimized EM-GLOGYSTO is used

to study global characteristics of two important electromagnetic microinstabilities

namely AITG and Microtearing modes in collisionless regime in large aspect ratio

tokamaks.
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Chapter 3

Passing particle-driven

electromagnetic microinstabilities

3.1 Introduction

The knowledge and prediction of anomalous transport in Tokamak plasmas is im-

portant for control of plasmas in present day Tokamaks and design of future Toka-

mak reactors. Transport is caused by microturbulence, the rigorous investigation

of which has been enabled by the development of gyrokinetic theory. Full scale

gyrokinetic turbulence simulations, however, are computationally demanding, re-

sulting in the development of progressively more comprehensive codes over the past

three decades. Plasma pressure, characterised by β as described in Chapter 1, is an

important parameter since it determines the fusion power output and is a param-

eter in turbulence simulations as well. In the low and negligible β limit, magnetic

fluctuations can be neglected hence the instabilities in this limit are known as elec-

trostatic instabilities. This results in a significant reduction of the complexity and

gyrokinetic simulations have been able to study the ITG turbulence, which is found

to account for ion transport (in particular, ion thermal transport) to within an order
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of magnitude or less of experimentally observed levels. However, hot plasmas are

intrinsically at finite β and hence electromagnetic simulations are necessary for a

realistic account. Magnetic fluctuations bring characteristic changes to the plasma

behaviour. For instance, at finite β, considering a “ballooning angle” formalism,

the ITG turbulence has been found to be suppressed by magnetic fluctuations in

toroidal geometry [12]. In the formalism, the symmetry properties of the fluctuating

potentials is such that ϕ̃ is even and Ã‖ is odd in the ballooning angle (which is

directly related to the poloidal angle θ). This set of symmetry is conventionally

called as “ballooning parity”. Simultaneously, above a certain threshold β, new in-

stabilities have been found to occur, such as the Kinetic Ballooning Mode (KBM)

or Alfvén-ITG, which draws free energy from the ion temperature gradient (similar

to the ITG mode) and the Microtearing Mode, which draws free energy from the

electron temperature gradient. The Microtearing mode has the opposite symmetry

properties, i.e. ϕ̃ is odd and Ã‖ is even, is conventionally called as “tearing parity”.

Near the mode rational surfaces (MRS), where k‖ = 0, the even parity of Ã‖ results

in the formation of tiny, fluctuating current filaments thereby leading to a local tear

of the otherwise smooth magnetic topology. The resulting stochasticization of the

equilibrium magnetic fields through this mechanism can lead to large radial electron

transport [21].

As described in Chapter 1, early analytic investigations found the collisionless

regime, relevant to the hot Tokamaks, to be benign to microtearing instability.

Hence, studies of the electron transport channel have focused mainly on the Electron

Temperature Gradient (ETG) mode [57] and the Trapped Electron Mode (TEM) [11,

58, 59, 60, 61]. At finite β, the magnetic fluctuations δB‖ have a stabilizing influence

on the ETG mode [62, 63, 64], whereas TEM is insensitive to the plasma β [17]. Of

late however, gyrokinetic simulations have found unstable MTMs for parameters of

spherical tokamaks such as NSTX and MAST with very high β value in collisional or

semi-collisional regime [35, 40, 65, 66, 67]. More recently, collisional MTMs with low
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perpendicular wavenumber (k⊥ρLi < 1) have been reported for standard tokamaks,

such as ASDEX-Upgrade by Doerk et al. [45, 46]. The 2-D mode structures from this

global simulation finds the electrostatic potential ϕ̃ localized about the mode rational

surface while the magnetic vector potential Ã‖ is more extended radially. MTMs

have also been reported for weakly collisional Reversed Field Pinch plasmas [44,

68]. These linear gyrokinetic simulations, using a local flux-tube implementation,

have thrown light on several characteristics of the mode, typically for high β and

relatively moderate temperature and electron temperature gradient length scales.

The connection to experimentally observed heat fluxes in devices through linear

and nonlinear simulations is only beginning to be explored [40, 45, 65, 69]. A

strong dependence of the linear growth rate γ of these collisional MTMs on electron

temperature gradient is now well established [35, 40, 46]. In these works, the linear

growth rate has been found to increase monotonically with β (typically upto ∼ 12%),

with some studies finding the mode to be less unstable for higher β in spherical

tokamaks, whereas the real frequency ωr is reported to be only weakly sensitive to

the plasma β [35, 39]. The instability is found not to be significantly affected by the

presence of B‖ fluctuations in Spherical Tokamaks [35].

As indicated earlier, the study of microtearing modes has been focused on finite

collision frequency regime. Finite collision frequency has been a requirement for

the drive mechanisms theorised, namely: (a) parallel thermal force arising from

electron temperature gradient, (b) collisional trapping/detrapping of electrons near

the trapped-passing boundary leading to enhanced effective collision rate. Recent

investigations have found that MTM remains undamped in the absence of collisions

in RFP configurations and spherical tokamaks, respectively [39, 44]. Hence it has

been envisaged that collisionless drive mechanisms are necessary to sustain these

branches of the mode. In the latter work of Ref. [39], magnetic drift resonance of

trapped electrons is found to drive the instability in spherical tokamaks. Further,

it has been indicated in the work that the same mechanism would be expected
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to work for large aspect ratio tokamaks as well. However, as is well known, at

larger aspect ratios, since the fraction of trapped particles is relatively small, it is

pertinent to investigate in detail as to what is dominant drive mechanism for the

MTM instability in large aspect ratio tokamaks. Whereas the contribution from

both passing and trapped electron dynamics are important for instabilities such as

Ion Temperature Gradient mode and Trapped Electron Mode in large aspect ratio

tokamaks at finite β, the work in the present Chapter attempts to delineate some

of the issues concerning the collisionless MTM especially pertaining to its drive

mechanism and its nature using global gyrokinetic stability analysis in the large

aspect ratio limit considering only passing nonadiabatic electrons and ions.

In this Chapter, using EM-GLOGYSTO, the existence of unstable microtearing

modes is demonstrated in purely collisionless plasmas in the context of large as-

pect ratio tokamaks. The B‖ fluctuations are typically important at very high β.

However, as will be seen later in Sec. 3.5, collisionless microtearing modes are only

marginally sensitive to these fluctuations. Hence, except in Sec. 3.5, B‖ fluctuations

are neglected in the rest of the studies in this thesis. The following model simplifica-

tions enables one to distinguish the effects due to the passing species’ dynamics from

other possible drive mechanisms: (i) Shafranov shift is neglected, for simplicity. (ii)

with a view to gain insight into the possible drive mechanisms, only highly passing

electrons and ions are considered and are modelled as fully gyrokinetic. Particles

near the trapped-passing boundary [30], as well as trapped particles are neglected.

Microtearing modes exhibit even parity in the magnetic vector potential A‖, which is

related to j‖ (see Sec. 2.1). Since the present formulation is completely collisionless,

the extent to which the collisional trapping/detrapping and the role of a boundary

layer in velocity space play a role in the destabilization can be brought out. More-

over, the fraction of trapped electrons is relatively small at large aspect ratio. Thus

the instability of collisionless microtearing modes found in this thesis, is attributed

to a drive coming mainly from the non-adiabatic passing electron dynamics.
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To contrast with an opposite-parity mode, the 2-D global mode structure of these

MTMs is studied and compared with AITG or KBM modes which have ballooning

parity. The properties of the modes in both r and θ directions are resolved. Also,

the mode-averaged wavenumbers are found to be large ( kθρLi ∼ 1.7, k⊥ρLi ∼ 2.3)

suggesting the necessity for high resolution studies. The mode is Landau damped by

electron species and destabilized by magnetic drift resonance of passing electrons.

Ions, on the other hand, do not affect the mode seriously. It is shown that the mode

requires a high threshold temperature gradient for typical β in tokamaks to be

unstable, and that the threshold is downshifted at higher β. A further investigation

shows that the electron temperature gradient (quantified by ηe) drives the mode

while the temperature gradient of ion species has very negligible role. For the ρ∗

(ρ/a, normalized ion radius) value considered, the mode is found to be sensitive to

profile variations. Finally a stability diagram in β-ηe,i space is presented. Owing to

the absence of trapped electrons, this comparison between MTM and AITG modes

is to be seen as to only bring out the mode structure related physics. Trapped

electrons may further destabilize the mode in two ways: (a) through contribution

to the electrostatic potential ϕ̃ [35] (b) through the drift resonance as reported by

other authors [39]. Details of this study is presented in Chapter 4.

Section 3.2 contains the various profiles and input parameters used for the study.

In the subsequent sections, comparison of the mode structures of collisionless MTMs

and co-existing AITG modes and of the various characteristics of these modes

brought out by different parameter scans is presented and discussed. Section 3.10

contains the important conclusions.
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Parameters: Equilibrium Profiles:

• B-field : B0 = 1.0 T • N-profile and T-profile

• Temperature : T0 ≡ T (s0) = 7.5 keV N(s)/N0 = exp
(

−a δsn

Ln
tanh

(

s−s0

δsn

))

• Major Radius : R = 2.0 m Ti,e(s)/T0 = exp
(

−a δsT

LT
tanh

(

s−s0

δsT

))

• Minor Radius : a = 0.5 m δsn = 0.35, δsT = 0.2

• Radius : 0.01 < s < 1.0, s0 = 0.6 • ŝ = s
q
dq
ds

Ln = 0.4 m, LT,e,i = 0.1 m • q(s) = q0 + q2 s
2 + q3 s

3 + q4 s
4

(thus, ηi,e(s0) = 4.0, a/LT = 5.0) q0 = 1.25, q2 = 0.67, q3 = 2.38, q4 = −0.06

• τ(s) = Te(s)
Ti(s)

= 1. such that q(s0) = 2.0; ŝ(s0) = 1.

Table 3.1: Equilibrium profiles and plasma parameters.
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Figure 3.1: Equilibrium profiles for parameters from Table.3.1: Safety factor q
and magnetic shear ŝ profiles as functions of normalized radius s (left), normalized
density, temperature, and ηi,e (right). η peaks at s0 = r/a = 0.6, with η(s0) = 4.0

3.2 Equilibrium profiles and plasma parameters

Table 3.1 shows the equilibrium profiles and plasma parameters used in this work.

The corresponding profiles are plotted in Fig. 3.1. Distances are normalized to

minor radius a i.e., s = r/a, and velocities to the local thermal velocity vth. The

radial position where ηj peaks is represented as s = s0. The reference plasma density

is denoted as N0 = N(s0) and is related plasma β0 = β(s0) as:
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N(s0) = [β0B
2(s = 0)/(2µ0|e|)] × 1/[Ti + Te],

with temperature Tj in units of eV . The potential ϕ̃ is normalized to T0 = T (s0),

while Ã‖ is normalized to vnorm ∼ (e/m)vth. Frequencies and growth rates are nor-

malized to vth/a. With ion and electron temperatures identical, cs = vth,i. Thus,

ω0 = cs/a. For parameters throughout this Chapter, one has ω0 ≃ 1.7 × 106 s−1.

Normalized ion-Larmor radius ρ∗
s0

=̺̇Li(s0)/a ≃ 1/56.5. For the parameters in Ta-

ble. 3.1, N0 = 8.278 × 1018m−3 at β0 = 5%. Thus, typically 2πνei/ωr ∼ 2 × 10−3,

which, as expected is very small. It is important to note that the calculations re-

ported here are performed in purely collisionless limit i.e. νei ≡ 0 [70]. The aspect

ratio and equilibrium plasma parameters are chosen to suit a typical large aspect

ratio hot tokamak such as KSTAR (R/a = 3.6), EAST (R/a = 4.1) and SST-

1(R/a = 5.1). For the studies presented in this Chapter, the chosen aspect ratio

is 4.0. A range of temperature gradients and β typical of H-mode-like plasmas has

been used [17, 71, 72, 73]. Studies have been carried out in the range 0.0 < β < 0.1

and 1 < a/LT < 12.5 which includes operational regimes of relevance in such toka-

maks. The qualitative nature of the modes, including the eigen-mode structures in

the poloidal cross-section is found to be similar across the parameter space. A high

β plasma and a temperature profile with a steep gradient region is considered for

representative structures and parameter scans, as MTM draws free energy from this

gradient.

The closely spaced mode rational surfaces and the non-adiabaticity of electrons in

the thin region near them necessitate a fine resolution over the entire minor radius

for convergence. Extensive grid size studies were performed and a convenient grid

size which resolves all the different scales sufficiently well is found to be 1586 radial

grid points and, 396 radial Fourier modes. A uniform grid spacing is used along

the minor radius, resulting in a resolution of about 1.5̺Le at s = s0. The range of
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v‖ considered in the parallel velocity integrals is 0 − 5vth for each species. A grid

density of 16 points per thermal velocity for perpendicular component v⊥ and 20

points for parallel component v‖ is used. At this resolution, the relative amplitude

of fluctuations at the highest radial wavenumber kr is ∼ 10−3 for ϕ̃ and ∼ 10−4 for

Ã‖.
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0.0

0.2

0.4
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1.0

γ
(c
s
/a

)
(b)

MTM

AITG

Figure 3.2: Unstable eigenfrequencies of collisionless Microtearing mode and
Alfvén-ITG mode in the complex frequency plane for parameters from Table.3.1
and n = 23, β = 5%, obtained by Nyquist method. MTMs are in the electron dia-
magnetic direction with positive real frequency and AITG rotates in the ion direction
and has opposite sign for real frequencies.

The dominant and multiple subdominant unstable eigenfrequencies for a given set

of equilibrium plasma parameters can be found with the Nyquist method used to

solve the eigenvalue problem [49]. Fig. 3.2 shows the many unstable eigenfrequencies

of MTM and AITG modes for the used profiles and parameters for n = 23. In the

following, results obtained for global AITG (or KBM) and global collisionless MTM

for exactly the same equilibrium profiles are described, considering the most unstable

modes of each type. Wherever possible, qualitative and quantitative comparison of

MTM with KBMs are made.

40



CHAPTER 3. PASSING PARTICLE-DRIVEN ELECTROMAGNETIC
MICROINSTABILITIES

3.3 Growth rate spectrum and mode structures

of collisionless MTM and AITG

Fig. 3.3 shows the results of a toroidal mode number scan for AITG and MTMs. As

described earlier, the scans were performed with β0 = 5% and temperature gradient

length scales corresponding to a/LTj = 5, j = e, i and rest of the parameters as in

Table 3.1. In Sec. 3.6, scans for a/LT ≃ 1.0 − 12.5 and β0 = 1% − 5% are presented.
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Figure 3.3: (a) Highest growth rates (b) corresponding frequencies for MTM and
AITG modes versus toroidal mode number n. (β0=5%, ηe,i=4). Mode-averaged
kθρLi values are indicated for the corresponding mode numbers on the upper x-axis.

Growth rates and real frequencies are plotted as a function of the toroidal mode

number n on the lower x-axis. As shown in Fig. 3.3(b), note that the MTM mode

rotates in the electron diamagnetic direction (positive in our convention) while the

AITG mode rotates in the opposite direction, as must be the case. For the equi-

librium parameters used here and without trapped electrons, the growth rates for

MTM are significantly higher than AITG (nearly 20%), except in very low mode

numbers. Interestingly, for both AITG and MTMs, the fastest growing modes are

centered around n = 23. The upper x-axis indicates the mode averaged poloidal
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wavenumber kθρLi, for the MTM modes n = 10, 15, .., 30 where ρLi = ρLi(s0). The

mode averaged value Q =
√
< Q2 > of a quantity Q for any given toroidal mode

number n is obtained as follows:

< Q2 >=

∫

ds
∑

m |Qϕ̃m(s)|2 +
∫

ds
∑

m |QÃ‖m
(s)|2

∫

ds
∑

m |ϕ̃m(s)|2 +
∫

ds
∑

m |Ã‖m
(s)|2

(3.1)

The quantities with suffix m stand for Fourier coefficients of corresponding per-

turbations. Indeed, the short wavelength modes happen to be more unstable, with

n = 23 corresponding to kθρLi ∼ 1.7. Typically, unstable microtearing modes have

been found to have longer wavelengths, with kyρLi ∼ 0.5 [35, 46, 66]. However, short

wavelength modes have been found in spherical tokamaks [38, 39, 74].

5 10 15 20 25 30 35
n
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1

2

3

4

5

k
j
ρ
L
i

 krρLi
 kθρLi
 k⟂ρLi

 krρLi
 kθρLi
 k⟂ρLi

Figure 3.4: Mode - averaged wavenum-
bers vs toroidal mode number n for
MTM (red lines, filled markers) and
AITG (blue lines, hollow markers).

Fig. 3.4 shows the different mode-averaged wavenumbers normalized to the ion-

Larmor radius, namely kθρLi, krρLi and k⊥ρLi as a function of the toroidal mode

number n. The poloidal length scales for MTM and AITG are fairly close, so one may

infer that the poloidal dependence is independent of the direction of rotation, unlike

the radial dependence. It is further seen that the radial length scales of individual

modes are shorter relative to the poloidal length scales, (at n = 23, for instance,

krρLi ∼ 2.4 for the MTM while kθρLi ∼ 1.7). This is expected as the eigenmodes
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present sharp radial structures near the mode rational surfaces [18, 19, 16, 75, 76].
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Figure 3.5: Contour plots of Re(ϕ̃) for MTM (top row - (a),(b),(c)) and AITG
(bottom row - (d),(e),(f)) for the toroidal mode numbers n = 8, 15 and 23.

Figs. 3.5- 3.8, upper row plots, show the two-dimensional structures of MTM

electrostatic potential fluctuation ϕ̃ = ϕ̃(s, θ) and magnetic vector potential Ã‖ =

Ã‖(s, θ), respectively, for a set of toroidal mode numbers, viz. n = 8, 15 and 23,

with 23 being the fastest growing mode. In the lower row, the corresponding mode

structures for the AITG instability are shown. Importantly, both the modes are

found to be unstable for the same parameters and equilibrium profiles. Moreover,

they are co-located in the radial direction. The toroidicity and inhomogeneity of

the magnetic field and the resulting magnetic drifts couple several poloidal modes.

Consequently, the modes occupy a good portion of the poloidal and radial cross

section. In a standard tokamak operation with a monotonic q-profile such as the one

used in the current study, the mode rational surfaces are very closely spaced. With

∆MRS ∼ 1/(nqŝ), the width of the eigen modes span several mode rational surfaces.
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Figure 3.6: Contour plots of Im(ϕ̃) for MTM (top row - (a),(b),(c)) and AITG
(bottom row - (d),(e),(f)) for the toroidal mode numbers n = 8, 15 and 23. The
imaginary parts are similar to the real part in nature.

Equilibrium profiles, from which the instabilities draw free energy, vary significantly

over the width of these modes, as can be seen from Figs. 3.1, and 3.5- 3.8. As

the code is global, the effect of these profile variations is naturally incorporated in

the calculation for the whole range of n values and may be important, especially

for low-n modes such as n = 8. (see Sec. 3.4 for temperature and density profile

variation effects). Note that in the poloidal direction, the mode amplitudes show a

clear swap - for MTM, the ϕ̃ fluctuations exhibit a dip through θ = 0 midplane (θ

- poloidal angle), whereas that of A‖ reach a maximum near θ = 0. This behaviour

is more pronounced in the higher mode numbers 15 and 23. In contrast, the AITG

potentials exhibit exactly the opposite behavior. In order to understand the nature

of θ dependence more clearly, the potentials ϕ̃ = ϕ̃(r, θ) and Ã‖ = Ã‖(r, θ) may be

averaged and normalized as

ϕ̄(θ) =
1

a

∫

drϕ(r, θ)

max(ϕ(θ))
(3.2)

44



CHAPTER 3. PASSING PARTICLE-DRIVEN ELECTROMAGNETIC
MICROINSTABILITIES

−0.5 0 0.5

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

(a)
n = 8

z/
a

−0.5 0 0.5

(b)
n = 15

−0.5 0 0.5

(c)
n = 23

−0.5 0 0.5

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

(d)
n = 8

(r−R)/a

z/
a

−0.5 0 0.5

(e)
n = 15

(r−R)/a
−0.5 0 0.5

(f)
n = 23

(r−R)/a

Figure 3.7: Contour plots of Re(Ã‖) for MTM (top row - (a),(b),(c)) and AITG
(bottom row - (d),(e),(f)) for the toroidal mode numbers n = 8, 15 and 23.

to obtain ϕ̄ as only a function of θ and similarly for Ã‖. The resulting functions for

the potentials of MTM and AITG from Figs. 3.5 and 3.7 for n = 23 mode are plotted

in Fig. 3.9, which clearly shows a swap of the envelope of ϕ̃ and Ã‖ amplitudes.

The structures of ϕ̃(s, θ) and Ã‖(s, θ) in Figs. 3.5 and 3.7 consist of a number

of poloidal Fourier components ϕ̃(s,m) and Ã‖(s,m) coupled to each other - as it

should be for a tokamak equilibrium. In practice nearly 20 poloidal modes are found

coupled in well converged results. These individual poloidal modes are plotted in real

space in Figs. 3.11 and 3.12. For these plots, ϕ̃(s,m) is normalized to ϕ̃(s,m)|max
and Ã‖(s,m) is normalized to Ã‖(s,m)|max, respectively (hereafter denoted ϕ̃m and

Ã‖m. m is the poloidal Fourier mode number) . It is interesting to note that whereas

the gradients ηe and ηi peak at s = 0.6, the maxima of the modes are found to be

located slightly inwards, near s = 0.5. The essential coupling due to toroidal effects

are evident from these plots - multiple poloidal modes are seen to have non-zero

amplitude at any given radial location s, particularly near s = 0.5. The modes
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Figure 3.8: Contour plots of Im(Ã‖) for MTM (top row - (a),(b),(c)) and AITG
(bottom row - (d),(e),(f)) for the toroidal mode numbers n = 8, 15 and 23. The
imaginary parts are similar in nature to the real part.

also contain sharp structures close to the mode rational surfaces, where k‖,m,n =

(nq−m)/Rq ≃ 0 and the phase velocity parallel to the magnetic field B0 can exceed

electron thermal velocity. The non-adiabatic response of the electrons becomes

important within a thin layer about these locations and as shown here, can only be

captured by the high resolution in Fourier and direct space. This is evident from

Figs. 3.13 and 3.14 which show the most dominant poloidal components of MTM

(left column) selected from Figs. 3.11 and 3.12 respectively. For comparison, the

plots in the right column of the figures are the corresponding poloidal components

of AITG (and are not necessarily the most dominant ones).

In Figs. 3.15-3.16, the real and imaginary part of ϕ̃m and Ã‖m
is shown for MTM

(top row) and AITG (bottom row) for the fastest growing mode n = 23. The imag-

inary part is similar in nature but are simply negative of the real part. As is clear

from Ampère’s law, Eq. (2.17), the symmetry properties of ϕ̃ and Ã‖, resulting in

46



CHAPTER 3. PASSING PARTICLE-DRIVEN ELECTROMAGNETIC
MICROINSTABILITIES

the current density in a 2-D (r, θ) problem are mathematically related in a similar

way in both r and θ coordinates. For example, for a collisional MTM, it has been

shown [35, 46] that ϕ̃ has odd parity and Ã‖ has even parity (tearing parity) in

ballooning angle coordinate. Here, in agreement with the Ampère’s law, it is seen

that for a global collisionless MTM, the tearing parity holds for Ã‖ and odd parity

for ϕ̃ in r as well, with respect to the corresponding mode rational surfaces. This is

found to be true for each poloidal Fourier component m which together constitute

the global structure of MTM. On the other hand, the bottom row shows the opposite

symmetries for AITG. Moreover, as noted earlier, the radial width of each compo-

nent spans several mode rational surfaces, on which the mode interacts with the

magnetic drift resonance and transit resonance apart from Landau resonance. The

global gyrokinetic formulation for both ions as well as electrons with real electron

to ion mass ratio and valid across ion-Larmor to electron-Larmor scale wavelengths

captures these important wave-particle resonances realistically, in a large aspect

ratio configuration.
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Figure 3.9: Radially integrated plot of Re(ϕ̃) and Re(Ã‖) for MTM and AITG
n = 23 modes. The imaginary parts also show possess a similar nature, but with
opposite sign and is shown in Fig. 3.10.
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(Ā

‖
)

(AITG)

Figure 3.10: Radially integrated plot of Im(ϕ̃) and Im(Ã‖) for MTM and AITG
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Figure 3.11: Poloidal Fourier modes ϕ̃m as a function of normalized minor radius s
for toroidal modes n = 8, 15 and 23 for MTM (a)-(c) and AITG (d)-(f). The location
of MRSs are indicated by markers ’x’ on the x-axis, at which the corresponding ϕ̃m
has a sharp dip. (The colors correspond to different modes m, but do not correspond
to the same m in the right column).
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Figure 3.12: Poloidal Fourier modes Ã‖,m as a function of normalized minor radius
s for different toroidal modes for MTM (a)-(c) and AITG (d)-(f) shown in Fig. 3.11.
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Figure 3.13: Selected dominant modes from Fig.3.11. The circles on the x-axis
indicate the location of MRSs labeled by m. Each mode (n,m) is seen to exhibit
sharp dip at the corresponding MRS. (The colors of different modes m in left column
is identical to the right column).
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Figure 3.14: Selected dominant modes from Fig.3.12. Each mode (n,m) is seen to
exhibit sharp dip at the corresponding MRS. (The colors of different modes m in
left column is identical to the right column).
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(Ā

‖
)

(b)
MTM

0.4 0.45 0.5 0.55 0.6

−1

−0.5

0

0.5

1

38 39 40 41

s

Im
(ϕ̄

)

(c)
AITG

0.4 0.45 0.5 0.55 0.6

−1

−0.5

0

0.5

1

38 39 40 41

s

Im
(Ā
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3.4 Sensitivity to temperature and density pro-

files at finite ρ∗

The ratio of ion-Larmor radius ρi to the minor radius a, denoted as ρ∗, characterises

the size of the system and is an important parameter in obtaining empirical scaling

of transport from Tokamaks of different dimensions. In the limit of small values

ρ∗ → 0, the equilibrium profiles are nearly constant on the scale of ion-Larmor

motion and local analyses can provide efficient account of microinstabilities. Global

profile variations important at finite ρ∗, however. In the following, the effect of

profile variations at finite ρ∗ is studied. For the system parameters in this work is

∼ 1/56.5 using the global analysis. From Figs. 3.5 and 3.7 it is evident that the

eigenmode structure spans a width of about 0.2a, which is significant fraction of

the minor radius. Since the equilibrium density and temperature profiles and their

gradients vary significantly over this range i.e. the width of the eigenmode, it is of

interest to investigate the influence of variation of these profiles on the linear growth

rates and global structures of MTM.

The mode draws free energy from the relative logarithmic gradient η, (a/LT is seen

to be destabilizing, while higher a/Ln is seen to be stabilizing) [66]. By choosing the

profile sharpness parameter δsn = δsT (= δs, say) with the rest of the parameters as

in Table 3.1, a constant value of η = 4 is set over the entire minor radius, so that the

free energy source is uniform over the entire range (Fig.3.17(b)). In Fig.3.17 (a),(c)

a succession of sharper gradient profiles is depicted, resulting from smaller values of

sharpness parameter, all the while maintaining a constant free energy source with

η = 4.

Fig.3.17 (d) shows that the mode width gets reduced as the width parameter δs is

narrowed, even though η is constant through the minor radius. This is also apparent

from Fig.3.18 showing the 2-D structures of the eigenmode for δs = 0.05, 0.08, 0.1
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Figure 3.17: Equilibrium profiles of temperature and density for different values of
profile sharpness parameter δs. (a) Temperature (lines), density (with lines-dots).
(b) η profile corresponding to (a). Note that η = 4 for the entire minor radius. (c)
Logarithmic gradient of temperature (lines) and density (with lines-dots). (d) The
resulting radial width of the MTM eigenmode (n = 23, β0 = 5%), relative to the
width reference unstable mode with aδs = 0.1 (∆s|aδs=0.1) = 0.028).

(left to right, respectively). This is understood from the fact that the a/LT profile

width narrows, thereby mitigating the peripheral m modes which were previously

excited. Consequently, the eigenmode widths also reduce. It may also be noticed

that the mode centres closer to s0 at sharper profile variations, whereas the mode is

located slightly inwards, as noted before, for broader profiles. Notably, the dominant

modes for δs = 0.05 arem = 42, 43, whereas for δs = 0.10, m = 38, 39. The variation
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Figure 3.19: MTM (n = 23, β0 = 5%) growth rate (a) and real frequency (b) as a
function of width parameter δs.

in the width parameter is observed to strongly influence the linear growth rates and

real frequency, as shown in Fig.3.19. The poloidal harmonics m are strongly coupled

to each other, due to the toroidicity of the system. Thus the significant reduction
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in the growth rates is attributed to mitigation of the peripheral m modes.

3.5 Dependence on the plasma β
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Figure 3.20: Growth rates γ and frequencies ωr from β-scan of MTM, AITG and
finite-β ITG modes for profiles in Fig. 3.1 and ηe,i(s0) = 4, n = 23 (MTM and
AITG). For MTM, the inclusion of B‖ only marginally affects the growth rates and
β threshold. For finite-β ITG, n = 8 is shown which is the fastest growing mode for
the equilibrium parameters used.

The plasma β is an important figure of merit since fusion power ∝ β2. Hence

a high β regime is desired for tokamak operation. However, newer mechanisms of

electromagnetic turbulence have been found to be excited at increased β, such as

the AITG. The emergence of such instabilities limits the achievable core tempera-

tures. Thus, β scaling of microinstabilities is important to understand the turbulent

transport. Fig. 3.20 shows the dependence on β of MTMs as well as AITG and ITG

modes at finite β. As mentioned in Sec. 3.2, β variation is performed by scaling the

normalization density N0. The peak gradient length scales Ln, LTj as well as the

equilibrium profiles and the parameters mentioned in Table 3.1 are kept constant.

Thus MHD equilibrium is unchanged. For MTM and AITG, results are for the
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toroidal mode number n = 23, which is the fastest growing mode, while for ITG,

the mode studied is n = 8, again the fastest growing mode. As can be expected

the ITG mode is suppressed at finite β - the mode completely stabilises at about

β = 1.5%. AITG does not retain high growth rates beyond β = 10%; after peaking

at about 7-8%, [19] the growth rates tend to turn around.
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Figure 3.21: (top row) Contour plots of Re(ϕ̃) and Re(Ã‖), respectively for eigen-
functions obtained without B‖ and (bottom row) Re(ϕ̃), Re(Ã‖) and Re(Ã⊥) for
eigenfunctions obtained considering all three potentials. Imaginary parts of the
components look identical to the real parts shown above.

The onset of MTM for ηe,i = 4, is seen to be at around 2.5% and the growth

rate has a strong dependence on β - it grows rapidly with β and shows no sign

of saturation upto about 10%. The inclusion of B‖ fluctuations is seen to only

marginally affect the growth rates, upto β0 = 10% and the global mode structures

remain unaffected, as shown in Fig. 3.21. Hence, B‖ fluctuations are ignored for the

other studies undertaken in this thesis. The β threshold for the instability is seen

to be slightly upshifted, however. (Without considering B̃‖, the β - scan upto 40%

finds the MTM still growing [Not shown here]). References [66, 68, 69, 77] find a

56



CHAPTER 3. PASSING PARTICLE-DRIVEN ELECTROMAGNETIC
MICROINSTABILITIES

0 2 4 6 8 10
�0 (%)

0.0

0.5

1.0

1.5

2.0

<
A

2 /
/
>
/
<

✁

2
>

MTM
AITG
c 2s0 <A

2
✂ >= <✄2 >

Figure 3.22: Ratio of mode averaged <
A2

‖ > and < ϕ2 > versus β for MTM
and AITG n = 23 modes. Note the
strongly electromagnetic nature of MTM
(ratio is > 1).

1 2 3 4 5 6 7 8 9 10
�0 (%)

0

2

4

6

8

10

12

14

16

18

<
k
j

✁

L
i
>

 <kr✂Li>
 <k✄✂Li>
 <k☎✂Li>

 <kr✂Li>
 <k✄✂Li>
 <k☎✂Li>
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similar dependence for β . 12%. Interestingly, Refs. [35, 39] find the growth rates

decreasing for further higher β in spherical tokamaks. The real frequency shows a

clear dependence on β and grows with β, in contrast to the very weak dependence

seen in earlier works [35, 77]. On the other hand, the real frequencies of AITG and

ITG decrease in magnitude.

The relative fluctuation strengths of Ã‖ and ϕ̃ may be obtained as a ratio < Ã2
‖ >

/ < ϕ̃2 > from the eigen structures as:

< Ã2
‖ >

< ϕ̃2 >
=

∑

k,m |Ã‖(k,m)
|2

∑

k,m |ϕ̃(k,m)|2
,

where the subscripts (k,m)) are as described before. In Fig. 3.22, the ratio is plotted

for AITG and MTMs, establishing the essential electromagnetic nature of both the

modes. It is interesting to note that for lower values of β, for MTM this ratio

exhibits a sharp increase, reaches a maximum for β ∼ 3.8% and falls monotonically

remaining above 1.25 for higher β values. On the other hand, for AITG, it increases
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monotonically for all values of β. Fig. 3.23 shows the mode averaged kθ, kr, k⊥

normalized to ρLi as a function of β. The kr spectrum broadens at lower β, resulting

in high mode-averaged normalized perpendicular wavenumbers. The values are in

the range of 1.9 to 8 for AITG and 1.9 to 16 for MTM, for the range of β values

studied, underscoring the necessity of high resolution used here.

3.6 Role of temperature gradient

1 2 3 4 5 6 7 8 9 10
0

1

2

3

4

5

6

7

η
e,i

γ 
(c

s/a
)

β = 5%

β = 1%

Figure 3.24: MTM growth rates versus ηe,i at different β (5%, 3%, 2%, 1%, )
for n = 12. The filled circles at γ = 0 are extrapolated values which clearly show
ηcrite,i ∝ 1/β.

Fig. 3.24 shows the behaviour of growth rates and real frequencies of the n = 12,

MTM mode as a function of ηe,i (meaning ηe= ηi). The scans were performed at

different β values in the range 1% - 5% by keeping the a and Ln fixed at 0.5 and

0.4 respectively, as mentioned in Table 3.1 and appropriately varying a/LTe, a/LT i

simultaneously , in the range 1.0−12.5. The hollow circles correspond to numerically

obtained values. The filled circles represent the extrapolated values at γ = 0 using a
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Figure 3.26: Stable and unstable regimes of MTM for parameters in Table.3.1. The
mode is stable in the shaded region and unstable in unshaded region. ηe,i is varied
by appropriately varying the value of LTj .

polynomial fit (lines) and represent critical ηe,i. From Fig. 3.24(a), it is clear that for

a given β, the onset of the mode happens only at sufficiently high ηe,i. For example,

for β of order 5%, MTM appears above ηcrite,i ∼ 1.5, whereas at β = 2%, ηe,i ∼ 4.5
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(i.e. a/LT ∼ 5.6) in large aspect ratio tokamaks. It would be interesting to study

how this threshold is affected with the inclusion of trapped electrons.

A plot of critical ηe,i values against β is shown in Fig. 3.26 using data from Fig. 3.24.

This gives an idea of the regime in which MTM is unstable. The shaded region is

where MTM is stable, while the white region is where it appears with a positive

growth rate. The results of Fig. 3.24 and Fig. 3.26 clearly illustrate the inverse

dependence of ηcrite,i on β. A similar relation from a study of MTMs in ASDEX-

Upgrade has been reported in Ref. [46]. In order to further delineate the effect of ηe

and ηi, individual scans are performed by varying ηe keeping ηi at 4 and vice-versa,

while Ln is kept fixed at 0.4 . The results are shown in Fig. 3.25. The scans are

performed at β0 = 5% for the most unstable mode n = 23. For the equilibrium

profiles used here, it is seen from Fig. 3.25(a) that the growth rate depends strongly

on ηe and has a critical value of approximately 2.0. However, the dependence on ηi

is very weak, clearly indicating the electron temperature gradient as the main drive

which has been shown to be true for collisional and semicollisional MTMs as well.

The real frequency increases almost linearly with ηe, as expected from the work by

Catto et al. [30].

3.7 Magnetic drift resonance

Early microtearing mode studies considered collisional processes to be necessary to

provide a drive for the instability. Recent works, however, have found very weak

influence of collision frequency on the microtearing growth rates in low collisionality

regimes [39, 44, 46] pointing to the possibility of collisionless mechanisms arising

from magnetic drift resonance of electrons providing the drive for the instability [35,

39]. Magnetic drifts lead to the motion of electrons and ions across flux surfaces

and accentuate the instability by coupling the different radial and poloidal modes.
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Figure 3.27: Influence of magnetic drift resonance for MTM n = 23 mode. Electrons
(red, filled circles) strongly destabilize the mode, whereas ions (blue, hollow circles)
do not have any effect. In (b), the effect of inclusion of average kθvdz is studied.
The real frequency changes by a significant fraction, while the growth rates is not
significantly affected by the term.

EM-GLOGYSTO takes into account the resonance due to magnetic drift through

the propagator solution, Eq. (2.9), Sec. 2.1:

iP =
∑

p,p′

Jp(αMDRx
σ
tj)Jp′(αMDRx

σ
tj)

ω + αDkθvdz − σk||v|| − pωt
exp(i(p − p′)(θ − θ̄σ)) (3.3)

The drift effects appear through the argument (xσtj = k⊥vd/ωt) of Bessel functions

Jp and Jp′ and kθvdz in the denominator. The radial and poloidal coupling would

vanish for vdz = 0. As noted earlier in this thesis, the parallel and perpendicular

velocity are separated for small and negligible values of kθvdz, so that αD = 0 in the

present version of the code. To study the effect of drift resonance, a weighting factor

αMDR is employed in front of vdz (or equivalently, xσtj) and numerically scaled from 0

to 1 to obtain the relative importance of the term. The weight factor αMDR for ions

is kept at 1 while scaling down that for electrons from 1 to 0 and vice versa. The

results are shown in Fig. 3.27 (left). For the electron drifts, below a weight factor
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of 0.5, the collisionless MTM is stabilized, while ions seem to have no effect. The

drift resonance of passing electrons are thus shown to be strongly destabilizing for

large aspect ratio tokamaks. The non-adiabatic dynamics of the particles affects the

drift resonance through the poloidal component kθvdz as well. The relative effect of

this term is studied by setting kθvdz ≃ σj(3/2)(m/s)(ρjvthj)/(aR0), where σj is the

charge of the species. With αMDR = 1 for both ions and electrons, the magnitude of

this term in the propagator is gradually increased to an approximate velocity-space

averaged value by scaling the factor αD from 0 to 1 separately for ions and electrons

as above. It is seen that the ion term has no effect, while the growth rates are only

marginally affected by the inclusion of the electron term, although the real frequency

is upshifted by a good fraction. The global mode structures are seen not be affected

by the change in the real frequency. Hence, the term kθvdz is ignored for the other

studies in this thesis. In Ref. [39], Dickinson et al. have reported that trapped

electrons provide a drive to the instability via the magnetic drift resonance, with

the growth rates increasing at larger inverse aspect ratio. The authors also suggest

that the drift resonance of trapped electrons could be the driving mechanism for

collisionless MTMs in large aspect ratio tokamaks as well. In contrast, it is found

here that the magnetic drift resonance of passing electrons is the main drive for

collisionless MTM in large aspect ratio tokamaks.

3.8 Landau resonance

The formulation used in the code allows one to study the effect of Landau resonance

of individual species on the stability of the mode while keeping all other factors

unaffected. If the parallel resonance term k‖v‖ in the denominator of Eq. (2.9) is

replaced with αLDk‖v‖ where αLD is simply an artificial multiplying factor, αLD = 1

would correspond to properly taking into account Landau resonance while 0 would

correspond to no Landau resonance. To investigate electron Landau damping, αLD
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Figure 3.28: Ion and electron Landau damping for fastest growing MTM n = 23
mode. (a) Growth rates (b) frequencies.

for electrons is scaled down from 1 while that for ions is set to 1. This procedure

helps to maintain numerical continuity to track the roots. Similarly, to investigate

ion Landau damping αLD for electrons is set to 1 and that for ions is scaled down.

The observations are shown in Fig. 3.28. It is clear that the mode is unaffected by

ion resonance. The electron species damps the mode, since the growth rate γ at

αLD ≃ 0 is higher than that at αLD ≃ 1, though the behaviour is non-monotonous

through intermediate values. This is perhaps due to an interplay with the other

resonance term in the denominator of Eq. (2.9) namely the transit frequency and

its harmonics. It may be noticed that the change in the trend coincides with a

changeover in real frequency too (Fig. 3.28 (b)).

3.9 Mixing length transport

The transport due to the microtearing instability is expected due to stochasticization

of magnetic fields resulting out of overlapping magnetic islands driven by nonlineari-

ties [21]. Flux-tube calculations [45, 65] have observed that the saturated amplitudes

from the non-linear simulations closely follow the predicted values in [21]. In the
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Figure 3.29: Comparison of mixing
length estimates for MTM and AITG

following, for comparison from linear growth rates is made for mixing length trans-

port due to MTM and AITG from the global simulations which include passing

particle dynamics alone. The transport spectrum obtained from these non-linear

simulations show that the electron heat flux peaks at low wavenumbers, coinciding

with the linear growth rate spectrum. Fig. 3.29 shows a mixing length estimate ob-

tained from linear growth rates as γ/k⊥
2
, using data from Fig. 3.3(a) and Fig. 3.4.

For the present set of parameters, it is noticed that MTM is predicted to have a

significantly higher level of transport as compared to that from AITG. The mixing

length estimate settles to a relatively low value of 0.1 for the AITG, while MTM

has twice the value for n = 23 and more for lower mode numbers.

3.10 Conclusion

For large aspect ratio, collisionless tokamak plasmas, a high resolution 2D global

gyrokinetic stability study of MTM and AITG considering only passing ions and

electrons is presented. The trapped electrons are not considered. Linear, full ra-

dius, electromagnetic, gyrokinetic calculations show the existence of unstable mi-

crotearing modes in purely collisionless, high temperature, large aspect ratio toka-
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mak plasmas. The present study takes into account fully gyrokinetic highly passing

ions and electrons. The global 2-D structures of the collisionless mode with full

radius coupling of the poloidal modes is obtained and compared with another elec-

tromagnetic mode, namely the Alfvén ITG Mode (or Kinetic Ballooning Mode) for

the same equilibrium profile. Several important characteristics of the modes are

brought out and compared, such as a clear signature in the symmetry properties of

the two modes, the plasma - β dependence and radial and poloidal length scales of

the electrostatic and magnetic vector potential fluctuations. Extensive parameter

scans for this collisionless microtearing mode reveal the scaling of the growth rate

with β and the electron temperature gradient ηe. Scans at different β values show

an inverse relationship between the ηe threshold and β, leading to a stability dia-

gram, and implying that the mode might exist at moderate to strong temperature

gradients for finite β plasmas in large aspect ratio tokamaks. In contrast to small

aspect ratio tokamaks where the trapped electron magnetic drift resonance is found

to be important, in large aspect ratio tokamaks, a strong destabilization due to

the magnetic drift resonance of passing electrons is observed and is identified as a

possible collisionless drive mechanism for the collisionless MTM.

The main findings are the following:

• Completely collisionless unstable Microtearing Modes are found in large aspect

ratio hot tokamaks in the finite temperature gradient region with a finite-beta

plasma for a broad range of relevant parameters. (β ∼ 1% − 5%, a/LTe ∼

1.5 − 12.5).

• Electron magnetic drift resonance of the passing electron population is shown

to be the main destabilizing mechanism. The poloidal component kθvdz of

the drift resonance is observed to affect the microtearing instability and mode

structures only marginally

• Global 2D mode structures are obtained for MTM. For the same equilibrium
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profiles and parameters, co-existing AITG modes are also found and co-located

in the radial direction.

• The MTM and AITG modes exhibit appropriate parities. Real and Imaginary

parts of A‖ of all the poloidal modes which constitute the global mode structure

show even parity (tearing parity) about the mode rational surfaces in case of

MTM and odd parity in case of AITG. On the other hand, ϕ̃ fluctuations

show the opposite parity. ϕ̃ fluctuations of the AITG mode exhibit charge

accumulation on MRS, as observed from the sharp structures near the MRSs.

This is the first time the radial features of MTM has been brought to the fore,

importantly the tearing parity along the radial direction.

• Along the poloidal direction θ̂, a symmetry swap in the r-averaged mode struc-

ture is observed between MTM and AITG.

• The inclusion of B‖ fluctuations is seen to only marginally affect the growth

rates, upto β0 = 10% and the global mode structures remain unaffected.

• Profile variation studies at the system parameters considered, show that the

mode structures and the linear growth rate depend strongly on the equilibrium

density and temperature gradient width.

• The mode spectrum is characteristically mesoscale, extending to shorter wave-

length than the typical ion-scale modes. For example, mode averaged wavenum-

bers are kθρi ∼ 0.75 − 2.5, krρi ∼ 0.9 − 3.5 and k⊥ρi ∼ 1.0 − 4.0.

• Linear growth rates from n-scan and β - scan for ηe,i = 4 show that if trapped

electrons are neglected, MTMs are more unstable than AITG. MTM becomes

unstable for β = 3% and the growth rate monotonically increases with β. The

MTM growth rate increases with ηe for a given ηi whereas for a constant ηe,

variation in ηi has minimal effect.
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• A clear inverse relationship between ηcrite,i and β is seen. In large aspect ratio

machines, at low β, it can be expected that MTM would become unstable at

large ηe,i and vice-versa, resulting in a stability diagram in the β-ηe,i space.

• Real frequency shows a clear and strong dependence on different parameters,

including β and ηe and increases with them. This is in contrast to a nearly

constant ωr with β found by others [35]. The real frequency increases almost

linearly with ηe.

• Mixing length estimates for MTM and AITG show transport due to MTM

is likely to far exceed that due to AITG over the full range of the spectrum.

Significant transport may be expected lower/median n since typical fluctuation

length scales are longer than those of the higher n modes.

• Electron Landau Resonance weakly damps MTM. An interplay with transit

resonance harmonics is seen.

• Ion-dynamics is nearly ineffective in Landau resonance and drift resonance.

The studies exploring the linear and nonlinear nature of microtearing modes have

been revived recently, spurred by new numerical techniques and the availibility of

improved computational resources to resolve both electron and ion scales. It is

important to establish the relevance of these modes as an effective means of electron

channel of transport. This necessitates further extensive work that includes other

effects such as the influence of trapped electrons, the role of equilibrium magnetic

shear profiles, coupling to the ETG mode using realistic parameters. The role of

non-adiabatic trapped electron dynamics on the microtearing modes is addressed in

the next Chapter.
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Chapter 4

Microtearing modes with

non-adiabatic trapped electrons

4.1 Introduction

Turbulent electron and ion transport affects the plasma confinement and heating

in Tokamaks and limits the achievable core temperatures required for fusion, as

described in Chapter 1 [8]. Several plasma parameters, such as the ratio of electron

temperature to ion temperature Te/Ti, the density and temperature gradients, the

magnetic shear, and the safety factor are found to be important in determining the

achievable core temperature and profiles in plasma heating experiments. Despite

the disparity between ion and electron mass and consequent dynamics, the hot

plasmas in Tokamak are observed to have similar ion and electron temperatures and

experimental data suggest similar levels of ion and electron heat fluxes [78]. The

perpendicular wavenumber spectrum of these fluxes range from several ion-Larmor

radii to ion-Larmor radius or less in standard aspect ratio Tokamaks and to sub ion-

Larmor scales in smaller aspect ratio Tokamaks. Thus ion-driven instabilities, which

occur at longer wavelengths of a few ion-Larmor radii have been studied extensively.
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Gyrokinetic simulations of several ion-driven microinstabilities have been studied,

such as the ITG, ITG-TEM and KBM, which are found to contribute to the ion

channel of transport.

Understanding electron transport however, has been a challenge and study of

electron-driven microinstabilities are in progress. Until recently, electron transport

was believed to be caused by the electron-dynamics driven modes, in the presence

of equilibrium electron temperature and/or pressure gradients, such as the ETG

mode [57] and Trapped Electron Mode (TEM) [3, 17, 79, 80] which have been found

to be unstable in Tokamaks and trapped electron-coupled ITG modes [8, 61, 81]. In

the presence of electron temperature gradient above a certain threshold, the Electron

Temperature Gradient (ETG) mode is unstable. Analogous to the ITG mode which

is driven by non-adiabatic ions, the ETG mode is driven by non-adiabatic electrons.

The ETG mode occurs at very short length scales of electron-Larmor radii leading to

fairly low estimates of transport, except when radially elongated cells, or streamers

develop [82]. It is important to here that these modes are ballooning parity modes

and do not rupture the magnetic field structure. The ETG mode is stabilized by B‖

magnetic fluctuations [17].

In the presence of pressure gradients, the pure Trapped Electron Mode (TEM)

becomes unstable due resonance of electrostatic perturbations with the toroidal

precessional drift of trapped electrons, so that the mode is unstable at zero β. The

pure TEM is unaffected by magnetic perturbations and remains unstable at finite

β [17]. In purely collisionless plasmas, the TEM mode is found to be unstable [81],

whereas in the presence of collisionality, the TEM mode is stabilized by collisional

detrapping of electrons [8]. The TEM occurs at ion-Larmor scales and hence is

expected to cause high levels of transport. From theoretical investigations, the

relative contribution of these three modes have been found to be different under

different experimental conditions of plasma heating [8]. Thus, a clear understanding
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of the electron channel of transport is still under development.

Microtearing Modes (MTM) have emerged as an important electron-dynamics

driven electromagnetic microinstability vis-a-vis transport in recent years [3]. A

resurged interest on MTM has been brought about by two recent developments:

(i) availibility of fully electromagnetic gyrokinetic formulations to handle inherent

multiscale nature required for MTM studies and (ii) “high-performance plasma”

experiments (high plasma pressure β and large logarithmic temperature gradient

length scale a/LT ) which allow collisional/semi-collisional regime in Spherical Toka-

maks such as MAST and NSTX [35, 40, 65, 66, 67]. MTMs have subsequently

been found unstable in a number of other magnetic confinement devices, including

Standard Tokamaks and Reversed Field Pinch [44, 45, 46, 68].

Recent electromagnetic gyrokinetic simulations with both passing and trapped

electrons have investigated MTMs with collisional drives which sustain parallel cur-

rent fluctuation j̃‖ [35, 40, 65, 66, 67]. Studies of collisional MTM in [35] found

magnetic drifts as the main destabilization mechanism, a high β and steep tempera-

ture gradient as main requirements, rather than the shaping of flux surfaces or large

the fraction of trapped particles in Spherical Tokamaks. In contrast, collisionless

MTMs were found unstable in Spherical Tokamaks [39], in which a collisionless drive

due to the drift resonance of trapped electrons was found to be the main destabiliza-

tion mechanism for these modes, arising from an asymmetry in the parallel velocity

v‖ integrals for trapped electrons leading to a finite j̃‖, which is necessary to sus-

tain the microtearing instability. Using a local flux-tube approach, this study found

the MTM to be stable at larger aspect ratios by scaling the inverse aspect ratio

parameter, considering a weak collisional drive.

On the other hand, as described in Chapter 3, global gyrokinetic simulations have

found the existence of unstable collisionless MTM in large aspect ratio systems [70].

Passing electron dynamics alone is found to be sufficient to destabilize the collision-
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less MTM in large aspect ratio Tokamaks, with a drive coming from the magnetic

drift resonance of passing electrons. In Chapter 3, this was demonstrated by explic-

itly suppressing the contribution from nonadiabatic trapped electron population.

To sum up, while on one hand, weak collisions and trapped electrons are reported

to be essential for the MTM mode to be unstable in Spherical Tokamak-like de-

vices [35, 46], there are findings which support that the mode survives in collisionless

regimes as well [39, 70]. The nature of MTMs thus appear to have simultaneous de-

pendencies on plasma equilibria, configuration and particle dynamics, with different

drives depending on the system parameters.

The Collisionless MTM is envisaged to be a potentially important channel for

mesoscale electron transport in the light of its global characteristics as described

in Chapter 3. Trapped electrons constitute a significant fraction of the electron

population in large aspect ratio as well. Hence, the role of non-adiabatic trapped

electrons on the passing electron-driven MTM studied in Chapter 3 is investigated

in this Chapter by a systematic inclusion of bounce-averaged contribution of the

nonadiabatic trapped electrons to gain insight into the nature of these modes in

this Chapter. A comprehensive investigation of the nature of collisionless MTM

is performed by including both the passing and trapped electrons to shed light on

the contribution of nonadiabatic trapped electrons to the instability. As described

in Chapters 2 and 3, the global gyrokinetic code EM-GLOGYSTO models electro-

static and electromagnetic microinstabilities in purely collisionless plasmas based

on a global spectral approach valid at arbitrary wavelength, with gyrokinetic ions

and electrons, and full electromagnetic fluctuations. The linearized Vlasov-Maxwell

equations with fluctuations of electrostatic potential ϕ̃ and magnetic vector poten-

tial Ã‖, Ã⊥ is closed with Poisson Equation and Ampère’s Law. For modes which

are ion-Larmor scale or larger, such as the ITG modes, the Poisson Equation is

replaced by quasi-neutrality. The parallel magnetic perturbations are found to not

affect the MTM instability significantly, as seen in Sec. 3.5, hence B̃‖ fluctuations
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are not considered. It is well known that the guiding centre of the electrons trapped

in the low-field region of the tokamak execute a banana-orbit with a toroidal preces-

sion. The banana-orbit averaged non-adiabatic response of these trapped electrons,

obtained from the drift kinetic equation, contributes to the electrostatic potential

fluctuations. A brief description of the trapped electron formulation is presented in

the Chapter 2.

The rest of the Chapter is organised as follows: Section 4.2 describes the various

characteristics of collisionless MTMs with and without trapped electrons. Using

a drift kinetic model [19, 49], for the equilibrium considered, it is found that at

low toroidal mode numbers n, the mode is insensitive to the trapped electron dy-

namics while the growth spectrum of high-n modes are affected significantly. 2-D

global mode structure in the poloidal cross-section and characteristics of the linear

instability at a given large aspect ratio A = 4 is presented. The β threshold for the

instability is found to be generally downshifted by the inclusion of trapped electrons.

Subsequently, in Section 4.3, the MTM instability with and without trapped elec-

trons is studied at different aspect ratios from medium to large values, i.e. A = 3.0

to 6.0. The study clearly indicate that at large aspect ratios, the passing electrons

contribute predominantly to the drive, and at lower aspect ratios, the contribution

from trapped electrons significantly alter the growth rates of collisionless MTMs.

Section 4.4 contains the important conclusions.

4.2 Role of non-adiabatic trapped electrons at large

aspect ratio

General features of Collisionless MTM considering only passing electrons and pass-

ing ions discussed in Chapter 3 are as follows: Collisionless MTM is unstable above

a threshold β and grows more unstable with higher plasma β The threshold tem-
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perature gradient necessary for the instability is found to be lower at higher plasma

β,and vice-versa. The global mode structure spans several, closely spaced, Mode

Rational Surfaces (MRS), has a width of about 20% of the minor radius, and is

sensitive to the global temperature and density profiles. For the equilibrium pro-

files considered (Table 3.1), the linear instability is found to peak at high poloidal

wavenumbers kθ and . The global mode-averaged values for the most unstable

modes are kθρi (∼ 1.5 − 1.9) [See Eq( 3.1) for definition]. The threshold for the

onset of the instability is found to be β0 ∼ 3% for kθρi ∼ 1.7. The transverse length

scale of the fluctuations extends to much shorter scales than ion-Larmor radius, i.e.

k⊥ρi ∼ 1−4. Moreover, the span of actual radial wavenumber kr spectrum necessary

to resolve the eigenfunctions of MTM is found to be very broad ranging from ion-

Larmor scales to electron-Larmor scales, hence making the mode truly mesoscale.

It is found that the required spectrum width is narrower and hence numerically less

demanding for modes which are deep into the unstable region [see Fig. 3.26], but

closer to the marginal stability boundary, the fluctuation spectrum of these MTMs

broadens considerably from ion-Larmor radii to a few electron-Larmor radii scales.

Computationally, the kr spectrum width is a major factor in determining the nu-

merical requirements of the simulation. Moreover, the Nyquist method makes it

difficult to obtain eigensolutions closer to the marginal stability boundary (i.e. as

γ → 0). Consequently, stronger drives are computationally less demanding than

near-marginal ones for the study of these MTMs. This is reflected in all the data

presented in this Thesis.

In the following Sections, the effect of inclusion of trapped electrons on the growth

rate spectrum and mode structures is investigated. The tearing parity of the modes

is found to be preserved. An increase in the radial Fourier harmonics is found to

be required to resolve the short scales introduced by trapped electrons in ϕ̃. The

β scaling performed shows that different toroidal modes are likely to have different

threshold for instability and is downshifted by the inclusion of trapped electrons. In
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Sec. 4.3, the results from an aspect ratio study carried out including the trapped

electrons is discussed, followed by Conclusion.

4.2.1 Growth rate spectrum and mode structures:
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Figure 4.1: (a) Growth rates (b) frequencies for MTM (without trapped electrons)
and MTMTE (with trapped electrons) versus toroidal mode number n at β0 = 5%,
η = 4. For mode numbers n = 10, 15, ...35, the corresponding mode-averaged kθρLi
values are indicated at on the upper x-axis.

Fig. 4.1 shows the growth rate spectrum for the Microtearing Modes. The mi-

crotearing mode with only passing electrons is labelled MTM, while the modes

with non-adiabatic trapped electrons included are denoted as MTMTE. The con-

tour structure of the fluctuations for these modes with n = 23 and n = 32 is shown

in Fig. 4.2 and Fig. 4.3. The essential tearing parity nature of the mode, as de-

scribed in Chapter 3 is found to be preserved with the inclusion of trapped electron

contribution. The envelope of the ϕ̃ amplitude in Fig. 4.2 and Fig. 4.3 has a mini-

mum at the outboard midplane, i.e. poloidal angle θ = 0. The envelope of the Ã‖

amplitudes, on the other hand, have the opposite nature, i.e a maximum at θ = 0.

The real part of the individual poloidal Fourier components of ϕ̃ and Ã‖ are shown

in Fig. 4.4. As described earlier in Chapter 3, the toroidal effects couple the differ-
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Figure 4.2: Contour plots of Re(ϕ̃) and Re(Ã‖) for MTM [(a) and (c), respectively]
and MTMTE with trapped electrons included [(d) and (f), respectively] for the
n = 23 toroidal mode at β0 = 5%, η = 4. A close-up of the Re(ϕ̃) contours for
MTM in (b) and for MTMTE in (e). The non-adiabatic electrons are seen to create
small-scale sharp gradient regions in Re(ϕ̃).

ent poloidal components of the perturbation, resulting in extended functions in the

radial direction, spanning several mode rational surfaces. Correspondingly, on each

MRS, several modes are found to have non-zero amplitude. For MTM in Fig. 3.15

in Chapter 3, each poloidal component was found to have appropriate parity in the

radial direction about corresponding MRS. With the inclusion of trapped electrons,

whose bounce averaged dynamics do not contribute to Ã‖, such a nature is found to

be preserved in Ã‖ structures as well - in Fig. 4.4(d), each poloidal Fourier compo-

nent is locally even about its corresponding MRS. However, the trapped electrons

contribute to ϕ̃ and here in Fig. 4.4(c), it is found that each poloidal component is

affected on several mode rational surfaces within its radial extent, in addition to its

own MRS. Each of the poloidal Fourier components is seen to be odd-natured about

its corresponding MRS and significantly damped in the region near the other MRS.
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MTMTE

(r−R)/a

Figure 4.3: Contour plots of Re(ϕ̃) and Re(Ã‖) for MTM [(a) and (c), respectively]
and MTMTE with trapped electrons included [(d) and (f), respectively] for the
n = 32 toroidal mode at β0 = 5%, η = 4.

The linear growth rates for MTM at β0 = 5% is found to bear a peaked structure

dependence on toroidal mode number n with a peak γ at n = 23, as seen earlier

in Chapter 3. This can be understood in the following way. For higher n values,

the growth rates reduce due to the Finite Larmor Radius (FLR) stabilization. At

lower n, the perturbation wavelengths are much longer than Larmor radii leading to

lesser growth rates. All the plasma parameters being identical, the mode number n

at which growth rate typically peaks is determined by the gradient scale lengths -

at higher a/LT the spectrum peaks at relatively higher n.

The non-adiabatic trapped electron contributions couple via electrostatic poten-

tial fluctuations ϕ̃ which adds to the destabilization. In fact, previous studies have

reported that ϕ̃ is destabilising [35]. The trapped electron drive appears ineffective

at the lower toroidal mode numbers n = 10 ∼ 20. However, the growth rates are

significantly higher due to trapped electron dynamics at shorter scales of n & 25.

The contribution of the trapped electrons to the instability comes via the resonant

77



CHAPTER 4. MICROTEARING MODES WITH NON-ADIABATIC
TRAPPED ELECTRONS

0.4 0.45 0.5 0.55 0.6

−1

−0.5

0

0.5

1

o38 o39 o40 o41

s

R
e(

ϕ̄
)

(a)
MTM

0.4 0.45 0.5 0.55 0.6

−1

−0.5

0

0.5

1

38 39 40 41

s

R
e(

Ā
‖
)

(b)
MTM

0.4 0.45 0.5 0.55 0.6

−1

−0.5

0

0.5

1

o38 o39 o40 o41

s

R
e(

ϕ̄
)

(c)
MTMTE

0.4 0.45 0.5 0.55 0.6

−1

−0.5

0

0.5

1

38 39 40 41

s

R
e(

Ā
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Figure 4.4: Re(ϕ̃) (left column) and Re(Ã‖) (right column) for MTM ((a) and (b))
and MTMTE with trapped electrons included ((c) and (d)) for the n = 23 toroidal
mode at β0 = 5%, η = 4. The most dominant poloidal Fourier modes m are shown.
The circles on the axis y = 0 labeled by values of m indicate the location of MRS
(m,n). Each poloidal Fourier mode has appropriate parity about its MRS.
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Figure 4.5: Radial Fourier space plots for MTM ϕ̃ fluctuations n = 8, 12, .., 33,
excluding trapped electrons.
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Figure 4.6: Radial Fourier space plots for MTMTE ϕ̃ fluctuations n = 8, 12, .., 33,
inlcuding trapped electrons.
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Figure 4.7: Radial Fourier space plots for MTM Ã‖ fluctuations n = 8, 12, .., 33,
excluding trapped electrons.

denominator in the non-adiabatic part of distribution function. For the parame-

ters considered, the average toroidal precessional drift of the banana-orbit averaged

guiding centre is < φ̇ >∼ −1/2
v2

the

Ωe

1
R
qs

r
= [0.1 − 0.01]cs/a. Thus, a resonance due

to the toroidal phase velocity of the wave ωr/kφ (kφ = n/R) being close to the av-
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Figure 4.8: Radial Fourier space plots for MTM Ã‖ fluctuations n = 8, 12, .., 33,
including trapped electrons.

erage toroidal precessional drift of the guiding centre causes a destabilization. For

instance, it is seen in Figs. 4.5 and 4.6 that at higher n, the coefficients C(kr,m) are

much higher for MTMTE than MTM, where krρi = 2πnr/∆ρ ≃ 2πρ∗nr/∆s (see

Sec. 2.1) At higher n, the resonance becomes stronger, leading to destabilization,

whereas at lower n, the trapped electron destabilisation is ineffective. However, the

growth rates may not increase continuously for indefinitely higher values of n. With

the gyrokinetic formulation taking the FLR effects to all orders in k⊥ρi,e, it is seen

from Figs. 4.5 that at higher toroidal mode numbers n, the radial Fourier spectrum

spreads to near-electron-Larmor scales krρi ∼ ρi/ρe. This is accompanied by a rel-

ative reduction in the ion-scale Fourier amplitudes krρi ∼ 1, with respect to the

amplitudes at shorter scales, leading to an FLR stabilization via the argument of

the Bessel functions J0. The eigen-function (and hence γ) for resonance is a result of

the combined effect of the passing electron resonance due to the magnetic drifts and

transit frequency harmonics, and the trapped electron resonances discussed above

and FLR stabilization and may result in a saturation or stabilization.

In Fig. 4.9 the dependence of the instability on β0 is shown. At larger plasma β,
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Figure 4.9: (a) Growth rates (b) frequencies versus plasma β0 for MTM (without
trapped electrons) and MTMTE (with trapped electrons) n = 10, 12 and 23 modes
at η = 4.

larger toroidal modes n are more unstable. The lower toroidal modes span a larger

width across the minor radius, and can thus sample a larger free energy. Conse-

quently, the lower toroidal modes n remain more unstable as β is lowered, with the

n = 10 mode having a threshold of βc = 2.0 ∼ 2.5%. At lower β, the modes acquire

a broader kr spectrum [discussed later] extending to Debye and electron-Larmor

scales, and the shielding becomes more relevant. This necessitates Poisson equation

rather than quasi-neutrality condition for consistency and convergence. Since the

nonadiabatic trapped electrons couple to the destabilizing ϕ̃, it is apparent that

MTMTE modes remain more unstable than MTM. It is observed that the critical

βc of MTMTE for n = 10 may well be below 2% for the profiles considered here.

The Pure trapped electron modes and ITG-TEMs survive at finite β. Microtear-

ing mode branches may coexist or mode-couple to finite β branches of these modes

as one lowers β. In general multiple unstable, multiple unstable modes are found

some of which have mixed parity structure. Mixed parity modes without trapped

electrons for different magnetic shear profiles will be addressed in Chapter 5.
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Figure 4.11: Ratio of strength of Ã‖ and ϕ̃ for MTM and MTMTE. (a) dependence
on n at β0 = 5%, at η = 4, and (b) dependence on β at η = 4

4.2.2 Mode averaged characteristics

Several physical characteristics can be obtained from the 2D global mode struc-

tures, weighted by the eigenfunctions as defined in Eq.( 3.1). Microtearing modes

have been found not too strongly damped by the Landau resonance in earlier works

[70]. This is borne out by the magnitude of the mode-averaged parallel phase ve-

locity, denoted as vph in Fig. 4.10 which is fairly large as compared to the average
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ion-thermal velocity vth,i and disparately different from the electron thermal veloc-

ity vth,e. This makes the Landau resonance ineffective, especially for high mode

numbers. The relative strengths of the potentials Ã‖ and ϕ̃ can be obtained as the

so-called electromagnetic ratio < Ã2
‖ > / < ϕ̃2 > as shown in Fig. 4.11. It is ob-

served that the strength of Ã‖ is enhanced with the inclusion of trapped electrons.

The non-adiabatic trapped electrons contribute only to ϕ̃ and are observed to sig-

nificantly change the overall electron response and particularly on the MRS. As a

result, the poloidal Fourier components ϕ̃m are seen to be changed on all MRS and

not just their respective (m,n) surface. This is observed to lead to the creation of

more localised and sharper gradient regions of ϕ̃ fluctuations, as shown in Figs. 4.2

and 4.3. At values closer to the threshold βc required for the onset of the instability,

the strength of Ã‖ is reduced owing to lesser β, while ϕ̃ being insensitive to the β

is relatively sustained due to the nonadiabatic trapped electron contribution. This

appears to lower < Ã2
‖ > / < ϕ̃2 > ratio for MTMTE than for passing particle

MTM.
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Figure 4.12: Mixing length estimates for MTM and MTMTE (a) for different
toroidal mode numbers n at β0 = 5%, at η = 4, and (b) dependence on β at η = 4

The mode-averaged transverse wavenumbers are shown in Fig. 4.13. The radial

spectrum of ϕ̃ fluctuations are found to span ion and electron-Larmor scales, par-

ticularly at high toroidal modes n and/or near the marginal stability boundary,
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Figure 4.13: Mode averaged values of perpendicular wavenumbers for MTM and
MTMTE (a) for different toroidal mode numbers n at β0 = 5%, at η = 4, and (b)
dependence on β at η = 4

while Ã‖ spectrum is found to remain of the order ion-Larmor scale. Consequently,

the mode-averaged k⊥ is dominated by ϕ̃. In the radial direction, the numerically-

converged mode structures have significant amplitude of Fourier space coefficients,

symbolically represented as C(kr ,m). For instance, for the n = 23 mode, [see Fig. 4.5]

C(krρe = 0.5)/C(krρe ∼ 0.0) ≈ 20% for MTM. (Subscripts are dropped hereafter

for simplicity). With the inclusion of trapped electrons, the shorter scale fluctuation

amplitudes is found to be further enhanced, (C(krρe = 0.5)/C(krρe ∼ 0.0) ≈ 35%

[Fig. 4.6]). Thus mode averaged < k⊥ρi > is relatively large for MTMTE than

MTM. Similarly, closer to the marginal stability boundary [ Fig. 3.26] the ampli-

tudes at electron scales are significant for MTM and, again, is further enhanced with

the inclusion of nonadiabatic trapped electrons. Larger wavenumbers have been re-

ported in earlier works as well [38, 39, 74]. In spite of the destabilisation of the mode

by non-adiabatic trapped electrons, the implication on transport maybe relatively

small due to the reduced fluctuation length scales. A mixing length estimate in

Fig. 4.12(a) shows a reduced estimate for MTMTE than MTM for the parameters

used. With an increase in β however, the transport is observed to increase, as shown

in Fig. 4.12(b). Since the < k⊥ρi > values asymptote to a finite constant value
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at larger β0, while the growth rate increases with β0, the transport is observed to

increase with larger beta.

4.3 Dependence on aspect ratio

Collisionless MTM has been reported in the past in Spherical Tokamak simulations,

where the collisionless drive due to the drift resonance of trapped electron popu-

lation is found to lead to the destabilisation. A finite contribution from trapped

electrons to the parallel current fluctuations j̃‖ is observed, which arises from an

asymmetry in the parallel velocity dependence of the distribution function. In con-

trast, collisionless MTM reported in large aspect ratio has been found to be driven

by the magnetic drift resonance of passing electrons. Since the trapped electron frac-

tion is relatively smaller at larger aspect ratio, a gyrokinetic model with the liberty

of ignoring the non-adiabatic trapped electrons provided essential characteristics of

these passing particle driven MTMs.

At a specified aspect ratio, a systematic study with the inclusion of trapped elec-

trons as described in the earlier section demonstrates that these modes remain unsta-

ble due to the toroidal precessional drift of the guiding centre. Thus, it is worthwhile

investigating the MTMTE across varied aspect ratio geometries. Such as study is

carried out by varying the major radius R while maintaining a constant system mi-

nor radius a as well as the rest of the equilibrium profiles and the parameters of

Table 3.1. The major radius R is varied in the range 1.5 − 3m, corresponding to

aspect ratio A = 3 − 6. The normalizations are independent of the major radius,

while local Larmor radii, local safety factor q and magnetic shear are identical across

the different simulations. The poloidal wavenumber < kθρLi > values are seen to

remain constant within 1% percent in this aspect ratio range, as seen in Fig. 4.15.

The important change in the dynamics coming due to change in major radius R are
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the fraction of trapped/passing particles, the parallel and toroidal wave vectors k‖,

kφ respectively, the transit frequency ωt,j and the trapped particle bounce frequency

ωb,j of the species j = e, i, leading to changes in the nature of the mode.
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Figure 4.14: (a) Growth rates (b) frequencies versus aspect ratio A for MTM and
MTMTE modes n = 12, 23 at β0 = 5%, η = 4,.
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With the change in aspect ratio A, the resonance of the mode with the transit har-

monics, Landau resonance, magnetic drift resonance and precessional drift is altered.

This is also reflected in the mode averaged parallel phase velocities, Fig. 4.16, which

are seen to increase at larger aspect ratio. As seen earlier, the Landau damping
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is ineffective for the MTM frequencies at the equilibrium profiles considered here.

Fig. 4.14 shows the results of the Aspect Ratio study. The growth rates are shown

for the toroidal modes n = 12, 23 for the case without including the trapped elec-

trons and for the case including them. The growth rates show a general tendency to

peak at a particular aspect ratio and declining for lower and higher values of A. The

growth rates without the trapped electrons are seen to be close to that including the

trapped electrons, consistent with the fact that at large aspect ratios, the relative

fraction of trapped electrons is reduced.

4.4 Conclusion

The microtearing modes, which are low-frequency, electron-driven electromagnetic

microinstability are studied for collisionless hot plasmas in large aspect ratio toka-

maks.

• In this comprehensive 2D global gyrokinetic study considering fully gyroki-

netic trapped and passing particles, the nonadiabatic electrons are found to

contribute to electrostatic fluctuations ϕ̃ via a resonant toroidal precessional
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drift and destabilize them.

• This is observed to lead to the creation of more localised and sharper gradient

regions of ϕ̃ fluctuations near the mode rational surfaces.

• The aspect ratio scan within a finite range by varying the major radius R shows

that the trapped electron destabilization adds to the predominant passing

electron drive, significantly altering the growth rates at smaller aspect ratios.

• At a given aspect ratio and plasma β, the resonant destabilization is relatively

more effective the for the high-n modes than at low n.

• The β threshold for the onset of the instability with only passing electrons is

found to be lower for the low n modes. The non-adiabatic trapped electron

drive further downshifts the threshold.

• The ratio of the strength of the magnetic vector potential and electrostatic

potential fluctuations is seen to be strongly dependent on kθρi and plasma

pressure β.

• The mixing length transport estimate obtained from linear growth rates show

that the transport is increased at higher plasma β.

Steady state operation of tokamaks is an essential requirement for a commercial

fusion reactor, which entails improved confinement. Fusion power ∝ β2, hence

high β is desired for tokamak operation. However, several instabilities set in at

higher β. For identification of the operating regime that is benevolent to these twin

objectives, experiments in several present day tokamaks have been performed to

explore different magnetic shear configurations and are known as advanced tokamak

scenarios. Understanding the possible transport in such scenarios is again of much

importance. The characteristics of linear electromagnetic instabilities is studied in

such scenarios in the next Chapter.
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Chapter 5

Electromagnetic microinstabilities

in weak reversed shear

configuration

5.1 Introduction

Collisionless microtearing modes are found to be unstable in finite β plasma in

large aspect ratio Tokamaks and are described in Chapter 3 and Chapter 4. In the

presence of a steep electron temperature gradient in such plasmas, the nonadiabatic

passing electron dynamics destabilizes the mode. Considering a monotonic safety

factor profile q(s) typical of L and H mode plasmas in several tokamaks [8], the mode

is found to be unstable in a wide range of β and η values. The trapped electrons

affect the shorter scale, or higher-n limit. As the aspect ratio is reduced, the trapped

electrons strongly destabilize the modes further. For the same equilibrium profiles

and parameters, the ion temperature gradient driven electromagnetic mode AITG

or Kinetic Ballooning Mode (KBM) is also found to be unstable. The AITG mode is

found unstable above a β threshold which is lower than the threshold for MTM. The
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monotonically increasing q-profile is obtained in plasmas when the electric current

is fully diffused to the core or the magnetic-axis. Such profiles used in Chapters 3

and 4 will be referred hereafter as “reference q-profile”.

Operation of tokamaks as commercial fusion power reactors require steady state

or quasi-steady state plasma, which is possible only with improved confinement.

Reversed magnetic shear operations in existing Tokamaks such as JET and DIII-

D, obtained by an off-axis current drive have shown the formation of an Internal

Transport Barrier (ITB) near the location of mode rational surfaces in the low shear

or qmin region, which results in improved confinement in these discharges. Steady

state experiments, including ITER, thus envisage a reversed magnetic shear profile

as one of the “advanced scenarios” of operation. The plasma current profile, which

determines the safety factor profile, is hence one of the main parameters in these

advanced scenarios. An equally important configuration is the hybrid configuration

with near-zero magnetic shear in the core region and monotonically increasing q(s)

with positive shear for s & 0.5. In practice, such advanced q-profile configurations

are realized by non-inductive current drive mechanisms such as EECD, N-NBI and

LHCD. A detailed account of the progress in steady state operational scenarios is

compiled in ITER Physics Basis 2007 [8].

Since the ITB is formed in the qmin region, the detailed nature of MTM and AITG

is of interest for transport studies in such advanced configurations as described

above. Global gyrokinetic simulations are well suited to bring out the response of

MTM and AITG to the underlying equilibrium in these scenarios. The results from

such a study is discussed in this Chapter, in particular, for sensitivity to global q

profile changes, keeping a constant q value at s = 0.5 and constant temperature

profiles.

The influence of non-adiabatic trapped electrons on the MTM was studied in

Chapter 4 and it was found that their dynamics is significant in altering the linear
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growth rates. For collisionless MTMs in the reference scenario q-profiles, the trapped

electron dynamics was found to be particularly important at smaller aspect ratios

whereas they were found to become negligible for low-n values at larger aspect ratio.

For example, at a typical large aspect ratio of 4, the toroidal mode number scan

showed that trapped electron dynamics is significant for high-n, and arose from

the toroidal precessional drift resonance with the mode frequency and was fairly

ineffective at low-n. It was also shown that in the presence of trapped electrons, the

short scale structures in ϕ̃ necessitate a large nr spectrum (radial spectrum) and are

numerically demanding. Hence, in order to better delineate the dynamics of passing

particles from that of trapped particles on the primarily passing electron-driven

collisionless MTMs, and to reduce the numerical demand, the effect of trapped

electrons are not considered in this Chapter.

The rest of this Chapter is organized as follows: In Sec. 5.2, the sensitivity of MTM

and AITG to global q profile changes, (with the associated shear) is studied, keeping

a constant q value at s = 0.5 and constant temperature profile. Multiple modes of

MTM and AITG are found to be unstable, with several subdominant branches

showing complex dependence on shear, including a transformation to mixed parity

modes. The 2-D global mode structures of MTM and the mixed parity modes at

various values of shear are presented in detail in Sec. 5.3. In Sec. 5.4, the toroidal

mode number scan for MTM and AITG is obtained and compared in reference q-

profile and weak reverse shear q-profiles. The β dependence of MTM and AITG

modes in weak reverse shear configuration is studied in Sec. 5.5. An investigation of

the dependence of the mode location of MTM and AITG on variation of temperature

gradient location in these magnetic configurations is carried out in Sec. 5.6. This is

followed by Conclusion.
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Figure 5.2: (a) Growth rates and (b) real frequencies of MTM and AITG for
n = 12 as q profile is changed from regular qM to reversed shear qWRS . Multiple
subdominant MTM branches are found, apart from the two studied here.

5.2 Sensitivity to safety factor profile

The advanced scenarios of tokamak operation envisage a reversed shear q-profile

with a zero shear at an off-axis location having qmin lower than the central q and a
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Figure 5.3: Contour plots of real and imaginary parts of ϕ̃ for n = 12 MTM mode
µ1 and non-µ mixed parity mode in Fig. 5.2. Re(ϕ̃) and Im(ϕ̃) has a null through
θ = 0 in (c) an (f), respectively as required for the tearing parity of MTM, unlike
the mixed-parity non-µ mode in (a),(b),(d) and (e).

negative shear region towards the core. Previously, global linear studies have shown

that the magnetic shear has a complex influence on the growth rates of the ion-driven

modes such as ITG and AITG at different plasma parameters [48, 49, 50]. Thus,

it is pertinent to investigate the nature of MTM in such advanced configurations

using the global approach. In this Section, MTM and AITG modes are studied for

their sensitivity towards dependence on global q profiles considering only passing

particles.

The study is performed starting from the known MTM and AITG eigenmodes for

monotonic q profiles from Chapter 3. Using a quartic polynomial form for q(s) as

in Table. 3.1, a monotonic q profile qM is obtained for q0 = 1.25, q2 = 0.25, q3 =

7.0, q4 = −3.0. With this profile, q = 2 and ŝ = 1 at s = 0.5. A weak reversed

shear (WRS) profile qWRS is obtained for q0 = 3.0, q2 = −13.5, q3 = 22.0, q4 =
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Figure 5.4: Contour plots of real and imaginary parts of Ã‖ for n = 12 MTM mode
µ1 and non-µ mixed parity mode in Fig. 5.2. Re(Ã‖) and Im(Ã‖) have a maxima
through θ = 0 in (c) an (f), respectively, as required for the tearing parity of MTM,
unlike the mixed-parity non-µ mode in (a),(b),(d) and (e).

−6.0. With these coefficients, q = qmin = 2 and ŝ = 0 at s = 0.5. As will be

seen in Sec. 5.6 for the monotonic qM profile, the MTM mode has a mean radial

location at s = 0.5. Hence, the temperature profile is fixed such that T = T0

at s = s0 = 0.6 so that the free energy drive (dT/ds)max appears at the mean

location of the mode s = 0.5. Fig. 5.1 shows the radial variation of the safety

factor profiles qM , qWRS and the corresponding shear profiles ŝM , ŝWRS, as well as

the temperature gradient profile −dT/ds. Intermediate q profiles qIM are generated

by setting qIM = αIMq
M + (1 − αIM)qWRS, where αIM is a constant [48, 49]. For

any given value of αIM = 0.0 − 1.0, the safety factor q(s = 0.5) = 2.0 and local

magnetic shear ŝ(s = 0.5) = αIM .

In Chapter 4, it was seen that the trapped electron dynamics is negligible at

low toroidal mode numbers at large aspect ratio, for monotonic q profile. Hence,

94



CHAPTER 5. ELECTROMAGNETIC MICROINSTABILITIES IN WEAK
REVERSED SHEAR CONFIGURATION

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

(a) µ2
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Figure 5.5: Contour plots of real and imaginary parts of ϕ̃ for n = 12 MTM mode
µ2 in Fig. 5.2.

n = 12 is considered and a scan in the global q profiles with the above constraints is

performed. Fig. 5.2 shows the sensitivity of such a global shear profile variation on

the MTM and AITG modes for n = 12. The intermediate q profiles corresponding

to the eigenvalues shown in Fig. 5.2 are uniquely identified by the value of shear

at the radial location s = 0.5, although it is to be noted that the mode eigenvalue

and characteristics are a net result of the global profiles. As observed in Chapter 3,

multiple eigenmodes are unstable for any given plasma profile and can be identified

by the Nyquist method. The fastest growing MTM mode at ŝ = 1 (that is, for safety

factor profile qM) labeled µ1, has mode characteristics similar to that in Fig. 3.1,

Chapter 3, which was obtained by considering similar monotonically increasing q-

profile. A subdominant mode labeled µ2 forms a separate branch as do several other

subdominant modes [not shown here]. Similarly, AITG has several eigenmodes, the

fastest growing of which is studied here. The MTM modes µ1 and µ2 are found

to be very sensitive to shear profiles. As ŝ is changed, the growth rates change by
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Figure 5.6: Contour plots of real and imaginary parts of Ã‖ for n = 12 MTM mode
µ2 in Fig. 5.2.

nearly 40% relative to the reference case. The µ1 branch is significantly stabilized

at lower shear values and growth rate decreases monotonically as shear is reduced.

In contrast, the µ2 branch grows more unstable as shear reduced from ŝ = 1 and

attains a maximum growth rate around ŝ ∼ 0.5. The growth rate decreases for even

lower values of shear. Such a non-monotonic behaviour is reported for ITG, AITG as

well [49, 83]. The growth rates of AITG mode, however, are seen to be relatively less

sensitive to changes in the shear profiles at the plasma parameters considered [47].

Also, an AITG mode is found unstable in the negative shear region as well, and is

discussed in Sec. 5.6. The change in the growth rates is accompanied by a change in

the mode structures as well, as discussed in the next section. As discussed in Chapter

2, for the studies in this thesis, the underlying plasma current profile, resulting in

the safety facor profiles here, and the equilibrium pressure gradients are assumed to

be close to an ideal MHD equilibrium but are ad-hoc in the sense that they may not

satisfy the MHD force balance. Hence, an element of caution is to be exercised with
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Figure 5.7: Real and imaginary parts of ϕ̃ for n = 12 MTM mode µ1 and non-µ
mode in Fig. 5.2. Individual poloidal Fourier components of Re(ϕ̃) and Im(ϕ̃) are
odd about their corresponding MRS in (c) an (f), respectively as required for the
tearing parity of MTM, unlike the mixed-parity non-µ mode in (a),(b),(d) and (e).

respect to the quantitative observations from the present study and is discussed in

Chapter 6.

5.3 Global mode structures and emergence of mixed

parity modes

The dominant and subdominant unstable eigenmodes (of MTM and AITG) possess

different characteristics in different shear configurations as noted in previous section.

The dominant MTM mode at ŝ = 1 has similar growth rates and global mode

structures as the mode studied in Sec. 3.3, Chapter 3. The mode structures are

shown in Fig. 5.3, 5.4. At ŝ = 1, the mode µ1 is located near dT/ds|max. In contrast,
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Figure 5.8: Real and imaginary parts of Ã‖ for n = 12 MTM mode µ1 and non-µ
mode in Fig. 5.2. Individual poloidal Fourier components of Re(Ã‖) and Im(Ã‖) are
even about their corresponding MRS in (c) an (f), respectively as required for the
tearing parity of MTM, unlike the mixed-parity non-µ mode in (a),(b),(d) and (e).

electrostatic modes such as ITG and ETG centre at the location of ηmax, i.e. at

s0 [48, 84]. The mode is well converged in Fourier space [not shown], and balloons

clearly on the outboard side. The poloidal Fourier modes m have perturbations

that are odd in ϕ̃ and even in Ã‖ about the corresponding mode rational surface

(m,n). This is also reflected in the envelope of the amplitude of potentials that

show a clear symmetry swap about the poloidal angle θ = 0, as seen in Fig. 5.3(c,f),

Fig. 5.4(c,f), Fig. 5.7(c,f) and Fig. 5.8(c,f). At reduced shear values, the symmetry

properties of MTM is affected significantly, resulting in a dilution of clear tearing

parity. Indeed, as indicated by green square symbols in Fig. 5.2, the eigenmode

structures for shear values below ŝ ∼ 0.4 are no longer identifiable with the clear

tearing parity properties in ϕ̃ and Ã‖. These modes are dubbed as non-µ or Mixed

Parity Modes.
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Figure 5.9: Real and imaginary parts of ϕ̃ for n = 12 MTM mode µ2 in Fig. 5.2.

The gradual loss of tearing parity is evident in Figs. 5.3, 5.4, in the contour plot

of ϕ̃ and Ã‖ for shear values ŝ ≃ 0 and ŝ ≃ 0.36 and labeled as non-µ. The

poloidal Fourier components in these modes do not all possess a clear parity but

are, rather, a mix of even and odd natured functions. Fig. 5.11, 5.12 show the θ

dependence of 2D potentials ϕ̃ and Ã‖ upon averaging in the radial direction (see

Sec. 3.3, Chapter 3). The envelope of ϕ̃ fails to retain a minimum through θ = 0,

accompanied by a similar change in Ã‖, which fails to retain a maximum through

θ = 0. This is reflected in the plot of individual poloidal Fourier components m of

Re(ϕ̃) and Re(Ã‖) in Fig. 5.7, 5.8, where it is seen that at the lower shear values ŝ ≃ 0

and ŝ ≃ 0.36, the modes do not possess an odd and even parity respectively about

their corresponding mode rational surfaces (m,n). The imaginary parts shown in the

bottom rows show similar behaviour. The emergence of such linearly unstable mixed

parity modes is reported here perhaps for the first time. Lower growth rates modes

are known to be important for the understanding of the energy dynamics during
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Figure 5.10: Real and imaginary parts of Ã‖ for n = 12 MTM mode µ2 in Fig. 5.2.

turbulence saturation in finite β gyrokinetic simulations [20, 85, 86, 87]. These

modes are believed to play potentially an important role in the non-linear saturation

of turbulence and hence necessitate more comprehensive simulations considering

these aspects. Mixed parity modes are again of importance in L-H transitions when

a steep pedestal formation is believed to trigger along with ballooning parity modes,

other mixed parity modes as well. Parity mixing has been investigated in the past

with respect to the resistive ballooning modes and found to enhance the growth

rates of these MHD modes [88, 89].

For a fixed n, the relative spacing between the mode rational surfaces increases

with gradual reduction in ŝ. This changes the particle response to fluctuations, since

the resonance depends on the cross-field magnetic drift of the electrons, affecting the

coupling of adjacent poloidal Fourier components. The net result is a characteristic

change in the radial mode structures as seen in Fig. 5.7 and 5.8. With reduced

shear, the relative amplitude of the dominant mode at ŝ = 1, namely (m,n)=(24, 12)
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Figure 5.11: s-averaged plots of Re(ϕ̃) for n = 12 MTM mode µ1 and non-µ mode
shown in Fig. 5.2. For the subplots (a)-(n) and (p) ŝ ∈ (0, 0.20, 0.28, 0.34, 0.36,
0.46, 0.52, 0.58, 0.64, 0.70, 0.76, 0.82, 0.88, 0.94, 1.0)
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Figure 5.12: s-averaged plots of Re(Ã‖ ) for n = 12 MTM mode µ1 and non-µ
mode shown in Fig. 5.2. For the subplots (a)-(n) and (p) ŝ ∈ (0, 0.20, 0.28, 0.34, 0.36,
0.46, 0.52, 0.58, 0.64, 0.70, 0.76, 0.82, 0.88, 0.94, 1.0)
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Figure 5.13: s-averaged plots of Re(ϕ̃) for n = 12 MTM mode µ2 mode
shown in Fig. 5.2. For the subplots (a)-(n) and (p) ŝ ∈ (0, 0.02, 0.16, 0.22, 0.28,
0.32, 0.36, 0.46, 0.4, 0.64, 0.7, 0.76, 0.82, 0.88, 0.94, 0.98)
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Figure 5.14: s-averaged plots of Re(Ã‖) for n = 12 MTM mode µ2 mode
shown in Fig. 5.2. For the subplots (a)-(n) and (p) ŝ ∈ (0, 0.02, 0.16, 0.22, 0.28,
0.32, 0.36, 0.46, 0.4, 0.64, 0.7, 0.76, 0.82, 0.88, 0.94, 0.98)
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reduces and ultimately loses the clear amplitude at the qmin region. The adjacent

poloidal Fourier components (such as m = 25, 26..) have weak symmetry properties

and have the highest amplitude in the region s ∼ 0.55. In the poloidal direction, the

amplitudes are extended in a relatively larger range as seen in the left most subplots

in Fig. 5.3, 5.4, 5.11(a) and 5.12(a).

The subdominant MTM mode µ2 has a clear tearing parity in reversed shear

profiles qWRS and is apparent from the Figs. 5.5, 5.6, 5.13 and 5.14. The envelope

of the amplitudes go through a minimum at θ = 0 for ϕ and maximum for A‖. The

mode is seen to be not located exactly near the qmin region but is radially away at

s ∼ 0.58 in the positive shear region where ŝ ≃ 0.7 and will be discussed in the

next Section. This is also evident from the real space plots Fig. 5.9, 5.10, where

the (24, 12) mode does not have any amplitude at s = 0.5. The adjacent poloidal

Fourier components m are seen to possess the tearing parity. Figs. 5.13, 5.14 show

a clear tearing parity nature, visible more clearly at lower and higher extremes. At

higher shear, in particular in Figs. 5.13((j),(k)..(n),(p)) and 5.14((j),(k)..(n),(p)),

the modes show a characteristic suppression in the region θ > 0 (4th quadrant

Figs. 5.5, 5.6 ). The magnetic perturbation contours in Fig.[5.6] exhibit radially

elongated structures in the first quadrant.

Global Microtearing modes are thus likely to be dominantly unstable in the strong

magnetic shear region in the presence of steep electron temperature gradients. A re-

duction in the magnetic shear suppresses the dominant microtearing instability and

a mode-transformation to perturbations with mixed parity is likely. The subdom-

inant modes are not significantly affected by magnetic shear and remain unstable

close to the qmin region even in weak reversed shear configurations.
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Figure 5.15: Toroidal mode number scan for MTM and AITG for safety factor
profiles - regular qM and reversed shear qWRS . The MTM branch µ2 is studied for
reversed shear qWRS . kθρi values for µ1 and µ2 are indicated below and above the
upper x-axis, respectively.
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modes µ2 shown in Fig. 5.15.
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Figure 5.17: Contour plots of real and imaginary parts of Ã‖ for n = 12, 23, 42
MTM modes µ2 shown in Fig. 5.15.

5.4 Growth rate spectrum

Growth rate spectrum has been obtained for MTM and AITG in a weak reversed

shear regime for a broad range of toroidal mode numbers n. The study is performed

for same equilibrium profiles for both MTM and AITG with β0 = 5%, η = 4 and

qWRS and qM profiles, results of which are shown in Fig. 5.15. The real frequency of

MTM is positive and that of AITG is negative, as they must be, with the electron

diamagnetic direction being taken as positive by convention. The figures show the

growth rate spectrum of MTM and AITG for the standard profile qM as well. The

mode averaged kθρi values corresponding to n are shown on the upper x-axis. The

spectrum has a peaked structure, with highest growth rate for kθρi = 1.37, n ≃ 16

in the regular q(s) for the parameters used, and lower growth rates at still higher

n, and is generally understood as arising due to FLR stabilization [49]. As noted

in Chapter 3, the modes are mesoscale, with kθρi ∼ 0.8 − 2. MTMs below the ion
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Figure 5.18: Real and Imaginary parts of ϕ̃ for n = 12, 23, 42 MTM modes µ2
shown in Fig. 5.15.

gyroscale have been reported earlier as well with and without collisions [39, 74].

As seen in Sec.[5.2], the MTM mode µ2 is seen to be unstable with finite growth

rate in the weak reversed shear profile as well. However, the mode is relatively less

unstable relative to the growth rates of non-µ mixed parity mode. Significantly,

the unstable mode spectrum is seen to extend to much shorter wavelengths, with

kθρi ∼ 0.6 − 4. In the spectrum for AITG as well, the higher-n modes are seen to

be unstable upto the range studied, n ∼ 50. From these linear growth rates at the

parameters considered, it is seen that the AITG modes are dominant with respect

to MTM in the weak shear profile. The reason for the destabilization of higher n

is not entirely clear. The condition for resonance of the mode frequency of a given

perturbation with the plasma has a complex dependence on various factors such as

the particle velocity and the associated transit frequency (and its harmonics) and

the geometry. Since many poloidal modes m couple and the presence of qmin surface
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Figure 5.19: Real and Imaginary parts of Ã‖ for n = 12, 23, 42 MTM modes µ2
shown in Fig. 5.15.
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Figure 5.20: (a) Growth rates and (b) real frequencies versus temperature gradient
ηj for MTM n = 23 mode µ2 for the reversed shear qWRS. ηj , j = i, e is varied
keeping the other fixed.

limits the lower m coupling, these factors might be resulting in a destabilization.
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Figure 5.21: (a) Growth rates and (b) real frequencies versus temperature gradient
ηj for AITG n = 23 mode for the reversed shear qWRS. ηj, j = i, e is varied keeping
the other fixed.

For the mode n=23, whose growth rate is near maximum for AITG and near to

of the plateau for µ2 MTM, the dependence on the free energy source ηj j = i, e is

studied. Figs.5.20,5.21 shows the growth rates and real frequencies for MTM and

AITG, respectively. The growth rates for MTM increase with increasing ηe and are

insensitive to changes in ηi and have positive real frequency. The AITG mode n=23

is seen to be sensitive to ion temperature gradient and nearly insensitive to that of

electrons. As seen earlier in Chapter 3 as well, these plots confirm the free energy

dependence of these modes in weak reversed shear.

5.5 Dependence on plasma β

As described earlier, the plasma β is an important performance parameter since

fusion power ∝ β2, so that higher β is desired for tokamak operation. However, ex-

istence of unstable electromagnetic microinstabilities would set in turbulence which

would limit the confinement. Hence β scaling studies are imporatant to understand

electromagnetic turbulence. Fig. 5.22 shows the dependence of growth rates and
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Figure 5.22: β dependence of MTM and AITG instability in reversed shear profile
qWRS. The legend is shown in (b).

real frequencies of MTM and AITG on β0 for weak reverse shear profiles. The tem-

perature profile has a peak gradient of η = 4 at s0 = 0.6. The growth rate decreases

for lower lower β0 values. The growth rates increase with increase in β0. It is seen

that MTM is unstable above a βcrit ∼ 1.5 −3% and that the thresholds are different

for different toroidal mode numbers n, similar to that in regular q profile in Chap-

ter 4. Interestingly, n = 44 shows a slower rate of decrease of γ for decreasing β.

AITG modes, on the other hand, are seen to have a same βcrit for different n, with

βcrit ∼ 0.6%.

5.6 Radial location of MTM in reference q-profile

and weak reversed shear case

Collisionless MTM driven by passing particles has been studied extensively and

discussed in Chapter. 3. In Chapter 3, it was seen that the mode is sensitive to

global temperature profiles. For thinner T profiles, the mode moves to s0 . The

eigenvalues change by about 25% within the range of study. The mode is primarily
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Figure 5.23: MTM growth rates for n = 12 for regular q profile as s0, the location
of ηmax, is changed.
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Figure 5.24: Mean radial location of
MTM for n = 12 mode for regular q pro-
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destabilized by the magnetic drift of the passing electrons arising due to the tokamak

magnetic field configuration. The separation of the Mode Rational Surfaces (MRS)

is approximately 1/(nqŝ), where n is the toroidal mode number, q is the safety

factor. The cross-field drift of the electrons causes coupling of the MRSs. The

global results show that the mode is located about a radial location closer to the

axis and away from s0, even though q, ŝ is lower and thus the MRS separation is

relatively large in that region. On the other hand, ITG in electrostatic studies has
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typically been found at the location where η is maximum [49, 84]. Also, as noted

earlier, the mode appears slightly inwards of s0, which is the location of ηmax. At

the mean radial location of the mode, the temperature T , dT/ds is higher. Thus

localization towards lower radius indicates the effect of dT/ds relative to η. Since

the mode is destabilized by the finite orbit width of electrons, it may be surmised

that the mode appears in a higher T or dT/ds region at the expense of ŝ. It is thus

of interest to investigate whether it is the free energy drive that controls the location

or the safety factor or shear.

For a given standard/regular q(s) profile, with magnetic shear ŝ = 1 at s = 0.5,

the temperature profile is varied by shifting radially inward/outward by changing s0.

The location of s0 for density is also varied concurrently so that the η peaks at the

chosen s0. The temperature at s0 remains fixed at T0, while the logarithmic gradient

a/LT , which is the free energy source, has an identical fall on either side of s0. The

results are shown in Fig. 5.23 and 5.24. It is observed that the MTM growth rate

increases as s0 is increased, confirming the earlier reports of the instability occurence

in higher magnetic shear region. The AITG growth rate, on the other hand, is seen

to be fairly insensitive to this profile variation. Thus, while MTM is seen to draw

free energy from the electron temperature gradient, the mode is more unstable if the

“same” temperature profile is located in higher shear region. The mode is observed

to be located somewhat inwards of s0. A plot of the mode location versus s0 in

Fig. 5.24 shows that the mode remains located in a higher temperature and dT/ds

region, but moves out linearly with the change in s0.

The µ2 MTM mode is observed to locate in a region away from the qmin region,

where the dT/ds|max is located, unlike the µ1 at regular shear profile. Hence, the

role of global temperature profile on the µ2 MTM is studied by shifting s0, which

radially shifts the η profile. With β = 5% and a peak η = 4, the n = 23 mode is

studied and shown in Fig.5.25. It is observed that the mode remains localised about
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Figure 5.25: Mean radial location of MTM and AITG modes for n = 23 as s0 is
changed for WRS profile. The AITG mode unstable in the negative shear region is
labeled A2 (right).

s ≃ 0.58 as obtained from the mode-averaged location sφ,A‖
. This is unlike the µ1 at

regular shear, which moves with s0. Fig. 5.26 shows that the growth rate decreases

as s0 is decreased. Since dT/ds|max is moving inwards as s0 is decreased, whereas the

mode is localized about s ≃ 0.58, the dT/ds at the location of the mode decreases,

hence the mode is stabilized in the absence of the free energy source. Figs. 5.25(b)

and 5.27 show the results of s0 scan for AITG. The AITG mode labelled A2 is found

unstable in the negative shear region, when the temperature profile is such that η

peaks in the negative shear region. Both the AITG modes are seen to remain at

nearly same mean radial location s as s0 is moved.

5.7 Conclusion

Steady state operation is a necessary requirement for a Tokamak fusion reactor.

Significantly improved confinement is required for a steady state operation. Several

advanced scenarios with improved confinement have been envisaged for ITER based

on experiments in existing tokamaks such as JET, JT-60U, DIII-D. These advanced
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tokamak scenarios include a reversed shear configuration in which plasma current

is driven completely by non-inductive sources, and a hybrid scenario with near-

zero shear in much of the core region. The formation of ITB in weak reversed

shear configuration near the qmin region is found to result in significantly improved

confinement.

Since turbulent transport is one of the limiting factors in all these scenarios, a

detailed understanding of the microinstabilities that generate microturbulence is of

immense importance. In general, microinstabilities have been found to be suppressed

by weaker magnetic shear.

Microtearing modes, previously considered unimportant in collisionless hot plas-

mas have been found unstable from recent gyrokinetic numerical investigations in

several MCF devices considering experimentally relevant plasma parameters and

MCF configuration. For this reason, study of MTM as a possible electron channel

of transport has recently gathered momentum [3, 20, 45, 65, 38].

In this Chapter, global linear characteristics of collisionless MTM is investigated

in detail for the regular and weak reverse shear profiles, with the main findings as

follows:

• A systematic approach to arrive at the equilibrium profiles used in the study is

adopted, based on the global linear characteristics of the mode in the regular

monotonic q-profile. MTM is found to be sensitive to the global temperature

profiles in Chapter 3. It was also found unlike ITG and ETG, the mean radial

location for collisionless MTM is different from the location of ηmax. The mode

is found to localize in the region near dT/ds|max.

• Considering a monotonic q-profile, a variation of the temperature profile by

radially displacing the location of dT/ds|max outward, shows that (i) γ in-

creases suggesting that MTM is destabilized by higher shear, (ii) the mean
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radial location correlates to the location of dT/ds|max.

• Considering the above results, the equilibrium profiles are chosen as follows: A

weak shear with q(0) = 3.0, qmin = 2 at s = 0.5 and q(q) ≃ 5.5 is considered.

A temperature profile of the form in Table. 3.1 with s0 = 0.6 so that ηmax

is at s0 and dT/ds|max is at the location of qmin. Global characteristics of a

given toroidal mode n is studied with the value of q at s = 0.5 kept constant

so that in the reference scenario, q = 2 at the mean radial location of the

mode s = 0.5, whereas in the WRS profile, q = qmin = 2 at s = 0.5. In this

way, the location of a reference mode rational surface q = m/n is unchanged.

Temperature profile is also unchanged so that the free energy drive, at least

at the mean radial location of the mode for reference q profile is constant.

• In Chapter 4, it was seen that the trapped electron dynamics is negligible

at low toroidal mode numbers at large aspect ratio, for monotonic q profile.

Hence, n = 12 is considered and a scan in the global q profiles with the above

constraints is performed. Two branches of MTM and an AITG branch are

studied in particular, though several other unstable eigenmodes exist. The

results show that MTM is sensitive to changes in global q profiles. The most

dominant eigenmode is less unstable as shear reduces.

• Multiple unstable mode branches are found as shear is varied at s = 0.5.

Following these branches as a function of reducing shear ŝ, a gradual loss of

clear tearing parity with a conversion to mixed parity in ϕ̃ and Ã‖ is observed.

• Subdominant branches are seen to become more unstable as shear reduces.

The modes remain unstable at ŝ = 0 with tearing parity structures, after

peaking at ŝ ≃ 0.5. The mean radial location of this branch is seen to be near

s ≃ 0.6, outside the qmin region.

• The wave number spectrum of the µ2 branch in WRS profiles show that
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the spectrum of instability extends to shorter wavelengths or mesoscale, with

higher n being similarly unstable within the range studied.

• An identical study of AITG shows that AITG growth rates are relatively less

sensitive to profile changes. Similar to MTM, the shorter wavelengths are more

unstable within the range studied. For the same weak reverse shear profile and

temperature profile, the AITG is seen to be more unstable, without trapped

electrons. MTMs were not found to localize deep in the negative shear region,

while an AITG eigenmode is unstable in the negative shear region.

• The characteristic nature of MTM and AITG are verified for their different

sensitivity to iTG and eTG in WRS profile as well. A change in the radial

location of η profile in WRS reveals that the mean radial location of the

µ2 branch remains characteristically anchored about s ≃ 0.58. Similarly, the

AITG branches remain anchored about s ≃ 0.54 and s ≃ 0.0.43 in the positive

and negative shear regions respectively.

• The β scaling of AITG and µ2 reveal that AITG has a lower βcrit ∼ 0.5%,

below the ideal MHD limit, while MTM µ2 modes have different βcrit for

different n with βcrit ∼ 1.5% − 3%, without trapped electrons.

• Even without including trapped electrons,

The trapped electron contribution has been seen to be ineffective at low toroidal

mode numbers n ∼ 8 − 15 (Fig. 4.1). Nevertheless, their dynamics is also sensitive

to the local value of shear at each radial location. Though not attempted in this

thesis, it is important to address the role of trapped electrons on MTM in these

different magnetic shear scenarios.
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Conclusion

Understanding and predicting turbulent transport is a key issue in the development

of Tokamaks as fusion reactors, since transport is one of the important limiting fac-

tors of confinement of the plasma. In an MHD stable plasma, microinstabilities lead

to the generation of microturbulence driven transport and degradation of confine-

ment. Hence understanding microinstabilities is of immense importance for steady

state devices or fusion reactors. The development of gyrokinetic framework and

of numerical codes to solve the gyrokinetic equations have helped in obtaining an

insightful understanding of turbulent transport [7]. In the (simplified) limit of negli-

gible plasma pressure (and hence magnetic fluctuations), local and global numerical

simulations now closely consider experimental plasma parameters and magnetic ge-

ometry. In particular, several features of ion-Larmor scale instabilities and ensuing

transport are now well understood from these simulations. However, hot Tokamak

plasmas have a non-negligible plasma pressure or β. At finite β, the magnetic per-

turbations become significant, which alter the linear and non-linear characteristics

of these microinstabilities. Also, new electromagnetic modes have been observed

to emerge unstable above respective threshold value of β. Hence, not only electro-

static, but electromagnetic gyrokinetic study of microinstabilities is indispensable in
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developing an understanding of turbulent transport. In particular, Kinetic Balloon-

ing modes, or Alfv̀en-ITG modes have been found unstable in the presence of ion

temperature gradient above a threshold β. This mode has ballooning parity i.e. φ

fluctuations being even in θ and A‖ fluctuations being even in θ leading to leads to

ion heat transport via magnetic flutter. The tearing parity modes, i.e. modes with

odd φ and even A‖ fluctuations, cause small-scale stochasticization of the underlying

magnetic field topology near mode rational surfaces and thereby lead to transport

when several magnetic structures overlap. At finite β, subdominant tearing parity

ITG modes have been found to take part in transport via non-linear interaction with

unstable modes and leading to their saturation [20, 90].

Microtearing modes, which are high-n analogues of the conventional tearing modes

were studied in simple geometries in the 70s and found unstable driven by electron

temperature gradient and sustained by the electron-ion collisions. However, due

to the collisionless regime of hot plasmas in modern tokamaks, these modes were

thought to be unimportant. Hence, study of electron channel of transport has fo-

cused on ETG and TEM turbulence, within the electrostatic gyrokinetic framework.

TEM turbulence is excited at ion-Larmor scales in the presence of pressure gradient

and is unaffected by β [17]. ETG modes appear at much shorter length scales of the

order of electron-Larmor radii and become important for transport in conditions in

which streamers are formed [8].

With the development of advanced electromagnetic codes that consider realistic

tokamak geometry and plasma parameters in present day experiments, collisional

MTMs have been found unstable in Spherical Tokamaks and subsequently in other

MCF configurations as well. Global gyrokinetic simulations in [46], with finite colli-

sionality found MTMs unstable in Standard Tokamaks. Electromagnetic simulations

that consider non-adiabatic electron dynamics reported unstable collisionless MTMs

as well in Spherical Tokamaks [39]. These were attributed to the drive mechanism of
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drift resonance of trapped electrons. These local flux-tube simulations, in s− α ge-

ometry and at small but finite collisionality, considering a scaling of R, expected the

modes to be unstable at large aspect ratio. However, a detailed study was not car-

ried out until the advent of this thesis, which carries out a collisionless, global, fully

electromagnetic gyrokinetic simulation of MTM including profile variation physics,

amongst others.

6.1 Results

Collisionless MTMs were found unstable in large aspect ratio tokamaks as part of

this work. The characteristics of MTM and another electromagnetic mode namely

AITG are investigated in detail in this thesis for large aspect ratio tokamaks. The

gyrokinetic code EM-GLOGYSTO used in the past to study global linear character-

istics of electrostatic and electromagnetic microinstabilities with full non-adiabatic

ions and electrons was numerically optimized to improve runtime and handle, high

resolution spanning ion-Larmor scale to electron-Larmor scale. This enabled the

study of multi-scale modes such as MTM. By implementing hybrid MPI-OpenMP

parallelization to the existing MPI code, better utilisation of the present-day multi-

core architectures as well as a further speedup was achieved.

The important findings of the global linear characteristics of the electromagnetic

instabilities MTM and AITG through this thesis are listed in the following para-

graphs, followed by the scope for further work to obtain improved understanding of

these instabilities.

In Chapter 3, linear full radius gyrokinetic calculations show the existence of un-

stable microtearing modes in purely collisionless, high temperature, large aspect

ratio tokamak plasmas. The studies presented in this Chapter takes into account

fully gyrokinetic highly passing ions and electrons. In this work presented in this
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Chapter, the trapped electrons are not considered, enabling one to delineate the

effects of their dynamics from that of passing particles. The global 2-D structures

of the collisionless mode with full radius coupling of the poloidal modes is obtained

and compared with another electromagnetic mode, namely the Alfvén ITG Mode

(or Kinetic Ballooning Mode) for the same equilibrium profile. A clear symmetry

swap of the two modes, the plasma - β dependence and radial and poloidal length

scales of the electrostatic and magnetic vector potential fluctuations, scaling of the

growth rate with β and the electron temperature gradient ηe are obtained.

The main findings are the following:

• Completely collisionless unstable Microtearing Modes are found in large aspect

ratio hot tokamaks in the finite temperature gradient region with a finite-β

plasma for a broad range of relevant parameters. (β ∼ 1%−5%, a/LTe ∼ 1.5−

12.5). Electron magnetic drift resonance of the passing electron population is

shown to be the main destabilizing mechanism. The aspect ratio considered

was A = 4.

• Global 2D mode structures are obtained for MTM. For the same equilibrium

profiles and parameters, co-existing AITG modes are also found and co-located

in the radial direction. Profile variation studies at the system parameters

considered, show that the mode structures and the linear growth rate depend

strongly on the equilibrium density and temperature gradient width.

• The MTM and AITG modes exhibit appropriate parities. Real and imaginary

parts of A‖ of all the poloidal modes which constitute the global mode structure

show even parity (tearing parity) about the mode rational surfaces in case of

MTM and odd parity in case of AITG. On the other hand, ϕ̃ fluctuations show

the opposite parity. ϕ̃ fluctuations of the AITG mode exhibit sharp structures

near the MRSs due to inclusion of non-adiabatic electrons. This is the first

time the radial features of MTM has been brought to the fore, importantly
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the tearing parity along the radial direction. Along the poloidal direction θ̂, a

symmetry swap in the r-averaged mode structure is observed between MTM

and AITG.

• The mode spectrum is characteristically mesoscale, extending to shorter wave-

length than the typical ion-scale modes. For example, mode averaged wavenum-

bers are kθρi ∼ 0.75 − 2.5, and k⊥ρi ∼ 1.0 − 4.0.

• Linear growth rates from n-scan and β - scan for ηe,i = 4 show that if trapped

electrons are neglected, MTMs are more unstable than AITG. MTM becomes

unstable for β ≃ 3% and the growth rate monotonically increases with β

beyond this value. The MTM growth rate increases with ηe for a given ηi

whereas for a constant ηe, variation in ηi has minimal effect. Steeper electron

temperature gradient is one of the crucial factors for the mode to be unstable.

• Parallel magnetic field perturbations were found to have only a marginal in-

fluence on the linear growth rates and β threshold and hence were not studied

in detail.

• A clear inverse relationship between ηcrite,i and β is seen. In large aspect ratio

machines, at low β, it can be expected that MTM would become unstable at

large ηe,i and vice-versa, resulting in a stability diagram in the β-ηe,i space.

• Real frequency shows a clear and strong dependence on different parameters,

including β and ηe and increases almost linearly with ηe, in agreement with

the predictions of [30].

• In contrast to small aspect ratio collisional tokamaks where the trapped elec-

tron magnetic drift resonance is found to be important, in large aspect ra-

tio tokamaks, a strong destabilization due to the magnetic drift resonance of

passing electrons is observed and is identified as a possible collisionless drive

mechanism for the collisionless MTM.
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• Electron Landau Resonance weakly damps MTM. Further, phase velocity ob-

tained from the mode-averaged parallel wavenumber is found to disparate from

thermal velocities, ω/k‖ > vth. An interplay with transit resonance harmonics

is seen. Ion Landau resonance is also found to be ineffective and so is ion drift

resonance.

Thus, this thesis unambiguously demonstrates for the first time, that MTM can

be unstable in purely collisionless limit in large aspect ratio hot Tokamaks. The

instability is shown to be driven by magnetic drift resonance of passing non-adiabatic

electrons in the presence of electron temperature gradient. The ion temperature

gradient is found to be unimportant. The mode size is several ion scales large,

though driven by electron dynamics and hence truly muntiscale in nature. It is

found that at high β, the ηcrit is lower and vice versa.

In Chapter 4, the contribution of non-adiabatic trapped electron dynamics on

the Microtearing instability was studied by considering a drift kinetic equation and

obtaining a bounce period-averaged contribution to the electrostatic potential fluc-

tuations. The main findings are the following:

• The trapped electrons are found to contribute to electrostatic fluctuations ϕ̃

via a resonant toroidal precessional drift and further destabilize MTMs driven

by passing nonadiabatic electrons. This is observed to lead to the creation of

more localised and sharper gradient regions of ϕ̃ fluctuations near the mode ra-

tional surfaces. The radial spectrum nr broadens with the inclusion of trapped

electrons.

• The aspect ratio scan within a finite range by varying the major radius R

shows that the trapped electron destabilization significantly adds to the pass-

ing electron drive, at lower aspect ratios, substantially altering the growth

rates.
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• At a given aspect ratio and plasma β, the resonant destabilization is relatively

more effective for the high-n MTM modes than at low n modes.

• The β threshold for the onset of the instability with only passing electrons is

found to be lower for the low n modes. The non-adiabatic trapped electron

drive further downshifts the threshold.

• The ratio of the strength of the magnetic vector potential and electrostatic

potential fluctuations is seen to be strongly dependent on kθρi and plasma

pressure β.

Thus, for large aspect ratio, the inclusion of trapped electron physics does not affect

the MTM growth rates for intermediate to low toroidal mode numbers. However,

MTMTE growth rates are higher and the spectrum extends to shorter scales, or

higher n, than without trapped electrons. For an intermediate n value, an aspect

ratio scan demonstrates that trapped electrons affect the growth rates at lower aspect

ratios. This is consistent with the findings for weakly collisional MTMs obtained

in Spherical Tokamaks, where the trapped electrons were suggested to be more

important. Inclusion of trapped electrons significantly increases the computational

resoure requirement as shorter scale structures are introduced in ϕ̃.

In Chapter 5, the global characteristics of MTM and AITG in weak reversed shear

configuration is addressed, which is one of the Advanced Tokamak Scenarios with im-

proved confinement that have been envisaged for ITER encouraged by experiments

in existing tokamaks such as JET, JT-60U, DIII-D. To reduce the computational

demand, the modes are studied considering only passing particles, which also helps

delineate the passing particle dynamics from that of trapped particles. The main

findings as follows:

• In the regular monotonic q-profile, such as the one studied in Chapter 3, MTM

is found to be sensitive to the global temperature profiles. Unlike ITG and
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ETG, that the mean radial location is different from the radial location of

ηmax. The mode is found to localize in the region near dT/ds|max, where T (s)

is the equilibrium temperature profile.

• Considering a monotonic q-profile, a radially outward displacement of the lo-

cation of dT/ds|max shows that (i) γ increases suggesting that MTM is desta-

bilized by higher shear, (ii) the mean radial location correlates to the location

of dT/ds|max.

• Considering a weak reversed shear (WRS) profile with q(0) = 3.0, qmin = 2

at s = 0.5 and q(q) ≃ 5.5 and a temperature profile with ηmax at s0 = 0.6

and dT/ds|max at the location of qmin, sensitivity of a given toroidal mode,

say n = 12, to global q-profiles is studied by a continuous change of q-profile

from the reference scenario monotonic q-profile to the WRS profile. The value

of q at s = 0.5 is kept constant so that in the reference scenario, q = 2 at

the mean radial location of the mode s = 0.5, whereas in the WRS profile,

q = qmin = 2 at s = 0.5. In this way, the location of a reference mode rational

surface q = m/n is unchanged.

• Multiple MTM and AITG mode branches are found unstable at these profiles,

among which two branches of MTM (labelled µ1 and µ2)and an AITG branch

are studied in particular. The results show that MTM is sensitive to changes

in global q profiles. The most dominant eigenmode is less unstable as shear

reduces.

• As a function of reduced shear, a gradual loss of clear tearing parity is observed,

with a conversion to mixed parity in ϕ̃ and Ã‖.

• Subdominant branches are seen to become more unstable as shear reduces.

The modes remain unstable at ŝ = 0 with tearing parity structures, peaking

at ŝ ≃ 0.5. The mean radial location of the µ2 branch is seen to be near
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s ≃ 0.6, outside the qmin region.

• The wave number spectrum of the µ2 branch in WRS profiles show that

the spectrum of instability extends to shorter wavelengths or mesoscale, with

higher n being similarly unstable within the range studied.

• An identical study of AITG shows that AITG growth rates are relatively less

sensitive to profile changes. Similar to MTM, the shorter wavelengths are

more unstable within the range studied. For the same WRS and temperature

profile, the AITG is seen to be more unstable, without trapped electrons. In

this thesis, MTMs were not found to localize deep in the negative shear region,

while an AITG eigenmode is unstable in the negative shear region.

• The characteristic nature of MTM and AITG are verified for their different

sensitivity to ion temperature gradient and electron temperature gradient in

WRS profile as well. A change in the radial location of η profile in WRS

q-profile reveals that the mean radial location of the µ2 branch remains char-

acteristically anchored about s ≃ 0.58. Similarly, the AITG branches remain

anchored about s ≃ 0.54 and s ≃ 0.0.43 in the positive and negative shear

regions respectively.

• The β scaling of AITG and µ2 reveal that AITG has a lower βcrit ∼ 0.5%,

below the ideal MHD limit, while MTM µ2 modes βcrit ∼ 1.5% − 3%, without

trapped electrons.

• This thesis does not conclude that MTMs survive only in the positive shear

region. The trapped electron dynamics is known to be affected by magnetic

shear and a shear scan including their contribution would shed more light on

MTM instability, but is not carried out in this thesis. A more comprehensive

work needs to be done to establish the relevance of MTMs in the negative

shear region in such configurations.
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6.2 Scope for future work

Completely collisionless MTMs are shown to be unstable in large aspect ratio hot

Tokamaks in this thesis. The magnetic drift resonance of passing electrons is shown

to be the reason for the destabilization. The model used has several approximations.

• Large aspect ratio, circular flux surface equilibrium at the temperature gradi-

ents η and plasma β are usually subject to equilibrium Shafranov shift effects.

However, in this thesis, this effect is not considered. Taking cue from the

Spherical Tokamak studies in weakly collisional limit using flux-tube geome-

tries, which naturally include Shafranov shift, one may argue that the mode

could be unstable even after the inclusion of Shafranov shift. One may also

argue that in a global analysis, the differential Shafranov shift as a function

of radius could stabilize collisionless MTMs. Also, recent nonlinear global col-

lisional MTM studies indicate that the modes may remain unstable even in a

global calculation such as this one, if Shafranov shift is included. A detailed

study including Shafranov shift is desirable and needs to be done.

• The “equilibrium profiles” n(r) T (r) and q(r) are chosen to be typical of Toka-

mak experiments. However, as indicated at several places in the thesis, they

are not obtained by solving the exact Grad-Shafranov equation resulting out

of MHD radial force balance. To this extent, the large scale MHD equilibrium

as considered in this study are “ad hoc”.

As the modes studied are short scale, low frequency modes, it is believed that

the qualitative nature of these results should not seriously be altered by using

exact MHD profiles for n(r) T (r) and q(r). In the light of recent work by X.

Lapillonne et al. [91], where the nature of equilibrium is shown to be important

in altering microinstability, it is perhaps worthwhile to consider correct MHD

equilibrium and redo the present studies.
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• For the shear profile studies in Chapter 5, the present studies ignore the role

of trapped electrons. However, it is well known that magnetic shear affects the

pure TEM modes and ITG-TEM modes. Thus it may be expected to bring

important qualitative and quantitative changes to MTM studies reported here

for shear studies.

The relation between the collisionless MTM branch presented in this thesis

and the collisional MTM branch in both the core and edge, in the limit of zero

collisionality also needs to be explored.

• A system size scaling of the MTM in reversed shear configuration is also an

important work to gain insight on global profile effects in advanced scenarios.

• The underlying model has several areas where improvement is possible. In

particular, the passing particles are considered highly passing, i.e. the mod-

ulation of parallel velocity v‖ as the particles pass through the high field re-

gion is ignored. On the other hand, the trapped electrons are considered as

deeply trapped. Thus the contribution due to the dynamics of particles in

the trapped-passing boundary needs to be addressed. The presence of self-

generated flows is known to affect linear stability and non-linear saturation of

microinstabilities, which needs to be incorporated. The equilibrium particle

distribution function is assumed to be Maxwellian, i.e. a distribution depen-

dency on the adiabatic invariant is not considered and depends solely on the

energy. To incorporate these important effects, construction of a numerical

propagator solution to correctly span the phase-space is in order.
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