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Abstract

Internal transport barriers (ITBs) in tokamak plasmas are characterized by the
reduction of transport in one or more of the particle, momentum, or energy channels in
the core plasma region. On Alcator C-Mod, significant contributions to ITB studies were
made possible with the core Thomson scattering (TS) diagnostic, which measures profiles
of electron temperature (0.03 < T.[keV] < 10) and density (0.05 < ne[102°m'3 1<5) with
~1 cm resolution in the ITB region. For the transport analysis purposes, TS profiles are
complemented by measurements from other diagnostics and fitted with smooth curves.

This thesis research examines the plasma conditions necessary to trigger ITBs on
C-Mod. ITBs can be routinely produced in C-Mod steady enhanced D, (EDA) high-
confinement (H-mode) plasmas by applying off-axis ion cyclotron range of frequencies
(ICRF) heating (|r/a| > 0.5). They are observed primarily in the electron particle channel
and are marked by the steepening of the density and pressure profiles.

ITB formation in C-Mod appears to be the result of competition between an
inward particle pinch and the outward diffusion caused by various fine scale plasma
instabilities. Several experiments were performed on C-Mod to verify whether ITB
formation can be explained within a paradigm of marginal stability. Analyses of the
temperature profiles reveal that the T; profile widens and the T, profile exhibits flattening
in the ITB region when the ICRF resonance is moved off-axis. Transport and gyrokinetic
stability analyses demonstrate that reduction of the temperature gradient suppresses the
temperature gradient driven instabilities. Nonlinear gyrokinetic simulations of plasma
microturbulence show that this results in a significant reduction of the outward diffusion,
and allows the inward particle pinch to dominate, peaking the density profile.
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Chapter 1

1 Introduction

It has been debated in recent history whether there is enough fuel in nature to
keep up with the energy needs of mankind. All projections of future energy consumption
and estimates of natural fuel resources suggest that we need to develop sources of energy
alterative to fossil fuels. Fusion energy is one of the most promising concepts in this

direction.

1.1 Plasma fusion

Nuclear fusion energy is released in a process of combining (fusing) light nuclei.
The most suitable reactions for this are

D+D 5T+ p+4.03 MeV
D+D — 3He+n+3.27 MeV
D+T — *He+n+17.6 MeV

D+°He - *He+ n+18.3 MeV (1.1)

where D and T represent nuclei of deuterium (*H) and tritium (*H) respectively. The
amount of energy released depends on the fusion rate, which for D-T reaction is given by
Ry =npnr <ov> (1.2)

where <ov> is the reaction cross-section averaged over the Maxwellian velocity

distribution

17



m 3/2 mv2
fv)= n(Zn’T] exp(— —27) (1.3)

of each species with mass m, density », and temperature T. The reaction cross-section is
energy dependent, and in order to achieve fusion-relevant temperatures, heating of the
nuclear fuel is required. At these temperatures deuterium and tritium gas is ionized and
exists in the form of plasma.

Plasma is a fourth state of matter, where ions are stripped of electrons and they
coexist together as freely moving particles. Plasma possesses several important qualities,
one of which is quasineutrality. For a pure deuterium plasma, it means that n. = np and

for multiple ionic species i with charge Z; it takes form

n, = ZniZ,- (1.9)
1

Quasineutrality helps define the effective plasma charge as

Zniziz
Zyy=- (1.5)

ne

The effective plasma charge equals 1 for a singly charged ion plasma and Zgs> 1
indicates the presence of impurities. Quasineutrality also means that there is a strong
Coulomb force that arises if there is a charge separation. This force results in a natural

frequency of the plasma, which is given by:

2 1/2
», =( ne ] (1.6)
Eom,

This is the frequency at which a displaced group of electrons will oscillate in space.

18



1.2 Confinement and transport

It is necessary to keep hot plasma away form the walls of the containment vessel,
to prevent damage to the containment and to prevent cooling and contamination of the
plasma. Since plasma consists of a group of charged particles it is natural to confine it by
applying a magnetic field. Charged particles can travel freely along the magnetic field
line, but they experience a Lorentz force if they have a velocity in a perpendicular
direction. This force is given by

F=evxB (1.7)
and is perpendicular to both the particle velocity and the magnetic field. It causes a
particie to rotate around the magnetic field line at its cyclotron frequency,

, =Q=% (1.8)

and with a gyro-, or Larmor radius

\A my,
p:—:
eB

@

(1.9)

In order to eliminate end losses, magnetic field lines are wrapped to form a torus
and close on themselves. This is the basis of a highly successful design of magnetic
fusion device, a tokamak. Fig. 1-1 shows a quarter of a typical tokamak plasma with a
major radius Ry, a minor radius a, and a circular cross-section. Radius r, poloidal. (0) and
toroidal (@) angles define the toroidal geometry. A strong toroidal magnetic field Bt (or
By) is applied externally, while the poloidal magnetic field By is generated by the plasma
current I,, which is driven by induction from a central transformer. The combination of
toroidal and poloidal fields results in a total magnetic field that has a helical form around

the torus. Associated with the pitch of the magnetic field is the safety factor q, which

19



equals the number of toroidal turns the field line must undertake in order to return to the

same poloidal position. For a circular plasma and a large aspect ratio Ro/a it can be

approximated as
rBr

= 1.10

q RBgy ( )

Generally, q is of order 1 near the plasma center and increases towards the edge.

RQ P a

Figure 1-1: Typical toroidal plasma geometry with a major radius R, and a minor radius a. The
toroidal magnetic field By is applied externally, while poloidal magnetic field By is generated by the
plasma current Ip.

20



Since present day tokamaks usually operate with a non-circular cross-section, the
poloidal flux function vy is introduced. The tokamak plasma is symmetric in ®, and in
any poloidal cross-section it consists of an infinite number of nested surfaces of constant
y. The magnetic field lines lie on these surfaces. Since parallel heat transport is very
large, the temperature can be considered constant on a flux surface, or to be a flux
function. Due to force balance considerations, there is no parallel pressure gradient,
which means that pressure and density, are flux functions as well.

In a toroidal geometry, the gradients of the magnetic field lead to a vertical
displacement of the guiding centers of each particle species from their nominal flux
surfaces. This toroidal drift can be written as [1, Ch. 2.6]

vﬁ + Vi/ 2
Vg =———>—BxVB. (1.11)
QB
Because of the twist in the magnetic field lines created by the combination of the two
magnetic fields, the particles spend time both and above and below the magnetic axis
allowing this drift to cancel. Another important drift arises when an electric field is

perpendicular to the ambient magnetic field. This is called ExB drift and is given by

_ExB

— (1.12)

\F]

Local changes in the electric field can result in a radial plasma flow, which is usually
associated with enhanced transport. In some cases they can generate sheared poloidal
flows which break turbulent eddies and reduce radial transport, thus improving
confinement. It will be shown later what role these drifts play for instabilities that can

occur in tokamak plasmas.
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Plasmas in tokamaks are often characterized by the energy confinement time, g,
which defines the loss rate of energy contained in the plasma. If W, is the plasma stored

kinetic energy, and P;, and P, are the input and loss power, then

de w,
dt = FBy — Py = By, _T (1.13)
E

and in steady-state,

X

=P
T = P (1.14)
Input power comes from the alpha-particle heating from fusion reactions, ohmic heating
from the plasma current and also from auxiliary heating by microwaves and neutral
beams.

The energy confinement time is a convenient description of global confinement
properties, but it conceals details of transport mechanisms such as diffusion, convection,
and radiation. An extensive theory of neoclassical transport has been developed to
account for these issues. However, experiments demonstrate that the observed particle
and energy transport in present tokamaks usually exceeds the predictions of the
neoclassical theory. This transport is believed to be governed by various plasma
instabilities of different scales and is called anomalous.

There are certain regimes of plasma operation, when plasma confinement is
significantly improved because the so-called transport barriers develop. These barriers
are regions where particle and/or energy transport is significantly reduced. Neoclassical
levels of transport can be achieved inside these barriers. Edge transport barriers form at

the edge of the plasma and result in high confinement, or H-mode, regime. Under certain

conditions similar barriers form inside the plasma and are termed internal transport
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barriers (ITBs). The formation of the transport barriers has been associated with the

suppression of the plasma instabilities.

1.3 Alcator C-Mod

This thesis presents the results of the research done on a tokamak called Alcator
C-Mod. [2] This machine is located at the Plasma Science and Fusion Center at

Massachusetts Institute of Technology.

1.3.1 Plasma parameters and geometry

Alcator C-Mod is a compact tokamak with Rg = 0.68 m and a = 0.22 m. Most
operation is at 5.4 T, which is where the auxiliary radio frequency can be used to
resonantly heat hydrogen minority ions near the plasma center. The magnetic field can
vary from 2.6 T to 8.1 T, however. Typical current through the plasma is in the range of
0.6 - 1.5 MA. High central densities in the range of 1-5 x10?° m™ can be achieved
because of the high field and compact machine design. The central temperature is
usually 1-4 keV. The high densities and high magnetic field make this machine very
relevant to future tokamak reactors. To date Alcator C-Mod has employed ion cyclotron
range of frequencies (ICRF) heating as the only auxiliary heating system [3, 4], although
lower hybrid heating is becoming available.

Figure 1-2 shows a cross-section of the C-Mod tokamak. The C-Mod plasma is
typically D-shaped, meaning that last closed flux surface (LCFS), or separatrix, forms an

x-point, or null, and the chamber walls are in contact only with open field lines. All
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discharges analyzed in this thesis have the lower single null configuration. The plasma
facing components consist of molybdenum tiles, which are usually coated with boron

shortly before ITB-related experiments.

Vertical ports TF magnet

rZ el
TR

i=

plasma

T

Horizontal ports

[RSTR

Figure 1-2: Cross-section of Alcator C-Mod. A typically shaped plasma is pictured.

1.3.2 Operational regimes

All discharges analyzed in this thesis developed enhanced D, (EDA) H-mode. [5,

6] The name takes its origin from the increased level of the Balmer alpha line from
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deuterium (D,) compared to the levels of other H-mode phases such as ELM-free (edge
localized modes). This plasma regime requires auxiliary heating to reach H-mode and
therefore, ICRF D(H) minority heating is used. The L-H transition is induced by the
application of the ICRF power above a certain threshold and the EDA H-mode develops
over ~100 ms after that. Typically it can be maintained in steady state until the ICRF
power is shut off.

The core of this thesis research concerns the formation of internal transport
barriers (ITBs), which can be routinely produced in C-Mod steady EDA H-mode plasmas
by applying off-axis (|r/a] > 0.5) ICRF heating on either the high or low field side of the
magnetic axis. ITBs were first observed on the Alcator C tokamak with the injection of
frozen hydrogen pellets. [7] Internal transport barriers in tokamak plasmas are
characterized by the reduction of transport in one or more of the particle, momentum, or
energy channels in the core plasma region. On C-Mod they are observed primarily in the
electron particle channel and are marked by the steepening of the density and pressure
profile following the L-H transition. The fact that the central temperature does not

decrease as the density rises is evidence that a thermal barrier exists as well.

1.3.3 Thomson scattering and other diagnostics

In order to study the physics of the internal transport barriers, reliable
measurements of density and temperature profiles in the core plasma region are required.
This is done mainly by the core Thomson scattering (TS) system, a major component of
which is the upgrade that was installed on C-Mod in 2002. [8, 9, 10, 11] The system

takes measurements along the laser beam coming through the vertical port of the tokamak
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and uses EFIT [12] magnetic reconstruction results to map derived plasma densities and
temperatures onto the midplane along the poloidal flux surfaces. At this point the TS
diagnostic utilizes 2 lasers each operating at 30 Hz. The pulse trains are evenly staggered
to provide 60 Hz measurements of plasma density and temperature profiles. However, a
relative time shift between the laser pulses can be introduced to study transient plasma
phenomena. At present the core TS system has 11 spatial channels with positions
optimized to provide ~1 cm resolution in the region of the ITB. Currently another
upgrade is being undertaken to improve the spatial resolution of the core TS diagnostic
even further. The working description of the system, and the results obtained from it, are

the subject of the subsequent chapters.

Electron cyclotron emission

The electron temperature (T,) on C-Mod is also measured using a variety of
electron cyclotron emission (ECE) diagnostics. These include two grating polychromator
(GPC) systems, one with 9 and the other with 18 spatial channels [13, 14], and a
heterodyne 32-channel ECE system [15]. They provide good spatial coverage with high
temporal resolution (< 1 ms) and complement TS measurements in most cases. However,
the ECE signal is subject to cutoff at high plasma densities. Therefore, these systems

often lose signal in the region of interest during the ITB operation.

Visible Brehmsstrahlung

Data are also available from a visible brehmsstrahlung (VB), or visible continuum

array, which measures line-integrated emissivity at 536 nm along tangential chords at the
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midplane. [16] In the core plasma the emissivity is dominated by the free-free
bremsstrahlung and its intensity has a weak temperature dependence. T, is obtained from

TS or ECE measurements. After the emissivity profiles are corrected for the plasma

temperature, the resultant high resolution »,,/Z 4 profiles are obtained using an Abel
e eff g

inversion technique [17, Ch. 4.4]. These measurements can serve as a proxy for the
density profiles as well as provide Z.(R) calculations when used in combination with TS

density measurements.

X-ray diagnostic

A limited amount of ion temperature (T;) profile and plasma rotation data is
obtained from a scannable array of five high spectral resolution x-ray spectrometers
(HIREX) [18]. A small amount od argon is puffed into the plasma and spectra from Ar
emission are typically collected every 50-100 ms during plasma discharges. Broadening
of the Ar lines determines the Ar temperature, which is assumed to be equal to the
temperature of the major ion species. The Doppler shift of these lines determines the

plasma rotation velocity.

Neutron rate

The total neutron flux is measured using two different systems. The first one
consists of 18 neutron detectors, has 1 msec time resolution, and is absolutely calibrated
with C** and D-D fusion neutrons from Alcator C-Mod [19]. The second detector
system provides fast measurements of the total neutron production with 0.1 msec time

resolution and is cross-calibrated with the first system. The measured neutron rate, due to
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its high sensitivity to the ion temperature, enables us to determine the central value of the

ion temperature when density profiles are available.

1.4 Thesis goal and outline

The goal of this thesis is to contribute to the understanding and to provide a
systematic analysis of the formation mechanisms of internal transport barriers in ICRF
heated C-Mod plasmas. During the thesis work, several experiments were successfully
performed on Alcator C-Mod that helped experimentally verify certain trends. Further
transport simulations and stability analysis helped identify and verify key ingredients of
ITB formation and suggested further conditions that might play an important role. The
central experimental part of the thesis work was installation and calibration of the core
TS upgrade, and this thesis describes the implementation of this system for the research
on ITB formation.

The presentation of the thesis studies is organized as follows:

e Chapter 2 provides detailed description of the experimental studies of ITB

formation on other tokamaks. Prior results from C-Mod are also included.

e Chapter 3 introduces the theory of Thomson scattering and describes the core

TS upgrade installed on C-Mod with conjunction to this thesis research. A
series of required calibration procedures are outlined. More emphasis is put
on a new method of absolute calibration of TS systems that was developed for
this thesis work.

e Chapter 4 provides basic insight into the physics of microturbulent drift

instabilities. Their relevance to C-Mod plasmas is also discussed.

28



e Chapter 5 describes the experiments performed on C-Mod that was designed
to study the formation mechanisms of ITBs in ICRF heated discharges.

e Chapter 6 covers the transport analysis and simulations done with the
TRANSP code. Introduction to the density and temperature profiles fitting
software is also presented in this section.

e Chapter 7 presents the results of the gyrokinetic stability analysis done with
the GS2 code. A brief introduction into the geometry and model equations of
the GS2 code is provided. Simulation results of the dependence of the
microturbulent instability growth rates on certain plasma parameters are
presented.

e Chapter 8 summarizes the results of the thesis and provides suggestions for

further research.
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Chapter 2

2 Internal transport barriers

2.1 Definition and properties

Tokamak operation in enhanced confinement regimes with internal transport
barriers (ITB) is attractive as it represents an important step towards the approach of
ignition conditions. The ITBs are the regions of significantly reduced transport in one or
more of the thermal, particle, or momentum channels for either the ions or the electrons,
so that the region of improved confinement is formed inside. Moreover, a bootstrap
current is generated as a consequence of the pressure gradient formed by the ITB, which
is desirable for steady-state tokamak operation, and especially for advanced tokamak
studies. Peaked density and temperature profiles also provide better fusion yield and
ITBs are considered as one of the ITER hybrid scenarios. Even though early observation
of a particle transport barrier with improved energy confinement was found on Alcator C
in 1983 [1], ITB physics is still not well understood.

This chapter is a review of recent studies of ITBs on different machines. There
are numbers of scenarios for each machine, which lead to ITB formation. There is a
paradigm that ITB formation seems to have certain common physics, i.e. that
microturbulent transport, which is likely due to ion temperature gradient driven modes, is
stabilized by reversed magnetic shear, ExB flows or profile change. However, the ITB
properties are very individual, not only for different tokamaks, but also for each

particular scenario in a given machine. For this reason we will carefully describe all ITB
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scenarios one by one. For each scenario being described some specific important issues
will be addressed: the recipe for obtaining ITBs, the evolution of ITB discharges, the
modes observed and their role in ITB evolution and termination, the transport analysis,
the conditions for ITB triggering and location, and ITB sustainment and control.

For more comprehensive reviews of the ITB-related studies the author would
recommend papers by Synakowski [2], Wolf [3], and the author’s favorite by Connor et

al. [4].

2.2 Experimental results from other tokamaks

2.2.1 JT-60U

Most of the ITBs on JT-60U are obtained in reversed shear (RS) discharges,

where the magnetic shear s = (r/q)dq/dr is the rate of change of the magnetic field

pitch, denoted here by g, with respect to minor radius. The reversed magnetic shear
configuration is established with neutral beam (NB) injection during the ramp phase of
plasma current. This is known be an effective procedure to create a wide negative shear
region. [5, 6]

One of the RS ITB scenarios on JT-60U is the predominately ion heated H-mode
plasma. [7] For this type of discharge, 2 tangential NB injectors are used and the NB
powers for co-direction and counter-direction (with respect to the direction of plasma
current Ip) are kept nearly balanced in order to exclude the effect of external momentum.
At the beginning of the main heating pulse, the plasma experiences transition into ELMy
(edge localized modes) H-mode phase. These ELMs help to keep the edge density

constant while the central density continues to rise, so that a peaked density (and
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temperature) profile is formed. The electron density and temperature peaking starts with
the ELMs and continues to rise until the discharge termination. Steep n. and T gradients,
which are associated with the ITB formation, are formed at p = 0.51-0.62 (p is the
normalized minor radius). The ion temperature T; is 30-45% higher than the electron
temperature T. because of the predominant ion heating by the neutral beams.

The observed n. and T, gradients in the ITB region are much larger (up to 20
times) than those outside the ITB. Also the gradients are larger for T,, while the T;
gradient changes more smoothly. Inside the ITB the electron density profile is flat and
the T. and T; gradients are small. The g reaches its minimum value of 3.6 at p = 0.67 and
the magnetic shear is negative inside it. It can be concluded that the ITB lies in the
negative shear region and the position of its outer edge is very close to the position of
gmin. Overall the ITB extends beyond 60% of the plasma minor radius, which means that
a large plasma volume has improved confinement. A bootstrap current fraction of up to
80% of the total plasma current is achieved under this scenario. [8] This is a quite
promising result for advanced tokamak operation.

Transport analysis performed for this type of discharge reveals that the electron
effective thermal diffusivity (convective loss is included), zjﬁ , drops sharply by a factor
of 20 within 5 cm around p = 0.62 and reaches value of 0.2-0.3 m%s. This drop occurs at
the position of a large change of T, gradient. On the other hand, ;g,-eﬁr gradually decreases

from the edge to the half radius and in the inner region reaches a value of 0.4-0.8 m?/s,
which is significantly smaller than the neoclassical prediction. Similar discrepancy in
TFTR RS discharges was attributed to the violation of neoclassical theory, thermal pinch

or anomalous ion-electron thermal equilibration [5].
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In this scenario, high confinement of reversed shear discharges on JT-60U is
terminated by a collapse caused by an ideal MHD instability with low n modes dominant.

Some ITB experiments for ion heated RS with an L-mode edge were carried out
on JT-60U. [9] In these experiments the formation of strong ITBs in the positive shear
zone of RS plasmas from the weak ITB in the RS zone is observed as a series of separate
ITB events. [9, 10] These ITB events are abrupt in time and wide in spatial variations of
heat diffusivity, observed as the simultaneous rise and decay of the electron temperature
T, in two plasma zones. The remarkable feature of these discharges is that the spatial
zone of the heat diffusivity reduction first appears in the negative shear zone, but then
shifts outside and settles in the positive shear zone. This results in a bigger plasma
volume with improved confinement with a slight degradation of transport inside the
position of gmin. Under this scenario ITBs are observed primarily in electron and ion
temperature channels.

Temperature variations during the ITB events are measured by ECE diagnostics
and the observed evolution of heat fronts can be used in heat pulse propagation (HPP)
studies. Transport analysis based on HPP finds values of the electron dynamic heat
diffusivity as low as ~0.1 m’s™ in the region with ~8 cm width. Similarly, low values of
the ion dynamic heat diffusivity (~0.14 m’s™) are found, which are close to the
neoclassical values (0.1 m’s™ in this case). However, the relation between the dynamic

heat diffusivity and that obtained from power balance is still unclear.

ITBs are also investigated in JT-60U electron-heated discharges. It is

theoretically expected that T./T; > 1 is a destabilizing factor to the ion temperature
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gradient (ITG) micro-instabilities, which are believed to be responsible for the
confinement degradation. Since in ITER plasmas T, > T; due to predominant electron
heating by a particles, the goal of these experiments was to investigate if the ITB would
remain under a condition of T, > T;. [11]

In these experiments the desired temperature balance is achieved by central
electron cyclotron range of frequencies (ECRF) heating. The plasma is started up
initially with the standard scenario with positive—ion based NB (P-NBI) injection during
the current ramp-up phase to form the RS configuration with an ITB. After RS and ITB
are formed the heating power is switched from P-NBI to a combination of ECRF and
negative—ion based NB (N-NBI) injection. As a result, the fractional power to the
electrons rises from about 30% to about 55% of the total absorbed power and finally T,
exceeds Ti. These electron heated ITBs are compatible with both H- and L-mode edge.
ITBs are clearly seen in n, T, and T; channels with the foot being located near p ~ 0.6,
the location of gmin. Results show that good confinement (H-factor is 1.5 for H-mode and
2.9 for L-mode) can be maintained in strong negative magnetic shear plasma with
dominant electron heating.

As far as the termination is concerned, it is reported that RS plasmas with strong
ITBs on JT-60U often disrupt, especially when the minimum q is passing through 2. In
order to avoid such a collapse and sustain a RS configuration with ITB, two approaches
have been demonstrated. One uses current profile control and the other involves heating
scenario optimization to achieve steady-state with high bootstrap fraction. [12] As a
result, the maximum achieved H-factor for the RS discharges with ITBs is 3.4 and the

density reaches up to ~70% of the Greenwald density limit ng [13].
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In order to investigate detailed features of ITB characteristics under the T, > T;
condition, ECRF heating experiments on positive shear ITB plasmas with L-mode edge
were carried out on JT-60U. [11] The existence of an ITB at p ~ 0.55 was observed from
temperature radial profiles. The formation of the ITB was accompanied by the existence
of a distinctive notch structure in the toroidal velocity V profile. The V; profile becomes
negative at the ITB foot, suggesting that the velocity shear might play an important role
in triggering ITBs in JT-60U plasmas. [14] After the ECRF injection, flattening of V,
was observed. Calculation of the y; profile by power balance also showed that a jump in
the y; profile at the ITB location was also smoothed with the ECRF injection, which
again indicates weakening of the ITB. In these experiments, after the ECRF turn-off, the
ITB structure reappeared and V, notch structure recurred. Finally, from these
observations it can be concluded that the ITB cannot be sustained on JT-60U in normal

shear electron heated plasmas, which is in contrast to the RS case.

2.2.2 ASDEX Upgrade

On ASDEX Upgrade there are two scenarios that have been found to be most
promising for stationary operation and enhanced performance.

The first scenario is a stationary ITB discharge in combination with an H-mode
edge and flat q profile with g(0) = 1. [15, 16] During the current ramp phase of such a
discharge, a moderate NB heating of 2.5 MW is applied to reduce current diffusion.
After the current flat top is reached and the X-point is formed, the NBI power 1s
increased up to 5 MW, the L-H transition occurs, and the line averaged density is kept at

4x10" m™ (=0.3 Greenwald density ng). T; reaches almost twice the value of T, since
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75% of the power goes to the ions. The profiles of plasma temperature, density and
toroidal rotation velocity show the formation of an ITB at p = 0.6 with a strong density
peaking of 1.5, which means that not only energy confinement but also the particle
confinement is improved.

Energy transport analysis shows that in the central region of the plasma y; drops
to the neoclassical value, while y, is also low, indicating that the transport reduction is
not limited to the ions. Transport simulations also reveal that a combination of the
magnetic shear stabilization with ExB shearing rate, wgxp, is required to explain such a
reduction of thermal diffusion coefficients. [17] They found that the ExB shearing rate is
above the linear turbulence growth rates for p < 0.5, and even in the rest of the plasma, a
strong reduction of y is calculated due to flow shear stabilization. [15]

Though there are some similarities between this and RS JT-60U scenarios, the
different q profile seems to play an important role in the ITB evolution. In the scenario
discussed, the only MHD activities observed in the core of the plasma are strong (1, 1)
fishbones. They behave like a resistive MHD instability similar to sawteeth, but on a
much faster scale of ~1 ms. These drive magnetic reconnections and could serve as a
mechanism for stationary clamping of the g profile with s ~ 0 in the core and go ~ 1 even
in the absence of sawteeth. [16, 18, 19]

Furthermore, no temporal accumulation of impurities in the center is observed.
This stationarity is probably caused by both the strong fishbone activity expelling
impurities from the plasma core and by ELM activity at the edge. In such discharges a

confinement improvement of Hirgre-s9p=2.4 or Hrrgrin.92p=1.4 and Bn=2 are achieved
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and maintained for 6 s (40 confinement times), only limited by the duration of the pulse
length.

For the sustainment of the ITB the heating power during the current ramp was
found to be very critical. Applying more NBI power during the current ramp resulted in
a large-scale MHD instability right after the L-H transition. Discharges without
preheating in the current ramp-up phase showed only transient improvement of the
plasma confinement, indicating that the current profile so obtained cannot stabilize the
larger pressure gradients. A (3, 2) neoclassical tearing mode leads to a deterioration of
the confinement and finally to (2, 1) locked modes.

Attempts to raise the density by gas fuelling at a constant heating power also
resulted in deterioration of confinement, accompanied by a reduction of the density
peaking and the appearance of sawteeth when T; approaches T.. Together with the ITB
the high performance in terms of H-factor and Py is lost, but is restored as soon as the gas
puff and density are reduced.

It was found that in such ITB discharges, the density can be increased up to
almost half of the Greenwald density by gas puffing with a simultaneous power ramp.
However, the threshold for the heating power to sustain the ITB increases when the
density is increased in this way (by up to 50%). No confinement deterioration is
observed in this case and By increases while the density peaking decreases only
moderately. The ASDEX Upgrade team found that the improved confinement properties
are related to the density peaking, in agreement with having transport that is caused by
the ITG instability. Further density rise was again limited due to neoclassical tearing

modes caused by By rising up to the stability limit at Bn = 2.2.
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Going into the configuration with higher triangularity increases the stability limit
of neoclassical tearing modes. [15, 18] The density can then be increased, while the core
energy confinement increases only slightly (in contrast to a conventional H-mode).
Hirere-89p=3.0 can be achieved mainly due to a density rise up to 0.45 ng. An important
conclusion is that the density increase caused by improved core particle confinement
using plasma shapes with higher triangularity does not change the ITB onset conditions.

It should also be noted that no temporal accumulation of light impurities is observed.

The second ITB scenario on ASDEX Upgrade is the discharge with reversed
shear and gmin = 2. Such RS scenarios were only achieved transiently during the current
ramp phase by applying 5 MW NBI, resulting in strongly reversed shear. [15, 19] These
discharges have an L-mode edge due to the initial limiter phase.

Steep pressure gradients with central values of T; = 15 keV and T = 5 keV are
obtained with NBI heating, but due to both the smaller radius of the barrier and the L-
mode edge, the performance is reduced with a confinement enhancement factor Hyrgry-
sop=1.9 and PBn = 1.6. In the barrier region both electron and ion thermal diffusivities are
close to the ion neoclassical values.

Though low (m, n) neoclassical tearing modes are avoided by the reversed shear
and qmin > 2, strong MHD activity is observed in this scenario. This is because in the
evolution of the very hollow q profile many resonant q surfaces for MHD modes are
passed. These modes can cause severe energy loss as in the JT-60U RS scenario, but
might help to achieve quasi-stationary advanced discharges by clamping the q profile.

For example, ASDEX Upgrade results [15] show that short stationary phases are obtained
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with gmin fixed at 3 and finally at 2, up to 200 ms, which is slightly longer than an energy
confinement time. When g, reaches 2, (2, 1) fishbones are often observed. These
clamp the current profile by magnetic reconnection without global confinement losses, as
do the (1, 1) fishbones described earlier. However, there also are (2, 1) continuous
double-tearing modes that deteriorate the confinement and can at least transiently destroy
the ITB.

While the current profile clamping mechanism facilitates the establishment of this
scenario, active control by external current drive is demanded for steady-state operation
with either flat or RS profiles. In order to investigate the response of the ITB to central
electron cyclotron heating and current drive (ECCD), some experiments on ASDEX
Upgrade using simultaneous strong central NBI and ECRF heating in ITB discharges
with basic NBI heating were carried out. [15] These experiments show that ITBs are
formed for both electrons and ions simultaneously and with counter-ECCD it is possible
to reach T, > T; operation similar to the RS electron heated JT-60U case. With the co-
ECCD, the faster decaying central q profile leads to enhanced MHD activity of the (2, 1)
mode and disappearance of the RS zone, resulting in a loss of the ITB. It should be noted
that in the situation of counter-CD with ECRF, T; and toroidal rotation do not decrease
with respect to the case of pure NBI heating, which is in contradiction to the predictions

of ITG models.

2.23 JET

There are several standard scenarios for obtaining ITBs on JET, most of which

involve reverse or low magnetic shear.
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In the first JET scenario, internal transport barriers are formed with low magnetic
shear in the center, safety factor near the axis close to 2 and with an H-mode edge. [20,
21] This type of g profile is obtained with 1 MW of ICRF (H minority) preheating the
center during the current ramp-up phase. High power using a combination of NBI and
ICREF is applied towards the end of current ramp-up phase.

The ITB begins shortly after the main power is applied and is followed by an
ELM free H-mode phase and then by a type I ELM phase. Just before the start of the H-
mode phase the density profile is quite peaked. However during the ELM free period the
edge density rises rapidly. Furthermore, the toroidal rotation at the edge also increases
while the center of the plasma remains at a constant rotation velocity. This implies that
both the density gradient and the toroidal rotation shear decrease strongly at the ITB
location. This leads to a weakening of the ITB. During the type I ELM phase the ITB
disappears completely. It can be concluded then that an ITB cannot be maintained in JET
discharges with type I ELMs. This scenario is similar to JT-60U low shear discharges in
terms of ¢ profile, but in this case strong ELM activity at the edge destroys the
confinement.

In order to sustain ITBs in JET, some experiments with edge and core control
were done for this type of ITB scenario. [21] Experiments aimed at increasing the
density have concentrated on deuterium gas fuelling in combination with argon puffing.
Argon is used to reduce the edge pressure and the size of the ELMs (type III). Analysis
shows, however, that the best steady ITB discharges are obtained without additional
deuterium fuelling but with argon injection alone. Good confinement is obtained in these

discharges with Hg7 = 1.2-1.6 at line averaged density of 30-40% ng.
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Also, pellet fuelling of ITB discharges has been studied as an alternative to gas
fuelling. The observations, however, show that the pellet ablation leads to type I ELM
activity and a collapse of the ITB, though the ITB can re-form when this ELM activity
stops. [21]

Finally, it should be noted that the reported initial power required to form an ITB
in the typical JET scenario with low magnetic shear is 18 MW. In this scenario ITBs are
formed near the location of integer g surfaces (typically g = 3 or 2). [22] The triggering
of the ITB is attributed to the coupling between an edge MHD mode, destabilized when q
at the edge reaches an integer value, and the mode at a rational g surface inside the
plasma. [23, 24] The internal mode is thought to enhance the ExB shearing rate locally,
which again is believed to be one the key factors for turbulence stabilization, leading to

an ITB inside of the integer g surface.

The second ITB scenario in JET uses a discharge with negative magnetic shear
obtained by adding lower hybrid heating and current drive (LHCD). [24] This is usually
achieved during the first several seconds of other discharges (preheat phase) with
different main heating schemes.

Though it might seem that it is just another RS scenario, it turns out that the
heating mechanism matters. The distinctive and very important feature of this scenario is
that the internal transport barrier is produced only in the electron temperature. This ITB
is produced at ~3.35 m (p ~ 0.3) soon after the application of LH power. The ITB is
located in the negative magnetic shear zone with its outer edge close to the position of

gmin- It should be noted that it is possible to control the radial position of the electron ITB
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by changing the LH power, which changes the ¢ profile. In particular, measurements
from different shots show that the width of the ITB is proportional to the width of the
region with large negative shear.

During the evolution of such a discharge the electron density profile remains flat
(as was pointed out above). T; reaches ~2-3 keV and remains smaller than T (up to 10
keV). In addition, the ECE measurements show sawtooth-like collapses on shots that
exhibit T, ITBs and a large negative magnetic shear, with no obvious precursor MHD
modes.

Some conditions and limitations on ITB formation are found. [24] For example,
Te ITBs have been observed only for LH power above 1.3 MW. Moreover, the initial
plasma current is also an issue: plasmas with a low initial current will not exhibit an ITB
later during the LH heat phase. This could be explained by the fact that a fast current
ramp results in an accumulation of current in the plasma periphery. Also, a higher
current leads to a higher temperature, and hence a slower current diffusion. These two
factors can produce a hollow current profile, which again is believed to favor ITB
formation. However, a very high current rise can lead to MHD instabilities associated
with excessive current in the periphery, resulting in a redistribution of the current and
preventing the development of a hollow current profile.

In dedicated experiments, the preheat LH phase has been prolonged to 10 s. [25]
The electron ITB survives for as long as the LH pulse, though the radius of the ITB
shrinks with time. The ITB is always located in the negative shear region and its inward

movement seems to be related to the evolution of the g profile.
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In the third ITB scenario on JET, ITBs are obtained in plasmas with NBI and
ICRF heating and negative magnetic shear. Unlike the plasmas with LH described
previously, JET plasmas with NBI and ICRF power can produce internal barriers in the
particle and ion energy transport simultaneously, in addition to the electron energy
channel. These ITBs are seen as steep gradients of the Te, T, n. and V; profiles.

The distinctive feature is that in such a scenario, two types of ITBs can be seen,
often simultaneously. [22, 24] One of them is typically at a small major radius (< 3.5 m),
and does not seem to be related to integer g surfaces. The second one is usually situated
at a wider radius (up to 3.7 m), and is linked to integer g surfaces. It is reported that the
triggering mechanism has not been identified yet, but in several cases, the ITBs appear
when gmin reaches an integer value (again typically 2 or 3). [23, 24]

It has been observed that at a moderate level of NBI and ICRF power (additional
power < 16 MW), plasmas with negative magnetic shear form ITBs more easily than
plasmas with low but positive shear. [22, 24] Moreover, the additional power required to
access very high performance is lower in the negative magnetic shear case.

In order to understand better the role of the g profile in the ITB triggering and
termination, an ITB scenario with long NBI and ICRF power pulses has been developed
in JET. This particular scenario is characterized by reproducible ITBs emerging at two
times during the pulse. Soon after the start of the main heating phase the plasma forms
an edge pedestal with associated ELMs, which remains until the end of the heating
pulses. The ICRF and NBI powers do not change during the high additional power
phase. The plasma density also remains constant, except during the ITBs where it peaks.

The first ITB is triggered ~1 s after the start of the main heating phase. The temporal
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analysis of the T, profile shows the outward propagation of its foot. The study of the
evolution of the g profile shows that this ITB terminates when the g = 3 surface reaches
its foot and the ITB is destroyed by MHD activity related to a ¢ = 3 surface. The second
ITB is triggered when gmin reaches 2, and persists until the heating pulse ends.

Important progress has been made towards the steady state ITB scenario. [24] In
discharges where the LH current fraction in the preheating phase is maximized, the ¢
profile evolution is almost frozen. As a consequence, ITBs can be sustained for times of
the order of the current diffusion time, and several times longer than the confinement

time.

In the fourth JET ITB scenario using RS plasma configurations, both electron and
ion ITBs have been obtained with full current drive by optimizing the coupling of the
LHCD system. [26] Unlike the normal shear H-mode discharges, it was found that the
plasma forms a pressure pedestal, corresponding to an H-mode, with small type III ELM
activity during the high power NBI phase. [26, 27]

An electron ITB is triggered right at the beginning of the LH coupling. The ion
ITB forms immediately after the injection of the NBI and ICRF. Both barriers disappear
at the same time when the additional power is switched off. It must be stressed that the
ITB is very resilient and is never lost despite minor temperature collapses observed in
this type of discharges. The first type of collapse is connected to n=1 MHD activity and
is often observed in such discharges. The second type of collapses is a radiative one,
connected with the central effective charge Z.4(0) behavior. It should be noted that

impurity accumulation is observed in these ITBs. The additional important point is that
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the current density profile is possibly frozen in such discharges. An averaged electron
density of up to 50% ng is achieved. The electron barrier lasts about 37 and the ion
barrier about 27 energy confinement times, of the order of the current diffusion time.

Analysis shows that the barrier location remains more or less fixed (at R = 3.45 m

or p = (.5) throughout the discharge, in spite of the strong temperature gradient variations
connected to the minor temperature collapses mentioned above. The electron density
profile is peaked, indicating the presence of a particle transport barrier. It is worthwhile
to underline the fact that the barrier location is in the negative shear region. Also it can
be noted that the g profile evolves during the discharge, but it remains always reversed,
with the gmin> 2 and s = 0 positions more or less radially constant. However, it is not
clamped at some integer numbers of gmin as in the JT-60U RS case.

Experimental evidence confirms the importance of a reversed ¢ profile in such
ITB scenarios. For instance, the electron barrier, in the early phase of the discharge, is
present only when a strong negative magnetic shear is provided by the LHCD, and the
ITB is suddenly lost when the current relaxes. [26] Moreover, transport analysis shows
that there is a strong correlation between the region of good confinement and the region

where the ExB shearing rate exceeds the linear ITG growth rate. Furthermore, the

criterion p*Te >0.014 (p*Te = ps/Lte, where ps is the local Larmor radius at the thermal
sound velocity and Lt — electron temperature gradient scale length) was shown by a
statistical analysis [28] to be a condition for the occurrence of an ITB in JET.

In order to achieve more stable operation in this ITB scenario a double feedback
system has been implemented on the total plasma pressure and on the local temperature

gradient by using, respectively, the NBI and ICRF systems. [26] In this case, the
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temperature collapse, present in the previous configuration due to kink modes, is no
longer present. Impurity accumulation also takes place during the ITB. However, some
peculiarities must be stressed. In the previous case the ITB is so resilient that it survives
the radiative collapse. In this case after a phase of impurity accumulation, a sudden
expulsion of impurities from the plasma core occurs. This event is linked with several
other observations: a small n=1 MHD activity, a reduction of the central plasma rotation,
and a modification of the density profile. Nevertheless, the important fact remains that at
later time the ITB is sustained, without any further sign of central impurity accumulation,
as long as the heating power is sustained. It means that the central impurity accumulation

problem can be kept under control, for example, by acting on the electron density profile.

2.2.4 DUI-D

In the DIII-D tokamak, as in many other cases we have described above, ITBs are
often observed in the advanced tokamak scenario, when NBI heating is applied to low
density discharges during the initial current ramp phase, leading to an RS profile [29].

The first ITB scenario [30], which is based upon the co-current NBI, starts with
the conventional L-mode phase. A transition to the ELM-free H mode phase occurs
shortly after the start of the main heating pulse, and finally the plasma undergoes the
transition to the ELMy phase. It should be noted that the formation of the ITB, which is
especially evident in the T; and the rotation profiles, is already seen at p ~ 0.45 in the L
mode phase. In the ELM-free phase, the ITB broadens considerably (to p ~ 0.65), with
the edge transport barrier appearing in the T, and n, profiles at the same time. Finally, in

the ELMy phase, the ITB weakens due to the continual rise of the plasma density. The
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ion temperature is a factor of 2-3 above the electron temperature, similar to all other cases
with predominant ion heating.

The transport analysis shows that, even in the L mode, the total ion diffusivity is
reduced to the neoclassical value in the interior. In the ELM-free phase, the combination
of the ITB and the edge transport barrier helps to reduce y; to the neoclassical level across
the entire plasma. This is accomplished through the establishment of an overlapping
edge barrier and ITB. During the ELMy phase the ion transport increases, remaining
within roughly a factor of 2 above the neoclassical level over most of the plasma volume.
On the other hand, the electron transport remains at the L-mode level in the plasma
interior during the whole duration of the discharge, with some reduction seen in the H-
mode edge region. This phenomenon may be related to the occurrence of high frequency
drift modes, such as electron temperature gradient (ETG) turbulence, which would not
respond to ExB shear stabilization. [31]

The microstability analysis of the transport profiles seems to support the paradigm
of ExB shear suppression of ITG turbulence. Specifically, the calculated wg.p shearing
rate exceeds the maximum ITG growth rate, ymax, in the interior of the plasma, which is
where the ITB is observed in the L mode phase. In the ELM-free H-mode phase, wgxs
exceeds Ymax over the entire volume. What remains unknown is why the ion thermal
transport increases by a factor of 2 in the ELMy phase even though ®gxs is still much

larger than the maximum growth rate. There are some speculations, however, that fast

ions could play a role in this case.
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Good confinement performance is achieved in this type of discharge. By =~ 3.7,
Hso ~ 2.4, and a bootstrap fraction of 0.5 can be maintained for up to 16 energy
confinement times.

As far as sustainment is concerned, it is reported that such discharges are robust to
ELMs and low-n kink modes, as well as to high-n ballooning modes. This is in contrast
to the JET RS ELMy discharges without argon puffing. Tearing modes do not appear to
play a role in these discharges either. The beta collapse at the end of the high
performance phase is associated with a non-ideal resistive wall mode which becomes
destabilized when By exceeds the no-wall ideal n =1 limit. A very low power threshold

for ITB (< 2.5 MW) in this scenario should be noted. [31, 32]

Further studies on DIII-D have discovered a new confinement regime in counter-
NBI discharges, in contrast to the previous scenario possessing separate transport barriers
in the core and edge. [33] In such discharges the H mode edge region is characterized by
the edge harmonic oscillation (EHO), a steady MHD activity which enhances particle
transport as ELMs do, but without their undesired divertor heat pulses. The distinctive
feature of such discharges is that the lack of ELMs allows the ITB to develop relatively
uninhibited, but separation between the two barriers is maintained by a narrow region
where the ExB shearing rate crosses zero. This regime is called the ‘quiescent double
barrier’, or QDB, and can be sustained for several seconds.

In such a scenario the plasma transitions into H-mode shortly after NBI is applied,
followed by an ELMy phase several hundred milliseconds in duration. The ELMs

eventually cease, after which the QDB regime is entered and an ITB is formed.
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Although the global confinement of similar co- and counter-NBI heated
discharges is nearly equal, there is a striking difference in the shapes of Ti and V,
profiles. Consistent with the predictions [34], the counter-injected profiles are
significantly broader than their co-injected counterparts because of the larger beam ion
orbits. It has been theoretically demonstrated [35] that broader heating profiles may be
expected to result in a broadened barrier. Another difference between co- and counter-
injection is the interplay between the rotation and pressure gradient terms of the ExB
shearing rate. This results in an increasing or broadening of the pressure profile and
shearing rate, thus providing stabilization to long wavelength turbulence. [31]

Transport analysis indicates that unlike the previous scenario both the ion and
electron thermal diffusivities are reduced from L-mode to similar levels (close to or even
below neoclassical) in the core. The calculated wg«p is large in regions of reduced
transport, but exhibits a zero crossing between the core and edge barriers. Together with
the observations of the core turbulence suppression, it is consistent with the frequently
advanced hypothesis of turbulence suppression by ExB sheared flows.

The power threshold for this scenario appears to be around 9 MW, which is much
higher than in the co-injected configuration. This QDB regime can be sustained for
several seconds, terminating only when the neutral beam heating pulse ends. High

confinement parameters of fn = 2.9, Hgg = 2.5 can be achieved.

2.2.5 FTU

Two main scenarios for the formation of an ITB on the FTU tokamak also utilize

low or reversed magnetic shear. In both cases the RS configuration is achieved by off-
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axis lower hybrid current drive (LHCD). Electron barriers are formed in FTU plasmas at
high density, which makes these regimes more relevant and attractive for ITER
considerations.

In the first ITB scenario, electron cyclotron (EC) power is launched during the
plasma current plateau phase with the resonance located very close to the magnetic axis
and after the barrier is created by the LHCD. [36] ECREF reinforces the ITB, making it
possible to achieve higher temperatures (Teo up to 7-8 keV compared to 4-5 keV in LH
only case). FTU adopts the JET criterion p 1, > 0.014 to determine the location and size
of the barrier. This condition shows that the barrier formed in this scenario is virtually
steady: its width extends to p ~ 0.4 and stays constant for as long as LHCD is applied,
corresponding to about 35 energy confinement times, and is not affected by the ECRF.
No density peaking is observed in such plasmas. It should be noted that there is constant
low-level MHD activity which appears to be localized in the ECRF deposition region and
which persists throughout the discharges. Similarly to the low shear ASDEX case, this
MHD activity might be responsible for the fact that no impurity accumulation is observed

in this scenario.

In the second ITB scenario on FTU the ECRF power is injected during the I,
ramp-up phase with the EC resonance slightly shifted off axis. [37] This increases and
broadens the electron temperature profile which in turn assists the peripheral deposition
of the LH power, forming a RS configuration. Strong electron thermal barriers (Teo > 15
keV) are formed this way and slight electron density peaking is observed as well.

Calculations of the g profile show that the edge value, gos, decreases with g, shifting
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outward, which creates a wider region of negative magnetic shear. The LH power
deposition profile shifts outward according to the evolution of the ¢ profile. Temporal
analysis reveals that the ITB foot expands to p > 0.5, following the outward shift of the
LH deposition. Moreover, the ITB location does not correlate with the LH power, which
means that the radial location of the reversal of the shear is more significant than the
magnitude of its variation. No MHD activity is detected during the initial phase of the
discharge and therefore, some central impurity accumulation is observed. The ITB lasts
for about 5-6 energy confinement times. However, in this scenario the ITB is usually
destroyed by the MHD modes, which are identified to be tearing modes.

Transport analysis shows that electron thermal diffusivity %. can be as small as
0.1 — 0.5 m’s™ within the barrier in spite of the very large heating power density of 10 —
20 MWm>, [38] The ion thermal diffusivity y; approaches neoclassical values during the

ITB phase.

Some experiments with coupling of ion Bernstein waves (IBW) to tokamak
plasma by mode conversion of the lower hybrid wave have been performed on FTU. [39,
40] It was found that during the IBW injection an increase of plasma density is observed
at constant electron temperature. Thermal transport analysis shows a substantial
reduction of the electron thermal diffusivity inside the IBW absorption radius, possibly

due to the formation of an ITB by the IBW induced sheared flow.
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2.3 Previous results on Alcator C-Mod

Internal transport barriers have been observed for a variety of operational regimes
in Alcator C-mod plasmas [41, 42]: a) during H to L-mode back transition (enhanced
neutron or EN mode), b) during lithium pellet injection (pellet enhanced performance or
PEP mode), c) during the peaked density ohmic H-mode, and d) with off-axis ICRF
heating. Recent studies on C-Mod have concentrated on the fourth scenario and have
shown that ITBs can be routinely produced in EDA H-mode plasmas using off-axis [ICRF
heating both on the high field side and the low field side when the wave resonance is
located outward of |r/a| ~ 0.5.

During the discharge in such a scenario, first the EDA H-mode develops 100-150
ms after applying ICRF heating power, corresponding to a few energy confinement times.
The ITB appears spontaneously after the H-mode appears and evolves on a longer (~400
ms) time scale.

All occurrences of ITBs on C-Mod are marked by the peaking of electron density
profiles. While the plasma temperature typically increases during these events, a similar
peaking of the temperature profiles is less dramatic than that of the density. This is
probably due to the high electron density and therefore, strong coupling between ions and
electrons. As a result, in these experiments T, = T;, allowing the electron thermal
conductivity to dominate. Probably the most obvious experimental evidence of the
existence of the thermal barrier is the fact that central temperature does not decrease as
the density rises during the ITB phase. An interesting and distinctive feature of many C-
Mod ITBs is a decrease and even reversal of the central toroidal plasma rotation with

respect to the intrinsic co-current rotation found in H-mode plasmas. [43]
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Earlier it was found that following the formation of the ITB, the core electron
density as well as the impurity density peaked continuously in the off-axis ICRF heated
discharges, leading to a radiative collapse of the barrier when the core radiation power
exceeded the RF input power. [41, 44] In later experiments it has been discovered that by
adding a modest amount (up to 600 kW) of on-axis power to an ITB discharge (formed
by off-axis heating), the increase of the electron and impurity densities can be stopped
and the barrier can be maintained in steady-state [44, 45, 46] for ~10 confinement times.
It must be stressed that during such steady-state ITB periods the toroidal rotation
increases and even becomes positive. The mechanism for the ITB control has been
explored through nonlinear gyrokinetic simulation and comparison with fluctuation
measurements. [47, 48, 49] The halt of the density rise appears to be linked to the
temperature dependent excitation of trapped electron mode (TEM) turbulence driven by
the density gradient.

Regarding external control of the ITB plasma parameters, the peak electron
density may be regulated by varying the delay time of the on-axis heating power after the
initial off-axis ICRF is used to create the barrier. The characteristics of the ITB plasmas
are also affected by the power level of the additional on-axis heating used to stabilize the
barrier. Earlier experiments showed that when too much (> 600 kW) power was added,
increasing co-current rotation and slowly decreasing core electron density is observed,
indicating a steadily weakening ITB. [44, 50] However, recent experiment, in which a
higher level of off-axis IRCF power was used, have allowed a higher level of central
ICRF heating to be added to an established ITB plasma without terminating the ITB. [51]

The location of the ITB can be somewhat controlled through magnetic field and plasma
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current, suggesting the dependence on the g profile with higher g values leading to the
narrower ITBs. [46, 52] Comparison with the calculated g profile determined by EFIT
shows that the typical ITB location lies between g values of 1.1 and 1.34. So far the
location and the triggering of the ITBs on C-Mod have not been linked to any particular
rational q surfaces.

Transport analysis shows that during the ohmic L-mode phase (the beginning of
the discharge), the effective thermal diffusivity
Xegp =it VT; + 20, VT,)(n;VT; +n,VT,) profile is fairly flat, with a value just
above 1 m%/s. [44] When the ITB is fully developed, there is a substantial drop (nearly a
factor of 10) in . inside the barrier foot, to the level close to neoclassical. With the
application of central power to stabilize the density rise, the y.« profile increases, but is
still a factor of 3 below the L-mode value in the core. It should be noted that it is more
appropriate to consider ¥ in this case rather than individual thermal conductivities for
ion and electrons because of strong coupling between electrons and ion in high-density
C-Mod plasmas.

There is no central particle source in these discharges. Therefore, the central
density increase suggests that the outward diffusion is exceeded by the inward pinch.
The inferred pinch velocity is consistent with the calculated neoclassical Ware pinch
velocity. [48, 50]

Since the sawtooth instability is always present throughout these ITB discharges,
the sawtooth-induced heat pulse propagation can be used to study the thermal transport
[50] in a similar way as it was used on JT-60U. The analysis shows that the deduced

thermal conductivity reaches 0.4 m?/s right at the ITB foot, while in the rest of the plasma

55



the profile is flat with the value of 4 m*/s. The transport barrier width determined from
the HPP turns out to be less than 1 cm, the limit of the diagnostic resolution. Another
interesting feature of this analysis is that this narrow barrier quickly moves inward during
its evolution by ~ 4.5 cm. This inward movement of the ITB is not seen from either
temporal evolution of the density and temperature profiles or from other transport
analyses. However, as it was pointed out before, the relation between the thermal
conductivity inferred from power balance and that from HPP analysis remains unclear.
Furthermore, the value of 4 m%/s used outside the barrier region is significantly higher
than the core diffusivity . determined in the transport analysis.

The mechanism for ITB production via off-axis ICRF heating is a major subject
of this thesis research. First of all, in such scenarios ITBs are only observed for EDA H-
mode plasmas. There is a threshold in ICRF resonance location: discharges with the
resonance location inside [r/a] ~ 0.5 do not exhibit ITBs. Up to date there has not been
found a clear ICRF power threshold other than that for obtaining EDA H-mode plasmas.
Since the g profile is monotonic, these discharges lack the reversed magnetic shear
stabilization present on other machines. Measurements of plasma flows on C-Mod are
too limited to make conclusive statements about the role of the flow shear stabilization.
Previous experiments suggested a strong link between an ITB formation and a reversal of
the co-current to counter-current toroidal plasma rotation. [43, 44, 50] However, the
apparent velocity profiles during the H-mode prior to ITB are typically flat for 0 <r/a <
0.6, covering the ITB location at r/a =~ 0.45. [53] Furthermore, recent measurements of
the central plasma rotation at higher magnetic field with the ICRF resonance placed on

the low field side of the plasma did not reproduce the flow reversal trend. Ernst et al.
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[47] estimated that ExB shearing rate is not significant on C-Mod during the ITB phase,
so its role during formation is still unclear.

Suppression of toroidal ITG modes in the ITB region may explain access to the
off-axis ICRF heated ITBs. Moving the RF resonance outward can locally flatten the
temperature profiles and reduce the drive for ITG and electron temperature gradient
(ETG) driven modes. Plasma conditions in the core ITB region are close to marginal
stability [47, 48], so that even a small flattening can lead to a significant drop in the
turbulence level. Redi ef al. [54] performed microturbulent drift mode stability analyses
of the C-Mod H-mode plasmas, supporting a link between turbulence suppression and
ITB formation.

All of these motivated the work for my thesis research. Details and results from
experiments dedicated to this study as well as transport analysis and gyrokinetic stability

analysis can be found in the next few chapters.
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Chapter 3

3 Core Thomson scattering diagnostic on Alcator C-
Mod

3.1 Incoherent Thomson scattering

Thomson scattering (TS) is the scattering of the incident electromagnetic wave off
free charged particles (electrons) [1] [2, Ch.7]. It can be viewed as a limiting case of

Compton scattering when the photon energy is much less than the charge rest energy:
ho << mec2 . It has become a common technique in modern plasma experiments for

measuring plasma density and temperature.

Scattering of a single charged particle can be viewed as a two-step process, where
the particle is first accelerated by the electric field E; of the incident wave with the
wavevector k;. The accelerating particle then emits a scattered wave E, with the
scattering wavevector ks. In the nonrelativistic limit the radiated power per solid angle

can be calculated using the “dipole approximation” and is given by simple formula

dP _ » 2.2
NG cek sin“ a, 3.1
o2
where 7, =———— is the classical electron radius and a is the angle between E; and
4regm,c

ks. Choosing o = n/2 maximizes the quantity (3.1), resulting in the geometry sketched in
Fig. 3-1. This geometry is used for the C-Mod TS diagnostic, more details of which can

be found in the next section.
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Figure 3-1 (Adapted from Hutchinson): Scattering geometry with o = 7/2, where  is the electron’s
relativistic velocity and 0 is the angle of observation.

Scattering from individual charged particles in plasma occur with different
phases. Now if these phase differences are uncorrelated the scattering powers from each
electron can be summed to give the power scattered in the far field. It can be shown [1,
Chs. 6-7] [2, §7.2] that this condition is satisfied when kA >>1, where k = |k — ki| and

ne2

1/2
Ap = (EL) is the Debye length. If this is not true then scattering from each
individual electron will be almost balanced by the absence of scattering from its shielding
cloud. For ions, though, there is going to be scattering from their shielding electrons
clouds, since ions are heavier and therefore, direct ion scattering is negligible. The latter

process is called coherent Thomson scattering and it conveys information about the ion

distribution function [2, §7.3].
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Since k; = k;, the incoherence condition can be rewritten in the form of

k = 2k; sin(6/2), where 0 is the angle between the incident and the scattering vectors.

Therefore, this condition can be transformed into

Ai

— <4z sing , 3.2)
Ap 2

where A, is the wavelength of the incident wave. Relation (3.2) is easily satisfied for the
C-Mod TS diagnostic (A; ~ 1 pm, Ap ~ 20 um, 6 ~ ©/2).

Satisfying the incoherence condition ensures that scattering from individual
electrons is unaltered by their shielding cloud, and thus incoherent Thomson scattering
reveals information about the electron distribution function.

Each electron moving with the velocity v (or relativistic B) sees a Doppler-shifted
incident wave and likewise emits a Doppler-shifted scattered wave. The frequency of the

latter can be written as

cos=a),-+k.v=a),~+(k,—ki).v=a){%J (3.3)
—K, -

Assuming a Maxwellian distribution for the plasma electrons the ratio of the scattered to

the incident power is given by [1, Ch. 3]

LI T S N
F = re neLks X(ks XEi) S(Te’eal) (34)

i
where n. is the electron density, L is the length of the scattering volume and S(T,, 6 ) is
a form factor determining the shape of the spectral distribution as function of electron
temperature T., angle of observation 0 and scattered wavelength A. For the case in which

the polarization of the incident radiation is perpendicular to the scattering plane (a. = n/2),
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the scattered power in the range A;—As + dA and in the solid angle d€2 is given by [1, Ch.

9]

P.(T,,0,A,)dA, - dQ =

PrldOn,L 13502 A
N3 sin A 4v3 2 sin? &

 cdhs o) AR
Vi A 4V,2h liz sin? (%)

where vy=(2kT./m)" is the electron thermal velocity. For the low-temperature plasma

(3.5)

(AA/A; — 0) this spectrum has a Gaussian shape. Therefore, for a given angle of
observation the width of the spectrum of scattered photons is proportional to the square
root of the local plasma temperature, while the number of photons scattered is
proportional to the local plasma density. For higher plasma temperatures, the TS
spectrum broadens and shifts toward shorter wavelengths. The ‘blue shift’ of the
spectrum is a relativistic effect, and becomes important at T, ~ 1 keV. Typical central T,
values on the Alcator C-Mod tokamak are 1-5 keV. Therefore, high-temperature

corrections, included in Eq. (3.5), are required.

3.2 Diagnostic setup and principles of operation

The Thomson scattering diagnostic on C-Mod has two major components, a core
TS and an edge TS systems that measure T, and n. in these respective regions of the
plasma. The core TS system consists of two parts: the original diagnostic [3, 4], which
collected its first data in 1995, and a 2002 upgrade [5], which was the major experimental

component of this thesis. All of the diagnostics operate simultaneously, sharing a laser
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setup, collection optics, and a variety of controlling hardware and software tools. For

more detailed description of all three systems see Ref [6].

3.2.1 Laser setup and collection optics

The diagnostic uses two identical Continuum PowerLight 9030 Q-switched
Nd:YAG lasers (Ao = 1064 nm) [7], which are controlled remotely with a PC running
LabVIEW software. Each laser has a fixed pulse rate of 30 Hz, with a nominal 1.3 J, 8 ns
pulse. The triggers for the flash lamp and the Q switch pulses are generated by CAMAC
hardware, set up to provide two staggered Nd:YAG pulse trains and subsequent
measurements of TS profiles at 60 Hz. In some special cases the pulse trains can be
brought close to each other to within ~ 4 ms (limited by the acquisition electronics of the
edge TS system) in order to study fast phenomena in the plasma. Each Nd:YAG beam is
coaligned with a CW He-Ne laser to assist alignment of the beams in the tokamak vessel.

The two beam paths are made close to parallel (d6 ~ 5 mrad) and directed along a
beam path of 15 m length to a vertical port positioned over the tokamak vessel. A pair of
remotely controlled steering mirrors on the laser optical bench is used to make fine
adjustments to one or both beam positions above the machine. The beams are steered
through a vertical port and maintained at a major radius of 0.69 m, the approximate
position of the plasma center. A 3 m focal length doublet atop the machine focuses the
beams such that the nominal beam width is less than 2 mm across the length of the
vertical chord passing through a typical C-Mod plasma. Fig. 3-2 shows the tokamak
poloidal cross section as well as contours of constant poloidal flux obtained from the

magnetic reconstruction code EFIT [8].
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Figure 3-2: Alcator C-Mod cross-section and layout of TS collection optics (Figure courtesy of J. W.
Hughes).
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Also shown are the TS collection optics and sample ray traces. Thomson scattered light is
collected by an air-spaced Cooke triplet lens at F/7. This lens has a focal length of 30.8
cm and 1:2 demagnification, with minimal aberrations. At the focal surface of this lens
are the TS collection fibers, mounted upon a vertical tilt plate. [5] The tilt plate with
mounted fibers and controlling stepper motors is shown in Fig. 3-3. The vertical
alignment of the tilt plate relative to the laser beam is monitored with two special sets of
1 mm fibers, which are mounted on the top and bottom of the plate. The three fibers in
either set are aligned horizontally and closely spaced, thus obtaining a crude Nd:YAG
beam image. The tilt plate lateral position can then be adjusted across a distance of more
than 2 cm with submillimiter precision, and the angle of the plate can be varied up to 10°.
Stepper motors controlling the movements of the fiber plate can be operated remotely
using programming logic control (PLC), allowing for alignment corrections between

plasma discharges.

(b) Tilt plote

Stepper motor
B Iin‘e,ar octuoto/r
subossembly

[ 1

Figure 3-3: TS fiber mount assembly from a) side and b) rear, showing the linear actuators for
horizontal position and tilt adjustment.
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The fiber position on the tilt plate and the radial location of the laser beams
determine the vertical location of the scattering volumes. The height of each scattering
volume is roughly twice the vertical dimension of its corresponding fiber, and it is this
dimension that determines the spatial resolution of a given TS channel. The fibers for the
core TS upgrade system are ~ 4 mm in extent, which results in L ~ 8 mm for the
observation volumes. The smaller size allows both improved spatial resolution in a given
TS channel and closer spacing between fibers. Fig. 3-2 indicates the location of
scattering volumes for one possible arrangement of collection fibers. Also shown are the
mappings of these volumes along the surfaces of constant poloidal flux to the outboard
tokamak midplane. Such mappings are obtained from the EFIT equilibrium, and radial
profiles are typically plotted in terms of midplane radius, under the assumption of
constant T, n. on a flux surface. A midplane radial resolution of ~ 1 cm can be achieved

for certain regions of interest using core TS diagnostics.

3.2.2 Multi-channel filter polychromator setup

The collected TS photons are transmitted to a system of polychromators designed
to detect scattered light falling into distinct spectral bands near the Nd:YAG laser line.
The core TS upgrade employs eight 4-channel compact filter polychromators [9]
fabricated by General Atomics, modified to accept an input 0.4 cm fiber bundle at F/3.5.
Each spectral channel detects light within a certain wavelength range defined by the
corresponding filters in front of the detectors. The physical layout of the polychromator
is presented in Fig. 3-4, while typical spectral functions are plotted in Fig. 3-5. The

polychromators use Si avalanche photodiodes (APDs) for detection. The timing for this
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pulsed data acquisition is provided by a portion of the laser beam that leaks through

steering mirrors as the beam is directed to the tokamak.

} ‘ - 44em — ‘ —

Figure 3-4: Design of a four channel polychromator using 3.0 cm diameter interference filters and
relay lenses.

The gain of the detectors is sensitive to temperature and it changes approximately
3% per degree C. [10] Therefore, all 8 polychromators are placed into a thermal
enclosure. A temperature control system was designed and built to ensure that APDs
operate at constant temperature. A set of heaters and a water loop running from the
thermostat through the polychromators provide temperature control for the system. The

water serves as heating source during the startup phase and more as a heat sink when the
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system is near the equilibrium temperature. Eight thermistors placed on APDs and
distributed uniformly in the thermal enclosure box provide real time spatial temperature
readings. Software, which operates with programmable logic controller (PLC) modules,
was designed such that the polychromators reach the temperature set point of 34°C in ~ 1
hr. After the system reaches the thermal equilibrium the temperature stays constant in
time and uniform in space to within 0.1°C.

The APDs have output signals for both the pulsed contribution from TS and the
slowly varying contributions from plasma background light. During plasma operation the
channel with the fast varying signal is used, since the plasma background signal is
isolated and subtracted from the total signal by means of a delay line technique in the
detector circuitry. [10] The signal corresponding to TS scattering has 0-1V amplitude
and is digitized by LeCroy FERA fast charge digitizers, translating voltages into counts

of 0-2048.

3.3 Calibrations

Including geometric factors the measured intensity at each wavelength in k™

spectrometer can be written as
[t (A) = Br2Qn Ligvi (A)S(T,,0,4), (3.6)
where Q is the fiber’s collection angle, 1 is the wavelength independent optics

transmission coefficient, vi(A) is the optics instrumental function, S(7,,8, 1) is the form

factor from Eq. (3.5).
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A signal registered by each detector is the result of the convolution of the TS
spectrum and the detector’s instrumental function. Therefore, for the jth detector in the k™
spectrometer the registered signal is

1, = PriQun, Ly [v; ,(A)S(T,,0,4)dA G.7)

Introducing the relative calibration coefficients as

Vg (A)dA
Cjk = %‘ (3.8)
gives a normalized spectral response for each detector
Hjk =Vig Cik- (3.9)
Expression (3.7) can then be rewritten as
I;g = PriQn Ly Jij4 D56, : (3.10)

Cjk
The relative calibration coefficients (3.8) show how much ‘weight’ different
spectral channels have with respect to each other. When analyzing the data during
plasma operation the measured signals are corrected for these coefficients and normalized

to the laser energy, which is measured independently

I. kCik
I3 =2 = iy Lt |14 (DS, 6, 2)dA. G.11)

i
For given angles of observation, a table of values for I,u ik (DS(T,,0,4)dA is
calculated for different plasma temperatures. This table is then used for a non-linear

norm

least-squares fit to the signals 7;;™ . The fitting parameters are T, and x, where

2 =riyn,Ly,. (3.12)
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From this plasma electron density can be derived

n, =1-2;. (3.13)
re QL

3.3.1 Spectral Calibration

In order to measure the instrumental functions of each channel the input fibers of
the polychromators are filled at F/3.5 with the output of a scannable Czerny-Turner
monochromator having a known spectral function. A wavelength scan is performed for
all polychromator channels over a range of 700 — 1100 nm. Fig. 3-5 shows spectral
distributions for two temperatures as well as typical spectral responses of the

polychromators.
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Figure 3-5: Typical spectral responses of the core TS polychromators (solid lines). Dashed curves
represent typical TS spectra for a given density and angle of observation.
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Subsequent to the collection of the normalized spectral response the integral
response of the individual channels is measured by illuminating the collection fibers with
a uniform source of known spectral brightness. For this “white plate” calibration, the
fibers are filled with F/3.5 using a Labsphere integrating sphere with spatially uniform
intensity and spectral intensity varying little over the domain of interest. The detector
responses to this steady light source determine the relative calibration coefficients (3.8).

From the Fig. 3-5 it can be seen that for a given density higher temperature results
in more scattered light in the spectral channels with bandwidths that are further from the
laser line. This effect is due to both widening of the Thomson scattering spectrum and

the “blue shift” and is captured by the analytical formula for S(7,,8,4) (3.5). As
mentioned above, the detectors’ responses .[,u ik (A)S(T,,60,4)dA are calculated for

different plasma temperatures. Typical form of these functions for a given plasma
density and a given polychromator with angle of observation 6 = n/2 is shown in Fig. 3-6.
On this plot, functions which have non-zero values at higher temperatures correspond to
the spectral channels that are further away from the laser line. These values are used in
the non-linear least squares fit of Eq. (3.11) with the T, being one of the fitting
parameters. Calculated uncertainties in T, from the least squares fit are typically 10-15%.
From Fig. 3-6 one can also determine the useful T, range of the core TS system, which
can be defined as the region with substantial gradients in detectors’ response functions
for more than one spectral channel. This range is approximately 0.03 — 10 keV for the

core TS upgrade.
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Typical TS signals
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Figure 3-6: Typical detectors responses for a given electron density and angle of observation 0 = /2.
Curves with non-zero values at higher temperature correspond to spectral channels with bandwidths
further away from the laser line.

3.3.2 Absolute calibration

The plasma density is obtained from the fitting parameter y in Eq. (3.13). In
principle the optics transmission coefficient n, as well as the geometric factors Qy and L

can be measured directly. However, high uncertainties associated with the measurements

undermine the results. The coefficient —21— is called the absolute calibration
re QL

coefficient and in practice is measured as a whole.
Raman scattering is considered a conventional technique for the intensity
calibrations of TS systems. [11, 12, 13, 14, 15] In this method the vacuum chamber used

for plasma operations is filled with a diatomic molecular gas and a laser scattering signal
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is measured. Known cross-sections for Raman scattering make it possible to relate the
measured signal to the gas pressure and, therefore, relate measured TS signal to the
plasma density. The choice of a particular gas and type of scattering depends on each
particular TS diagnostic. One must have at least one strong Raman scattering line in the
range of wavelengths used to measure the TS spectrum.

Calibrations with both D, and H; have been done for the core TS system on C-
Mod. However, the very low signals lead to high uncertainty in the calibration
coefficients, undermining the results. Furthermore, the walls of the vacuum vessel of the
Alcator C-Mod tokamak absorb some fraction of the gas molecules. The absorbed
molecules dissociate during plasma discharges, penetrate into the plasma volume and,
thus, affect plasma operations. Due to this there are restrictions on filling the tokamak
with gases other than D,, which is the source of the major ion species during normal
operation. Hence, the calibrations with gases other than D, cannot be done easily.

Rayleigh scattering in molecular gases is another standard technique for TS
intensity calibrations. [15, 16] Unlike Raman scattering this type of scattering occurs
without wavelength shift from the laser line. Since the polychromators used for the core
TS system on the C-Mod cut off the laser line at 1064 nm, this type of scattering is not an
option for these intensity calibrations.

A new absolute calibration technique was developed and tested over the course of
this thesis research. [17] The proposed method is based on the fact that electron
cyclotron emission cannot propagate through the plasma if the plasma density is above a
critical cutoff value. Therefore, if the abrupt loss of the ECE signal is registered during

the plasma discharge this clearly indicates that the plasma density has reached this critical
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value. This value in its turn can be calculated from the dispersion relation for ECE wave
propagation and be used for TS density calibration.

To obtain an absolute calibration for TS we make special discharges, during
which we ramp the density up to reach the critical values to cut off the ECE signal. The
ECE diagnostic used for this calibration is a grating polychromator (GPC), which has 9
spatial channels and is normally used to measure electron temperature profiles. [18] This
system measures second harmonic ECE perpendicular to the magnetic field in the
extraordinary mode. For this type of mode and angle of observation, from the dispersion
relation it can be determined that the ECE signal is cut off if the second harmonic ECE

frequency is less than the right-hand cutoff frequency [2, §5.2]

wgpe =20, < wp = ch[1+(1+4wf, 102 ”2]/2, (3.14)
where Q.. = eB/m, is electron cyclotron frequency and ), is the electron plasma
frequency. So, the condition for wave propagation becomes

Q >1le’ (3.15)
This condition can be rewritten in terms of the plasma density

Ne < Nerity (3.16)

2
1 wzpem, &
where n,,;, = _26rC™ez0
2 e?

is the critical plasma density at which ECE signal is cut off.

The GPC diagnostic operates at fixed, experimentally verified frequencies, which
can be adjusted shot-to-shot by selection of the grating spacing and angle. There is a
unique critical density value for each channel. During a plasma discharge the density
increases and, as the local n, reaches the critical value nc;, abrupt loss of signal in the

corresponding GPC channel is observed. Radial positions of the emission for all spatial
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GPC channels are known since the frequency of the emission is proportional to the
magnetic field in the tokamak. The magnetic field in the tokamak in turn is
approximately inversely proportional to R, the major radius. This brings ~1/R?
dependence into the critical density profile. Corrections due to poloidal field and
paramagnetic effects are computed using EFIT. By changing the magnetic field during a
plasma discharge we shift the radial positions of the ECE channels. Some of them might
be shifted to the region where the local plasma density is above the critical value
corresponding to these channels, and consequently the cutoffs are observed. So, as the
density profile evolves and/or the magnetic field changes during a plasma shot, cutoffs
can be observed in the GPC channels one by one across the entire outboard side of the
plasma. Thus, we are able to calculate the density values at certain positions in the
plasma at times of ECE cutoffs and use them for absolute calibration of the TS system.
Fig. 3-7 shows time-dependent plots of some ECE data along with the line-
integrated density for a 4.5 T discharge. In order to obtain cutoffs in the GPC channels,
in this case we kept the magnetic field constant and relied on an increase in the plasma
density. This keeps the radial positions of the observed ECE emission at fixed values and
decreases the uncertainty in the radial positions of the n; values. As the plasma density
increases (Fig. 3-7 a) during the discharge density ramp, the cutoffs are seen
consequently starting from the outer channels (Fig. 3-7 b-e). The critical density value
and the radial position in plasma at the time of the cutoff are calculated for each channel
in which cutoff is observed. In general, the data points in the reconstructed critical
density profile do not coincide in time and space with those of the TS system. By

interpolating the measured core TS profiles to the observed cutoffs in time and space we
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Figure 3-7: Time-dependent ECE cutoff data for 4.5 T discharge in which the density (a) was
ramped. ECE signal from four channels are plotted in (b)-(e). Cutoffs are shown as shaded regions.

can determine a set of calibration coefficients for the TS channels.

The result is shown in Fig. 3-8. The diamonds are the ECE cutoff measurements
at corresponding times (shadow regions in Fig. 3-7). The circles represent TS density
profiles with applied calibration coefficients at the times closest to the ECE cutoff times.

There are enough TS radial data points to confirm that density profiles in plasma
regimes used for the absolute calibration purposes are smooth and monotonic. This is
also confirmed by the independent measurements from a visible bremsstrahlung (VB)
diagnostic, which justifies the procedure of interpolating density values in space. During

the density ramp phase of plasma discharges designated for TS calibration, density
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linearly increases in time, which is confirmed by the interferometer measurements (Fig.
3-7 a). This justifies the interpolation of the density profile in time. Comparisons of the
TS measurements calibrated using this procedure with the results from other diagnostics

will follow in the next section.
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Figure 3-8: TS data points (circles) and ECE critical density values (diamonds).

Two major sources of uncertainty in the derived calibration coefficients are the
uncertainties in the measured TS signal and those due to interpolation (usually ~ 5-10%
combined). The uncertainty in the cutoff radial positions is < 1 cm. The drop in ECE
signal occurs over a finite time window due to strong beam divergence, since the index of
refraction approaches 0 as the density approaches the critical value. However, this effect
is minimized since the diagnostic’s field of view lies on the midplane and the uncertainty

in the absolute density values due to finite time window of the ECE cutoffs is ~ 5%.
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There is an additional uncertainty associated with the difference in the radial positions of
the TS data points and the ECE cutoff densities. Combined uncertainties determine the
effective weight of each ECE cutoff in a weighted average, which determines the
calibration coefficients for the adjacent TS channels. After several plasma discharges
with clear cutoffs for each TS channel, we can determine absolute calibration coefficients
for the TS system with 10% or less uncertainty, which is less than the uncertainty of the

results obtained from the gas scattering calibrations.
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Figure 3-9: Electron temperature profile measurements from various diagnostics. Labels: TSC —
core TS diagnostic, TSE — edge TS diagnostic, ASP — A-port scanning probe (data not available for
this shot), FRC — heterodyne ECE system, GPC — 9-channel prating polychromator system, GPC2 —
18-channel grating polychromator system, MIC — Michelson interferometer (data not available for
this shot).
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3.4 Comparison with other diagnostics

It is desired that comparison of core TS results with measurements from other
diagnostics be performed to verify operational validity. Temperature profile comparison
is fairly straightforward and is shown in Fig. 3-9. It is found that within experimental
uncertainties (~ 10-15% for any diagnostic) electron temperature profiles from core TS
are consistent with those from various ECE diagnostics. It should also be noted that good

agreement is obtained consistently between outer core TS measurements and edge TS for

both T, and n..
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Figure 3-10: Typical density and VB profiles during L-mode.

Density measurements are compared to those from the Visible Bremsstrahlung

(VB) diagnostic and interferometry. The VB diagnostic on C-Mod [19] detects
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continuum emission profile and through Abel inversion with temperature correction
yields a ne@ profile, where Z o (R) 1s the effective plasma charge. Previous results
[19, 20] indicate that in L-mode discharges at typical C-Mod densities Zzis close to 1
across the whole plasma. Fig. 3-10 shows typical L-mode profiles of both core TS and

edge TS as well as n,,/Z, . » derived from the visible continuum measurements. Zey

€

derived from the core TS and VB measurements is close to 1 throughout the whole

plasma cross-section, which implies a good agreement between core TS and

n,|Z o Profiles.
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Figure 3-11: Comparison of the integral under the TS density profile (dashed line) with the line-
integrated density measurements from the central TCI chord as a function of time.

A two-color interferometer (TCI) is used on C-Mod to measure line-integrated

density along 10 vertical chords in the core plasma region. [21] In order to compare TS
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results with the TCI measurements, TS profiles are integrated along any chosen TCI
chord. First, a TCI chord’s grid is mapped by the EFIT code along the contours of the
constant poloidal flux to the midplane outer radius. Second, a TS density profile is
interpolated onto this grid and integrated over it. The result of such analysis is shown in
the Fig. 3-10. Line-integrated density from the TCI (solid line) is in good agreement with

the integrated TS profile (dashed line).
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Chapter 4

4 Microturbulent drift instabilities

Microinstabilities are a class of instabilities with a wavelength comparable to the
ion Larmor radius. Drift instabilities are a particularly important class of
microinstabilities that have often been considered as the source of plasma turbulence and
responsible for anomalous transport in tokamaks. The term “drift” takes its origin from
various drift mechanisms which give rise to charge separation and therefore, lead to ExB
convection. These modes are essentially electrostatic in nature, which means that
magnetic field perturbations are not important. They result from temperature and/or
density gradients in the plasma which serve as a source of the free energy. The geometry
of the confining magnetic field often plays an important role because of the nature of the
drift mechanisms and their effect on the resultant instability. Trapped and passing
particles in a tokamak behave differently in the electrostatic potential perturbations.
Therefore, different dispersion relations are obtained, depending on whether passing or
trapped particle dynamics is dominant. Collisions might play an important role since
they scatter trapped particles into the passing domain and vice versa. Moreover, trapping
can be neglected when the mode frequency exceeds the particle bounce frequency.
Typical examples of passing particle instabilities would be those driven by ion
temperature gradient (ITG) or electron temperature gradient (ETG) while the most
commonly considered trapped particle instability is trapped electrons modes (TEM). The

next few sections will provide some basic insight into these instabilities with respect to
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the conditions for the instabilities and their driving mechanisms, primarily focusing on

ITG modes.

4.1 Simple physics of toroidal temperature gradient driven
instability

The toroidal ITG mode has ballooning structure and is primarily driven by bad

curvature effects. The VB and curvature drifts can be combined into the toroidal drift [1,

Ch. 2.6]

vﬁ+vi/2
Vd =—2—BXVB (41)
QB

Consider a pressure perturbation on a flux surface on the outer midplane of the
tokamak as shown in Fig. 4-1. For a chosen magnetic configuration the ion drift velocity
is down while the electrons drift up. Because drift velocity v, depends on particle
velocity or conversely, temperature, hot particles will drift faster than the cold particles.
This increases the density below the hot areas and above the cold areas, primarily due to
ions. The ion density perturbation produced by v, in turn creates a potential perturbation,
which results in the electric field as shown. This electric field induces ExB drift in the
radial direction, which convects hotter plasma from the core region into the hot spots and
colder plasma from the edge region into the cold spots, thus causing the perturbation to
grow. On the inner midplane (“good curvature” region), however, Vp and VB point into
the opposite directions and now ExB convection brings hotter plasma into the cold spots

and vice a versa, thus damping the perturbation.
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Figure 4-1 (Expanding on Ernst, Hammett picture): Simple physical picture of the toroidal ITG
instability. Consider a temperature perturbation on the outer midplane of a tokamak. The velocity
dependence of the toroidal drift produces ion density build-up above the cold spots and below the hot
spots, which induces an electric field. The resultant ExB drift convects hot plasma into the cold area
and vice versa, casing the instability to grow. On the inner midplane of a tokamak Vp and VB point
to the opposite directions and the initial perturbation is damped.

4.2 ITG growth rate

Gyrokinetic equations describe plasma processes which are slow compared to the

Larmor frequency and which vary slowly in space compared to the Larmor radius. They
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are usually derived from the Vlasov equation through averaging over the gyro-motion
which reduces the equation’s dimensionality.

In the following we develop a basic understanding of what the conditions for the
ITG instability are and what the main driving mechanism is when this mode is unstable.
Our derivation of the ITG instability will closely follow the one done by Hammett in Ref.
[2]. Let’s start with the electrostatic gyrokinetic equation written for the full, gyro-
averaged, guiding center density f (R, v, 14,1)

§L+(V‘|5+VE +Vd)Vj+(lE” —IUV”B'FV”(bA'Vé)VE)‘i:O
ot m aV”

(4.2)

where v = ——%V(T) xb is the ExB drift velocity caused by the electrostatic potential

~ ~ 2 ~ ~ ~ ~
perturbations, E| =—b-V® is the parallel electric field, v, = —V&b x(b-Vb)+ %b xVB

2
is the combined toroidal and curvature drift velocity, and u = %is the magnetic

adiabatic invariant. Following the standard convention, tilde denotes perturbed
quantities. Here the equilibrium ExB flow is not included, since its primary effect will
be to introduce a shift into the mode’s frequency. Now we linearize the equation by
breaking the full distribution function into the equilibrium and perturbation components:
f=Fy+ 17 . Fy is the equilibrium part of the distribution function which satisfies the

equilibrium equation and has a Maxwell form. The next step in the linearization
procedure is to obtain the next order equation for the perturbed component of the

distribution function. It has the form
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4.3)
We can rewrite this using Fourier transformation as follows
(mio+ivyhky +ivy -k )] =—vg -VF, —(%E" +vy(6-Vb)- vE)ZLV‘l" (4.4)

It is convenient to introduce certain drift frequencies to rewrite Eq. (4.4) in a more

e = kg . . o
intuitive way. @, =k -v, =—kg v, L _cTky is the diamagnetic drift frequency,
L, eB L,
Vn -
where L, = [—0] is the characteristic density scale length. Using this we can also
Ry

define ol = w,[1+ n(vﬁ/ 2v,2 +uB/ v,2 —-3/2)], where 7 = f_n . Let’s also introduce the
T

toroidal drift frequency @y =k - vy = —L (ky cos@+k, sin §) and define
d d R g r

Dy, = a)d(vﬁ+ ,uB)/v,z.

The sign convention is consistent with the geometry depicted in Fig. 4-2. If we
concentrate on the outer midplane where the curvature is bad, then 6 = 0 and
wy =~kgpv,/R.

In these notations Eq. (4.4) can be rewritten as

~

(—im-i-iv” k” +ivy- I-C-l)f = —i(—a),T + 0z, + Vi k")%Fo, (45)

which can be solved for 7 to yield
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Figure 4-2: Sign conventions for various drifts. For a chosen geometry VB for ions is downward. On
the outer midplane where Vn is inward the diamagnetic drift is also downward.

We are interested in the modes with kv, << o, ol 04 << Ky Vie-

Because of the low inertia, electrons flow rapidly along the field lines, generating

parallel electric field satisfying force balance given by neEj +V, p, =0. Linearizing

this equation leads to a relation between the perturbed electron density # and electrostatic

..~ n e® . e
potential ®: —& = — | which is also known as the Boltzman distribution. We also
Neo

need the quasineutrality condition 7, = #;, which using Eq. (4.6) can be expressed as:

~ _ T ~
”eO'eE'_‘ Id3 VM-@FO. 4.7
Teo o—-ay Ty
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Using a “cold plasma” or “fast wave” approximation (@ >> @, ) we can do

Taylor expansion of the denominator in the Eq. (4.7). Hammett [2] shows that this leads

to an equation which defines the dispersion relation

2
hzzﬂ_ﬂ‘;.,.pc?i_z___wda’*(””). 4.8)

Teo (7] [1] (()2 a)z

Consider the flat density limit, which is a good approximation for Alcator C-Mod
H-mode plasmas. In this case Vn => 0, but VT is finite. Under these conditions n-> o,

and ®. > 0 and the dispersion relation (4.8) becomes

w? To _ 20,0+ 20,07 - 7w§ = 0, which can be solved for ®

el

e 20, 4w§ - 47w 0! —70)3)
B 27

, 4.9)

where 7 =T, /T,,.
In order for the instability to grow/damp, its frequency should have an imaginary

part, which will define the growth/damping rate. Consider the large temperature gradient

limit (@] ~ VT >> 1). In this case the growth rate is given by

y= 20,0, _ dewf ="/§k0pi Vi ) (4.10)
V T T Jr  JRL;

Vi

TRy

it is a fundamental scaling of all bad-curvature driven instabilities. Expression (4.10)

It is interesting to note that the term appears in the ITG growth rate, since

illustrates that for given global plasma parameters, the instability’s growth rate is
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determined by and can be changed through the local temperature gradient scale length Ly.

Steepening temperature profile reduces the Ly parameter and drives the mode unstable.

4.3 Thresholds

The general dispersion relation (4.14) can be rewritten as

20 \/ 4+ 287)(002, - SdewI
=
2t

4.11)

It is clearly seen that in order for instability to exist we need to have @, ol >0.

This is a necessary (but not sufficient) condition for instability, since other terms inside

the square root in (4.11) are positive. From this condition, it is clearly seen from the
definitions of w;and w! that Vp and VB must point in the same direction for instability

(which is true on the “bad” curvature side), and if they are antiparallel (“good” curvature

side) the mode is stable. Because w, = —kgyp; v,/ L,; and
wy =—(p; v,/ R)(k, sinf + kg cos 8), perturbations on the outer midplane of the torus (8

= () are unstable, while perturbations on the inner midplane (6 = =) are stable. Fig. 4-1

illustrates this once again. The dispersion relation (4.11) also means that the following

condition 87w, ol >4+ 281)(03 is required for instability. This condition can be

T

. R 1 T, . . . .
rewritten as — > ——[7 + —e] . This demonstrates that there is a critical gradient
i

threshold R/Lt crit, Which determines whether the mode is driven unstable. However, it

gives the wrong dependence on Ti/T. because of the Taylor expansion of the resonant
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denominator in (4.7). This expansion breaks down near marginal stability, since in this
case ® ~ @q. In a more general case the parameter which determines the mode stability is
Mi, defined above as the ratio of density to temperature scale lengths. That is why the
ITG mode is sometimes referred to as “n; mode”. Romanelli and Briguglio [3] show that
with a more careful treatment including kinetic ion response, the critical value of this

parameter for the flat density profile limit is given by

crit 4 Tt
1 3( T, (4.12)

A more general result for the threshold for instability is given by Jenko et al. [4]

fit = Max[(l + ﬂj(l.ﬁ + 1.915J(1 -15 1—)(1 + O.3M—K),0.8£], (4.13)
LY T, q R dr L,

where § = (r/q)(dq/dr) is the magnetic shear, and k is the plasma elongation. This

parameterization is found empirically by fits to many gyrokinetic stability calculations.

Wesson [1, Ch. 8.3] provides another expression for the instability threshold

|12, Ep <&y
=4, : (4.14)
FU+7)1+25/9)e,, £, > £y
where ¢, =L,/Rand ¢, = 0+ )((;.z %) This expression demonstrates once again
T s/q

that when the density profile is sufficiently flat the threshold becomes a critical
temperature gradient rather than a critical n);.

It is instructive to go back and take a closer look at the dispersion relation. Beer

[5] retains the polarization drift, in which case the perturbed electron and ion densities are
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related by 7, =7, —b<2 n,q, where b= k? p?. He obtains the dispersion relation in a

-3

i0

similar form

Bwy(z+b)+awy + \/3w3(1+b)2 +a)3 -2 0,n;(t +b)
(7 +b) a (r+b)

(4.15)

It shows the stabilizing effect of T; > T, (1 > 1) both in the threshold for the

stability and in the growth rate. The former is true because the stabilizing term

3w§ (z+ b)2 increases faster with t than the destabilizing term — 2w ws7;(7 + b), and the

latter is true because the (7 +b) in the denominator dominates the JT+b from the drive.
The stabilizing effect of T; > T, occurs by reducing the ion density perturbation produced
by @, weakening the feedback mechanism that causes instability. In addition, Eq. (4.15)
shows the stabilizing influence of finite Larmor radius (FLR) effects through 5.
Physically FLR stabilization occurs because the ions feel the averaged potential around

their gyro-orbits, and this gyro-averaging reduces the response to high &k, p; components

of the potential perturbation. In the large n; limit Eq. (4.15) gives the same (to within

FLR correction) expression (4.10) for the instability growth rate.

4.4 Electron (ETG/TEM) modes

There is another passing particle instability, which is driven by electron
temperature gradient. Therefore, it is called electron temperature gradient (ETG), or “n.”
mode. It is similar to the ITG mode, but the roles of the ions and electrons are reversed.

The perpendicular wavelength of this mode satisfies p, <A < p;. Thus k| p; >>1 and
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in this case it is the ion response that satisfies a Boltzmann distribution —— =
Rio

% . The
derivation of the ETG mode is the same as above for the ITG mode, because the electron
response is calculated from the gyrokinetic equation in a similar way as it was done for
the ITG mode but with subscripts i replaced by e. Expression (4.13) for the critical
temperature gradient remains the same, but with subscripts i and e interchanged. The
difference between the ITG and ETG mode is that for the ITG mode electrons are often
viewed as adiabatic because of their fast parallel motion, so there is no perturbed parallel
electron flow. Therefore, there is no significant perturbed parallel current to drive the
magnetic perturbations. Electromagnetic perturbations however may be important for the
electron heat transport.

Trapped particles behave differently from passing particles, because they
effectively average out their parallel motion over a bounce period. Also they spend most
of their time in the bad curvature region on the outboard side of the tokamak, which
makes them susceptible to ballooning-type instabilities. By considering plasma
oscillations with sufficiently slow phase velocity we can illustrate the essential

characteristics of the trapped particle instability. An initial density perturbation with

kj ~ 0 is shown in Fig. 4-3. Because trapped particles spend most of their time on the

outer side, the curvature drift has a preferred direction for each species. It is again in the
opposite direction for ions and electrons which results in the polarization shown in the
picture. The induced local electric field drives ExB flows which enhance the initial

perturbation causing the instability. This is the collisionless trapped particle mode, for
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which FLR effects are not important. The trapped particle response to the electrostatic

perturbation is described by the drift kinetic equation.

high density

ExB

low density

Figure 4-3 (adapted from Wesson): The physical mechanism of the trapped particle instability. Since
trapped particles spend most of their time on the outer side of a tokamak their curvature drift has
preferred direction. This causes charge separation and induces electric field. The resultant ExB
flow enhances initial density perturbation.

Along similar lines, assuming quasineutrality and doing proper averaging over the

trapped particle bounce orbits, the dispersion relation is derived [1, Ch. 8.4]

ot b N T I, L B, (4.16)
\/ﬂ I, T, Tia)_wdi Te W — Dge

where the drift frequencies have been defined previously. If we assume T; = T, which is

usually a good assumption for C-Mod plasmas and @, >> @, for each species, which is
also relevant for the large aspect ratio limit, then the solution to this equation is given by

w® = O go (Vg +V2E0,,) . 4.17)
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For a standard density profile which peaks towards the center ®,, is positive

while @, is negative, and instability then occurs for +/2¢ T >1. This condition is
n

similar to the one derived for the ITG mode, but density rather than temperature gradient

appears here. The mode’s growth rate is a function of @,, and w,, . Therefore, the

perturbed ExB and magnetic curvature drifts are important. Collisions become important
when the effective collision frequency is of the same order as the relevant drift frequency.
If this is the case, then trapped particles can be scattered through collisions into the
passing domain and vice versa. But collision frequency must be low enough not to

prevent the trapped particles from completing a banana orbit, i.e. v; < @y, , Where @y, is

the bounce frequency. The mode for which stability is determined only by trapped
electron dynamics, but trapped ions do not play a role, is called dissipative trapped

electron mode (TEM). As in the previous cases a similar derivation of this instability can

2
be done [1, Ch. 8.4], which leads to y ~ &3/2 2%

7, for the mode’s growth rate. The

Ve

major drive for this mode comes from the electron temperature gradient, although when

n, ~ & the magnetic curvature becomes important. Further studies [6] demonstrate that

the TEM mode can be driven unstable predominately by the electron density gradient as

well.

97



References for Chapter 4

''J. A. Wesson, Tokamaks (Oxford University Press, New York, NY, 1997).

2 G. W. Hammett, CMPD/CMSO Winter School, UCLA, January 9, 2007.

> F. Romanelli and S. Briguglio, Phys. Fluids B 2, 754 (1990).

4F. Jenko, W. Dorland, and G. W. Hammett, Phys. Plasmas 8, 4096 (2001).

M. A. Beer, “Gyrofluid models of turbulent transport in tokamaks”, PhD Thesis,
Princeton University, 1994.

D. R. Emnst et al., in Fusion Energy 2004 (Proc. 20" IAEA Fusion Energy Conf,,
Vilamoura, 2004) (Vienna: IAEA) CD-ROM file TH/4-1 and http://www-
naweb.iaea.org/napc/physics/fec/fec2004/datasets/index.html.

98



Chapter 5

5 Experimental studies of ITB formation on C-Mod

As have been described in Chapter 2.3 of this thesis, recent ITB studies on
Alcator C-Mod have concentrated on the scenario where ITBs are formed in off-axis
ICRF heated discharges. [1, 2, 3] Under this scenario the plasma goes into EDA H-mode
within a few energy confinement times after the application of ICRF heating power. The
ITB appears spontaneously after the EDA H-mode starts and evolves on a longer time
scale. These ITBs are marked by the peaking of electron density profiles, which happens
without any central fuelling from neutral beam or pellet injections. Ions and electrons are
well coupled in C-Mod H-mode plasmas due to the high density. All these factors make
this regime relevant for reactor type scenarios.

Our hypothesis is that ICRF heated ITBs on C-Mod are formed as a result of
competition between neoclassical inward pinch and outward diffusion primarily driven
by microturbulent drift modes. During standard steady-state EDA H-mode operation, the
inward Ware pinch is believed to be balanced or dominated by the outward diffusion,
which can explain why the H-mode plasmas have relatively flat density profiles. Fig. 5-
1(a) depicts a typical density profile during the steady-state H-mode phase. Circles and
squares represent TS measurements from the core and edge systems, respectively. The
solid line shows the fit to the data. Reducing the drive for the temperature gradient
driven modes can suppress the outward diffusion. This can shift the balance in favor of
the inward particle pinch and result in ITB formation and density profile peaking even

without E x B shear or other stabilizing effects usually present on other machines. [4, 5]
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Figure 5-1: Typical C-Mod density profiles during a) steady-state H-mode phase and b) fully
developed ITB phase. Circles and squares represent experimental measurements from the core and
edge Thomson scattering diagnostics respectively, while solid line shows a fit to the experimental
data. ITB foot is located at around R = 0.8 m, or r/a = 0.5. Vertical lines represent regions of interest

for the temperature gradient analysis.
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Fig. 5-1(b) shows the electron density profile in the fully developed ITB phase.
The ITB is clearly distinguished with its foot located near R = 0.8 m, while the edge
pedestal in this double barrier regime is located near R = 0.89 m. The working
hypothesis is simply that broadening the temperature profile with off-axis ICRF
suppresses toroidal ITG modes, which allows the neoclassical particle pinch to dominate
the transport. Several sets of experiments were performed on the C-Mod tokamak to test

this idea.

5.1 Magnetic field scan experiment

For a given ICRF frequency, the condition of achieving ICRF heated ITBs in C-
Mod plasmas strongly depends on the magnetic field with small (if any) hysteresis.
Given the one-to-one relation between ICRF frequency, the magnetic field, and thus the
ICRF power deposition profile, this fact in turn suggests a strong dependence on the RF
resonance location. [1] Fig. 5-2 illustrates this dependency once again. Density peaking
is evaluated at 450 ms after the initiation of the ICRF pulse, which is enough to form an
ITB. Green asterisks correspond to the discharges that did not develop ITBs, while red
symbols depict ITB discharges. It is clearly seen that the threshold for achieving an ITB
is that the location of the ICRF resonance be at |r/a] > 0.5 on either the high or low field
side of the tokamak. It should be noted that it is difficult to analyze and compare
discharges which differ by 0.1-0.2 T but are otherwise similar. Therefore, a systematic
scan with wide range of magnetic fields is required in order to capture any trends with the

ICRF resonance location.
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Figure 5-2: Density peaking factor as a function of toroidal magnetic field and the radial position of
the ICRF resonance. The discharges shown in red had well established ITBs, while those shown in
green did not. (Figure courtesy of J. Rice)

During the first set of experiments the toroidal magnetic field was varied between
discharges from 5.45 T to 6.27 T, thus moving the ICRF resonance radially outward. In
order to minimize other possible stabilizing effects, the total RF power was kept constant
at 2.8 MW and the total plasma current was adjusted proportionally to the magnetic field
(from 0.86 MA to 1 MA) to keep the safety factor q profile unchanged at qo5s = 4.5. Also
in order to avoid any possible hysteresis in machine performance, the sequence of the
magnetic field was such that ITB discharges were followed by non-ITB ones and vice
versa. Table 5-1 provides some global plasma parameters for these experiments. The
ICRF antennas operated at 80 MHz, therefore the magnetic field scan resulted in a scan
of the ICRF resonance position on the low field side from r/a ~ 0.1 up to r/a ~ 0.6.
During these experiments a relatively sharp threshold in magnetic field for ITB formation

was found, which is consistent with the previous C-Mod results. [1]
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Br (T) Ip (MA) qos ITB?
6.3 1.0 4.54 Yes
6.2 0.989 4.47 Yes
6.1 0.973 448 marginal
6.0 0.957 4.51 No
5.9 0.941 4.49 No
5.8 0.925 4.49 No
5.7 0.909 5.50 No
5.6 0.893 4.49 No
5.5 0.877 4.52 No
54 0.861 4.48 No

Table 5-1: Some of the global plasma parameters for the magnetic field scan experiments. Plasma
current was adjusted proportionally to the magnetic field to keep gos constant to mitigate possible
effect of the magnetic shear. Discharges with higher magnetic field, which translates into more off
axis heating, developed ITBs.

Figure 5-3 shows some of the plasma parameters for two representative
discharges from this scan: a non-ITB (a) and an ITB (b) discharge. With the application
of 2.8 MW of ICRF power at 0.6 s, the plasma immediately undergoes a transition from
L-mode to EDA H-mode. In the discharge that does not develop an ITB, the density
profile remains flat as can be judged by the density peaking ratio, while for the ITB
discharge the density peaking factor rises starting at 1.2-1.3 s. Some back transitions
occur during the initial phase of the H-mode during the ITB discharge; however these are
not associated with the ITB formation. A rise in plasma stored energy is also observed

during the ITB phase. Hyrersop factor reaches 1.1, which is just a marginal improvement
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over the H-mode confinement. It is interesting to note that H factors are similar but
slightly lower for the off-axis heated discharges than they are for the on-axis heated
discharges. During the ITB phase the density is peaking in the core plasma region with

the density profile during the fully developed ITB phase shown in Fig. 5-1(b).
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Figure 5-3: Selected plasma parameters for two representative discharges: non-ITB (a) and ITB (b),
from the magnetic field scan experiment. During these experiments total ICRF power was kept
constant and plasma current was adjusted proportionally to the magnetic field to keep qys constant.
Both discharges undergo L-H transition with an application of RF power. (a) Lower field translates
into ob-axis heating with the ICRF resonance location at r/a ~ 0.15. Plasma remains in steady-state
EDA H-mode regime. (b) Higher field results into more off-axis ICRF heating with the ICRF
resonance location at r/a ~ 0.6 and plasma develops an ITB.

104



As have been shown in the previous chapter microturbulent drift modes become
unstable if the n parameter exceeds some critical value, i.e. Mie > Nerit, Where Nie = Ly/Lt
for ions or electrons correspondingly. In the flat density limit, L, >> L, this criterion

becomes a criterion on R/Lrt rather than on 1, and R/Lt > R/Lr for instability, where
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Figure 5-4: R/Lr for the electron temperature calculated at the indicated radial positions shown in
Fig. 5-1(b). Averaging has been done over the steady portion of the discharge during the H-mode
phase (pre-ITB for ITB discharges) and therefore, over many sawtooth oscillations. The yellow
region on each plot corresponds to non-ITB discharges, while the blue region contains discharges
that developed ITBs. For this experiment lower magnetic field translates into on-axis ICRF heating.
The position of the ICRF resonance and therefore, the degree of “off-axis” heating is shown on the
upper axis. While no systematic trend can be derived for inner or outer plasma regions, there is a
downward trend for R/Ly at positions near or just inside ITB foot location as shown by the arrows.
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L7 = %—j% . In order to examine how the shift of the ICRF resonance location affects the

temperature profiles, these R/Lt values were calculated at the radial locations marked in
Fig. 5-1(b).

The results of this analysis are shown in Fig. 5-4. The electron temperature
profiles were measured by the C-Mod 9-channel GPC ECE system. [6] The averaging of
the gradient was done over steady portions of the discharges during the H-mode (pre-ITB
for ITB cases) phase and therefore, over many sawtooth periods. Change in the magnetic
field moves the ICRF resonance position, which is shown on the upper axis of each plot.
No trend for R/Lt can be inferred for the inner or outer radial chords. On the contrary,
the analysis of the temperature scale lengths at radial positions near or just inside the ITB
foot suggests that there is a decrease in R/Lr for discharges that develop ITBs compared
to non-ITB discharges. The pre-ITB values of R/Lt for ITB discharges at these radial
positions are systematically lower than those from all non-ITB discharges.

Sawtooth oscillations might play an important role in setting the temperature
gradient, since they redistribute the heat inside plasma core through magnetic
reconnections. During these reconnections the plasma temperature profile crashes in the
core region on a very fast time scale with a subsequent slower rise to approximately pre-
crash values. Sawtooth oscillations are clearly seen by ECE systems and other
diagnostics which measure temperature dependent plasma parameters. Sawteeth
temporarily flatten the plasma temperature profile inside a certain radius and steepen the
profile just outside it. This radius is called the sawtooth inversion radius and can be
loosely defined as the location where the impact of the crash on the temperature profile

changes sign. The sawtooth inversion radius in C-Mod plasmas is usually at r/a ~ 0.2 and
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is well inside the ITB foot. In order to investigate the effect on the plasma temperature

profile and therefore, the possibility of affecting the stability of the temperature gradient

modes, a similar exercise was done and the R/Lt values at different stages of a sawtooth

crash were calculated. For this, each sawtooth period is divided into 10 bins and the

averaging within each bin is done throughout the steady portion of the H-mode.
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Figure 5-5: R/Lr values for the electron temperature calculated at the indicated radial positions
shown in Fig. 5-1(b) and for times corresponding to before (red) and after (black) sawtooth crashes.
Each sawtooth period within a time window of a steady phase of the H-mode (pre ITB for ITB
discharges) is divided into 10 phases. Averaging has been done over these sawtooth phases.
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The results for two extreme cases, corresponding to just before and after the sawtooth
crash are shown in Fig. 5-5. In this figure R/Lt values for the electron temperature are
plotted for the same radial positions as in Fig. 5-4. Data plotted in red asterisks
correspond to pre-crash profiles, while black asterisks show post-crash values. The trend
that R/Lt values systematically decrease near or just inside the ITB foot position as the
ICRF resonance is moved outward is preserved and is independent of the sawtooth phase.
Fig. 5-5 demonstrates that the effect of sawteeth is bigger for the discharges with on-axis
heating as one would expect. The size of the sawtooth perturbations is larger for central
heating. It also enables us to estimate the extent of the temperature gradient variation due
to sawtooth oscillations and shows that the difference between pre-sawtooth crash and
post-crash values can be up to a factor of 2 or 3 well inside the ITB. The sawtooth
inversion radius for these shots is at R = 0.76 cm. However, the radial resolution of
either x-ray or ECE systems only allows us to determine it to within a couple of
centimeters. It is important to note thgt the previous results of similar discharges [2]
suggested that the sawtooth mixing radius is larger for the discharges with on-axis

heating.

Another set of experiments was done with an even more extensive toroidal
magnetic field scan, where the magnetic field was varied from 3.7 Tto 5.4 Tona
discharge-by-discharge basis. With the ICRF system operating at 70 MHz, that resulted
in the scan of the ICRF resonance location from the high to low field side, -0.5 <r/a<
0.5. For this set of discharges, some limited ion temperature profile information was

available from the x-ray (HIREX) system [7] with the central temperature derived from
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the neutron rate diagnostic [8]. The results of these measurements are shown in Fig. 5-6.
Circles correspond to the central ion temperature as measured by the neutron rate system,
whereas dots represent T;(0) measurement from the HIREX system. From Fig. 5-6 one

can tell that there is a good agreement between these two diagnostics.
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Figure 5-6: Ion temperature measurements for the magnetic field scan experiments. Circles are the
central values of ion temperature derived from neutron rate measurements. Dots correspond to the
central ion temperature as measured by x-ray (HIREX) diagnostic. Asterisks represent HIREX T;
measurements at r/a = 0.3. The ventral region corresponds to non-ITB discharges while the left and
right regions contain data from the discharges that developed ITBs. The position of the ICRF
resonance and therefore, the degree of “off-axis” heating is shown on the upper axis. Since there is
bigger gap between on- and off-axis T; values for non-ITB discharges, this means that ion
temperature profile gets flatter as the ICRF resonance is moved off-axis.
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Asterisks depict off-axis ion temperature measurements done by the HIREX diagnostic at
r/a=0.3. The left and right blue regions correspond to the discharges which developed
an ITB. The r/a position of the ICRF resonance in each case and therefore, the degree of
“off-axis” heating is shown on the upper axis. For the discharges, where an ITB formed,
the ICRF resonance position was at |r/a] > 0.5 on HFS or LFS. The yellow region in the
middle contains data from the non-ITB discharges with the ICRF resonance location
inside |r/a] = 0.5. From Fig. 5-6 it can be deduced that the difference between T;(0) and
Ti(0.3) is smaller for ITB discharges (blue regions) than it is for non-ITB discharges
(central region). This observation suggests that the ion temperature profiles get flatter as
the ICRF resonance location is moved off axis, which in turn might affect the stability of

the ITG modes.

5.2 ICRF frequency shift experiments

Finally a set of experiments was done where the ICRF setup was changed during
a shot at a fixed toroidal magnetic field. A combination of D&E and J antennas operating
at different frequencies can be used to control the amount of power injected into the
plasma at a certain frequency. This provides an alternative method to change the ICRF
heating location. These experiments were done with constant Br= 5.6 T and therefore,
80 MHz operation corresponded to on-axis heating, while 70 MHz corresponded to off-
axis LFS heating. Some of the plasma parameters from a selected discharge are shown in
Fig. 5-7. In this case the application of ICRF heating starts with the 80 MHz D&E

antennas, triggering an EDA H-mode. 150 ms into the H-mode phase of the discharge,
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the 80 MHz power is gradually traded over a 150 ms window for 70 MHz off-axis
heating from J-port antenna with the total ICRF power kept constant at 1.5 MW. The rest
of the discharge is continued with 100% off-axis heating. An ITB develops during this
phase of the H-mode as can be seen on Fig. 5-7 from the rise of the line-integrated

density, the density peaking factor, and the plasma stored energy.
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Figure 5-7: Selected plasma parameters for the selected discharge from the dual ICRF frequency
setup experiment. Plasma undergoes L-H transition with the application of on-axis ICRF power,
which 150 ms later is gradually traded over 150 ms time window for the off-axis RF power of the
same magnitude. ITB develops during off-axis heating phase.

Electron temperature measurements were done using the heterodyne ECE system [9] and
the results of the measurements are presented in Fig. 5-8. Fig. 5-8(d) shows temperature

profiles at times corresponding to 100% on-axis heating, 50%-50% on- and off-axis, and
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Figure 5-8: Electron temperature gradient measurements for the discharge in Fig. 5-7. (a) Electron
temperature time traces of selected ECE channels. The channels are chosen around the ITB foot
with their radial position shown in plot (c). Vertical lines on plots (a) — (c) show time slices
corresponding to 100% on-axis, 50%-50% on- and off-axis, and 100% off-axis heating phases (last
two). (b) R/Ly values for selected radial ECE positions, indicating a decrease in R/L for radial
positions around ITB foot as heating power is gradually shifted from on- to off-axis. (d) Electron
temperature profile at selected times. Central temperature drops with no apparent change on the
outer plasma region when the heating power is shifted outward. (e) Electron density profiles at
selected times. ITB develops during the off-axis heating phase.

112



100% off-axis heating (last two time slices). These times are marked by the vertical lines
in the other panels. A reduction of the core temperature is observed when the heating
scheme is changed from on-axis to off-axis. For a more careful analysis of the
temperature gradient, several ECE radial channels are chosen around the ITB foot
location. The ITB foot is located near R = 0.8 m and the radial positions of the selected
ECE channels are shown in Fig. 5-8(c). Temperature measurements as a function of time
of the selected radial channels are shown in Fig. 5-8(a). Fig. 5-8(b) shows R/Lt
corresponding to each of the selected ECE channels. From this plot it can be seen that
R/Lt gradually decreases in the region of the ITB as the ICRF resonance is moved off
axis. Electron density profiles at selected time slices are shown in Fig. 5-8(e). Evolution
of the density profile shows that the ITB develops during the off-axis heating phase on a
time scale of ~200 ms. It should be pointed out that shifting the ICRF resonance location
outward reduces the size of sawteeth as well as the sawtooth inversion radius as can be
seen from the Fig. 5-8(a). This might play a role in the ITB formation mechanism also,
because it reduces sawtooth induced transport in the center of the plasma, which in turn
might balance or even dominate the neoclassical inward pinch in this region.

A few shots were made during this experiment with faster trade-off between on-
and off-axis heating. The analysis of the temperature gradient for these discharges shows
the same change of R/Ly near the region of the ITB foot, just on a faster time scale
consistent with the change of the heating scheme. An ITB develops during the 100% off-

axis heating phase.
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5.3 Plasma current scan and role of magnetic shear

As was pointed out in section 2.3, so far the triggering of the ITB on C-Mod and
the location of the ITB foot have not been linked to any particular rational g surfaces.
However, previous experiments demonstrated that this location can be somewhat
controlled through variation in the magnetic field. [10] Fiore et al. [2] performed more
rigorous systematic analysis of the foot location running regressions on plasma current I,
inverse toroidal field 1/B;, and the ratio I/ B;. The latter yields the highest correlation
with the overall dependence of r/a (foot) = 1.98* I/ B; + 0.06, which in turn suggests a
dependence on the g profile.

A set of experiments described here was part of a broader scan to study this
phenomenon. During these experiments the magnetic field was kept constant and plasma
current was varied on discharge-to-discharge basis. The ICRF antennas operated at 80
MHz, so the magnetic field of 6.43 T was chosen to move the ICRF nominal resonance
location sufficiently off-axis to produce ITBs. Overall, these experiments supported the
previously derived trend that the ITB foot location widens with increasing plasma current
at a fixed magnetic field. However, it was found that not all of the discharges developed
ITBs even though some of them had a long, steady-state EDA H-mode phase.

Some global plasma parameters for two selected discharges are shown in Fig. 5-9.
Fig. 5-9(a) depicts a non-ITB discharge as can be judged by the line-integrated density
time trace on the top plot. The plasma undergoes L-H transition shortly after the
application of ICRF heating and remains in the steady-state EDA H-mode phase until the
ICRF power is shut off. Fig. 5-9(b) on the right hand side shows a discharge that

developed an ITB. The ITB develops 200-300 ms into the H-mode phase as can be seen
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by the increase of the density time trace and then terminates with end of the ICRF
heating. The plasma density and stored energy are higher in this case, which is a

consequence of the higher ICRF power and plasma current.
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Figure 5-9: Global plasma parameters for selected non-ITB (a) and ITB (b) discharges from the
plasma current scan experiment. In both cases the nominal ICRF resonance location was at r/a ~0.5.

The analysis of the plasma temperature was done using the 18-channel GPC ECE
diagnostic [11]. R/Lt values calculated at the same radial locations in plasma as for the
magnetic field scan experiment are shown in Fig. 5-10. Red data points correspond to the
discharges that developed ITB while black data points correspond to the ones that did

not. The experiment covered a variety of plasma current and ICRF power values. There
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is no clear difference between ITB and non-ITB discharges for the electron temperature

gradient at any radial location other than possibly plasma core region.
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Figure 5-10: R/Ly values for the electron temperature calculated at the same radial location as before
for ITB (red) and non-ITB discharges from the plasma current scan experiment. No apparent
difference for ITB vs. non-ITB cases is seen for the temperature gradient except possibly in the
plasma core.

For all discharges the nominal ICRF resonance location calculated with the
toroidal magnetic field was at r/a ~ 0.5. Previous C-Mod results suggest that one should
expect ITBs in all cases. The fact that some of the discharges did not develop ITBs
suggests that some other mechanism might be at play. This mechanism potentially can

be the g profile or/and magnetic shear. Reversed or low magnetic shear is well known to
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be an important stabilizing factor leading to the ITB formation on other machines. [4, 5]
Even though C-Mod has normal shear, the g profile still can play a similar role, not only
in defining the ITB foot location but also in the triggering mechanism. Since C-Mod
does not have motional Stark effect (MSE) diagnostic for measuring g profile, our
analysis has to rely on equilibrium reconstruction provided by EFIT.

EFIT [12] is a magnetic equilibrium reconstruction code which performs a

numerical solution of the Grad-Shafranov equation [13, Ch. 6.2],

A*y/=-y0R2i"-"—’-—F5£ (5.1
dy  dy
whereB—lV xe +£e (5.2)
1 dF 1 .
and pyyJ =——Vyxe;, ——Awe,. 5.3
Ho Rdy Y xe, R Yey (5.3)

p(w) and F(y) are two free functions, which together with the boundary conditions
determine the plasma equilibrium. A standard magnetic EFIT is run on C-Mod
automatically after every shot. It performs a non-linear least-squares fit to a set of

coefficients defining p' and FF', subject to constraint equations based on magnetic

measurements supplemented by additional constraints which serve to restrict the
solutions in a physically reasonable way.

The magnetic shear defined as s = (r/q)dq/ dr is calculated based on the EFIT
equilibrium. The 4 best shots (2 ITB, 2 non-ITB) were selected from the plasma current
scan experiment, two of which are presented in Fig. 5-9. The results of the magnetic
shear calculation for these shots are depicted in Fig. 5-11. The averaging has been done

over the steady portion of the discharges (pre-ITB phase for ITB discharges). This figure
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demonstrates that there is now a difference in the magnetic shear for ITB vs. non-ITB

discharges as calculated by the standard EFIT.
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Figure 5-11: Magnetic shear for the selected discharges from the plasma current scan experiment.

Time averaging has been done over the steady portions of the H-modes (pre-ITB phase for ITB

discharges). Shots 03 and 05 did not develop ITBs, while shots 12 and 23 did.

The automatically generated equilibrium calculations are based strictly on the

magnetic data, and the solution parameters are designed to provide a reasonably good

solution for flux-surface geometry, stored energy, and other quantities for a wide range of

plasma conditions. This comes at a price, because in order to achieve this robustness the

functional form of p' and FF' profiles is severely restricted. By default a third order
polynomial for FF' and a second order polynomial for p’ are assumed. While the

integral properties such as stored energy and even some local quantities like peak
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pressure are expected to be pretty accurate, one cannot expect the same degree of
accuracy for the entire g profile, especially towards the center of the plasma where the
influence of the measured boundary conditions is less significant. Therefore, it should not
be a surprise that the magnetic shear of the above mentioned discharges is similar even

when an ITB develops.
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Figure 5-12: Magnetic shear for the selected discharges from the plasma current scan experiment as
calculated based on the kinetic EFIT. Averaging has been done over the steady portions of the H-
modes (pre-ITB phase for ITB discharges). Shots 03 and 05 did not develop ITBs, while shots 12 and
23 did. Magnetic shear is lower in the core plasma region for the discharges that developed ITBs.

To improve on this situation one can incorporate kinetic measurements of the
pressure profile into the EFIT calculations. Pressure profiles are measured by Thomson

scattering and are used to constrain p', which in this case can have more degrees of

freedom permitted in the parameterization. The results of the magnetic shear calculations
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based on the kinetic EFIT runs are presented in the Fig. 5-12. The averaging of the
magnetic shear values was done over the same time windows as for the Fig. 5-11. It is
clearly seen that the magnetic shear is lower for the discharges which ultimately
developed ITBs. Temporal analysis reveals that this trend is observed in the core plasma
region throughout most of the discharge duration. Moreover, this low magnetic shear
region extends radially to approximately a position where ITB foot is located later in the
discharge. This fact suggests that low magnetic shear might play an important role in

triggering ITBs in C-Mod plasmas.
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Figure 5-13: Magnetic shear for the selected discharges from the magnetic field scan experiment as
calculated based on the kinetic EFIT. Averaging has been done over the steady portions of the H-
modes (pre-ITB phase for ITB discharges). Magnetic shear is similar for all the analyzed discharges.
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Similar analysis has been performed for the discharges from the magnetic field
scan experiment. The magnetic shear determined from the kinetic EFIT equilibrium
reconstruction is plotted in Fig. 5-13. As in the previous case the averaging has been
done over the steady portions of the H-mode phase corresponding to pre-ITB values for
the ITB discharges. From this figure it can be seen that the magnetic shear is indeed very
similar for all the analyzed discharges. This is the result of the similarity of the gos values
as well as plasma density and temperature profiles, as expected from the experimental

design.

Several sets of experiments were performed on Alcator C-Mod to experimentally
verify certain hypotheses about the ITB formation in ICRF-heated plasmas on C-Mod.
To summarize, these studies revealed 2 possible mechanisms of instability suppression:
a) decrease of the temperature gradient achieved through the off-axis heating and b)
lower magnetic shear. These stabilizing mechanisms can suppress the turbulence induced
outward diffusion, leading to a density peaking which results from the neoclassical
inward pinch. Further exploration of these phenomena requires stability analysis and will

be presented in the next two chapters with the results of the plasma modeling.
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Chapter 6

6 TRANSP simulations

TRANSP [1] is a large system of codes which is essentially an extensive
collection of theoretical and experimental physics as well as empirical data processing
knowledge. It is one of the best tools available for analyzing data from various
tokamaks. These calculations are necessary to generate inputs for the gyrokinetic
stability code used in the next chapter. They are also useful in understanding the nature
of the ITBs. For the C-Mod tokamak, TRANSP is usually run remotely on a computer
cluster at Princeton Plasma Physics Laboratory and the results are then stored in the
MDS+ tree in the C-Mod computer system. Details on how to prepare TRANSP runs

and do post-run analysis can be found in Refs. [2, 3].

6.1 Input profiles

TRANSP, like many other transport analysis codes requires smooth profiles of
plasma density and temperature as input since their gradients affect plasma transport and
equilibrium properties. For this purpose software packages were developed for fitting
plasma electron density and temperature.*

Smooth density profiles are obtained by fitting the combined core and edge

Thomson scattering data. Typically in C-Mod plasmas, edge and core regions have very

* The original fitting packages also known as fit_ne and fit_te were developed in cooperation with Darin
Emst. The graphical user interface named fiTS was primarily developed by MIT undergraduate students
Eric Grebing and David Ely under the guidance of D. Ernst and myself.
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different density scale lengths. It is especially true during the H-mode phase of the
discharge where a narrow (~ 3-4 mm) H-mode barrier and relatively flat core density
profile coexist. Moreover, edge TS radial resolution is ~ 1-2 mm while the core TS
system has spatial resolution on the order of 1-2 cm. For these reasons, the core and edge
plasma regions are fitted separately using different fitting algorithms. The edge region,
where edge TS data with a few core data points are used, is typically fitted with a fanh
function. This particular functional form was adapted from Ref. [4], where it was used
for the H-mode pedestal studies on C-Mod. It as was found empirically to work well for
the L-mode phase too. The core plasma region, with a few data points from the edge
measurements, is fitted with a B-spline [5], which takes into account experimental
uncertainties in the TS data. The initial overlap of the fitting regions ensures good
overlap of the resultant fits. Finally the individual fits for the plasma core and edge are
continuously stitched together over a certain region to yield a final smooth density profile
which is used as an input for the TRANSP code. An example of such a fit for the H-
mode phase is shown in Fig. 6-1(a). Density measurements form the core and edge TS
diagnostics are shown in squares and diamonds respectively. Typical error bars on these
measurements are 10-15%. The red line shows the smooth fitted density profile produced

by the density fitting package. In order to derive profiles of the plasma effective charge,

these measurements can be used in conjunction with the n,/Z e profiles from VB
measurements corrected for T, shown by the blue curve. The resultant radial profile of
Zesr is shown in Fig. 6-1(b). In order to minimize the diagnostics’ artifacts, some

additional processing such as truncation and radial smoothing is done for the TRANSP

analysis. An example of the density and Z.¢ profiles during the fully developed ITB
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phase in C-Mod plasmas is shown in Fig. 6-2, where symbols and color coding are the
same as in Fig. 6-1. Also shown in the plot are the positions of the ITB foot and
inflection point as determined from the VB measurements, which can serve as a proxy for
the electron density when Z. is flat across the profile. Impurity accumulation in the
plasma core, which is a typical effect for the ITB plasmas, is clearly seen as the rise of

the Zs inside the ITB foot.
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Figure 6-1: Typical plasma density (a) and Z (b) profiles during the H-mode phase. (a) Squares
correspond to core TS density measurements while diamonds depict edge TS data points. The red
line is the smooth density profile as produced by the density fitting routine. The blue curve

corresponds to the 7, ./Z eff profile as measured by the VB diagnostic. (b) Profile of the effective

plasma charge as determined from the TS density and VB measurements.
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Smooth temperature profiles are obtained by fitting all available T, data including
core and edge TS diagnostics as well as various ECE diagnostics: GPC, GPC2, and
FRCECE. In this case all ECE data are interpolated onto the TS time grid and can be
remapped onto the low field side to construct a profile. Also for each ECE data point at
each time slice, the ratio of the local plasma density to the critical value, at which the
ECE signal is cutoff, is calculated. This ratio is used as a validity check to find and

disregard all ECE data that is nearing cutoff.
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Figure 6-2: Typical plasma density (a) and Zq (b) profiles during the fully developed ITB phase.
Symbols and color coding are the same as in Fig 5-1. The ITB foot and inflection point are
determined from the VB measurements which can serve as a proxy for the density profile. Impurity
accumulation inside the ITB is seen in the Z profile.

126



This is done because the density near the critical value can attenuate the ECE signal and
result in false temperature readings. The temperature fitting is done in a way similar to
the density fitting procedure. Both edge and core regions are fitted separately and then
combined by a cubic spline. The fitting procedures are run automatically, but have a
variety of keyword and parameters a user can change to get satisfactory fitting results.

An example of the temperature profile obtained this way is shown in Fig. 6-3.
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Figure 6-3: Electron temperature measurements and fits. Individual fits to the core and edge data
are combined over the region defined by ‘core join’ and ‘edge join’ parameters as shown.

A more detailed description of the fitting algorithm can be found in the Appendix

A. The fiTS user’s manual (UsersManual.pdf), the main documentation
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(FrontendDoc.pdf) as well as the routines’ description (AuxFuncs.pdf) are stored on the

C-Mod Linux cluster and can be found at /usr/local/cmod/idl/fits/documentation/.

6.2 TRANSP equilibrium reconstruction

Since direct measurements of the magnetic field pitch angle and therefore, the
current density and electric field are not available on C-Mod, one has to rely on either
EFIT or TRANSP equilibrium reconstruction. TRANSP performs its own calculations of
the magnetic geometry. For that, it uses a fixed boundary equilibrium solver VMEC [6].
TRANSP solves the poloidal magnetic field diffusion equation, which is derived from
Maxwell’s equations and has the form

o0y _ 0| 22(E-B)

otdp op RB,(R2) @D

where v is the poloidal flux, R is the local major radius, and p is the radial flux surface
coordinate, and ( ) denotes the flux surface average. The parallel electric field and
parallel current density are related by [3]

(E-B)=n((@-J pg)-B) (6.2)
where 1 is the parallel resistivity and Jpg is the total current density not driven by the

electric field. The boundary condition for the solution is the measured total plasma

current as a function of time

1, =27 [J,(ryrdr 6.3)
0
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Different models for the resistivity are allowed in TRANSP, but a neoclassical
model was used for all TRANSP runs for this thesis research. Neoclassical resistivity is a
complex function of n., Te, and Z.. The latter profiles are obtained using fitting routines
as described in the previous section. The profiles of Z.¢ are assumed to be flat during the
L- and H-modes with the values averaged over the core plasma region, and a single
impurity specie is assumed. Boron or oxygen is typically used as the impurity in these
TRANSP runs, which corresponds to the average Z of the C-Mod plasmas. Peaked Zs
profiles are used for the analysis of the fully developed ITB phase. This approach is
consistent with both previous results of impurity measurements [7, 8] and empirical
evidence found from TS data analysis (e.g., see Fig. 6-1(a)). The computed loop voltage,
which is given by

27(E-B)

Vloop = ;B,—<_R_—2> (6.4)

r=a
serves as a check on the accuracy of these calculations. Usually equations (6.3) and (6.4)
cannot be satisfied simultaneously. However, the computed loop voltage is usually in a
good agreement with the measurements. A typical example of such calculations is
presented in Fig. 6-4.

The result of the analysis of the resultant g profile is shown in Fig. 6-5 where the
magnetic shear for the selected discharges from the current scan experiment is plotted.
From this picture, it is clearly seen that the magnetic shear is lower for the discharges that
developed ITB than it is for the ones that did not. This trend is valid for the core plasma

region, and is in agreement with the results of the kinetic EFIT calculations. Overall, this
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suggests that magnetic shear can play an important role in the formation of ICRF-heated

ITBs on C-Mod.
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Figure 6-4: Calculated by TRANSP (black) and experimentally measured loop voltage as function of
time for one of the H-mode discharges.

Since these discharges are sawtoothing and g, drops below 1, TRANSP runs were
set up to use the Kadomtsev sawtooth model [9], which resets go to 1 at each sawtooth
crash. Additional switches to keep go > 1 are available in the TRANSP namelist. The
analysis shows however, that regardless of whether these switches are used in the
TRANSP runs, the resultant magnetic shear exhibits the same trend depicted in Figs. 5-12

and 6-5.
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Figure 6-5: Magnetic shear for the selected discharges from the plasma current scan experiment as
calculated by TRANSP. Averaging has been done over the steady portions of the H-modes (pre-ITB
phase for ITB discharges). Magnetic shear for the ITB discharges is lower in the core plasma region,
which is in agreement with the kinetic EFIT calculations.

6.3 ICRF power deposition

In addition to ohmic heating, Alcator C-Mod uses ICRF heating as a source of
auxiliary heating. There are no direct measurements of the power deposition profiles,
however. One has to rely again on the TRANSP calculations. In TRANSP the ICRF
power deposition from the D(H) minority ion cyclotron heating is calculated using a
bounced averaged Fokker-Planck code coupled to the full wave code TORIC. [10] The
ICRF power deposition depends on the fraction of the minority ions. On C-Mod it is

obtained through spectroscopic measurements of D, and H, radiation and is typically 4-
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5%. TRANSP calculations for the discharges from the magnetic field scan experiment
show that the ion minority tail temperature does not exceed 5 keV. This result is in good
agreement with the experimental measurements [11] from Alcator C for similar plasma
parameters. At this rather low temperature, the hydrogen minority ions from the tail of
the distribution created by ICRF tend to equilibrate with both the deuterium ions and the
electrons. Fig. 6-6 shows the radial density profiles of the ICRF power as well as the
total power distribution between ions and electrons for some of the analyzed non-ITB

(Fig. 6-6a) and ITB (Fig. 6-6b) discharges.
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Figure 6-6: ICRF radial power density profiles (upper plots) and radial total power distribution
(lower plots) as calculated by TRANSP for a) non-ITB and b) ITB discharges during the pre-ITB H-
mode phase. There is approximately the same amount of ICRF power going to ions (diamonds) and
electrons (asterisks) in the non-ITB discharge. There is ~50% more ICRF power going to ions than
to electrons in the ITB discharge.

Profiles are plotted against square root of normalized toroidal flux p = ﬁ . The

upper plots in Fig. 6-6 show density profiles of ICRF power going to deuterium ions
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(diamonds) and electrons (asterisks), while the bottom plots depict the total integrated
ICRF power distribution between ions (diamonds) and electrons (asterisks). From this
picture it can be seen that approximately the same amount of ICRF minority heating
power goes to ions and electrons in the discharges that do not develop ITBs. However,
there is approximately 50% more power going to deuterium ions than to electrons in the
discharges that develop ITBs. Also it can be clearly seen that the ICRF heating location
is indeed shifted outward for the ITB discharge which corresponds to the higher magnetic
field. All these facts can be important for the temperature considerations, since both

temperature gradients and values affect stability of ITG modes.

6.4 lon temperature and transport analysis

TRANSP solves particle and power balance equations in order to find particle
flux I and heat flux q as well as the corresponding particle diffusion D and heat diffusion

%, coefficients. In a simple form these equations can written as follows

on;
J
3 oI

where j refers to the plasma species, S is the particle source, and Q is the thermal source.
In C-Mod discharges, the core particle source is zero, and therefore, the pinch term must
play an important role in density peaking. Particle flux is assumed to consist of diffusive

part plus an inward neoclassical pinch

T, =-D,Vn, +I7 (6.7)
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The neoclassical component of the total particle flux is computed based on the
Hinton-Hazeltine formulation [12] and includes the Ware pinch [13] as well as
contributions from the temperature and density gradient driven terms. A comparison of
the neoclassical Ware pinch and total electron velocities during the pre-ITB phase is
shown in Fig. 6-7. The analysis suggests that the neoclassical pinch is strong enough on
C-Mod to explain the experimentally observed density rise, which is consistent with the
previous TRANSP analysis [14] and non-linear gyrokinetic calculations by Ernst ef al.

[15], as well as the results presented in the next chapter.
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Figure 6-7: Radial profiles of the total electron and Ware velocities during the pre-ITB H-mode
phase of the discharge.

For the heat flux calculations, TRANSP assumes the flux to be entirely diffusive,

so that it can be written as g = nyVT . The power balance analysis requires knowing

temperature profiles for both electrons and ions as well as heat sources. In addition to
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ohmic heating, heat sources include direct electron and ion ICRF heating, mode
conversion, and slowing down of the minority tail as well as heat exchange between the
ions and electrons. All of these are calculated by the built-in RF code TORIC and
TRANSP self-consistently. While the electron temperature on C-Mod is measured with
several diagnostics, measurements of the ion temperature profiles are quite limited for
most experiments. However, ion temperature profiles can be modeled in TRANSP by
solving the conducted heat flux for T; given a model for y;. Such analysis was performed
for the 80 MHz magnetic field scan. In these modeled discharges the plasma ion
temperature profile was calculated under the assumption that y; is proportional to the

Chang-Hinton

neoclassical ion thermal diffusivity [16], xi = kY , which is a standard procedure

in this type of analysis [3, Ch. 3.6].
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Figure 6-8: Measured and calculated by TRANSP neutron rates. Good agreement is obtained
throughout most of the discharge until the ITB starts to develop at t=1.2 s.

135



The factor of proportionality « is chosen in a feedback corrected loop such that
the calculated neutron rate matches the one measured in the experiment. A comparison
of the experimentally measured and calculated neutron rates is shown in Fig. 6-8. Good
agreement is obtained throughout the discharge in this case up until the ITB starts to
develop at around t=1.2 s.

The results of the ion temperature simulation are shown in Fig. 6-9. All of the

calculated profiles are shown during the H-mode (pre-ITB) phase.
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Figure 6-9: TRANSP calculations of ion temperature. Profiles are taken during H-mode (pre-ITB)
phase of the discharges. Solid line - measured electron temperature; dashed line - calculated ion
temperature; “— ¢ —* - scaled ICRF power deposition profiles; “— ¢ * e — “ . measured electron
density. The ion temperature profile flattens as the ICRF power deposition profile is moved
outward, with the absolute deviation between T; and T, being small. The region of reduced T;
gradient moves with the ICRF resonance.
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Profiles are plotted against square root of normalized toroidal flux p = ﬁ .

Electron density profiles are similar for all discharges. The resultant ion temperature
profiles (dashed line) are fairly close to the electron temperature (solid line), which is
consistent with experimental observations and the fact that the high C-Mod density
should lead to a strong coupling, giving good equilibration between ions and electrons.

The ion temperature profile measurements in this case were limited to the T;(0)
values derived from the neutron rate measurements. However, these values are in good
agreement with both measured T.(0) and TRANSP calculated Ti(0). Fig. 6-9
demonstrates once again that changing the magnetic field indeed shifts the ICRF
deposition profile. Furthermore, the modeled ion temperature profile gets broader as the
ICRF resonance is moved outward, which is consistent with the experimental
observations discussed previously. The discharge corresponding to Fig. 6-9(d) developed
an ITB. The flat region of the ion temperature profile in this case shifts to r/a ~ 0.45,
approximately the position where the ITB foot is seen later in the discharge.

To illustrate further and quantify this trend, the values of R/Lt for the ion
temperature profiles of Fig. 6-9 have been calculated at the radial positions shown in Fig.
5-1(b). The results of these calculations are shown in Fig. 6-10, where the ITB and non-
ITB regions are the same as in Fig. 5-4. As with the electron temperature profiles
(compare with Fig. 5-4), R/Lr; values exhibit a similar downward trend at or near the ITB
foot location.

It should be noted that in these TRANSP simulations the coefficient k in the v;

formulation equals 8-10 during L-mode and decreases down to 2-4 during H-mode.
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Figure 6-10: R/Ly for the ion temperature calculated at the indicated radial positions shown on Fig.
5-1(b). All values are calculated during H-mode (pre-ITB) phase. Ion temperature profiles are
calculated by TRANSP and are shown in Fig. 6-9. The r/a position of the ICRF resonance is shown
on the upper axis. The yellow region on each plot corresponds to non-ITB discharges, while the blue
region contains discharges that developed ITBs. As with the electron temperature, there is a
downward trend for R/Ly at positions at or near ITB foot location.

For certain discharges, especially the ones that developed an ITB, this coefficient
drops down to and even below 1. This occurs primarily during the ITB phase of the
discharge and is often seen in transport analyses for C-Mod ITB discharges, and in
analyses of ITBs on other experiments. Varying certain plasma parameters such as
impurity content, Z or T, within experimental errors changes the energy equilibration

term between ions and electrons. This changes the values of k and as a result of ;
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necessary to produce such ion temperature that would lead to having the calculated
neutron rate match the measured one. The resultant coefficient of proportionality, k
equals 1.5-2.5 during the pre-ITB phase in the H-modes for the discharges that developed
ITBs. It is important to emphasize that as a result of these sensitivity studies, the overall
trends for T; being broader than T, and the region of reduced gradient of T; moving
outward with the ICRF power deposition profile persist. It is also important to note that
similar results for the ion temperature profiles and the same trend of profile widening
with the ICRF outward shift is obtained if the model y; profile has the form y; = k.

The particle diffusion coefficient is inversely proportional to the density gradient,
which is relatively flat in the H-mode phase of the discharge. This makes the coefficient
subject to large uncertainties and defeats the physical interest of deriving it from
TRANSP calculations. The resultant thermal diffusion coefficients are shown in Fig. 6-
11, where TRANSP calculations of the effective

(Xe = (in;VT; + %1, VT,)/(n,VT; +n,VT,), asterisks) and neoclassical (xnc,

diamonds) thermal conductivities are plotted.

Yeer remains well above neoclassical values across the whole plasma volume for
the non-ITB discharge, while during the ITB it approaches neoclassical values inside the
ITB foot, which is at r/a = 0.5. These profiles are consistent with previous C-Mod results
[17, 18]. The drop in . inside the barrier foot to near neo-classical levels suggests once

again that this ITB forms an energy barrier as well as a particle barrier.
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Figure 6-11: Radial profiles of the thermal transport coefficients as calculated by TRANSP for the
non-ITB (left) and ITB (right). Effective thermal conductivity (asterisks) is significantly higher than
neoclassical values (diamonds) across the whole plasma volume during the H-mode phase in the non-
ITB discharge. However, it reaches neoclassical values inside the ITB foot during the ITB phase.

TRANSP simulations performed for the discharges from the current scan
experiment support the trend that the magnetic shear is lower for the discharges that
develop ITBs. This trend persists in the core plasma region even during the pre-ITB H-
mode phase, which again suggests that the magnetic shear might play a stabilizing role in
the ITB formation mechanism. Calculations of the ICRF power deposition profiles
demonstrate that the ICRF heating location indeed shifts according to the magnetic field.
The analysis of the power distribution between ions and electrons shows that
approximately 50% more power goes to ions in the off-axis heated discharges.
Therefore, there might be enough power for the ions to widen or flatten at least locally

the ion temperature profiles during the off-axis heating scheme as suggested by the
TRANSP T; simulations. This can affect the stability of ITG modes which will be

explored in the next chapter. The analysis of the effective thermal coefficients shows a

140



reduction to neo-classical level inside the ITB, which is consistent with the previous

results and demonstrates that ITBs on C-Mod are thermal barriers as well.
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Figure 6-12: Inward particle flux as calculated by TRANSP at times corresponding to the H-Mode
phase (pre-ITB for ITB discharges). Ware pinch is higher for the ITB discharges as a result of the
higher H-mode density.

Transport analysis of the discharges from the current scan experiment reveals that
the inward neoclassical particle pinch is stronger for the ITB discharges. This is a
consequence of the higher H-mode density which in turn is a result of the higher plasma
current. Fig. 6-12 shows Ware pinch profiles for the analyzed discharges at times

corresponding to the pre-ITB phase of the H-mode. Moreover, careful analysis of the
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ICRF power deposition profile reveals that it is slightly shifted outward for the ITB
discharges, which is again a result of the higher plasma current and therefore, slightly
higher total magnetic field. The latter suggest a temperature gradient link. Overall, these
facts can explain the ultimate difference between ITB and non-ITB discharges in these

experiments.

Finally it should be noted that TRANSP calculations are not performed in a
sequence corresponding the results presented in this chapter. Instead all the calculations
are done self-consistently in an iterative manner with multiple feedback loops, creating

the final outputs.
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Chapter 7

7 Gyrokinetic stability and transport analysis

Turbulence driven by micro-instabilities is believed to be responsible for the
anomalous transport in tokamaks. Therefore, numerical simulations of these instabilities
are desired to understand whether the plasma is stable to the microturbulent modes and, if
these modes are unstable, to determine the resultant transport level. For this thesis

research, such simulations were performed using the gyrokinetic code GS2. [1, 2]

7.1 GS2 code: geometry and model equations

7.1.1 Linear GS2 code

GS2 is a gyrokinetic stability code which numerically solves the gyrokinetic
equation (4.2) including an appropriate collisional operator along with the quasineutrality
condition. The linear version of GS2 was developed by Kotschenreuther et al. [1] The
code solves for the distribution function using finite differences in time and parallel
direction, but is spectral in the radial and perpendicular directions. Velocity space is
discretized in energy and pitch angle. The energy grid is regular, while for circulating
particles, the pitch angle grid is determined by Gaussian quadrature. For trapped
particles, the pitch angles are selected so that each parallel spatial grid point is a turning
point. A Lorentz collisional operator is used for pitch angle diffusion and the equilibrium
distribution functions of all species are taken to be Maxwellian. Finite Larmor radius

effects as well as kinetic effects from trapped particles and magnetic drifts are included.
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The magnetic geometry can be numerically input from an equilibrium solver, or various
analytic models can be used. Our simulations utilized the Miller equilibrium with
specified elongation, Shafranov sshift, and triangularity for each flux surface.

In the simplest tokamak equilibrium model, the coordinate  defines the minor

radius and 0 and  are the poloidal and toroidal angles respectively. In this equilibrium

model, the magnetic field is B = B /(1+ £cos(&)) , where € =1/R, and R is the major

radius of the center of the selected magnetic surface. Instabilities grow on the rational

magnetic surfaces defined as m = ng(r) , where m and n are poloidal and toroidal mode

numbers respectively, on which k; = 0, and Landau damping is weakest. More generally,

k is given by k = skg -Z{- , where s is the magnetic shear with the corresponding scale
5

length L and x is the distance from the rational magnetic surface. Increasing this
distance increases ion Landau damping and therefore, causes the perturbed potential
eigenfunction to decay. This causes the instability to center around the rational surfaces,
creating a “modelet” at each surface. [3] In the ballooning representation, or
approximation, all modelets are assumed to be identical, which is in essence a
translational invariance in the radial direction. In the case of ballooning modes (high n
number), the equations to be solved are reduced to one-dimensional equations (in
coordinate space) along the magnetic field lines on any given magnetic surface through
the so-called ballooning transformation [4]. This is essentially a Fourier representation in
0 space. Individual modelets on successive rational surfaces are added up with the
appropriate accounting for the phase shift between the surfaces, to form a ballooning

mode. Using this representation, the perturbed electrostatic potential is expressed as [1]
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(T)(r, 0,4 ,t) = explin( — q(r)6] i&(ﬁ —-27 p,r,t)expling(r)2x p], 7.1

p=—
where p labels the rational surfaces. c} is defined in the infinite ® domain and ® is

periodic in the toroidal and poloidal angles. Then the linearized gyrokinetic equation for

each plasma species s takes the form [1, Eq. 2]

0 V| o n 0 -
-6_tgs+_1"€5gs+md’gs+c(g“°)—T F, Jo(a +za).s)[¢(0 - |Ai|(0)} (7.2)

where g, = f; + (e, /T, )Fms¢7(0) » Fms 1s the Maxwellian part of the distribution function

for species s, Wy = o, (L,; / R(E /T, )1+ vﬁ/ v? ){cos 0 +[s0 - asinf]sin 0} ,

2
kg=-nqlr, k, =k,9{l+[.§6?—arsin6’]2}l , § is the magnetic shear,

=-¢’R(dB/dr), of, = 0, {1 +n,[(EIT,)-3/2]}, Jy = Jo(k, v, /9,), and the rest
of the notation is standard. The collisional operator used in the GS2 code is a Lorentz

operator

C(g E)—(1-£%)— 7.3
(8.)= e()g(é‘)f (7.3)

where £ =v /v, v (E)=[v,; /(v/ ve)3 Zg +H,(V/v,)], v, is the electron thermal

velocity, and H,,(x) = exp(—x?) /(J;x) +[1-1/(2x%)] erf(x). A similar linearized

operator is used for ions and impurities.
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7.1.2 Non-linear GS2 code

The non-linear version of the GS2 code was developed by Dorland et al. [2]. This
code employs a similar field-aligned coordinate system using toroidal flux tubes [5, 6],
which is a convenient description for microturbulent drift modes that are highly elongated
along and narrowly localized across the magnetic field lines (ky <<k, ). Inthese
coordinates the magnetic field can be written as

B=VaxVy 7.4
Obviously, both a and y are constant on field lines and therefore, are natural coordinates

for the flux tube. Vi is perpendicular to the magnetic surface and y defines the flux

surface. Va is tangential to the magnetic surface and perpendicular to the magnetic field
line and o defines the individual flux tube. [7] A third coordinate is the distance along
the flux tube.

In such coordinates, the nonlinear gyrokinetic equation can be written as [5]

~ - F. 67
(g;+v”b-v+iwd)f=ia)fx—e2—;a—a'f- (7.5

Here the distribution function F; = Fj(&,y) depends only on the energy £ =m v2/2 and

the poloidal flux coordinate y. The total time derivative is given by
d, =9, +(c/ B)[Z,], where [,]denotes the Poisson bracket. The fields are represented

by

~ ~ V)~ J mv? B
xz =J0(}’)(¢ ——”—An)+—‘(7)———l 1 (7.6)
c ¥ e B
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where y =k, v,/Q, of = ncd,, Fy, and n is the toroidal mode number of the

perturbation. Eq. (7.5) describes the evolution of the fluctuations which satisfy
7 6 A B
-L~£¢—~—"~—"~2~-§<<1,k"L~klp~1 1.7

as was discussed in chapter 4. The self-consistent electromagnetic field fluctuations are

computed from the gyrokinetic Poisson-Ampere equations [5]

vig =4ereIdv[e$ a—:fuo(y)f], (7.8)

vig=-3 [dvew ()7 | 19)

B ar 2 i) 7

RS %:Idvmvl . f. (7.10)

The simulations are done in a volume narrow in a and y space. Therefore, the
variation of the equilibrium quantities across the flux tube is ignored.
The detailed description of the GS2 code and how to prepare runs is beyond the

scope of this thesis. More details on that can be found in Refs. [1, 2, 5, 6, 8]

7.2 Linear GS2 analysis

In the previous chapters we identified some possible stabilizing mechanisms
which might play an important role in triggering ITBs in C-Mod ICRF heated discharges.
These are low magnetic shear and the observed broadening of the temperature profile. In
order to assess the effects of these mechanisms on the diffusion caused by the

microturbulent modes, stability analysis using the linear gyrokinetic code GS2 was
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performed. Calculations were carried out on the MIT Plasma Science and Fusion Center
Theory Group parallel computational cluster Marshall [9]. In this analysis, growth rate
profiles of ITG/TEM/ETG modes were computed using profiles generated by the

TRANSP calculations, utilizing the tools GS2_PREP and GS2_PLOT [8].

7.2.1 ITG growth rate profiles

Because they have longer wavelengths, ITG modes are the primary candidates for
the anomalous transport in the C-Mod plasmas. First, in order to study the effect of the
temperature gradient on the stability of ITG modes, linear GS2 analysis was performed
for the discharges from the magnetic field scan experiment. Calculations were performed
in a non-adiabatic electrostatic mode using four plasma species: electrons, deuterium,
minority hydrogen, and boron as an impurity. In all cases, the stability analysis was done
at the ITB onset time. The modes are characterized by normalized wave vectors, 0.1 <
kipi< 1, where k, is the wave vector component perpendicular to the magnetic field line.

In the spectrum analysis of the mode we found that the growth rate of ITG modes peaks

atk,pi~0.3-0.4 (p; =/T; / m; / @,;) for all of the analyzed discharges. Fig. 7-1 shows a

typical ITG spectrum for an outer plasma region that is strongly unstable to ITG modes.
The resultant ITG growth rate profiles for the discharges from the magnetic field
scan experiment are depicted in Fig. 7-2. Growth rates are plotted as a function of the
normalized toroidal flux, p. Plasma profiles adopted for these gyrokinetic simulations are
shown in Fig. 6-9. Profiles shown in Fig. 7-2 correspond to the different discharges each

with a different magnetic field. In this particular case, the lower field corresponds to on-
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axis heating, while higher field corresponds to more off-axis heating as can be seen from

the Fig. 6-9.

_' Growth rate
0.08 Real frequency /10
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Figure 7-1: Linear growth rate and real frequency spectrum for ITG modes calculated at the ITB
onset time for a radial position just outside ITB. ITG mode spectrum peaks at k, p; ~ 0.3-0. 4 for all
of the analyzed discharges.

Fig. 7-2 shows that ITG modes are suppressed in the core plasma region and the
region of stability to ITG modes gets wider as the ICRF resonance is moved outward.
This analysis also suggests that the growth rate of ITG modes is systematically lower for
the discharges that developed ITBs than that of the non-ITB discharges.

Moreover, the ITB foot is located at r/a ~ 0.5, approximately the location to which
the stable region extends at higher field. This figure also suggests that one should expect

a slightly broader ITB for 6.3 T discharge than for 6.2 T. However, electron density
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profiles as measured by Thomson scattering system do not have enough spatial resolution

to make a conclusive statement for such similar discharges.

ITG growth rate profiles

——56T
—=a-58T non-ITB
60T

—>—62T
} ITB

—%—6.3T

O ® O N D H O O A 2
TP I F LSRG

rho

Figure 7-2: Linear ITG growth rate profiles calculated at ITB onset times for the discharges from the
magnetic field scan experiment. Higher field corresponds to more off-axis heating. There is no ITG
turbulence found in the core plasma region. The region of stability to ITG modes gets wider as the
ICRF resonance is moved outward by changing the magnetic field. For ITB discharges it extends
radially to approximately the location of the ITB foot. ITG growth rates are systematically lower for
the discharges that developed ITBs.

The analysis of a broader dataset of C-Mod ITB discharges does not allow us to
conclude that ITB foot is always located at exactly the position of the ICRF resonance
either, since there are cases where the ITB is formed to the inside of the ICRF power
deposition. Fig. 6-9(d) shows an example of that.

In order to assess the effect of the magnetic shear, similar GS2 stability analyses
were performed for the discharges from the plasma current scan experiment. The results
of the ITG growth rate calculations are plotted in Fig. 7-3. The spectra of the ITG modes
for these runs are similar to the previous case. Different profiles in Fig. 7-3 correspond to

the discharges with different plasma current. The results suggest that the region of
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stability to ITG modes gets (marginally) wider with increasing plasma current. Also the

ITG growth rates for the higher current discharges are somewhat lower.
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Figure 7-3: Linear ITG growth rate profiles calculated at ITB onset times for the discharges from the
plasma current scan experiment. The region of stability to ITG modes gets wider with increasing the
current. ITG growth rates are somewhat lower for the discharges that developed ITBs.

The dependence of the linear ITG growth rate on the magnetic shear was
investigated through a systematic scan while keeping the rest of the plasma parameters
intact. For that, several radial locations for the 1.1 MA discharge were chosen, for which
the magnetic shear was multiplied by a set of factors ranging from -0.2 to 1.5. The
results are shown in Fig. 7-4.

These results are in qualitative agreement with the gyrokinetic simulations done
for DIII-D by Kinsey, Waltz, and Candy. [10] However, there is an upshift in the
magnetic shear space compared to the DIII-D results, where ITG growth rate peaks at
lower shear values. Moreover, this picture cannot explain the dependence of the ITB

formation on the magnetic shear suggested by kinetic EFIT and TRANSP calculations.
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Figure 7-4: Linear ITG growth rates as a function of magnetic shear calculated at different radial
positions for the 1.1 MA discharge. Marked are the original magnetic shear values.

First of all, the difference in the magnetic shear for ITB vs. non-ITB discharges
calculated by kinetic EFIT and TRANSP is observed in the core plasma region that is
stable to the ITG modes. This difference is minimal in the outer region where ITG
modes are unstable. Furthermore, linear GS2 analysis suggests that if there is a
dependence on the magnetic shear, then lowering its value should result in higher ITG
turbulence level. This trend is in contradiction to the framework that ITB formation is
related to the suppression of turbulent transport.

Even though kinetic EFIT and TRANSP calculations suggest a link between
lower magnetic shear and ITB formation, so far we have not been able to back this

hypothesis with linear GS2 calculations. It is possible that nonlinear GS2 calculations are
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required to resolve this issue. At this stage C-Mod does not have a means of changing
the magnetic shear in a controlled way. The machine also lacks a diagnostic for direct
measurement of the magnetic shear. This complicates the analysis and hinders the direct
testing of the hypothesis that the magnetic shear might play a role in triggering ITBs in

C-Mod plasmas.

7.2.2 Linear critical gradient

Since for the flat density profile limit, the stability of ITG modes depends on the
R/Lr value, it is instructive to calculate the critical value and estimate the proximity to
this value. For this, profiles from the field scan experiments were used with the
temperature gradients multiplied by a set a factors ranging from 1.2 to 3. Thus a set of
ITG growth rate profiles was obtained for each case. Then for each radial position in
each curve, linear interpolation of the ITG growth rate vs. the temperature gradient was
used to derive the critical value. The results are plotted in Fig. 7-5.

This figure shows the comparison R/Ly; values derived from the ion temperature
profiles calculated by TRANSP (asterisks) and the critical gradient values estimated from
linear GS2 analysis. Interestingly enough, the derived critical values are relatively
constant and do not seem to depend on plasma parameters. It is seen that the region of
reduced temperature gradients for which R/Lt < R/L™ extends further out for the high
field, or conversely, off-axis heated discharges.

For more careful analysis of the critical linear threshold, two points on the
opposite sides of the spatial region of interest near the location of ITB were chosen. The

first point corresponds to p = 0.32 from a 5.6 T discharge, and the second point
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Figure 7-5: R/Lq for the ion temperature. Asterisks correspond to the R/Ly; values derived for the

ion temperature profiles calculated by TRANSP. Diamonds represent critical R/Ly values from
crit

linear GS2 analysis. The region of reduced gradient for which R/Ly <R/L;™" extends further out for
the high field, or conversely, off-axis heated discharges. The sawteeth inversion radius extends to r/a
~0.25.

corresponds to p = 0.62 from a 6.3 T discharge. The results are shown in Fig. 7-6. These
runs were done with three ion species (deuterium, hydrogen, and boron) and adiabatic
electrons in order to reduce the influence of the electron modes near marginal stability.

Linear dependence is observed in the ITG growth rate as a function of the temperature
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gradient, which enables us to derive the linear threshold for the ITG instability. The
R/L:"™" value is estimated to be 4.7 for the inner point and 4 for the outer point. The
derived threshold is expected to be a complex function of plasma parameters, but its
values are fairly close to the ones derived by the interpolation method (Fig. 7-5), which

do not show much variation with the input parameters.
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Figure 7-6: ITG growth rates as a function of R/L for a) 5.6 T discharge, p=0.3; b) 6.3 T

discharge, p = 0.6. Original values are marked in red. There is linear dependence of the ITG growth
rates on the temperature gradient. The critical value of R/Ly = 4.7 is obtained for the inward point,
while R/Lt = 4 for the outward point. The value of the temperature gradient for the outer point is
further away from marginal stability, which is consistent with higher growth rate obtained in the
linear GS2 calculations.

The value p = 0.6 corresponds to the third unstable radial zone for 6.3 T discharge in the
linear GS2 calculations as can be seen from Fig. 7-2. It is further away from marginal

stability than the p = 0.3 point, which corresponds to the first unstable zone for the 5.6 T

discharge.
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7.2.3 TEM/ETG growth rate profiles

Analysis of the electron modes for the above mentioned discharges has been
performed as well. Fig. 7-7 shows a typical TEM/ETG pre-ITB spectrum for a position
just outside of the ITB foot location. The spectrum for ETG modes usually peaks at k1 p;
~ 25, with a slight shift toward shorter wavelengths for radial positions closer to the
plasma edge. The fastest growing ETG modes in our analysis usually have growth rates
of 6-8 Mrads/s. No significant particle transport is expected from short-wavelength ETG
modes, due to the adiabatic ion response, which results from ion-orbits averaging out the

potential perturbations.

6 | Growth rate B
Real frequency /10 .=

Mrad/s

Figure 7-7: Linear growth rate and real frequency spectrum for TEM/ETG modes calculated at ITB
onset time for a radial position just outside the ITB. The ETG mode spectrum usually peaks at k, p;
~ 25 with a slight shift toward shorter wavelengths for positions closer to the plasma edge. The TEM
range does not have distinct boundaries and corresponds to a longer wavelength part of the
spectrum.
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In Fig. 7-7 no clear or distinct contribution from trapped electron modes can be
seen in the longer wavelength part of the spectrum. Standard mixing length arguments
imply that the nonlinear saturation of these instabilities occurs when non-linear damping

becomes comparable to the linear growth rate. This leads to a scaling of particle and
thermal transport coefficients of D, y ~Ax* /At~y /k?, where 3, k, are the growth rate

and the perpendicular wave vector of the fastest growing mode. Comparison of growth
rates and wave numbers of ITG and ETG modes leads to the conclusion that the
contribution of the ETG modes to the overall transport on C-Mod is negligible. Of
course, ETG turbulence may be highly anisotropic [2], resulting in transport levels much
higher than mixing length estimates. Nevertheless, recent nonlinear ETG simulations
that include ion dynamics show that ETG modes make only a small contribution to
overall transport when ITG modes are unstable. [11] Further linear GS2 calculations for
the C-Mod discharges do not reveal any difference between ETG growth rate profiles for
ITB vs. non-ITB cases. Shown in Fig. 7-8 are the ETG growth rate profiles for the shots
used in Fig. 7-2. Even though some variations in the profiles are observed, it is not
possible to derive any systematic trend or make a clear distinction between ITB and non-
ITB cases in the way that it can be done for ITG modes in Fig. 7-2. This suggests that the
major difference in particle transport occurs due to suppression in ITG growth rates.
Further investigations were made to try to identify the electron mode. The
potential candidates, TEMs and short-wavelength ETGs, respond differently to the
electron temperature gradient and collisionality. Therefore, a few radial points from

around the ITB region were chosen for the collisonality scan. First of all, setting
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VT, =0 makes the mode disappear, which excludes the density gradient driven TEM

mode. Second, changing the collisionality within a wide range only marginally affects

ETG growth rate profiles
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Figure 7-8: Linear ETG growth rate profiles calculated at ITB onset times. There is no clear
difference between ETG growth rates corresponding to ITB vs. non-ITB discharges.

the mode’s growth rate. This is expected for ETG but not TEM turbulence, since
collisionality affects the particle trapping that is required for the trapped particle

instability. The results of this exercise are shown in Fig. 7-9. The collisionality

parameter adopted in GS2 runs is defined as v* =v,; , where a is the minor radius.

-
V2
For this scan, the base case corresponds to v* =0.25, while for high and low

collisionality this parameter equals 0.6 and 0.1 respectively. These runs suggest that the

short wavelength electron mode observed in GS2 simulations is probably ETG.
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Figure 7-9: The electron mode’s growth rate at selected radial positions in the region of ITB for
different collisionality. The mode’s growth rate is almost unaffected by changing collisionality within
a wide range, which suggests that the observed mode is ETG rather than TEM.

7.3 Non-linear GS2 analysis

Non-linear gyrokinetic simulations are required to calculate the resultant diffusive
particle flux. These calculations were performed for two radial points described in the
previous section. Three plasma species (electron, deuterium, hydrogen) were used with
the impurity density added to the major ion species to maintain quasineutrality. 10

poloidal modes were used spanning 0 < kyp; <1. Calculations were carried out on the

computer cluster at the National Energy Research Scientific Computing Center. [12]
Fig. 7-10 shows the typical evolution of the electrostatic potential. Zonal flows

which correspond to k¢ = 0 (red curve on the plot) are driven by the primary instability

161



and compete with it, causing the non-linear saturation of the turbulence level. Each
individual run advances 100-200 psec in simulation time. Therefore, several runs are

usually needed to estimate the resultant saturated particle flux.
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Figure 7-10: Evolution of the electrostatic potential. Zonal flows with ke=0 (red curve) grow on the
primary instability and compete with it, causing the saturation of the turbulence level.

Fig. 7-11 depicts the evolution of the particle flux for each species. The resultant
electron and ion fluxes are the same, while the total charge flux is zero as one would
expect from quasineutrality. The flux itself is intermittent, which is an inherent property
of the turbulence. Therefore, the run time has to be long enough to enable averaging over
several bursts. Examples of a contribution of each poloidal harmonic to the overall

particle flux and the resultant flux spectrum for a converged GS2 run are shown in Fig. 7-

12.
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Figure 7-11: Evolution of the particle flux for each species. It is intermittent; therefore, long enough
runs are needed to average over several bursts. Electron and ion fluxes are the same, and the
resultant total charge flux is zero as one would expect.
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Figure 7-12: Contribution of poloidal harmonics to the overall particle flux (a) and the resultant
spectrum of the flux (b). The spectrum peaks at k,p; = 0.3 (labeled ky on the plot) which corresponds
to the fastest growing mode in the linear spectrum.

The outward diffusion flux for the p = 0.6 zone is estimated to be I" ~ 9.7x10'° m™
%!, This is comparable to the TRANSP estimate of the neoclassical inward particle flux
for the same time phase and radial position. The latter is estimated to be I' ~ 4.5x10"° m"
%51, This is consistent with the expectations that the zone outside the transport barrier is
dominated by the outward diffusion. The analysis of the Ware pinch reveals that it
increases slightly towards the center, while the turbulence driven outward flux is
expected to decrease according to the ITG growth rate profiles in Fig. 7-2. A two-fold
decrease of the outward flux as a result of the flattening of the temperature profile is
sufficient for the Ware pinch to overcome the diffusive term and peak the density profile.
The result of comparison of the inward and outward particle fluxes is similar to the
previous C-Mod results [13, 14], which suggest that the inward pinch on C-Mod is strong

enough to cause a peaked density profile.
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Fig. 7-11 shows a base case, where plasma parameters were taken directly from
the TRANSP results. In order to assess how the turbulent flux changes with the
temperature gradient, a systematic scan has been performed. Fig. 7-13 shows the particle
flux as a function of R/Lr for the p = 0.6 zone of the 6.3 T discharge. During this scan the
temperature gradients of all species were scaled by the same factor, while all other
plasma parameters were kept intact. The time corresponds to the pre-ITB phase of the H-
mode as before. Fig. 7-13 enables us to estimate the non-linear threshold for the
instability, which in this case is R/L™" ~ 4.8. The difference between non-linear and
linear critical temperature gradients is a ‘Dimits shift’ [15], which in this case constitutes

~ 20%.
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Figure 7-13: Particle flux as a function of R/Ly as calculated by non-linear GS2. Temperature
gradients of all species were scaled by the same factor, while all other plasma parameters were kept
intact and corresponded to pre-ITB values. The estimated R/L;*™ is about 4.8.

It turns out that the p = 0.3 point from the 5.6 T discharge is very close to

marginal stability, which is expected since it is the first unstable zone for this discharge
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even in the linear gyrokinetic simulations. Therefore, a 10% decrease in the temperature
gradient results in virtually zero particle flux and no non-linear critical temperature
gradient is obtained for this zone. The particle flux estimated for the base case isI" ~
2.1x10" ms, which is smaller than the p = 0.6 case and is consistent with the linear
results.

Another non-linear simulation was done for p = 0.48 from the 6.0 T discharge.
This radial position corresponds to the barrier region. The resultant particle flux for this
point is T ~ 11x10" m™?s™!, which is higher than the previous two values and again is

consistent with the linear results.

7.4 Discussion and summary

It is not entirely clear what drives the transport in the central plasma region.
Stability analysis on Alcator C-Mod [16] and throughout the database on other machines
[17] shows that plasma core is generally stable to microturbulent drift modes to relatively
large r/a values (r/a > 0.5). It still remains to be explained why ITBs are not seen all the
times at smaller radii. It is likely that some other transport driving mechanisms are at
play in the inner part of the plasma that do not allow the density to peak in the core
region where the plasma is predicted to be stable to ITG modes. The potential candidate
for C-Mod could be the transport induced by sawtooth oscillations. In all cases, the ITB
foot is located outside the sawtooth inversion radius and there is gap between
sawtoothing and ITG-unstable regions. However, as was pointed out before, the sawteeth
are definitely more pronounced for on-axis heated discharges with larger temperature

perturbations outside the inversion radius. GS2 analysis reveals that increasing
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temperature gradients by ~ 50-100 %, which is not unreasonable for the region just
outside the sawtooth inversion radius, helps close this gap for on-axis heated discharges.
This might help explain the fact that ITBs on C-Mod are obtained only in the discharges
with off-axis ICRF heating.

Non-linear GS2 simulations reveal another interesting effect. Although no
anomalous pitch is observed for the experimental input parameters considered, increasing
the temperature gradients for all species leads to a particle pinch. The pinch does not
seem to be affected by changes in the density gradients. The nature of this pinch is not
well-understood and more non-linear gyrokinetic simulations are required to address its
relevance for C-Mod high density plasmas. The simulations suggest that the particle
pinch is associated with shorter wavelengths. This points to the need to include more
poloidal modes in the spectrum and therefore, much more computational power is needed
to address the issue.

Linear gyrokinetic simulations suggest that anomalous transport on C-Mod is
dominated by ITG modes. They also reveal that the region of stability to ITG modes gets
wider as the ICRF resonance is moved off-axis. The resultant diffusive particle flux is
consistent with the neoclassical inward pinch calculated by TRANSP. Overall,
gyrokinetic simulations seem to support the framework that suppression of ITG
turbulence is one of the key mechanisms in triggering ITBs in C-Mod off-axis ICRF
heated discharges. The role of the magnetic shear is harder to assess through gyrokinetic
simulations, since all evidences suggest that the magnetic shear for ITB and non-ITB

discharges is similar in the region unstable to ITG.
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Some of the results of the gyrokinetic and TRANSP analysis presented here can

be found in Ref. [18].
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Chapter 8

8 Conclusions and future work

The work described in this thesis contributed to the study of the physics behind
the formation mechanisms of internal transport barriers on the Alcator C-Mod tokamak.
Because transport barriers lead to improved confinement regimes with ultimately higher
fusion yield, it is an important topic for the development of fusion reactors as a source of
energy.

A number of significant contributions to the scientific community in general and
to the C-Mod group in particular were made as a result of this thesis research. First of all,
a new core Thomson scattering diagnostic installed on C-Mod in 2002 significantly
improved measurements of plasma density and temperature profiles as described in Ch. 3.
It almost doubled the spatial resolution of the existing system and related laboratory work
resulted in doubling of the time resolution as well. Now this system routinely provides
reliable n and T, measurements over the entire range of C-Mod plasma parameters,
giving ~1 cm midplane resolution in the region of the ITB, and having an option to study
fast (~1 ms) transient phenomena in the plasma. A new method of absolute calibration of
TS systems was pioneered over the course of the thesis work. This method has several
advantages over standard techniques and should be easy to deploy on other tokamaks. In
Ch. 3, it is shown that supplementing TS measurements with data obtained from the
Visible Bremsstrahlung diagnostic allows the derivation of the effective plasma charge
profiles. Overall, the new core TS system on C-Mod proved to be a successful project,

which paved the way for another diagnostic upgrade currently being installed. An
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increased number of channels should allow us to better determine the position of the ITB
foot and to perform parametric studies to determine the dependence of the foot location
on plasma parameters.

The necessity of using TS and other diagnostics measurements for transport
analysis and simulations resulted in the creation of software tools for data fitting. The
resultant smooth n, and T, profiles are used in TRANSP and subsequently in GS2
simulations. As described in Ch. 6 and the Appendix, density and temperature fitting
packages give a user a wide variety of options for data processing and fitting. These are
widely used by the C-Mod group and collaborators.

The ITB formation has always been linked to the suppression of instabilities,
among which microturbulent drift modes are the primary candidates for the anomalous
transport in tokamaks. ITBs on C-Mod are routinely produced in EDA H-mode plasmas
by putting the ICRF heating location off-axis. The working hypothesis for this thesis
research was that the ITB formation can be explained within a paradigm of marginal
stability. Shifting the ICRF resonance location off-axis can result in broader temperature
profiles. Flattening (even local) of the temperature profile can decrease the drive for the
temperature gradient driven instabilities and significantly reduce the outward diffusive
flux. As described in Ch. 5, several sets of experiments were undertaken on C-Mod over
the course of the thesis work to test this hypothesis experimentally. Magnetic field scan
experiments, which allowed a systematic scan of the ICRF heating location, successfully
demonstrated that both the electron and ion temperature profiles broaden when the ICRF
resonance is shifted outward. Another experiment involved changing the heating scheme

from on-axis to off-axis during a plasma discharge. The analysis of the electron
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temperature profiles for this experiment also revealed flattening in the region of ITB.
Overall, there is enough experimental evidence to suggest a link between an outward shift
of the ICRF resonance location, temperature broadening or flattening, and ITB formation
in C-Mod ICRF heated plasmas. However, more detailed measurements of the ion
temperature profiles are desired. They will be possible for the future experiments thanks
to a recent diagnostic upgrade on C-Mod.

Numerous transport analyses and simulations were performed over the course of
the thesis research using the widely used transport analysis code TRANSP as described in
Ch. 6. Among many other things, it allowed us to calculate the deposition profile of the
ICRF power, the heating power distribution between ions and electrons, and to model ion
temperature profiles based on the measured neutron rate. TRANSP calculations
supported experimental evidence that shifting the ICRF heating location outward flattens
the ion temperature profiles. They also demonstrated that more ICRF power goes to ions
during the off-axis heated discharges, which can facilitate T; flattening. Different
minority fractions can be used in future experiments to change the power partition
between ions and electrons and study the effect on the temperature gradients.

Gyrokinetic stability analysis was performed using the GS2 code as described in
Ch. 7. Linear GS2 analysis suggested that anomalous transport on C-Mod is dominated
by ion temperature gradient driven modes. It also revealed that the region of stability to
ITG modes gets wider as the ICRF resonance is moved outward. Critical gradient
analysis supported this trend. Non-linear GS2 calculations showed that outward diffusive
particle flux is of the order of the inward neoclassical pinch and dominates it in the outer

plasma region, which is strongly unstable to the ITG modes. These calculations
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demonstrated that decreasing the temperature gradient indeed results in a significant
reduction of the transport, which helps explain the formation of the peaked density
profiles.

It is still to be explained what drives the transport in the plasma core. The results
from C-Mod and the database from other machines show that typically the plasma center
is strongly stable to the drift modes to a relatively large radius (r/a > 0.5). It is likely that
the core transport on C-Mod is dominated by the sawteeth that are usually present.
Further transport calculations will be the subject of future research. Also many more
non-linear gyrokinetic calculations are desired to better understand the dependence of the
turbulence level on the plasma parameters. This will be possible with the upgrade of the
Marshall Theory Group computer cluster at the Plasma Science and Fusion Center, MIT.

A set of plasma current scan experiments were also done to study the dependence
of the ITB formation on current. Analysis using kinetically constrained EFIT magnetic
reconstruction revealed that the magnetic shear was systematically lower in the core
plasma region for the discharges that developed ITBs. Equilibrium reconstruction by
TRANSP supported this trend. This suggested that on C-Mod, low magnetic shear can
play stabilizing role similar to that found on other machines. However, the trend was
observed in the core plasma region that is already stable to ITG turbulence, which makes
it difficult to perform a systematic analysis with gyrokinetic simulation. Unfortunately,
currently C-Mod lacks a diagnostic for direct q profile measurements, which complicates
the analysis of the role of the magnetic shear. The corresponding diagnostic for such
measurements will be available for future experiments. Also up to date C-Mod did not

have means for active control of plasma current and consequently, q profiles. A newly
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installed lower hybrid RF system should allow us to perform experiments to test the
effect of the q profile and magnetic shear on ITB formation on Alcator C-Mod.

Even though this thesis is to a large extent a result of the author’s work, it,
naturally, benefited at every step from the assistance and guidance of many colleagues,

specifically acknowledged in the corresponding section.
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Appendix A

Profiles mapping and fitting

Use of the TRANSP code requires smooth radial profiles for density and
temperature. The fiTS program was developed to provide these. This is an upgrade of
the fitting routines also known as fit_ne and fit_te, which were previously developed in
collaboration with Darin Ernst. The fiTS code has a graphical user interface (GUI) and
therefore, has more powerful visualization capabilities as well as wider range of options
for data processing and fitting. This GUI was coded by MIT UROP students Eric
Grebing and David Ely. The fitting algorithm remained unchanged, and it is the GUI that
will be described here.

fiTS consists of two major components: density and temperature fitting. Upon
loading a valid C-Mod shot, for which TS and EFIT data are available, fitted n. and T,
profiles are produced automatically using the default parameters. These parameters were
optimized based on prior experience and common sense. A user can then look at the
resultant profiles for each individual time slice and change the parameters of the fit if
necessary. The code gives the user the option to choose between different EFIT trees for
the equilibrium data (the default is the ANALYSIS tree). Also during the loading phase a
user can skip (default setting) remapping of ECE data used for the T, profiles onto the
low field side (LFS) along constant poloidal flux surfaces. All the data used for the
fitting together with the resultant profiles can be saved in a file and easily restored from

the widget.
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A.1 Fitting of density profiles

For the density fitting, measurements from the core and edge TS systems are

used. Visible bremsstrahlung (profiles of », ,[Z o ) profiles are used to help identify the

ITB phase of the discharge. Several criteria for the profile curvature, peaking, height,
and the ITB foot location were adopted for this purpose. VB data are also used together

with the derived n, profiles to obtain profiles of Zs.
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Figure 1: Density temporal smoothing page. Raw data vs. time for each individual core or edge TS
channel are shown in the middle plot. A user can choose the time waveforms and type of temporal
smoothing as shown in the lower graph. Smoothed data are shown on the upper plot. Different
temporal smoothing can be applied to different radial regions.
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Even though no temporal smoothing of the raw data is done by default, a user can
and sometimes should take a look at the time evolution of the TS signals. The density
smoothing page of the widget is shown in Fig. 1. Different phases of the discharge can
be smoothed using different time windows. This is achieved through allowing a user to
create waveforms as shown on the lower plot. Triangle, boxcar, and Gaussian windows
of the specified widths can be used. Also a user can divide a radial profile into several
zones (through Region Edit in the lower left corner of the page) and apply the chosen
smoothing algorithm to each individual radial zone. Once the time fitting process is
finished, an automatic profile refitting should be done as prompted by the GUL

A generic view of the resultant density fitting is shown in Fig. 2.
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Figure 2: A general density fit for an H-mode plasma. Three radial regions with corresponding data
points and fits are shown.
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There are three distinct regions of the fit: core, edge, and the co-called cubic join. As it
can be seen from Fig. 2, the characteristic scale lengths and the diagnostic resolution
differs a lot for the core and edge plasma regions. This is why they are fitted separately
and then stitched in a continuous fashion using a cubic spline.

The edge region consists of the data points from the edge TS diagnostic. A user
can add a few data points (3 by default) from the core TS system to this profile. Radial
smoothing can be applied with the smoothing window chosen by a user. The profile is

fitted by the modified fanh function, which has the following form:
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Figure 3 The modified hyperbolic tangent function.
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This function has 5 parameters that define it: the midpoint, the height, the width, the
outboard base level, and the inboard slope, as can be seen from the figure. Doing a check
on these and other parameters such as x? determines whether tanh fit is successful. It is
empirically found that this type of function fits the edge region well, not only during the
H-mode when an edge pedestal develops but also during L-mode. If the tanh fit is
unsuccessful, then polynomial fitting is used. An example of the edge fitting page of the

widget is shown in Fig. 4.
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Figure 4: The edge density fitting page with the core and edge TS data shown in green and blue
respectively.

The core region consists of the core TS data including a few data points from the
edge TS system at the top of the pedestal. This region is fitted with B-spline, which takes
into account experimental uncertainties in the measurements. The important fitting
parameters for the B-spline are the order of the fitting and the number of knots, because
they define how smooth the resultant profile will be. A user can change these, and

different default parameters are used for the ITB and non-ITB phases of the discharge.
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Higher order and more knots are used for fitting the ITB profiles. An example of the core

density fitting page is shown in Fig 5.
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Figure 5: The core density page with the core and edge TS data shown in green and blue respectively.

A negative spatial gradient is assumed by default. However, this should not be
used for the times shortly after the L-H transition when hollow density profiles are
sometimes observed. Zero slope and negative curvature at the magnetic axis are also
assumed. Radial smoothing can be applied. Also B-spline ignores data points that are
outside a specified range from the resultant fit. This range is defined by the outlier factor
(default value is 1.5).

The fact that a few edge data points are used for the core fit and vice versa
ensures that they a close to each other in the overlapping region. These two are finally

stitched together in a smooth fashion using a cubic spline, matching values and slopes at

182



two radial locations designated by the ‘core join’ and ‘edge join’ keywords. These
locations are marked by the vertical lines in Fig. 2. By default the core join is calculated

by the edge fit and defined as r, —A from the tanh parameters. The core join is taken to

be 3 cm inboard. However, the user has freedom to change these values.

The resultant density fit is plotted on the combined density page of the widget
(not shown). This page contains most of the fitting parameters described above.
Keyword defaults can be reset on this page as well as the current set of parameters
applied to all time slices. Here one can toggle plotting of data from individual
diagnostics and individual fits. VB profiles can be plotted together with the density fit
for comparison. Also a user can manually mark any data point as an outlier and exclude

it from the analysis.

Using n,, /Z o Profiles from the VB measurements and the resultant density fits

allows us to calculate Zs profiles. An example of the Zg page is shown in Fig. 6.
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Figure 6: Z.x page. Typical error bars are shown.
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The widget returns profiles of Zs as well as the average values calculated within a
certain radial range defined by the user. Since Z¢ < 1 is unphysical and is a diagnostic

artifact, a minimum threshold can be applied.

A.2  Fitting of temperature profiles

For the temperature fitting, measurements from both the core and edge TS
systems as well various ECE diagnostics (GPC, GPC2, FRCECE) are used. The fitting
logic, algorithms, and data processing techniques are the same as for the density. Only
important differences will be discussed.

The data reading routines identify which T, diagnostic is available for a given
shot and by default the widget uses all available data. All the data from the ECE systems
are interpolated onto the TS time base. As a result, a lot of time dependence is lost and
smooth T, profiles thus obtained should not be used to study fast phenomena. One
additional fitting parameter is the radius up to which ECE data are included in the core
fitting. By default 0.85 m is chosen, because it was found empirically that ECE
measurements are less reliable in the edge pedestal region. Another addition is the
threshold parameter which is defined as the ratio of the actual density to the critical value
at which the electron cyclotron emission from the plasma is cut off. This parameter helps
remove ECE data points that are near the cutoff and thus not reliable.

An example of the temperature fitting page is shown in Fig. 8. In additional to

plotting, the user has an option to specify which ECE diagnostic to use in the fitting.
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Figure 7: The combined temperature fitting page. Note different colors for different T, diagnostics.

A3 Summary

fiTS has proven to be a useful tool for visualizing and fitting density and
temperature data obtained from various related diagnostics. This widget provides a user
with a wide variety of options for data processing and fitting. Automatic profiles
generated by the code are usually good enough for most applications. Buttons, keywords,
and parameters are self-explanatory, however, a thorough documentation on this software
exists. A curious reader can find it on the C-Mod Linux cluster under

/ust/local/cmod/idl/fits/documentation.
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