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Abstract

ICRF provides Alcator C-Mod with up to 3.5 MW of power at 80 MHz using two
double-strap antennas. By varying the magnetic field and the mix of ion species, a
variety of heating regimes have been studied. To investigate electron heating regimes,
mixtures of He® and H were used in plasmas at 6.5T. Efficient ( < 80%) direct elec-
tron heating has been observed in this scenario and is attributed to mode conversion
to the ion Bernstein wave (IBW). Measurements of the mode conversion power de-
position using a nine channel grating polychromator (GPC) indicate that the IBW
damping can be very strong, with central power densities > 25MW/ m? and FWHM
widths of &~ 0.2a. The presence of > 8% deuterium ”impurity” in these plasmas
is shown to significantly broaden the power deposition profiles. The GPC has also
been used to study the heating mechanisms in the two standard C-Mod heating sce-
narios: D(H) and D(He3) minority heating at 5.3T and 7.9T respectively. Mode
conversion can provide a significant fraction of the heating in D(He?) plasmas, with
60% efficiency and profiles which are peaked well off axis (r/a = 0.6) at the high-
est He® concentrations (nges/ne =~ 0.2). Data from D(H) experiments illustrate
techniques to measure minority ion tails using electron temperature dynamics. In
addition, evidence is presented for D(H) mode conversion heating at high hydrogen
concentration.
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Chapter 1

Introduction

As with any thesis, the topics considered here will be specific and focussed. The work
represented in this thesis however is a part of a large network of related efforts within
the fusion community. In this section, the motivation for this thesis will be given
in the context of the goal of this larger research effort which is a safe and longterm

source of energy.

1.1 Energy and Fusion

Energy alternatives to fossil fuels have been actively sought since the energy crisis
in the 1970’s when the transient nature of the world’s reserves was first widely ap-
preciated. Although the crisis is over for now, the problems of exhaustibility and
environmental impact still remain. Among the renewable resource options, only nu-
clear energy schemes have the potency required to replace fossil fuels and provide the
bulk of the growing global energy demands into the foreseeable future. Both fusion
and fission tap the immense energy bound in nuclei which is roughly a million times
more concentrated than the chemical energy of conventional sources. The hazards of
plant operation and the waste products of fission plants are similarly concentrated
and this has influenced the wide belief in North America that fission is an unaccept-
able energy solution. Fusion energy has the same advantages as fission, without its

dangers of plant meltdown, weapons proliferation, or long term waste problems. The
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fusion energy potential represented by the deuterium in the world’s oceans could sup-
port the current world consumption for billions of years. It is the goal of the fusion
research community to develop reactors which economically exploit the advantages

of fusion as an energy source.

Fusion is the energy source for the stars. The gravitational force of huge quanti-
ties of hydrogen creates high temperature and density in the stellar core. Thermal
energies are so great that the electrons are stripped from the atomic nuclei creating
a completely ionized material called a plasma. As the temperature increases, the
distance of closest approach during collisions between the positively charged ions de-
creases. When the ions pass within the short range of influence of the nuclear force,

they may fuse by undergoing one of the following nuclear reactions:

D+ D — T(1.01MeV) + p(3.02MeV) (1.1)
D+ D — He*(0.82MeV) + n(2.45MeV)
D+T — He*(3.5MeV) +n(14.1MeV)

D+ He* — He*(3.6MeV) + p(14.7TMeV)

The energy released by these reactions is the energy source for the star. This energy
makes its way to the surface where it is radiated away as light. Gravity compresses
the core and increases the density. The energy released from the fusion reactions
increases the temperature. The fusion reaction rates typically increase with both
density and temperature, as does the outward pressure exerted by the plasma. The
star thus reaches an equilibrium where the central pressure caused by the fusion
process balances the crush of gravity. The light we see is the result of the inner fusion
“fire” in which hydrogen is being “burned” to form helium “ash”. Fusion reactor
concepts here on earth seek to reproduce this stellar process on a much smaller scale
and thus without the aid of gravity as a source of confinement. It is relatively easy to
create fusion reactions in the laboratory, and the reaction processes described in Eq.
1.1 are well understood. Considering fusion as a potential source of power imposes

very serious constraints on the reactor scheme employed. Many varied schemes have
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been considered, but in the most promising, fusion occurs due to high energy collisions
in a hot hydrogen plasma, as in the sun. In a laboratory or reactor, external heat
must be applied to achieve the conditions necessary for the fusion process to begin. If
part of the energy released from the fusion remains in the plasma and is sufficient to
maintain the temperature, then the process can be sustained without further external
heating. It is a goal of the fusion energy research community to achieve this “ignited”

plasma condition in a reactor.

1.2 Magnetic Fusion

Fusion grade plasmas can reach temperatures in excess of 100 million degrees centi-
grade and can not be contained by any solid material. However the charged particles
which make up a plasma are constrained to move largely along lines of magnetic field
as sketched in Fig. 1-1. For this reason, containment schemes consisting of closed

magnetic field line geometries have been pursued aggressively.

1.2.1 Tokamaks

The most promising magnetic fusion reactor concept is the tokamak !, a toroidally 2
shaped field geometry, in which a large current is driven around the torus which both
heats the plasma and establishes a helical twist to the magnetic field lines thus greatly
enhancing particle and energy confinement. A thorough review of the major physics
and engineering features of tokamaks is given by Wesson [1]. Chen [2] provides a
more detailed overview of plasma physics. The basic geometry is shown in Fig. 1-2.
Charged particles may circle the device freely, but must diffuse relatively slowly across
the field lines to escape. Fusion reactors will use a 50-50 mixture of deuterium and
tritium, and thus (see Eq. 1.1) the fusion products are positively charged He* (alpha
particles) and neutrons. Neutrons are unaffected by the magnetic field and carry

their energy out of the reactor where it can be absorbed and become available for

1Tokamak is a contraction from the Russian TOroidalnaya K Amera MAgnitaya Katushka, which
roughly means toroidal chamber with magnetic coil.
2toroidalrs “doughnut shaped”
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Figure 1-1: Sketch showing the motion of a charged particle in a uni-
form magnetic field. Motion perpendicular to the mag-
netic field is subject to a force o« ¢ V x B and results in
circular orbits with the characteristic cyclotron frequency
Q = ¢B/m, with a size specified by the Larmor radius
ri, = V1 /Q. Motion parallel to the magnetic field is un-
affected. The combined result as shown at the top is a
spiral motion around the magnetic field.
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Figure 1-2: Cross section and schematics showing the distinguishing

features of the tokamak. The toroidal field coils produce
the dominant component of the containment field. The
large plasma current driven by the transformer stack pro-
vides an essential poloidal component to the magnetic
field in addition to ohmic heating for the discharge.
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power production. The alpha particles are confined by the magnetic field and their
portion of the fusion energy can heat the plasma through collisions. Through this
mechanism the plasma can ignite and become a self sustaining fusion energy source.
A simple condition, called Lawson’s criterion [3], for achieving an ignited plasma can
be derived from an energy balance analysis of a magnetically confined plasma. As a
minimal requirement, the alpha fusion power source must balance the power losses
due to radiation. As a result, there is a minimum requirement for the fusion produﬁt

expressed below:

note 2 10%[sec/m?] (1.2)
where: ng is the plasma density.

7g 1s the energy confinement time.

1.2.2 Auxiliary heating and energy confinement

Lawson’s criterion implicitly assumes operation near the optimal temperature of
~ 20 - 30keV. Tokamak plasmas are ohmically heated by their externally driven
current. However the resistivity of a plasma decreases as the temperature increases (
n T3/ ) and so for a given plasma current, the ohmic power input decreases as the
temperature is raised. For this reason, so-called auziliary heating sources are typically
needed to approach optimal temperatures. Unfortunately, a universal observation on
tokamaks has been that the energy confinement tends to degrade as external power
is applied. This is described by the so-called Goldston [4] L-mode ( “L” stands for
“Low” energy confinement mode; see below.) scaling law: 75 & (Popmic + Paw)'l/ 2,
This trade off between increasing the plasma temperature with additional heating
and reducing the energy confinement is of central importance to the design of future
fusion reactors. An empirical scaling law representing the best fit to the international
database of tokamak results has been established to quantify this result. It provides
a prediction, based on basic plasma and engineering parameters, for the energy con-

finement time, 75 = W/ P,,t, where W is the total energy stored in the tokamak, and
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P, is the total input power [5]:
TE 1TER-ss(s€c) = .048 x 13'8533'200'350'5(ne)o'lBg'on'sPtZ? * (1.3)

where I, is the plasma current (MA), Ry and a are the major and minor radii (m)
of the tokamak, respectively, « is the vertical elongation of the discharge, (n.) is the
average plasma density (10°°m™2), Br is the toroidal magnetic field (Tesla), and A is
the atomic mass number of the plasma ions. As is implied by the need for empirical
scaling laws, tokamak transport is currently not well explained theoretically. A major
development in this decade has been the emergence of a distinct new mode of improved
energy confinement called “H-mode” (H standing for “High” confinement). The “H”
indicates that the energy confinement is significantly higher than that predicted by Eq.
1.3. Transitions to H-mode can be very sudden (< 1 msec) and although conditions
in the plasma edge appear to control the onset, the improved energy and particle
confinement result in large increases in the central plasma pressure and the global
stored energy (g < 2.57; for Alcator C-Mod to date). A result emerging from
international studies indicates the existance of a threshold for H-mode onset in the
power density at the plasma edge (r = a). The use of auxilary power to exceed this
threshold appears to be as effective as ohmic power, indicating that the relationship
between auxilary power and energy confinement is very complicated.

The goal of this introduction to magnetic fusion is to indicate the key roles played
and interrelations of auxiliary heating and energy confinement in tokamaks. Both
subjects are topics of this thesis. Primary emphasis is placed on heating experiments
with high power radio frequency waves. In Chapt. 10, the dynamics of thermal
transport are examined using the externally launched wave power as a time dependent

heat source.

1.2.3 Diagnostics of fusion plasmas

Many physics issues regarding the magnetic confinement of fusion plasmas remain

unresolved and require intensive experimental study in order to indicate the dom-
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inant effects involved. The harsh environment of fusion plasmas requires remote
non-intrusive diagnostic techniques. The work in this thesis will rely most heavily on
measurements of the plasma temperature and the principles and techniques involved

are discussed in Chapts. 4 and 5.

1.2.4 Plasma waves

The study of fuéion plasmas involves the consideration of the dynamics of a many-
body system with long range particle interactions and large free energy. That these
systems exhibit a rich spectrum of collective behavior comes as no surprise. Though
cdmplex, the theory of plasma waves has successfully described many phenomena of
great importance to the advancement of fusion technology. Two distinct regimes of
plasma waves play key roles in this thesis. The primary source of auxiliary power on
Alcator C-Mod is ICRF wave heating (see Chapt. 1.3.2). The primary diagnostic tool
for this thesis is an electron cyclotron wave emission (ECE) temperature diagnostic
(see Chapt. 5.4). The unifying theory behind these two distinct wave applications
will be described in Chapt. 2.

1.3 Alcator C-Mod

1.3.1 Alcator C-Mod parameters

Alcator C-Mod is the third in a series of tokamaks built and operated at the MIT
Plasma Fusion Center [6]. The most distinguishing feature of these tokamaks is
a particularly high toroidal magnetic field®. This feature allows very high plasma
densities to be achieved, and values for the fusion product to rival that at other
much larger (and more expensive) tokamaks throughout the world. For this reason,
Alcator C-Mod is often described as a compact high performance tokamak. The
plasma parameters are given in table 1.1.  Figure 1-3 shows the Alcator C-Mod

tokamak in cross section.

3Alcator is an contraction from the Italian ALto CAmpo TORus meaning high field torus.
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| Parameter | Standard Symbol | Achieved (Maz.) Value units |

Major Radius Ry 0.67 m
Minor Radius a 0.21 m
Magnetic Field Br - 79(9) T
Plasma Current I, 1.2 (3) MA
Electron Density Ne < 1.1 x 10 m™3
Electron Temperature T, <6 keV
Ion Temperature T; <45 keV
Auxiliary Heating Prorr 3.5 (8)* MW
Elongation K 0.95 - 1.85 .
Current Flattop Time ~1 s
* planned.

Table 1.1: Alcator C-Mod plasma parameters.

1.3.2 ICRF Heating

Auxiliary heating on Alcator C-Mod is provided by ion cyclotron range of frequency
(ICRF) heating. Currently, two 80 MHz transmitters deliver up to 3.5 megawatts
of power to two double-strap antennas. These antennas are designed to launch fast
magnetosonic waves from the midplane of the low field side of the tokamak. More

detailed discussion of the theory and strategies of ICRF heating is given in Chapt. 3.

1.3.3 Temperature Diagnostics

Accurate temperature measurements are crucial to understanding plasma behavior
and tokamak performance. It is the ion temperature which ultimately determines the
fusion rate. The electron temperature is generally different from that of the ions and
is often more crucial to many plasma physics phenomena. On Alcator C-Mod there

are two major independent measurements of both the ion and electron temperature.

e Ion temperature: The fusion rate is a sensitive known function of the density
-and ton temperature in a plasma. With assumptions about the profile shape,
the ion temperature can be inferred from count rates on calibrated neutron
detectors [7] outside the tokamak. It should be noted that the neutron rate

from H — He® plasmas is too low to provide ion temperature information.
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Figure 1-3: Alcator C-Mod cross-section.

Highly ionized states of high-7Z impurity atoms exist near the plasma core and
_spectroscopic measurements of x-ray line emission (8] are used to measure the
ion temperature profiles. Five scannable chords allow profile information to be

obtained.

Electron temperature: Coherent Thomson scattering [9] is a potentially pow-
erful technique which uses high power laser pulses to scatter from plasma elec-
trons. The system can provide fairly robust measurements of the electron tem-
perature and with absolute calibration on neutral gas can also provide density
measurements. The extreme technical challenges involved with this diagnostic

significantly limit its availability.

As will be described in Chapt. 4, electron cyclotron emission ECE from the
plasma can be used to measure temperature profiles. The Alcator C-Mod ECE
system allows in situ calibration and routine simultaneous operation of two

complementary diagnostic instruments, a scanning Michelson interferometer,
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and a grating polychromator, as shown in Fig. 1-4 [10]. The system is described
in detail in Chapt. 5.

1.3.4 Cyclotron motion

Figure 1-1 showed the basic motion of charged particles in a magnetic field. This
cyclotron behavior is a central theme of this thesis. As seen above, ion cyclotron
resonances are exploited to provide a source of auxiliary heating and electron cyclotron
emission is used as a temperature diagnostic. The cyclotron frequency for a particle

of charge, g, in a magnetic field, B, is given by (MKS units):

B

g
We = —
m

2|9

(1.4)

3

where ym is the relativistic mass. Relativistic effects can be important for electrons
(see Chapt. 5) but may be ignored for ions in the plasmas considered here. Relativistic
effects aside, the key features of this expression are that the cyclotron frequency is
determined by the fundamental ratio of charge to mass, ¢/m, and proportional to the
magnetic field intensity. Knowing these proportionalities and the handy expression

for the value of the fundamental electron cyclotron frequency:

fECE ~ 28 GHz/Tesla, (15)

allows the easy calculation of ) for any particle.

1.3.5 Other Diagnostics

Carrying out even simple physics experiments in the harsh environment of tokamak
plasmas requires the successful operation of many sophisticated engineering and di-
agnostic systems. For the sake of clarity and brevity, only those elements which are
most crucial to the conclusions of this thesis will be discussed here. Methods for
determining the ion ratios in the plasma provide essential support for the D-He3 and

H-He3 heating experiments of Chapts. 7 and 8 respectively. For considerations of
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Figure 1-4: Isometric view of the Alcator C-Mod ECE diagnostics.
The two complementary diagnostics both utilize the front-
end quasioptical beamline [11]. Once in the adjoining lab,
wire grids are used to perform mode selection and to split
the signal between the the two instruments.
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flow, they are discussed in appendix A. Briefly, the calibration of the He® gas puff-
ing relies heavily on the two-color interferometer, the Z-meter, and the delivery and
measurment systems for neutral gas. The neutral particle analyzer is the main instru-

ment used to obtain the density ratio of deuterium and hydrogen, of key importance

in Chapts. 8 and 9.

1.4 Outline of thesis

A brief summary of each chapter is given here.

e Chapter 2: Summarizes the formalism of plasma waves, emphasis on the prin-
ciples and assumptions required to understand and describe the key wave phe-

nomena involved in this thesis.

e Chapter 3: Gives the details of the crucial ICRF wave physics for the thesis.
In particular, the dynamics of the competition between minority ion heating
and mode conversion electron heating are described and given physical inter-
pretation. The expected differences between the D(He®) and D(H) scenarios

are discussed.

e Chapter 4: The theory of electron cyclotron emission (ECE) is reviewed with

emphasizing the issues of relevance for applications to tokamak diagnostics.

e Chapter 5: The ECE diagnostic system on Alcator C-Mod is described. In
particular the grating polychromator (GPC) instrument on Alcator C-Mod is
described and its performance is analysed. Certain operational techniques and

improvements to the instrument are described.

e Chapter 6: A description of various analysis techniques for radio frequency
heating experiments is given. Highly time resolved temperature measurements
from the GPC provide the principal information. Particular emphasis is given
to mode conversion heating experiments in which power is coupled directly from

a mode converted ion Bernstein wave to the electrons.

33



e Chapter 7: Analysis of the D — He® heating experiments is described. Signif-
icant IBW mode conversion is observed over nearly the entire range of minority
concentrations used to date. This somewhat suprising result is compared with
the predictions of simulation codes. An attempt to reconcile this result with

distinctly different results on the PLT tokamak is made.

e Chapter 8: Results from H — He® mode conversion experiments are described.
Though peaked power depostion profiles with record power densities were seen in
early experiments, attempts to use this localized electron heat source to conduct
transport studies were confounded by a spatial broadening effect. Analysis
given in this chapter attributes this result to the presence of increased levels of

deuterium compared to earlier experiments.

e Chapter 9: In contrast to the D — He® experiments, highly efficient minor-
ity ion absorption is observed in D(H) experiments. A novel technique for

estimating minority ion energies is described.

Electron heating was observed in a high hydrogen concentration D-H plasma.
The data for this shot are analysed to determine the likely heating mechanism.
The most likely explanation is IBW mode conversion, which has not been pre-

viously observed for D-H tokamak plasmas.

e Chapter 10: Measurements of transient electron temperature phenomena can
be used to study thermal transport ( a central issue for the development of more
efficient magnetic confinement ). Power modulation experiments in H — He?
were conducted with the intent of conducting transport studies. Though a
thorough study was not possible (see Chapt. 8 ), analysis of early data was
carried out. This chapter is intended to briefly describe the techniques and

issues involved, to allow a starting point for future work.
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Appendices:

e Appendix A: This appendix describes how the ion fractions were determined
for the various ICRF experiments. The calibration of the He® puffing system

resulted in a measurement of the plasma screening of helium.

e Appendix B: This appendix makes specific comments on the use of filter

gratings for low-pass filters.
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Chapter 2

Waves in magnetized plasmas

2.1 Introduction

A subject which unifies this thesis is the propagation of electromagnetic waves in
plasmas. On Alcator C-Mod, high power waves in the jon cyclotron range of frequen-
cies (ICRF) are launched into the plasma to heat it to temperatures beyond what
can be achieved through ohmic heating alone. The main thrust of this thesis is to
study the different mechanisms through which power is transfered to the plasma. The
primary diagnostic tool for these studies is an electron temperature diagnostic (see
Chapts. 4 and 5) which measures the plasma’s thermal electron cyclotron emission
(ECE). The former uses megawatts of externally applied power at 80 MHz to actively
heat the plasma. In the latter, microwatts of plasma emission at frequencies near
300 GHz are passively detected to infer the plasma temperature. Though the two
systems are extremely different in many ways, plasma waves play an essential role in
both. In this chapter, we will lay out a general formalism which describes both the
ICRF wave physics that we wish to study, and the ECE physics which is essential to
the electron temperature diagnostic. Because these results are applied to tokamak
plasmas, special attention is paid to the case of wave propagation perpendicular to

the magnetic field (6 ~ #/2).
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2.2 The wave equation

A short derivation of magnetized plasma wave theory is given below. Oscillating wave
quantities are assumed to vary as exp(z k - r — ¢ wt), with real w and complex k. The
amplitudes of the oscillations are assumed to be small and only linear terms are kept
in the wave equations. A coordinate system is chosen so that the assumed uniform
external magnetic field is B = ByZ, and the wavevector lies in the z — z plane so that
k =k cosf 2+ k sinf x. Standard manipulations of Maxwell’s equations give the

starting point for our derivation of the wave equation:

+ar— (2.1)

1 [6%E 0J
VX(WE>=—C—2[3§ at]

If the plasma current is viewed as the displacement current response of a dielectric

medium, the dielectric tensor, ?, can be defined such that:
‘K -E =E + (4ri/w)J (2.2)

With some vector manipulation and the further definition of the index of refraction,

N = ck/w, the wave equation then becomes:
N(N-E)-N’E+ K -E=0 (2.3)

In order to evaluate ‘K, the current must be expressed in terms of the electric field.
In general, the plasma current is obtained from the distribution averaged motion of

each particle species:

I = D njg / flvy)vsd®y (24)
j —C0
where: J labels the sum over the plasma species

and: q; is the “signed” charge, ie + Zje for ﬁ;’:mns respectively.
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Because the interaction between each particle and the wave field is mediated by the
Lorentz force which depends on the particle velocity, solving for the self consistent
wave current is in general extremely difficult. In §2.4 the linear wave equation is given
for the case of plasma species with Maxwellian velocity distributions. Below, the so

called “cold-plasma” approximation is made which allows a much simpler solution.

2.3 Cold plasma approximation

The cold-plasma assumption is that for a given solution to the dispersion relationship
the phase velocity of the wave is much greater than the thermal velocity of the
electrons (and thus the ions too). As the condition must hold for both the parallel
and perpendicular components of the phase velocity it is most conveniently expressed

by the two inequalities:

> 1 2.5
kveh, (25)

kipi <1

where p; is the ion gyro radius. This approximation is often very accurate, and greatly
simplifies the expressions, but the assumption used will fail at resonances, ie where
k — oo. We proceed then, knowing that near resonances, kinetic effects must be

introduced to produce the proper behavior.

With the assumption of zero streaming velocity for each particle, the wave per-
turbed velocities are obtained from the self consistent solution of the equations of

motion governed by the Lorentz force law:
. 1
—twm;v; = Z;q;(E + “Vi % Bo) (2.6)

Vector algebra and Maxwell’s equations allow the velocity to be expressed as functions
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of the electric field as desired. The solutions are given below:

v, = g 1Es — (Q/w)E, (2.7)

miw  1—Q%/w?

g; 1B, — (Q;/w)E;

Uy =
Y mw 1-0%/w?
7’.quz
v, = ——
m;w

Inspection of Eq. 2.7 makes clear the tensor nature of ‘K . With the introduction of
the so called Stiz parameters [12] given below, |

where: P (2.8)

Il

—

I
g
&l

the wave equation (Eq. 2.3) may finally be expressed explicitly in matrix form:

S —N?cos?§ —iD NZ?sinfcosf| |E,
iD  S-N? 0 E,| =0 (2.9)
NZ2sin 6 cos6 0 P — N?sin’0| |E,

2.3.1 Dispersion relationship

Non-trivial solutions, ie E # 0, are given by setting the determinant of the matrix

to zero. This yields the dispersion relationship for cold-plasma waves which may be
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expressed as:

AN*—BN*+C = 0 | (2.10)
where: A = Ssin®6 4+ Pcos®6
B = RLsin?6+ PS (1+ cos®0)
C = PRL

Equation 2.10 can be rewritten in another form as shown below:

—P(N? — R)(N? — L)
S(N? — RL/S)(N% — P)

tan?6 =

(2.11)

Cut-offs

A wave is said to reach cutoff when N — 0. Cutoff layers separate regions of prop-
agation and evanescence for a given wave. If the evanescent region is thin enough,
incident waves can tunnel through. Thick evanescent layers result in reflection. Map-
ping cutoff layers in a plasma is thus of great importance when considering whether
one region of the plasma is accessible from another for a particular wave !. Equation
2.10 implies that the cutoff condition, N = ck/w — 0, requires P = 0, R = 0, or
L=0.

Resonances

Equation 2.11 illustrates the nature of cold plasma resonances, defined by N — oo.

There are two basic types of resonances:

6 =0 : Occurs where S — oo. This occurs for either R — oo ( w = we ), or

L — 0o (w =ws ), and obviously corresponds to cyclotron resonance.

6 =7/2 : Occurs where S — 0, called the “hybrid” resonance.

1Unfortunately the answer is often the response dreaded by all querying travellers, “You can’t
get there from here”
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Polarization

In the coordinate system we have set up, the z-y plane is perpendicular to the mag-
netic field. When considering the interaction of plasma waves with the cyclotron
motion of particles it is important to determine the sense of rotation of the wave
electric field in this plane. In this case, instead of using the E,, F, basis to describe

the wave polarization, a more useful and equivalent basis is used:

E* = E, +1E, Right-hand circular component (2.12)

E~ =E; —1iE, Left-hand circular component

E* is the component of the electric field which rotates in the same sense as ion gyro
motion and so is the important component when heating with ICRF. Equation 2.9
can be used to determine the cold plasma wave polarization as a simple row-column

multiplication yields:

iE,/E, = (N*-S)/D (2.13)

2.3.2 Ion cyclotron waves

The dispersion relationship for cold plasma waves was given in Eq. 2.10. In the ion
cyclotron range of frequencies (ICRF), with w < wce, one finds that |P| > |S|, thus
for waves with any appreciable parallel wave component ( |6 — 7/2| > /m./m; ) the

coefficients in equation 2.10 become:

A =~ Pcos’f (2.14)
B =~ PS(1+ cos? 0)
C = PRL
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For low frequency (w < wc.), the approximate forms for the Stix parameters for a

single ion species plasma are:

~ 2
R ¥ Wei ~ wci
~ ] 4 L= S =14+ —= 2.15
L + weitw + wg' — w? ( )
P =1l—-ao~—« D =~ %
Where:
a = w2, [w?

v =c/Vi= w;-/wi-

Using the above expressions and making the further assumption that 4 > 1 the

dispersion relationship relevant for the ion cyclotron waves used in fusion experiments

is given by:
2 (1 29) 2,2
N*cos?§ — 7wc’w(2_ -I_-f;s )N‘ + wz fzz =0 (2.16)
(o) c

The above equation is a quadratic in N?, with two basic solutions. The nature of the

two modes for near perpendicular propagation is captured by first taking w ~ w, and

balancing terms (2) and (3) to get:

2 2

1™ 1+ cos2d (2.17)

and, for large N? and w # w.;, we balance terms (1) and (2) to obtain an expression

for the second solution:

2
N2 cos? 6 =~ ~(1 + cos? @ i
2 7( )wz_wz

(2.18)

The first solution is the dispersion equation for the so called “fast” wave. At lower
frequencies this same root is called the compressional Alfvén wave. The second root

is called the electromagnetic ion cyclotron wave and is the high frequency limit of the
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shear Alfvén wave. In these discussions it will be refered to simply as the “slow” wave.
In Chapt. 3 we will return to these two modes when describing how ion cyclotron

waves can be used to heat fusion plasmas.

2.3.3 Electron cyclotron waves

We now examine the high frequency limit (w & wee > wei,wpi) of the cold plasma
dispersion relationship. The high frequency behavior of the various terms is best ex-
tracted with the assumption m./m; — 0. With some vigorous algebraic manipulation
of the solutions to Eq. 2.10, the Appleton-Hartree form of the dispersion relationship

is obtained:

20w (1 — Q)

N = 1-
2w2(1 — @) — w2 sin? 0 £ wA

(2.19)
(2.20)

where: A = \/w:g’e sin? 0 4 4w?(1 — a)® cos2 6

For § = /2, we can simplify each of the two solutions above to give the more

familiar expressions:

1—a)’w? -l
N%_mope = ((1 Z o) (2.21)

— 2
Wee

and
Né_mops = 1-« (2.22)

The ordinary mode, or “O-mode”, is so called because its dispersion relation is the
same as that for simple unmagnetized plasma oscillations. This is because the O-
mode electric field is is oriented along the magnetic field in magnetized plasmas and
the wave current is free to flow along the field lines. For the extraordinary mode,
or “X-mode”, E; is polarized perpendicular to the magnetic field and its dynamics

are much different. In Chapt. 4, we will see that the accessibility to the plasma core
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is very different for the two modes and this influences which mode can be used for

electron temperature measurements.

2.4 Hot plasma waves

2.4.1 Electromagnetic waves

The cold plasma approximation ( roughly: w/k > wvy; ) allows a wide variety of
wave phenomena to be studied accurately and with relative simplicity. There are
obvious cases where this approximation breaks down, most notably at plasma reso-
nances where the cold plasma dispersion relations indicate that & — co. When the
thermal velocities of a species of particles cannot be ignored, the calculation of the
wave perturbed plasma current in Eq. 2.4 becomes quite difficult. As the Lorentz
force is velocity dependant, one must properly account for the full equilibrium veloc-
ity distribution, fo, of the plasma when computing the net particle response to the
wave fields. This is done by calculating the first order perturbation to the velocity

distribution function, fi, in the linearized Vlasov-Maxwell equation:

VXBI

0 B -
(a-&-v-v-f-}-%vx O'Vv) f1=;q<E1+ )'V-z-,*fo (2.23)

Although the treatment of the particle orbits is now more involved than in the cold
plasma case, one can still write down a general expression for the linearized pertur-

bation to the distribution function of a given particle species:

f= 2_q Z Jz(klvl/Q)A 2lQ/kJ_ — iQUJ_Jl'(k_L'UJ_/Q)B + 2’0”-]1(]6_]_’0_]_/9)0
1T m n i(w —IQ— k”v")

(2.24)

45



In the above, J,,() is the n*h order Bessel function, and:

A =E, ~L + U (kyE, +kLE)(“L| 2l
L

B =E, —f— + Ak E, (~LI 25)

C =E, %

This result is complicated but very valuable. It allows one to examine how the
net plasma response to wave fields depends on the details of the equilibrium velocity
distribution of a particular species. We consider here the simplest case of a Maxwellian
velocity distribution with fo(v) o e=™/%T . Having chosen a form for fo, Eq. 2.24
is then used to generate the wave perturbation to the velocity distribution function
for a particular plasma species. This result may then be used in Eq. 2.4 to calculate
the net perturbed plasma current associated with a wave. Though this current has
been considerably more difficult to calculate than for a cold plasma, we may now
generate the hot-plasma version of the dispersion tensor by the same process outlined
previously. The expressions for each of the elements which result are given here for
reference: With the following definitions:

1 * e‘s2

20)=>= [ zds  Im(Q)>0 (2.25)

= (w+ nwc)/k” Vi
b= ki vth/ch (226)

the hot-plasma dielectric tensor elements may be expressed as:

Kep=1+ Z 2 (o anI )Z((n) (2.27)

2—b o

Ky = Z 7 Co Z{n” (b) + 26*[1(b) — I (D)1} Z ()

J

-K'zy yz = zZi—e bCOZ [ ( ) I (b)]Z(Cn)

-0
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w2 e“b >
— — P __ ’
I{:r;z = N = ; w2 \/2_bCO ;nln(b)z (C’n)
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In the above, I,() is the modified Bessel function of the first kind which results from
integrating over velocity space. Included below are the definitions of some of the

plasma parameters used in these expressions:

wpf. =ng,Z;e*/eom; (2.28)
Gnj = (@ + 1 wej) /Ry ven;

wej = |Z;eBo/m;|

vthf =2k T;/m;

1
bj = 5 kirLj = k_ZL Tj/mjwc;‘-’

This treatment reproduces all of the modes predicted by cold-plasma theory, but -
also predicts many new classes of waves. These hot-plasma modes are génera.lly of
shorter wavelength than the cold plasma modes and have wave dynamics which are
more longitudinal than transverse in nature. We will see in Chapt. 3 that the cold-
plasma resonances really represent localized regions where the the hot and cold modes
interact with each other strongly and in general lead to wave damping. The details
of these wave interactions are of great importance for plasma heating applications

which involve plasma waves.

2.4.2 Hot electrostatic waves

With the inclusion of finite plasma temperature, the plasma, dispersion relationship
can be solved for purely electrostatic waves, that is waves for which E || k. The ion

Bernstein wave (IBW) is a hot plasma wave which is of importance to this thesis.
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Although the IBW in general exhibits electromagnetic properties which are of key
importance when considering mode conversion (see Chapt. 3), the electrostatic ap-
proximation provides a useful starting point for determining the IBW wave properties.

The electrostatic IBW dispersion relationship is given by [12]:

oo}

k”L:t. > I(b)e™ Z(Gry) | =0 (2.29)

J n=—oo

QA2
ekw) =1+ k%”; 1+
j ¢

A detailed investigation of the IBW in tokamaks is given in [13].
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Chapter 3

ICRF heating of fusion plasmas

3.1 Introduction

When deciding how to heat fusion plasmas with electromagnetic waves, some advan-
tages of heating ions are immediately clear. As seen in Chapt. 1, fusion is dependent
on achieving high thermal energies of the plasma ions and so being able to heat them
directly is obviously advantageous. The high ion mass relative to electrons means
that the ion cyclotron range of frequencies (ICRF) represents the lowest of all the
resonant plasma frequencies. For high power RF transmitter technology, lower fre-
quencies mean simpler, less expensive devices. For these and other reasons, ICRF
heating is being actively investigated on most major tokamak devices worldwide.
ICRF provides the only source of auxiliary heating on Alcator C-Mod. This chapter

delves into the most important ICRF physics issues affecting our experiments.

3.2 ICRF heating experiments on C-Mod

As a wave propagates into an inhomogeneous plasma, its wavevector, k (and thus N)
can vary. A generalization of Snell’s law, however, dictates that the components of k
remain constant along the direction in which the plasma is uniform . In a tokamak,
the toroidal symmetry of the plasma establishes ny, the toroidal mode number of the

wave fields, as the conserved quantity. An important expression relating the mode
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Figure 3-1: Picture of the two two-strap antennas mounted on the
outboard vacuum vessel wall of Alcator C-Mod. Each
current strap is protected from direct plasma contact by
a Faraday screen. The current strap at the extreme left
is just visible through the rungs of the Faraday screen.
The inner wall is lined with square molybdenum tiles for
protection from plasma disruptions.

number to the parallel component of the wave vector is given below [14]:

. _l _ _@_mBg
k":k B—-R[n¢ m/q]_ R T‘Bz

(3.1)

On Alcator C-Mod, the ICRF antennas have two toroidally separated current straps
(see Fig. 3-1) which are driven out of phase ( so called 0 : = phasing ). The geometry
of the antennas establishes a power spectrum which spans a range of poloidal mode
numbers. The power spectrum of the vacuum fields at the plasma edge is shown
in Fig. 3-2. As nyg is conserved, each component of the antenna spectrum can be
treated independently. The propagation and damping behaviors in the plasma can

be very sensitive to the parallel wave number so it should be noted that the power
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Toroidal mode number vacuum power spectrum estab-
lished by the two-strap antennas on Alcator C-Mod ( 0:7
phasing ). ny is a conserved quantity which allows each
component of the spectrum to be handled independently.
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spectrum inside the plasma can be significantly different than the vacuum spectrum.
For example, in §3.3.2 we will see that the fast wave must tunnel through an evanes-
cent region in the plasma edge before it can propagate freely. Higher values of
are more evanescent and thus the plasma effectively “filters out” the high kj com-
ponents launched by the antennas. This and other phenomena must be taken into
account to calculate the resultant spectrum in the plasma. The precise spectrum in
experiments is not known and is part of the reason why ICRF heating is still an area
of basic research in tokamaks. The peak in the vacuum power spectrum occurs at
ng = m (Ro +a)/d = 10 where d is the separation between the two current straps
of the antennas, and for simplicity in future treatments the parallel wave number for

the fast wave will be taken to be:

10
k” ~ E (3.2)

A rough upper bound on the poloidal mode numbers describing the waves in the toka-
mak is mmax = k. r. For the fast wave, Eq. 2.17 yields the approximate dispersion

relationship for perpendicular propagation

Q;

2o Mg (3.3)
k_]_ Wy
2.
or N? =~ ?;21

Evaluating this for typical D(H) parameters, w = 27 x 80 MHz =~ 2w.p, and n. ~
2 x 10% gives k; < 90m™~!. Thus the approximation of Eq. 3.2 is reasonable for the
fast wave near the center (mmax/q < ne/2 inside the inversion radius). In §3.5 we
will see that mode conversion of the fast wave can take place to a shorter wavelength
branch of the hot plasma dispersion relationship, the ion Bernstein wave (IBW). The
poloidal mode numbers needed to represent the IBW can be much higher, and can
dominate the toroidal mode number in Eq. 3.1, resulting in a much larger value for

Ik” | This % “upshift” can be of importance to the IBW damping.
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3.3 Ion vcyclotron waves in a tokamak

In the discussion of the previous section we saw that at a given point in the plasma
and for a specified ny component of the antenna power spectrum, kj ( and thus N,)is
known. Using the low frequency approximation for the dispersion relation coefficients
( see Eq. 2.14 ) and doing some algebra, we can rewrite the dispersion relation such
that the perpendicular wave number, N,, is the dependant variable. The result is a

very useful expression for the dispersion relationship:

z SN2

(3.4)

This form of the dispersion relationship explicitly shows the presence of three singu-
larities, two cutoffs and one resonance. The implications of these singularities are very
important for understanding ICRF heating experiments. The details for each heating
scenario can vary and will be discussed in more detail for each case, but some general
properties are described here. It will be seen that the plasma has some surprises in

store for the experimentalist.

3.3.1 Wave polarization

The power available to heat ions near the fundamental ion cyclotron resonance may

be expressed as [15]:

w2.|E+|2 W — 2
_ pr =1 _ c
P= k"’L)ti167F1/2 TP [ ( k”vti ) (3.5)

where Eff = E, 4+ iE, is the left hand circularly polarized component of the wave
electric field, e having the same rotational sense as ions about the magnetic field. The

results of §2.3 can be used to determine E7 at the cyclotron resonance: (normalized

53



to E,):

E+

E,

0 Fast wave
= ‘ (3.6)

WEWei 2 Slow wave

This clearly indicates that the slow wave is best suited for ion heating at the funda-

mental resonance.

3.3.2 Accessibility

Access to the inner wall of a tokamak for high power antennas is extremely limited.
Typical systems launch power from the outboard midplane, which corresponds to the
low-field side of the plasma. If the cyclotron resonance for the transmitter frequency is
located at the plasma center, w = w.(Rp), then between the antenna and the plasma
center, w > wy; is necessarily true. Inspecting the dispersion relationship of Eq. 2.18
indicates that the slow wave is cut off under these conditions. The fast wave has
much better accessibility. As L <0, S <0, and R > 0 when w > wg, Eq. 3.4 shows
that the only cutoff is for N2 > R ~ 1/3 wfn- Jw?. For typical C-Mod parameters
(N, = 10, B = 5T , deuterium plasma ), the requirement for fast wave propagation is
ne 2 1.5 x 10'° m™3 which is satisfied everywhere except in the extreme edge of the

discharge.

3.4 Minority heating

As both accessibility and proper polarization are necessary conditions for heating,
the previous discussion seems to show that neither ion cyclotron mode can heat ions,
as each fails on one count. To surmount these problems, it was noted that hot-plasma
theory shows that a single ion plasma can be heated at its second harmonic due to
finite Larmor radius effects. Although this is a relatively weak interaction, heating
experiments of this type have been successful. In attempting this 2"¢ harmonic ion

heating in deuterium plasmas on the ATC [16], and T-4 [17] tokamaks, anomalously
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high absorption efficiencies and the presence of highly energetic hydrogen ions were
observed. This was quickly attributed to “parasitic” absorption by trace levels of
hydrogen which remained in the discharge vessel. Since the discovery of this so-
called “minority heating”, it has become one of the standard heating mechanisms in
tokamaks. The strong heating results from an enhancement of the E* component
of the fast wave electric field at the fundamental cyclotron frequency of a minority
ion. For small enough minority concentrations, the polarization of the fast wave is
dominated by the majority ion species, provided it has a different value of ¢/m. The
left-hand circular component of the fast wave for frequencies near w; is given below:

E+
E,

’ _ (w/we — 1)2(w/wa- — cos%6)?
|w/wei (1 + cos?6)|?

~ (w/we — 1) for: = /2

(3.7)

Table 3.1 gives this normalized polarization for values of the heating frequency rele-

vant to common minority heating scenarios. Table 3.1 reiterates the point that the

E+ 2 - -
w/wep 5 Heating Scenario
1 0 Majority fundamental
2 1 D(H) minority
4/3 1/9 D(He?) minority

Table 3.1: Polarization of fast wave for various frequencies near w.p

fast wave cannot heat the majority ion species (generally deuterium in Alcator C-
Mod experiments) at its fundamental cyclotron frequency. Comparing the second
and third rows of table 3.1 a second important result is apparent. The ion heating
polarization component is much smaller for D(He3) than for D(H) minority heating,
leading to lower single pass power absorption in the former case. Fast wave power
that is not absorbed at the cyclotron harmonic continues to propagate towards the
high field side of the plasma. It then encounters a second resonance which is a result
of the presence of two ion species. The physics of the wave interaction with the so
called ion-ion hybrid resonance is quite complicated and will be outlined in §3.5. In

general, this resonance layer leads to partial reflection, transmission, and absorption
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due to other wave processes. Power that is transmitted continues to the high field edge
plasma where it encounters the le = R cutoff and is reflected back again. Strong RF
wave electric fields in the edge plasma due to multiple reflections can lead to impurity
generation or additional mode conversion processes. The point made here is that the
relatively weak minority ion heating of the D(He®) scenario can give rise to much

more complicated wave physics.

3.4.1 Minority ion tail

Consider a typical minority heating scenario with a centrally located ion cyclotron
resonance layer. Minority ions encounter the resonance region repeatedly as they orbit
the machine. The exact location of the resonance for each particle is determined by
the expression Q(r) = w— kyv). Each pass through the resonance gives each minority
ion a kick in perpendicular velocity space. These kicks create a diffusion in energy
space such that the average energy of each particle increases steadily with time. For
the ensemble of minority ions, this corresponds to steady heating. Stix [12] has
treated this problem in great detail using quasi-linear theory to solve the Fokker-
Planck equation for the energy distribution function of ions for minority heating. In
the special case of steady state heating, one can analytically solve for the magnetic-

surface and pitch-angle averaged distribution function. Stix specifies the velocity
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distribution for the case of small Larmor radii by:

E

Inf(v) = A+ E [1+

Rf(Te — Tf + ﬁTe)
Ti(14+ Rs+¢)

K(E/E) (38)

where: FE

mv?/2, Ry =n;Zls/nl.

l; = (my/2T.)Y?, es3i

o
Il

NZd
m< P > 2T, 1/2
m

8nl/2n.nZ2etln A
Eye) = T [1+Rf+£r/3
RS= Ty 21+ 9)
and

1 [ du
K(z) = ;./; 1+ ud/?

201, 1—=vz+z 1 (= 27 — 1
= Zom—Y"T T - (D gpant Y
z[6“1+2¢5+z+\/§(6+“ WV )J

In the above, Z, m, n, and v represent the charge number, mass, density, and velocity
of the minority ions, and the “f” subscript denotes the same quantities for the field
(bulk plasma) jons. It should be emphasized that the above is a velocity distribution
function . For the analysis of the minority tail energy, it will be most useful to
work with the energy distribution function. Since the number of particles within

corresponding increments of velocity and energy are by definition equal, ie dN =

g(E)dE = f(v)4nvidv, then we have:
o(B) & VE f(v) (3.9

Examples of the calculated energy distribution function are shown in Fig. 3-3 for
typical C-Mod parameters. The energy distribution at low power densities has a well

defined maximum at an energy on the order of the plasma thermal energy. At very

!By averaging over pitch angles, the resulting distribution function is isotropized for simplicity
and thus might more appropriately be called a distribution of speeds. Work on the PLT tokamak [18]
has both confirmed general behaviors predicted from the Stix distribution and measured anisotropies
in the minority ion distribution function which can be important in some applications
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high heating powers the distribution is drawn out far beyond the plasma tempera-
ture, well suited by the term “tail”. Though Eq. 3.8 already embodies simplifying
assumptions and approximations, some of the basic behaviors of the minority tail en-
ergy are still obscured by the formalism. Two useful expressions are given here which
will allow easier insight into results from minority heating experiments. The drag
on a high energy minority ion begins to be dominated by electron collisions above a

certain critical energy given by [19]

maj Z2.; 23
Eminorlc,.it =16 Te Mminor (n—w) ) (310)

Ne Mmaj

where n is the plasma density and Z, and M are the atomic and mass numbers for
minority and majority ions, subscripted by “minor” and “maj” respectively. When
electrons dominate the drag on electrons, the basic scaling of the tail energy is given

by [20]

Mmin r<p> T3/2
Bt < —3— Pz - (3.11)
Zminor Ne Nminor

The above formalism can be used to describe the steady state of the minority ion
population for a given set of plasma and heating conditions. To fully characterize
the ICRF as a bulk plasma heating source and to establish a basis for measuring the
minority ion tail, we must now examine the interaction between the minority ions

and the plasma proper.

Collisional drag on energetic minority ions

In the standard C-Mod heating scenario, the fast wave launched from the plasma edge
heats minority ions to high energies. Bulk plasma heating occurs indirectly as the
minority ions lose energy through collisions with both majority ions and electrons.
The response of the electron temperature to a change in RF power is thus mediated

by the minority ion population. A brief description is given below of the so called
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Figure 3-3: Energy distribution functions as calculated using Eqgs. 3.8
and 3.9 for various ICRF power densities. The plasma
parameters for the calculations are T, = 3 keV, n, =
1.8 x 10°°*m™3) Z.;; = 1.5, minority ion fraction = 4%.
The solid lines are calculations for He® ions in Deuterium
majority plasma for the power densities indicated. For
comparison, the distribution functions for Hydrogen mi-
nority ions and the same conditions are shown in dashed
lines but calculated for 1/4 the power densities indicated.
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“slowing down” process of high energy ions in a plasma.

There are many different energy and momentum exchange processes in plasmas.
Although the time scales of the various processes can vary widely, many of them are
often loosely described as “slowing down” times. A slowing down time, Tg, for a test
particle is most correctly ( and thankfully most commonly ) defined by the expression:

dv; V;

7t = -’_T; (3.12)

It should be emphasized that the above relationship describes the rate of change of the
velocity (or momentum) of the test particle “” due to collisions with the background

plasma.

Collisions in plasmas are mediated by the Coulomb force whose cross-section varies
as V.a~2, where V, is the relative velocity between two colliding charged particles.
The overall slowing down time is determined from the combined influence of collisions

with bulk electrons and ions, with the effective collision frequencies adding so that:

1 1 1
== (3.13)
Ts TSg TSi

For typical heating experiments on Alcator C-Mod the minority ions have energies
Epinority ~ 20 — 100 x T. Thus the relative velocity for collisions between minority
and bulk ions is determined by the minority ion energy. However, for Eminority <K
T X (Muminority/Me), @ VETY good approximation on C-Mod, the thermal velocity of
the electrons determines the relative velocity for collisions between minority ions and
clectrons. Under these conditions the electron and ion slowing down times for test

ions of charge and mass, Z; and m, in a field (bulk) plasma with jon charge and
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Figure 3-4: Contours of minority ion (momentum) slowing down time.

Contours v;./v;;, the partition between energy loss to bulk
electrons and bulk ions respectively, are also shown.

mass, Zy and my, are given by:

TSe

TS;

Q

&

3(2m)*2€2 my me v3
neZZet In A
T3/2
11.7 [ms] x M=

2
Zt 20

(3.14)

2 3
dregmym s v; ™My

nf Z_% th InA my+ my
MfEri/jz M,

\/MtZtZijrnfzoMt -|-M_f

(3.15)

0.206 [ms] x

Here A is the coulomb logarithm (=~ 16 for C-Mod plasmas ) and depends only weakly

on plasma parameters. T, and E;, are in units of keV, and the densities subscripted

“20” are in units of 10°°m~3. Contours of the slowing down time as functions of

minority ion energy and electron temperature are shown in Fig. 3-4. For discussions

of ICRF heating, we will be more interested in the rate of exchange of minority ion
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energy with the bulk plasma. As the momentum slowing down times are the most
commonly used time-scales, it is useful to express energy exchange times in terms of
them. The average power loss of a minority ion due to collisions with either electrons
or other ions is equal to the drag force acting on that minority ion times the ion
velocity. The energy transfer in the case of electrons is nearly 100% efficient because

of the mass imbalance. Thus to a good approximation:

Pe=Fdrage'Ut=mt‘_—= —_— = (316)

In the case of collisions with ions, the scattering of the test ion (mass m.) with each
collision is significant and this reduces the energy transfer to the field ions (mass my)

from that calculated from the frictional loss [1]:

my Et t Et t
Pi = Fd-ragi 'Utm T = me:-m = es‘ (317)
t mg TSe (ﬁi) TE;

So (momentum) slowing down times may be converted for use in energy transfer

problems with the expressions:

TEe = TSe/z- (318)
my + my
TE‘L - TS’I. 2mt

Measurements of the minority ion “tail” energy are of use in monitoring the be-
havior of minority ion heating experiments. On Alcator C-Mod, direct measurements
are not typically possible. At very low densities, the neutral particle analyzer can
be used to measure the tail. However, at the higher densities of the standard ICRF
target plasmas, central minority ions which become neutralized through charge ex-
change are typically restripped before reaching the edge of the plasma, thus cutting
off this diagnostic channel to the plasma core. To the end of measuring minority ion
tails, a useful result to be taken from Eqs. 3.14 and 3.18 is that the energy slowing

down time is independent of energy (ie 7g. # 7TE.(EF)). An interesting consequence
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of this result is that measurements of electron temperature dynamics can be a useful
probe of the minority ion tail energy. This perhaps surprising result is seen by con-
sidering the expression for the total power being transferred to electrons by the entire

distribution of minority ions:

pelminority = n’m/ g(E)EdE = n""'"/ g(E)EdE = nmEtail
0

Tee Tee Jo Tee

(3.19)

The minority tail energy, Eii, has been implicitly defined above as the average
energy of the minority ion distribution. This simple result states that at any instant
in time, the power loss of the minority ions on the electron species is proportional to
the tail energy. Of course the minority ions at any instant are also losing energy to
the bulk ions. However, even when slowing down on ions dominates, which is true
at low tail energies, the result of Eq. 3.19 remains unchanged. The electron power
loss channel of the minority ions is a particularly good indicator of the total tail
energy. Even if bulk ion temperature diagnostics were available with similar accuracy
and time resolution as the electron temperature diagnostics, they would not provide
as simple a measurement of the tail energies. This i1s because the slowing down
time on bulk ions is a function of minority ion energy ( see equation 3.15 ) and no
simplifications analogous to those of Eq. 3.19 can be made. In Chapt. 6 the particulars
of the techniques to extract minority tail information from the grating polychromator
measurements of electron temperature will be given. In the next section the dynamics
of the decay of the overall minority ion energy will be studied in order to provide the

theoretical basis for a minority tail diagnostic.

3.4.2 Dynamics of the minority tail slowing down

Although in discussion of Eq. 3.14 we noted that by measuring only the power lost by
the minority ions to electrons we could measure their total energy, that is not to say
that the ions are not important. Obviously, in order to solve for the time evolution of
the tail energy, interactions with ions must be considered and in fact can dominate

the time derivative of Eu(t). In the analysis that follows, consider the situation
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where at t=0 the ICRF power is abruptly turned off and the energy distribution of
minority ions decays freely down to a thermal distribution in equilibrium with the
background plasma at temperature, T. It will be assumed that each minority ion
slows down independently and each according to its instantaneous energy. Consider
a test ion of the minority species with an initial energy Eo > T. From Eqs. 3.14,
3.15, and 3.18 we find that the differential equation which governs the decay of this

test ion is given by:

dE E E
P _TEe - TE; (320)
= E — i/zE—lﬂ
T1 Tz(Eo)

with E(0) = Eo and 71, and 72(Ep) are independent of time.

The solution to this equation is given by:

Et,Eo)) = Eo [e-%t/ﬂ+( 7 >(e-%t/ﬂ_1)]2/3 (3.21)

2(Eo)
~ Eyet/"for: 1 < 72(Eo)
3 ¢
~ Ep (1 —=——)3for: 1, > 1(E,
o (1= 5 gy fors 1 > (o)

This equation is useful as it illustrates the nature of the competition between slow-
ing down on electrons and ions. The ratio 71/72(Ep) is the relative strength of the
initial ion slowing down to electron slowing down. From Egs. 3.14, 3.15 we have:
m1/72(Eo) = 3/4\/7?(mf/2/(mf\/rE))Zeff(Te/Eo)Wz. At large values of t, Eq. 3.21
indicates that the minority energy drops abruptly to zero. In reality, the minority
ions thermalize with the bulk plasma and the slowing down on ions slows as the en-
ergy approaches the plasma temperature. To be rigorous, a fully general expression
for the ion slowing down should be used, but to a good approximation, the low en-

ergy dynamics of the slowing down are captured by using the modified differential
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equation:

dE (E-T) (E-T)
= | (3.22)
3/2 3/2
— _E+T__ Eq E-V2LT __EO_.E—3/2
1 T1 Tz(Eo) Tz(Eo)

This equation does not lend itself easily to an analytic solution, but is easily solved
numerically. Such numerical solutions are used later in the calculation of the distribu-
tion averaged decay of the minority population energy. A comparison of the soiutions
to Egs. 3.20 and 3.22 is shown in Fig. 3-5.

We are now in a position to calculate the dynamic response of the minority ion
population taken as a whole to suddenly turning off the ICRF power from steady

state conditions. The time evolution of the average energy (Etqit) is defined as:
Erualt) = f 9(Eo)E(t, Eo)dEo (3.23)
0

For E(t, Ey), the time evolution of the energy of a test ion with initial energy Eo,
we can use either Eq. 3.21 or the solution to Eq. 3.22. We also have an expression
for the statistical distribution of starting energies from Egs. 3.8 and 3.9. So for a
given set of bulk plasma parameters, minority concentration, and steady state ICRF
minority heating power density, we can compute the expected tail energy and its
turn-off transient. Figure 3-6 shows example results of such calculations. In Chapt.
0 we will use the results of this type of calculation to determine the minority ion tail

energy from simple measurements of the electron temperature.

3.5 Mode Conversion

3.5.1 Introduction and motivation

Early ICRF experiments focused on ion heating and demonstrated the effectiveness

of ICRF as an auxiliary heat source in tokamaks. Under conditions described below,

65



00 N B B B

80 ]

60

Energy [KeV]

40

20

Ol v vty v i v v
0.000 0.005 0.010 0.015 0.020 0.025
Time [sec]

Figure 3-5: Time histories of the free decay of test hydrogen ion en-
ergies after ICRF turnoff. The plasma parameters for
this calculation were T, = 3keV, n. = 1.8 x 10m3,
Zess = 1.5 The solid lines represent numerical solutions
to Eq. 3.22, the dashed lines represent the analytic so-
lution given by Eq. 3.21. A purely exponential decay at

the initial energy slowing down rate is shown in dots for
comparison.
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Figure showing the decay of the hydrogen minority tail en-
ergy after the source power is suddenly turned off. Each
curve represents the weighted average of the energy de-
cays of an ensemble of test ions whose energy distribution
is the Stix distribution (see Eq. 3.8) for the steady state
power density indicated. Also indicated is best fit expo-
nential decay time (dotted line).
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significant ICRF power can be coupled directly to electrons. The ability to couple
power to the plasma electrons allows the plasma current to be affected, either by
changing the electron temperature and thus the plasma resistivity or by driving cur-
rent directly with ICRF waves. Controlling the details of the plasma current profile
is of great interest because it can result in improvements in tokamak stability and
confinement. Although electron cyclotron resonance heating (ECRH) in principle can
do this very effectively, the current state of ECRH power technology cannot match
the high power levels or pulse durations of ICRF systems, particularly at the high fre-
quencies needed for future reactors. For this reason, there has been growing interest

in exploring direct electron heating regimes in ICRF experiments.

The fast magnetosonic wave can damp directly on electrons through electron Lan-
dau damping (ELD) and transit time magnetic pumping (TTMP). These damping
mechanisms are strongest for w/k ~ \/m and for finite 8, = 2ugn. T./B%. While
fast wave direct electron heating and current drive have been performed successfully
on other tokamaks [21, 22], the current conditions on Alcator C-Mod (w/kjuv = 2,
and f. < 1%) result in weak single pass absorption. A more efficient and more versa-
tile way of heating electrons in ICRF experiments is via mode conversion to the ion

Bernstein wave.

In a two ion species plasma, there is an ion-ion hybrid resonance layer between
the two ion cyclotron resonance layers. When the fast magnetosonic wave encounters
this layer, power can be converted into another wave mode, the ion Bernstein wave
(IBW). The Landau damping of the IBW can be very strong due to an upshift in the
k| spectrum due to its relatively short wavelength (see §3.2). As will be seen in the
following section, mode conversion heating has an additional advantage over direct
electron heating by the fast wave in that it can occur off-azis, the precise location
being controllable by the magnetic field and ion mixture. Mode convsersion heating on
tokamaks is currently an area of great interest in the international fusion community.
Efficient electron heating has been obtained using mode conversion on Alcator C-Mod
in H — He® and D — He® plasmas [23]. The analysis of these experiments constitute
the bulk of this thesis and add to the recent results on TFTR [24], Tore Supra [25], and
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ASDEX [26]. In Chapt. 9 analysis is presented of electron heating which is most likely
due to IBW mode conversion in a D-H plasma. This heating regime will be revisited
in the near future. If confirmed, these results represent the first demonstration of

such a scenario for tokamaks.

3.5.2 Ion-ion hybrid resonance:

In a two ion species plasma, an additional le = S resonance occurs between the
cyclotron resonances of the two ion species [27]. For N”2 K wZ /W the ion-ion hybrid
resonance frequency can be found by balancing the wf,j Jw? — Q2 terms of the two ions

against each other and is given by:

w: = QCIQCQZIZZ< My Xy + Mo X, )

24
MyZ2X, + My Z2X, (3:24)

where M, Z and X refer to the atomic mass unit, atomic number, and density
fraction ( X; = n;/ ) ;,.s; 75 ) Tespectively for the ion species. On Alcator C-Mod,
(Wei N||)2 /w2, < 0.05, and the error made in the resonance location by neglecting N

Pl o~

in Eq. 3.24 1s < 0.5e¢m .

3.5.3 Dispersion relationship near ion-ion hybrid resonance

At the ion-ion hybrid resonance, cold plasma theory breaks down and kinetic effects
must be included. With thermal effects included, the presence of additional plasma
modes becomes apparent and it has been shown in general [28, 29, 30] that the reso-
nance of cold plasma modes gives rise to “mode conversion” to these hot modes which
tend to damp quickly. If in the general solutions to Eq. 2.3 the relevant expressions

are expanded to lowest order in b = k2 p?/2, the dispersion relation of Eq. 3.4 is
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modified to become [31]:

aN2 —bN2+c = 0 ‘ (3.25)
where: a = S/K,, —K.l,, b=N?-35,
¢ = (N?-R)(N?-1L)
Ko = —(wpe/kye)*Z (w/kyue),

K, = ) (whvl/2w) [ — o)™ + (¥ — 4ud) 7]
i

Here Z’ is the derivative of the Fried Conte dispersion function [32]. Analysis of
this “hot” plasma dispersion relationship reveals the presence of another root of the

electromagnetic dispersion relationship, the so called ion Bernstein wave (IBW).

Equation 2.29 gave the electrostatic approximation to the IBW dispersion relation.
IBW solutions exist between each cyclotron harmonic of the majority ion species
above the fundamental. For wy;/Q; >> 1, the solution to the lowest frequency branch

for a single species plasma may be expressed as

1 [mic2 402 — w2

N=7 3 w?

T ] + Nj G(w, B) (3.26)

where G is a function of frequency w and magnetic field, B, and to a good approxi-
mation can be ignored [33]. By comparing this expression with Eq. 3.3, it is apparent
that, except for very near w = 2Q;, (kL)igW >> (kL)Fast Wave for a single ion
species plasma. The dispersion curves for the fast wave and IBW for the case of a
pure deuterium plasma at 8 Tesla are sketched in Fig. 3-7. As shown, the two modes

remain distinct and well separated in this case.

In the previous section we saw that the introduction of a minority ion species gives
rise to the ion-lon hybrid resonance for the fast wave. In the cold plasma picture this
leads to a divergence of k; — oo. Proper hot-plasma treatment instead shows that

electromagnetic behavior of the IBW allows it to interact with the fast wave. It can
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Section

Figure 3-7:

Schematic diagram of the dispersion relations for the fast
wave and ion Bernstein wave in a pure deuterium plasma.
The geometry shown roughly represents that of the stan-
dard Alcator C-Mod D(He®) heating scenario, B = 8
Tesla, w = 2m x 80 MHz. The curves sketched here rep-
resent the solutions which can be obtained from simple
cold plasma theory for the fast wave (Eq. 3.3), and from
a simple electrostatic treatment of the IBW (Eq. 3.26).
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be shown [34, 35, 36] that for

2.2
Mmin ~, o ko, o [ Z2a;Mmin 1 kic
~ 2 2 + 2 ; (327)
M'maj w Zmianaj 1— (Zmaz'Mmin> wpma_y
Zmiana,j

there is a confluence between the fast and ion Bernstein wave solutions, and mode
converston occurs. When this is the case, the modifications to the dispersion relations

near the ion-ion hybrid resonance are substantial [37] and are sketched in Fig. 3-8.

3.5.4 Mode conversion efficiency:

It can be shown that for high field launch in a tokamak, the fast wave encounters
the mode conversion layer before the left-hand cutoff (nﬁ = L) and is converted with
100% efficiency to the IBW. In the case of a low field launch ( as in Alcator C-Mod )
the fast wave encounters the left-hand cutoff first. The fast wave is evanescent in the
region between the cutoff and the mode conversion layer. In order to determine the
amount of power coupled to the IBW, the coefficients of Eq. 3.25 can be expanded
in a Taylor series about the mode conversion radius, Rs. The dispersion relation
is then converted to a differential equation [38] through an inverse Fourier transfor-
mation. The asymptotic behavior of the integral solutions determines the tunneling
and absorption coefficients for the fast wave [31]. The fraction of the incident fast
wave power that tunnels through the mode conversion layer and propagates away
as a fast wave on the other side is designated by “T”, the transmission coefficient.
Similarly, “R” designates the reflected fast wave power fraction and “M” gives the
mode conversion efficiency. Although the general case is difficult to treat, in the case
of low-field incidence on an isolated mode conversion layer (far enough removed from
any ion cyclotron resonance that ion damping can be ignored), and for ky = 0, the

coeflicients are given by [30]:

T=e™ R=Q1-T7° M=T1-T) (3.28)
_ o Roa(p—1)° (f(1 +u))1/2
where, n ~ 4; it o) (2(1 o) , (3.29)
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Figure 3-8:

Schematic diagram of the dispersion relations for the fast
wave and ion Bernstein wave in a D(He3) plasma for
nges/ne = 0.2, B = 8 Tesla, w = 27 x 80 MHz. The
modifications to the dispersion relationships near the ion-
ion hybrid resonance are substantial (¢f Fig. 3-7). In this
case, power in fast waves launched from the low field side
can undergo mode conversion to ion Bernstein waves near
the ion-ion hybrid resonance.
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where f = (1 + pa)/(u + a) for a two ion plasma with @ = Zyna/Zin, and p =
Zymy/Zam,. Note that in the above, R+T + M = 1. Also note that since 0 < T < 1,
the above equation predicts a maximum mode conversion efficiency of 25%, that is
Mptar = 0.25 for noptimar = 0.35. This is a simple single-pass treatment, however, and
when reflections from cutoff layers are included, standing wave patterns can enhance
the fields near the mode conversion layer which can result in significantly higher mode

conversion efficiencies near 1 = Nptimar (39, 25].

3.6 Parametric dependence of minority heating

Wave physics considered here indicates mechanisms through which the absorption
channels compete with each other. A hot plasma correction to the fast wave polar-

ization is given and its interpretation underscores the nature of this competition.

As we have seen, the minority ion populations in these heating experiments can
be raised to high energies and their velocity distribution can become distinctly non
thermal. Hot plasma theory is needed to calculate the expected effects of this sub-
population on the fast wave. When thermal effects of the minority tail are considered,
it is found that Eq. 3.7 must be modified. The result for § = 7/2 [15] may be expressed

as

E+

Ey

- S 0

) M ) 22 . 2 92 ) 2 w 2
h 2 _ I Nmin Mmaj Lmin 1 — maj )
where 4 (nmaj Mmin Z‘Z; w? k"'U'min

aj

Here, E7 is the component of the fast wave electric field which heats ions. This result
is interesting because it indicates that kinetic effects for the minority ions are required
in order to obtain the E* predicted by simple cold plasma analysis. At sufficiently
low minority ion energies (Eni» & v2,,), 0° becomes large and the ion heating is lost.

Physical insight into this effect is obtained by recognizing that for small minority ion
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concentrations

o ~+/7/2 gﬂg-a (3.31)
where,
k min
'Adop = I 2 (332)

is the doppler width of the minority ion resonance and ép¢c = Rq,,.;, — Ru;
(cf Eq. 3.24) is the separation between the ion-ion hybrid resonance layer and the

minority ion cyclotron layer to first order.

3.7 Minority ion heating vs. Mode conversion

Equation 3.30 indicates that minority heating power is strongest when the doppler
width of the minority cyclotron resonance is large and easily encompasses the ion-ion
hybrid resonance (62 << 1). The threshold between the minority heating and the
mode conversion regimes is given by ¢ = 1. Near this threshold, these two heating
mechanisms compete with each other in a very delicate balance. Key parameters
which govern the competition are the energy and density of the minority ions. As
an example, Eq. 3.11 indicates that the tail energy and the minority density are
inversely related (the deposited power is distributed among a greater number of ions).
Increasing the minority density by 10% decreases v2,, by 10% as the deposited power
is distributed among a greater number of ions. From Eq. 3.30 both of these changes
increase o2 (the greater minority density moves the ion-ion hybrid layer further from
the cyclotron resonance and the decreased minority energy decreases the doppler
width). The resulting 30% increase in o2 reduces |[E*|? by =~ 15% for ¢ ~ 1. The
reduction in minority ion heating (¢fEq. 3.5) further reduces vy, and the ion heating
channel will begin to collapse. Meanwhile Eq. 3.27 indicates that these changes favor
mode conversion and the reduced ion absorption is replaced by stronger electron

heating.

75



Alcator C-Mod currently has two standard modes of operation corresponding to

two different minority heating scenarios:
D(H): Minority hydrogen in deuterium at 5.3 Tesla.
D(He®): Minority helium-3 in deuterium at 7.9 Tesla.

Minority ion heating is the intended absorption mechanism in both cases. We have
seen however that mode conversion into the IBW gives strong electron heating, and
can compete with minority absorption. It is important to determine which of these
two distinctly different heating mechanisms will dominate in a given experiment.

- It was seen in §3.4 that based on the basic cold-plasma fast wave polarization, the
single-pass ion absorption in D(He?) is nearly an order of magnitude weaker than in
the D(H) case. The relatively weak ion absorption in the D(He?) case suggests that
competition with mode conversion will be strongest in this scenario. Measurements
in Chapt. 7 will in fact show that mode conversion has been the dominant heating

mechanism in the D(He®) experiments to date.
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Chapter 4

Electron Cyclotron Emission

(ECE) in Tokamaks

Early treatment of electron cyclotron emission (ECE) concerned parasitic power loss
from thermonuclear plasmas [40]. The first examination of ECE as a potential tem-
perature diagnostic was by Engelman [41]. ECE emission is now routinely used on
all major tokamaks to measure electron temperature and diagnose non-thermal elec-
trons. In this chapter, an overview of the principles involved in ECE temperature
measurements in tokamak plasmas will be given. This discussion parallels that given

by Hutchinson [42].

4.1 Radiation from gyro motion of charged parti-

cles

We have seen the basic expression governing cyclotron motion in Eq. 1.4. The cen-
tripetal acceleration of the orbital motion of charges gives rise to radiation at the

cyclotron frequency. The Schott-Trubnikov [43] equation gives the power density

7



radiated by a test charge as seen in the lab frame:

PP ekw? & | [ cosh — ﬁ”>2 ) 2 12 §([1- Biicos8] w — mus, )
dwdQs — 8m2ec mz=1 [( sind (&) +BLIT'm(€) 1 — Bjjcosf
where: £ = g—/ﬁ_sine (4.1)

(o]

It is important to note that even for the case of a charged particle in purely harmonic
circular motion about a magnetic field line, the radiation has components at higher
harmonics of the basic cyclotron frequency, wy, = mw,/(1 - Byjcosf). This is an effect

due to the finite transit time for light across a Larmor radius.

4.2 Thermal ECE plasma emissivity

As a simplifying starting assumption, we will consider a diffuse plasma (characteri-
zable by an refractive index close to unity). In this case, the total plasma emission
is approximated by adding up the radiation contributions from each plasma particle.

For a given velocity distribution, f(8,, By), this plasma emissivity calculation can be

expressed in integral form:

j(w, 9) = c3 d:ng(l — ,B”COSG)f(ﬂJ_, ,3”)271‘,3_]_d,3l,3" (42)

The factor of (1 — Bjcosbl) accounts for the difference between the power loss in
the particle frame and the lab frame. It is often easiest to deal with the frequency

integrated emissivity, j,., and the associated shape function, ¢, defined mmplicitly

below:

i) = Gl — ), / B(w)dio = 1 (43)
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For a nonrelativistic (8 < 1) Maxwellian plasma, the frequency integrated emissivity

can be calculated directly and is given by:

w2 n, m?m1 5 ‘ T \"™
. m'’e . (m—1) 2
L m = 1)!(sm9) (cos®0 + 1) (2 ¢C2> (4.4)

4.3 Radiation transport

In addition to radiating, gyrating charged particles can absorb energy from electro-
magnetic waves of the appropriate frequency. The propagation of energy in a plasma
thus involves a continuous emission and reabsorption. It is crucial to the application
of ECE as a temperature diagnostic that this behavior is well understood. The local

balance between emission and absorption is expressed in Eq. 4.5.

2 =) — a1 (45)

In Eq. 4.5, the intensity of radiation, I [W/m? - ;st - s71], is the power radiated per unit
area per steradian per unit angular frequency. The absorption coefficient, « [m™!],
is the fractional absorbed power per unit path length, ds. Integrating the above
equation along a trajectory through a region of plasma (as sketched in Fig. 4-1 )
allows one to express the final intensity by Eq. 4.6.

I(s2) = I(s1)e~™ + / * i(w)ermds (4.6)

S1

Where 7 is the “optical depth” given by:

T(s) = /s a(w)ds, TM=T2—T1 (4.7)

As a useful example, assume that j/a is constant across the plasma slab of Fig. 4-1.

In this case, with dr = a(w)ds, Eq. 4.6 becomes:

I(sy) = I(s1)e™™ + (j/a) [1 —e™™] (4.8)
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Ray trajectory

Plasma region

Figure 4-1: Sketch illustrating geometry for calculation of radiative
transfer expressed in Eq. 4.6.

Consider a plasma slab for which m; > 1, ie a slab which is “optically thick” (this
is general, as the slab can be chosen to be arbitrarily thick. See §4.5 for a more
detailed discussion of optical depth). In this case the incident radiation is completely

absorbed and the emerging radiation intensity is:
Irs1=j/a (4.9)

We can further consider the case where the slab is in thermal equilibrium with a
blackbody enclosure at temperature, T'. Applying detailed balance to the equilibrium

gives:

qum-l(w) = B(w) (4.10)
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where B(w) is the characteristic blackbody radiation intensity given by Planck’s for-

mula:

huw® 1 ‘
- Bw) = Sre SRl 1 (4.11)
T
= m fOI' hw < T

The last expression is the infrared limit or the Rayleigh-Jeans approximation for B(w)

and 1s very accurate for ECE emission in fusion plasmas. So, combining Egs. 4.9 and

4.10, we obtain

w3T

jfa=Bw) = o

(4.12)

which is Kirchhoft’s law. This result is far more general than is implied by the condi-
tions of our thought experiment. The important thing to note is that the expression
on the right-hand side is a function only of the temperature (and fundamental con-
stants), despite the fact that both numerator and denominator on the left-hand side
generally depend on the local plasma parameters. Their equation tells us that the ra-
tio of the emissivity to the absorption coefficient can not depend on parameters other
than temperature. This conclusion is true even in non equilibrium thermal plasmas.
The assumptions of optical thickness and equilibrium were useful in obtaining Eq.

4.12, but the result is general.

4.4 ECE Applications in tokamaks

In §1.2.1 we saw that the dominant component of the magnetic field (toroidal) varies
as |B| o« R™'. Thus when viewing a given harmonic of cyclotron emission along the
midplane of the tokamak, there is simple mapping from frequency to major radius
(w = B — R), and the cyclotron resonance occurs at a localized position along
the major radius. The cyclotron frequency is not only a function of position in the

tokamak, however. The precise value for each electron is also a function of its velocity.
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Figure 4-2: Cartoon of the map from frequency to spatial resolution.

As observed from an angle  to the magnetic field, the velocity dependance is given

by:

_ mQ(1— gy
W = (1 — By cosé)

Where § = /1 —v2/¢?

(4.13)

The net effect for a thermal distribution of electrons is to broaden the spatial region
over which particles experience cyclotron resonance at a given frequency. This rela-
tionship between frequency and spatial broadening is sketched in F ig. 4-2, and a more
detailed discussion is found in §5.4.5. In tokamak plasmas, density and temperature
typically vary slowly over the width of the emission region for a given frequency. In
this sense the emission layers are “narrow” and the expression for the overall optical

depth for this resonance layer for the m** cyclotron harmonic, 7,,, may be simplified
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as follows:

-1

d(mQ) (4.14)

Tm

[emtwris= [ am(w)l@

= g/a(w)dQ = gam/¢(w—m9)d9
Ra,,
mQ

For the simplified case of a diffuse, non-relativistic plasma the integrated emission
may be expressed as

2m-~-1
s 2 m

T m—1
] - . 2(m~1) 20 ) )
amldszuse = 2pre—(m m— (sinf) (cos*0+ 1) <2mec2> (4.15)

Together the last two equations provide a rough estimate for the optical depth of
a given electron cyclotron resonance in a tokamak. The results of considering finite
density and polarization effects are discussed further in §4.5. Finally, from Eq. 4.8,

the intensity of the ECE emission when viewed remotely from the plasma edge will

be:

I(wo) = 2522 (1 = ™) (4.16)

Equation 4.16 details the relationship between ECE emission intensity and temper-
ature, (I — T'). It should be noted that this equation ignores the effect of multiple
reflections through the resonance region. Together these relationships establish the
basis for ECE as a temperature diagnostic (I{w) — T(R)). ECE temperature diag-
nostics are generally very well suited for tokamaks, but it is important to appreciate

the limits of applicability that exist.

4.5 Cutoffs & Optical depth

For use as a reliable tokamak temperature diagnostic, one wishes to use an ECE mode

which is accessible from the low field plasma edge (ie free of intervening cutoff layers)
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and for which the plasma is optically thick (and thus radiates at black-body levels).
Of the first few harmonics of the X and O modes, 2" harmonic X-mode radiation
best meets these criteria. In this section, we briefly discuss how fundamental plasma
phenomena affected this choice but detailed considerations will be limited to the case

actually used for the C-Mod measurements discussed in later chapters.

4.5.1 Cutoffs

We require that the emitted radiation be free to propagate to the collection optics,
which are necessarily located outside the plasma. This is not always the case in
tokamaks. The dispersion relation for the wave mode being examined must be free of
reflective cutoffs and absorptive resonances along the entire path from the emission
region to the entrance aperture of the optics. The monotonic decrease of the magnetic
field with major radius ensures that secondary resonances will not be encountered, but
at sufficiently high density cutoff layers can make the ECE from the core inaccessible
at the outboard edge.

As seen in Chapt. 2, The O-mode is cut off for w < w,. For fundamental emission
and standard 5.3 Tesla operation on Alcator C-Mod this limits the central density
to ne < 2.7 x 10°m=3. This is too low to cover C-Mod’s operating range in which
densities in excess of 102'm =3 have already been observed. Higher O-mode harmonics
are optically thin even at the highest densities and thus O-mode is not used for
temperature measurements.

The X-mode cutoff condition important for tokamaks is that emission cuts off for

wy < w < wg, where:

on = %Q[1+(1+4w§/92)1/2] (4.17)
wg = /P +w

For low field side views of the tokamak this means that the fundamental emission

is cutoff for any finite frequency. For 2"¢ harmonic X-mode, wgr > wy, and the cutoff
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condition of consequence in our experiments is,

w < wg. (4.18)

Substituting w = 2 and and the definition of wg into Eq. 4.18 we obtain the simple
expression for cutoff to be:

w2 = n.e?/meep > 20° ' (4.19)

P

Using the definitions for the cyclotron and plasma frequencies, a more convenient
expression gives the cutoff condition in terms of a cutoff density density expressed in

units of 102° m~3 in terms of the magnetic field in Tesla as:
Ngo > Neo. = 0.2 X BE. (4.20)

After pellet injection or during high quality H-modes, the density can rise to levels
sufficient to temporarily cutoff the ECE signal. During this time the diagnostic can
provide no temperature information, but just as a given frequency is being cutoff,
Eq. 4.20 provides a snapshot of the density at that channel location which can be a
useful cross check of other density diagnostics. This in principle can be used to cross
calibrate the Thomson scattering diagnostic for which alignment problems can cause
the instrument to become uncalibrated. In practice, the technique was used only
occasionally on a shot to shot basis because the alignment changed too frequently

(even within a given shot).

4.5.2 Optical depth

Equation 4.16 indicates that when 7 > 1 the radiated intensity from a given cyclotron
resonance is the blackbody level which is a known function of the temperature only.
It is thus important for ECE temperature diagnostics to use emission for which the
plasma is optically thick. Later in §4.6 and §5.4 we will see that optical thickness is

also important when considering nonthermal electrons and radial resolution respec-
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tively.

An estimate for the optical depth for application in the ECE measurements on
C-Mod is obtained by evaluating Eqs. 4.14 and 4.15 for § ~ 7/2 and m = 2. This

yields the expression:

Raz
T2|diffuse = o0 (4.21)

™ R wge T.
Qc MeC?

Q

As indicated by the subscript, this expression results from the diffuse plasma as-
sumption. We know from Chapt. 2 that there can be significant dispersive effects
for electron cyclotron waves in dense plasmas. More detailed analysis is best done
by discussing the X and O modes separately. When the effects of finite density are
small, the new results may be conveniently expressed as corrections to the results of
the previous section. In general this is not possible for the fundamental cyclotron

resonance of tokamaks, however for m > 2, Eq. 4.15 may be re-expressed as:
aﬁ/o = Qmly ffuse 'lv}rf/o (4.22)

A useful expression for use with X-mode is given below. Corrections should be applied
for the m = 2 case [44] but when they are applicable, the optical depth is generally

large and the precise value of T is not important except very near the cutoff density
[42].

m—3/2 2
x _ [A—X)*m?2—-1 mX
T = [(1—X)m2—1 1-l—(l—X)mz—l (4.23)
2
Where: X = n:;p;p (4.24)

Figure 4-3 gives 1 vs density and temperature. For typical core conditions on C-Mod,

it can be seen that 7 > 10.

86



Density (10 m™)

100 1000
Temperature (eV)

Figure 4-3: Contours of optical depth for 2" harmonic X-mode ECE
and plasma conditions found in the plasma edge on Al-
cator C-Mod. The nominal threshold for using ECE for
temperature measurements is Toptica; 2 1. For smaller op-
tical depths, the plasma is said to be optically “grey” and
the standard analysis for the optically “black” case un-

derestimates the temperature. This calculation assumes
By =5.3T and R = 89 cm.
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Harmonic | Rpincm | Bpazcm
1 445 none
2 959.3 90.0
3 66.8 67.5

Table 4.1: Table indicating the extent of the overlap-free region for
the first three cyclotron harmonics.

4.6 Harmonic overlap & non-thermal emission

In this section we investigate the limits to the utility of ECE diagnostics on tokamaks
which are imposed by specific properties of the tokamak itself.

4.6.1 Harmonic overlap

For ECE to provide useful information, the radiation received by a detector in a cer-
tain frequency band must come from a single localized region in the plasma. Consider
an ECE diagnostic viewing along the midplane of a tokamak (as on Alcator). Ra-
diation at a given harmonic from a point on the high field side of the tokamak can
correspond to that at a higher harmonic from another point on the low field side of
the tokamak. Upon reaching the collection optics, the radiation from these physically
distinct locations is indistinguishable and thus of little use to the diagnostician. This
situation of harmonic overlap must be avoided. This consideration imposes a limit to
the range of radii which can be unambiguously probed. The range decreases as the
cyclotron harmonic being used increases and also as the tokamak aspect ratio (Rp/a)

decreases. This is quantified in Eq. 4.25.

n

Rm.in = (RO + a) < R < (-RO - a) = Rz (425)

n—+1 n—1

For Alcator C-Mod (R = 67cm, a = 22cm) the overlap free ranges are shown for the
first three harmonics in table 4.1. Considering optical depth, cutoff considerations,

and harmonic overlap, it should be apparent why 2"¢ harmonic X-mode has been

used on Alcator C-Mod.
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4.6.2 Non-thermal emission

In § 4.2 it is assumed that the velocity distribution function for the electrons is
Maxwellian. When this is not true, the interpretation of the signals as temperatures
can be misleading. In tokamaks, operating at very low densities can give rise to such
a situation. Ohmic heating relies on Coulomb collisions of the current carrying elec-
tron population. Because the collision cross-section decreases sharply with increasing
velocity (o V~3), it is possible to create a “runaway” sub-population of electrons
which have extremely high energies and carry most of the plasma current. This an
undesirable operational state for many reasons. One is that very high energy electrons
are poorly confined and in bombarding the vessel produce xrays and and component
damage. When the runaway population is small, the effect on the use of the ECE
as a temperature diagnostic can be minimal. This is because the nonthermal pop-
ulation is relativistic and thus the cyclotron radiation is down-shifted in frequency.
When viewing the emission from the low-field side of the machine this means that
the radiation from the relativistic component has to pass through through a region
where the bulk electrons emit at the same frequency. For optically thick plasmas, it
is re-absorbed efficiently and the re-emitted radiation is representative of the thermal
bulk.

When the deviation from a Maxwellian distribution is strong, the emission can
be strongly influenced or even dominated by the non-thermal electron component.
Although the interpretation of ECE in such circumstances can be of use in studying
the non-thermal electrons [45] such studies are beyond the scope of this thesis. It
is noted here that the significant distortion of the ECE frequency spectrum from
the typical behavior seen in Fig. 5-1 can be used as an indication that non-thermal
electrons are present. This is used in typical operation as a warning that the target

density is being set too low.
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Chapter 5

ECE Diagnostics on
Alcator C-Mod

5.1 Introduction

The theory of ECE emission on tokamaks is of little practical use unless experiments
to measure the emission with suitable accuracy are possible. Fortunately, the match
of ECE temperature diagnostics to tokamaks is a natural one and the techniques are
well established in the field [46, 45, 47, 48, 49]. This chapter gives a brief overview of
the ECE system on Alcator C-Mod and then focusses on the issues of key importance
to evaluating and optimizing the performance of the grating polychromator (GPC)
instrument. The GPC is the main diagnostic used in the physics studies in later
chapters. The adaptation, installation and operation of the GPC on Alcator C-Mod

was primarily the responsibility of the author.

5.2 Quasioptical Beamline

In Alcator C-Mod, 2™ harmonic electron cyclotron emission falls within the range
150 - 600 GHz. The detectors used for this frequency ( see §5.4.3 ) had to be lo-
cated outside of the experimental cell because of their sensitivity to both radiation

and vibration and to provide easier access for maintenance of the cryogenic cooling
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Figure 5-1: These schematic plots illustrate the fundamentals of ECE
(X-mode) in tokamaks. Panels a)— c) show typical
poloidal profiles of temperature and magnetic field and
the resulting ECE intensity. The curve in panel a) pro-
vides a simple mapping between position and frequency.
The resulting shape of the second harmonic frequency
spectrum is shown in panel d). Also shown are the shapes
and approximate amplitudes of the neighboring harmon-
ics. For comparison, panel e) shows a measured frequency
spectrum from a C-Mod plasma.
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systems. To avoid absorption by water vapour along the path from the tokamak to
the detectors, the beam path had to be evacuated. To make useful measurements,
the delivery system was also required to have good spatial resolution and low losses.

A quasioptical beamline consisting of a system of polished aluminum mirrors en-
closed by oversized stainless steel vacuum pipes was designed and built to provide
the front end for a fast scanning Michelson interferometer in 1992 [11]. The term
“quasioptical” is used because the wavelengths of the radiation involved (< 3 mm )
are not always much smaller than the dimensions of the “optical” elements of the
system, as is explicitly assumed in the limit of geometrical optics.

- An important feature of the beamline allows in situ calibration of the Michelson.
The mirror closest to the tokamak can be rotated such that the Michelson instrument
views either the tokamak or the calibration source which houses two viewing dumps
with known temperatures. The calibration is described in §5.5. Here a brief note
is made on the use of this scanning feature of the last mirror. In normal operation,
the final optic axis is nearly collinear with the tokamak midplane. After a major
maintenance period, this alignment can be performed by scanning this first mirror
between shots for a few reproducible plasmas. As the optic axis moves away from the
midplane, channels at fixed magnetic fields are scanned to larger values of normalized
flux. By noting the nature of the sawteeth, an accurate location of the qg=1 flux surface
can be mapped out. Thus two-dimensional profile information can be obtained. From
an operational standpoint, the flux surface contours, see Fig. 5-2, allow an accurate

alignment of the beamline optics.

5.3 Michelson Interferometer

A Michelson interferometer [50] may be used to measure the frequency spectrum of
a beam of incident light by monitoring the interference of two overlayed portions of
the beam as one portion is forced to travel a varying optical path length compared
to the other. The first ECE temperature diagnostic on Alcator C-Mod was a fast

scanning Michelson interferometer. Each scan of a reciprocating mirror produces an
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Figure 5-2: Sawtooth phase contours used for mirror alignment

ECE frequency spectrum typically covering the first three harmonics of the emission
from the plasma. The electron temperature profile can be determined from the 27
harmonic emission as discussed in Chapt. 4. Driving the mirror with a motorized
linkage at several thousand RPM produces temperature profiles with > 15 msec time
resolution. The interferometer is calibrated directly using the in situ calibration
source ( see §5.5). The Michelson interferometer has been in routine operation on

Alcator C-Mod since its commissioning in June, 1993.

5.3.1 Time resolution

The main limitation of the Michelson interferometer is its time resolution. An implicit
assumption in the analysis of the Michelson data is that the changes in the ECE being
analysed are slow compared to the scan time. However, the electron temperature in

C-Mod plasmas exhibits a variety of large amplitude, high speed transients. Examples
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include the fast thermal quench of the plasma following the injection of pellets [51],
full plasma disruptions [52], and most importantly, the ubiquitous periodic partial
disruptions caused by magnetohydrodynamic (MHD) instabilities commonly called
“sawteeth” [48]. Electron temperatures for each of these plasma phenomena can vary
by < 50% in intervals < 0.5 msec which introduces artifacts into the interference
patterns and produces errors in the temperature profiles generated from them. Much

better time resolution is required if the physics of these interesting phenomena, is to

be studied.

5.4 Grating Polychromator

In this section we describe the performance of another ECE diagnostic which uses a
diffraction grating and multiple detectors to measure the frequency spectrum with
much better time resolution, the grating polychromator (GPC). The GPC was orig-
inally designed at the University of Maryland [53] for use on MTX !, and was com-
missioned on Alcator C-Mod in May 1994. The polychromator and the Michelson
interferometer now share the radiation collected by the quasioptical beamline and

together form a powerful pair of complementary ECE diagnostics.

5.4.1 GPC layout

Figure 5-3 shows an isometric view of the grating polychromator instrument. The
beamline from the tokamak comes into the ECE diagnostic lab through a hole in the
shield wall (see Fig. 1-4). The beamline optics image a point on the magnetic axis of
the tokamak to an aperture at the input to the Michelson and grating polychromator
diagnostics. A wire-grid polarizer passes X-mode radiation and reflects the O-mode
into an Eccosorb beam dump. A second, rotatable polarizer acts as a variable beam-

splitter, reflecting ~ 60% of the ECE signal toward the GPC. Acrylic tubing (I.D.

IMTX (Microwave Tokamak eXperiment) operated at Lawrence Livermore Natation Lab from
1989-1992 and used the vacuum vessel and magnet system of the Alcator C tokamak. The grating
polychromator is currently on loan from LLNL.
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=2a =7 cm.) serves as a low-loss dielectric waveguide in which the radiation prop-
agates with an intensity profile well approximated by a gaussian with a waist given
by w = 2a/3 [54]. A polarization rotator prepares the polarization of the light from
the beamsplitter (parallel to the wires) so that it is perpendicular to the rulings of
the GPC gratings. Near the GPC the dielectric waveguide terminates and a TPX
lens and off-axis paraboloid mirror form a confocal Gaussian telescope which images
the waist at the mouth of the waveguide onto the rectangular input slit as shown in
Fig. 5-5. Before entering the main instrument enclosure a low-pass filter grating (see
§5.4.6 and appendix B) diffracts unwanted high frequency ECE radiation out of the
beamline into Eccosorb dumps. Two more mirrors focus the image of the input slit
onto rectangular input apertures to the detector for nine different frequencies deter-
mined by the geometry of the main diffraction grating (see Fig. 5-4). All of the optics
are under vacuum to reduce the effects of strong water vapor absorption?. A quartz
window near the tokamak separates the high vacuum of the tokamak (= 10~ torr)
from the rough vacuum of the ECE system (< 50 mtorr).

5.4.2 Grating equation

Applications of diffraction gratings for spectral analysis in physics are commonplace
and any optics text will give a fairly complete discussion of the principles involved
[50]. The basic grating equation which describes the direction of diffraction for the
m** order of diffracted light from a planar grating with regular rulings of period d is

given below:

mA; = d (sinf+siné;) (5.1)
or: m\; = 2d sin(0+S;) cosS;

where 8 is the angle of incident beam to the grating normal, S; is the deflection of the

ith diffracted ray® from the incident beam, and §; is the deflection of the diffracted

2The two strongest water absorption lines for water molecules occur at 557 and 752 GHz. [55]
3The geometry of the grating polychromator optics fix the diffraction angles S;. For the nine-
channel instrument on Alcator C-Mod these angles range from S; = 11.01°+ = 0.02° to Sy = 20.65°
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Figure 5-3: Sketch showing the layout of the polychromator system.
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from the tokamak cell, in-situ calibration source, Michel-
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Figure 5-4: Basic grating geometry and angle conventions. The inci-
dent beam (thick vertical arrow) is comprised of emission
over a range of frequencies and strikes the grating at an
angle 6 relative to normal. Reflected light corresponds
to order m = 0 in equation 5.1. Rays 1—9 show the
effects of diffraction for light with successively increas-
ing wavelengths for a given (negative) diffraction order.
The corresponding diffraction angles, S,,, are positive as
sketched here. The diffraction angle may also be speci-
fied relative to the grating normal, §. The rulings used
in these experiments are specified by period, d, and blaze
angle, S.

ray from the grating normal (note §; =2 S; +6). A diagram illustrating the standard
grating geometry and sign conventions for the angles is shown in Fig. 5-4. For a given
order of diffraction and angle of incidence, the angle of diffraction varies continuously
with the wavelength. This familiar dispersive property of gratings * is used to sample

different parts of the ECE frequency spectrum with different detectors as shown
schematically in figure 5-5.

(see Fig. 5-4).

4The same principle gives rise to the rainbow patterns of light “reflecting” from the surface of a
compact disc.
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Parameter Optimal value units
Bias current 30-45 uA
Optical responsivity 2.5-3.5 kV/W
Noise (measured) 2.5-4.0 | nV/HzY/?
D.C. Resistance 5-10 EQ

Table 5.1: Table indicating typical characteristics near the optimal
operating point for the liquid helium cooled InSb detectors
used for each channel of the grating polychromator.

5.4.3 Detectors

Using ECE as a temperature diagnostic for tokamaks is predicated on the availability
of sensitive detectors in the millimeter wavelength range. Solid state detectors with
suitable sensitivity have been available for many years [56], though despite incremen-
tal improvements in the original technology, operation at liquid helium temperatures
is still required. The detectors for the Alcator C-Mod experiments are Indium An-
timonide (InSb) hot electron bolometers 3. Infrared power is absorbed efficiently
through direct coupling to the “plasma” of carrier electrons within the crystal. The
absorbed power increases the electron plasma temperature and causes the resistivity
to drop (o T 3/2 )- A constant bias current is run through the detector element and
modulation of the resistance appears as a voltage across the device. The low thermal
mass of the carrier electrons and their short lifetimes makes for short rise and decay
times respectively, creating excellent time response (= 1 pusec). Sensitivity drops off

rapidly for emission above 2> 800G H z.

5.4.4 Electronics / Time resolution

To take advantage of the good response time of the detectors, similarly fast compo-
nents must be used in the data aquisition train. University of Maryland preamplifier
circuits provide both the bias current and a voltage gain of 300. Based on the OP-37
operational amplifier, they have a half-power high-frequency cutoff frequency of ~ 900

SQMC Instruments Ltd. model QFI/3.
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kHz and a measured noise figure near the operating point of 2 dB, corresponding to
a noise temperature of 180 K [53]. Jorway Corporation’s 12 bit Aurora 14 transient
recorders are used to digitize the signals, allowing a maximum sampling rate of 1
MHz and up to 128 kilosamples of memory per channel. An MPB decoder module
provides a programmable clock to the digitizers from the 1 MHz master clock signal of
the C-Mod serial highway, providing synchronization with other plasma diagnostics.
For standard operation, a sampling rate of 20 kHz is used throughout the shot with
an optional burst of fast digitization which can be set to capture fast transients. To
accommodate this option, a set of anti-aliasing filters with a cutoff frequency of 15
kHz was built which is bypassed with the same signal used to gate the high frequency

clock.

5.4.5 Spatial Resolution

The optics of the polychromator are designed such that each of the nine detectors is
nominally tuned to be sensitive to the frequency component of the input radiation
given by equation 5.1. Using the EFIT code © the locations along the view of the
instrument are determined at which the ECE frequency corresponds to each detector
frequency. However it is also very important to know the radial resolution of this
mapping from polychromator channel to tokamak position. A finite frequency reso-
lution translates to a finite radial resolution as was illustrated in Fig. 4-2. There are

three main factors which contribute to finite radial resolution:

1. The combined effects of finite spot size of the viewing beam in the plasma and

magnetic flux surface curvature.

2. Frequency broadening of the cyclotron emission combined with optical depth

considerations.

3. The finite frequency resolution of the instrument.

®Developed at General Atomics by L. Lao [57], EFIT solves the Grad-Shafranov equation and by

fitting to real-time measurements in the plasma edge, infers details of the plasma’s internal magnetic
fields.
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Figure 5-6: Illustration of the three main effects contributing to fi-
nite radial resolution. In each case the nominal cyclotron
resonance is at =~ 72cm.

Qualitative sketches of each of these effects are shown in figure 5-6. An exact cal-
culation of the overall resolution is difficult and must take into account all of these
effects and how they interact. In the interest of calculational simplicity, each effect
will be assumed to to act independently, which is a good approximation when each

effect in itself is small (6B, < a ).
Geometrical effects

The curvature of the poloidal magnetic flux surfaces effectively introduces a spread
in radial sensitivity when viewing with an optics system with a spot size of finite
vertical extent. Due to the large thermal conductivity along magnetic field lines, the
temperature is constant over flux surfaces. The experimenter would like therefore
to probe as narrow a range of poloidal flux surfaces as possible. It is the toroidal
field which largely determines the location of the cyclotron resonance however. The
toroidal field is roughly constant in the vertical direction, so that resonant surfaces

are approximated by vertical cylinders. The ECE instrument collects radiation from
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the area in the plasma which is the intersection of the relevant resonant surface
and the collection beam of the optics. This area has curvature only in the toroidal
direction and thus subtends a range of poloidal flux surfaces in its vertical extent.
By inspecting the sketch shown in Fig. 5-6, it is seen that this effect systematically
shifts the sensitivity of the instrument to flux surfaces outside that surface which is

tangent to the resonant layer.

Fundamental line broadening effects

Equation 4.13, w, = mQ(1 — 52)1/ 2/ (1 — Bjcosf), expressed the kinetic mech-
anisms by which the cyclotron resonance is broadened in a thermal plasma. The
denominator represents Doppler broadening and for a thermal plasma gives a sym-

metric Gaussian broadening about the nominal frequency by an amount:

| Te
Awdoppypras = 1.7 meczchose (5.2)

The numerator represents relativistic mass increase and shifts the peak of the emis-

sivity curve down in frequency from the nominal cyclotron resonance by an amount

given by equation 5.3. The relativistic line width is of the same order as the shift.

e

A"‘J'r'el -

m(m + 1/2)Q (5.3)

mec?

In non-relativistic plasmas, the doppler broadening will dominate ezcept for propa-
gation which is very close to perpendicular to the magnetic field. Broadening of the
emission ié dominated by relativistic effects for cosf <« 3, which is true in an average
sense for the collection optics of the ECE diagnostic on Alcator. Other fundamen-
tal broadening mechanisms such as radiation damping and collisional broadening are
negligible in fusion grade plasmas. If we consider a specific frequency, a downshift
in emission frequency means the diagnostic is sensitive to emission from plasma at
magnetic fields higher than at the nominal resonance layer, or for a tokamak, smaller
major radius. This radial spread in emission can be several centimeters for mod-
est values of the electron temperature (= 1 keV). This loss of spatial resolution is

strongly mitigated by reabsorption as the light propagates to the low field side of
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the tokamak in optically thick plasmas. The diagnostic “sees” only a few e-foldings
into the emissivity profile, which for 7., > 1, typical of the core plasmas of Alcator
C-Mod, drastically reduces the effects of broadening. This is illustrated in Fig. 5-7.

Instrumental resolution

The instrumental resolution was measured using a 110 GHz Gunn diode’ to pro-
vide a very narrow band source (+ < 25kHz). The setup for the tests is sketched in
Fig. 5-8. Power was directed with a horn through a vacuum enclosure port near the
main beam splitter, and modulated with a chopper. To enhance harmonic content,
thereby producing power at frequencies more relevant to ECE experiments, the diode
oﬁtput was first run through a mixer. The amplitude modulation of the GPC signals
at the chopper frequency was obtained for each point of a detailed scan of the main
grating angle. Examples of the results are shown in figure 5-9 where two peaks are
seen on one output channel showing the width of the 2¢ and 3™ harmonics. The
widths of these peaks indicate the finite frequency resolution of the GPC. Figure 5-10
shows in detail one of the peaks resolved during these tests. Angle scans with four
different gratings (with ruling widths, 0.94 mm < d < 1.65 mm) resolved the 27¢, 37¢,
and 4" harmonics on various GPC channels and represent a study of nearly the entire
operating range of all four basic variables in equation 5.1, 8, d, A, and S. Twenty
separate peaks were resolved in detail and their widths were measured to establish the
instrumental resolution. The polychromator was designed such that the contribution
to the resolution due to the finite aperture size of the output waveguides was roughly
equal to the fundamental grating resolution [58]. The expression for aperture limited

resolution is obtained by taking the appropriate derivative of Eq. 5.1 and yields:

f _sin(@+S) cosS

Faperture = Af ~ cos(6 +25) AS

(5.4)

where AS is the FWHM angular span of each detector as seen by the main grating,

here ~ 4.6 mrad. The resolving power of a diffraction grating in first order is usually

“Millitech varactor tuned Gunn oscillator model: GDU-10-3-131
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Figure 5-7: Line broadening due to doppler and relativistic effects
and the effective width after optical depth is taken into
account. The dashed line is the optical depth function for
the frequency with a nominal resonance at 73.1 cm. as a
function of radius. The thin solid line is the emissivity
line shape including relativistic and doppler broadening,
while the thick solid line shows the overall line shape after
reabsorption has been accounted for. Plasma parameters

for this calculation were n, &~ 2 x 102 m~—2 and T.~ 3
keV.
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¥ 110 GHz Gunn diode

Figure 5-8: Plan view schematic of the setup for GPC resolution mea-
surements. A 110 GHz Gunn diode provided a narrow
band emission source. An open port on the vacuum en-
closure near the main beam splitter was illuminated as
shown. The amplitude modulation of the GPC response
at the chopper frequency was measured as the main grat-
ing angle was stepped to sweep the m = 2,3, & 4 harmon-
ics across the channels.
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Figure 5-9: Example frequency spectrum from GPC resolution tests.
Peaks near the second and third harmonics of the 110
GHz source are resolved as grating #2 is scanned over
a large range of angles. The bandwidth of the source is
+ S 25kHz so the width of these peaks is due to the
instrumental resolution.
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Figure 5-10: Line shape of the 2"¢ harmonic peak as resolved by the
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given by:
Rgra.ting = N . (55)

Where N is the number of uniformly illuminated rulings on the grating. N can depend
on the beam divergence over the distance D from the aperture slit (of width “a”) to
the collimating mirror ( M2 in Fig. 5-5). The maximum number illuminated occurs
for long wavelengths which diverge beyond the grating width (W), and is simply the
total number of rulings (W/d). This is summarized below:

N = Minimum

o ofF
x>

It should be noted that Eq. 5.5 is calculated for Rayleigh’s resolution criterion [50]. It
is easy to show that the FWHM criterion results in a resolving power which is higher
by =~ 12%. This difference is ignored here however, as the assumption of uniform
illumination overestimates R in partial compensation. The measured resolution and
corresponding theoretical predictions are plotted in Fig. 5-11. The effects of finite
aperture and finite grating sizes have been added in quadrature for this plot. The
agreement is excellent, which indicates near optimal alignment of the optics. The
dotted line in the figure is the best fit to the experimentally measured resolution and

will be used in the analysis which follows.
Overall resolution

A computer code was written to simulate the effects of each of the three main
contributions to radial resolution. Aperture size, diffraction, and magnetic geometry
from a typical EFIT equilibrium were taken into account to produce the geometrical
resolution. The instrumental resolution was parameterized using Gaussian line widths
consistent with the best-fit to the measurements shown in Fig. 5-11. Doppler and
relativistic line broadening were taken to be the independent basic physics effects

dominating the emission broadening. The beneficial effects of finite optical depth
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were also included in this calculation of the fundamental resolution. All of the above
effects were convolved to give the overall radial resolution. In Fig. 5-12, detailed
line shapes for each effect are shown for three locations in the plasma. It should
be noted that both the geometrical and fundamental line shapes introduce shifts
from the nominal cyclotron layer as well as broadening. These shifts are in opposite
directions for the most typical channel locations on the low field side of the tokamak.
Relativistic effects cause the fundamental line shape to be shifted to higher magnetic
field. Near the plasma center, the broadening due to geometrical effects can be large,
but more importantly, the direction of the shift changes across the magnetic axis.
Thus on the high field side of the tokamak, the shift of the overall sensitivity curve
can be significant. The net resolution for all nine channels is shown overlayed on a

poloidal cross-section of the tokamak in Fig. 5-13.
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Figure 5-12: Line shapes of the various contributions to the GPC ra-
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Note that both the geometrical

and fundamental line shapes introduce shifts as well as
broadening. On the high field side of the tokamak, the
shifts are in the same direction and the shift in the over-
all lineshape can be significant.
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5.4.6 Order overlap: Low-pass filtering

In the previous sections we have considered only first order diffraction in the GPC,
ie. we took m = 1 in equation 5.1. However, all light incident on the main grating
for which the product mA is the same will end up incident on the same detector.
Undiffracted (reflected, or m = 0) light is deflected out of the system as shown in
Fig. 5-5. The design concern here is then the possible contamination of the signals
from radiation at twice the frequency to which a detector channel is nominally tuned.
For a given cyclotron harmonic in a tokamak, doubling the frequency means halving
the radius. The range of major radii in Alcator C-Mod barely spans a factor of two
and so the source of high frequency contamination comes from 3™ harmonic emission,
which when examining the 2" harmonic at a given radius, R, comes from 3/4 R. This
effect is at its worst when studying the outboard edge. In the relatively cool outboard
edge of C-Mod where the ECE intensity is low, the potential source of the order
overlap contamination is directly at the hot plasma core! In view of the importance
of edge temperature measurements to transient transport studies, this problem wa.s.
given considerable attention. In § 4.6 we considered the question of harmonic overlap
in which different harmonics of ECE from different regions of the plasma could have
the same frequency. This effect sets constraints which are fundamental and cannot
be circumvented by the diagnostician. In the case of order overlap however, the
undesired emission has a different frequency from the nominal signal. Thus with
proper attention to the design of the GPC optics, the problem can be avoided. This
can be addressed both by designing main gratings of low second order efficiency, and
also by performing low pass filtering to eliminate the higher frequencies before the
beam enters the polychromator. Low pass filtering can be achieved with filter gratings
used as reflective elements in the beamline before the main optics. Above a certain
wavelength they are highly reflective (efficient for diffraction in m=0) but diffract (in
order m=1,2,---) higher frequency components out of the beamline. Applying this
simple strategy for wavelengths of order 1 mm (and thus A & d) introduces surprising

complexity [59, 60, 61]. Appendix B details the salient design formulas tricks to the

115



art of filter design. Here it will suffice to emphasize that the orientation of the grooves
in the filter grating relative to the optics plane as well as the electric field vector of
the light to be filtered are independent issues of great importance to the performance
of the filter. The blaze angle (see Fig. 5-4) is also a key parameter [62]. In early
operation on C-Mod it was found that mode overlap was a problem near the the
plasma edge, but it was not immediately clear how best to improve the situation.
The predicted behavior of these filter gratings is both anomalous and sensitive to
small changes in geometry and so an effort to characterize their performance in the

GPC beamline was made.

~ The frequency response of several lowpass filters was measured in situ using the
Michelson interferometer and a mercury arc lamp as shown in figure 5-15. These tests
underscore the power, versatility, and complementary nature of the ECE diagnostics
system on Alcator C-Mod. Turning the beamsplitter polarizer 90° (by flipping the
grid housing 180° about a different axis!) allows the Michelson to view the light
transmitted backward through the system to that point. The interferometer was then
used to measure the broad-band frequency spectrum for a given filter grating versus
a front-surfaced flat mirror. Analysis of the spectra provides a measurement of the
filter frequency response. An example of a measured frequency response from these
tests is shown in figure 5-16. The half power points measured from the sensitivity
curves for three different filters is shown in Fig. 5-17 as a function of the predicted
cutoff frequency predicted. These measurements provided strong confirmation of the
predicted cutoff frequency, indicated no large filter leakage at the cutoff harmonics
and provide an idea of the sharpness of the power roll-off (drops from 90% — 10%
in ~ 75GHz). Based on these measurements a filter design more appropriate for
standard operation on Alcator C-Mod (with channels arrayed across the outboard
side of the tokamak as in Fig. 5-13) was adopted which places the filter cutoff close to
the central 27¢ harmonic ECE wavelength. A new set of filter gratings for operation

at various fields were built based on the simple formula:

dgrating(mMm) = — (5.6)
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Figure 5-15: Plan-view sketch showing the experimental setup for
low-pass filter tests. A mercury lamp was placed in-
side the GPC enclosure and shone through the aperture
and “backwards” through the optics system. With the
beamsplitter reversed, the Michelson was used to mea-
sure the effect of the low-pass filter on the broad-band
transmitted spectrum. Transmission from a flat, front-
surfaced mirror was used as a reference to obtain the
filter frequency response.
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Figure 5-16: Transmission efficiency of a low-pass filter grating of
period d = 0.89mm, as measured with the test setup
sketched in Fig. 5-15. The thick dashed line indicates
the location of the cutoff given by A. = dcosf (see ap-
pendix B).

Another advantage of orienting the grating groves parallel to optics plane now be-
comes apparent. For the same chosen cutoff wavelength, comparing Eqs. B.1 and
B.2 indicates that the required grating period for our case is more than twice that
of the more standard configuration, saving considerably on time (and thus sanity)
in the machine shop. It should also be noted here that polychromator systems on
other tokamaks [45, 47, 63] very often use multiple filter gratings, often with different
grating constants to minimize harmonic leakage [64, 65]. An upgrade to the filter
grating hardware was performed which now allows up to three low-pass filters to be
easily mounted in series in the existing vacuum enclosure. However, the extra path
length introduced defocusses the Gaussian telescope which couples the input beam
into the instrument. A new lens is needed to complete the upgrade but present indi-
cations show that the optimization of the single-grating filter currently used provides
sufficient rejection of the parasitic influence the core plasma on edge temperature
measurements. In Fig. 5-18 the edge temperature trace before the filter upgrade

shows a strong “positive” sawteeth, a feature only near the plasma core and thus a
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Figure 5-17: Figure showing the measured cutoff frequencies for three
GPC low-pass filter gratings versus the predicted cutoff
frequency.
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strong indication of order overlap. After the filter optimization, and for nearly identi-
cal plasma conditions, the edge channel is seen to be largely free from this influence,
with perhaps some “inverted” sawtooth behavior visible, the original goal of the up-
grade. Though a systematic study of heat pulse dynamics near the plasma edge is
not a key part of this thesis (see Chapt. 10), these filtering improvements will make
such studies possible. It has also made possible important studies of the behavior
and role of the temperature in the formation of transport barriers near the plasma
edge [66]. In Fig. 5-19, the structure of an “edge pedestal” near the outboard edge
is probed with the grating polychromator by sweeping the outer channels across the

region by ramping the toroidal field.

5.5 Calibration of the ECE system

Figure 1-4 shows the layout for the Alcator C-Mod ECE diagnostics system. A very
important element is the calibration source located near the tokamak which allows
absolute calibration. The steps involved in the calibration process are described

below:

1. Calibration of the Michelson interferometer: Thermal emission from spe-
cially designed sources [11] is detected with the Michelson interferometer. In-
terchangeable plates of carbon-loaded epoxy tiles, one at room temperature and
one at liquid nitrogen temperature (77 K), provide near black-body emission at
two known temperatures. The difference in the detected power, P, at each
frequency, w, is the product of the instrumental sensitivity, n(w)arich, and the
known black body emission, AI(w)Q (cf Eq. 4.16),

W AT

Bk (5.1

APyt (0)Q = n(w)Mich

where  is the acceptance solid angle of the optics, and AT = Tugor — Toig =
220 K is the temperature difference between the two sources. The Michelson

uses a liquid helium cooled InSb bolometer detector very similar to the GPC
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Figure 5-18: Improved filter grating’s effect on edge temperature.
The left column shows central and edge “temperature”
traces before the filter grating upgrade. With poor low-
pass prefiltering, the GPC edge channel is sensitive in
2" order of the main grating to 3"¢ harmonic emission
from the hot plasma core. The second column shows
how the central sawteeth are removed from the outer-
most channel after optimizing the filter grating.
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Figure 5-19: Polychromator measurements of an edge temperature
pedestal. The magnetic field is ramped to scan the
three outermost GPC channels across this distinct fea-
ture which forms during “H-modes”. Deconvolution of
this trace with the radial resolution function for the
GPC yields an important measurement of the pedestal
width. Note how the profiles from adjacent GPC chan-
nels merge together smoothly. The finite amplitude of
the signal for large radii indicates the level of signal con-
tamination from order overlap and also the beginnings
of harmonic overlap with the first harmonic.
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detectors. The detector has been shown to be linear over the 2 5 orders of
magnitude in signal power required to extrapolate this calibration to plasma
temperatures of order 107 K. The calibration signals are very weak and require
the averaging of hundreds of thousands of scans to obtain acceptable signal to
noise ratios. The calibration process thus requires many delightful hours to
accomplish but determines the instrumental sensitivity for the entire operating
range of the frequency spectrum and typically needs to be done only once per
experimental campaign. This process allows ECE measurements of the electron
temperature with a relative error estimated at < 15%. Agreement of the GPC
temperature measurements with Thomson scattering measurements have gen-
erally been excellent (AT/T < 5%) when the latter are available. Although
the accuracy of the Thomson scattering temperature measurement is generally
higher than ECE measurements, it is technically very difficult to operate and
maintain. The polychromator remains the standard source of electron tem-
perature measurements because it is routinely available and has excellent time

resolution.

. Cross calibration of the grating polychromator: The spectral range of
the grating polychromator is determined by the ratio of the nominal ECE wave-
length to the ruling constant of the main grating, A/d. To maintain spatial cov-
erage of the plasma for large changes in the toroidal magnetic field, the grating
must be changed (an overnight proposition). Relatively small changes of the
channel positions can be made by changing the grating angle, 8, between shots
(¢f Eq. 5.1). As the efficiency of the grating can be quite sensitive to small
changes in the optics configuration {67, 68], it is impractical to calibrate the
GPC directly. Instead, the polychromator is cross-calibrated from the Michel-
son signals after each change in the setup. The Michelson calibration yields a

conversion from signal intensity to temperature for the entire frequency range
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of operation:

T(w) = n(w)mich Vmich(w). (5.8)

For the ** GPC channel at the frequency w; = 27 ¢/); where ); is the wave-
length for the determined from the grating geometry (¢f Eq. 5.1) the cross
calibration coefficient is obtained from matching the inferred temperature at
the same Michelson frequency, T'(w) = n(w)ich Varicn(w) = n(w)epc Vapc (wi),
or

Viticn(w)

n(w)epc = Tl(w)Michm- (5.9)

The outer channel of the GPC is typically located near the plasma edge for
the main portion of the plasma discharge. The relatively low temperature near
the edge results in a large uncertainty in the ratio Vagicn(w)/Vape (ws), as both
signals are small. This problem is overcome with a single “cross-calibration”
shot in which the magnetic field is ramped down slowly from its nominal value
to scan the edge channels of the GPC into the hotter regions of the plasma

where the resulting signal to noise for cross calibration is much better.
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Chapter 6

Analysis techniques for ICRF

experiments

6.1 Influence of ICRF on electron temperature

dynamics

In this chapter the issues involved in using highly time resolved measurements of the
electron temperature to help diagnose ICRF heating experiments are discussed. The

differential equation governing the local temperature evolution can be written in the

3 dT.
ey = Peltor = Peljopp + Pelotmic + Pelor, + Pelpy + Pefi + ... (6.1)

where the terms on the right hand side of the equation represent (in roughly de-
scending order of Importance ) the contributions to the total electron heating power
density from the ICRF heating, ohmic heating, energy loss due to therma] transport
(driven by thermal gradients), radiation losses, and energy exchange with the bulk
plasma ions, respectively. For the studies of ICRF power deposition which are the
main focus of this thesis, the first term, pe;opr is of greatest interest. In this section

the relative magnitudes and the parametric dependences of the terms in Eq. 6.1 are
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determined. From this evaluation, the conditions under which p.|;ogr can be deter-
mined are discussed. This discussion will focus on the region near the plasma center

(r/a < 0.6) where most of the heating is done.

6.1.1 Ppel;crp characteristics

e The Alcator C-Mod ICRF system couples up to 3.5 MW into plasmas of volume
~ 0.8m> corresponding to a volume averaged power density > 4MW/m3. Two

additional factors determine the peak value of pe|;opp:

— Fraction of the total absorbed power delivered to electrons: In the
case of minority heating, electrons receive ICRF power indirectly through
collisions with the heated minority ions. As is evident from §3.4.1, the
fraction of power lost by minority ions going fo electrons increases as the
minority energy increases. Above a critical energy, E..;;: given in Eq. 3.10,
most of the minority ion energy flows to electrons. It is important to em-
phasize that while it is true that for minority energies below the magnitude
of Eqit, Pe|;opp Degins to decrease, it is still true that it is proportional
to the tail energy (cf Eq. 3.19). The time response of p.|;cgp in this case
is determined by the overall slowing down time of the minority tail. The
distribution of minority ion energies must be taken into account for these
calculations and the results of some modelling of this problem are shown
in Fig. 9-11.

Mode converted ion Bernstein waves damp directly on electrons via Landau
damping. This not only means that 100% of the mode converted power
contributes to p., but more importantly that there is no appreciable time

delay between the transmitter power and the electron response.

For the purpose at hand of estimating pe|;ogp, it Will later prove to be
reasonable to assume that half of the launched ICRF power heats electrons

when either mode conversion or minority heating dominates.
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— Deposition width: The volume in which the ICRF power is deposited
is only a fraction of the total volume due to horizontal and vertical local-
ization of the heating. The power deposition is in general peaked near a
resonance which is localized along the major radius. For mode conversion
heating (see Chapts. 7 and 8) electron power profiles can be localized to
within a region 0.2a < ARuyc|pwyay S 0.45a. ICRF power profiles for mi-
nority heating are more difficult to measure. Measurements during D(H)
experiments described later in this chapter (see Fig. 6-6) show that at high
density the full width of the heating profile is approximately 8 cm. This es-
tablishes an approximate lower limit for the minority heating profile width
of ARminority| pwgas > 0-35a. Measurements during minority heating at
low densities suggest a considerably broader heating profile as is expected
with a more highly energetic minority population. Toroidal simulations
also show that the wave fronts of the magnetosonic wave are focussed as
it propagates toward the plasma center. This effect reduces the vertical
extent of the RF wave fields substantially from a size equal to the height
of the current straps at the plasma edge though the finite vertical extent of

the wavefields at the resonance can affect the flux surface averaged profile

widths.

For a Gaussian profile centered on the magnetic axis with a FWHM width of

AR|pwy = W, the central power density is given in terms of the total power

absorbed on electrons by the expression

Power to electrons

212 /& Ro (3W/5)*’

Pelrcrr(0) = (6.2)

where Ry is the major radius and « is the vertical elongation of the plasma
(k =~ 1.6 for the discharges considered here). When half the power damps on

electrons, we can use the above equation to estimate the central electron heating
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power density for two fairly extreme profile widths:

27 MW /m®/(Incident MW)  for w = g.25
pe,ICRF/-Ptransmitter ~ : (63)
3 MW /m?®/(Incident MW)  for w = o.75.

6.1.2 p, lohmic charact eristics

The ohmic heating power density can be estimated fairly easily. For steady
conditions, the loop voltage driving the plasma current is fixed and the current
density profile, j(r), is determined by the resistivity, (n), of the plasma through
Ohm’s law, j = g /n. The resistivity is o T3/ 2, so by modelling the tempera-
ture profile with T(r) = T.(0) ezp(~r?/6%) and b ~ 14 cm, the current density

profile can be estimated to be

_ I, ezp(—r?/d?)
VETE (1 ~ exp(—a2/g))

Iexp(—2r2/ 42 ) -8
Pe(M) opmic (W/m® a e 22/ E) (26X10 )7 (6.5)

km2dd(] — ezp(—a?/d?))? Te(keV)3/2

plasma center for I, =1MA, d= 11.5¢cm and T, = 3gey gives p.(0)|

ohmic ~2
LMW /m3, Although this power density is not completely negligible compared
to the ICRF power density, the following two points indicate how it can be

separated from measurements of pel,,,:



msec) in the local electron heating are not due to changes in the ohmic

heating.

— Simple scaling from ohmic conditions: The ohmic heating component dur-
ing ICRF heating can be obtained to first order simply by scaling the value

estimated during the ohmic phase according to pe| x 2T 32

ohmic

6.1.3 pelyy, characteristics

~ o This term represents energy diffusion and flow within the plasma, p|gr, =
—V - (nx VT, —nV). The dynamics of energy transport are interesting in their
own right (see Chapt. 10), but for the purposes of determining the ICRF power
deposition, we wish to find circumstances which minimize this term. Again

consider two strategies:

— Minimize temperature gradients: A way of minimizing the influence of
transport on power deposition measurements is by taking advantage of
situations which minimize the temperature gradients. Such a situation
occurs near the plasma center shortly after sawtooth crashes. During a
sawtooth crash, magnetic reconnection thermally short-circuits a signifi-
cant portion of the plasma core. This leads to a prompt flattening of the
temperature profile within the so-called mizing radius as shown in Fig.
6-1. Following the fast crash, the central plasma begins to “reheat” more
slowly until the instability is triggered again and the temperature collapses
once more giving the central temperature evolution its characteristic ”saw-
tooth” shape (see Fig. 6-2). The lack of central temperature gradients
following a sawtooth crash greatly reduce or eliminate the effects of trans-
port on the temperature evolution. In §6.3 this is described in more detail.
Although it is thought that the temperature profile following a sawtooth
crash is completely flat, we use measured profiles to put an upper bound

on the post-crash influence of diffusion. The central temperature follow-
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Figure 6-1: Electron temperature profiles before and after a sawtooth
crash. Magnetic reconnection within the plasma core flat-
tens the electron temperature profile abruptly as the ther-
mal energy quickly redistributes itself within the “mixing
radius”. The temperature near the center drops quickly
giving rise to the characteristic “sawtooth” time trace
seen in Fig. 6-2. The heat lost from the center causes
the temperature at larger minor radii to quick rise, creat-
ing “inverted” sawteeth. The “inversion radius” separates
these two regions.
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Figure 6-2: Typical time history of the central electron temperature
in a tokamak exhibiting “sawtooth” oscillations. The
change in the spatial profile of the temperature as a re-
sult of a sawtooth “crash” ( comparing time ‘A’ with time
‘B’) is shown in Fig. 6-1. Note also the prompt response
of the rate of the temperature rise to sudden changes in
the ICRF power. This indicates that the RF is heating
electrons directly.
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< 0.05 keV out to

TMS N~V

ing the sawtooth crash in Fig. 6-1 varies by (AT,)
the inversion radius at r;,, = 6.5 cm. Near the plasma center we can
conservatively estimate x = 0.5 m?/s (see Chapt. 10). To estimate the
corresponding diffusive “power density”, model the central temperature
profile immediately after the crash with a broad Gaussian profile such that
Te(Tmiz) = Te(0) ezp(—(Tmiz/1)?) = T.(0) — (AT.),,,.. The central power

loss due to diffusive transport under these circumstances is

dnx (AT)
2

miz

P(0)lor. S 2 7 0.6 MW /m® (66)

— Using fast time scales: The time scale for the diffusion of energy between

flux surfaces in the plasma separated by a distance Ar can be shown (cf

Eq. 10.5) to be

3 Ar?
Atd,’ff ~ 2X 5 (67)

where x is the thermal diffusivity. On time scales shorter than this, the
diffusion of heat from regions beyond Ar will not affect the local tempera-
ture evolution. The radial separation of the GPC channels is ~ 3 cm and
determines Ar for measurements of pe|;ogpr- With x = 1 m?/s, we obtain
Atgiss = 1.4 msec. This will prove to be the upper limit on the time
scale for inferring ICRF power deposition from the temperature response

to power transitions.

6.1.4 pcl,,q characteristics

. Quasi-confinuum line radiation from ionized impurity atoms is the dominant
source of radiation in Alcator C-Mod. The fraction of the input power lost
to radiation can range from 10% — 80%, though at the low plasma densities
considered in this thesis, the total radiated power ranged from ~ 10% — 35%.

Electrons provide the energy source for these processes through collisional ex-
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Figure 6-3: Figure showing bolometer measurements of radiated
power densities versus major radius for two shots repre-
sentative of plasmas analysed in this thesis. Both plasmas
have a central density of n.(0) ~ 1.6 x 102 m~3. The top
panel is for 0.8 MW of H — He® mode conversion heating
with T¢(0) = 2.1 keV. The bottom panel is for 3 MW of
D(H) minority heating, and T.(0) = 3.5 keV. The solid
lines show the radiation levels during ICRF heating and
the dashed lines are the levels &~ 30 msec after the RF is
turned off.

citation and ionization so radiation appears as a sink in the electron power
balance equation. Most of the radiation occurs at relatively low temperatures
near the plasma edge. The high temperatures of the plasma core limit atomic
radiation to high-Z impurities. Molybdenum, the material from which most
plasma facing components in the tokamak are made (see Fig. 3-1), dominates
the core radiation in Alcator C-Mod [69]. Figure 6-3 shows profiles of radiation
emissivity as measured by the bolometer array for two different Alcator C-Mod
discharges. For 0.8 MW of H — He® mode conversion heating, the power density
of the central radiation is p.| ., < 0.3 MW m=3. For 3 MW of D(H) minor-
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ity heating, pe|,,q4 < 0.9 MW m~3. In both cases, the total radiated power is
~ 25% of the total radiated power and half of the radiated power is emitted
from beyond r/a =~ 2/3. Also shown in Fig. 6-3 are the radiation profiles =~ 30
msec after the ICRF power is turned off. The absolute change in the central
radiated power density is < 0.3 MW m™3 in both cases, which is very small

compared to the nominal ICRF power densities estimated above.

6.1.5 pes characteristics

When the ion and electron plasma temperatures are different, power flows to
equalize them. For T; = T, the temperature equilibration power density seen

by the electrons is:

3n.(T; - T.)
Peji = 2 Te/i ) (68)
where 7,/; is the thermal equilibration time given by:
: 3/2
Te/; = 6.7 msec M Te(keV) (6.9)

ne(1020) Z2

For a deuterium plasma (M; = 2) with density 2 x 10%° m~3 and T, = 3.5 keV,
Te/i = 44 msec. The ion temperature is obtained from measurements of X-rays
and of neutrons on Alcator C-Mod (see §1.3.3), and is generally found to be
/T. < 10%, whether

heating through mode conversion or minority heating. Here T, is the electron

quite similar to T,. Even at low density, the |Te ~ T

temperature averaged over a sawtooth. This difference is equal to zero within
- the measurement errors. Taking the temperature difference to be 500 eV for the
plasma conditions considered above gives an upper estimate on the electron-ion
exchange power to be p./; < 550 kW/ m?3 which is at least a factor of 5 less than
Peljorp @s calculated from Eq. 6.3 for heating with 1 MW of injected power.
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Measurement techniques which are particularly sensitive to the ICRF power compo-

nent will be discussed in the following sections.

6.2 Sawtooth compensation

Sawtooth oscillations occur universally in Alcator C-Mod discharges except during a
few transient phenomena such as pellet injection or severe ICRF power transitions.
These sawtooth oscillations can be of large amplitude ( < 60% of T. ) and of frequen-
cies ranging from 60Hz — 600Hz. Sawteeth are of interest to study in themselves and
in Chapt. 10 they will be used to provide information on electron thermal transport.
However, for many other applications, sawteeth provide nothing but complication.
The complicating effects of sawteeth on other tokamaks may often be avoided dur-
ing operation through sawtooth suppression techniques or by performing experiments
during the flat-top of a "monster” sawtooth [70]. This has not been possible on Al-
cator C-Mod however. Sawteeth must be dealt with in the analysis. In this chapter,
the measurement of dynamic temperature phenomena will be described which can be
woefully affected by the presence of sawteeth. Thus where possible it is often useful
to compensate for sawtooth behavior, removing the sawtooth influence to help bring
out the details of another transient effect. Though the variety of sawtooth behavior
observed on Alcator C-Mod is large, the behavior is often very repetitive for a given
steady state plasma condition, making sawtooth compensation feasible. Figure 6-4
shows an example of the results.

The basic idea of sawtooth compensation is simple. For each steady state segment
of a plasma discharge, a prototype “sawtooth” is built up by averaging the sawteeth
on each channel of the GPC. For each sawtooth, the baseline temperature is first
subtracted so that each sawtooth prototype begins at zero and is generally positive
everywhere. No truncation or stretching is performed to combine all of the sawteeth
which have slightly varying lengths. Instead, as a running average of the sawteeth is
performed, the tails of extra long sawtooth traces are added to the prototype trace

with a scale factor applied to avoid discontinuity at the boundary.
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direct electron heating profile ( see §6.4 ).
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A further refinement which can be of benefit is to perform a parametric fit to
each prototype waveform in order to reproduce the basic form with a waveform that
is locally smooth. This reduces the amount of high frequency noise added when
attempting to subtract out the sawtooth behavior. For radii outside the inversion

radius, the average sawtooth signal is fit with the five parameter fitting function:
Tsr(t) = at® exp(—(t/7)°) + et (6.10)

Figure 6-5 shows examples of sawteeth as seen on various channels of the GPC and
how this general function is able to fit them. This is an extension of rather simplis-
tic sawtooth compensation done in other analysis [71] using a linear model for the
sawteeth. Either the average prototype or the parameterized fit may then be sub-
tracted from a given sawtooth with the same steady state plasma conditions in order

to compensate for the presence of sawtooth behaviour to first order.

6.3 Sawtooth reheat rate

Although problematic at times, the ubiquitous presence of sawteeth does provide
some benefit to the experimentalist. As seen in §6.1.3, the temperature gradients
vanish within the mixing radius immediately after the crash eliminating thermal dif-
fusion from the power balance equation. For a short time therefore, the temperature
evolution near the plasma center is determined solely by the local electron power
density. Measuring the instantaneous sawtooth reheat rate with the grating polychro-
mator (near the point labelled “B” in Fig. 6-2) thus provides a useful measurement
of the power density near the plasma center.

Examination of the various terms described in the previous section shows that
even moderate levels of ICRF heating can dominate the power sources at center and
indicates how the effects of the other terms can be estimated. Ohmic heating is not
small but can be estimated fairly accurately and subtracted. Radiation losses are

small near the plasma center and do not change greatly during low density ICRF
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Figure showing examples of sawtooth signals as measured
on different channels of the GPC for the same shot. The
thick lines indicate the results of averaging several saw-
teeth together as described in the text. The thinner curve
in each case is the parametric fit obtained using the func-
tion given in Eq. 6.10.
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operation so that subtraction of the ohmic reheat power densities from the ICRF
levels corrects for radiation to first order for the plasmas considered in this thesis.
Power exchange with ions can also be corrected for to first order using equation 6.8
and the experimentally measured central ion temperature. In Chapt. 9 example data

will be examined which show that this term can also be quite small.

Spatial information from the sawtooth reheat measurements

The temperature profile flattening which allows pdwer deposition profiles to be in-
ferred from sawtooth reheat rates extends out to a radius which scales like r o< I,/ Br.
In Fig. 6-1, for which the plasma current was I, = 800 kA and the toroidal field was
Br = 6.5 Tesla, this radius is approximately r/a = 1/3. Thus the ability of the re-
heat rate to provide information about the spatial profiles of ICRF power deposition
is limited. Only two or three channels of the GPC may be used for this measurement,
providing minimal informal about profile widths for standard heating experiments.
Figure 6-6 shows central reheat power measurements from a series of D(H) minority
heating shots in which the location of the hydrogen cyclotron resonance was scanned
off axis by increasing the magnetic field from the standard value of 5.3 Tesla. When
the resonance is on-axis, the enhancement of the central power density over ohmic
levels is considerable, and ICRF heating dominates. In this case, the decay of this
enhancement as the resonance is moved off axis provides information about the width

of the deposition profile.

Time-scale information from the sawtooth reheat measurements

Even in situations where the ICRF power density is large enough to measure accu-
rately with the sawtooth reheat rate, there can remain an ambiguity as to the identity
of the heating mechanism as minority heating or direct damping on electrons from
the IBW. In steady state, these processes can not be easily distinguished and time de-
pendant methods are generally required (see §6.4 and §9.1.5). The time resolution of
the reheat measurements is ultimately determined by the sawtooth frequency, which

is generally much too slow for distinguishing between minority and mode conversion
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Figure 6-6: Variation in the central electron power density (as mea-
sured with the sawtooth reheat technique) with the po-
sition of the hydrogen minority resonance for a toroidal
field scan in D(H) plasma. The diamonds indicate data
for ICRF power of =~ 24MW . The squares indicate the
ohmic reheat power levels for the same shots, I, ~ 1 MA.
All shots achieved H-Mode during RF, with central elec-
tron densities 2.1 < n.o (10%°° m™3) < 3.8. The vertical
line shows the average location of the sawtooth inversion
radius for these discharges.
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heating. The slow decay of the sawtooth reheat rate can be useful in studying high

energy minority tails, as will be seen in Chapt. 9.

6.4 Detection of direct electron heating

Figure 6-7 shows the electron temperature evolution as measured by the GPC for an
ICRF heated H(He®) plasma. The lower panel shows the time trace of the transmitter
power. The rates of temperature rise during the sawtooth cycle at the plasma center
shows obvious discontinuities at the times of the power transitions. The change in
the slope can occur with no measurable time delay and on the same time scale as
the drop in RF power (observed to occur in < 10 seconds). This is much faster
than a tail slowing down time and indicates that there is a strong direct electron
heating channel. This is the strong damping of the IBW on electrons near the mode

conversion layer.

6.4.1 Basic break-in-slope technique

To diagnose a source of strong direct electron heating with a time resolved electron
temperature diagnostic is straightforward in principle. When there is no mediating
minority ion species between the ICRF transmitters and the electrons, there is no
time delay in the electron temperature response to a sudden change in the transmitter
power. The local electron heating power density is then given by:

()l = melr) AZTATE) (611)

transition

When the direct electron heating is very strong and obviously dominates the im-
mediate time dependence of the temperature, obtaining the instantaneous break in
slope is a straight forward measurement. In general, however, the influence of the
direct electron heating power must compete with the effects of other plasma dynam-
ics and noise. In Chapt. 10 the deposition profile will be usea as the "known” time

dependent source term in transient thermal transport studies. Significant effort is
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Figure showing the evolution of the electron temperature
as measured on the central channel of the grating poly-
chromator during modulated mode conversion heating in
a H(He®) plasma at 6.4 Tesla. The sharp break in slope
indicates strong localized electron heating. The results
from each GPC channel were used to generate the direct
electron heating profile shown in Fig. 6-9.
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thus made here to measure power deposition profiles accurately at all radii. To best
characterize the mode conversion heating, it is desirable to reduce the uncertainties
in the estimated power profiles and also to ensure that the technique is insensitive
to indirect power sources. Some degree of automation for the data analysis is also
desired to allow the examination of very many power transitions and to ensure that
the analysis technique is consistent. For these reasons, care and energy were devoted
to developing optimized power profile analysis techniques. A discussion of the main

issues considered is given below.

6.4.2 Fitting procedure

Here we consider how best to measure the instantaneous change in the slope of a time
trace of electron temperature. To ensure that the measurement selects against indirect
electron heating, the time interval used for the fitting procedure should be as short as
possible. In order to minimize the sensitivity to noise, the fitting interval should be
as long as possible. An algorithm was developed which attempts to optimally satisfy

these conflicting considerations. It is briefly described here.

The temperature signals before and after a power transition are least-squares
fit with both linear and quadratic polynomials over a range of time intervals. The
optimal fitting intervals are taken to be the intervals of maximum length for which
the normalized chi-squared errors of the linear fits are within 1.5 % of that for the
corresponding quadratic fits. Using these intervals, a best fit is obtained to a function
consisting of two straight line segments, kinked at the transition time (three parameter

fit for two lines). For each line segment, the fitting error in the slope, error(m), is

o .
error(m) = —erI2% oy =

S (i~ £)?

VIR (T~ Tipi)?
N-—-15

(6.12)

and the total error in the break-in-slope measurement is the quadrature sum of the
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two fitting errors:

error(Am) = \/ error(Myegore)? + error(ma srer ). (6.13)

Equation 6.11 shows that the calculated break-in-slope power is also proportional
to the electron density. For this analysis, the results of the two-color interferometer
density inversion [72] were used for n.(r). This introduces an additional, mainly
systematic error of ~ 15% into the power profiles. Results given in this thesis (see

Figs. 6-9 and 6-10) show the errors estimated from temperature measurements alone.

6.4.3 Sawtooth effects & the break-in-slope method

It is obvious from Fig. 6-7 that sawteeth can be large on Alcator C-Mod. Closer
examination of the figure also shows how sawtooth dynamics can complicate the
process of extracting electron heating profile with the break-in-slope technique.

Even with a prompt electron response to a sharp power transition, finite time
intervals on both sides of the transition time are required in practice to derive ex-
perimentally the break in slope. These intervals must be unbroken by a sawtooth
crash and through this consideration the break-in-slope technique selects for analysis
those power transitions which occur near the middle portion of the sawtooth phase.
Because the heat pulse from a sawtooth crash takes a finite time to propagate to the
outer edge of the plasma, the peak of the sawtooth rise at radii outside the mixing
radius (see §10.6.2) lags the sawtooth crash. Thus there is a radius, call it R*, where
the peak in the periodic sawtooth time behavior occurs near the middle of the central
sawtooth phase where a given power transition occurs. Evaluating the break in slope
at this location where the sawtooth behavior produces a time trace T'e(R*,t) which
is concave down, will tend systematically to reduce the break in slope. The plasma
volume within a given AR around flux surfaces also increases with minor radius, thus
“diluting” the ICRF power and making the break in slope harder to detect.

In order to reduce the sensitivity to this sawtooth effect, sawtooth compensation

can be used. In the most direct approach, the “expected” sawtooth waveform ( as
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obtained from averaging sawteeth from the same shot, see §6.2) for the pre-transition
power level is subtracted from the sawtooth trace in which the power transition
occurred. Then the standard break in slope measurement can be made on the com-
pensated time histories as shown in Fig. 6-4. This method, though sound in concept,

is in practice susceptible to noise and sporadic sawtooth behaviors.

A simpler technique has been adopted which in practice proves to be much more
robust. In this method, the standard break-in-slope method is applied to the uncom-
pensated temperature data at the power transition time. It is then also applied to
the temperature traces of the previous sawtooth period at the same sawtooth phase
as the power transition. The results from this “dummy” transition are taken to rep-
resent the unperturbed sawtooth behavior and they are subtracted from those of the
real transition time. This technique proves to be particularly useful because it can
be easily adapted to analyse power transitions occurring very near sawtooth transi-
tions for which the standard analysis would be too problematic. Consider a power
transition occurring very early in the sawtooth phase. In this case, the pre-transition
slope will be difficult to obtain reliably because of the sawtooth crash, so the stan-
dard pre versus post transition slope comparison will fail. With the assumption that
the pre-transition sawtooth crash brought the plasma conditions to approximately
the same state as the crash before it, we can still infer the direct electron heating
by comparing the post-transition slope to that at the dummy transition time of the
previous sawtooth. In the case of a power transition very late in the sawtooth phase,
useful meaéurements may still be made with a further approximation. One can skip
ahead in time to just after the sawtooth crash and evaluate the slope there and again
use the corresponding slope for the previous sawtooth crash for sawtooth compensa-
tion. If the time interval skipped is short compared to the expected slowing down
time for a minority tail, then the derived power density still represents a measure-
ment of the direct electron heating. Thus with only small loss in time resolution, this
method can be extended to provide heating results for transitions which occur quite
close to sawtooth crashes. A good example of this adapted break-in-slope method is

shown in Fig. 6-11. The power transition occurs very near to a sawtooth crash and
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although close examination of the time traces clearly show prompt temperature re-
sponse (< 100usec), precise measurement of the change in slope is impossible. Fitting
line segments to the traces starting ~ 500usec after the power transition and com-
paring the slope to that of the previous crash clearly indicates strong off axis electron
heating (see Fig. 10-3). Figure 6-8 shows an example of the grating polychromator
data for a case of off-axis electron heating in a D — He® plasma. Examples of electron
heating power profiles measured with the break in slope technique are shown in the
following figures. Figure 6-9 indicates central electron heating in H(He?) plasmas at
6.4T with approximately 25% helium. Figure 6-10 shows off axis heating in D(He?)
plasmas with nge/ne = 22% and Br = 7.9T. The locations and widths of these
power profiles are in good qualitative agreement with predictions from theory. For a

systematic quantitative analysis of these results, refer to Chapts. 8 and 7 respectively.

6.4.4 Power profiles and integrated power

The break-in-slope technique produces measurements of the direct electron heating
power density at nine locations along the major radius on the midplane of the toka-
mak. These power densities are assumed to reflect flux surface averaged values and

the total absorbed power is obtained from the integral over the plasma volume:

P
Pa.bsorbed =/ Pe(P)dV(P), (614)
0

where p is the normalized midplane minor radius of the flux surfaces. The EFIT code
calculates the position of the magnetic axis and volume elements of the flux surfaces
reconstructed from magnetics measurements. The above integral can be calculated

numerically after careful consideration of the following points:

1. Accurate mapping of flux surfaces:
Both EFIT and the Grating Polychromator have errors in their calculated ma-
jor radii. It is important that discrepancies be kept to a minimum, especially

for narrow profiles peaked on axis. The GPC was run such that the high field
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Figure 6-8: Raw Grating polychromator data clearly showing the
prompt break in slope in response to an ICRF power tran-
sition. Break-in-slope measurements for this shot were
used to generate the estimate direct electron power pro-
file shown in Fig. 6-10.Here there is essentially no response
on axis with clear breaks at the outer radii indicating off
axis power electron heating. This was a D — He? plasma,
at 7.9T, with a Helium fraction ng.s/n. ~ 20%.
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Figure 6-9: Break in slope derived power for H (He?) plasma, 6.4T,
normalized to 1 MW of incident ICRF power. The on-
axis point of this profile was derived from the raw data
shown in Fig. 6-7. The volume integrated power in this
case is estimated to be 75+ 15% of the total ICRF power.
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Figure 6-10: Break in slope derived power for D(He?) plasma, 7.9T,
normalized to 1 MW of incident ICRF power. This pro-
file was derived from the raw data shown in Fig. 6-8.
The volume integral of the profile fit to these measure-
ments (see §6.4.4) indicates that a~ 45% of the RF power
is absorbed directly by electrons in this case.
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channel lay to the high field side of the magnetic axis in order to use the sym-
metry of the power profiles across the magnetic axis as a tool for aligning the
two coordinate systems. It is important to note that an even more sensitive
indicator of the magnetic axis as measured from ECE comes from sawtooth
precursors. Looking at the radial variation of large m=1 oscillations is a very
sensitive indicator because the phase jumps by 180° in crossing the axis. For
integration purposes, the GPC power profiles are shifted so that the plasma
center found by estimating the location of the null in the sawtooth precursors
coincides with the EFIT magnetic axis. The magnitude of this shift is typically

< 5 mm, similar to the estimated error in the code calculation [73].

. Fit to experimental data:

For integration purposes, a generalized Lorentzian function is used to fit con-

tinuous curves to the nine discrete power density measurements:

b
P, = A (T s ) (6.15)

where A is the peak power density occurring at the minor radius, ro, and w and
b together determine the width and shape of the profile. This adhoc function
was found to fit the measured profiles quite well except for cases when the
heating was only slightly off axis. In this case, flux surface averaging leads to
asymmetric profiles which can be matched well with the addition of a central

Gaussian component with one free parameter:

pe(T‘)|ﬁt2 = pe(r)|fitL + Bezp(—1.5 x r?/r?). (6.16)

The fitting procedure has additional constraints which force the fit strongly

towards zero for radii near the last closed flux surface.
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6_.4.5 Error estimates for the absorbed power

The errors in the power density measurements were discussed in §6.4.2. In order
to estimate the error in the integrated power, each of the nine power density
measurements were independently varied according to a normal distribution
determined from the break-in-slope fitting error for that channel. For each of
an ensemble of fifty profiles, the fitting and integration were carried out with an
automated process. The standard variation in the resulting integrals was taken

as the error due to the temperature measurements.

6.4.6 Other measurements of absorbed power

The total absorbed ICRF power can be estimated with a break-in-slope method ap-

plied to measurements of the total stored energy (W) of the plasma at a sharp step
transition in the ICRF power:

aw

PICRF'Absorbed =A dt

(6.17)

transition

There are different methods for measuring W. For the break-in-slope method, which
requires relatively good time resolution, the diamagnetic stored energy measured
with flux loops mounted inside the vacuum vessel can provide a useful comparison.
This method is sensitive to all absorption mechanisms in the plasma. Figure 6-11
shows a comparison of the responses of the electron temperature and the diamagnetic
stored energy to turning on the ICRF heating. The fraction of the total forward
power seen in direct electron heating inferred from the break in slope of the GPC
signals is estimated to be 41%. The error due to the analysis of the temperature
is (AP/ P)brea.k—in-slope < 10%. Uncertainty in the electron density introduces an
additional error, (AP/P)gens = 15%. The break in the stored energy indicates ~ 45%
total absorbed power, indicating that absorption due to minority ion heating and

other processes is small for these conditions (6.5 Tesla, nges/n. ~ 8%).
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Figure 6-11: Figure comparing the evolutions of the electron temper-
ature and the total plasma stored energy as measured
with diamagnetic flux loops after turning on the ICRF
power. The sharp break in slope on channel #4 of the
GPC indicates strong off-axis electron heating. Break-
in-slope analysis of the GPC traces yields an electron
heating power density profile shown normalized to a 1
MW power transition in Fig. 10-3. The volume integral
of this profile indicates that 41+3% of the ICRF power is
absorbed by electrons (the central electron density used
was n.(0) = 1.8 x 10*® m™3 and introduces an additional
uncertainty of & 15%). The break in slope of the stored
energy (delayed 6t by filtering circuits) indicates that
~ 45% of the ICRF power is absorbed by the plasma.
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6.5 Distinguishing between direct and indirect
heating

A vanishing time delay of the electron heating to sharp power transitions is a sure sign
of direct electron heating. When the time resolution of the break-in-slope technique
is limited (by low signal-to-noise or by the finite time for the ICRF power to change
substantially), the distinction can become blurred between direct electron heating and
fast decay times for low energy ion “tails”. In the case of mode conversion, however,
the peak in the power deposition for these two cases is spatially separated. Mode
conversion occurrs well away from the cyclotron resonance, removing the ambiguity.
As will be seen in Chapt. 9, the distinction between the spatial location of minority

heating and direct electron damping of the fast wave need not be so clear.

153






Chapter 7

Results from D(He?) experiments

7.1 Introduction

In Chap. 3 the basic physics involved in ICRF heating of tokamaks was described.
In particular, it was shown that two very different wave damping mechanisms can
occur, depending on the plasma conditions. The launched fast magnetosonic wave
can either damp on minority ions near their fundamental cyclotron resonance, or else
mode conversion to the ion Bernstein wave can occur which generally leads to electron
heating. Section 3.7 discussed the conditions for and the nature of the competition
between these two processes. Analyses of D(He®) heating experiments on Alcator C-
Mod are presented in this chapter which reveal the unanticipated result that minority
ion heating is not the dominant heating process. Mode conversion heating can absorb
up to 50% of the launched ICRF power and evidence for relatively weak minority ion
heating is obtained only at very low He® concentrations (nge/n. = 1%). These
results are shown below to run counter to a priori predictions based on previous code
simulations. These discrepancies as well as the qualitatively different results obtained

on other tokamaks are discussed in terms of the unique plasma conditions of Alcator

C-Mod under which these experiments were run.
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7.1.1 Conditions for D(He?) heating experiments

The geometry of the wave resonances for the standard experimental conditions is
shown in Fig. 7-1. To the end of the campaign ending March 1%, 1996 this heating
scenario has only been attempted at a nominal magnetic field of 7.9 Tesla. For
this magnetic field, the launched waves (at the transmitter frequency of 80 MHz)
experience the fundamental cyclotron resonance of He® at the plasma center. Data
analysis will be limited to Helium concentration scans which were conducted on two
different run days, 960117 and 960131, for plasmas with peak electron densities ~
2.1 x 10%° [m™3)].

7.1.2 Measurement of the He® concentration

Quantifying the He® concentration in the plasma will be critical to the analysis and
discussions of the heating experiments of this chapter and Chap. 8. Appendix A
describes in some detail the methods used to obta.in an estimate of the ratio ng.s /n..
Briefly, a calibrated piezoelectric valve is pulsed for a controlled interval near the
plasma flat-top allowing a known amount of neutral He® into the vacuum vessel.
Measurements of the resulting density and Z.fective for many gas puffs indicates that
~ 40% of the puffed He® gas enters the plasma. It is assumed that the ny.s/n.
fraction is roughly constant throughout the plasma and during the remainder of the

shot. The relative uncertainty in nges/n. is = 10%.

7.2 Mode conversion in D — He3 plasmas.

The ion-hybrid resonance for this mix of plasma species follows from Eq. 3.24 and is

3X.546. 6 — 3 fues
el = oo/ BETE = 0oy [S22 (1

where Xg.s = nHea/(nH +nyes),

given by

and fyes = NHe [ Te-
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Figure 7-1: Tokamak cross-section showing the approximate locations
of the resonances for typical D— He3 ICRF heating exper-
iments. The antenna launches the fast magnetosonic wave
which propagates toward the plasma core. It encounters
the cyclotron resonance of the minority He? ions near the
plasma center. Power not absorbed by ions at this res-
onance is incident on the ion-ion hybrid resonance layer
where mode conversion to the ion Bernstein wave (IBW)
can occur. Partial reflection of the fast wave also occurs
due to the associated NI? = L cutoff.
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The resonance lies inboard of the He? resonance on the high-field side of the tokamak
and moves further inboard as the helium concentration is increased. All of the mode
conversion data to date for this heating scheme thus correspond to off axis heating.
Contours of the cold plasma cutoffs and resonances as well as computed power deposi-
tion profiles for fairly high He® concentration (nges/ne & 25%) are shown in Fig. 7-2,

indicating that mode conversion heating was predicted for large minority fractions.

7.2.1 Standard operation to date: 3% < nge/n. < 25%

During scans to high He® concentration in deuterium plasmas at 7.9 Tesla, strong
direct electron heating was indeed observed. For strong helium puffing, producing
nyes/ne 2 20%, the heating was well off axis, in good agreement with the predictions
shown in Fig. 7-2. In Figs. 6-8 and 6-10 the basic analysis analysis techniques used
to measure direct electron heating were demonstrated. Using these same techniques,
further analysis indicated significant direct electron heating down to nyes/n. ~ 3%
which represented the minimum concentration used in D(He®) heating experiments to
August, 1996. This result was not anticipated and as will be shown below, indicates

that minority ion heating is much weaker than originally predicted.

Heating location

Figure 7-3 shows how the position of the peak in the break-in-slope measured direct
electron heating profiles was seen to vary as the He® concentration was scanned. It
should be noted that the GPC can be used only on the outboard side of the the plasma
(see §4.5) As the true location of the the expected mode conversion heating moves to
smaller major radii, the GPC will see the temperature response on the corresponding
flux surfaces move to larger major radii. That direct electron heating is observed and
that the location of the heating follows the ion hybrid resonance and moves off axis as
the He3® concentration is increased, is clear evidence of IBW mode conversion. Also
shown in this figure are the positions of the peaks in the mode conversion heating

profiles computed using FELICE, a full wave 1-D ICRF modelling code. Although
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Figure 7-2: Half poloidal cross section of the tokamak showing a) the
locations of the cutoff and resonance layers as calculated
from the cold plasma dispersion relationship and b) the
corresponding power deposition profile from FELICE for
conditions similar to those of shot #960117012 (Br = 7.9
Tesla, n.(0) = 2.3 x 102 m™3, T.(0) = 2 keV, ny.s/n. ~
25%).
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Figure 7-3: Location of the peak of the electron heating profile as
a function of He® concentration in D — He® plasmas.
Squares correspond to the peaks of measured profiles. Tri-
angles are values calculated from FELICE simulations for
similar conditions. Note that the effect of curved flux sur-
faces is not included in the slab geometry of the simula-
tion and tends to move the peak of the heating to larger
minor radii which brings the two calculations into better
agreement.
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the dependence of the heating location on the He® concentration agrees well with the
expected behavior, there is a nearly constant discrepancy between the experimental
data and the FELICE prediction. Although a = 10% systematic underestimate of
the He® concentration for these shots could explain this difference, a more likely
explanation is the effect of the curved flux surface geometry on power deposition (cf
§5.4.5). This effect is not included in the slab geometry of the simulation of FELICE
and moves the positions of the peak in the expected power profiles to larger minor
radii, in better agreement with the experimental data. The presence of background
levels of hydrogen ion “impurities” in this D(He3) plasma (see Chapt. 8) is not
expected to have significant effect on the heating profile because of the relatively
large distance between the hydrogen cyclotron resonance and mode conversion layer
(AR = 1.5a) and because the levels of hydrogen as estimated from charge exchange

neutral particles are small (ng/np < 5%).

Heating efficiency

We can also compare the experimental measurements of absorbed power to theoretical
predictions. Figure 7-4 compares measurements of the volume integrated break-in-
slope power profiles to the corresponding predictions made with standard modelling
codes. FELICE can calculate the mode conversion efficiency of the incident fast wave
to IBW for a given set of plasma parameters. A critical parameter in this calculation
is the energy of the minority ion species, here He3. FPPRF is a Focker-Planck code
which solves for the steady state velocity distribution for minority ions under specified
heating conditions, and predicts minority tail energies of up to several hundred keV
for D(He®) experiments on Alcator C-Mod. For the theoretical curves of Fig. 7-4,
two widely different estimates of the minority energy were used as input to FELICE.
The curve with dashed lines and triangles shows the predicted direct electron heating
when the FPPRF tail energies are used. Agreement is poor. The solid line and filled
triangles show the the FELICE results for the assumption of no minority tail, i.e.
with the He? ions at the bulk plasma temperature. The agreement with experimental

measurements is much better in this case. The increased electron heating in this case
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results from the narrower doppler width of the cyclotron resonance and reduces the
competition of minority ion heating with mode conversion to the ion Bernstein wave.

These results indicate that the FPPRF code over-estimates the minority ion energy.

7.3 Minority heating results

7.3.1 Low He? concentration: ngy./n. < 1%

Because of code predictions ( see §7.2.1 ) and efficient minority heating on other
tokamaks, the results of Fig. 7-4 showing relatively strong direct electron heating were
somewhat surprising. The typical ion concentration in standard D — He? operation to
date has been nges /n. = 5—15%. In an attempt to observe stronger minority heating
of ions, the minority fraction was reduced. Following a calibration of the He® solenoid

valve ( see Chapt. A ), very low concentration (nges/n. < 1%) heating was attempted

briefly on the last day of the 1996 campaign. Heating was observed but the efficiency
was low (nprp =~ 15 — 20%) No prompt electron temperature response was observed
( break-in-slope analysis yielded the data point at the lowest value of ng.s/n. in
Fig. 7-4 ) indicating that the heating was not due to mode conversion but to minority
heating instead. Although minority heating will not produce prompt electron heating,
in steady state the electrons near the resonance will be heated by collisions with the
minority ions. The total electron power density near the plasma core can be obtained
by measuring the reheat rate immediately following a sawtooth crash ( see §6.3 ).
The difference in the local steady state reheat rates with and without the application
of ICRF (appropriately corrected for changes in ohmic power) yields the total power
to the electrons due to the external heating. This technique alone cannot distinguish
between direct heating from the IBW and power to the electrons from minority ions
slowing down. Here (for nges/n. < 1%) the null result from the break-in-slope

~J

technique allows the power to be attributed to minority heating.

For the same shots considered in the previous section, the sawtooth reheat rate
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Figure 7-4: Top panel shows direct electron heating efficiency as
a function of He® concentration in D — He® plasmas.
Squares correspond to the volume integrated break-in-
slope power profiles. Dashed triangles are FELICE pre-
dictions assuming a radiative boundary condition on the
high field side of the tokamak, with Ep.» ~ ELEPRF
(shown in the bottom panel). Agreement is poor. Solid
triangles are the FELICE predictions assuming Fpge =~
Tp. Agreement is much better.
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technique was used to obtain the central electron power density. The results are
shown in the top panel of Fig. 7-5. This figure shows that a significant ICRF compo-
nent to the central power density (attributed to minority ion heating at the central
cyclotron resonance) is found only at the lowest minority fraction considered. Shown
in the bottom panel of this figure are the corresponding FELICE predictions for the
minority ion heating efficiencies for the two minority tail models considered previ-
ously. The sawtooth reheat technique does not provide a complete power profile from
which the total absorbed power can be calculated. Although this means that a direct
quantitative comparison with theory is not possible in this case, the central power
density due to minority heating is monotonically related to the total minority heating
power. The observed continuous decline of the central power with minority fraction
is thus inconsistent with the peak at finite minority fraction of the heating efficiency
curve predicted using the minority tail energies as calculated by FPPRF. Together
with the results shown in Fig. 7-4 these data indicate that minority heating in the

D — He® scenario is quite weak.
q

The absorbed power fraction for the two very low He® concentration shots was
estimated to be ~~ 33% from the change in slope of the total stored energy of the
plasma in response to turning on the ICRF power. This measurement provides a
single experimental point for comparison with theory and is shown by a solid diamond
on the lower panel of Fig. 7-5. This absorbed power is significantly higher than the
FELICE prediction for thermal minority ions (= 10%). This FELICE calculation
used a dissipative boundary condition for the ICRF power not absorbed in the first
pass through the plasma. In practice, the power not absorbed by minority ions at
the plasma core is not strongly absorbed by mode conversion heating at this low
concentration and so reflections from the cutoff on the high-field side of the tokamak
can be significant and lead to further absorption during multiple passes. This effect
does not alter the basic shape of the absorption curves however and the conclusions
made previously remain unchanged. The amount of data from this minority heating
regime in D(He®) plasmas is currently very limited. The calibration of the helium

puffing system which is described in appendix A will allow a more systematic study of
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this regime and the details of the cross-over to the mode conversion regime in which

nearly all of the heating experiments have been conducted to date.

7.4 Discussion of results

Though the results shown in this chapter were not predicted a priori with simulations,
proper adjustment of the assumptions used this analysis has been shown to give rea-
sonable agreement with observations. This reflects the complexity of the interactions
of ICRF waves with the plasma rather than a failure of the basic theory. Here an
attempt to describe the basic principles behind these results is made. To do this it is
helpful to compare the results of “minority heating” experiments on Alcator C-Mod

to those found on other tokamaks.

7.4.1 Comparison with results on other tokamaks

To establish some context for the results presented in this chapter, a brief description
of the results obtained on the PLT [74] tokamak are given here. A more complete
picture is obtained if the results from D(H) experiments on both Alcator C-Mod and
PLT are included as well. In Chap. 9 it will be seen that in the D(H) scenario, ion
cyclotron damping is the dominant heating mechanism and attempts to characterize
the resulting hydrogen minority tails are made. Power absorption efficiency can be
very high, nrr ~ 60% — 90% [75] as estimated from time resolved measurements of
the stored energy (Eq. 6.17). The results for D(He®) and D(H) minority heating
experiments as well as some tokamak and plasma parameters for the two machines
are given in table 7.1 [76]. The minority heating results for these two machines
seem at first to be at odds with each other. The more efficient heating on PLT
was for the D(He?) scenario, and the opposite is true for C-Mod. Perhaps more
striking is the large qualitative difference in the results represented by the relatively
strong (nicrr < 50%) mode conversion heating. These differences can be reconciled
by considering the implications of the lé.rgely different plasma densities in the two

devices. This is discussed below.
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Figure 7-5: Measurements and code predictions pertaining to He> mi-

nority ion heating for the same data set examined in Fig.
7-4. The upper panel shows the RF component of the
central density of power to the electrons versus the He3
concentration in D — He® plasmas with the He® cyclotron
resonance on axis. The increase at very low concentration
is attributed to minority heating. The circles in the lower
panel show the predictions from the FELICE code for
He? ions at the the bulk plasma temperature (solid line)
and for the tail energies as calculated by FPPRF (dashed
line). The monotonic decrease in the central RF power
density is not consistent with the assumption of a high
energy minority tail.
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| Parameter C-Mod PLT
Major Radius, Ro(m) 0.67 1.35
Minor Radius, a (m) 0.23 0.4
Frequency, ficrr (MHz) 80 25, 42
RF Power, PICRF (MW) 2.5 1.5
RF Power Density, < P > (MW /m?) 3.5 .35
Electron Density, n. (10%°m=3) 2.0 0.2
Electron Temperature, T, (keV) 3 2
Ion Temperature, T; (keV) 3 <4
D(He?) ion heating 7 < 35% < 100%
loss mechanism mode conversion (!) -
D(H) ion heating n < 100% < 60%
loss mechanism ~ orbit losses
FTa.il = %ﬂi (a.u.) =1 ~5

Table 7.1: Alcator C-Mod vs. PLT “minority heating” results.

7.4.2 Expected minority “tail” energies

As seen in Chap. 3, the assumption of a highly energetic minority tail, Erqy >> Eqi,
allows one to give a scaling for the tail energy based on plasma and heating parameters
(Eq. 3.11). Based on this scaling, and assuming that the minority fractions are the
same on both machines, one can generate a “tail factor”, Fr,;;, which can be used to

compare the expected tail energies on the two machines for the same heating scenario:

<p> T3/

2
T

FTa,-il [0 8 (7.2)

This factor is given in tablé 7.1, normalized to the value on Alcator C-Mod, implying
that the tail energies on PLT are expected to be &~ 5 times as high. From measure-
ments of charge exchange neutrals and charged fusion products, minority ion energies
between 90 — 200 keV were detected in both minority heating scenarios on PLT.
High overall heating efficiencies were measured in the PLT D(He®) scenario, while
the D(H) heating was significantly less efficient. An explanation of this difference is
suggested by the observation of orbit losses of energetic ions from the plasma midplane
during D(H) heating, while none were seen during D(He?) experiments. Examining

Egs. 3.11 and 3.7 shows that the greatest source of difference between the minority
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energies for the two heating scenarios enters through polarization effects in < P >.
Although the integrated power ion cyclotron absorption on PLT was obviously high
for both heating schemes, the local power density in the D(H) case can be up to nine
times higher. This leads to higher minority energies, higher prompt orbit losses and
may explain the decreased efficiency observed on PLT for D(H) plasmas.

Scaling down the tail energies observed on PLT (< 200keV) by the PLT “tail
factor” (= 5, see table 7.1) gives a rough estimate for the tail energies expected on
C-Mod, Erqi(C-Mod) ~ 40 keV. This should be considered an underestimate in the
D(H) case on C-Mod because the at these lower average tail energies, prompt ion
losses should be small. Dividing by the PLT D(H) heating efficiency corrects for this
consideration to first order and predicts Eraiip@)(C — Mod) = 70 keV. It will be
seen in Chap. 9 (Eq. 9-14) that this estimate is similar to estimates of the hydrogen
tail energies based on decay times of the ICRF electron heating.

At this point the current working assumption that Fr.; >> E.; must be re-
examined. Equation 3.10 gives E.; D(H) & 50 keV, and EcritD(He3) ~ 150 keV for
the Alcator C-Mod. The assumption that He® ions are dominated by electron drag
is no longer appropriate, and ion drag may in fact dominate. The implications are

considered in the following section and are of great importance to the results of this

chapter.

7.4.3 Ion drag: the minority tail “burn-through” problem

Assuming Erqi << Eqi is equivalent to saying that the drag on minority ions are

dominated by interactions with bulk plasma ions,

(p'rm'n) = (Emin - ’I!i)/TEia (73)

where (pmin) is the ICRF ion heating power density (cf Eq. 3.5), and 75, is the energy
slowing down time for ions on ions (see Eqgs. 3.15 and 3.18). This allows a simple

expression to be written which gives the basic scaling of the minority energy with
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plasma parameters, or the low-energy analog to equation 3.11:

EY? M;
(Emin - T,z) 08 (pmin) A 7.4
Z-,ijn V Mmz'nn'niin ny Z? ( )

This equation has two interesting properties which are of importance to the consid-
erations of this chapter:

1) The Efn/i dependence gives rise to an interesting dynamic for low minority ion
energies. The energy of the minority ions above the bulk ion temperature is propor-
tional to the ion heating power as can be expected, but the energy “gain” from the
power is itself a sensitive function of the energy. This indicates that at low energies
it is most difficult to impart energy to minority ions and it becomes easier and easier
as the energy increases towards E..;:. This suggests that there is a critical ion power

density required to “burn-through” this initial low energy barrier.

2) The minority species specific dependence of the minority energy scaling for
high energies, Eiq(E >> Eerit) %‘:ﬁfﬁ, was relatively insensitive to the difference
between He® and H minorities, with hydrogen giving 33% higher energies. At low
energies the result is Fiy(E << Eoit) < 1/(Z2,,/v/Mmin). This means that for

a given ion heating power density, it is seven times more difficult for a He® tail to

burn-through the bulk ion background than for H.

The energy dependence of the minority ion drag for low energies is shown for
D(He® and D(H) plasmas in Fig. 7-6. This figure clearly shows that the dynamics
of minority tail formation at low energies is distinctly different for the two heating
scenarios. In this figure, the effects of electron drag are also included and mask the
"barrier” feature due to ions, which is small for D(H). On lower density machines
(or more correctly, for machines with higiler “tail factors”) this qualitative difference
between the two heating schemes disappears as the high energy behavior of the ion
drag is very similar. The considerations of this section indicate that the properties
of Coulomb collisions is of key importance for our experiments and can help explain

the distinct nature of the heating seen in the D(He?) scenario on Alcator C-Mod.

These slowing down dynamics are independent of the compounding effects due to
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Figure 7-6: Energy dependence of the collisional drag on minority
ions at low energies (c¢f Eq. 3.22). The solid curve shows
the drag on He® minority ions in a background deuterium
plasma at temperature T. For the same conditions, the
drag on a H minority ion is also shown. This figure
clearly shows the low energy power threshold which must
be overcome in the case of D(He?) heating and is of crit-
ical importance for the low tail energies seen on Alcator

C-Mod.
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considerations of the fast wave polarization (see Eq. 3.7). The ion heating polarization
is reduced at low minority energies due to a reduction of the doppler width of the
minority cyclotron resonance. Although this effect occurs with roughly the same
strength for H, and He® minorities, the basic strength of the polarization which is

modulated is nine times weaker in the case of D(He®) heating (see table 3.1).

7.4.4 Estimated He® energies

From the various discussions and observations of this thesis it is possible to make
several rough estimates of the He® minority energy.

. The simple scaling from PLT tail measurements just considered provides an up-
per bound of Er.; < 40 keV because it assumes electron drag levels which is an
underestimate below E..; (Eeit = 150KeV | here).

Examining Fig. 7-4 shows that the discrepancy between FELICE predictions and
measurements of the absorbed power begin to vanish when the tail energy used in
the calculation falls to = 13 keV. This too should be viewed as an upper bound.

Equation 3.27 gives a necessary requirement for mode conversion heating which
is sensitive to the minority concentration and k) of the fast wave. Taking k; <
15m~! and observing that mode conversion heating efficiency drops towards zero for

nges/ne < 3%, this yields another estimate for the tail energy, Er,; ~ 12 keV.
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Chapter 8

Results from H(He3) experiments

8.1 Overview of H — He3 heating experiments.

Most of the dedicated, deliberate mode conversion heating experiments performed
on Alcator C-Mod to date have been conducted in H — He® plasmas. The ion-ion
hybrid resonance occurs between the ion cyclotron resonances of hydrogen and helium
3 which, for 80 MHz, are at magnetic fields of 5.3 Tesla and 7.9 Tesla respectively.
A schematic diagram of this heating scenario is shown in Fig. 8-1. Equafion 3.24 in

this case specifies the approximate location for the ion-ion hybrid resonance as:

6 X .a+3 3fHe3 +3
wmcly e = Qe Xgess+3 = Sy V 3—2fhes (8.1)

Where: Xys = nges/(ng +nye)

fHea = nHe"’/ne

The goal during most of these experiments was to obtain electron heating from mode
converted ion Bernstein waves near the plasma center. The typical plasma parameters
used to achieve this were an on-axis magnetic field of ~ 6.4 Tesla, ng.s/n. ~ 0.2,
and electron densities &~ 1.8 x 10%° [m~2]. Figure 8-3 shows detailed contours of the
resonance and cutoff layers as calculated from the cold dispersion relation (which

were sketched in Fig. 8-1). Shown below this figure are the power deposition profiles
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Figure 8-1: Tokamak cross-section showing the approximate locations
of the resonances and cutoffs for typical H — He® mode
conversion experiments (for Br = 6.5T and ngs/n. &~
0.25). As indicated, the fast wave must penetrate two
cutoff layers to reach the ion-ion hybrid resonance. Also
shown is a damping profile for the IBW as calculated in
§8.3.
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as predicted by the FELICE code !. This figure indicates that electron heating can
dominate over minority ion heating, and be localized near the IBW mode conversion
layer. Well localized power deposition profiles were sought in experiments in order
to conduct heat transport studies (see Chapt. 10) in which the ICRF provides an
external heat source. H — He® experiments were conducted during several runs.
Early experiments were very promising in this regard. The first experiments were
run during the 1995 summer campaign. Figure 8-2 shows that break-in-slope derived
power profiles from early results could be localized ( FWHM = 0.2a ), and yielded
record high power densities for Alcator C-Mod ( p. 2> 25MW/m? ). Following a major
venting of the machine for routine maintenence, these experiments were repeated
during parts of three different run days during the winter 1995-1996 campaign in
order to attempt parameter scans for transport studies. Like the earlier experiments,
strong mode conversion was routinely achieved with absorbed power efficiencies in
the range 25% < Pabs/Paunched S 80%. The location of the heating was observed to
depend on the magnetic field and relative ion concentration in good agreement with
mode conversion theory. However, these latter runs failed to reproduce the highly
localized heating characteristic of the earlier results. The following sections describe

and explain the observed differences in these results.

For simplicity in this chapter, I will refer to the run period ending in June, 1995
as the “summer” campaign, and the run period from October, 1995 until March, 1996
as the “winter” campaign. Two days were dedicated to mode conversion experiments
in H — He® plasmas during the summer campaign, as were parts of three run days
during the winter campaign. The inner walls of Alcator C-Mod were coated with
a boron compound ( or “boronized” as is said in the fusion community ) midway
through the winter campaign. This occured for the first time just before the second
of the thfee H — He? run days of the winter campaign. The significance of this fact

is discussed in the following sections.

1Slab geometry, full-wave code for integration of the FLR wave equations. Developed by Dr.
M. Brambilla (IPP, Garching).
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density for Alcator C-Mod.
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Figure 8-3: Half poloidal cross section of the tokamak showing a) the
locations of the cutoff and resonance layers as calculated
from the cold plasma dispersion relationship and b) the
corresponding power deposition profile from FELICE for
conditions similar to those of shot #950608017

177



8.2 Observed effects of Deuterium on “H — He3”

heating.

8.2.1 Ion-ion resonance shift due to presence of third ion

When attempting to return to the heating results of the summer campaign, it was
noticed that less He® was needed to obtain centrally peaked electron heating than
had been the case earlier. This was later attributed to the presence of greater concen-
trations of deuterium. In a three ion species plasma, cold plasma theory in general
pfedicts two ion-ion hybrid resonances, given by the condition le = S. For the
plasma conditions examined to date the additional resonance created by the presence
of small amounts of a third plasma ion 1s virtual, meaning that it exists at a magnetic
field and density not present within plasma. However, the introduced ion species still
influences the nature of the original ion-ion hybrid resonance. Using Eq. 2.15 one can
perturb the two ion solution to the ion-ion hybrid resonance condtion and calculate
the change in the ion hybrid frequency caused by displacing plasma species “1” with

small concentrations of a third ion species:

Ao o X3 [ Z3/Ms __Z3/M; / X1, 22 /My X2Z2/M;
T Qi w2 =02 w2 — 02 (wi2 — Q%)z (wiiz — Q%)Z

(8.2)

In general, increasing the fraction of a given ion species moves the ion hybrid reso-
nances away from the corresponding ion cyclotron resonance layer. Thus in the case
of adding D to a H — He?® plasma, there is a shift towards lower magnetic field, as was
observed on Alcator C-Mod. Once this effect was recognized, attempts to compen-
sate for the increased presence of deuterium were made by either reducing the helium
concentration or reducing the toroidal magnetic field (or both). Figure 8-4 gives
measurements of the deuterium fraction as obtained from the charge-exchange neu-
tral particle analyser for runs before and after the summer 1995 maintenance period.
On average, the levels of deuterium during the winter campaign were approximately

double the concentrations seen during the summer campaign, before the vent, result-
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Deuterium Levels in H—He® Plasmas

0.15F O —

- o 4

- O .

- O 4

= ! e ocoo o A
7 0.10F-c-coooomo (o JNNTe Yo DRNNNRIE 00 ----o
T - O O O o O .
N - O ©]®) o 0O 1
O - o -
" 1

0.05F o o [ X ) -

- @ Y -

oool . ...

0 5 10 15 20 25 30

shot #

Figure 8-4: Measurements of the deuterium fraction as a function
of the shot number for different H — He® runs. The
solid symbols are for shots toward the end of the sum-
mer 1995 campaign. The open symbols are from early in
the 1995-1996 campaign and show systematically higher
levels. Discharge cleaning in hydrogen was performed
overnight prior to all runs.

ing in an average outward shift of the mode conversion layer of ~ lcm. Although on
average the deuterium level rose, the variation of the concentration during any given
run day was high enough to confound attempts to locate the resonance at the plasma
center. The following sections will show that the effects of deuterium on the location
of the mode conversion heating were perhaps of less importance than an unforeseen

effect on the damping width.

8.2.2 Resonance broadening due to third ion species

The peak power densities during the H — He® runs of the winter campaign were

reduced from previous levels. It was originally thought that this was due to a failure to
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Figure 8-5: Direct electron power deposition profiles for H — He® dis-
charges with different deuterium ’impurity’ levels. For
central heating, the effect of deuterium is seen most
strongly in the reduction of the maximum power density
(notice the different y-axis scales!).

position the resonance precisely on the magnetic axis because of the varying deuterium
“impurity” levels. The deposited power is averaged over flux surfaces and the flux
surface volume o r, thus one expects reduced central power density when failing
to locate the heating source precisely at the plasma core. However, this effect alone
cannot explain the observed peak power density reduction. Figure 8-5 shows examples
of measured power profiles for shots with different deuterium concentrations. A small
correction to the magnetic field was made for the shot of the lower panel to obtain
central electron heating but the plasmas were very similar otherwise. The figure
shows that in the higher deuterium fraction case, the central power density is smaller
by a factor of 2 5. Figure 8-6 shows the simulated effect of a simple shift of a narrow

heating source on the flux-averaged power density. The upper bound on the reduction
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of the central power density for profiles similar to those of Fig. 8-5 is only ~ 2.

Any doubt that another effect was at work in causing lowered peak power densities
was removed on the final H — He? run of the winter campaign. The run of 960215
was intended to allow a carefully controlled parameter scan with modulated heating
with profiles suitable for transport studies. Although a complete run was obtained
with steady discharges and well modulated RF power, the plasma deuterium levels
rose steadily throughout the run, creating an unplanned parameter scan. Figure 8-7
shows the deuterium concentration levels measured as the run day progressed.

Direct electron heating was still observed even at the highest levels of deuterium.
The effect on the heating profile shapes was now unmistakeable. Figure 8-8 shows
electron heating profiles measured early and late in the day on 960215. The integrated
power is about the same in each case but the profile in the high deuterium case is
significantly broadened. In each case nge3/n. ~ 8%, placing the peak in the heating
to the high field side of the magnetic axis. This removes the uncertainty in the
estimate of the damping width associated with estimating the precise location of the

magnetic axis.

8.3 Deuterium effects on H — He? heating.

As discussed in Chapt. 3 and shown in the sketch of Fig. 8-1, the IBW is “born”
near the ion-ion hybrid resonance from mode converted fast wave energy. For plasma
parameters typical of our experiments and IV = 10, the hot plasma dispersion rela-
tionship can be solved numerically for the ion Bernstein wave root as a function of
the deuterium fraction, along the plasma midplane near the mode conversion layer.
Having obtained k, . and kjj, near the mode conversion layer, the basic damp-
ing characteristics of the IBW can be investigated with the simplifying assumption
of propagation along the midplane. The general problem of IBW propagation and
damping is much more difficult [77] and has been a subject of some debate in the re-
cent past. For the purposes of isolating the influence of deuterium, the complications

of a general treatment of propagation are ignored. The damping profile in this case
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Figure 8-6: Effects of small position shifts on peaked power density
profiles. In this simulation, a narrow gaussian heating
source is shifted off axis and the flux surface averaged
power density profiles are computed before and after the
shift. The central power density is seen to drop by a factor
of two for a shift of 1.5cm. This shift is large in compar-
ison to the uncertainty in the source location due to the
influence of deuterium impurities on the mode conversion
electron heating H — He® plasmas. The shift reduces the
peak power density by roughly a factor of 2. This result
should be compared with the observed deuterium effects
shown in Fig. 8-5.
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Figure 8-7: Measurements of the deuterium fraction versus shot num-
ber for run number 960215. Overnight discharge cleaning
in hydrogen produced low levels early in the run. How-
ever, the deuterium fraction rose steadily as the day pro-
gressed to levels of ~ 40% late in the day. The vacuum
vessel had been boronized 2 days previous to this run.
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Figure 8-8: Direct electron power deposition profiles for H — He> dis-
charges with different deuterium ’impurity’ levels. The
effect of deuterium is seen most strongly in the broaden-
ing of the power density profiles. Note that the magnetic
field had been lowered in the high deuterium level shot in
an attempt to compensate for the shift in the peak of the
heating. All other parameters were nominally constant.
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where “X” is the coordinate measuring distance to the high field side of the mode

conversion layer as shown in Fig. 8-1.

8.3.1 Resonance shift and profile broadening

Figure 8-9 displays the effects of increasing levels of deuterium impurity on the IBW
damping profile as calculated numerically. The solid black curve in each panel in-
dicates the shape of the damping profile as calculated from Eq. 8.3. Also shown in
each case are the real and imaginary parts of k;. It should be noted that as the
deuterium fraction is increased, the resonance moves to larger major radius, as ex-
pected. More interesting is the marked increase in the damping length as the level

of deuterium increases. This is in agreement with the profile broadening observed in

the experiments.

8.3.2 Dependence on the parallel wave number

Although the qualitative behavior of the damping shown in Fig. 8-9 agrees with
observations, the calculated profiles are still much narrower than those measured in
the experiments ( compare with Fig. 8-8 ). The calculated damping profiles assume
propagation along the midplane with a parallel wavevector equal to the nominal value
of the launched fast wave, kj &~ 15m~!(n = 10), as given by Eq. 3.2. As discussed
in §3.2, the two-strap antennas on Alcator C-Mod produce power with a continuous
spectrum of parallel wave numbers. Simulations for different wavenumbers shown in
Fig. 8-11 indicate that the damping width is a sensitive function of & which increases
for decreasing N, suggesting that kj components smaller than the peak in the vacuum
spectrum can account for the profile widths observed in the experiments. This can
be explained in terms of a “filtering” effect of the plasma on the vacuum power

spectrum. Figure 8-1 indicates that two regions of cutoff exist between the antenna
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Figure 8-9: Scan of the deuterium concentration showing the broad-
ening of the IBW damping profile. Each panel shows the
region near the center of Fig. 8-1. The thick solid curves
are the modelled power deposition profile shapes. The
thin solid line is the k, 1, and the dashed line is k; g, /3
as calculated numerically using the hot-plasma dispersion
relationship. The vertical line is the location of the cold-
plasma hybrid resonance. All calculations are for | = 10,
Teq = 2.2 keV, neg = 1.8 x 102°m~3. The broadening of
the profile with increasing amounts of deuterium confirms
the effect observed in experiments.
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Figure 8-10: Dependence of Landau damping on k. Landau damp-
ing is the dominant contribution to IBW power ab-
sorption.  The damping strength is shown versus

¢ = (w/(Kyvene))*.

and the mode conversion layer in this heating scenario. The evanescence of fast waves
in these regions favors the transmission of low k) components of the power spectrum
to the mode conversion layer. The inclusion of the finite power spectrum of N} below
the main peak in the vacuum spectrum shown in Fig. 3-2 results in much broader
damping profiles. The additional effect of the finite vertical extent of the wavefields
and flux surface averaging adds further broadening in the manner described in detail
in §5.4.5. Together these effects predict profile widths in much better aggreement

with observations.

Finally, as a rough check on the calculated k) dependence of the IBW damping,
compare these results with the basic form expected for Landau damping [15], k. 1., o<
Ce=¢*, where ( = w/ (K| vthe). This formula indicates that the strongest damping is
expected near ( &~ 0.7 and begins to drop quickly for large (. The sketch in figure 8-10
shows the basic dependence. A convenient formula for determining ¢ uses | = cky/w:

2 n 200 KV
- nﬁ T.

(8.4)
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Figure 8-11: Dependence of the damping width on nj. For a fixed
deuterium concentration of D/(H+D) = 10%, Teo =
2.2 keV, neg = 1.8 x 10?°m~3, the damping width is
indicated for three values of n| = ckj/w.

For the lowest value of nj considered in Fig. 811, the above formula yields ¢* ~ 3
which indicates Landau damping is at =~ 20% of its peak strength and is drops quickly

with further reductions of k.

8.3.3 Interpretation in terms of the dispersion relation

The ion Bernstein wave damps predominantly on electrons through Landau damp-
ing and transit time magnetic pumping. These processes depend most strongly on
the parallel phase velocity of the waves in relation to the thermal motion of the
electrons and should not be affected strongly by the presence of deuterium. Intro-
ducing deuterium does significantly change the propagation of the wave however. To

illustrate how wave dispersion can affect the damping profile, we can write a simple
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weak-damping expression for the immaginary part of the wave vector:

O€Re 0
kimm =~ _eIm/ﬂ%R: = _flm/ (éi‘{group) (85)

where € is the complex dielectric constant. In this more formal description, the
numerator contains the effects of electron damping while the denominator contains
basic dispersion effects such as the group velocity of the wave, Vyou, = Ow/0kge.
The x-axes in Fig. 8-9 map to frequency and thus the slopes of the &k, g. curves are
inversely proportional to the perpendicular group velocities. The increase in the
group velocity near the mode conversion layer as the deuterium level is increased

strongly contributes to the profile broadening.

8.4 Implications for future experiments

In this chapter we have considered mode conversion heating in three ion plasmas.
We have seen that deuterium levels 2 5% can significantly affect mode conversion
heating in H — He? plasmas. It is important to note that the presence of “impurity”
ions is of significance to ICRF heating only when they introduce a new value of Z/M.
Fully ionized states of low-Z impurities have Z/M = 1/2 and thus produce effects
similar to deuterium. Impurities with high atomic numbers can remain only partially
ionized giving charge to mass ratios less than 1/2. For example, near the core of
Alcator C-Mod, Molybdenum has an effective charge to mass ratio of Z/M ~ 1/3.
The cyclotron resonance layers for such high-Z impurities are even further from the
mode conversion layer than that of deuterium, in fact they are out of the plasma
even at 7.9 Tesla. Because of this and because the density of these high-Z impurities
is so small, their influence on the heating dynamics should be small compared to
that of deuterium. The presence of Li” as a third ion has been observed to strongly
interfere with D-T mode conversion experiments on the TFTR tokamak at Princeton
[78]. However, the observed effect of Li” was to eliminate mode conversion heating

by “parasitically” absorbing power through minority ion heating. The results of this
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chapter are distinctly different in that they describe the strong qualitative modifica-
tion of an existing resonance due to the introduction of a non-resonant ion. Although
the observed behavior has been seen to be well described by existing theory, this is the
first known documentation of such an effect which can have important consequences
for future ICRF mode conversion heating and current drive experiments. A brief

discussion of these findings in the context of future heating experiments is given here.

Effects of Boronization

Boronization of Alcator C-Mod was undertaken to reduce the levels of high-Z impu-
rity radiation in the plasma by affecting the plasma-wall interaction chemistry. This
has been largely successful, though the edge physics and chemistry behind the effect
are not fully understood. The experiments in this chapter provide some insight into
the effects of boronization on low-Z ions. During the standard operation in D(H) or
D(He?) plasmas, the vacuum vessel walis of C-Mod become “loaded” with deuterium.
Despite running electron cyclotron discharge cleaning (ECDC) in Hydrogen overnight
before H — He® runs, the walls retain a significant reservoir of deuterium. Plasma-
wall interactions during a discharge can desorb deuterium and effectively replace a
portion of the hydrogen. Figures 8-4 and 8-7 suggest that boronization has signifi-
cantly changed the behaviour of hydrogen isotopes in Alcator C-Mod. The effective
wall reservoir of deuterium appears to be have increased with boronization, and the
characteristics of Fig. 8-7 may be useful for investigations of the surface chemistry
of boronized tokamaks. It should also be noted that there was no observed effect of
boronization on the helium levels in these experiments.

Boronization will likely continue on Alcator C-Mod, making it difficult if not im-
possible to reproduce the results of the summer campaign in the future (Boronization
could be carried out with B;Hg instead of “heavy” diborane, By;Dg, and extended
runs. in hydrogen could diminish the wall inventory of deuterium, but neither is cur-
rently planned for future Alcator C-Mod operation). Pure, two-ion plasma heating
experiments will be restricted to D — He®, where deuterium is no longer considered

an impurity ion. Mode conversion experiments for these plasmas have been limited
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to off-axis heating in the past. The commissioning of a new 40 MHz ICRF system
in the upcoming 1997 run campaign should allow the extension of mode conversion

heating experiments to the plasma core.

Current drive experiments

The relatively strong electron damping seen in D — He® mode conversion experiments
is proposed as a mechanism for achieving off-axis current drive in upcoming Alcator
C-Mod experiments. A combined minority heating and off axis current drive scenario
has been proposed for the D— He®— H three ion plasmas. The broadening of the IBW
damping observed in this chapter may reduce the localization of the mode conversion

current drive achieveable in such a scenario.

191






Chapter 9

Results from D(H) experiments

9.1 Minority tail energy measurements

9.1.1 Introduction and motivation

In Chapt. 3 we saw how measurements of the power to the electron species from the
slowing down of the minority tail, p|, ., , can in principle provide useful information
about the minority tail energy. In this section, issues affecting the experimental
realization of this concept will be examined. In particular, the discussion from Chapt.
6 is revisited to determine the circumstances under which the slowing down of minority
lons dominates the the electron power balance equation. This method for estimating
the minority ion energy is novel and finds motivation on Alcator C-Mod because
the standard method of high energy neutral particle analysis [ref hammit] is not
routinely possible. The high operating densities on C-Mod prohibit the propagation
of high energy charge exchange neutrals created in the plasma center to the edge. In
Chapts. 7 and 8, we were able to measure mode conversion power profiles effectively
from electron temperature measurements. The mode converted IBW damps strongly
and directly on electrons giving rise to large heating power densities that respond
immediately to changes in the transmitter power. The break;in-slope technique took
advantage of both of these properties. In the minority heating scenario, heating

profiles are broader and the slowing down time of the minority tail establishes a
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Figure 9-1: Tokamak cross-section showing the relative locations of
the resonances for typical D(H) minority heating exper-
iments (for Br = 5.3T and ng/n. =~ 4%). The scale
length of the critical region near the tokamak core has
been exaggerated to illustrate the relation between the
doppler broadening and mode conversion location. The
fundamental deuterium cyclotron resonance is outside the
plasma.
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minimum response time of the heating to changes in the transmitter power. The
finite response time reduces the power of techniques based on fast changes in the
transmitter power. The broader profiles and the fact that minority ions damp on both
lons and electrons reduce the magnitude of the electron power. These considerations
indicate that minority tail measurements are considerably more difficult than were
the studies of mode conversion heating. However, analysis methods described later
in this chapter indicate that useful information about minority ion energies can still

be extracted.

9.1.2 Inferring p.| . from p,.

min Itot
The electron power balance equation examined earlier (c¢f Eq. 6.1) is given again here
for convenience:

3 dT.
§"eg = Pe|tot = P8|ICRF + pelohmic + Pe|v:r*c + Pelmd Tt Pefi + .- (9.1)

In Chapt. 6 we introduced the use of the “sawtooth-reheat” technique as a method
for reducing the effects of energy transport on the total power to electrons, Pelyor-
This is of course still valid in the case of minority heating, and central measurements
of sawtooth reheat during and after ICRF power in a 5.3 Tesla, D(H) plasma are
shown in Fig. 9-6. This figure shows that the ICRF very significantly enhances the
electron heating power at the cyclotron resonance. As increasing the RF power will
if anything reduce pe|,pmic + Pel,qq (radiation losses can increase with ICRF power
and heating the plasma reduces ohmic power for constant current), and the reheat
method allows us to neglect pe|yr,, we conclude that the ICRF power has increased
Pel1orr T Pesi-

Evidence for mode conversion heating in D(H) plasmas has been obtained in only
very special circumstances (see §9.2), so here p.|, 5 is indirect ICRF heating due to
the damping of minority ions on electrons. The minority ions also heat the majority
ions and thus we can in general expect a change in pe/;, the power exchange between

bulk ions and electrons. Without closer analysis, one might conceive of a situation
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where the minority ions were heated efficiently but had such a low energy that they
slowed down almost entirely on bulk ions. The ion temperature could then increase
to large enough values that the ions would begin to lose large amounts of power on
the electrons, thus accounting for most of the observed enhancement in the electron
power. The form of the electron-ion power exchange term was specified in Eqs. 6.8
and 6.9. These equations can be used to express the temperature difference required
to produce a given power flow between electrons and bulk ions (atomic number Z;

and mass unit M;):

_ 27e/i Pefi

. -3 3/2 '
Pefi 3 ~ 0.28 (keV) pe/’(MW m™) Te (keV) M;

i—'Te
(L-T) e 72(10%) 22

(9.2)

Figure 9-6 shows that the central electron power density is enhanced by at least 5
MW/ m? during ICRF heating. In order for the bulk ions to be providing one quarter
or more of this power, Eq. 9.2 indicates that (T;—T.) > 2.1 keV. This hypothesis that
bulk ions are providing significant power to the electrons can be checked by examining
the central ion temperature, also shown in Fig. 9-6. The ion temperature is in fact
shown to be lower than the mean electron temperature by 0.6 — 0.9 keV. Conserva-
tive estimates of the errors in both the electron and ion temperature measurements
can be taken to be AT/T ~ 15%. The maximum ion-electron temperature difference
within these error intervals can account for at most 10% of the enhancement of the
electron power during ICRF heating, and so we conclude instead that minority ion
slowing down dominates the ICRF electron heating in this case. For demonstration
purposes, the methods of this section were applied to a series of D(H) shots for which
the minority heating was similarly strong. A distinguishing feature of this run day (
March 1%, 1996 ) was that the machine was run with “reversed field”. By this it is
meant that the directions of both the toroidal magnetic field and the plasma current
were reversed from those of the standard operational configuration. This transfor-
mation preserves the magnetic field line helicity but changes the direction of the ion
“grad-B” drift ( o« B x VB') so that it is directed away from the divertor region.
In this configuration, it is much more difficult to achieve H-modes. This is desirable
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Figure 9-2: Plot showing the central electron power density from hy-
drogen minority slowing down versus ICRF power for a
series of reversed field D(H) heating shots.

for these studies because transitions out of H-mode which often accompany power
transitions would create an undesirable additional transient which would be difficult
to separate from the decay of the ion tail. Consequently, despite ICRF power levels
of up to 3 MW in these experiments, only two discharges achieved H-mode. The
hydrogen fraction (ng/(ng + np )), as measured with the neutral particle analyzer
near the beginning of the shots ranged from 2% — 8%. Figure 9-2 shows the electron
heating power density near the plasma center after the estimated contributions from

other sources has been removed.

9.1.3 Steady state measurements of p|,,;.

In Eq. 3.19 we saw that the electron heating power density of the minority tail depends
on the product of the minority ion density and the tail energy. Thus, to the degree

that the minority ion concentration is known, even a steady state measurement of
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Figure 9-3: Minority tail energies estimated from central reheat pow-
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the minority ion electron heating can provide a measurement of the tail energy,

Eii = Pel,m-n Tee/nmina (93)

where 7., o T2 / 2/ ne is the energy slowing down time for minority ion slowing down
on electrons. The ny/np ratio can be measured from the ration of the hydrogen
to deuterium flux seen on the neutral particle analyzer. Signal to noise consider-
ations usually limit this measurement to a brief period early in the shot when the
density is still relatively low and temperature is high. An estimate of the energy
of minority tails responsible for the heating plotted in Fig. 9-2 is obtained using
ng/np X ng/ne = 4%, the average minority fraction measured by this method.
These estimated energies are plotted in Fig. 9-3. Deuterium gas is puffed into the
tokamak during the density ramp. Once the discharge is well established, recycling of

gasses at the plasma-wall interface can provide a significant gas source and external
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puffing must be reduced to maintain the target plasma density. For particularly low
target density plasmas, the deuterium puffing was stopped completely. All of the
hydrogen in these discharges comes from wall recycling and is not directly control-
lable. This implies that the hydrogen fractions measured early in the discharges most

likely provide underestimates of ng/n. and the tail energies shown in Fig. 9-3 are

overestimates.

9.1.4 Comparison of E;; values from steady state reheat

measurements and FPPRF predictions

The FPPRF (see Chap. 7) code was used to calculate the minority tail energies for
the plasma conditions corresponding to each data point shown in Fig. 9-3. Figure 9-4
shows the head-to-head comparison. Though the reheat measurements likely overes-
timate the tail energy, they consistently fall below the FPPRF values. FPPRF does
not simulate the effects of sawteeth. Mixing of the fast minority ions during sawtooth
crashes would reduce the code predicted energies and produce better agreement with
the measured values. It is revealing to examine the scaling of the FPPRF tail energies
with plasma parameters. Equation 3.10 indicates that in these plasmas, for Fr, 2>
50 keV the drag on the minority tail is dominated by electrons. In this case, the
parametric dependence of the tail energy (cf Eq. 3.11) is approximated by [19]
<p> T

Epgig x —2— ¢ (9.4)

Ne Nmin

Figure 9-5 shows that the FPPRF tail energies do not exhibit this expected behavior,
especially at higher energies where it is expected. This indicates that there may be
a problem with the FPPRF tail energy calculation. The peaks of the radial profiles
of the minority energy in these calculations were seen to move back and forth from
the plasma center to distances of a few centimeters off axis as the density was varied.
This is the cause of very strong variations in the peak minority energy which are
reduced but not eliminated by averaging over a small region near the center. The

variation is most likely due to the formation of standing wave patterns in the wave
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fields from caused by reflected power at the high field side of the antenna. For a single
value of k, the peak field intensity (and thus power deposition) will move back and
forth as seen as the density is varied. This effect could be reduced or eliminated by
convolving the power profiles for a finite k| spectrum. The general result that the
FPPREF tail energies are higher than observed in experiments would remain but the

scatter in Fig. 9-2 would be greatly reduced.

9.1.5 Transient measurements of p,|, ..

There are two main reasons why it is also important to study the temporal decay of

the electron heating following an ICRF power turn-off:

1. In practice, there is significant uncertainty in the absolute minority ion concen-
tration; the steady state measurements alone cannot uniquely determine both
Nminority aNd Eiq;. Time resolved measurements of the electron heating power
can remove this uncertainty. Because the minority ion concentration is roughly
constant throughout a shot, the time dependance of the response to RF power
transients is determined by the time dependance of the tail energy. Further,
the slowing down time of the minority tail does not depend on the minority
concentration. Thus the combination of the steady state power deposition and
the turn-off transient measurement allow the tail energy to be determined ex-

perimentally.

2. We have seen in §6.4 that the instantaneous break in slope of electron tempera-
ture traces in response to ICRF power transitions is used to infer direct electron
heating in mode conversion experiments. The transient response of the electron
heating to a power transition is a strong basis for distinguishing between mode
conversion and minority heating. So perhaps an even more important reason to
perform analysis of the transient response of the plasma to ICRF power tran-
sitions during minority heating is to establish a consistent analysis approach.
This dual approach was useful when examining the “cross-over” between mi-

nority ion heating and mode conversion electron heating regimes in D(He?)
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plasmas as the amount of He® was varied.

Figure 3-6 shows that the decay of the mean minority energy, though a result of
the weighted sum of the non-exponential decays of ions of various energies, can be
reasonably modelled by a simple exponential decay. As the power to the electron
species is directly proportional to the instantaneous tail energy ( ¢f Eq. 3.19 ) then,
following the abrupt turn off of the ICRF power ( at ¢ ) the power into the electrons
can be modelled as:

Btait —(1-t6) /rea (9.5)

pe(t)lminority =N
€e

Sawtooth reheat decay method

The sawtooth reheat rate technique, described in §6.3, allows p|,,,,, to be measured
directly. Thus if the portion of the total electron heating that is due to minority ion
slowing down can be determined, then we obtain a direct measure of 7, by fitting
its decay to an exponential. An example of the implementation of this technique is
shown in Fig. 9-6, which demonstrates the ion tail diagnostic for an example with a
particularly long decay time. As the time resolution of this method is on the order
of the sawtooth period, its utility diminishes as the tail energy decreases. This is
demonstrated in Fig. 9-7. In this higher density case, the decay is faster than the
sawtooth period and the method can only make estimates for the upper bound of the
slowing down time. Figure 9-8 shows a comparison of the experimentally determined
energy decay time to that expected for a tail energies estimated using the steady
state reheat measurements and and assuming the minority fraction is 4%. It should
be noted that the effects of sawteeth on the spatial distribution on the minority ions
can be important {79, 80]. In general sawteeth tend to reduce the average minority
energy near the center from what would be expected in an non-sawtoothing discharge.
This is important to consider when comparing results with those calculated with the
FPPRF code, for which no sawtooth model was used. The sawtooth reheat method
1s sensitive to the minimum of the central minority energy and localized heating that

occurs during each sawtooth will in general result in a time averaged energy which is
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Figure 9-6: Time history of the central sawtooth reheat rate follow-
ing ICRF turnoff. The top panel shows several sawtooth
crashes on the central electron temperature (the dashed
line is the central ion temperature from neutron measure-
ments). The bottom panel shows an ICRF power tran-
sition. Plotted in the middle panel are electron heating
power densities derived from the reheat slopes following
each sawtooth crash. The thick dashed line represents the
best fit of the decay of this power from the steady state
value during the rf, to the steady ohmic value (shown with
the faint dashed line). The best fit decay constant yields
Ttail =~ 13 msec. The central electron density at this time
was ne = 1.4 X 10*°m~3, and ng/n. ~ 4%.
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Figure 9-7: Time history of the central sawtooth reheat rate following
an ICRF turnoff. The top panel shows several sawtooth
crashes on the central electron temperature (solid line)
and the ion temperature measured from the neutron flux
(dashed line). The bottom panel shows the ICRF power
transition. Plotted in the middle panel are the electron
heating power densities derived from the sawtooth reheat.
The thick dashed line represents the best fit of the decay
of this power due to minority ion slowing down. The
limited time resolution of the measurement allows one
to make the statement that 7;,; < 6.5 msec. The central
electron density and minority ion fraction were n. = 2.0 x
10°m~3, and ny/n. =~ 4%, respectively.
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Figure 9-8: Comparison of the experimentally determined minority
tail decay time with that calculated from theory assum-
ing the energies of the minority ions at the time of the
power transition obeyed the Stix distribution calculated
for similar plasma conditions using Eq. 3.8 and a minor-
ity fraction of ng/n. = 4%. The decay of the sawtooth
reheat power was used to obtain the experimental results
here. Underestimates of the minority fraction can explain
the general overestimates of the predictions at the longer
decay times.
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higher than that measured with this technique.

Sawtooth droop method

Motivated by the desire for better time resolution on the minority ion decay, to
investigate the possible effects of the sawteeth on the minority ions, and to make
contact with the analysis which will be used to analyze mode conversion heating,
another technique has also been developed. The sawtooth reheat rate allowed the
electron power density to be measured directly at discrete times by measuring the
time derivative of the central temperature following a sawtooth crash. A more general
approach is to recognize that the entire time history of each sawtooth rise is in some
sense an integral of the local electron heating. Of course thermal transport and
sporadic MHD activity are convolved also into the power balance. However in cases
where the steady state behavior of the sawteeth is well behaved and reproducible, we
can attribute the deviation of the temperature trace from the steady state sawtooth
wave-form as representing the integrated difference in the local electron heating. Let
the time trace of the temperature evolution of a single sawtooth period <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>