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Abstract

Minority regime fast wave ICRF heating experiments have been conducted on
the Alcator C tokamak. The purpose of these experiments was to study ICRF
heating in a compact high-field device at RF power levels sufficient to produce
experimentally significant changes in plasma properties, and in particular to inves-
tigate the scaling to high density of the RF heating efficiency. Up to 450 kW of RF
power at frequency f = 180 MHz, was injected into plasmas composed of deuterium
majority and hydrogen minority ion species at magnetic field Bg = 12 T, density
0.8 < fie < 5 x 1020m~3, ion temperature Tp(0) ~ 1 keV, electron temperature
T.(0) ~ 1.5-2.5 keV, and minority concentration 0.25 < 7y < 8%.

Deuterium heating ATp(0) = 400 eV was observed at i, = 1 x 1022 m~3, with
smaller temperature increases at higher density. However, there was no significant
change in electron temperature and the minority temperatures were insufficient
to account for the launched RF power. Minority concentration scans indicated
most efficient deuterium heating at the lowest possible concentration, in apparent
contradiction with theory. Incremental heating 7Ty = AW/AP up to 5 ms was
independent of density, in spite of theoretical predictions of favorable density scaling
of RF absorption and in stark contrast to Ohmic confinement times 75 =W/P which

increased from 5 ms at fie = 0.5 x 1020m~3 to 20 ms at 7, = 3 x 1020 m™3,

After accounting for mode conversion and minority losses due to toroidal field
ripple, unconfined orbits, asymmetric drag, neoclassical and sawtooth transport,
and charge-exchange, it was found that the losses as well as the net power deposi-
tion on deuterium do scale very favorably with density. Nevertheless, when the net
RF and Ohmic powers deposited on deuterium are compared, they are found to be
equally efficient at heating the deuterium. This result is attributed to the ion ther-
mal conductivity, which becomes increasingly anomalous with increasing density on
Alcator C. This anomaly has been previously observed on Alcator C and is believed
responsible for the saturated confinement regime typical of high-density Alcator C
plasmas. If this anomalous ion confinement can be eliminated in future high-density
ICRF experiments, as has been done previously on Alcator C using pellet-fueled
Ohmic discharges, then these future experiments are likely to be successful.

Thesis Supervisor: Dr. Ronald R. Parker
Title: Professor of Electrical Engineering
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‘Introduction
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1.1: Introduction and Motivation

In order to produce thermonuclear fusion reactions, it is necessary to heat the
reactants to a temperature at which the cross section for fusion reactions is signifi-
cant. In order to achieve a net energy gain from the reaction, it is also necessary to
limit the loss of energy from the system to a sufficiently low value.[!] In a tokamak,
the reactants are in the form of a highly ionized gas (a plasma) confined inside a
toroidal vacuum chamber by magnetic fields, and are heated resistively by driving
a toroidal current through the plasma. The poloidal magnetic field associated with
the induced toroidal current, as well as a separately imposed toroidal magnetic field,

both play key roles in the confinement equilibrium and stability of the plasma.[2: 3]
Thus, in a purely ohmically heated tokamak, the heating and confinement mecha-
nisms are necessarily linked, and limitations involved with one of these mechanisms
can indirectly affect the other.

There are several phenomena which limit the effectiveness of ohmically heating
a magnetically confined plasma. Among the most basic of these is the nature of
Coulomb collisions of unshielded charged particles. Since Ohmic heating involves
Coulomb collisions, and since the cross section for Coulomb collisions decreases
with increasing particle velocity, the electrical resistance of a plasma decreases as
its temperature increases.[] Thus, the effectiveness of Ohmic heating degrades at
higher temperatures, in that a disproportionately larger increase in plasma current
is needed in order to effect any certain temperature increase. In fact, the dependence
of plasma temperature on current is complicated in many ways by the interactions
between magnetic fields, currents, and thermal transport properties, a discussion
of which would be quite lengthy and inappropriate to be included in this writing.
Nevertheless, based on these simple considerations, it is valid to say that the ef-
fectiveness of Ohmic heating is limited by the linking between the Ohmic heating
current and various stability and transport limitations. At the time of this writing,
it is doubtful (although by no means certain) that a magnetically confined plasma
can be brought to thermonuclear ignition by means of Ohmic heating alone.

These considerations motivate the exploration of alternative heating methods
for magnetically confined plasmas, i.e., for techniques that allow the heating and
confinement mechanisms to be decoupled. One possible strategy would be to give
substantial kinetic energy to neutral atoms before injecting them into the tokamak.
This technique of neutral beam injection (NBI) has been used successfully as an
auxiliary heating mechanism for several tokamaks. In NBI, an energetic beam of
neutral “reactant” gas is injected into a “target” plasma, where it is ionized while
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giving its excess (suprathermal) energy to the plasma through collisional equili-
bration. It might be considered a disadvantage that while heating and magnetic
confinement are no longer linked when using NBI, heating and fueling then become
linked. A property of NBI which is more clearly a disadvantage is the necessity to
inject the beam in the tangential direction, which imposes access requirements that
interfere with the design of efficient magnetic field systems.

Another possible auxiliary heating technique is to inject power in the form of
high-frequency electromagnetic waves, at frequencies and polarizations chosen to
interact with natural modes of motion of the plasma particles. In the electron cy-
clotron range of frequencies (ECRF), the injected waves interact with the Larmor
motion of the electrons. In the lower hybrid range of frequencies (LHRF'), the inter-
action is with a resonant collective mode in which the ions and electrons oscillate
out of phase with one another. In the ion cyclotron range of frequencies (ICRF'), the
interaction is with the Larmor motion of ions, and/or with the two-ion hybrid reso-
nance — a mode in which two ion species oscillate out of phase with one another. It
is also possible to heat the plasma with waves in the Alfvén wave frequency range.

At this point, it is worth clarifying my use of the word “confinement” in the
preceding paragraphs. I am using this word to refer to the application of forces
to balance the kinetic pressure of the plasma by imposing magnetic fields. The
word “confinement” is also commonly used to describe the transport of energy (and
loss thereof) in a plasma, i.e., “energy confinement”. My reference to decoupling
of heating and magnetic confinement, is not meant to apply to energy transport.
In auxiliary heating experiments, energy confinement time is typically observed to
degrade with the application of auxiliary heating power, even after accounting for
all known loss mechanisms. At the time of this writing, it is not clear whether
this degradation in energy confinement is a new effect introduced by the auxiliary
heating (thus heating and energy confinement linked), or if it is an effect that is
always present but is masked in purely Ohmic discharges due to the link between
heating and magnetic confinement (which would then be considered to have been
“ynlinked” by the auxiliary heating). Due to the modesty of the heating results ob-
tained in the Alcator C experiments, it will certainly not be possible to address this
issue herein. In fact, after accounting for all known loss mechanisms in Alcator C,
is will not even be possible to conclude that there was any degradation in energy
confinement.

The work described in this thesis is concerned with heating in the ion cyclotron
range of frequencies in the compact, high-magnetic-field tokamak Alcator C. ICRF
heating has been successfully tested in the tokamaks TFR[S'IO], ASDEX[H"zz],
PLT(23-33] JIPP T-II and JIPP T-IUB34-38), Microtor and Macrotorl®” 3], JFT-2
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and JFT-2MB9%43] JET[4-52], and TEXTORIS*57], Previous attempts at ICRF
heating in Alcator A and Alcator C have been somewhat disappointingl58- 60_]1 al-
though improved heating efficiency was observed during ion Bernstein wave heating

experiments(®1], which were conducted in parallel with the fast-wave experiments
described herein.

The compact nature of the Alcator tokamak design imposes severe limitations
on the design of the ICRF launcher, and the previous ICRF experiments on Alca-
tor C were plagued by incessant electrical failures. One of the goals of the present
work was to improve the design of the RF system, in order to allow injection of the
total available ICRF power {~ 400 kW) for long pulse-lengths (100 ms or more)
without electrical arcing in the antenna or transmission line, and thereby to elim-
inate launcher limitations as contributing factors to ICRF heating efficiency. By
redesigning the ICRF antenna and employing an improved high-power RF vacuum
feedthrough, which was designed by members of the PLT group[ze], it was possible
to produce ICRF heating efficiencies comparable to those in the previous Alcator C
ICRF experiments, but to do so much more reliably.

Once the antenna design has been eliminated from consideration as a factor lim-
iting heating performance, it is necessary to study the physics of wave propagation
and absorption, and related energy transport in Alcator C. Unfortunately, because
of the amount of time necessary to devote to antenna development, programmatic
conflicts, and the limited port space on Alcator C, it was not possible to operate
with the full set of plasma diagnostics that would be desirable during an RF heat-
ing experiment. These factors, coupled with the modest heating results obtained,
make accurate data analysis impossible, so that it is difficult to speak unequivocally
about the various physical processes that are involved. Nevertheless, by examining
what data are available, both from the present experiments and from previous Al-
cator experiments, and by considering theoretical predictions based on numerical
computations, it is possible to assemble a reasonably self-consistent explanation of
the experimental results.

I will begin this thesis with an introductory review of the various theoretical top-
ics related to ICRF heating, including a few detailed derivations of some elementary
results. This will be followed by a review of some of the important experimental re-
sults from other machines. Then the design of the ICRF launcher will be presented
in Chapter 2. The data collected from the available plasma diagnostics during the
experiments will be summarized in Chapter 3, and an explanation of these results,
based on theoretical computations, will be presented in Chapter 4. A brief overall
summary and conclusions will be given in Chapter 5.
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Figure 1.2.1: Cyclotron motion in a magnetic fleld—A positively charged
ion gyrates in the left-hand sense with respect to a stationary observer looking
along the magnetic field line.

1.2: Terminology and Units

In this section, I would like to establish a few conventions of terminology and
introduce the system of electromagnetic units to be used in most of the discussions
in this thesis.

The well-known gyromotion exhibited by a charged particle in a magnetic field
is depicted in Fig. 1.2.1. The goal of an ICRF heating experiment is to transfer
energy to the charged particle by an interaction between the particle and the elec-
tromagnetic fields of an imposed wave. The sense of rotation shown in Fig. 1.2.1
shall be referred to herein as the left-handed (LH) sense. Because the cyclotron
motion of a positively charged ion is left-handed, it should not be surprising that
the left-hand circularly polarized (LHCP) component of the wave electric field is an
important quantity, and that the wave must have a significant LHCP component in
order to heat efficiently. Therefore, regardless of the direction of wave propagation,
the wave polarization is always defined in the plane perpendicular to the magnetic
field, with respect to a stationary observer looking along B.

As will be shown later, when a fast wave is launched into a tokamak plasma at
a frequency such that w = w,; at the plasma center, there is very little LHCP com-
ponent of the electric field at the location of the cyclotron resonance. The reason
why the fast wave is of interest for ICRF heating is that it is not practical to couple
the slow wave (which is LHCP at w = w,;) and there are ways to get around the
limitation imposed by the polarization of the fast wave. One technique that can be
used to heat effectively with the fast wave is to use a plasma composed of two (or
more) ion species with different charge-to-mass ratios (and thus different cyclotron
frequencies). If the species which is in cyclotron resonance is sufficiently dilute,
then the wave polarization will be determined primarily by the majority ion species
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and there will be a sufficient LHCP wave component to interact with the minor-
ity species. This technique is commonly referred to as the minority ICRF heating
regime. At higher minority concentrations, cyclotron damping again becomes ineffi-

cient, but linear mode coupling to another plasma wave (the ion Bernstein wa.ve[sz])
becomes dominant. It is often possible for the ion Bernstein wave (IBW) to heat
electrons via Landau damping and transit-time magnetic pumping. This technique
is the ICRF mode-conversion (MC) regime. Landau damping and magnetic pump-
ing can also be important for the fast wave in cases like the D-majority He3-minority
regime, where a majority cyclotron harmonic resonance is not degenerate with the
main minority resonance.

Another technique by which it is possible to heat with the fast wave involves
launching a wave at a frequency such that w = 2w at the plasma center. If one
considers an ion gyrating at frequency w; in the presence of a spatially uniform
LHCP electric field at frequency 2w, then it is obvious that the forces acting on
the ion will average to zero, and that no energy will be transferred. However, if ‘the
gyroradius of the ion orbit is significant compared to the wavelength of the electric
field, then the electric field experienced by the particle will not be uniform and the
forces will not average to zero. Incidentally, this same effect also allows the ion to
absorb energy from a right-hand circularly polarized (RHCP) field, even at w = wy,
but with less efficiency. Although the absorption from the RHCP component is less
efficient than from the LHCP component and is often neglected in calculations, it
can be important in situations where the RHCP component of the wave is large
compared to the LHCP component.

Unfortunately the terminology used in the literature to refer to ICRF heating
at w = 2w is inconsistent. The terms first harmonic ICRF and second harmonic ICRF
are both used. As the reader can probably tell, I believe that the second term is
preferable, for reasons that I am about to explain. I believe that the first expression
originated from the misconception that the word “harmonic” is a “modifier” in
the sense that it refers to a frequency other than the “fundamental” frequency.
However, the term “harmonic” is commonly used by scientists to refer to motion
that is sinusoidal in space and/or time. Any quantity whose motion is periodic with
some “fundamental” frequency can be expressed as a Fourier series, often referred to
as a sum of harmonics. In this respect, the fundamental is no less “harmonic” than
any of the other frequency components. Thus, I consider the term “first harmonic”
to be a synonym for the term “fundamental”, and I will adhere to the convention
in this thesis that ICRF heating at w = 2w,; is called the second harmonic ICRF
heating regime. The reader is advised that when the word “harmonic” occurs in
the ICRF literature, heating at w = 2w is usually (but not always!) what is being
described, regardless of the ordinal number ascribed to it.

11
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In Sec. 1.1, I have used the term “Ohmically heated tokamak” to refer to a
tokamak in which the only source of plasma heating is the Ohmic dissipation of the
current used to confine the plasma. Heating of the plasma from sources other than
the confining current (such as RF or NBI) is often referred to as “auxiliary heat-
ing”, and a tokamak which uses auxiliary heating is often referred to as an “auxiliary
heated tokamak”. The expressions “additional heating” and “additionally heated
tokamak” are also used. Although it is difficult to argue that the latter expressions
are grammatically incorrect, there usage in the English language is somewhat awk-
ward. I suspect that they originated from a mistranslation into English from some
other language. Because the word “auxiliary” explicitly refers to something that
comes from an alternate source, I believe that the former expressions are preferable.

I have adopted what I call a rationalized dimensionless electromagnetic system
of units for this thesis. In this system, the Maxwell equations are

. 5B |

VXE=- 5t (1.2.1)
dD

VxH=—-+J | (1.2.2)

V.D=p (1.2.3)

V-B=0 (1.2.4)

where the polarization and magnetization are given by

B=H+M (1.2.5)
D=E+P (1.2.6)

Here p represents the electric charge density and the other symbols are the usual
electromagnetic fields. In plasma wave theory, all plasma currents are explicit, so
B = H. Like conventional SI units, there are no constants like 47 present, and
like cgs units, all electromagnetic field quantities have the same dimensions. This
system can be thought of as a modification of the SI system, in which gg=eg=c=1
and can be obtained rigorously be choosing to measure time and distance in the
same units, as is often done in special and general relativity theory. But usually
this kind of system is used in a “non-rigorous” fashion, by simply omitting the
constants pg, €, and ¢ from the starting equations. It is usually very easy to see
how to reintroduce them at the end of a derivation, but it is rarely necessary. In
plasma wave physics this is particularly easy to do because most of the expressions
used are written in terms of quantities like w.; and wy; and look the same no matter
what system of units was used to derive them.
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The advantage of using such a system is that one is spared alot of unneces-
sary writing when doing theoretical analyses, since the only quantities that have
to be manipulated are those that are mathematically (and hence in some sense
physically) relevant. I wholeheartedly disagree with anyone who believes that using
dimensionless units obscures the underlying physics — in fact I believe that the
opposite is true. I have even found this system of units convenient when making
laboratory measurements. For example, the transmission line parameters R, L, and
C of a strip line antenna are dimensionless quantities of order unity in RD units,
and laboratory measurements of reflection coefficients and wavelengths lead more
directly to the dimensionless parameters (which, incidentally, can be converted to
conventional laboratory units simply by multiplying by n9, po, and e respectively).

The only quantities that appear in plasma wave physics calculations that are
non-trivial to convert from RD to SI units are the Debye length ) p, the Alfvén speed
ca =1/N4, and the plasma frequency wp. Since wpAp = vy and Nj =14 "’12:1‘ /“’Ei’
it is only necessary to remember that the RD expression

2 n

wp=—r : (1.2.7)

translates into SI as

2 = ng N (1.2.8)

em

In this write-up, theoretical derivations will generally be given in RD units,
while expressions used directly in arithmetic calculations will generally be given in
SI units.

I also establish the following conventions regarding cyclotron frequencies and
thermal velocities: The cyclotron frequency of a gyrating charged particle is denoted
by
=98 (1.2.9)

m

where it is understood that g includes the algebraic sign of the electrical charge. If
the sign of the electrical charge is to be ignored, then the notation is

we = |0 (1.2.10)

The thermal velocity of a species which is characterized by a Maxwellian velocity
distribution function is denoted by

vy = 2T (1.2.11)

m
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or by

v = % (1.2.12)

and temperatures are always measured in energy units.

1.3: Elementary Cold-Plasma Wave Theory

In the remaining sections of this chapter, I will present a general review of ICRF
heating theory starting from a fairly basic level, followed by a review of significant
results from other ICRF heating experiments. I will assume that the reader’s back-
ground includes a basic knowledge of plasma physics and applications to controlled
thermonuclear fusion experiments, including a knowledge of plasma wave theory at
a very basic level, but that he is unfamiliar with the issues related to RF heating
experiments. That is, ] am assuming that the reader has the same background that
I had when I received this research assignment. I hope that by doing so, I can
provide a useful guide through the bewildering array of ICRF-related literature, for
future newcomers to this field. More knowledgeable readers may wish to skip part
or all of the remainder of this chapter.

This section and the next will be concerned with elementary cold-plasma theory
and hot-plasma theory, respectively. A good general review of these topics was
given by Stix(83], My presentation will be limited to topics directly relevant to
ICRF heating. Detailed derivations will be given of some very basic plasma wave
theory results, followed by a more abstract outline of the advanced topics treated

_in the literature.

The simplest possible model that can be applied to wave propagation in a plasma
is the zero-temperature or “cold-plasma” limit, in which the plasma equilibrium
consists of a state in which all particles are motionless. The only particle motion
considered is motion that is directly associated with harmonic oscillations in the
plasma. From the discussion in Sec. 1.1, it should be clear that it will not be possible
to model second harmonic absorption in this limit. In fact, it is not possible to
correctly model minority absorption or mode-conversion in this limit either. Also,
the plasma will be considered to be infinite, spatially homogeneous, and immersed
in a uniform, straight magnetic field. Difficulties associated with spatial gradients
and magnetic shear will be discussed later. Nevertheless, cold-plasma theory is a
useful approximation to determine, e.g., regions of propagation and cutoff in an
inhomogeneous plasma. Cold-plasma theory provides an accurate estimate of the
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wavelength and phase velocity of the fast wave in most regions of the plasma, but
breaks down completely where mode conversion occurs and fails to predict cyclotron
damping. ’

The analysis is begun by writing the Maxwell equations:

aB
VXE= -——5[ (1.3.1)
oE
VXB—E-FJ (1.3.2)

and seeking to express the electric current J in terms of the fields E and B. This
is easily accomplished by expressing the current in terms of the particle velocities
v; (j is the species index):

J= Z n;jg;Vvj (1.3.3)
3

and expressing the velocities in terms of the fields using the Lorentz force equation:

Bv. q :
—_— = 2L .
= mj(E +v; X B) (1.3.4)

Note that, strictly speaking, the current is non-linearly related to the fields, due
to the quadratic v; X B term in Eq. 1.3.4. Thus, even in the cold-plasma limit,
there is the possibility of nonlinear coupling between different plasma waves. If the
wave equations are linearized, by considering small sinusoidal perturbations about
equilibrium fields and dropping quadratic terms, then this nonlinear coupling is
eliminated from the mathematical model. This is done by considering B in Eq. 1.3.4
to be the equilibrium magnetic field only.

Defining space and time Fourier transforms via

-V =ik, '?a-t-—*—iw, N

0 k
- 1.3.5
x (1.35)
where N is the vector refractive index, leads to the following algebraic wave equa-
tion: '

NxXx(NXE)+K-E=0 (1.3.6)

- where

K-E=E+ 5.1 (1.3.7)

There are only two distinguished directions in this problem: the direction of the
equilibrium magnetic field B and the direction of wave propagation N. Thus, it
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is convenient to choose a Cartesian coordinate system in which the equilibrium
magnetic field is in the z-direction (B = zB) and the wave propagates in the z2z-
plane (N = %N, + zN)). In this case, one easily obtains an explicit expression for

the matrix K:

S —-iD 0 '
K=\[|:D S 0 (1.3.8)
0 0 P '
where the notation §, D, and P is due to Stix(63].
R+ L
§=2tr= (13.9)
2
- L
D= R—z—— (1.3.10)
P;
R=1- 13.11
~ 1+ g4 ( )
J
L=1-5"-2_ (1.3.12)
~1—g;
J
P=1-% p; - (1.3.13)
j
and I have introduced my own notation:
0.
gj = Tf (1.3.14)
2
we.
p; = -ﬁ (1.3.15)

which I find significantly reduces the amount of algebraic tedium involved in wave-
physics calculations. The cyclotron frequency of species j is

0, (1.3.16)

i

where it is to be understood that ¢; includes the algebraic sign of the charge, and
the plasma frequency is given by

nigs
2 =0

b= (1.3.17)
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Figure 1.3.1: Slab Geomsetry—In this simplified slab geometry, the plasma
parameters are assumed to vary only in the o-direction.

I also adopt the convention that
wej = |0 (1.3.18)

will be used to designate the cyclotron frequency without regard to the sign of the
species charge. Writing the double cross product in matrix notation and adding to
K puts the wave equation in the form

S-Nf —iD  N.N E.
G-E= iD S—- N2 0 (Ey =0 (1.3.19)
NNy 0 P-N}) \E:
The propagation of electromagnetic waves through the plasma can now be de-
scribed by the dispersion relation

det G =0 (1.3.20)

Eq. 1.3.20 is formally a third order equation for N2, but a simple calculation shows
that the coefficients of N® exactly cancel one another, yielding only two solutions
for N2. The mode corresponding to the smaller value of N2 is the fast wave and
the other mode is the slow wave. If finite temperature effects are included in the
analysis, the coefficient of N® is found to be nonzero. Thus, there is a third mode
whose expansion in terms of temperature is singular, and whose refractive index is
infinite in the cold plasma limit. This mode is the Bernstein wave. For frequencies
in the ion cyclotron range, the mode is called the ion Bernstein wave (IBW).

In order to study the propagation characteristics of plasma waves, it is useful to
evaluate the wave vector as a function of location throughout the plasma. Strictly
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speaking, this type of analysis requires a wave equation to be derived which explic-
itly accounts for the effects of spatial gradients of the plasma parameters. However,
one would expect the value of the homogeneous-plasma dielectric tensor (K) to have
some physical relevance, provided the spatial gradients are sufficiently weak. Con-
sider the simple slab geometry model illustrated in Fig. 1.3.1. One minor problem
which immediately crops up is that there are now three distinguished directions in
the plasma, including the direction of spatial inhomogeneity. Thus, one would like
to extend the wave equation to include the effect of an Ny component of the wave
vector. It turns out that the dimensions of a typical ICRF antenna (and particu-
larly the Alcator C antenna) are such that nonzero Ny is not really very important.
However, it is obviously not difficult to include it. A particularly elegant way to
express the cold-plasma wave equation with arbitrary propagation direction is to
resolve all vector components into parallel (to B) and perpendicular components,
and then to resolve the perpendicular components into right-hand and left-hand
circularly polarized components (with respect to a stationary observer looking in
the z-direction). Using the subscript + to designate LHCP and — to designate
RHCP yields the following: ' ’

N= N“i + N3 (1.3.21)
E= E"i +E; (1.3.22)
J=Jjz+JL (1.3.23)
Vi =2+ VjL (1.3.24)
Bi= E—‘%ﬁ@! (1.3.25)
Ji = Jf—j—;i‘j—” (1.3.26)
Vit = _?13_%_"’_11 (1.3.27)
Ni= -Nf—iéll-\-’l (1.3.28)
Using this notation, the relation between particle velocities and electric field is very
simple: -
vj = %Eu (1.3.29)
2
vy = 3 Bt (1.3.30)

mjwl — g;
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_ g E_
Vj- = miwl 1o (1.3.31)
and similarly for the current:
; Z P (1.3.32)
It _p v B (1.3.33)
tw . 1- 9j
J- Pj '
— =E- }; Tra; (1.3.34)
This yields a dielectric tensor which is diagonal:
L 0.0 ,
K=]0 R O (1.3.35)
0 0 P
and the wave eqﬁation becomes
2
L-(NE+3N?3) 2N? 2N| N E,
2N? R-(N}+3nNt) 2w || B- f=0 (1336)
5E
2Ny N- 2Ny N+ 2(P - N2) ) V2
For propagation paralle]l to the magnetic field, this reduces to
L-N; 0 0\ /E,
0 R- ” 0 (E-) =0 (1.3.37)
0 o p/ \&

and for propagation perpendicular to the magnetic field it becomes

-inN2  a2n? 0 E4+
2N2  R-1iN2 0 E_l=o0 (1.3.38)
Ny

0 0 P— Ey
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Figure 1.3.2: Propagation Parallel to the Magnetic Field—The dispersion
relation is shown for a single-ion-species plasma and purely parallel propagation.
In the ion cyclotron range of frequencies, the RHCP wave corresponds to the fast
wave, .

The dispersion relation (Nﬁ as a function of w) is shown in Fig. 1.3.2 for the

case of propagation strictly parallel to the magnetic field in a single-ion-species
plasma. As can be seen from Eq. 1.3.37, pure RHCP and LHCP waves propagate
independently of one another. For each wave, resonance occurs at the frequency
corresponding to the gyrofrequency of the species which gyrates in the same di-
rection as the rotation of the electric field. The ICRF fast wave corresponds to
the RHCP mode in this limit. Since the ICRF slow wave (LHCP) is resonant at
Wi, this wave is useful for heating plasma in devices like mirrors or stellarators,
“in which the magnetic field is inhomogeneous in the parallel direction. The slow
wave: propagating parallel to the magnetic field is accessible to the ion cyclotron
resonance if it is launched from a high-field region, where w,; > w. The slow wave is
not useful for heating tokamak plasmas at the ion cyclotron frequency due to poor
accessibility. The slow wave propagates primarily along the magnetic field (must
have large V)), particularly at high density, would have to be launched from the
high-magnetic-field side of a tokamak, and would tend to be absorbed by Landau
damping on electrons before it could propagate to the center.
The dispersion relation for the case of purely perpendicular propagation is shown
in Fig. 1.3.3. From Eq. 1.3.38, the O-mode is seen to be linearly polarized with E||B



Section 1.3: Elementary Cold-Plasma Wave Theory 21

L]
2 ' .
] =
M 3 53
]
XWave A T3 T2
' s oy
'S * >
] i 9
N2 =0 ' ot ? Ni=1
1 WLH wp gwn
L
e )
) 4
L2 ®
1/o =
' x
]
]
;
logw

Figure 1.3.3: Propagation Perpendicular to the Magnetic Field—The
dispersion relation is shown for a single-ion-species plasma and purely perpen-
dicular propagation. For plasma parameters typical of tokamak plasmas, the ion
cyclotron frequency is well below wy 5y except possibly near the wall of the vacuum
chamber. Only the fast wave (which corresponds to the X-mode) can propagate
with Ny = 0 in this frequency range. '

and has dispersion relation Nf_ = P, which is the same as the dispersion relation
for electromagnetic waves in a cold, unmagnetized plasma. Multiplying out the
upper-left 2 x 2 determinant yields

N? = (1.3.39)

RL
s
as the dispersion relation for the X-mode. The X-mode has cut-offs at wg (R = 0)
and wy, (L = 0) and resonances at the hybrid resonant frequencies wy g and wyy
(S = 0). For parameters typical of tokamak plasmas with only one ion species,
the ion cyclotron frequency is well below wy g and wp, so that the ICRF fast wave
propagates throughout most of the plasma, except in narrow low-density regions at
the edge. Typically, the lower-hybrid resonance occurs very close to the wall in a
tdkama.k, or else not at all (i.e., at a density lower than the density at the wall).
‘But for finite N|j, the left-hand cut-off will usually occur farther from the wall than

the antenna, resulting in a layer of fast-wave evanescence at the plasma edge. Due
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Figure 1.3.4: X-mode Polarization—The X-mode is pure right-hand circu-
larly polarized at the ion cyclotron frequency and the right-hand cut-off, and is
pure left-hand circularly polarized at the electron cyclotron frequency and the
left-hand cut-off. The X-mode is linearly polarized at the hybrid resonances.

to the long wavelength of the fast wave, tunnelling through this layer will be very
efficient, provided N is not too large.

The electric field polarization of the X-mode is shown in Fig. 1.3.4. It is in-
teresting to note that the sense of rotation of the electric field is opposite that of
the ions at the ion cyclotron frequency, and is also opposite that of the electrons at
the electron cyclotron frequency. Thus, in the cold-plasma limit, there is no way to
transfer energy from the wave to ions (as mentioned in Sec. 1.2) or to electrons.

This phenomenon is analogous to the “shorting out” of Ey which occurs as a
result of the high electron mobility along the magnetic field. In order to maintain a
constant applied E| field, electrons would be continuously accelerated to arbitrarily
high velocities (unless limited by collisional and relativistic effects, both of which
are ignored in this cold-plasma theory). This behavior is exhibited mathematically
by Eq. 1.3.29. At zero frequency, E" must be zero in order for ) to be finite. Using
Egs. 1.3.29, 1.3.30, and 1.3.31 and taking the limit as w — 0 yields

B em

1.3.40
E; WeV | ( )
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Figure 1.3.5: X-mode Perturbed Velocity Polarization—The electron ve-
locity is pure RHCP at the ion cyclotron frequency, while the ion velocity is pure
LHCP at the electron cyclotron frequency. Both species velocities are pure LHCP
at the LH cut-off and pure RHCP at the RH cut-off.

from which it immediately follows that Ej — 0 as w — 0 if v is finite.

The same kind of secular acceleration can take place in the perpendicular di-
rection if the electric field rotates in synchronism with the particle at it’s Larmor
frequency. This “shorting” effect occurs for any electric field which would drive the
particle along its unperturbed orbit. Using Egs. 1.3.29, 1. 3. 30, and 1.3.31 again and
taking the limit as w — w, yields

E+r v+ w
—_—~={1F= (1.3.41)

from which it follows that E, — 0 as w — w, for positively charged particles and
E_ — 0 as w — w, for negatively charged particles. Thus, the ions “short out” the
LHCP component of the electric field at w = w,; and the electrons “short out” the
RHCP component of the electric field at w = wee.

Note also that the X-mode is pure LHCP at the left-hand cut-off (LHCO) and
pure RHCP at the right-hand cut-off (RHCO), and is linearly polarized at the
hybrid resonances.
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The sense of rotation of the perturbed velocities for both electrons and ions is
shown in Fig. 1.3.5. It is interesting to note that the electron velocity is pure RHCP
at the ion cyclotron frequency, while the ion velocity is pure LHCP at the electron
cyclotron frequency. This effect is clearly exhibited by Eqgs. 1.3.30 and 1.3.31. Both
species velocities are pure LHCP at the left-hand cut-off and pure RHCP at the
right-hand cut-off, as is the electric field.

To understand how finite-temperature effects allow wave energy absorption to
take place, note that the wave frequency will appear Doppler shifted in the reference
frame of an ion with thermal motion parallel to the magnetic field. Then the
condition for cyclotron resonance becomes

W — Wej — k"v" =0 (1.3.42)

instead of w — wg = 0. Since resonance then occurs at a frequency that is slightly
different than w;, E4 is not exactly zero anymore. However, this effect is relatively
small because, since the wave is “fast” and propagates primarily in the perpendicular
direction, ky is “small” so that in order for the effect to be “significant”, v must
be “large”, which means that the ions must be very “hot”, unless other helpful
physical mechanisms are present.

In order to study the case of finite N” analytically, it is helpful to introduce an

expansion in terms of the electron/ion mass ratio:

e= 2«1 (1.3.43)
my

and to seek solutions for the electric field in the form of a regular perturbation
series:
Ei = E+0 + €Ex1 + O(é%) (1.3.44)

and similarly for Ey. For the case of a single jon species, one has

: i
L= 1.3.45
l—o ( )
pi 1
R=1+2 + O(e) (1.3.46)
‘l 1 + ‘l
: 1
=—ht 1 —p; + O(e) (1.3.47)

Substituting this expansion into Eq. 1.3.36, the leading order equa.tlon has only one

component
PiENO =0 (1.3.48)
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which says that, since P is large (O(m;/m.)) compared to L and R, the paraliel
electric field must be small (O(me/m;)) compared to E,. This corresponds physi-
cally to the high parallel electron mobility. That is, since the electrons are free to
move along the magnetic field, parallel conductivity is high and E is “shorted out”.
It is important to remember that EH is only “shorted out” to zero order in m./m;,

and is nonzero if finite electron mass effects are important. It is also important to
note that the fast and slow waves are decoupled in the limit m./m; — 0, so that
linear mode conversion between the two waves cannot occur in this limit. Because
Ejo = 0 the next order equation reduces to a 2 x 2 system:

2 .12 2
z-(vf +1n2) - (E+) ~0 (1.3.49)
aN? R- (N} +iN3) E-

Going one order further yields a perturbative solution for the parallel electric field:

N_E, + N, E_
N -(1-p)

1
EE" = EN" (1.3.50)

This separation of the parallel and perpendicular equations in the limit of small
me/m; is also valid for multiple ion species, and for the wave equation including
thermal effects, provided N is not too large. Multiplying out the determinant in

Eq. 1.3.49 yields the dispersion relation for an arbitrary angle of propagation:
(L - NJ) R~ NF)
N% =

(1.3.51)

Thus, for propagation at an arbitrary angle to the magnetic field, and to the extent
that the small-electron-mass approximation is accurate, the equation for the left-
hand cut-off becomes N”2 = L, the equation for the right-hand cut-off becomes

Nl? = R, and the equation for the resonances becomes N"f = 9.

Next, consider the situation where there is a direction of inhomogeneity in the
plasma slab as illustrated in Fig. 1.3.1. For the case where the wave frequency is
equal to the ion cyclotron frequency at the center of the plasma, the dispersion
relation as a function of position in the plasma is shown in Fig. 1.3.6, and the
corresponding electric field polarization is shown in Fig. 1.3.7. As has already
been remarked, the absence of a LHCP component where w = wg; is cause for
concern, and it is necessary to consider thermal effects in order to correctly model
the cyclotron absorption process. Heating via thermal Doppler broadening is not
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 Figure 1.3.8: Fast Wave Dispersion Rsiation Near the Fundamental Ion
Cyclotron Frequency—This is a plot of the N}_ as a function of distance into
the plasma along the major radius. This plot and those that follow in this section
were caiculated using the following typical Alcator C parameters: (1) parabolic
density profile with peak value of 4 x 1020 m—3, (2) inhomogeneous 1/R variation
magnetic field profile with maximum at left side of graph, minimum at right, and
an ion cyclotron frequency (or harmonic) at the center, (3) a wave frequency of
frF = 180 MHz, (4) a fixed N} =5. This calculation was done for a pure hydrogen
plasma.

effective in this case because an enormous value of v would be required to produce
resonant cyclotron absorption at the locations near the peaks in Fig. 1.3.7. This is
the motivation for considering the second harmonic ICRF heating regime, in which
the wave frequency is equal to the second harmonic w = 2w of the ion cyclotron
frequency at the center of the plasma, and the minority ICRF heating regime, in
which the wave frequerncy is equal to the fundamental (i.e. first harmonic) w = wg;
of a very dilute minority ion species in a multiple-ion-species plasma.

Historically, attention was also drawn to the minority regime because of the
existence of the two-ion hybrid resonance, which introduces wave damping even in
the collisionless cold-plasma limit. In this case, the cold plasma wave equation has
a singular turning point. Solution of the equation(®s] shows that some of the wave
energy is depleted when a fast wave is incident on the resonance layer from the
low-field side, and that all of the wave energy is depleted for high-field incidence.
However, cold plasma theory does not show what happens to the depleted energy.
When thermal effects are included, it is found that the wave energy is actually cou-
pled to the ion Bernstein wave. Under certain conditions the IBW can be strongly
damped, resulting in efficient heating. It is also true that the effects of the hybrid
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Figure 1.3.7: Fast Wave Polarization Near the Fundamental Ion Cy-
clotron Frequency—The quantity plotted here is E’_'_/EZ . As was seen in
Fig. 1.3.4, the polarization is pure RHCP at the fundamental ion cyclotron fre-
quency and at the right-hand cut-off, which occurs near the edge of the plasma.

resonance on the wavelength and polarization of the incident wave are such as to
greatly enhance k) and E., leading to efficient cyclotron damping as well, provided
the hybrid resonance layer is close enough to the cyclotron layer that the doppler
broadened absorption region overlaps the hybrid resonance layer.

From Fig. 1.3.6, one can see that the fast wave propagates freely throughout
the plasma, except for a small evanescent region at the edge. If N} is not too
large, tunneling through this layer is very efficient. In particular, the fast wave can
easily be launched from the low-field side of the plasma. This is one reason why it
is desirable to use the ICRF fast wave for plasma heating. In Fig. 1.3.7, one can
see the problem with the fast wave polarization. The LHCP component is quite
small throughout the central portion of the plasma, so that very strong Doppler
broadening of the resonance would be necessary for wave absorption, which one
might well expect to occur at the edge of the plasma. The location of the RHCO is
also evident in Fig. 1.3.7 near the plasma edge where E,. goes to zero. The sharp
increase of E. just outside the RHCO is the effect of the lower hybrid resonance,
where the electric field is linearly polarized and hence contains equal amounts of
RHCP and LHCP components. This kind of behavior is typical whenever cold-
plasma cut-offs and resonances are adjacent. ‘

In the experiments on the Alcator C tokamak that are described in this thesis,
heating was observed in the hydrogen minority regime in a two-ion-species plasma
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Figure 1.3.8: Fast Wave Dispersion Relation Near the Second Har-
monic Ion Cyclotron Frequency—This calculation was done by changing the
magnetic field to 6 T (as was done when hydrogen second harmonic heating was
attempted in Alcator C). The result is a narrower cut-off layer at the edge and
larger N .

with deuterium as the main species. Since w.g = 2w_.p, the location in the plasma
of the hydrogen fundamental cyclotron resonance is always the same as the location
_of the deuterium second harmonic resonance, and it is possible for both species to
absorb power directly from the wave. There is evidence that this may have occurred
in the Alcator C experiments, but the evidence is not nearly as conclusive and/or

direct as it was in the case of PLTI%4],

The dispersion relation for a second harmonic hydrogen regime at 6 T is shown
in Fig. 1.3.8. The most noticeable effect in the cold-plasma model is simply that
the refractive index increases. This can easily be understood by noting that the
dispersion relation for the fast wave can be approximated by that of a compressional
Alfvén wave (Ni a2 u,?'-/wg.)_ and observing that w,; has been reduced by 1/2. The
dispersion relation for pure deuterium at the second harmonic at 12 T is similar to
the dispersion relation in Fig. 1.3.6.

Basically, the motivation for minority regime ICRF heating is to have the wave
propagation and polarization determined predominantly by the nonresonant ma-
jority species, so that the minority species can absorb power by fundamental ion
cyclotron damping. It is not really possible to show this using the cold plasma
model. As shown in Fig. 1.3.9, there is indeed a nonzero LHCP component to
the polarization for a pure deuterium plasma at the second harmonic of the ion
cyclotron frequency. The effect on the cold-plasma dispersion relation of adding
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Figure 1.3.9: Fast Wave Polarization Near the Second Harmonic Ion
Cyclotron Frequency-—The cold-plasma model predicts » non-sero value of
Ej_/ E2? at the second harmonic of the ion cyclotron frequency.
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Figure 1.3.10: Fast Wave Dispersion Relation in a Two-Ion-Species
Plasma—The cold-plasma model predicts an additional cutoff (given by Nﬁ =1r)

and an additional resonance (given by N,’,‘ = §) when a second ion species is

introduced. This calculation was done for a hydrogen minority concentration of
10%.

a small concentration of hydrogen is shown in Fig. 1.3.10, and is quite significant.
The effect is to introduce a new cut-off, given by Nﬁ = [, and a new resonance
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Figure 1.3.11: Fast Wave Polarization in a Two-Ion-Species Plasma—
The polarization is always purely RHCP in the cold plasma model at the fun-
damental ion cyclotron resonance regardless of the concentration of the resonant

species.

(le = 5). The effect on the polarization is shown in Fig. 1.3.11. The polarization is

always pure RHCP at a (positively charged) ion fundamental cyclotron resonance,
no matter how low the concentration. The polarization at the new cut-off is pure
LHCP, as expected for a left-hand cut-off, and it is pure RHCP at the right-hand
cut-offs at each edge of the plasma.

The dispersion relation in Figs. 1.3.10 and 1.3.11 was calculated for a 10%
minority concentration, which is too high a concentration for efficient minority
regime heating in Alcator C, but results in a plot in which the locations of the
cyclotron resonance, LHCO and two-ion hybrid resonance are well separated and
easy to see. In Fig. 1.3.12 the polarization is shown for the more realistic case of
1% minority concentration. In this case it is easy to see that the LHCP component
‘is significantly enhanced by the presence of the majority species, even close to
the position of w = w.g, so that much less Doppler broadening is necessary for
efficient absorption than would be the case in Fig. 1.3.7. Another beneficial effect
is produced by the presence of the new two-ion hybrid resonance in the vicinity of
the cyclotron absorption layer. Fig. 1.3.10 shows that k| is significantly enhanced
near the resonance, while Fig. 1.3.12 shows that E is also significantly enhanced.
Both of these effects improve the efficiency of cyclotron absorption if the Doppler
broadened cyclotron absorption region overlaps the hybrid resonance region.

The geometry of the cold-plasma cut-offs and resonances in the poloidal plane
for tokamak geometry is shown in Fig. 1.3.13. The fast wave is evanescent in the
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Figure 1.3.12: Fast Wave Polarization in a Two-Ion-Species Plasma—
This is the same quantity as is shown in Fig. 1.3.11, except that it is calculated for
a minority concentration of 1%, which is more typical of the concentration that
would be used in a minority regime ICRF heating experiment.

Low-Field Side

Figure 1.3.13: Cold-Plasma Dispersion Raelation in 2D—The locations
of the cold-plasma resonances and cut-offs are shown in the poloidal plane for
tokamak geometry.

edge of the plasma (outside the RHCO), except for the thin crescent-shaped regions
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near the top and the bottom. The fast wave propagates throughout the interior of
the RHCO contour, except for the crescent shaped region between the LHCO and
the two-ion hybrid resonance. This plot was done using the unrealistically high

values Ny =12 and 15% minority concentration in order to exaggerate the features.

It is nice that it is possible to say so much about cyclotron absorption in the
context of simple cold-plasma theory. However, I must emphasize that cold-plasma
theory is not valid in the region near the hybrid resonance layer, which was discussed
in the preceding paragraph. For example, cold-plasma theory predicts the presence

- of a LH cutoff and the absence of any E4 component, regardless of the minority

concentration — no matter how small. This seems somewhat counter-intuitive.
Also, a calculation of the energy flux associated with the plasma waves in the
presence of a cold-plasma resonance, as was done by Budden[ssl, fails to show what
happens to the depleted energy. It will be shown in the next section that the
intuition developed in the preceding paragraph is approximately correct, except
that the effects disappear gradually as minority concentration tends to zero. In
hot-plasma theory E. is not eicactly zero at w = w,zr and approaches the value it
would have in pure deuterium if the minority concentration is sufficiently low and
the minority temperature is sufficiently high, and the LH cut-off disappears for low

minority concentrations.

Another effect introduced by hot-plasma theory is the presence of waves which
do not exist in the cold-plasma limit. In particular, the energy depleted from the
fast wave at the two-ion hybrid resonance is accounted for. In hot-plasma theory
the resonance is replaced by a linear mode-conversion layer, where energy can be

coupled between the fast wave and the ion Bernstein wave.
Finally, it is worth mentioning that if finite electron mass effects are retained
in cold-plasma theory, then the fast-wave resonance given by N"2 = § is replaced

by linear mode conversion to the slow wave, which then experiences a resonance at
S = 0. This resonance is located just slightly further from the plasma center than

the location where le = 5.
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1.4: Elementary Hot-Plasma Wave Theory

The basic plan in hot-plasma theory is the same as in cold-plasma theory: Use the
- equations of motion to relate the perturbed electric current to the RF electromag-
petic fields and substitute the result into the Maxwell equations to yield a linear
wave equation. But the details are much more complicated. The essential difference
is that the Lorentz force equation that related single-particle motion to the electro-
magnetic fields is replaced by the kinetic equation which describes a distribution
function f of particles, and that an integration over f is necessary in order to relate
the current to the fields. In the simplest approximation, the plasma is assumed to
be spatially homogeneous as was done in Sec. 1.3, and collisions are neglected.

It is important to note that in the absence of collisions the plasma conductivity
is nonlocal. That is, the velocity of a particle at a particular time and place depends
on the entire time history of the forces experienced by the particle. And in the
presence of thermal motion, the particle was at different locations at earlier times.
This is in stark contrast to the well-known collision-dominated limit, in which the
electric current is determined locally by balancing the electromagnetic forces against
collisional drag. It is the randomizing effect of collisions that allows the plasma
response to be determined locally in the collision-dominated limit. For plasmas
of interest for fusion, the cyclotron frequency is large compared to the collision
frequency; so that the RF plasma response is a nonlocal phenomenon. On the other
hand, the plasma equilibrium is “zero frequency” and is therefore characterized by
a local plasma resistivity.

Even though the plasma is collisionless on the RF time scale, it is often useful
to do theoretical analysis based on a “local approximation.” This is because the
randomizing effect of even rare collisions limits the sensitivity of the plasma response
to “old” and “distant” events. In other words, the plasma dynamics are nonlocal
on the oscillatory time scale, but they are approximately local on the equilibrium
and transport time scales. The same randomizing effect can be provided by plasma
turbulence, which is neglected from the analysis when the equations are linearized.
It turns out that, even when one is seeking a local approximation, proper formulation
of the problem with regard to non-local effects is important in order to obtain a
model with proper energy conservation properties.

In this section, I will present a standard derivation of the hot-plasma dielectric
tensor for a spatially homogeneous plasma. This well-known derivation has been
given before by several authors, including Stix[®3] and Kennel and Engelma.nn[sﬁl.
It is important to realize that most of the steps given are valid, at least in principle,

for the case of a non-uniform plasma. This derivation for the homogeneous plasma
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case is usually given in Fourier transform space, by assuming wave-like variations
of the form ei®*~w8  The reader is encouraged to perfbrm the derivation by
explicitly carrying out the Fourier transformation of the wave equation, as this
makes more clear the connection between the homogeneous and inhomogeneous-
plasma derivations. My plan will be to show the details for the standard derivation
in the homogeneous case, followed by a more rigorous and formal, but less explicit,
treatment of the inhomogeneous case.

The kinetic equation neglecting Coulomb collisions is

& _of  dx of  dv of

it~ ot @ ox ' d ov
_o9f L9 e of _
e TV ae T (B+vXB). == (1.4.1)

Linearization is accomplished by considering perturbations up to first order by
defining

f=fo(v) + f(x,v,1), f<fo

E = 0+ E(x, t), E(x,t) ~ O(f(x,v,t)) (14.2)

B = B + By(x,t), B; ~ O(f(x,v,t)) <« B ~ O(fo)

The zero order equation is then

8fo _
1.4.3
vxB. By = ( )
and the first order equation is
of . 9f 3f g 9fo
- —_— . —_ 144
8t ax+ vxil- m(E+va1) v (1.4.4)
Defining cylindrical velocity‘space coordinates as
v = (vy,0v)) (1.4.5)

where o is the gyrophase angle, the velocity space gradient operator takes the form

of . of _&of .of
—_— 1.4.
Bv = 3o i 0a 2oy (1.46)

so that the zero-order equation becomes



Section 1.4: Elementary Hot-Plasma Wave Theory 35

VI X3 o == =0 (1.4.7)

This equation admits as solutions any arbitrary function of the constants of the
particle gyromotion: '

fo(v) = fo(v3 ,vy) (1.4.8)

It is very well-known that if Coulomb collisions are introduced in the kinetic equa-
tion, then fy will relax to the form of an isotropic Maxwellian distribution function.
It is only slightly less well-known that, in the presence of effects like a driven Ohmic
or RF current, the resulting distribution function fy can be expanded in a series of
the eigenfunctions of the collision operator, which can be written in terms of Leg-
endre polynomials. The leading-order anisotropic effects can then be approximated
by writing fo as a two-temperature Maxwellian distribution, with different tem-
peratures in the parallel and perpendicular directions. Therefore, in the derivation
that follows, the parallel and perpendicular velocity dependences of the equilibrium
distribution function will be retained, and the form of the dielectric tensor for a two-
temperature Maxwellian will be given. The leading-order nonthermal effects can be
approximated by writing the distribution function as a sum of Maxwellians, each
with different temperatures. Including this effect in the resulting dielectric tensor
will be completely trivial. It is only necessary to separate each plasma species into
two or more species, and assign different temperatures to each one.

The first-order equation can be solved by the method of characteristics, which

is a standard mathematical technique. According to the method of characteristics,
if one considers a so-called characteristic trajectory through phase space defined by

dx _
‘&'{ :{V (149)
dv _
E =vxl (1.4.10)

then Eq. 1.4.4 says that the variation of f along that trajectory is given by the
following one-dimensional equation:

% = ———i—(E+v xB1): 5 ‘ (1.4.11)
Eq. 1.4.4 says nothing at all about the variation of f in any direction other than
along the characteristic trajectories.

The method of characteristics can be quite confusing to someone who has not
seen it before, so I will embark on a brief conceptual discussion of it. Suppose the dis-
tribution function is known at some initial time to be given by f(x,v,t1)=Fi(x,v),
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and one desires to know the function at some later time f(x,v,t2) = Fa(x, v). Given
some specific point (x2, v2) at time ¢3, Eq. 1.4.11 can be used to determine the cor-
responding value Fy(x2,Vv2) in terms of one of the known values Fi(x3,v;). To do
this, one chooses the constants of integration when solving Eqgs. 1.4.10 and 1.4.9 such
that the solutions for the characteristic trajectories satisfy x(t2) = ﬁcg and v(t2) =va.
This allows one to determine which particular value Fy(x;,v1) is needed, i.e., the
initial value used when solving Eq. 1.4.11 is given by f(t1) = F1(x(%1), v(¢1)). Then
Eq. 1.4.11 is converted to an explicitly one-dimensional equation by substituting
the function v(t) for the variable v where it appears explicitly in Eq. 1.4.11, and in

the v-dependence of %{? and by substituting the function x(t) where x appears in
E(x,t) and By(x,t). Once this is accomplished, Eq. 1.4.11 can be integrated from
t=1; to t =13 to determine the value f(x3,v2,t2). Repeating this procedure for ev-
ery possible endpoint in phase space (x2,v2) and every possible time ¢ completely
determines the distribution function f.

Note that since the constants of integration of Eqgs. 1.4.10 and 1.4.9 are functions
of the endpoint (x3,v2), the phase-space dependence of f comes from the explicit
dependence of these integration constants on the chosen endpoint. For this reason,
it is notationally convenient to choose un-subscripted variables to represent the
endpoint. The notation that I will use in the following derivation is to use primed
variables to represent the variations described by the kinetic equation and unprimed
variables to represent the endpoint. The initial point will be chosen to be at time
t' — —oo, and the contribution from the initial value at this infinitely remote
past time will be neglected. Thus, representing f by an integration along the
characteristic trajectory models the non-local behavior on the oscillatory time scale,
but neglecting the initial value term is consistent with the local approximation on
the equilibrium and transport time scales. In a driven system, this can be justified
by invoking the randomizing effect of collisions or turbulence, no matter how small.
In a freely oscillating system which may have been perturbed at t' = —oo, this can be
justified by first considering'only unstable modes and then analytically continuing
the results to the case of stable modes. To the extent that the dependence of f on
the initial value term is “randomized”, one can consider doing an ensemble average
over all possible values of the initial value term.} Since the first-order perturbations
are pure sinusoidal variations, the initial value term averages to zero. «

Writing Eq. 1.4.11 using primed coordinates yields,

+ Note that ignoring the initial value term will not be valid when treating phenomena
such as plasma wave echoes, which only occur if the initial value term is significant.
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df(x’(t’)ét\’r’(t'),t) o L vty Bx’ f vy xQ. g‘{l
- —%[E(x'(t'),t') +v'(t') x By (x'(t), )] %‘l (1.4.12)

and doing the same for the characteristic equations yields
i’%i'l = V(#) (1.4.13)
i‘%g-) =v({)x0 (1.4.14)

where  is a constant for the case of a homogeneous plasma. Showing all variable
dependences explicitly, Eq. 1.4.11 becomes

8fo([v'y ()12, v} ()
a.vl
(1.4.15)
and the characteristics are vector functions of the single variable ¢/, which depend
parametrically on the endpoint (2,v,x):

(X (¢), V' (£), )

7 L((¢),¢) + V() x B (¥ (¢),1)]-

vt =v(¥;t,v) . (1.4.16)
X (t') = x(t;t,v,x) (1.4.17)

Inverting Eq. 1.4.11 yields the following expression:

t . v
e O+ fixm

V00, —OO)

f(x, v’ t) =

t
= -/ ;%[E(x’(t’; t,v,x),¢) + V'(t';t,v) X By(x'(t';2,v,x),1)]

—00

Is) ! t’; ’ 2, d ’; )
Bt VIR (it Y) + f(Xcoy Voo, —00)  (1.4.18)

ov'
For a spatially homogeneous plasma, the solutions for the characteristic trajectories
are
vl = v} cos(Qr + a) (1.4.19)
v; = v, sin({dr + a) (1.4.20)
!

v, = v“ == const (1.4.21)
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and
g =z~ %[sin(ﬂr + a) —sin q] (1.4.22)
; vl
=y+ —-d-[cos(ﬂr + a) — cos a (1.4.23)
d=z—yr (1.4.24)

where the integration constants v and x are expressed in cylindrical (v} ,a,v|) and

Cartesian (z,y, z) coordinates respectively, and r =t —t'. It is a general property
of the method of characteristics that there is one more integration constant than
is necessary to match the boundary conditions (¢ in this case), and that its value
reflects an arbitrary choice of the origin of the variable that measures “distance”
along the characteristic trajectory (¢ in this case).

Once the equations for the characteristics have been obtained and the initial
value term has been dropped, the next step is to substitute the expressions for the
characteristics into the equation

f(x,v,t) = —% Lm[E(x',t') +v'(¢) x By (X, t)] - %—{% dr (1.4.25)

A problem arises at this point, because the explicit forms of E(x,t) and Bi(x, t)
are not known. Indeed, these expressions are formally obtained by integrations over
the distribution function f, which is the function that we are trying to calculate.
Of course this problem can immediately be overcome by expressing the functions
f, E, and B in terms of Fourier transforms. In this case the x and t dependences
are explicit, and the problem reduces to determining k and w dependences instead.
In the case of a spatially homogeneous plasma, the k and w dependences are purely
algebraic when Eq. 1.4.25 is transformed to Fourier space, and it is sufficient to
make the simple substitutions

fj(x,v,_i) = fi(k, v, w)eilkx—wt) (1.4.26)
E(x,t) = (kEz + ¥ Ey + 2E;)e/0c %t (1.4.27)

and similarly for By which, from Eq. 1.3.1, is given by
Bi=NXE (1.4.28)

where
N =xN, +2zN) (1.4.29)
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Making all these substitutions yields

k-(x' —x)=ky (v —y) + k(' - 2)

= Alcos(Q2r + @) — cos a] — kT (1.4.30)
where
_kivy Nyivg
A=t = (1.4.31)
and

flv) = _% A e—-i{)\[sin(ﬂ'r+a)—sincz]—-(w—-k”v”)r}[E +v' X (N x E)] - gf‘;(} dr

(1.4.32)
Now a major simplification occurs if one observes that, directly from Eqgs. 1.4.19,
1.4.20, and 1.4.21 for the characteristics, and transforming v/ from Cartesian to
cylindrical coordinates, one obtains

vfl = )| (1.4.33)
W i=0?  (1.4.34)

In this case, the equilibrium distribution function becomes
folv') = fo(w*,2f) = ol o) S (143

and its velocity-space gradient can be written as

. 8fo(v' , 0 :

X - fg‘(,‘,' ) _ 2%—{5%%)— (.1.4.36)
¥ 6{;‘(’)’ ) 2v;—-——-—a§’v(£’) T (1.4.37)
. 8fo(v) _ 8fe(v)

R w i By (1.4.38)

and all quantities in which primed velocity variables were replaced by unprimed '
velocity variables may be taken outside the integration in Eq. 1.4.32. The physical
significance of this is that v_zL and v) are constants of the motion and, since the inte-
gration in Eq. 1.4.32 is over an actual particle trajectory in phase space, constants
of the motion are independent of the integration variable. Re-writing the integrand
to exploit the constants of the motion is done by writing



40/ Chapter 1: Introduction

dfo(v')

[E+v X (N xE)]- T

= Alv; + Agv; + Az (1.4.39)

where

Ay =2 oy (N Es — NLE) (‘%(v) - af"(")) + E,af"(")] (1.4.40)

o7 ol 507
Ax =2 FN'“'U”Ey (a'gjv(ﬁ:’) —agig’)) + Ey 32(:)(2\!)] - (1.4.41)
Az =2E,6f°(") (1.4.42)

o

Then Eq. 1.4.32 reduces to

1lsma 1‘,_9__ ; _Q. :
f(v) = (A“”‘Aaa + zsz'La)\ + A3vn) I (1.4.43)
where the integral I is defined as
: _ | _
I= f = iAsin(@r+a)—(w—kyvy)r] 4 (1.4.44)
0 .

Further progress can be made using the Bessel function identities

oo
gircos(Qr+a) _ Z gil(r/2—Qr—a) Ji(N) (1.4.45)
=00 ’
and
. > i3 73 V
e—idcosa _ Z =i (#/2—0)11,(,\) (1.4.46)
l'=—00

which allows explicit integration over r, yielding

-1(1 -a lg '
f(v) = -1 Z Z 1 Tg— N”v" { (N_LAI + Aav") Ji(A)Jp(A) — AZ'UJ_JI(A)JII(A)]
(1.4.47)

An expression for the electric current can now be obtained:
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J=> njg / BPuvfi(v) | (1.4.48)
i .
One of the summations can be performed and the result further simplified using the
identities
2r . ,
/ da =) = 2ngy, (1.4.49)
0 .
2 . ,
de: cos a el = (6100 + S141,7) (1.4.50)
0
27 , .
da sina el = i1r(51_.1.p - SH-I,I') (1.4.51)
0 .
: 21 _
Ji+1(N) + J1-1(A) = S 5i(A) (1.4.52)
Rer(N) = Jia(A) = —275() | (1.4.59)

yielding a wave equation of the form
NX(NXE)+K-E=0 ' (1.4.54)
" where the dielectric tensor K is defined by

K.-E=E+ —5.1 (1.4.55)

and is given explicitly by

oo oo o0 1
K=l+21rz Z PJ./O 2”LdUL[_mdvI] 1_ng—N“‘U"

j I=—o0

lg; 2 2 Lla; las 2
(#) p iftolnaiP Iy
. lg; .
x| —ifbo WP (wL )P iy i@y
Ig; .
N JiP;  dviv I P (v J1)* Qus

(1.4.56)

where
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Ofo; dfa;  Ofo.
=53 =5+ Ny (*—‘l'l" - 5;%)
0foj Ofoj 0o
= ‘9"11 o (a”lt 3"21)
Jl = JI(AJ')
AJ' = N'LU'L
93

(1.4.57)

(1.4.58)

(1.4.59)

(1.4.60)

It is useful to obtain an expression for the dielectric tensor in the case of isotropic

Maxwellian equilibrium distribution functions:

1 3 2
e v /"th,

foj(v) = m

Using the Bessel function identities

[ e ste6va) da = gt

and
o0
Y L(pet=1
l=-o0
yields
[ <]
K=1+3 > piCe™
j l=-c0
{;}I,z —il(L, - I))Z
x| Wn-1)z [” I+ 2b;(I; — 1’)] z
lg; v
_.I_V_I%'I;;;Ilzl .L th, (I II)Z
where
Z = Z(G;)

Iy = Il(bj)

(1.4.61)
(1.4.62)
(1.4.63)
Nu-'zh oo 2’
T (g, — 1) 2!
—Ii¢; 2
(1.4.64)
(1.4.65)
(1.4.66)
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are the plasma dispersion function and modified Bessel function, respectively, and

2,2 2

bj = =g (1.4.67)
is the argument of the modified Bessel function, and
— I -
= “;c”vtlhjl = JIanii; (1.4.68)
is the argument of the plasma dispersion function, defined as
\ 1 o g2
Z(¢) = —\/-: /:co dz P (1.4.69)

This dielectric tensor can be expanded in terms of a finite-Larmor-radius (FLR)
expansion. Using the asymptotic approximations of the plasma dispersion function
Z = Zp + 12Z; given by

(-3 AC ) <
Ze(Q)~Y _1(;o 1 .3 . (1.4.70)
‘-Z( +§Z§+I‘:—;+"') 1<l >
Zi(¢) = v sga(ks)e™®" (1471)
and the modified Bessel function given by
~b 3,2
e “Iy(b) ~1-b+ Zb
~b 1 1 2
e "I (b) ~ Eb— 56 > bkl (14.72)
1
=51.(b) ~ = 2
e "Ip(b) ~ gb J
_ 1 42 -1 (42 -1)(42 -9)
b ~— |1 — 1.4.73
e "Ij(b) Tach [1 3 21(86)2 , b>1 ( )
and
Ii(b) = I.4(b) (1.4.74)
yields

K = Kg + Ka(ky) + Kg (kL (, ky)) +Ka(k) (1.4.75)
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where K is the cold-plasma dielectric tensor

S —iD 0 |
Kc=|iD § © (1.4.76)
0o 0 P

K contains the leading order contributions from Landau damping and fundamental
cyclotron damping
iLlf; -Ly; 0
Ki=Y_ | Ly; iL3; 0 (1.4.77)
I\ o 0 —3iLf;
Ky contains the leading order contributions from hot-plasma waves
kE kB KE
Ke=|-kKE Kk K[ (1.4.78)
~-k2 -kB KE

where
2
1 1 Nj ,1+34]
KHE = bp; - — - — g J (1.4.79)
e R R
2
. 1 1 Nj , 3+4
Y ; PIN1-g2 1-4¢2 2N} (1-g3) :
N g’"?
KE = 2 LS bp—io 1.4.81
Tz NJ_ - JpJ(l_g?)Z ( )
2
KH = "bp; L+2g] 1 N g2 L+3g] (1.4.82)
wos l1-g2 1-4g N2TI(1-g2)3
N, 1+4%
H_ M z eas |1 — el
N2 1
KE=-Y bipjs} ( - ) (1.4.84)

and Ky contains the leading order contributions from second harmeonic cyclotron
damping
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P + - - . g —1
Kz = 2 b; LZJ' - 2L1—J') i(2Loj + L+' + L+') NJ_‘Uth (L - OJ)
gi )
zN‘chn, LlJ N.Lv:h (L OJ) Z(L OJ)
(1.4.85)
where

Lﬁ ‘/— piCoj (el £e™¢) (1.4.86)
;= —\/—pg Coj (Cij €% & ¢y e S20) (1.4.87)

Note that Ko is completely independent of the wave vector k. This indicates
that in the cold-plasma limit, the response is local, without the need for further

approximation. K; depends only on kj and is exponentially small except near a’

Landau or fundamental cyclotron resonance. Ky depends primarily on &k, and the
weak k| dependence is often neglected in calculations. Similarly, for the second-

harmonic contribution in K2, only the k_zL dependence through b; is usually kept,
along with the k; dependence from the Landau and cyclotron damping terms. Also
note that Ko and K; are leading order in the FLR expansion while Kz and K3 are
first order.

A calculation of the hot-plasma dispersion relation as a function of position for
a pure deuterium plasma is shown in Fig. 1.4.1. The deuterium second harmonic
cyclotron resonance occurs at the plasma center {(z = 0). The dispersion relation
for the fast wave is similar to the cold-plasma case, except that some absorption
is evident from the small imaginary part of N, and there is a slight perturbation
of the fast wave polarization near the cyclotron resonance. Note the correspon-
dence between the slight enhancement of the polarization and the asymmetry of
the absorption region. The ion Bernstein wave, which is not predicted by cold-
plasma theory, is present and propagates only on the high-field side of the cyclotron
resonance. (In general, the IBW actually has regions of propagation between all

harmonics of the cyclotron frequency.[ezl) There is the possibility of mode conver-
sion between the IBW and the FW at the point where the curves cross in the first
plot. Mode conversion is relatively weak in the case of a pure deuterium plasma,
compared with the following two-ion-species cases. The polarization of the IBW is
_ linear, except for a slight perturbation near the center of the plasma. This indicates
that the IBW is predominately electrostatic in nature.

The same calculation for the case of a 1% concentration of hydrogen is shown in
Fig. 1.4.2. There is now a nonzero E; component of the FW at the position of the
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Figure 1.4.1: Hot Plasma Dispersion Raelation for Deuterium Second
Harmonic—The real and imaginary parts of N, and the wave polarization are
shown for a pure deuterium plasma with Alcator C parameters. The cyclotron
resonance w = 2w.p (= w.j) is at z = 0 and the high magnetic field side is at the
left on these plots. The plasma parameters for this plot and those that follow are
the same as for the corresponding cold-plasma dispersion relation plots in Sec. 1.3,
except that all ion species have a central temperature of 1 keV and the electron
central temperature is 1.8 keV. The temperatures have a parabolic squared profile
shape. Peak electron density is n., = 4 x 109 m~3 and a single plane wave at
Ny=5is assumed. Only the central 5 cm is shown for a plasma with minor radius

a=12.5 em. _(Dispersion relation code courtesy of Dr. A. Ram of MIT.)

cyclotron resonance, and there is significant enhancement of both N, and E4 at
the position of the cold-plasma two ion hybrid resonance layer. The corresponding
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Figure 1.4.2: Hot Plasma Dispersion Relation for 1% Hydrogen Mi-
nority in Deuterium—With a very small minority concentration, Ny and E.
are both enhanced in the vicinity of the cold-plasma two-ion hybrid resonance and
the “shorting out” effect of E.. is suppressed at the center, where the minority
species is at fundamental cyclotron resonance. The left-hand cut-off is completely
absent.

effect in Im N, for the FW is suggestive of enhanced absorption, an effect caused
by the overlap of the Doppler-shifted cyclotron absorption region and the hybrid
resonance layer. The IBW is still predominately electrostatic in nature.

The effect of raising the minority concentration to 2.5% is shown in Fig. 1.4.3.
In this case, there is a mode-conversion (MC) region in which Nz is the same for
both waves, and strong mode conversion is to be expected. There is still no left-hand
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Figure 1.4.3: Hot Plasma Dispersion Relation for 2.5% Hydrogen Mi-
nority in Deuterium-—As the minority concentration is increased, the disper-
sion relation exhibits coupling between the IBW and FW modes, but there is still
no left-hand cut-off of the fast wave.

cut-off of the FW. The effect on the wave polarization is quite pronounced. There
is even a point where the polarization becomes pure LHCP, which is suggestive of
the slow electromagnetic cold-plasma wave. As was mentioned in Sec. 1.3, the cold-
plasma fast wave mode-converts to the cold-plasma slow wave at this point (N, "2 =9)

and the slow wave then exhibits a resonance at S = 0. In hot plasma theory, the
identification of the modes becomes ambiguous. If one wishes, one can think of this
process as mode conversion of the fast wave to the slow cold-plasma wave, followed
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Figure 1.4.4: Hot Plasma Dispersion Relation for 10% Hydrogen Mi-
nority in Deuteriumx—At high minority concentration, E. is again “shorted
out” at the position of the cyclotron resonance, and the left-hand cut-off is present.

by transformation of the slow wave to the IBW. In this case, the wave would be
considered to be the slow wave where the polarization is LHCP and the IBW where
the polarization is linear. Some authors prefer not to distinguish between the cold-
plasma slow wave and the IBW, and instead speak of “electromagnetic corrections”
to the IBW dispersion relation.

The hot-plasma dispersion relation for the case of 10% minority concentration
is shown in Fig. 1.4.4. In this case, the behavior of the FW near the cyclotron
resonance layer is similar to the cold-plasma case. The FW is pure RHCP at
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the cyclotron resonance and there is a left-hand cut-off. In this regime, 2 FW
launched from the low-field side would be expected to be predominately reflected,
with relatively little absorption or mode-conversion. A FW launched from the high-
field side would be efficiently mode-converted.

A simple and very useful expression for estimating the distribution of RF power
between hydrogen fundamental cyclotron absorption and deuterium second har-
monic cyclotron absorption can be easily obtained analytically from the hot plasma
dielectric tensor. The procedure to be followed is to calculate the absorbed power
density in slab geometry using the expression

Q= —-%in' -K-E+c.c. (1.4.88)

retaining only terms involving E, and keeping terms from hydrogen fundamental
and deuterium second harmonic absorption separate. Making the small-electron-
mass approximation, so that only the upper left 2 x 2 submatrix of K is involved,
the terms involving E.. are

E'-K.E = (Kzz +2Kzy + Kyy) | E+[° (1.4.89)

Expanding the Bessel functions J; and J; to leading order in the FLR expansion and
performing the velocity integrations assuming Maxwellian distribution functions for
both species, one readily obtains

) ’
wpny |Ey|? l1-g
= YPIH 124 op |- 1.4.90
=3 V7 Npvang F Nyving ( )
Bp |E+? [ (1-g\7]
wpBp |E+ -
Qp=—-—=——"—exp |- (1.4.91)
2 v Nyoarp Nyvnp
~ where
2
= (1.4.92)
mpgw?
=B (1.4.93)
mygw
g = 5 C (1.494)
np
T
Bp = "L (1.4.95)
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And the fast-wave dispersion relation was approximated by that of a compressional
Alfvén wave in order to evaluate k_zL Next, since g = Qg /w = B/By = Ry/R, one
has 1 — g = r/Ry, yielding an expression for the e-folding width, due to Doppler
broadening, of the absorption layer '

§ = RoNjusn (1.4.96)

Now treating all quantities except 1 — g as constants and integrating across the
absorption layer yields

Py = A/ Qy(r)dr = §WH|E+;2ROA (1.4.97)
Po=4 [ Qulr)dr = §oAp|E: P Ro (1.4.98)

where A is the cross-sectional area of the plasma slab, and taking the ratio between
these two equations yields simply

Pp Bp '
ol LA v’ 24 1.4.99
Py 1y ( )

As long as the distribution functions for both species remain approximately Max-
wellian, and as long as the contribution to absorption from E dominates, Eq. 1.4.99
provides a very useful way to estimate the importance of direct deuterium second
harmonic absorption in an ICRF experiment.

1.5: Inhomogeneous Plasma Wave Theory

In this section, a more careful treatment of the mathematical implications of plasma
spatial inhomogeneity will be given. The details of this derivation in its most
rigorously correct form are much too complicated to be given here, so I will instead
adopt a more formal and abstract approach than I have used so far. The purpose
here is not to cloud the mind with myriads of detailed mathematical expressions,
but rather to develop an understanding of the structure of the analysis.

The last expression written in Sec. 1.4 that was valid in general for a spatially
inhomogeneous plasma was the phase integral, given by

f(x,v,t) = ——% ./O'OO[E(x',t') +v'(") % By (X, ¥')] - ?3—{3 J‘r (1.5.1)
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At this point, it is to be understood that fg is no longer a function only of v, but
depends on space too. For example, in general the zero-order distribution function
would be of the form fy(x,v), in slab geometry the form would be fo(z, v), and
in toroidal geometry the form would be fo(1,v). Now consider the velocity depen-
dence more closely. In Sec. 1.4 it was found to be very useful to write the velocity
dependence in terms of the constants of the motion for the unperturbed particle
orbits. For an inhomogeneous plasma, these constants are no longer (vi, v ), but

are now (E, u) where E = mv? /2 is the particle kinetic energy,t and = mv? /(2B)
is the magnetic moment.

Consider next what will happen when Fourier transformation is used in Eq. 1.5.1.
This transformation is defined by

f(x,v,t)z/ (?d:_";'gf g;de"(k'x'“’t)f(k,v,w) (1.5.2)
flk,v,w) = /oo dsa:/m dt e'i(k'x"‘“t)f(x,v,t) | (1.5.3)

and similarly for the quantities E, B, fo, and also, in principle, v/. Fourier trans-
formation is useful here because when expressing B; in terms of E, the differential
curl operator is replaced by a simpler algebraic cross product. When quantities are
expressed in terms of their transforms in Eq. 1.5.1, the product of E and %vf‘} will
lead to a convolution integral, which introduces some complication into the anal-
ysis. Additional complication is introduced because in general v/ also depends on
x, which will lead to a double convolution integral. Simplifying approximations are
often made in which some complication is avoided by retaining spatial variation in
fo, but neglecting spatial variation in Bg (1) or treating magnetic field gradients
in an approximate way by including V B-driven particle drifts when calculating the
unperturbed orbits, but assuming that both Q and the particle drifts are spatially
homogeneous. To see how this kind of approximation affects the analysis, note that
the magnetic field is the only driving term in the equations for the characteristic

trajectories:
dx'(t) _
=V (") (‘1.5.4)
d‘;ﬁ,t’) =v/(t) x0 (1.5.5)

+ Note that the symbol FE is being overloaded. In the literature it is fairly common
to see E used to represent kinetic energy and E used to represent the electric fieid,

with surprisingly little confusion as a result.
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As shown explicitly in Sec. 1.4, if @ is not a function of x, then the solution of
Eq. 1.5.5 is of the form v/(t';t,v), and the only x-dependence in the solution of
Eq. 1.5.4 comes from a simple integration constant. However, if = {}(x), then the
solution of Eq. 1.5.5 will be of the form v/(t';¢,v,x) so that the solution to Eq. 1.5.4
then becomes
t
x =x- /, v'(s;t,v,x)ds = x — X(t';¢,v,x) (1.5.6)
t

In addition to the double convolution integral that results from the x-dependence
of v/, complication is also introduced by the x-dependence of X. Thus, it is tempt-
ing to ignore either nonuniform particle drifts or nonuniform magnetic field when
calculating the particle trajectories. This approximation can be justified physically
by again invoking the randomizing effects of collisions or turbulence, so that only
the portion of the particle trajectory in the vicinity of x is important.

In the following simplified presentation, consider neglecting the x-dependences
of both v/ and X, in which case Eq. 1.5.1 can be written formally as follows:

flx,v,t) = -—-/:o F(x,v',t). %fo(v',x') dr (1.5.7)

Writing each spatially dependent quantity in terms of its Fourier transform, and
- then inverse transforming both sides of this equation yields

_ -—i(k-x-—ut) [ <] dsk” /m w"
Flk,v,w) = /damf_idte /0 dr & | e

F(K", v, w")eik"x'-w"t) D [ &K

ov' [ (2m)3

folv', KNeX*® (15.8)

At this point, one exploits the fact that fy depends only on the constants of the
unperturbed motion. By doing this, one can eliminate the r-dependence of fy which
comes from the r-dependence of v/. In general, the constants of the motion @’ are
functions of both ¥/ and v/, but for simplicity I will assume only v/ dependence.
Thus, if the constants of the motion are denoted by Q/,(v'), then one can write

8 . n_ = 0Qm(¥) 8fo(v)
B“V,"fo(v)——; N BOm(v) (1.5.9)

Rearranging the integrations, making use of X’ = x — X and ¢/ = ¢ — 7, and taking
advantage of the assumption that X is not a function of x, yields
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. &BE B3z "
" " ot [k’ — (k—k')] itlw=a")
vy == [“ar [ou [~ ar [0 [ose [

e

5(k"—-[k-k’}) 5(w—w)
XD MXR o). 5 S Gl
i -z(k X-wr) ;! 0Qm afO(Qms kl)
/ZW)3f dr (k- K, Vo) - 3 S e
(1.5.10)
The current J can now be written as
J(k,w) = anqj ftfv v filk,v,w)
3
= iw [E(k,w) - (‘;3’;'3 Kk, k',w)  E(K,w) (1.5.11)
where K is often referred to as the dielectric kernel, and the wave equation can be
written as ‘
V X (V X E) - w? / B2 K(x,x') - E(x) = 0 (1.5.12)
or as

B3
(2m)3

where K(k, /) is the double Fourier transform of K(x,x'). Thus, for a spatially inho-
mogeneous plasma, the wave equation is no longer a differential equation. Eq. 1.5.12

k X (k X E) + w? / K(k, K) - E(k') = (1.5.13)

is a Fredholm integro-differential equation. As suggested here, the best way to solve
Eq. 1.5.12 is to stay in Fourier transform space, in which case the differential part of
the equation becomes algebraic, and one is left with Eq. 1.5.13, which is a Fredholm
integral equation of the second kind.

Straightforward discretization reduces Eq. 1.5.13 to an algebraic matrix equa-
tion. However, rather than directly discretizing Eq. 1.5.13, there may be advantages
in first making use of conventional Hilbert-Schmidt theory. In this method, solu-
tions for eigenfunctions and corresponding eigenvalues of a simple integral eigenvalue
problem are first obtained. Then, the dielectric tensor is written in terms of these
eigenvalues and eigenfunctions via a Hilbert-Schmidt expansion. Eq. 1.5.13 would
then be used to express the desired solutions in terms of the previously determined
eigenvalues and eigenfunctions. The advantage of the Hilbert-Schmidt expansion is
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that the dielectric kernel is expressed as a sum of products of functions of k only
and functions of k'’ only. This reduces the integral equation to a matrix equation
without the need (in principle) for numerical discretization and therefore could con-
ceivably yield approximate analytic solutions. To the best of my knowledge, this
technique has not yet been applied to this problem.

A very elegant technique for solving Eq. 1.5.13 is via an FLR expansion, which
allows the integro-differential equation (Eq. 1.5.12) to be approximated by a dif-
ferential equation. This is done by transforming from real space to Fourier space
and then back again, using a variational formulation as described by Colestock
and Kashubal®8l. This variational method was developed by Berk, et al.l®9] The
variational form of Eq. 1.5.12 is

/ Bz Ef(x) - {-—v X [V % B(x)] + w? / &z’ K(x,x') ~E(x’)} =0 (1.5.14) |

where E! is the solution of the adjoint of Eq. 1.5.12. Eq. 1.5.14 can be rewriiten in
terms of transformed quantities as

Bk B3k
(2m)3 (2m)3

The FLR expansion of the dielectric kernel (written in one dimension to avoid a
notational nightmare) is of the form

Ef(-k) - {k x [k X BE(k)] + w? f K(k, k') - E(k’)} =0 (1.5.15)

N «
K(k,¥) =Y K=™(0,0)k"%'™ (1.5.16)

n,m

where the dielectric tensor has been Taylor expanded about k = 0, ¥ = 0. When
Eq. 1.5.16 is substituted into Eq. 1.5.15, the powers of k are brought outside the
k'-integration and instead grouped with the ET(k). When the resulting equation is

transformed back into z-space, derivatives of Ef(z) are introduced via

d™"E

= (1.5.17)

j & pm B(k)ek® = (—i)™ o
and, similarly, the powers of k' introduce derivatives of E. Partial integration is

used to eliminate the derivatives of Ef, which can then be factored out of each term,
resulting in a differential equation of the form

o) (7] 9
EEG(m)EE . E(z) + F(z) - —a-;E(m) +H(z)-E(z) =0 (1.5.18)}
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This method resolves an ambiguity which arises when one attempts to construct
a wave differential equation directly from the homogeneous plasma dispersion re-
lation. It is important to keep in mind that this derivation is based on an FLR
expansion, and therefore can yield inaccurate results for short-wavelength modes,
such as the IBW. Note also that the number of terms N kept in the Taylor series
expansion of the dielectric kernel is an arbitrary choice which influences the order
of the resulting differential equation. If more terms are kept in the expansion, non-
physical wave modes are introduced, which must be dealt with during calculations.
That is, one must make certain that higher order derivatives result in small correc-
tions to solutions that would be obtained with the lower order equations, and not in
introduction of new solutions. These nonphysical solutions would have very short
wavelengths, and the FLR expansion would not be valid for them. This problem
is quite analogous to what happens when one attempts to solve the transcendental
equation e® =0 by approximating it by an algebraic equation obtained by truncating
the Taylor series expansion of e*.

Note also that the key to the success of the FLR expansion in the variational
expression is that the dielectric tensor K is written as a sum of products of functions
of k and of k/. This again suggests that a method based on a Hilbert-Schmidt
expansion might be useful, perhaps in situations where the IBW wavelength is too
short to allow accurate solutions with the FLR expansion.

Results from the plasma wave code METS for typical high-density Alcator C
parameters are shown in Fig. 1.5.1. METS is-a computer program which was written
by D. Smithe of the Princeton Plasma Physics Laboratory, and solves the one-
dimensional version of Eq. 1.5.18 using slab geometry. Explicit expressions for the
coefficients used in Eq. 1.5.18 are given by Eqgs. 10 and A24 in Ref. 68. The code
described in Ref. 68 uses a Runge-Kutta numerical integration technique which is
very sensitive to contamination by the evanescent IBW on the low-field side of the
absorption layer. In METS, this problem is eliminated by using a spectral method
instead. The METS code is a so-called single-pass code, in which a particular wave
mode (the fast wave in these calculations) is assumed incident at the center of the
plasma, coming from either the high-field side or the low-field side. When the wave
reaches the absorption layer at the center of the plasma, it is partially absorbed, par-
tially reflected, partially transmitted to the other side, and partially mode-converted
to the IBW. Outgoing waves are assumed to propagate away without being reflected
from walls.

No physics relevant to antenna coupling is included in this calculation. Instead,
for each chosen value of k), a calculation is performed as if all the power was
concentrated at that particular value of ky, i.e., separate calculations are done for
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Figure 1.5.1: METS Calculation for High Density—METS calculation
for density n, = 4 x 1022 m~3, electron temperature T, = 1.5 keV, deuterium
temperature Tp = 1.15 keV, minority concentration ny = 0.5%, and minority
temperature Ty = 1.15 keV.

plane waves incident from various angles. To determine which values of k) are
actually launched by the antenna, it is necessary to include the antenna current
and vacuum chamber walls as boundary conditions. This is done in the Brambilla
code calculations shown in Chapter 4 of this thesis. From the Brambilla code, it is
found that most of the launched power is concentrated near 15 Sk £20 m™L,

The quantities plotted in Fig. 1.5.1 are the fraction of incident power which is
transmitted (T), absorbed (A), mode-converted (C), and reflected (R). Also shown
are the individual fractions of power absorbed on the hydrogen minority (H), the
deuterium majority (D), and the electrons {e). One can see that Alcator C is
characterized by very low single-pass absorption, with most of the power being
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Figure 1.5.2: METS Calculation for Low Density, Low Concentration,
and No Elevated Minority Tail—METS calculation for density n, = 1 x
1030 m —3, electron temperature T, =2 keV, deuterium temperature Tp = 1.2 keV,
minority concentration ngyg = 0.5%, and minority temperature Tj = 1.2 keV,

transmitted. Absorption by electrons (via Landau damping) is also quite weak. It
is important to note that it is possible for the mode-converted IBW to Landau-damp
efficiently on electrons if the value of k changes as the wave propagates. This is
an effect that can be caused by parallel gradients (which are non-zero due to the
presence of the poloidal field) of the plasma parametets[m] and is not included in
this version of the code. Transit-time magnetic pumping is another effect that can
lead to absorption by electrons, and which is not included in METS.

Another METS calculation is shown in Fig. 1.5.2 for a low-density low-minority-
~ concentration case typical of the Ohmic target plasma in Alcator C, before the
minority temperature increases. Single-pass absorption is seen to be extremely weak
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Figure 1.5.3: METS Calculation for Low Density, Low Concentration,
with Elevated Minority Tail—METS calculation for density n, =1 x 1030m—3,
electron temperature T, = 2 keV, deuterium temperature Tp = 1.2 keV, minority
concentration ny = 0.5%, and minority temperature Ty = 10 keV.

in this case — significantly weaker than for the high-density case. Mode conversion
and reflection are also quite weak, and it is clear that it will be necessary to treat
the metallic wall surrounding the plasma as well at the boundary condition at the
antenna current in order to model absorption in any reasonable way in Alcator C.
The codes that will be used to do detailed simulations and analyses in Chapter 4
of this thesis were selected with this in mind.

The effect of raising the minority temperature to 10 keV, is shown in Fig. 1.5.3.
The effect is a very slight enhancement of the absorption and a decrease in mode
conversion. The effect of Doppler broadening is evident in the behavior of the
absorption coefficient as a function of k). Although these changes appear to be

¥ e e
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Figure 1.5.4: METS Calculation for Low Density, High Concentration,
no Elevated Minority Tail—METS calculation for density n, =1 x 1039 m—3,
electron temperature T, = 2 keV, deuterium temperature Tp = 1.2 keV, minority
concentration ng = 5%, and minority temperature Ty = 1.2 keV.

- quite small, note that the decrease in mode conversion is significant when compared

to the magnitude of the absorption. The electron absorption is still quite small.

The effect of raising the minority concentration to 5% is shown in Fig. 1.5.4. At
this concentration, large increases in minority tail temperature were not observed,
and so were not included in this calculation. Note that mode conversion is greatly
increased in this case, and absorption is markedly reduced compared to the other
cases. There is also significantly increased reflection. Significant electron absorption
is indicated at high k), but the results of the Brambilla code calculations to be

presented in Chapter 4 indicate that these values of ky are not launched by the

antenna except at high density.
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This treatment with the METS code lends important supporting evidence to the
conclusions reached using other codes in Chapter 4.

Before concluding this section, there are a few other treatments of wave propa-
gation in an inhomogeneous plasma that are worth mentioning. .I will just present
a brief introduction to these treatments, referring the reader to the appropriate
references for the actual implementations and applications.

Beginning prior to the variational treatment of the wave equation by Colestock
and Kashuba, an important Body of work was accomplished by Swanson, Perkins,
et al.[71-80] In these works, one-dimensional wave equations were usually derived by
inverse Fourier transformation of homogeneous-plasma dispersion relations. This
technique results in an ambiguity involving derivatives of terms exhibiting explicit
spatial dependence. This ambiguity was expected to be unimportant so long as gra-
dients of the wave fields were large compared to gradients of the plasma properties.

However, it was possible to resolve this ambiguity by deriving the wave equation di-

rectly from the Vlasov equation[wl, using a suitable extension of the method shown

in Sec. 1.4 of this thesis.

The derivation of such an equation, for the case of normal incidence (k) =ky = 0)
including mode conversion without damping, is given by Swanson in Ref. 72, and the
solution of that equation is discussed in painstaking detail by Ngan and Swanson
in Ref. 73. This derivation begins with a fourth-order linear dispersion relation
including leading order thermal effects describing propagation of the IBW, but
excluding damping terms arising from the imaginary parts of the plasma dispersion
function. Two ion species are considered. The only spatially varying quantity
considered is the equilibrium magnetic field. This is reasonable, since the density
and temperature profiles are locally flat at the center of the plasma, while the
magnetic field is not. Spatial dependences are expanded to leading (linear) order in
Taylor series, and the following notation is defined:

p=r/R (1.5.19)
A=k pd; (1.5.20)
a=nz/m (1.5.21)
g =ma/my (1.5.22)

4u(1 + a)(1 + pa)
a(p—1)%(p+1)
_(p+ 14— pf +ap(dp - f)]
§= (4p — f)(4 — pf) (1.5.24)

b= (1.5.23)
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_l+pa
f=—i (1.5.25)
2(p + a)(1 + pa)
A= 1.5.26
a{u ~1)(u— (1 9 (1520
b+ a
B=g 1.5.27
Sa(+ DA 7 9) (1527
This results in the following expression for the dispersion relation:
A 4+ ApM\ +B(1-6p)=0 (1.5.28)

Fourier transformation is then accomplished via kﬁ_R% — —d?/dp? and a new inde-
pendent variable is defined by z= —«kp, along with the following additional notation:

o 2(1 + @)
K= wleo T—FT (1529)

_ _(p+a)(+p)
7= 261+ )1+ o)1 (1.5.30)
AZ = 2(“‘ + a)(l + y.a) (1'5‘31)

kel + a)(1+g)(k — 1)°4

This leads to the so-called “fourth-order mode conversion-tunneling” differential

equation, given by

¥+ A2z + (M2 4+49)y=0 (1.5.32)

This equation was solved by Ngan and Swansonl™! using two different methods.
One method is a straightforward asymptotic method in which solutions are first ob-
tained for small 2z, and then again for large z. These solutions are then connected by
means of standard asymptotic matching in an intermediate convergence region. In
the other solution method, called the Laplace method, the solution y is represented

as a Laplace transform

y = /P Y (p) dp (1.5.33)

where I is a suitable Laplace inversion contour in the complex p-plane. This method
is fruitful because the coefficients in Eq. 1.5.32, have only constant and linear terms.
When Eq. 1.5.32 is Laplace transformed, the constant coefficients become algebraic
functions of p while the linear terms introduce first order derivatives with respect
to p. Thus, Laplace transformation reduces a fourth-order differential equation to a
first-order differential equation. Four independent solutions are obtained by suitable
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selection of the inversion contour I'. Laplace transformation of Eq. 1.5.32 yields

dlny _ p4 —2A2p+ ~

b (1 %) (1.5.34)
which has solution
Y(p):-—-l—-—exp- L P——s—p+(1+ )tan~1 (1.5.35)
1+p2 2 |3 7 P -

Inverse Laplace transforming and introducing a new integration variable u=tan™!p
yields

tan3 1 1
y(z) = /;du exp [ e+ (z - :\-5) tanu + ;711.] (1.5.36)

Equation 1.5.36 is then solved by the method of steepest descents. Transmission,
reflection, and mode-conversion coefficients are then derived from these solutions.
Selection of the appropriate contours corresponding to individual wave modes and
propagation directions is non-straightforward, unless one is armed with the solutions
obtained from the method of matched asymptotic expansions. The results of this
analysis are that reflection and transmission coefficients for high-field incidence are
given by

R=0 (1.5.37)
T =8¢ " (1.5.38)

and for low-field incidence are given by

R=1-6e%n (1.5.39)
T=e" (1.5.40)

where
n=m(y+1)/2)% , (1.5.41)

8 is a complex phase-shift factor, and the mode conversion is given by C=1—-R-T.

This method has been extended to include treatment of nonzero k“ and the

presence of a.bsorption[75' 78], New terms in Eq. 1.5.32 which represent absorption
and cannot be approximated as linear in the vicinity of the mode-conversion layer
are written on the right-hand side, yielding an equation of the form

¥V + Azy" + (Mz+ )y = g(y, 2) (1.5.42)
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where g(y, z) is written as if it were an inhomogeneous term. Keep in mind that
g(y, z) depends on y as well as z. Once solutions for Eq. 1.5.32 are obtained, it is
possible to construct a Green function G(z,z'). Eq. 1.5.42 can then be inverted to
yield a Fredholm integral equation of the second kind:

y(z) = /:: G(z,2Vg(y(2),2) d (1.5.43)

Whether Eq. 1.5.43 is ultimately homogeneous or not depends on the particular
problem to which it is applied. Because g(y, z) is a spatially localized quantity, one
is assured that the kernel of Eq. 1.5.43 is square-integrable, and that a solution by
simple iteration will converge.

The treatment of the mode-conversion problem using the fourth order equation
can be very tedious. It is actually possible to treat processes like wave coupling,
tunneling, and reflection using lower order equations. This involves techniques
where the modes of interest (e.g., an incident fast wave and transmitted IBW) are
modeled using differential operators while other modes (e.g., reflected fast wave and
evanescent IBW) are modeled using wave vectors. These theories were developed

by Cairns, Lashmore-Davies, Fuchs, Bers, et ol.[81-86]

As an example of the theory of Cairns and Lashmore-Davies/81: 821 consider
two wave modes which, in the uncoupled approximation, have dispersion relations
of the form

w? = wi(k,z) (1544)
w? = wi(k,z) (1.5.45)

In the presence of mode coupling, these waves will come from a more general dis-
persion relation of the form

| (W - —wd)=p (1.5.46)

which, for the sake of example, can be considered to be fourth order in k, {e.g.,
wi = c1k, wp = cgk). The right-hand side quantity p is a small coupling term,
which is usually negligible, except when both factors on the left-hand side are also
small. Suppose one is only interested in the waves corresponding to w = +w; and
w = +wy. This could correspond to the case where a fast wave is incident from the
high-field side and one is only interested in the returning mode-converted IBW. The
other two modes that are not of interest would then be the evanescent IBW and the
reflected fast wave. (It is commonly known that reflection is zero in this particular
case, but that is not important for this example.) In this case, Eq. 1.5.46 can be
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divided by (w + w1)(w + wz). Then, since the right-hand side is only important
when w = w1 = wp, Eq. 1.5.46 can be well approximated by

(w—wn)w—-w2)=n - (1.547)

where = p/(4w?). Eq. 1.5.47 now describes only the two modes of interest.
Coupling between the two modes occurs in the vicinity of the point k = ko, z = zo,

defined by
w = wy(ke, zo) = walko,zo) (1.5.48)

Taylor expanding the individual dispersion functions about this point yields

w) ~w+ ab + bf (1.5.49)
wg ~w+ fo+ g€ (1.5.50)

where k = kg + §, and ¢ = zp + §{. Treating n = 79 as a constant at the value
corresponding to zg and kg yields

(ak — ako + BE)(fk — fko + g€) =m0 (1.5.51)

This is then converted into a pair of differential equations by the replacement & —
—1id/d€, yielding ‘

i‘% —; (ko _ gg) b1 = iAds (1.5.52)
% —i (ko - %5) do = A1 (1.5.53)
where
_ [m
A= of (1.5.54)

This reduced second-order system is much easier to solve analytically than the
fourth order equation, Eq. 1.5.32. ‘

A more general order reduction theory was developed by Fuchs, Ko, Bers, and
Harten(®3. In this theory, one begins with a general high-order dispersion relation

of the form
D(w; k,z) =0 (1.5.55)

and it is not necessary to factor the dispersion relation into a form similar to
Eq. 1.5.46. This theory implicitly assumes that the system is driven at some fixed
frequency w, and does a-local analysis in k and 2, where the spatial coordinate z is
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generalized to allow complex values. With z and k both complex, the general dis-
persion function of the form k = k(z) is a multi-valued surface with branch points
at the junctions of the various surfaces. Each surface corresponds to a different
wave mode, and each branch point corresponds to a coupling event. The branch
points z = 2, and corresponding k = ks are determined from simultaneous solution
of Eq. 1.5.55 and

6D

25 =De=0 (1.5.56)

A particular coupling event involves only two modes if

Dy #0 (1.5.57)

at (ks, 25). Expanding the dispersion function about this point then yields
1 | .
D(kp) + §(k - kb)szk(kb) =0 (1.5.58)

(It is not necessary to also expand in z, in which case ky = ky(z).) A second order
equation describing the coupling event is then obtained via

¥"(2) + Q(2)y(z) = 0 (1.5.59) .
where |
=9 D
Q(z) = -2 Dot o (1.5.60)

Applications of these techniques to the general problem of determining coupling
coefficients and to specific physical problems can be found in the references cited
above and references contained therein.

A more exact method of order reduction, analogous to the treatment of Cairns

and Lashmore-Davies, has recently been given by Swanson!®7]. Instead of expressing
the dispersion relation as a product of two lower-order dispersion relations set equal
to a localized coupling term, Swanson performs the same kind of factoring on the
differential operator in the wave equation. That is, starting with a fourth-order
wave equation of the form

yi" + b(:n)y" + a(z)y =0 (1.5.61)
Swanson rewrites this in the form

DyD_y=g(z,y) (1.5.62)
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where
&£,
Dy = E;i -+ k+(:c) (1.5.63)
d2
D=+ k2 (z) (1.5.64)
) .
K = ALE VB — 4a) (1.5.65)
g=2(k2)y + (K2)"y (1.5.66)

and g is the spatially localized coupling term. It is then possible to construct a
Green function from the four solutions to the two separate second-order equations

Diy=0 (1.5.67)
D_y=0 (1.5.68)

This then leads to an inhomogeneous Fredholm integral equation of the second kind,
from which the exact solutions may be obtained numerically.

1.6: Integration of Wave Theory and Kinetic Theory

So far, derivations have been given of equations which describe the propagation of
plasma waves, and the (linear) absorption and mode conversion of power from wave
to plasma and from one wave mode to another. What is needed now is a treatment
of the effects (hopefully heating) that this has on the plasma. Perhaps the simplest
approach one can take is to use the absorbed power calculated from a solution of
the wave equation as an input heating power in a calculation in which the plasma
is modeled as a fluid, with transport properties derived by assuming Maxwellian
distribution functions for all species. This is essentially what is done in the ONETWO
code analyses of deuterium heating to be presented in Chapter 4 of this thesis. The
present section, however, is concerned with exactly how the RF wave fields appear
in the kinetic equation that determines the particle distribution functions.

The treatment in this section is going to be extremely abstract, even more
so than the treatment in Sec. 1.5. Again, the details of the derivations are too
complicated to be included here, and they can be found in the references. One
particularly well-known explicit version of the steps outlined in this section was
given by Kennel and Engelma.nn[ssl,‘for the infinite homogeneous hot-plasma case.
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Al of the steps illustrated abstractly in this section are done explicitly in Ref. 66,
except that the infinite homogeneous plasma derivation requires a limit to be taken
as the plasma volume tends to infinity, which is not required in bounded geometry.
When comparing my abstract notation with that of Kennel and Engelmann, note
that at my presentation does not necessarily involve Fourier transforms.

I will introduce my abstract notation by using it to describe the derivation of
the plasma wave equation in a very concise manner. The fundamental starting
equation is the kinetic equation in which the Vlasov operator, denoted herein as D,
is balanced against the Coulomb collision operator, denoted by C:

Df=Cf (1.6.1)

The linear wave equation is obtained by linearization, in which the distribution
function is separated into an equilibrium part and a small perturbation which os-
cillates at the wave frequency: f = fo + f1. The Vlasov operator is also linearized:
D = Dy + Dy. Note the omission of higher order nonlinear quantities composed
of other wave harmonics. (I use the expression “harmonics” in this section to refer
to oscillatory behavior either in space or in time.) The treatment here is “quasi-
linear” — a term which means basically that the only higher-order nonlinear terms
which are retained in the treatment are those with zero beat-frequency and zero
spatial average which arise from the nonlinear interaction of two first-order terms.
These terms are extracted from the second order equation by averaging over the
velocity gyrophase angle. Thus, second-order terms like Dj fi have non-zero gy-
rophase average, but terms like Dgf2 do not. Physically, this kind of “quasilinear
truncation” of the small perturbation expansion corresponds to dropping nonlinear
coupling between different wave modes while retaining nonlinear coupling between
the wave and the plasma, which is exactly what we want. Note that, since all first
order terms oscillate at the wave frequency and average to zero, the leading order
contribution from the collision operator must be treated as a second-order effect,
to be balanced against the gyrophase-averaged effect of the RF wave fields, (unless
one wants collisions to be dominant). The zero-order equilibrium problem is then
denoted by

Dofo=0 (1.6.2)

Once fo is known, it can be treated as a driving term in the first-order equation
Dofr = ~D1fo (1.6.3)

whose solution,
fi=-Dg'Difo | (1.6.4)
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has been the primary subject of this chapter.

The next step is to allow slow, second-order evolution of the equilibrium solution
fo to occur. This could be done by introducing a quantity fo as a second order
quantity. However, conventional notational usage would be that f3 is oscillatory,
and only the time and space-averaged part is wanted. This is usually done by
considering the quantity denoted by f to be a “slowly varying equilibrium quantity”
and requiring that the gyrophase average of fo be zero. Formally, one does a
multiple-time-scales analysis in which the fast time scale is oscillatory, via

8f 8fo .
% e wiy (1.6.5)
where the ordering is such that
0
31;9- ~Ch<h<fo (1.6.6)
or, more generally =
Dof = Dofo+ Dofa (1.6.7)
where :
Dofo~Cfo < Dofi~ fi < fo (1.6.8)

Going to second order and gyrophase-averaging in order to eliminate oscillatory
contributions yields

(Do) fo — {D1DG*D1) fo = (C) fo (1.6.9)
N, r—
=Q
The quantity @ is the quasilinear diffusion operator. Note that, since Dy contains
the first-order wave fields, a solution of the linear wave equation is required in order
to evaluate Q. Eq. 1.6.9 is the well-known drift kinetic equation, with an added
quasilinear diffusion term to represent the RF absorption:

0 0 (7]
= = = =C 1.6.10
(6t +vVvpL ox) +v"31) fo=Cfo+Qfo ( )
where v | represents the particle guiding-center drifts and v is the velocity along
the particle drift orbit. The angle bracket notation () has been dropped for con-
venience, so that it may be used again later to represent the bounce-averaging
operation.
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For the case of an infinite homogeneous plasma, the general form for the quasi-
linear diffusion operator from Ref. 66 is

0 0
Q= '5; -D-g (1.6.11)

where

?
D= Vl—l—-boo m?2 Z |4 (211')3 w — kyvy — a0 (1.6.12)

Ky . .
a= [(k" Ull) vy + 'UJ_Z] + EHJ,, [ + ;;(vnvL - 'U_J_V") (1.6.13)

E+e*¢J,,+1 +E_e"WJ], 4
V2
J=J(kiv, /w) (1.6.15)

£= (1.6.14)

where, in carrying out the k-integration, it is to be understood that w is a function
of k according to the dispersion relation. The angle i represents a rotation that
allows one to introduce nonzero ky, and is usually taken to be zero.

The first analytic and semi-analytic calculations of ICRF minc.u'ity distribution
functions obtained by baléncing RF-driven quasilinear diffusion against collisions
were done by Stix(®8]. In Stix’s analysis, as is usually done for RF quasilinear cal-
culations, the non-resonant wave-particle interactions are neglected, and the gquasi-
linear diffusion operator takes the form

Qf = lim Z""’zl dk Ly §(w — kyvy — n)|©v Lf (1.6.16)

V—oo 4~ m?V J (2n)3
where
kgg\ 1 .8 K @
= — —_— 1.6.17
L (1 w )v_;_&v_L w@v" ( )
©=E. ei¢Jn+1 + E+e"i"l’Jn_1 + -v—lJ!-'E“Jn (1.6.18)

Stix neglects parallel velocity diffusion and terms containing E— and Ej| and uses.
1 = 0 to obtain ‘
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_r P16
Qf—2m2 “c”l - vJ_BvJ_vJ'

kv \ |2 (w-—n)| 1 8f
Jn—l( 0 >' 5[::”— ky vy Bu)

(1.6.19)
Among many other useful analytical results, Stix derives an analytic expression
for the minority distribution function using an isotropic approximation for f (lead-
ing order in Legendre polynomial expansion), a uniformly asymptotically matched
analytic approximation for the Coulomb collision coefficients, and a flux-surface-
averaged quasilinear diffusion operator. This yields an expression for the “effective
temperature”, i.e., the negative of the reciprocal of the slope of the log of the dis-
tribution function:

_ Jdlnf -1

T = ‘[ dE ] (1.6.20)

where
1 _ dinf(E)
Ta(E) ~  dE | (1.6.21)
-1 Rp(T. — Tp + ¢Te) 1 ] |

B Te(1+€) [1+ Tp(1 + Rp + &) 1+(E/ED)3/2 (1622)

where

1 (41reo)2 m(P) [T, (1.6.23)

£= 8/ \ €2 ngniinAY m,

_ . jmTe
Rp= me Tp (1.6.24)

myTp [3y/71+ Rp +£]*/°
mp 4 1+¢

(1.6.25)

Ep(¢) =

The quantity (P) is the flux-surface average of the ICRF power density absorbed
by the hydrogen.

This analysis has been further refined in recent years by other authors. A more
detailed analytic treatment of the anisotropic effects and the extension to second

harmonic regime ICRF was done by Anderson, et al[®]. The flux surface averag-
ing done by Stix does not accurately model the contribution from banana-trapped
particles, although it can be shown to be correct in the limit of centrally peaked
absorption. A better way to do this average is to weight the average according
to the amount of time a particle spends at each point on the flux surface. Note
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that trapped particles spend zero time at certain locations on the flux surface. The
correct treatment of trapped (as well as passing) particles is thus accomplished by
replacing the flux-surface average by a “bounce average”, also done by Anderson, et

[90], It was also pointed out by Anderson et al. that knowledge the high energy

al.
distribution function itself is only an intermediate result used to obtain important
quantities such as collisional deposition to the other species and fusion reactivity,
and approximate expressions for those secondary quantities were worked out and

compared with numerical calculations(®1~93,

One problem that can occur when combining wave physics and Fokker-Planck
calculations is inconsistency that results if the absorption is calculated assuming
Maxwellian distribution functions while the kinetic effects result in highly non-Max-
wellian components. As was mentioned earlier in this Chapter, a non-Maxwellian
tail in the minority regime ICRF can be well approximated by splitting the ion
species up into “bulk” and “tail” species of different temperatures. This technique
was used by Morishita et al.[® in a one-dimensional slab-geometry numerical treat-
ment. Four parameters, bulk and tail densities and temperatures, were determined
by fitting to the low and high-energy parts of the distribution function determined
from a Fokker-Planck calculation. These parameters were then used in a wave equa-
tion calculation to determine how the power deposition profile evolves. The two
calculations were iterated in order to determine the time evolution of this heating

process.

- A crucial point discussed by various authors (e.g., Stix) is that the motion of
the ion must be decorrelated by the effects of collisions between transits of the
absorption region in order for quasilinear theory to be applicable. It was mentioned
earlier in this Chapter that this decorrelation could also be provided by the effects
of turbulence. A rigorous formulation of quasilinear theory in which this turbulent
decorrelation was employed was carried out by Yasseen and Vaclavik(®5], They also
include the full quasilinear diffusion operator — both resonant and non-resonant
parts.
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1.7: Comparison With Other Experiments

A number of tokamak ICRF heating experiments predated the experiments dis-
cussed in this thesis, and met with varying degrees of success. In this section,
some of the important previous experimental results will be described briefly and
compared with the present results from Alcator C.

Results from several of these earlier experiments are summarized in Table 1.7.1.
Some of the early TFR results are quite comparable to the Alcator C results. In
the early TFR minority regime D(H) experiments, the antenna used was similar to
the Alcator C antenna, except that a current maximum existed only on the high-
field side (HFS), from which most of the power can be assumed to be launched.
However, for the low-ng minority regime, single-pass absorption is small, so the RF
field pattern in the plasma would not be expected to be much different regardless
of the launching direction. The electron density for this experiment is similar to
the low-density range explored in Alcator C and the Ohmic target temperatures are
only slightly lower. (The ion temperatures are more important than the electron
temperatures for this comparison.) Although the magnetic field was lower in TFR
(hence lower RF frequency and longer wavelength), the machine dimensions were
larger so that the plasma dimensions were comparable in terms of electrical wave-
lengths. Also, no carbonization was used in either experiment. However, global
energy confinement times are larger for TFR than for Alcator C (in this density
range), and the electrons and ions are more strongly collisionally coupled (due to
the larger plasma size). The deuterium heating per kW of ICRF power is approx-
imately the same for these two experiments. A small amount of electron heating
is shown for TFR, while no electron heating is claimed for Alcator C. However,
it would be impossible to detect an electron temperature change this small (65
eV) with the Alcator C Thomson scattering diagnostic and, again, the collisional
coupling between electrons and ions is stronger in TFR.

Also shown are some ICRF mode-conversion regime results from TFR. For the
same power as in the ininority regime experiments, significantly more electron heat-
ing and less deuterium heating is observed, and the increase in impurity radiation
is smaller. Mode-conversion regime experiments at higher power exhibit significant

electron heating as well as ion heating. In Alcator C it is not possible to oper-

ate at an RF frequency low enough, or a magnetic field high enough, to perform
mode-conversion regime experiments. '

Early attempts at minority regime ICRF using a low-field-side (LFS) antenna
in TFR were not very successful. It was not possible to operate at Prp > 150 kW
due to severe high-Z impurity production. However, significantly improved heating

73
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efficiency was observed in TFR both in the mode-conversion and minority regimes
after wall carbonization and replacement of the limiters by carbon limiters.

Efficient hydrogen second harmonic regime heating was observed during exper-
iments carried out on the Asdex tokamak. Significant reduction in metal impurities
when operating in a carbon environment was also reported. (All data reported
were taken with carbonization.) In other experiments (discussed in the references
but not included in Table 1.7.1) efficient D(H) minority fundamental and D(H) mi-
nority second harmonic regime heating was reported. Also, when a neutral-beam
prehea,téd target plasma was used, ICRF heating efficiency was improved to a level
comparable to the Ohmic heating efficiency.

On the PLT tokamak, successful heating experiments were performed in the
D(H), 2wz, and D(3He) regimes — all at RF power levels significantly exceeding
1 MW. The most efficient heating regime was found to be the D(3He) regime.
While the wave absorption is weaker in this regime than in the D(H) regime (due
to the frequency being closer to the majority fundamental cyclotron frequency),
the minority species is more strongly coupled to the bulk plasma, particularly to
the ions ( Erit is larger). Thus, a less energetic minority tail is required to couple
the RF power to the bulk plasma, and this minority tail is easier to confine. This
appears to be the reason for the improved heating efficiency.

A direct comparison between heatixig results with and without carbon limiters

was made during experiments on the JIPP T-IIU tokamak. When one considers the
difference in target plasma density and RF power in the data shown in Table 1.7.1,
a dramatic improvement in heating efficiency is evident. This improved heating
efficiency is due to the fact that low-Z impurities are fully ionized at the center of

75

the plasma, and hence do not emit line radiation. On the other hand, partially- -

stripped high-Z impurities are highly radiative and can cool the plasma center,
resulting in decreased heating efficiency and possible disruption of the discharge.

Although appreciable heating was observed, early high-power ICRF heating
experiments on JET (always with carbonization) were plagued by severe carbon
impurities, with values of Z.g often exceeding 3. Under these circumstances, de-
pletion of the majority ion species and direct cyclotron absorption by the carbon

becomes an issue. However, in more recent experiments on JET (not included in

Table 1.7.1) the impurity problem has been corrected and efficient heating at even
higher RF power has been achieved.

The Alcator C ICRF heating experiments described in this thesis were per-
formed at unprecedented high densities and magnetic fields. When one considers

the high densities and relatively low RF powers involved, these results compare fa-

vorably with the other experiments listed in Table 1.7.1. However, like most of the
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ICRF heating experiments, the RF heating efficiency is degraded when compared
with the Ohmic heating efficiency.

A revealing way to compare RF and Ohmic heating efficiencies is to compare the
incremental energy confinement time with the Ohmic confinement time. The Ohmic
confinement time (assuming steady state) is the ratio of the total plasma thermal
energy to the total plasma heating power during the Ohmic portion of the discharge.
The incremental confinement time is the ratio AW/AP where AW is the change in
total thermal energy content of the plasma during the RF and AP is the change in
total heating power. For Alcator C, the Ohmic confinement time increases linearly
with density over the range 0.5 < 7ie < 3 x 102 m~3 from ~ 5 ms up to ~ 20 ms
and remains constant for higher densities (the saturated confinement regime). The
incremental confinement time exhibits a great deal of scatter, but is essentially
independent of density, with a maximum value of ~ 5 ms at any density up to fie ~
6 x 102 m—3. However, even this apparently unfavorable scaling does not tell the
whole story. Since there was no electron heating in Alcator C, it makes more sense
to compare the heating of the deuterium caused by collisional exchange power from
electrons in the Ohmic discharge with the heating due to collisional exchange plus
RF deposition during the RF heated portion of the discharge. Also, the efficiency
of the deposition of RF power to the deuterium is a strongly increasing function
of density. When this is accounted for, it is found that both the Ohmic (from
collisional exchange) and RF heating efficiencies of the deuterium are equal and
scale unfavorably with density. The data and calculations on which this conclusion
is based are presented in detail in the following chapters of this thesis.
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CHAPTER 2

Antenna Design
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2.1: Introduction

The antenna design used in these experiments evolved directly from the antenna
design used in previous Alcator C ICRF experiments conducted by B. D. Blackwell.
This previous design consisted of a toroidal array of two conventional loop antennas

similar to the high-field-side launcher used in early ICRF experiments on TFR5-7,
except that the Alcator antenna had current maxima on both high and low-field
sides, and hence is considered a “two-side” launcher. The antenna conductor was
fed by a coaxial transmission line at the low-field side and shorted to the backplane
on the high field side. An unusual Faraday shield, designed to minimize the dia-
magnetic eddy currents in the shields, was used. This shield design was motivated
by the work of Faulconer(%€]. The electrical design of all of the Alcator C antennas
was dominated by the physical constraints imposed by the compact dimensions of
the tokamak. In particular, since the largest access port on the tokamak is a 4 cm
wide slot, no part of the antenna can be wider than 4 cm unless one is willing to
assemble parts inside the vacuum chamber. In the previous attempts at fast wave
ICRF heating in Alcator C, there were recurring problems with electrical break-
down. This breakdown was believed to occur at the vacuum feedthrough, and/or
in the section of the power feed line within the 4 cm wide port. In order to reduce
the electric field strength within the feed line, a self-resonant loop antenna design
was developed. This design allows the antenna to present a matched load to the
feed line, and has the added benefit of increasing the bandwidth of the system as
viewed by the RF generator. ‘

2.2: Antenna Construction

Three different fast-wave antennas were used during the experiments described
in this thesis. The first antenna that was constructed is illustrated in Fig. 2.2.1.
This antenna has a single radiating conductor, shorted to the backplane at each end,

with the feed tapped in near one end. This antenna is in a sense not well-matched

to the plasma because the toroidal spectrum of the antenna current is much wider
than the spectrum of accessible Ny for Alcator-type plasmas. However, this antenna
is very easy to install and remove. This feature was very important in the early
stages of the experiment, when it was necessary to make several trial-and-error
adjustments to the antenna in order to achieve a matched load.
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Figure 2.2.1: Single-Element Antenna—The basic antenna design consists
of a half-wave resonant loop, shorted at each end, with the feed tapped in near
one end.

The radiating conductor and backplane were machined from a single piece of
stainless steel. The center conductor of a coaxial transmission line enters through a
hole in the backplane and is threaded into a tapped hole in the radiating element.
A double-layer stainless steel Faraday shield is attached by screws to the backplane,

. with a five-section ceramic shell between the antenna conductor and the Faraday
shield. The ceramic shell is 'made of alumina (Al;O3) and is held in place by the
inner Faraday shields, by clamping against the backplane. The ceramic shell does
not contact the antenna conductor.

The antenna is installed through a side port, as illustrated in Fig. 2.2.2, and
held in place by the attached coaxial feed and by a threaded rod inserted through
the bottom port. Since the current pattern on this antenna is at a maximum at
each end, power is launched from both the high and low-field sides of the plasma.
The Faraday shield structure is replaced by a continuous conducting cover at the
center of the antenna, where the current is small.
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Figure 3.2.2: Antenna Installation—The antenna is installed through a side
port and rests on the bottom of the vacuum chamber.

Conceptually, it is necessary to adjust two physical parameters of the antenna
in order to achieve a matched load at the desired frequency. For example, the
resonant frequency can be controlled by varying the length of the antenna while
the input impedance can be controlled by varying the feed tap position. Designing
and constructing an antenna with remotely movable shorts was judged to be too
ambitious an undertaking, given the limited resources available for the project.
Also, the analysis presented later in this chapter suggests that an antenna with
fixed tap positions can match a fairly wide variety of plasma loads. The actual
adjustments of the antenna were made after collecting data from bench tests and
the preliminary plasma runs. To make adjustment possible, the shorting ends were
made thick enough that metal could be machined off later. Adjustment was also
possible by varying the number of ceramic pieces in the antenna and by varying the
number of inner Faraday shield elements used to hold the center ceramic piece in
the enclosed portion of the antenna. (

Most of the heating data presented in this thesis were obtained using the double
element antennas shown in Figs. 2.2.3 and 2.2.4. In addition to providing a better
match to propagating modes in the plasma, the radiated power flux is spread out
over a larger antenna surface. The electrical design of the two-side launch antenna
was based on data obtained from the original single-element antenna (with suit-
able corrections for cross-coupling between the two elements and improved loading
due to the modified spectrum). When this antenna was first used in the tokamak
with plasma, it was found to be well matched to the feed at the desired_operating
frequency. The antenna in Fig. 2.2.4 was constructed to provide a pure low-field
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Figure 2.2.3: Two-Side Launch Antenna—This antenna is similar in design
to the basic design sliown in Fig. 2.2.1, except that two elements are connected in
parallel, resulting in a more favorable current spectrum.

side launch; however, it was not possible to achieve a self-resonant loop with this
structure.

Installation of these antennas was extremely difficult. It was necessary to insert
each half of an antenna individually into the torus. The first half that was inserted
had to be pushed toroidally out of the way in order to insert the second half. Then
both halves were physically manipulated into position using specially designed tools.
Support rods were then connected through the bottom port for the two-side launch
antenna, and through both top and bottom ports for the outside launch antenna.
After clamping the antenna into place, the coaxial feed was connected. Since it was
impossible to view the connection to the inner coaxial connector, it was necessary
to verify connection from electrical measurements.

In order to make room for the antennas inside the vacuum chamber, it was
necessary to reduce the minor radius of the plasma from the fairly standard 16.5 cm
to 12.5 cm by installing special limiters. Unfortunately, this resulted in degraded
plasma confinement and stability properties.
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Figure 2.2.4: Qutside Launch Antenna—This antenna is non-resonant, and
launches power only from the low-field side of the plasma.

As previously mentioned, the Faraday shields were fabricated from stainless
steel. Significant melting of the shields was observed in preliminary experiments.
After this problem was discovered, new Faraday shields were fabricated, with a 0.020
- inch coating of molybdenum on each outer surface. No melting of the molybdenum-
coated shields was subsequently observed.
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2.3: Electrical Modeling

A simple and useful way to model the electrical behavior of an ICRF loop antenna
is to treat the antenna as a section of lossy transmission line, characterized by a
specific (i.e., per unit length) capacitance C, a specific inductance L, and a specific
resistance R. An interesting work in which the validity of this model is apparent

was done by Fortgang and Hwa.ng{g"' %] for the PLT ICRF antenna. Ideally, the
specific capacitance C is determined by solving a 2D electrostatics boundary-value
problem in which the Faraday shield is assumed to be an enclosed structure, while
the specific inductance L is determined by solving a 2D magnetostatics boundary
value problem in which the Faraday shield is ignored and the plasma can be assumed
to be a perfectly conducting surface. In a more refined model, the plasma can be
treated as an imperfectly conducting boundary with surface impedance obtained
from a solution of the appropriate wave equation inside the plasma, in which case
a value for R would also be obtained. The justification for this model is that the
antenna is highly reactive (large circulating power) so that the field configuration
will be approximately TEM, as in an enclosed line, and the coupling to the plasma
is through the magnetic field. One function of the Faraday shield is to shield out
the electrostatic components of the wave fields, thus ensuring that the coupling
is through the magnetic field. Thus, the loading experienced by the antenna is
determined by the antenna current, and not by the voltage on the antenna. This is
why the model contains a specific resistance R but no specific conductance G.

Since the antenna design for these experiments was somewhat similar to the
design of an antenna that had already been operated in Alcator C, and from which
coupling data were already available, sophisticated modeling of the present design
was not attempted. Several of the antenna codes that were available at the time
were run for Alcator C parameters, but they were unable to predict the antenna
loading that was observed on the previous antenna. It was therefore decided to
construct a bench prototype of the new antenna design and to use data from the
previous antenna for guida.ni:e (specifically, for an estimate of the expected plasma
loading R).

The simple lossy-line model used in the design of the Alcator C antenna will
be described below, and measurements from the bench tests will be summarized. I
will depart slightly from conventional lossy-line notation and define the line char-
acteristic impedance and wavenumber to be the purely real quantities given by
Z0=+/L/C and k =w+/LC. The effect of the nonzero specific resistance will be ex-
pressed explicitly in terms of the small dissipation parameter defined by e = R/wL.
The antenna input impedance will be denoted by Z; = R; + jX; = Zoz;, where
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z; = r; + je; and j = /—1 is used instead of i for time variations ~ et7%t, The
phase velocity on the antenna is also defined to be purely real by v = 1/vLC.

In terms of this notation, the input impedance of a lossy line of length [ is

z; = jy/1 — je tan(4/1 — jeb) (2.3.1)

where 6 = kl is the electrical length of the line. From this expression, the relation
between the characteristic resistance R and the lumped radiation resistance Ry, of
the previous antenna (which had electrical length 7) is found to be

. A ’
Ry = B2 (2.3.2)
4
i.e., half the length of the antenna times the specific resistance. The new resonant
antenna has electrical length a =~ w and has the feed line tapped in at an electrical

length @ away from one end. Considering this to be two lossy lines connected in
parallel yields

Vi—ge ’tan(y/I = je) + tan[{/T - je(a — 6)] .

As long as o does not deviate too much from 7 and ¢ is not too large, this expression
can be approximated by
sin 9

TE

zZi = (2.3.4)

If it is desired to match the antenna to a feed line of impedance Z (purely real),
then one selects the tap point from

—=z= (2.3.5)

From more detailed study of Eq. 2.3.3, one finds that a slight deviation of « from
the value 7 is necessary for the input impedance to be purely real.

Before presenting the measured values of the lossy-line parameters, I will discuss
qualitatively some of the non-ideal eflects that can be introduced by the Faraday
shield. Ideally, the Faraday shield should have no effect on the coupling to the
plasma. That is, as far as the electrical characteristics of the antenna are concerned,
the geometry of the Faraday shield determines the specific capacitance C in the lossy
line model but has no effect on L or R. How well an actual shield approximates the
ideal case depends on both the geometry and electrical properties of the material
from which the shield is fabricated. Obviously, the shield elements should be parallel
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Figure 2.3.1: Faraday Shield Surface Currents—An RF magnetic field tan-

- gent to the surface of the Faraday shield will induce a surface current in the shield.
This will have no effect on the magnetic field outside the shields but will cause
a decrease in the antenna specific inductance proportional to the magnetic flux
excluded by the shield.

to the confining magnetic field in order to avoid suppressing coupling to the fast
wave and the shield should have low resistivity in order to avoid absorbing significant
amounts of RF power.

Another important issue concerning Faraday shield geometry is the a.ngle be-
tween the surface of the shields and the RF magnetic field. This effect is discussed in
detail by Faulconer®8l. Consider the situation depicted schematically in Fig. 2.3.1.
This illustration represents the geometry of the fields in the region nearest the
plasma surface. In this region the RF magnetic field is tangent to the surface of
the Faraday shields. Under these circumstances, a surface current will circulate
around the edges of the shields as shown. If the shields are small compared to the
wavelength of the antenna field pattern, then this surface current will be uniform
in magnitude and electric charge will not build up at any point. In this case the
magnitude of the RF magnetic field outside the Faraday shields will be exactly the
same as it would be in the absence of Faraday shields, and there will be no effect on
coupling to the fast wave in the plasma. However, there will be an effect on the elec-
trical characteristics of the antenna — the specific inductance L will be decreased
because of the flux excluded from the interior of the Faraday shields. Obviously,
this effect can be made small if the Faraday shields are sufficiently thin.

The situation where the RF magnetic field is not tangent to the Fa.radéy shield
is illustrated in Fig. 2.3.2. For the Alcator C ICRF antennas, this occurs on the
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Figure 2.3.2: Faraday Shield Eddy Currents—An RF magnetic field normal
to the surface of the Faraday shield will induce diamagnetic eddy currents. This
will reduce the magnetic flux that reaches the plasma as well as reducing the
antenna specific inductance.

sides of the Faraday shields. In this case, diamagnetic eddy currents are induced in
the shields which reduce both the flux linked by the antenna radiating conductor
and the flux which would couple to the fast wave in the plasma. It is intuitively
obvious that this effect is more significant than the effect illustrated in Fig. 2.3.1.
In principle, this effect could be eliminated by designing a Faraday shield that is
everywhere tangent to the RF magnetic field, as was done for the ICRF antenna
used by Blackwell in previous Alcator C ICRF experiments. However, the Blackwell
design results in an open space near the backplane, and it was suspected that arcing
in that region was caused by plasma and/or neutrals present in that region. In the
present design, the Faraday shield is closed to the backplane in an effort to reduce
the amount of plasma present there.

A simple electric circuit model for the Faraday shield flux excluding effect is
shown in Fig. 2.3.3. In this model, I; represents the current in the antenna conduc- -
tor at some point along its length and I represents the surface and eddy currents
in the Faraday shields. Resistance of the antenna conductor, plasma loading, and
resistance of the Faraday shield are neglected in this model. The flux that links L,
is the flux between the antenna conductor and backplane. Thus L; is the specific
inductance of the antenna with no Faraday shields. The flux that links L3 is the
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Figure 2.3.3: Electrical Modal for Lossless Faraday Shield—The flux-
excluding effect of the Faraday shields can be modeled by treating the shield as a
transformer with the secondary winding shorted.

I

I, R M R
——:f ﬁ

>
i Ly Ly Vi
3 ¥
Figure 2.3.4: Electrical Model for Lossy Faraday Shield—Loss in the
antenna is modeled by the resistance R; and loss in the Faraday Shield is modeled

by Rj.

total flux excluded by the Faraday shield. Thus Ly is the inductance associated
with the surface currents and diamagnetic eddy currents (easy to estimate for the
surface currents, not so easy to estimate for the eddy currents). Once L) and Lo
are known, the coupling between them, represented by M, is easily determined by
requiring that all the flux that links Ly also links L;. This implies that M = Ls.
The actual specific inductance L of the antenna with Faraday shields would then
be the input inductance of the circuit in Fig. 2.3.3, which is found to be

Ln=Li—La=Li-M _ (2.3.6)

Here L;, is the specific inductance of the antenna with Faraday shields.

If dissipative effects are included in the model, one is lead to the circuit shown in
Fig. 2.3.4. In this case, R; represents the sum of antenna conductor resistance and
plasma loading in the absence of Faraday shields, while Rz represents the resistance
of the Faraday shields. The actual specific resistance and inductance of the antenna
with Faraday shields would then be the input resistance and inductance respectively
of the circuit in Fig. 2.3.4. This is calculated to be Zj, = R;, + jwLin, where
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Parameter | No Shields | Inner | Outer | Both | Ceramic
L/ug 0.486 0.422 0.408 0.340 0.340
M/ o 0.0 0.064{ 0.078 | 0.146 0.146
Cleo 2.57 7.95 6.08 6.11 13.0

v/e 0.895 0.546 | 0.635 | 0.694 0.5
Zo () 164.0 86.9 97.7 88.9 60.0
R (2/m) 2.06 0.208 | 0.486 | 0.218 0.218

Table 2.3.1: Parameters for Lossy-Line Antenna Model—These parame-
ters were determined from bench test measurements on copper and brass anienna
prototype antennas, The antenna was unloaded during these tests.

£ amarst R2
Rn=Ri+ 15 (2.3.7)
M
Lo=Ii~ 173 (2.3.8)

and d = Rz/wM. This corresponds physically to the resistive magnetic diffusion
that allows a finite amount of magnetic flux to penetrate the surface of the Faraday
shield. This results in less eddy-current generation, so that the increase in loading
and decrease in inductance is slightly less than proportional to the shield resistivity.

Lossy-line model parameters determined during bench tests are shown in Ta-
ble 2.3.1. Parameters were measured with shields absent, with only the inner layer,
only the outer layer, with both shield layers, and finally with all shields plus the
ceramic cap present. The inductance L was measured by open-circuiting one end
of the antenna and applying a signal at a frequency of 1 kHz to the open end of the
antenna conductor, and then measuring the resulting lumped inductive reactance.
The measurement was then repeated at increasingly higher frequencies to eliminate
possible errors due to internal inductance and resistance of the antenna conductor.
The frequency was increased until distributed field effects appeared at frequencies
of a few MHz. The next step was to replace the short at the end of the conductor
and measure the fundamental resonant frequency of the antenna, from which the
phase velocity v was determined. The specific capacitance was then calculated from
v=1/ VLC. The loading R was inferred from the feed tap position for matching.

The effect of flux exclusion by eddy currents is readily apparent in the measure-
ments of L, which is progressively reduced as additional shielding is added. The
corresponding values of M were inferred by subtracting the measurements of L from
the measurement in the case with no shields. The value of M for the case with both
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shield layers is nearly equal to the sum of the values for each shield layer alone,
reflecting the fact that the shields are staggered with only slight overlap. From a
simple cylindrical approximation of the antenna geometry, one can estimate that
the effect illustrated in Fig. 2.3.1 will contribute a value M ~ 0.035 so that the eddy
current effect illustrated in Fig. 2.3.2 is dominating. The value of L was reduced
significantly to L = 0.18 for the double-element antennas due to coupling between
the elements.

The measured values of C' may seem somewhat counterintuitive at first. It
is reasonable to expect C to increase significantly as shields are added, and it
is reasonable to expect C to be larger for the inner shields alone than for the
outer shields alone. However, the relative increase in C for the inner shields alone
compared to that for the outer shields alone is larger than one would expect based
on a cylindrical approximation to the antenna geometry, and C for the case with
both shield layers is smaller than with the inner layer alone. It is possible to argue
that these values are plausible by considering more carefully the geometry of the
shields. The inner shields were fabricated from ~ 1 mm sheet metal, while the outer
shields were 1/8 inch thick with rounded corners. Thus, it is reasonable to expect
significant fringing fields to occur near the sharp corners of the inner shields. This
would result in more capacitance than one would expect if fringing were neglected.
This fringing effect would be expected to be less significant with the more rounded
edges of the outer shields. Moreover, when both shield layers are present, it is
reasonable to expect that the outer shields would function as “corona shields” by
relaxing the field lines that were previously concentrating on the sharp surfaces of
the inner shields. '

Of the various parameters in the lossy-line model, the quantity which is the
least accurately known and most likely to vary during the experiment is the specific
resistance R. The physical antenna parameter that is most sensitive to R is the
location of the feed tap point. Since it is not possible to adjust the antenna once
it is installed, it is essential to determine how sensitive the antenna matching will
be to variations in R. In order to explore this issue, the feed-line VSWR calculated
from the lossy-line model is plotted in Fig. 2.3.5 as a function of tap position for

' various values of loading R. If one is interested in maintaining the feed line VSWR
below 2, for example, then for any particular loading R, the range of acceptable
tap positions can be determined from the intersections of the curves with the top
of the graph. One can also see that the accuracy of the tap position is less critical
for larger loadings. ‘

The specific resistance observed during the Blackwell experiments was typically
15 /m. Assuming a loading of R = 15{)/m, a tap position of 3.2 cm would seem
to be an appropriate choice. Once this choice is made, the behavior of the feed-line



Section 2.3: Electrical Modeling 91

18 -

ol i
45 ‘; |

R:258/m 5 10\/ 15
: L ¥ _— ]
o ! 2 3

|

TAP POSITION (cm)

Figure 2.3.5: VSWR Versus Tap Position and Specific Resistance—The
lossy-line model is used to calculate the expected voltage standing wave ratio in
the antenna feed line. The dependence of the matching tap position on loading
is shown here. For each loading (R), the range of tap positions over which the
VSWR would be less than 2 can be seen from intersections of the curves with the
top of the graph.

VSWR can be seen in Fig. 2.3.6. It can be seen that this antenna should be able
to provide a reasonable match to a wide variety of loads.

The RF source used to power the antenna during the experiments can operate
only within a fairly limited frequency range. The behavior of the feed-line VSWR
over this frequency range is shown in Fig. 2.3.7. It is clear that the antenna is
sufficiently broadband to operate at any frequency within the available range.

For sufficiently low values of antenna loading, such as during vacuum condition-
ing, the lossy-line model provides an estimate of the value of R. During vacuum
conditioning, the feed line VSWR was measured at several different frequencies.
The results are plotted in Fig. 2.3.8. Conditioning was begun at 175.5 MHz. At
each frequency, the loading was observed to decrease over time, and then to return
to a relatively high value when the frequency was changed. Conditioning at the two
highest frequencies was not continued long enough for the VSWR to stabilize, due
to lack of patience. By fitting a curve from the lossy-line model to these points, a
value of R ~ 3Q}/m is estimated. Fortunately, this value is significantly lower than
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Figure 2.3.6: VSWR Versus Loading-—The losay-line model is used to cal-
culate the variation of reflection with loading for the tap point that was chosen
for the antenna.

the loading observed during the experiment, but it is also significantly higher than
the loading determined during bench tests. I would speculate that this loading is
produced by effects such as ionization of the residual gas in the vacuum chamber
by the antenna fields and multipactoring.

One might be tempted to assume that this loading is a measure of the “back-
ground” loading during the experiment, and to conclude that 20% would be a rea-
sonable estimate for the fraction of the RF power lost before coupling to the fast
wave. However, there is no reason to believe that the parasitic loading would be
similar at the much higher pressures and plasma loading involved during the experi-
ment. Nevertheless, numbers obtained this way are often used as an estimate of the
parasitic power lost during experiments. It is worth mentioning that the specific
resistance of the actual service antenna was measured during a bench test in which
the antenna was tightly wrapped with aluminum foil, in an effort to eliminate all
coupling to “vacuum”. It was not physically possible to place a short circuit close
enough to the feed point to obtain a match, and the inductance of the shorting
device was probably significant. It is estimated from this measurement that the
resistive loading of the antenna is less than 0.7 /m. In order to account for the
behavior of the heating results in these experiments, it will be necessary to look for
much more severe loss mechanisms than this.
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Figure 2.3.7: VSWR Versus Frequency—The lossy-line model is used to
calculate the VSWR as frequency is swept for various loadings.

2.4: Summary

Antenna designs have been developed which are capable of coupling the fast wave
reasonably well to the Alcator C target plasma while delivering the full available
ICRF power. This design was accomplished without the need to resort to extensive
numerical modeling by using a previous design as a starting point and taking ad-
vantage of loading data obtained during experiments carried out with the previous
design. The power-handling capability of the system was significantly improved
compared to the system used with the earlier antenna, so that electrical failures
were reduced to a tolerable level.

The resonant (matched) and non-resonant (unmatched) antennas had quite sim-
ilar power handling capabilities. The antennas were the only part of the system
that ever exhibited physical evidence of electrical breakdown (such as arc tracks).
It therefore appears that the improved vacuum feedthrough design is primarily re-
sponsible for the improved power handling capability.

Although the antennas were capable of handling the full (~ 450 kW) available
ICRF power, the power handling capability was observed to degrade at high density..
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Figure 2.3.8: VSWR During Vacuum Conditioning—By fitting a curve
from the lossy-line model to experimentally messured points, an estimate of the
parasitic loading of the antenna during vacuum conditioning is obtained.

It therefore seems reasonable to presume that it would not have been possible to
handle significantly higher power at any density if more power had been available.
However, considering the space limitations, the power flux density at the antenna
surface was comparable to that which would be required for next-generation exper-
iments, with improved port access. From the results presented in the next chapter,
and from the analysis presented in Chapter 4, it is concluded that antenna power-
handling limitations are not the cause of the discouraging heating results observed
during the Alcator C ICRF heating experiments.
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CHAPTER 3

Experimental Results



Section 3.1: Introduction 97

Parameter Alcator ICRF

Ry (cm) 64 64

a (cm) 16.5 12.5

By (T) 5-13 12

Ip (kA) 50-800 140-410

fie (1020 m—3) 0.3-20 0.8-5

T. (keV) 1-3 1.5-2.5

T; (keV) 0.5-1.5 1-1.3

g (ms) 5-50 5-25

Poy (MW) 0.1-1.5 0.2-1
Table 3.1.1: Experimental Parameters—Typical experimental parameters
for Alcator C in general, and for the target plasmas during ICRF fast-wave ex:
periments are shown.

3.1: Introduction

Results of fast wave ICRF minority regime heating experiments carried out on the
Alcator C tokamak are presented in this chapter. The majority ion species in these
experiments was always deuterium and the minority species was always hydrogen,
resulting in a required toroidal field magnitude of 12 T for the available generator
frequency of 180 MHz.

Typical plasma parameters are shown in Table 3.1.1, both for Alcator C in
general, and for the ICRF fast wave experiments in particular. It was necessary
to reduce the minor radius of the plasma, by installing special limiters, in order
to make room for the antennas inside the vacuum chamber. This may have been
responsible for some tokamak operational difficulties encountered. The toroidal field
of 12 T places the cyclotron resonance layer within 1 cm of the plasma center. This
toroidal field was used for most of the shots, except when conditioning the antenna.
Operation at lower field when bringing the antenna up to power required less time
between shots (to wait for the toroidal field magnet to cool down). The toroidal field
was also scanned downwards from 12 T during a controlled experiment, in which
the hydrogen tail formation was monitored. It is not possible to operate Alcator C
at toroidal field magnitudes significantly greater than 12 T.

It was not possible to vary the plasma parameters independently of one another
in an arbitrary manner during the ICRF experiments. The plasma current Ip =
140 kA corresponded to the lowest plasma density, and the plasma current Ip =
410 kA corresponded to the highest plasma density. With very few exceptions,
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Major Radius : Ry
Minor Radius : a
Central Toroidal Magnetic Field : By
Toroidal Plasma Current : Ip
Resistive Loop Voltage : Vp
Line-Average Electron Density : i,
Central Electron Density : n.o
Central Electron Temperature : T,
Central Ion Temperature : T;
Central Deuterium Temperature : Tp
Central Hydrogen Temperature : Ty
Global Energy Confinement Time : rg
Gross ICRF Power : Prp
Ohmic Heating Power : Poyg = IpVg
Hydrogen Minority Concentration : ng =ng/(ng+np)

. n; 22
Global Effective Z : Z.g = z 1

Ne

a? By
A e —
poRolp

Table 3.1.2: Notation—Definition of symbols used in this chapter to represent
experimental quantities.

Edge Safety Factor: g, = 2

the variation of plasma current for intermediate densities was approximately linear
between these two values. The electron temperature was ~ 2.5 keV at low density
and decreased to ~ 1.5 keV at high density, while the deuterium ion temperature
was ~ 1 keV at low density, increasing to ~ 1.3 keV at high density. The Ohmic
heating power increased from ~ 200 kW to ~ 1 MW as density increased.

The notation used in this chapter to refer to various plasma parameters is shown
in Table 3.1.2. Most of these symbols are standard. The “gross ICRF power” is the
net forward power (i.e., forward minus reflected) measured in the antenna feed line,
without correcting for any losses that may be present. The line-average electron
density was averaged over a vertical chord through the center of the plasma (i.e.,
at R= Ry = 64 cm). ’

Significant changes in target-plasma density were often observed when the ICRF
was applied. When a significant density increase appears to be correlated with
the RF, the shot is termed a “rising-density shot”. Data from such a shot, along
with introductory descriptions of the experimental diagnostics, are presented in
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Figure 3.2.1: Deuterium Temperature for Rising-Density Shot—Appli-
cation of 300 kW of ICRF power for 175 ms produced a 400 eV increase in deu-
terium temperature. This temperature measurement was derived from the deu-
terium charge-exchange spectrum.

the next section. A “steady-density shot” is shown in the following section for
comparison. When there is a significant density change during the RF, some heating
can be caused by changes in collisional coupling between electrons and ions, and
it is necessary to perform careful power balance analysis in order to evaluate the
effectiveness of the RF heating. Such analyses are performed using the ONETWO
transport code and are presented in Chapter 4.

3.2: Rising-Density Shot

The largest observed increase in deuterium temperature occurred during a rising-
density shot. The deuterium temperature for this shot determined from the charge-
exchange diagnostic is shown in Fig. 3.2.1. This measurement was obtained from
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Parameter Ohmic RF
Tp 900 eV 1300 eV
Ip 154 kA 154 kA
qa 9.5 9.5
Vg 1.5V, 215V
Pou 230 kW 330 kW
Ppp 0 kW 300 kW
Tie 0.84 x 10?0 m—3 1.35 x 102 m—?
Ted 1.0 x 10¥99m™3 2.0 x 1040 m~3
nH ~ 0.5% —
Zef 2.2 3.5
g 7.7 ms 5.2 ms*
* Assumes 100% RF absorption.
Table 3.2.1: Parameters for Rising-Density Shot—Equilibrium data are
listed before and during the RF pulse for the shot in Fig. 3.2.1.

a horizontally and perpendicularly viewing charge-exchange neutral energy analyz-
er(%], The operation of this diagnostic and processing of the raw data was performed
by Dr. C. L. Fiore. By fitting a Maxwellian to the high-energy channels, a measure-
ment of the central ion temperature is obtained (assuming the ion temperature to
be centrally peaked). This analyzer can measure either hydrogen or deuterium, but
not both on the same shot. It can, however, be switched from one ion species to
another on a shot-to-shot basis. There is no tangential viewing access in Alcator C,
so it is not possible to scan the analyzer in the horizontal direction. However, it is
possible to obtain radial temperature profile information out to r ~ 7 cm by scan-
ning the viewing chord in the vertical direction. The central deuterium temperature
measurement from this diagnostic is typically accurate to within £50 eV.

For this shot, 300 kW of ICRF power was applied for 175 ms, yielding a 400 eV
increase in deuterium temperature. The target plasma was a fairly low-density,
low-current shot, with fie = 0.84 x 102 m~3 and Ip = 154 kA. Some other plasma
parameters for this shot are shown in Table 3.2.1. The global energy confinement
time was calculated as the ratio of the total thermal energy content of the plasma
to the total heating power, where the total heating power was the sum of Poy and
Prp without correcting for any RF loss mechanisms.

Deuterium temperature measurements are also available from the neutron di-
agnostic operated by Dr. C. L. Fiore during these experiments. The deuterium
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Figure 3.2.2: Deuterium Temperature from Neutron Measurement for
Rising-Density Shot—There was generally good agreement between deuterium
temperatures deduced from neutron measurements and charge-exchange spectra.
This measurement was from a rising-density shot similar to the one in Fig. 3.2.1.

temperature deduced from neutron measurements for a shot similar to the one in
Fig. 3.2.1 is shown in Fig. 3.2.2.+ Normally, the accuracy of the deuterium tem-
perature measurement from the neutron diagnostic is +50 eV — the same as for
the charge-exchange diagnostic. However, under certain circumstances which were
common during the ICRF experiments, the uncertainty can be greater. The rate
of production of thermonuclear neutrons from the D + D — He3 + n reaction
depends globally on the deuterium temperature and density. When the data anal-
ysis is performed, a power-law approximation is used for the reaction cross-section,
yielding ‘

R« n%orrf,-g“ x P (3.2.1)

where P represents an integration over the entire plasma volume, and thus con-
tains all the profile information. The power-law approximation is not a source
of significant error. The greatest source of uncertainty is from the measurement
of the bulk neutron production rate R, which is accurate to within +25%. This

t The charge-exchange analyzer can only analyze one ion species per shot and was
measuring hydrogen during the shot in Fig. 3.2.2. These two shota were produced

consecutively.
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alone accounts for +40 eV of uncertainty in the inferred Tpg. Assuming no er-
ror in the profile shape P, the uncertainty in npg brings the uncertainty in Tpg
up to +50 eV. The central deuterium density is inferred from the central electron
density and the central Z.g. In these experiments, carbonization was not used,
so deuterium depletion from impurities was not serious. However, there was often
significant density profile peaking during the RF, usually for shots in which the
line-averaged density was increasing. The software which analyses the neutron data
determines the central density by inputting the measured line-averaged density and
assuming a time-independent density profile shape. Ordinarily, this does not intro-
duce serious errors in the measurement. However, since the indicated deuterium
heating in these experiments was often extremely modest, this density peaking ef-
fect is cause for concern. For most of the shots during which there was density
profile peaking, the central-to-line average density ratio increased by less than 10%.
A simple calculation shows that if P is held fixed a 10% change in npg changes R
by the same amount as a 30 eV change in Tpg. Thus, density peaking increases
the experimental uncertainty to +80 eV. Because the plasma becomes excessively
opaque to neutrals at high density, the charge-exchange diagnostic is only useful
for determining ion temperatures for the lower-density shots. Because of this and
the need to use the charge-exchange analyzer to measure the hydrogen tail, it was
neceésa.ry to rely heavily on the neutron diagnostic for deuterium temperature mea-
surements. Fortunately, density peaking tended to occur only for low-density shots,
for which it was.possible to cross-check many of the neutron measurements with
charge-exchange measurements.

In Chapter 4 a more accurate analysis will be done using 44 of the shots from
the database by running the ONETWO transport code. The ONETWO code includes
a more accurate calculation of the ion temperature from measured neutron rates
and can self-consistently include the effects of time-dependent temperature and
density profiles as well as depletion of deuterium density, using Z.g inferred from
the resistive loop voltage. However, use of ONETWO for data analysis is extremely
tedious and time consuming, so analysis of the entire data base was not feasible.
Nevertheless, the analysis of 44 shots to be presented in Chapter 4 shows no serious
discrepancy between the deuterium temperatures determined from ONETWO and
from the Alcator C diagnostic. ONETWO also provides detailed power balance and
energy transport information from analysis of measured data, but this analysis
must be deferred until after the RF power deposition calculations, which are also
presented in Chapter 4.

Electron density measurements during the experiment were obtained by Dr.

S. M. Wolfe from a five-chord far-infrared laser interferometer199], Interferometer
data for the shot in Fig. 3.2.1 are shown in Fig. 3.2.3. When the smaller 12.5 cm
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Figure 3.2.3: Density Profile Data for the Rising-Density Shot—There
was significant peaking of the density profile for the rising-density shot. Although
the deuterium temperature increments were indeed higher for this type of shot
compared to steady-density shots, the density profile peaking wouid tend to exag-
gerate estimates of incremental energy confinement time which assume unvarying

profile shapes. The quantity called “effective radius” is ;‘1; f: ne(r) dr.

limiter is installed, one of the chords is completely outside the plasma, while another
of the chords barely grazes the limiter radius. Thus the radial profile information
in Fig. 3.2.3 represents only a “3 1/2-point fit”. The measurement of line-averaged
density is accurate to +5% or +0.1 x 1022 m~3, whichever is greater, but the inferred
peak density will be somewhat more uncertain. Since the local neutron production
rate is o nzTBGH, the neutron temperature diagnostic is far less sensitive to the
actual profile shapes than to the peak temperatures. Thus, a direct measurement
of the peak density would be preferred. Such a measurement is available from the
Alcator C Thomson scattering diagnostic(ml], which was operated by E. J. Rollins
under the direction of Dr. R. L. Watterson. This diagnostic provides central electron
density measurements of accuracy equal to that of the line-average electron density
measurement from the interferometer. The Thomson scattering diagnostic also
provides electron temperature measurements which are usually accurate to within
+100 eV. These data will be used in the ONETWO analysis to infer a density profile
by fitting a parabolic shape to the measured peak and line-average densities.
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Both a substantial density increase as well as a significant profile peaking ef-
fect are exhibited by the data in Fig. 3.2.3. Because the deuterium heating was
substantial for this shot, the uncertainty in the neutron-derived ion temperature
is not a problem. However, there is significant ambiguity introduced in evaluating
the efficiency of the RF heating because a density increase also increases the colli-
sional coupling between electrons and ions, increases the ohmic power, and alters
the transport properties of the plasma. This ambiguity is obvious if one considers
the time scale exhibited by the measurements shown in Figs. 3.2.1 and 3.2.2. If the
heating was caused only by an increase in the heating power to the deuterium, with
all other plasma parameters constant, then the time scale for the deuterium temper-
ature to reach equilibrium during the RF should be on the order of the deuterium
energy confinement time, which is ~ 10 ms for this shot. However, the heating seen
on this shot seems to take place on a much longer time scale. This time scale is in
fact the same as the time scale for the change in density during the RF, suggest-
ing that there is indeed a significant change in collisional exchange power during
this shot. These effects can be carefully considered when doing analysis with the
ONETWO transport code, but for the simpler analyses in this chapter it is best to
concentrate on shots without large changes in density during the RF.

The hydrogen charge-exchange energy spectrum for the shot in Fig. 3.2.2 is
shown in Fig. 3.2.4. The observed tail temperatures were generally quite modest,
_ranging from a few keV to a few tens of keV. Charge-exchange spectra, both during
the ohmic phase and the RF, are always depleted for energies above ~9-15 keV. This
behavior is not unique to the RF experiments and has been attributed to the effects
of toroidal-field ripple-trapping of high energy ions. A second region of depletion
is sometimes observed for energies localized around 2 keV. This depletion at lower
energy is observed only during the RF. Radial charge-exchange scans indicate that
this depletion takes place primarily in the outer (r 2 7 cm) portions of the plasma.
This lower-energy depletion might also be caused by ripple-trapping. The ripple
amplitude in Alcator C increases rapidly with r in the outer portions of the plasma,
so that depletion at these lower energies might be expected if 2 keV hydrogen ions
were present near the edge. This would be expected for low-density shots. These
features of the hydrogen energy spectrum are not unique to rising-density shots.

It appears that this ripple-trapping phenomenon is a very serious problem for
the ICRF heating experiments on Alcator C. A significant amount of literature has
been written on this topic[mz—ng]. This effect is caused by imperfect toroidal ax-
isymmetry in the confining magnetic field. Normally particles are confined to move
on drift surfaces which are either circular toroids slightly displaced from the mag-
netic flux surfaces (passing particles) or “banana-shaped” toroids (banana-trapped

particles). If the toroidal field is not perfectly axisymmetric, this causes the drift
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Figure 3.2.4: Hydrogen Charge-Exchange Spectrum—The hydrogen spec-
trum typically showed modest tail formation and depletion for energies above
~9~-15 keV. Depletion at 2 keV was not always observed.

surfaces to become slightly irregular, so that the orbits no longer close on them-
selves. The result is a process known as ripple diffusion, in which the particles
gradually wander away from the original drift surfaces. Ripple diffusion occurs for
both trapped and passing particles, but is more severe for trapped particles, when
the tip of the banana orbit is in the magnetic ripple well. It is also possible for or-
bits to be profoundly changed if a particle becomes mirror-trapped in the magnetic
ripple well — a phenomenon called ripple trapping. A particle can become ripple
trapped either by pitch-angle scattering into the ripple “loss cone” or by drifting into
a region of higher ripple magnitude near the banana tip due to the finite width of
the banana orbit (because ripple magnitude generally increases rapidly with minor
radius). Once in the ripple well, the particle reflects back and forth at the mirror
points and simultaneously drifts vertically out of the plasma due to the B X VB
drift. The particle can then either escape from the plasma or pitch-angle scatter
out of the loss-cone, back onto a confined orbit.

In complete analogy with neoclassical transport, this process has a collisional
regime in which particles scatter out of the loss-cone faster than the time between



106 Chapter 3: Experimental Results

mirror bounces, a collisionless regime in which particles mirror-bounce many times
before pitch-angle scattering, and a plateau regime in between. In the literature,
it is the ripple plateau regime that receives the most attention, because most ex-
periments fall in that regime. However, because the ripple magnitude is so large
on Alcator C[118], Alcator C falls in the collisionless regime. Since this regime is
not well treated in the literature, it will be difficult to accurately treat the ripple-
trapping when analyzing the ICRF data. For this reason, the treatment of ripple
losses in this thesis will be somewhat ad hoc. It is difficult to justify spending time
to analyze this regime theoretically, since it is obvious that this regime should be
avoided in any experiment. Another disturbing fact concerning the toroidal-field
ripple in Alcator C is that there is a nonzero ripple well throughout the plasma
cross-section, including the location of the cyclotron absorption layer. Thus trapped
particles with banana tips in the resonance layer, which absorb most of the RF
power, are also most susceptible to ripple trapping. This interaction between the
effects of resonance localization and ripple trapping has also not been treated in the
literature, and again there is no strong motivation to study it. This is because it is
not necessary to have zero magnetic ripple in order to avoid a well in the resonance
layer. For any finite ripple magnitude, it is possible to “wash out” the ripple well
if the poloidal field is sufficiently strong. This effect occurs when the variation in
toroidal field strength due to motion of the particle in the major-radial direction is
greater than the variation of the toroidal ripple due to motion of the particle in the
toroidal direction. In Alcator C the ripple is too great for this to happen for the
plasma currents used in the ICRF experiments. '

A simplified treatment of ripple-trapping in Alcator was given by Greenwald,

Schuss, and Copse[1 4] They find that, to a good approximation, the effect of ripple-
trapping is that the distribution function is truncated at an energy Fir given by |

B = 8 e? zn)\-\/'ﬁ;aRowc 278 (32.2)
tr = 127/2 \ 4meg § -

and has a Maxwellian shape for E < Ei;. In Eq. 3.2.2, X is the Coulomb logarithm
and § is the magnitude of the ripple well depth normalized to the magnitude of the
applied toroidal field. The magnitude of the toroidal field ripple in Alcator C was
documented by Schissel(118], Using values of § from Ref. 118 and plasma parameters
typical of the ICRF experiments yields values of Eyr ranging from ~ 10 keV at
le =1 X 1020 m—3 up to ~ 20 keV at 7i, = 4 x 1020 m—3,

The time evolution of the hydrogen tail temperature, shown in Fig. 3.2.5, shows
a significant increase throughout the RF pulse, even thaugh the RF power is held
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Figure 3.2.5: Time Evolution of Hydrogen Tail Temperature—The hy-
drogen tail is generated rapidly at the beginning of the pulse and equilibrates
rapidly at the end of the pulse. The gradual increase in the tail temperature
throughout the pulse suggests that the hydrogen may be seriously depleted by
losses during the RF.

constant during the pulse. This could indicate that the hydrogen concentration
is being depleted due to strong losses. If the concentration was decreasing during
the pulse, while collisional-exchange power was constant, then the hydrogen tail
temperature would have to increase. If this was true, then the amount of power
absorbed by deuterium second harmonic cyclotron resonance would be expected
to increase. In the next chapter, it will be shown that the hydrogen minority tail
is subject to severe losses. Thus a net increase in the fraction of power absorbed
directly by the deuterium would increase the heating efficiency. This could explain
the long time scale for the increase in deuterium temperature shown in Figs. 3.2.1
and 3.2.2. However, as has already been mentioned, this effect (for the deuterium)
could also be caused by an increase in the collisional exchange power from electrons
to deuterium. An alternate hypothesis is that the loss mechanism from toroidal
field ripple trapping was gradually improving. It is known that the toroidal field
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ripple in Alcator C decreases in time as the current in the toroidal field windings

118] 71t is not possible to test either of these hypotheses using the available

experimental data.

relaxes!

It is possible to do a simple, rough analysis to estimate the importance of
hydrogen tail loss for this shot. Using the isotropic analytic approximation from

Stix(88], the slope of the hydrogen energy spectrum is given by

i}}@_) - _%@ (3.2.3)
“mive [ BT e TR 02

where
e= \1/1? (4:;0)2 ,,;';é}fﬁf\ ‘:’Z: (3.2.5)
Rp = ";i’% | (3.2.6)
Ep(¢) = mg? [3:1/’—’1 +1}3_D ; Er/s (3.2.7)

The quantity (P) represents the flux-surface average of the ICRF power density
absorbed by the hydrogen (and therefore is a function of r). There is no way to
directly determine this power deposition profile from experimentally measured data.
For an extremely rough estimate, one can assume that the power deposition profile
is uniform, and estimate (P) as follows:

PRy
P) = —s 2.
(P)= 5oy (3:28)
Clearly, if the power deposition profile is peaked in the center, then this will signif-
icantly underestimate the power density at the center as well as the calculated tail
temperature. Keeping this in mind, and using the data from Table 3.2.1, I obtain
(P) = 1.5MW/m3, £ = 26.4, Rp = 85.7, Ep(£) = 2 keV, and
49 keV
Tqg(E) = 7 78 (3.2.9)
* g/

where E = Ep is in keV. This predicts that there would be a minority tail tem-
perature of Ty = Teg(oo) = 49 keV. In order to measure this tail, one would
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have to measure particles from the distribution function with energies such that
1+ (E/2)%/2 > 28 (i.e., where Tog(E) is linear), which yields E > E, = 18 keV.

It is now clear that the truncation of the minority distribution function caused
by ripple trapping should have a very profound effect on the RF heating effec-
tiveness. If this tail was really present, but for some reason the charge-exchange
flux above 10 keV was too weak to measure, then (ignoring the apparent depletion
between 8 and 10 keV) the minority tail temperature expected to be shown by
the charge-exchange diagnostic would be Ty = T.g(8) = 12 keV. Thus, even with
the pessimistic assumption that the power deposition profile is uniform, one would
expect much higher minority tail temperatures than were observed.

Before going on, it should be emphasized that the interpretation of the hydrogen
charge exchange spectrum is extremely ambiguous. Normally, if loss mechanisms are
not present, the hydrogen distribution function would approach the shape of a high-
energy Maxwellian (i.e., T — Too, independent of E) for energies E > E; ~ 10T..
There is also another condition that must be satisfied in a practical measurement
derived from a charge-exchange neutral analyzer. Even if the energy range that
is being sampled is high enough that the central T.g approaches T, the charge-
exchange diagnostic actually samples data from a chord through the plasma cross-
section. Thus, the actual neutral flux will contain contributions from all minor
radii, at which there are varying values of Tg(r) (as well as Too(r)). Assuming the
minority temperature to be centrally peaked, then one must measure the charge-
exchange flux in an energy range that contains contributions only from the central
part of the plasma-in order to obtain an accurate measurement. The energy range
involved will then depend on the actual temperature and density profiles of the ions
and the background neutrals. In general, this requires that the charge-exchange

spectrum be measured in the range F > 3-10T.120]

In the Alcator C experiments, there are no high-energy particles in that energy
range, so instead a fit was made in a much lower energy range. It is not at all clear
that the charge-exchange spectrum comes from a sufficiently localized part of the
sightline for this fitted temperature to be the same as the fit that would be obtained
if one could make a strictly localized measurement at the plasma center. It has
been impossible to correlate hydrogen temperatures determined in this manner in
any way with any other data, except for when minority concentration was scanned
to higher values, where the indicated hydrogen temperature approached the value
of the deuterium temperature. For the shot shown in this section, the indicated
hydrogen temperature is far too low to result in enough collisional deposition on
deuterium to account for the observed heating. A calculation of this collisional
exchange power based on the inferred Ty(r) taken during a radial charge-exchange
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scan appears later in this chapter. In that case the indicated Ty(0) was much
higher: 15 keV. The density was also higher. But the calculated collisional exchange
power was only 8 kW. If the charge-exchange spectrum in the energy range fitted is
not dominated by particles coming from the center of the plasma, then one would
expect the inferred temperature to underestimate the actual central temperature.
On the other hand, if the indicated temperature is greater than the estimated ripple-
trapping truncation energy, then it must overestimate the energy in the central
distribution function; i.e., the central distribution function must be truncated below
its thermal energy.

Based on the preceding considerations, I believe that there are only two things
that can be reliably said about the minority distribution function at low concentra-
tion and low density: (a) there are energetic particles for E < Eg ~ 10 keV, and
(b) there are no energetic particles for £ > Eyr. I will therefore take the follow-
ing attitude: In this chapter, I will present the data exactly as obtained from the
diagnostics, but in subsequent analysis done in Chapter 4, I will assume that the mi-
nority temperature for the low-density, low-concentration case is 10 keV. Presenting
the data exactly as obtained from the diagnostics will help emphasize the ambigu-
ity in the data interpretation. A 10 keV Maxwellian distribution function has an
e-folding width equal to the assumed truncation energy and is acceptable input to
any of the numerical codes used in the next chapter. As suggested by the discussion
in the introduction to this chapter, the uncertainty in the treatment of the minority
distribution function is not enough to alter the conclusions that will ultimately be
reached. For example, this will not alter the conclusion that a significant contribu-
tion from deuterium second harmonic absorption is necessary to explain the results.
The behavior of mode conversion versus minority temperature as determined by the
Brambilla code begins to saturate at temperatures below 10 keV. The split between
slowing down of hydrogen on deuterium versus on electrons is not seriously affected
by approximating a truncated distribution function by a Maxwellian with T' = Ej;.
What really matters here is not whether the tail temperature is 2.5 keV or 10 keV
or 15 keV, but that it is not the 62 keV that will be predicted by the FPPRF code
in Chapter 4.

Some other data for the rising-density shot are shown plotted in Fig. 3.2.6. A
rapid increase in the resistive loop voltage is always observed when the RF turns
on, indicating a prompt influx of impurities. The gas puffing was programmed
to maintain a steady density of fie = 1.0 x 1029 m~3 in the absence of the RF.
Unfortunately, the timing of the RF was such as to obscure this fact. Shots without
RF taken in the same series as this rising density shot exhibited density behavior
similar to the behavior of the steady-density shot shown in the next section. That
steady-density shot immediately preceeded the shot in Fig. 3.2.2.
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Figure 3.2.8: Plasma Evolution During Rising-Density Shot—Time evo-
lution of total loop voltage, resistive loop voltage, plasma toroidal current, and
line-averaged electron density are shown for the rising-density shot.

3.3: Steady-Density Shot

The deuterium temperature for a steady-density shot is shown in Fig. 3.3.1.
In this case, 220 kW of ICRF power was injected for 150 ms, producing a 175 eV
increase in deuterium temperature. After an initial rapid increase in deuterium
temperature when the RF turns on, there is a gradual further increase in tempera-
ture throughout the remainder of the RF pulse. As for the rising-density shot, this
could be related to a possible gradual drop in the minority concentration during
the RF or to a gradual decrease in the toroidal field ripple magnitude. However, in
this case it is less likely that the effect is caused by a change in collisional coupling
between the deuterium and the electrons. In fact, as long as the density is constant
in time, the collisional exchange power must decrease as the deuterium heats. Note
that the heating exhibited in Fig. 3.3.1 shows two distinct time scales. The initial
rapid time scale is comparable to the deuterium energy confinement time, while the
second slower time scale is comparable to the time scale exhibited in Fig. 3.2.5.
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Figure 3.3.1: Deuterium Temperature for Steady-Density Shot—Appli-
cation of 220 kW of ICRF power for 150 ms produced a 175 eV increase in deu-
terium temperature.

Interferometer data for this shot are shown in Fig. 3.3.2. For this shot there
was a slight movement of the plasma position and a slight increase in the density
throughout the shot, but these effects were due to imperfections in the adjustment
of the plasma controls and not caused by the RF. In particular, note that there was
no measurable change in the density profile shape. Although shots like this one, in
which the density was not quite constant but had no changes that correlated with
the RF, were classified as “steady-density shots”, the small changes were included
when the data were analyzed. Shots with large density changes that were due to
poor plasma control were discarded.

In Fig. 3.3.3, one can again see a sudden increase in loop voltage when the RF
turns on. Other plasma parameters for this shot are shown in Table 3.3.1. For
this shot, the increase in ohmic heating power during the RF was only 50 kW,
compared with 100 kW for the rising-density shot. The change in loop voltage was
also smaller, as were both the Z.g of the target plasma and the increase in Z.g
during the RF.
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Figure 3.3.2: Density Proflle Data for the Steady-Density Shot—aAl-
though the plasma position was occasionally observed to move during the shot
(not caused by the RF), the density profile shape tended to be constant during

steady-density shots.
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Figure 3.3.3: Plasma Ewvolution During Steady-Density Shot—Time evo-
lution of total loop voltage, resistive loop voltage, plasma toroidal current, and
line-averaged electron density are shown for the steady-density shot.




Section 3.3: Steady-Density Shot

Parameter Ohmic RF
Tp 970 eV 1145 eV
Ip ) 160 kA 160 kA
qa 9.25 9.25
1473 1.5V 18V
Poy 240 kW 290 kW
Ppr 0 kW 220 kW
Fie 1.0 x 1020 m~3 1.0 x 102 m™3
Ned . 1.3%x 10899 m™3 1.3 x 1020 ;n—3
g ~0.5% —
Lot 1.9 2.6
g 8.6 ms 4.3 ms*

* Assumes 100% RF absorption.

Table 3.3.1: Parameters for Steady-Density Shot—Equilibrium data are
listed before and during the RF pulse for the shot in Fig. 3.3.1. '
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Figure 3.4.1: Deuterium Temperature Radial Proﬂle—-No significant
change in deuterium temperature radial profile shape is evident from this radial
charge-exchange scan. It is not possible to obtain accurate temperature measure-
ments from the charge-exchange diagnostic for r 2 7 cm.

3.4: Radial Charge-Exchange Scan

The radial profile of the deuterium temperature, determined from charge-ex-
change measurements, is shown in Fig. 3.4.1, and the radial profile of the hydrogen
minority tail temperature is shown in Fig. 3.4.2. These data were taken by produc-
ing a series of similar shots, and varying the viewing angle of the charge-exchange
analyzer. These shots were similar to the steady-density shot of Fig. 3.3.1, except
that the density of the target plasma was somewhat higher, and the density ac-
tually dropped slightly during the RF. Due to wall reflections, it is not possible
to obtain accurate charge-exchange measurements beyond r 2 7 cm. Some other
plasma parameters for this series of shots are shown in Table 3.4.1.

It is possible to estimate the collisional exchange power between hydrogen and
deuterium from these data. By treating both species as having Maxwellian distri-
bution functions at the indicated temperatures, the collisional exchange power is
found to be roughly uniformly distributed from r =0 to r = 7 cm, and the total col-
lisional exchange power is found to be ~ 8 kW. Even though measurements are not
available for » > 7 cm, it certainly seems safe to say that there is a big discrepancy
between this power and the ~ 250 kW of RF power that was launched. In fact, it
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Figure 3.4.3: Hydrogen Tail Radial Profille—The hydrogen tail was fairly
localized in the plasma center. The deuterium data points are the same points
plotted with triangles in Fig. 3.4.1.

Parameter Ohmic RF

To 1100 eV 1240 £ 15 eV

Ip 165 kA 165 kA

da 8.9 8.9

Vr 16V 1.9+03V

Poy 265 + 5 kW 320 + 60 kW

Ppp 0 kW 250 + 40 kW

fie 14%x10%0m3 1.2 x 1029 m 3

Ty ' 12.5 + 2.5 ms 6 + 3 ms™
* Assumes 100% RF absorption.

Table 3.4.1: Parameters for Radial CX Scan—Equilibrium data are listed
for the series of shots in Figs. 3.4.1 and 3.4.2. Entries shown as a range of values
indicate extent of shot-to-shot variation during the scan.

seems doubtful that this power is sufficient to account for the observed deuterium
heating. A more careful analysis using the ONETWO transport code shows that it is
necessary to include the contribution from deuterium second harmonic absorption
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in order to account for the observed heating. Thus, I have reached the surprising
conclusion that a major portion of the heating is caused by the contribution from
direct deuterium second harmonic absorption.

This conclusion may seem objectionable at first, because one normally expects
to see a strong non-thermal tail in the deuterium distribution function when second
harmonic heating occurs. Such tails were not observed in the charge-exchange
data collected during these experiments. However, since it is evident that only a
small portion of the RF power actually contributes to heating, and since severe
ripple trapping is known to occur, it is conceivable that the distribution function
of deuterium might not deviate far enough from a Maxwellian to exhibit a tail. To
investigate this, one can do an isotropic analytic approximation by extending the
treatment in Ref. 88 to the case of second harmonic absorption. This useful analytic

calculation was done by Ha.mmett[uo], who obtains

2
T(E) = B T + B °Ty (3.4.1)
E3/2 4 B B
where
2E P
Tiat = Te + 5T 3153 Ts (3.4.2)
E.=18.65T, | (3.4.3)

T4 is the classical slowing-down time for a fast deuterium test particle on the elec-
trons, T is the “bulk” deuterium temperature (i.e., from fitting a Maxwellian to
the distribution function in the limit as E — 0), and E. is the energy at which the
drag forces experienced by the deuterium test particle on the electrons and on the
bulk are equal. The critical energy E. is larger in the case of second harmonic than
for the minority regime because the ratio of the masses of the test and field particles
is unity in the present case. The fast deuterium ion is more strongly collisionally
coupled to the bulk deuterium and less strongly coupled to the electrons than was
the fast hydrogen ion in the case of minority heating. Thus, it is already obvious
that the energy at which T ~ T},;; will be higher than in the case of minority heating,
and well above the ripple truncation energy.

Now to actually carry out the calculation requires knowledge of the power den-
sity Pp of absorption by the deuterium. At this point, [ cannot play the same trick I
used before of assuming a uniform power deposition profile, because I want to show
that the tail is small instead of large. Looking ahead to the next chapter, it is found
that the ratio Pp/n? is largest for the low-density shots with n ~ 1 x 1020 m~3,
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Figure 3.5.1: Deuterium Heating as a Function of Minority Concentra-
tion—The hesting improved as concentration decreased. This trend continued to
the lowest concentrations measurable using the charge-exchange flux.

(n appears squared here because of the n. in the denominator of the expression
for r,.) For Ppp = 220 kW (launched), Pp is estimated to be 0.25 W/cm3, and
withn =1x1020%m™3, T. =2 keV, Ty = 1 keV, I obtain T(E) = 1.005 keV for
E =1keV, T =1.065 keV for E =5 keV, and T = 1.179 keV for E = 10 keV.
These parameters are similar to those for the steady-density shot in Sec. 3.3, for
which a 175 eV increase in deuterium temperature was measured. It is therefore
not surprising that no non-thermal deuterium tail was observed.

3.5: Minority Concentration Scan

The behavior of the deuterium and hydrogen temperatures as functions of mi-
nority concentration are shown in Figs. 3.5.1 and 3.5.2, respectively. These data
were obtained from charge-exchange measurements by producing two or more sim-
ilar shots at each concentration, because the charge-exchange diagnostic can only
measure one ion species per shot. Due to difficulties controlling the RF power, it is
necessary to normalize the measurements by dividing by the RF power. The deu-
terium temperature shows a steady trend towards better heating as concentration
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Figure 3.5.2: Hydrogen Tail Temperature as a Function of Minority
Concentration—The hydrogen tail temperature was significantly greater than
the deuterium tail temperature at concentrations ng < 3%; however, at higher
concentrations the hydrogen was essentially thermal at the same temperature as
the deuterium.

Parameter Ohmic RF

Tp 1250 4+ 50 eV —

Ip 200 kA 200 kA

qa 7.5 7.5

Vg 1.65+0.05V 2154015V

Poy 330 £ 10 kW 430 + 30 kW

Prp , 0 kW 290 £80 kW

fe 1.25 x 10*°m~3 145 x 102 m—3

Ty 14 £3 ms 8 +1 ms*
* Assumes 100% RF absorption.

Table 3.5.1: Parameters for Hydrogen Minority Concentration Scan—
Equilibrium data are listed for the series of shots in Figs. 3.5.1 and 3.5.2. Entries
shown as a range of values indicate extent of shot-to-shot variation during the
scan,

is lowered which continues to the lowest concentration obtainable. The hydrogen
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tail temperature also increases as concentration is lowered, as one would expect.
For concentrations ng 2 3%, the hydrogen is essentially thermal at a temperature
comparable to that of the deuterium. Other plasma parameters for this scan are
summarized in Table 3.5.1.

Stix gives a simple criterion for determining the optimum minority concentration
in Ref. 88. Since the quantity E2/ E? decreases as 7y increases, there should be
some nontrivial concentration at which the power absorbed by hydrogen, which is
proportional to ng|E+|?, attains a maximum. Maximizing this quantity leads to
an expression for the optimum minority concentration:

A 2
noptzéM 1+__1_.{v_“_ (3.5.1)
H ™3 1215 876 n e

where T is measured in keV and n is the deuterium density in units of 1020 m~3.

From the Brambilla code analysis in the next chapter, the Ny spectrum for these
shots is strongly peaked at N =4 In this case, Eq. 3.5.1 leads to an optimum

minority concentration of ~ 2 %. Again, there is a contradiction with the experi-
mental results, which could be a result of incorrectly assuming that all of the RF
power is delivered to the deuterium through absorption on hydrogen followed by
collisional exchange. This is another piece of evidence that suggests that the hy-
drogen tail losses are so extreme that it is necessary to consider the contribution
from deuterium second harmonic absorption in order to explain the experimental
results. If that were the case, then it would not be surprising that heating efficiency
continues to improve at the lowest measurable minority concentrations, since the
fraction of power absorbed by deuterium second harmonic cyclotron absorption is
inversely proportional to minority concentration.

3.6: Toroidal Magnetic Field Scan

The hydrogen minority tail temperature is plotted as a function of toroidal
field in Fig. 3.6.1. Again, the rapid degradation in hydrogen tail temperature is
indicative of poor confinement of high-energy minority ions, which could be a result
of the toroidal field ripple trapping. This is also good supporting evidence that
the minority tail is really being produced in the center of the plasma by cyclotron
damping, and not by some other parasitic effect. As the toroidal field is scanned
below 12 T, the cyclotron absorption layer moves away from the center of the plasma

4)



122 Chapter 3: Experimental Results

25 > T T T T T
o
a 300 kW
20 ®200 kW 4
s
g sf .
b
&~ ‘e
10F -
S | n
s
® o L o0
0 ] 1 1 1 1 i
8.0 95 100 10.5 11,0 11.5 12.0 12.5
Magnetic Field (T)

Figure 3.8.1: Hydrogen Tail Temperature as a Function of Toroidal
Field—The hydrogen tail formation degrades very rapidly as the absorption layer
i8 moved away from the center.

Parameter Ohmic RF
Tp 1110 £ 90 eV —_
Ip 160 +£ 5 kA 160 + 5 kA
Qa 8+1 8+1
Vg 1.6+01V 25+05V
Poy 255 + 25 kW 400 + 100 kW
Ppp 0 kW 250 + 50 kW
fie 1.15+0.15 x 1020 m~3 1.24+0.2 x 10,3
T " 10%3ms 5+ 2 ms*

* Assumes 100% RF absorption.

Table 3.8.1: Parameters for Toroidal Magnetic Field Scan—Equilibrium
data are listed for the series of shots in Fig. 3.6.1. Entries shown as a range of
values indicate extent of shot-to-shot variation during the scan.

into regions where the toroidal field ripple magnitude is larger. Other effects which
could contribute to this result are that the banana orbit width increases with r» and
that the power is being deposited further from the plasma center and is therefore
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not as well “insulated” from the edge of the plasma. Other plasma parameters for
this scan are summarized in Table 3.6.1.
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Figure 3.7.1: Thermal Energy as a Function of Heating Power—in a well-
controlled power scan, the increase in thermal energy with RF power is consistent
with constant incremental confinement time,.

3.7: ICRF Power Scan

Analysis of incremental energy confinement for a controlled power scan is shown
in Fig. 3.7.1. In this scan, the incremental ohmic heating power was always less
than 50 kW, so that the variations along the horizontal axis are primarily due to the
RF heating power. The solid line in Fig. 3.7.1 represents a linear least squares fit to
the six data points, and its slope is the incremental confinement time 7, =1.75 ms.
The ohmic energy confinement time for these shots was rg = 9.6 ms, the slope of
the dashed line. The shot-to-shot variation of the ohmic points is indicated by the
error bars. If there was no heating at all during the RF, then the data points would
lie along the horizontal dashed line, labeled 0 ms, and the incremental confinement
time would be 0. On the other hand, if the heating was as efficient as ohmic heating,
then the data points would lie along the extension of the dashed line. Thus, there
was significant heating due to the RF, but the efficiency was degraded from the
ohmic value. The important question now is whether this can be accounted for in
terms of power loss mechanisms, or whether there is actually a real decrease in the
energy confinement time of the plasma. This question will be addressed in the next
chapter.
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Figure 3.8.1: Deuterium Heating versus Density—The measured ATy is
shown versus line-averaged electron density for every shot in the database compiled
with the two double-element antennas.

3.8: Density Scans

The most important issue to investigate during these experiments is the scaling
of heating efficiency with increasing density. To present an overall view of the raw
heating results, the observed deuterium temperature change is plotted against line-
averaged electron density for every 12 Tesla shot in the database. The results are
shown in Fig. 3.8.1. The maximum observed ATp decreases as density increases.
This behavior is not surprising, not only because there are more particles in the
plasma at higher density, but also because the power handling capability of the
antennas degraded somewhat at higher density. The maximum power delivered to
the antennas at low density was limited only by the capability of the RF generator
to ~ 400 kW. Power handling capability degraded linearly for 7. 2 3 x 10°m -3,
dropping to 100 kW at the highest density. Power was scanned from 0 kW up
to the maximum achievable at each density. Therefore, it is not surprising that
data points are scattered all the way down to the horizontal axis. However, one
might reasonably expect that this scatter would be eliminated by plotting a quantity
like incremental stored energy normalized to RF power. This turns out.not to be
the case. As shown below, this kind of simple-minded analysis yields a heating
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efficiency plot with data uniformly scattered between 0 and some maximum (which
is independent of density).

The shots depicted in Fig. 3.8.1 are grouped according to operational status.
The RF generation and transmission system is protected by a fault detection circuit.
If the reflected power in the transmission line exceeds a certain preset value, the
generator is automatically shut off. The reflected power in the line can change
suddenly if there is electrical breakdown somewhere in the system or if the plasma
loading changes suddenly. Shots in which this occurred are shown with solid circles
in Fig. 3.8.1. When the RF is shut off due to an electrical fault, it will attempt
to re-energize after a 10 ms delay. If unsuccessful (fault still present), the RF will
try again after another 10 ms. This will continue up to a maximum of four tries,
unless the time programmed for the RF pulse elapses first. Shots in which the RF
faulted but retried successfully are indicated with solid triangles in Fig. 3.8.1. Shots
which disrupted during the RF pulse, but which were stable long enough during the
pulse to show some heating are shown as solid squares. All other shots are shown
as open circles. In the case of disruptive shots, the value of ATp plotted is the
maximum achieved during the RF pulse. In shots which disrupted but subsequently
recovered during the RF, the deuterium temperature at the end of the pulse was
usually lower than before the RF, but the temperature plotted in Fig. 3.8.1 is the
maximum achieved before the disruption. Including these “defective” shots adds
nothing useful to further analysis, so all further analysis will be done using only the
“good” shots. -

The deuterium heating data from Fig. 3.8.1 are plotted again in Fig. 3.8.2,
grouped a.'ccording to whether there was a density increase or decrease that ap-
peared to be caused by the RF. The separation of the data into this grouping was
sometimes somewhat subjective. Shots for which the line-average density shows
an obvious change that was correlated with the RF pulse were classified according
to that change. Shots which had a significant change in line-average density that
was not correlated with the RF (due to poor plasma control) were discarded. All
other shots were classified as steady-density shots. Rising-density shots tended to
occur primarily for the lower density target plasmas and tended to exhibit more
deuterium heating than steady-density shots. As has already been mentioned, this
rising-density behavior renders the evaluation of the RF heating efficiency some-
what ambiguous. The more sophisticated analysis in Chapter 4 using the ONETWO
transport code is able to resolve this ambiguity.

The electron and ion temperatures for the ohmic target plasmas are shown
plotted against line-average density in Fig. 3.8.3. Unfortunately, the only electron
temperature diagnostic available during the experiments was the Thomson scatter-
ing diagnostic. This diagnostic yields a reasonably accurate measurement of the
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Figure 3.8.2: Deuterium Heating versus Density—The data from Fig. 3.8.1
are re-plotted, grouped according to the behavior of the density as correlated to
the timing of the RF.

central electron temperature, but with limited time resolution — only one point
every ~ 20 ms. Thus, it is not possible to observe sawtooth behavior in the electron
temperature, which might have yielded useful information about the electron power
balance. Even more unfortunate is the complete lack of electron temperature data
for the highest densities. This severely limits the amount of analysis that can be
done for the highest-density shots. In the next chapter, it will be possible to model
RF deposition and loss mechanisms for these high densities by assuming a value for
the electron temperature, but the transport and power-balance analyses using the
ONETWO code are too sensitive to electron temperature to allow this.

In general, the electron temperature showed no trend to either increase or
decrease during the RF, but often exhibited random fluctuations of magnitude
~ 4200 eV during the RF. Data from the Thomson scattering diagnostic show-
ing this effect for a typical RF heated discharge are shown in Fig. 3.8.4. There were
no diagnostics available during the experiment from which total radiated power or
impurity line radiation power could be obtained. Since the limiters and Faraday
shields were fabricated from molybdenum and carbonization was not applied to
the walls of the vacuum chamber, a reasonable hypothesis would be that high-Z
impurity radiation was responsible for the lack of electron heating. During the ear-
lier ICRF heating experiments performed on Alcator C by Blackwell, a study of



128 Chapter 3: Experimental Resuits

2500f o ! ' . . lE!let.:'fron;
[ o Deuterium
2000 |- -
3 1s00f -
= X ° ]
a - %o% o =
1000 o -
soof ]
ot RS TS SR S R
0 1 2 3 4 5 6

fie (1020 m—3)

Figure 3.8.3: Ohmic Temperatures—Electron temperatures were determined
from the Thomson scattering diagnostic and ion temperatures were determined
by both charge-exchange and neutron measurements.

impurity generation and radiation was carried out by Man;ling et all%® In these
experiments, the plasma was limited by a 12.5 cm graphite limiter, but the an-
tenna Faraday shields and the vacuum chamber wall were stainless steel. Also, the
normal 16.5 cm molybdenum limiters were left installed in the torus during the
experiment. During the ohmic portions of the discharges, the primary impurity
component was carbon, and the impurity radiation was greatly reduced compared
to operation with molybdenum limiters. However, when the RF was applied, the

_ impurities were again dominated by high-Z elements (mainly iron and chromium).
The sources of these impurities were identified as the antenna Faraday shields, the
vacuum chamber wall, and the 16.5 cm limiter. Electron heating was not observed
in those experiments, as in the present experiments. In the Blackwell experiments,
T, usually remained constant during the RF, but often was observed to decrease by
~ 175 eV.

In addition to ohmic heating and impurity radiation power, the electron power
balance is also affected by collisional exchange with the ions (both majority and mi-
nority) and possible absorption of power from the mode-converted IBW via electron
Landau damping and magnetic pumping. Because of the truncation of the minority
distribution which was indicated by the charge-exchange diagnostic and hypothe-
sized to be caused by ﬁpple—trapping, electron heating via collisional exchange with
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Figure 3.8.4: No Electron Heating—Data from the Alcator C Thomson scat-
tering diagnostic are shown for a steady-density shot with A, = 1.45 % 10?0 m~3,
Ip = 210 kA, Tpo = 1070 eV (Ohmic), and ATpg = 100 V.

the minority tail will not be expected. Although the analysis to be presented in the
next chapter does not predict significant electron Landau damping of the IBW, the
models used do not include all the relevant physics for this effect and cannot rule
this out. However, the amount of power in question is not sufficient to dominate
the electron power balance. Because of the lack of diagnostic information necessary
to study the electron power balance, and considering the lack of significant electron
heating, it will turn out that the most rewarding way to analyze the data will be to
concentrate on analyzing the deuterium power balance, treating both the RF and
the electrons as known sources of power. This is the method of analysis that will be
pursued in Chapter 4 using the RF deposition model to be developed in Chapter 4
and the ONETWO transport code.

While reading this thesis, it is worth remembering that the deuterium temper-
ature never equals or exceeds the electron temperature during the RF.

Once the densities and temperatures are known, it is trivial to calculate the
heating efficiency figure of merit #.ATp/Pryr. This quantity is shown in Fig. 3.8.5.

129
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Figure 3.8.5: Deuterium Heating Efficiency versus Density—The figure-
of-merit g ATp/Pap shows no correlation with density.

From this plot one can see that, although the raw deuterium temperature data might
at first sight appear to scale poorly with density, the deuterium energy increment
per particle per kilowatt of RF power is independent of density. Although there is
a great deal of scatter, the best efficiency that was observed was roughly the same
at each density. However, the fact that the scatter is so sévere suggests that this
figure of merit is not a gdod parameter for characterizing the heating results. A
slightly better figure of merit is the incremental confinement time, which is discussed
below. In addition to deuterium temperature increase, the incremental confinement
time calculation accounts for changes in density and electron temperature (in the
rare cases when 7T, changed). It also models the dependence of temperature profile
shapes on plasma current.

The effect of the RF on energy confinement time is shown in Fig. 3.8.6, in which
the global energy confinement time rg is plotted against density. The degradation
in energy confinement time during the RF is fairly small, but this is simply because
the RF power is also small. The net change in plasma thermal energy is always
small, and therefore Fig. 3.8.6 would not look much different even if there were no
heating at all during the RF. It is important to note that these energy confinement
times were calculated assuming that the net forward RF power in the antenna feed
line was equal to the net power deposited into the bulk plasma. If significant losses
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Figure 3.8.8: Energy Conflnement Time versus Density—The degradation
of the global energy confinement time was typically fairly small; however, the RF
power was always smaller than the ochmic power.

are taken into account, then the calculated energy confinement time during the RF
will be closer to the ohmic value.

Since detailed profile information was not available from experimental data, a
simple model was used to estimate the temperature profile shapes in these energy
content calculations. In order to do this analysis, what amounts to a 3-point fit
was done by assuming that the temperature profiles of ions and electrons had the
same shape, which was represented by a parabola raised to some power. The edge
temperature was assumed to be zero and the central temperature was taken from the
appropriate diagnostic measurement. The power to which the parabola was raised
was determined by assuming classical resistivity to relate the electron temperature
profile to the total measured plasma current, and determining the plasma current
profile by assuming that the sawtooth instability requires that the central MHD
safety factor g not differ very much from unity. It was also assumed that the
temperature profiles were significantly more peaked than the density profile. This
well-known procedure is described as follows.

The temperature and current profiles are assumed to have the following shapes:

T.(r) = Tooll ~ (r/a)?]2T (3.8.1)
Tp(r) = Tpo[l — (r/a)’]>T (3.8.2)
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J(r) = Jo[l — (r/a)?)]™ (3.8.3)

The 3 parameters that will be adjusted to fit the electron temperature to measured
data are ag, Jo (central toroidal current density), and T.p. Assuming classical
resistivity yields

3/2
J(r)=a(r)E =09 [TE@} E (3.8.4)
TeO
from which it follows that
3
ay = zor (3.8.5)

Note that the electric field E was also assumed to be spatially uniform. Application
of the Ampere equation then yields

ZJO 1— [1 _ (r/a)Z]aJ-H
2r ay+1

J
Bp(r) = 22 / (1 - (2/a)}]* ¢ dz = (3.8.6)
Evaluating this expression at » = a and again asymptotically in the limit as » — 0,
and using '

_ rBy
1= ®Bp

(3.8.7)

yields
a,:i;—:—-l ' (3.8.8)

If the density profile is sufficiently broad that an, <« a7, then the volume-averaged
thermal energy obeys the relation

T

(T =n(T) = nl +or (3.8.9)
The plasma thermal energy content is then given by
3_To+Tp, 2 o2
~ =M 2 - .1
W ~ 5T p”e Ry (3.8.10)
and the energy confinement time is
w
TR = 3.8.11
5= P o 381

In the ONETWO transport code analysis in Chapter 4, a more sophisticated
version of this fitting will be done. In that case, the electron temperature profile
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Figure 3.8.7: Incremental Fnergy Confilnement Time versus Density—
The incremental confinement time scales quite unfavorably with density, when
compared with the chmic confinement time. Incremental energy confinement time
appears to be constant as a function of density.

will be treated the same way, but the ion temperature profile will be determined by
assuming the ion thermal conductivity to be a constant multiple of the neoclassical
thermal conductivity and adjusting the multiplier to match the measured central
ion temperature. This will yield ion temperature profiles somewhat broader than
the electron temperature profiles, with a7, = 0.635ar,. The density profile will be
adjusted to match both the central density determined by the Thomson scattering
diagnostic and the line-average density determined from the interferometer. This
will verify the validity of the approximation an < arf.

When the incremental plasma thermal energy is relatively small, a much more
revealing measure of the RF heating efficiency is the incremental confinement time,
defined as the ratio of the incremental thermal energy to the incremental heating
power. Since the change in ohmic heating power during the RF is not negligible
compared to the RF power, the change in ohmic heating power is included when
calculating the incremental power. Otherwise, the RF heating efficiency would be
exaggerated.

A comparison of the ohmic and incremental confinement times is shown in

Fig. 3.8.7. The total energy confinement time, shown with solid circles, scales quite
favorably with density. As density is increased, the ohmic confinement time initially
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Figure 3.8.1: CO, Laser Scattering Data—Measurement of power scattered
from the mode-converted ion Bernsiein wave indicates that the wave is toroidally
localized and that mode conversion increases with density.

exhibits neo-Alcator scaling (7g o« n), and then shows a tendency to saturate at
higher densities. This tendency for the ohmic confinement time to saturate has
been studied before, and has been attributed to a degradation of the ion energy
confinement with increasing density. On the other hand, the incremental confine-
ment time does not scale so favorably with density. Not only is the incremental
confinement time much lower than the total confinement time, but its scaling with
density is not much better than neutrally favorable.

3.9: Mode Conversion

Data obtained by Dr. Y. Takase from the CO; laser scattering diagnostic[121]
are shown in Fig. 3.9.1. In this scan, the diagnostic was adjusted to detect density
perturbations associated with the mode-converted ion Bernstein wave on the high-
field side of the ICRF absorption layer. This diagnostic was very important for
the IBW heating experiments performed by Moody, but is somewhat less useful for
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the fast-wave experiments primarily because of the inability to obtain absolutely
calibrated measurements of the IBW power. Precise interpretation of data from
this diagnostic is complicated by the fact that the scattered power depends in a
complicated way on the plasma density and the N of the IBW.

The scattered power, which is a measure of the power carried in the mode-
converted ion Bernstein wave, is plotted as a function of line-average electron den-
sity. For the ranges of V) predicted by the Brambilla code simulations in the next
chapter, it is valid to conclude that the mode-converted power is increasing with
density. Two ICRF fast-wave antennas were used in this scan, one installed on
C-port and the other installed 180° away toroidally on F-port. The CO; laser was
installed on F-port. Data taken when ICRF power was fed to the antenna on F-
port are shown with solid circles, while data taken when ICRF power was fed to the
antenna on C-port are shown with open circles. From these data, one can see that
mode-conversion is a strong function of density, increasing significantly magnitude
over the density range scanned. However, it is not valid to conclude that the IBW
is either absorbed or toroidally localized from the behavior of the open circles, be-
cause of the possibility of large upshifts in the value of N| as the wave propagates

in the toroidal direction. The fact that mode conversion increases with density is
important supporting evidence for the results of the Brambilla code calculation in
the next chapter.

3.10: Summary

Data taken during fast wave hydrogen minority regime heating experiments in Al-
cator C have been presented in this chapter. Significant deuterium heating was
.observed during the experiments, but electron heating was not observed and the
hydrogen minority distribution function exhibited a suprathermal tail that was far
too weak to account for the launched RF power. Because the hydrogen distribution
function is truncated at relatively low energy, by an effect that has been attributed
to toroidal field ripple trapping, the minority tail temperatures that were derived
from the charge-exchange data may not accurately describe the actual distribution
function at the centermost point of the viewing chord, as is customarily assumed.
Thus, interpretation of the minority charge-exchange data is ambiguous.

Scaling of the heating efficiency with minority concentration has been found to
be in contradiction with well-known theoretical results which predict an optimum
minority concentration of a few percent. Instead, heating was found to improve as
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concentration was lowered, and to continue this trend as concentration was scanned
from 8% down to the lowest concentration obtainable. However, the theoretical
result that there should be an optimum concentration at some non-trivial value is
based on equating the collisional exchange power between hydrogen and deuterium
with the RF power, without considering the possibility of other loss channels to
which the power might flow.

Electron heating was not observed during the experiments. Although diagnostic
data are not available from which the electron power balance can be studied, this
result is not very mysterious. The source of electron heating power from the RF
will be weak due to the truncation of the minority distribution function, but there
might still be contributions to electron heating power from the mode-converted IBW
and from a reduction in the electron-deuterium collisional exchange power as the
deuterium heats up. However, the experiment was carried out in a high- Z-impurity
environment. Based on an impurity radiation study carried out during earlier fast
wave experiments on Alcator C, it seems reasonable to presume that it is radiation
from high-Z impurities that is responsible for the lack of electron heating.

A simple type of power balance analysis was done, in which the thermal enefgy
content and total power input to the plasma were estimated from experimentﬂ
data. It was found that the incremental plasma heating was much less efficient
than Ohmic heating, and that the scaling of the incremental heating with density
was not favorable.

Because the hydrogen tail is so weak and the distribution function appears to
be truncated at an energy consistent with previously studied results that have been
attributed to toroidal field ripple trapping, it is hypothesized that the inefficient
heating results are caused by severe losses associated with the hydrogen minority.
The fact that energy losses from the hydrogen must be severe is clear, and it is
obvious that some way must be found to estimate these losses in order to explain
the heating results and to do any further analysis. However, it is also intuitively
obvious that the losses from the minority alone cannot account for all the features
observed in the data. This would not seem to explain the results from either the
minority concentration scan or from the density scan. In either case, as minority
concentration increases or as density increases, a less energetic hydrogen tail would
be required in order to channel all the RF power to the deuterium. Thus, it would be
expected that heating efficiency should improve at high minority concentration or
majority density, in apparent contradiction with the experimental results. In fact,
since this intuitive discussion suggests that ICRF power deposition should actually
improve with increasing minority concentration and density, it is necessary to look
for even more severe loss mechanisms whose scaling with concentration and density
will dominate over the expected improved power deposition.
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As has just been suggested, it is now necessary to embark on a study of the.

ICRF power deposition efficiency that takes into account, at least approximately,
the effects discussed intuitively in the preceding paragraph. There is no adequate
way to determine either the global RF power deposition or its profile from the avail-
able experimental data. In other experiments, RF power deposition on electrons
is often studied by examining the sawtooth behavior of the electron temperature.
However, in the present experiments, only the Thomson scattering diagnostic is
available to study electron temperature, and this diagnostic does not have sufficient
time resolution to resolve sawteeth. In analogy with the sawtooth technique, RF
deposition on deuterium is sometimes studied by examining the slope of a Tp ver-
sus time plot. However, this method is too error prone to be used in the present
study, and there is not sufficient profile information in the data either. Both of these
methods involve the assumption that the slope of the temperature-versus-time plot
can be measured over a time interval sufficiently short that none of the plasma
properties vary significantly over the interval. It is possible to take the estimated
power deposition to deuterium for the low-density case modeled in the next chapter
and “work backwards” to figure out what the initial slope of the Tp versus time
plot should be when the RF turns on. If this is superimposed on Fig. 3.3.1, it will
be seen to be consistent with the measurement, but the uncertainty in starting from
the plot and determining the slope will be obvious.

- The one obvious exception to the statement that RF power deposition cannot
be determined experimentally is the calculation done for the charge-exchange radial
scan. The results from that one case are helpful in evaluating, at least qualitatively,
the uncertainty in the model developed in the next chapter. Although the inter-
pretation of the hydrogen charge-exchange diagnostic is ambiguous, the hydrogen
temperatures from the radial scan happen coincidentally to be the same as the
temperatures that would be obtained by my ad-hoc assumption Ty = E;.

Thus, there is at least a limited amount of experimental data that can be com-
pared with a theoretical RF deposition model. The development of such a model
for Alcator C is the subject of the next chapter.
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4.1: Introduction

In this chapter, a theoretical model will be constructed in order to study the power
balance in more detail than was done in Chapter 3. Up to this point, the power
balance was studied by treating the plasma as a “black box”. That is, the total
amount of RF power launched into the plasma was compared to the total Ohmic
heating power, and the heating efficiency was evaluated by comparing the total
thermal energy content of the plasma before and during the RF. It was noted that
a large fraction of the RF power was lost due to inadequate confinement of the
hydrogen minority. It was also noted that there was no electron heating during
the RF and that, while this fact was not very mysterious, there was insufficient
experimental data available to study the electron power balance. Thus, when the
thermal energy of the “black box” plasma increased during the RF, it was predom-
inately the thermal energy of the deuterium that was increasing. The Ohmic input
power is deposited directly on electrons, not ions. And the amount of Ohmic power
that contributes to deuterium heating depends directly on the plasma density and
the temperatures of the ions and the electrons. The temperature of the electrons
is dependent on the electron confinement properties, Ohmic input power, and the
electron radiation processes about which there are no experimental data. Thus the
total Ohmic heating power is not a good measure of the amount of power input to
the deuterium before the RF, nor is it a measure of the Ohmic contribution to the
ion heating power during the RF. Also, the total launched RF power is not a good
measure of the amount of RF power that is actually deposited to the deuterium. It
is therefore not the least bit surprising that the power balance analysis performed
in Chapter 3 cannot adequately explain the experimental results.

What is really needed is an analysis which concentrates more closely on the
power sources and confinement of the deuterium, in isolation from the other plasma
components. That is, it is desired to treat the hydrogen and electrons as known
sources of collisional exchange power to the deuterium, add in the contribution
from direct deuterium second harmonic absorption, and then model the various loss
mechanisms from the deuterium. If some way can be found to model the various
loss mechanisms associated with the hydrogen while at the same time calculating
the collisional exchange power associated with the non-Maxwellian hydrogen distri-
bution function, then the uncertainties associated with the electron power balance
will have been effectively bypassed. This is possible because, even though data
concerning the electron energy loss mechanisms are lacking, direct measurements
of the electron temperature and density are available, and that is all one needs to
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Figure 4.1.1: Power Balance—This block diagram shows the various power
flows to and between the different species and defines the terminology that will
be used in this chapter to refer to them.

know about the electrons in order to calculate the collisional exchange power from
electrons to ions. '

The procedure that has just been suggested is outlined in Fig. 4.1.1. This
illustration also serves to define notation that will be used throughout this chapter
to refer to the various power channels. The total RF power launched by the antenna
is denoted by Prp. Resistive losses in the antenna system will be neglected, so
Ppr will be taken to be the net forward power measured in the antenna feed line.
This power will be distributed among three separate channels: mode conversion to
the ion Bernstein wave ( Pyic), hydrogen fundamental cyclotron absorption (Pg),
and deuterium second harmonic absorption (Pp). Although it is possible that
the mode-converted power is deposited on the electrons via Landau damping, the
computer programs to be used in this chapter do not model all the physics relevant
to this process, so it will not be determined conclusively what happens to Pyc.
Since experimental data necessary to model the electrons are not available, there
is absolutely nothing lost from the analysis by not knowing what happens to Pyc.
The power Py absorbed by the hydrogen is then either collisionally deposited on
deuterium (Pgp), or on electrons (P.), or lost from the plasma (Pposs).- The
code FPPRF which will be used to model the hydrogen energy balance can calculate
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components of Py, resulting from unconfined orbits, neoclassical transport, charge
exchange, sawtooth transport, asymmetric drag, and toroidal field ripple diffusion.
It cannot, however, calculate losses from toroidal field ripple trapping. Once this
part of the model has been completed, the deuterium second harmonic absorption
will be combined with the collisional exchange between hydrogen and deuterium to
obtain an estimate of the net RF power Phet = Py + Pgp deposited to deuterium.
This power deposition profile Ppet(r) will then be used as input to a transport code,
along with data from experimental measurements. The transport code will then
treat the electrons as a known source, by calculating P.p(r), along with the given
power source Phet(r), and proceed to evaluate various loss mechanisms associated
with deuterium. Then the heating efficiency (of deuterium only) resulting from
Paet + P.p during the RF will be compared with the heating efficiency of P, alone
before the RF, and it will be found that both power sources are equally efficient at
heating the deuterium. That is, no additional loss mechanisms or increased anomaly
in known loss mechanisms is necessary in order to explain the experimental data.

It is important to realize that just because a great deal of simulations are going
to be done using four highly sophisticated numerical codes, that does not necessarily
mean that a highly accurate answer is going to be rigorously obtained. As far as
the calculation of Ppet is concerned, it must be emphasized that the treatment
will be very ad-hoc in some respects. Of course, when running numerical codes,
it is always important to understand what physical phenomena are modeled and
what approximations are used in the codes, and any resulting limitations. But
the authors of these codes did not necessarily have Alcator C in mind when the
codes were developed, and Alcator C has some unique problems that were not
considered when the codes were developed. One problem with Alcator C plasmas
is that single-pass ICRF absorption is very weak. Because of this, codes were
used to calculate the RF wave fields which self-consistently include the reflecting
boundaries and antenna current source (assumed current distribution). However,
the most serious problem encountered when modeling Alcator C with these codes
is the presence of the ripple-trapping effect. It is clear that there are serious loss
mechanisms associated with the hydrogen which must be modeled, and the Fokker-
Planck code chosen to model the hydrogen treats most of them. Unfortunately, the
code does not include the effect of ripple trapping. I am not aware of the existence
of any code that includes ripple trapping while doing a Fokker-Planck calculation
of the minority heating, with or without the other loss mechanisms. It turns out
that the collisional power deposition from hydrogen to deuterium is dominated by
contributions from suprathermal hydrogen ions which are not lost due to ripple
trapping. That is, hydrogen ions with E > E;, would tend to slow down on electrons
rather than deuterium. Because of this, the inability to model ripple trapping will
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Figure 4.2.1: Slab Geometry for Brambilla Code—A plasma whose param-
eters are allowed to vary in an arbitrary manner in the z-direction exists between
the Faraday shield and the far wall. The antenna was modeled as a toroidal
(perpendicular to this page) array of two center-fed loops, driven in phase,

result in uncertainty in the distribution of power between P .z and P, rather than
uncertainty in the calculation of Pgp.

The interpretation and limitations of the codes will be discussed in further detail
in the individual descriptions of each code that appear in the following sections.

4.2: Coupling, Absorption, and Mode-Conversion in Slab Geometry

A 1D, full-wave, hot-plasma code has recently been developed by Brambilla(t22].
This code was developed for the purpose of modeling direct excitation of ion Bern-
stein waves by ICRF antennas, which is not the purpose for which it is being used
here. However, this code is convenient because it provides a way to calculate cy-
clotron absorption and mode-conversion of the fast wave to the IBW using an Ny

spectrum determined self-consistently by including the antenna coupling problem
as a boundary condition when solving the wave equations. It also allows a reflecting
boundary condition to be imposed at the far wall without also requiring the IBW
to be reflected. It is very important to emphasize that, since the code was written
primarily to study phenomena which occur at the edge of the plasma, it omits some
physics that can be important in the center. In particular, the code does not model
magnetic pumping nor does it allow Nj to evolve (due to non-zero poloidal field)
as the IBW propagates. This will not be a drawback for the present application.
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The geometry used by the Brambilla code is illustrated in Fig. 4.2.1. The
plasma is assumed to be enclosed in a box of dimensions 2a + § in the x-direction,
27a in the y-direction, and 27 Ry in the z-direction. Here § is the distance from
the limiter to the vacuum chamber wall. The hot-plasma wave equation is solved
by the method of finite-elements (using cubic Hermite polynomial basis functions)
in the z-direction, and Fourier series in the y and z-directions. Periodic boundary
conditions are imposed in the y and z-directions and reflecting boundary conditions
are imposed at both walls in the z-direction. An artificial damping term was added
to the IBW to prevent reflection of the IBW at the far wall. This is necessary
because the wave equation used is not valid for the IBW at the far edge of the
plasma, where the IBW wavelength is so short that the FLR expansion used to
derive the equation is not accurate. This has essentially the same effect as imposing
a radiating boundary condition that affects only the IBW, somewhere on the high-
field side of the absorption region. Within the limiter radius, the electron density
profile was assumed to be a parabola and the electron and ion temperature profiles
were assumed to be parabolas squared. In the scrape-off region between the limiter
and the Faraday shield, the density and temperature profiles were assumed to be
exponentials, using edge values and scrape-off lengths typical of measurements made
by Wan in earlier experiments[123]. In the code, analytic vacuum solutions are used
for the fields behind the Faraday shield, and these are matched to the numerical
solutions at the location of the Faraday shield. The code allows arbitrary angles
of orientation between the magnetic field, Faraday shield, and antenna, but in the
results presented here, the Faraday shield was always assumed to be perpendicular
to the antenna and parallel to the magnetic field.

Using notation similar to that in Ref. 122, the wave equation is approximated
by the following 6th-order system:

_ (5% + Ny) [0' (-(% - Ny) (Es + iEy)] +(N2+ N2 - S)E,
. OBy . .y OF
~+ ZNy"ém_y + ZDEy bt zNz"a—;E = 0 (4.2.1)

{0 0 . . OFEz .

&E,

_— 322 -+ (sz — S)Ey - NyNzEz =0 (422)
.., OF, &E
zN,—-—a—f— — NyN,Ey — 3;—25 +(N2 -~ P)E; =0 (4.2.3)

where
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1

Included in these equations are the leading-order (in FLR expansion) contributions
from fundamental cyclotron absorption by hydrogen (in L), second harmonic cy- .
clotron absorption by deuterium (in ), electron Landau damping (in P), and mode
conversion (in o). Once the wave fields are determined, the local power absorption
is calculated from

1 2
P=3 |-1mo) (2 — M) (Bo+ iBy)| +Im(D)|Es + By + En(P) s
N ;; < Py ELD
(4.2.11)

where the contributions from deuterium second harmonic cyclotron damping ( Pp),
hydrogen fundamental cyclotron damping (Pyg), and electron Landau damping
(ELD) are indicated.

The most important information to be gained by running the Brambilla code
is the amount of power that is mode-converted to the IBW. By running a large
number (350) of cases using simple (but reasonable) prototype plasma parameters,
the behavior of the mode-converted power as a function of density, minority con-
centration, and minority temperature is determined. This information is important
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Figure 4.2.2: Absorbed Power Spectrum for Low-Density Case—The
N) spectrum of absorbed and mode-converted power is shown for the low-density
case. The dominant contribution to absorbed power comes from components in
the vicinity of N}y ~ 3.5, and there is very little mode-conversion.

to resolve an ambiguity introduced because the 2D code SHOOT, described in the
next section, cannot distinguish between mode conversion and deuterium second
harmonic absorption.

Large scans of plasma parameters were done with the Brambilla code, sHOOT,
and FPPRF. In addition to presenting the results of these scans, more detailed
information will be shown for two prototype cases. These two prototype cases will
be referred to hereafter as “the low-density case” and “the high-density case”. The
parameters assumed for the low-density case were i, = 1 X 109°m=3, Tp =1 keV,
Ty =10 keV, T. = 2keV, Ip = 160 kA, ng = 0.5 %, and Prp = 220 kW, and the
parameters assumed for the high-density case were i, =4.5 x 1029 m=3, Tp =1 keV,
Ty =1keV, T. = 1.65 keV, Ip = 400 kA, ng = 0.5 %, and Prp = 175 kW.

The power spectrum determined by the Brambilla code for the low-density case
is shown in Fig. 4.2.2. These powers are functions of the Fourier series variables
N: = Ny and Ny. In Fig. 4.2.2, the powers are summed over Ny and plotted
as functions of N;. The power launched by the antenna is found to go primarily
to cyclotron damping on hydrogen and deuterium, with a small amount of mode
conversion. Most of the power is found to be concentrated in peaks near N ~ 3.5,
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Figure 4.2.3: Electric Field Pattern and Power Deposition Profile in
Slab Geometry for the Low-Density Case—The high-field sidé is on the left
in these plots, and the antenna geometry is that of the two-element low-field-side
launcher. The electric fields are calculated assuming 1 MW of launched ICRF

power.

but one should realize that this result is somewhat dependent on the assumed
geometry.

The power absorbed by electron Landau damping was found to be completely
negligible for this case as well as for most other cases studied. This was checked
by removing the artificial damping term on the IBW and imposing a true radiating
boundary condition (for both waves) on the high-field side. However, this result is
uncertain because the Brambilla code does not model all the relevant physics. The
question of how much IBW power actually damps on electrons could be treated more
carefully using a ray-tracing code. However, due to the experimentally measured
lack of electron heating and the lack of diagnostic information regarding electron
power loss, there is not much that could be done with the results of a ray tracing
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Figure 4.2.4: Absorbed Power Spectrum for High-Density Case—The
spectrum peaks have shifted to Ny ~ 5 and mode-conversion has become more

significant.

analysis. As was mentioned previously, the approach to be taken in this work will
be to treat the electrons as a known source of collisional-exchange power to the
deuterium, and concentrate on analyzing the deuterium power balance. Therefore,
this uncertainty about the fate of the mode-converted power is not a problem for
the forthcoming analyses.

More Brambilla code output for the low-density case is shown in Fig. 4.2.3.
Shown are the power deposition profiles and the real and imaginary parts of the
three Cartesian components of the wave electric field. It will turn out that the fast
wave is not focussed into a small spot at the plasma center in Alcator C. Because
of this, Fig. 4.2.3 contains somewhat limited profile information, because the power
deposition profile in two dimensions will actually have a large vertical extent. The
shape of the part of the profile indicated as Pyic is determined by the strength of
the imposed artificial damping and contains no physical information.

It can be seen that the fast wave contains primarily Ey and E; components
while the IBW contains primarily E; and E,; components. The small-electron-mass
effect Ey/E) ~ O(m./m;) is also apparent. The E, field shows that the fast
wave has a very high standing wave ratio (i.e., weak absorption), with only a small
inward propagating component on the low-field side. This weak absorption was
verified when running the Brambilla code in single-pass mode, with true radiating
boundary conditions on the high-field side.
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Figure 4.2.5: Electric Field Pattern and Power Deposition Proflle in
Slab Geometry for the High-Density Case—The width of the absorption
region is narrower compared to the low-density case, due to the lower minority
temperature, and the perpendicular wavelength of the fast wave is shorter as

The power spectrum for the high-density case is shown in Fig. 4.2.4. Signifi-
cantly more mode conversion is evident here compared to the low-density case. Also

evident is a shift of the spectrum peaks to higher values of N).

The power deposition profile and electric field components for the high-density
case are shown in Fig. 4.2.5. The power deposition profile is narrower compared to
the low-density case, because the assumed minority temperature is lower, resulting
in less Doppler broadening. The fast wave exhibits a shorter wavelength in the
¢ direction, as expected from cold-plasma theory. The fast wave also shows a lower
standing wave ratio than in the low-density case, indicative of stronger single-pass
absorption. These results are comparable to the METS calculations shown in Sec. 1.5.
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Figure 4.2.6: Mode-Conversion from Slab-Geometry Calculation—The
fraction of power mode-converted is shown as a function of plasma density, mi-
nority temiperature, and minority concentration. i is necessary to produce an
elevated minority ternperature in order to avoid significant mode-conversion. At
high density and/or minority concentration, where it is not possible to produce
an elevated Ty, a large fraction of the power can be mode-converted.

Results from a comprehensive Brambilla code scan are shown in Fig. 4.2.6. The
fraction of power mode-converted is shown for all of the values of density, minority
temperature, and concentration of interest to the experiment. Basically, it is found
that it is necessary to have at least a modestly elevated tail temperature in order
to avoid significant mode conversion.

In the experiment, data on minority tail temperature was very difficult to inter-
pret, because of the TF ripple trapping effect previously discussed. There was also
a great deal of scatter in the Ty data. Also, measurements of minority concentra-
tion were rare, due to the need to produce two similar shots in sequence in order to
‘measure it. For most of the shots in the data base, when hydrogen was not being
injected into the vacuum chamber, it is assumed, based on measurements of a small
fraction of the shots, that the concentration was ng = 0.5 %, with an uncertainty of
+0.5%. For shots in which extra hydrogen was injected, more careful measurements
were made, but these shots occurred only within a limited density range. Additional
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uncertainty is introduced by the sharp peaks in the mode-converted power plotted
in Fig. 4.2.6, which are a result of geometry-dependent wave coherence effects which
occur because the wave phase fronts and the absorption layer are both planar in
shape (in the assumed slab geometry). This would not be expected to occur in a
more realistic geometry.

Because the measured minority distribution functions were truncated at ~
10 keV for low densities (7ie < 1 X 102 m—3) and elevated minority temperatures

were not observed for high densities (fie 2 4 X 102° m~3), and because of the un-
certainties just discussed, it will be assumed that 10% of the RF power is mode
converted at neo = 1 x 1020 m™3, 40% is mode converted at n, = 6 x 1020 m™3,
and linear interpolation will be used for intermediate densities. This is indicated
by the broken line in Fig. 4.2.6. The uncertainty in this ad-hoc assumption can be
estimated in an equally ad-hoc manner from inspection of the ng = 0.5% plot in
Fig. 4.2.6. It should be noted that the uncertainty introduced by the sharp peaks
is caused by the choice of boundary conditions, which is the most reasonable choice
to use given slab geometry, and not by the code chosen. It is clear that if one is
very concerned with accurately modeling mode conversion in a plasma with weak
single-pass absorption, then a better way to treat this problem would be to modify
the SHOOT code to allow Pp and Pyc to be determined separately. A few simple
comparisons were made by using Pp/Pg = fp/ng in combination with SHOOT in
order to separate Pp from Py, and no serious discrepancies were found.

It will turn out that as far as the density scan is concerned, mode conversion
is not the dominant effect and uncertainties in the amount of mode conversion will
not alter the conclusion that will be reached. However, as one might guess from
inspection of Fig. 4.2.6, this will not be the case for the concentration scan. For-
tunately, careful minority concentration measurements were made when concentra-
tion was scanned in the experiment. Moreover, the magnitude of the sharp peaks in
Fig. 4.2.6 is reduced as concentration is increased. In fact, the high-concentration,
low-minority-temperature cases are where SHOOT encounters numerical difficulties,
and thus these cases are the ones for which the Brambilla code is most useful.
In the experimental data, the minority concentration was scanned at a density of
fie ~ 1.45 x 1029 m™3, and Tﬁ decreased to values comparable to Tp (i.e., 2 1 keV)
when 7y reached 3%.

In summary, from the Brambilla code it is learned that there is a significant
increase in mode conversion as density is increased and a major increase in mode
conversion as minority concentration is increased. This effect is caused by the in-
ability to produce an elevated minority temperature at high density or high minority
concentration.
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4.3: Calculation of Power Deposition Profile in Cylindrical
Geometry

The sHOOT codel'?¥! was used to determine the profile of power absorption in

cylindrical geometry, taking into consideration the vertical extent of the absorption
region. The SHOOT code solves a fourth-order wave equation in two dimensions
(the poloidal plane) by using an order-reduction technique, analogous to that used
to obtain Eq. 1.5.47 from Eq. 1.5.46, to reduce the wave equation to second order.
The zero electron mass approximation is used. To accomplish this mode réduction,
Smithe et al. begin with a fourth order wave differential equation obtained from
using an FLR expansion in the full integral wave equation. This equation is of the
form

V1 X (VL XE) =K —n2l) . E-KV) . V2 E (4.3.1)
: Pu IBW4Pp

where K(®) contains the cold-plasma contributions and the leading-order terms de-

scribing hydrogen fundamental cyclotron absorption, and K(1) contains the leading-
order contributions from deuterium second harmonic cyclotron absorption and
finite-temperature terms which describe propagation of the IBW and mode conver-
sion of the fast wave to the IBW. The order reduction is accomplished by making
the following substitution on the right-hand side of Eq. 4.3.1:

ViE — i E (4.3.2)

Here the quantity v is the fast-wave root of the homogeneous hot-plasma dispersion
relation. In this way, the IBW is treated as a dissipative load experienced by the
fast wave, but the fields associated with the IBW are not actually generated when
the wave equation is solved. It is therefore not necessary to resolve the fine detail of
the short-wavelength IBW, and a major reduction in computing expense is realized.
A “reduced” or “truncated” dielectric operator Kpw is then defined via

Kpw = KO —n21+ 2K (4.3.3)
A , L
Py Pp+Puc

leading to the following second order system:
Vi x(Vy XE) = w’Krw - E (4.3.4)

At the time of this writing, the validity of this order-reduction technique (in two
dimensions) has not been rigorously proven. However, comparisons of SHOOT results
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with other codes (including the Brambilla code) seem to give good agreement. It is
emphasized that the total powers Py, Pp, and Py are taken from the Brambilla
code, while SHOOT is used only for the profile shape. This effectively side-steps any
uncertainty in the validity of this order reduction technique.

The method used to solve this system is finite differencing (specifically, a pre-
dictor-corrector method) in the radial (r) direction combined with Fourier analysis
in the tangential (f) and axial (2) directions. Since the plasma properties (K)
are functions of 8 as well as r, Fourier analysis in 8 leads to a system of coupled
equations, whose order is twice the number of poloidal modes used. This method
is often called “poloidal mode expansion”. In the solution technique, the antenna
current is first Fourier expanded in § and z. Then the finite difference algorithm
is begun at r = 0, where a regularity condition is imposed, and stepped to the
antenna location, where appropriate jump conditions are imposed on the various
poloidal modes, and then stepped to the wall location, where perfect conductivity
is assumed. There is no Faraday shield in the model.

Qutput from the SHOOT code is shown in Fig. 4.3.1 for the low-density case.
Contours of Ey and power density (power per unit volume) are shown. (Negative
values of E, are shown by broken contours. The value on the outer contour is
~15-20% of the maximum, depending on how the plot was auto-scaled.) The
quantity called “radial power density” is power per unit length in the r direction,
i.e., integrated over 8 and z. Thus, the radial power density is always zero at » =0
for SHOOT output. The profile is significantly broader than in the slab calculation
due to the vertical extent of the absorption region.

The SHOOT calculation for the high-density case is shown in Fig. 4.3.2. The
shorter fast-wave wavelength is apparent in part (a). In part (b), the blackened
area indicates the area within the outer contour. The power-deposition profile is
much narrower than for the low-density case, but the broadening effect from the
vertical extent of the absorption region is quite significant.

In the next section, a Fokker-Planck code (FPPRF) will be used to determine
the fate of the absorbed power. In those calculations, the inputs to the code will be
adjusted so that the amount of power deposited to hydrogen is consistent with that
determined by the Brambilla code, and the shape of the deposition profile will be
that determined by the SHOOT code. The version of FPPRF used has SHOOT inter-
faced with it, in order to self-consistently determine the absorption and distortion
of the distribution function. Therefore, the results of parameter scans using SHOOT
will be presented in the next section, along with the FPPRF results.

There are some minor differences between this “standalone” version of SHOOT
and the version of SHOOT which is interfaced with FPPRF. In FPPRF SHOOT, the
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Figure 4.3.1: SHOOT Calculation for Low-Density Case—The electric
field contours are shown in Part (a), and the power absorption contours are shown
in Part (b). The resulting radial power deposition profile is shown in Part (c).
The low-field-side is on the right in these plots, and the positions of the limiter,
antenna, and wall are indicated. These resulta are for the two-side-launch an-
tenna. For the low-field-side launch antenna, the field pattern is different, but the
resulting deposition profile is similar. ‘

antenna current is assumed to be independent of § within —8y < 8 < 8y and zero
outside this range, whereas the actual antenna current is better approximated as
sinusoidal in 6 and centered about § =0 for the outside-launch antenna and = —n/2
for the two-side launch antenna. Standalone SHOOT was modified to include this
more accurate model of the antenna current. The result is that FPPRF SHOOT
produces slightly narrower absorption profiles than the standalone version, such
that the peak power absorption densities are over-estimated by ~ 20 %. This is of
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Figure 4.3.2: SHOOT Calculation for High-Density Case—The electric
field pattern is finer than in the low-density case and the power deposition profile
is narrower, although still broadened compared to the slab calculation due to the
vertical extent of the absorption region.

no consequence for the calculation of Py because the subsequent calculation of Pgp
is dominated by broadening due to radial transport mechanisms, except for the two
highest densities modeled. However, at high density, none of the loss mechanisms
included in FPPRF are important, so it was a simple matter to replace FPPRF by an .
analytic calculation for these cases. Standalone SHOOT does not separate Py from
Pp, but FPPRF SHOOT does. The profile shapes used for Pp(r) were obtained by
applying Pp/Pg = Bp/ny to the Prp(r) profiles determined by standalone SHOOT.
This yields Pp(r) profiles which are only slightly broader than those from FPPRF
SHOOT, as was just mentioned. As discussed above, there is no way to determine
the shape of the Pyc(r) profile using SHOOT, so this uncertainty is not resolved.
However, in FPPRF, profiles can be calculated both for the target plasma and also for
RF-heated plasmas in which the minority temperature is high enough to suppress
most of the mode-conversion. No significant change in this profile shape is seen in
the FPPRF calculation as the plasma heats up.
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4.4: Fokker-Planck Calculations

Once the profiles of power absorption on hydrogen and deuterium have been calcu-
lated, it is necessary to determine how much of the power absorbed by hydrogen is
collisionally transferred to deuterium and how much goes to other channels. This is

accomplished using the bounce-averaged Fokker-Planck code FPPRFUI20, sHOOT is
included as a subsystem in this code, and is used to determine the power absorbed
by hydrogen. Once this power is known, a Fokker-Planck calculation is done to
determine the evolution of the hydrogen distribution function and the amount of
power collisionally transferred to the electrons and deuterium. The electron and
deuterium temperature and density profiles are assumed fixed, i.e., transport and
Fokker-Planck calculations are not carried out for them. Several other effects are
also treated, including neoclassical transport of the hydrogen and losses caused by
unconfined orbits, ripple diffusion, asymmetric drag, and charge exchange. =~

A simplified discussion of the theory on which FPPRF is based follows. The
starting point is the drift kinetic equation:

Fsj b3j o ¢ A 8
—+vpy - Pl +v||-a—l + ",,';Ell (1 - ) =— | fo=Cfo+Qfo+ Sfo (44.1)
S — _ .

ot Za a'vn

. S

=-Xfo =~V
where fg is the zero-order distribution function (no RF perturbations), vp is the
particle guiding-center drift velocity, v) is the velocity and [ is the arc length along
the guiding-center drift orbit, C is the Fokker-Planck collision operator, and @ is
the resonant part of the RF quasilinear diffusion operator. The velocity coordinates
are usually expressed in terms of the particle energy F and magnetic moment u via

—;-mvﬁ =FE—-uB (4.4.2)

Vpl = -—'v”l:') X V};-l-zl- (4.4.3)
The term Sfy includes sources and sinks of particles (not necessarily all of which
depend on fy) such as charge-exchange, and an artificial source imposed to maintain
the density at the specified value (i.e., a simple model of re-cycling). Neutral beam
injection can also be included in S as an option. The second term on the left-hand
side of Eq. 4.4.1 represents radial transport processes such as neoclassical transport
and ripple diffusion and is denoted by X, as indicated. In the version of FPPRF
described in Ref. 120, the term X was not included. In the present version of
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FPPRF this term is included but is not derived rigorously by including it in the
bounce averaging described below. Instead, random-walk test-particle arguments
were used to obtain simple models for neoclassical diffusion, asymmetric drag, and
ripple diffusion. The effect of a parallel Ohmic electric field is denoted by V. The
next step is to perform a bounce-averaging operation on each term in Eq. 4.4.1.
This operation is defined as () = gﬁ, and is an average over the particle guiding-

center trajectory that is weighted by the amount of time the particle spends at each
point. Performing the bounce averaging operation yields an equation of the form

gfo = (Cfo) + (Qfo) + (Sfo) + (Vfo) + (Nfo) + (Rfo) + (Afo) (4.4.4)

For the first four terms, the bounce average in Ref. 120 is performed in the zero-
banana-width limit, in which the integration is performed on the flux surface con-
taining the banana tips, ignoring the fact that the particle actually drifts away from
the flux surface during an orbit transit. Because of this, the asymmetric drag effect

_is not included in (Cfp), and instead is represented by the additional term (Afp)
on the right hand side. The terms (N fy), and {Rfy) are intended to show that the
X operator can be separated into a neoclassical diffusion operator N and a ripple
diffusion operator R. In principle, these radial transport terms can be derived by
performing the bounce average as suggested in Eq. 4.4.4. Such a derivation has
recently been done by C. S. Chang, G. W. Hammett, and R. J. Goldston!125], How-
ever, in the present version of FPPRF radial transport is modeled using random-walk
test-particle arguments. The treatment of asymmetric drag and neoclassical trans-
port in this manner can be found in Section 4 of Ref. 126, and the treatment of
ripple diffusion can be found in Ref. 115.

Finite orbit width effects are not important in (Qfo) because absorption is
localized at the banana tips, and they are not important for (V fo) because that term
is quite small to begin with. The contributions from charge exchange in (Sfy) are
calculated in the zero-banana-width limit when solving Eq. 4.4.4, but finite-banana-
width effects are included when simulating the charge-exchange spectrum. Terms
describing direct RF-driven radial diffusion are not included in FPPRF. Derivations
of these terms were done by Chen, et al.[126] and it was shown that these terms were
generally negligible. Thus, flux surfaces are decoupled from each other when only
the first four terms are retained, and radial transport is included in the last three
terms. Eq. 4.4.4 is essentially the equation solved by FPPRF. It is two-dimensional
in velocity space (v3 and vy or E and p) and one-dimensional in physical space
(r). Explicit expressions for the first four operators in Eq. 4.4.4 can be found in
Ref. 120.
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The non-ideal effects included are unconfined orbits, asymmetric drag, TF ripple
diffusion, and charge-exchange losses. Unconfined-orbit loss occurs when a particle
gains sufficient energy that its banana-orbit width increases to the point where the
orbit intersects the limiter radius, at which point it is assumed to be lost from
the plasma. This effect is included in the Fokker-Planck calculation by imposing
the boundary condition f(FEp.ss) = 0, where Ej ¢ is the energy at which the
orbit becomes unconfined. Note that this boundary condition is a function of p
because the energy FEloes is dependent on pitch angle. This pitch-angle dependence
is included when the boundary condition is imposed. Asymmetric drag occurs
when a banana orbit is large enough that the plasma parameters (density and
temperature) vary significantly over the particle trajectory. For example, a particle
initially banana-trapped at a small minor radius can absorb RF energy, causing the
banana orbit to widen so that the particle travels through the outer portions of the
plasma on the outside part of the orbit. In the outer part of the plasma, where
the plasma is cooler and more collisional, the particle can lose significant energy so
that its orbit becomes narrow again. Since the particle is at the outside part of the
orbit when the banana width decreases, this causes the banana tips, and thus the
flux surface about which the orbit is centered, to move outward. The TF ripple
effect included in FPPRF is only the diffusion effect caused by non-closing of the
- drift orbits, and not the more severe ripple-trapping effect to which the truncation
of the ion distribution function in Alcator C has been attributed.

In order to render the calculation computationally feasible, the following pro-
cedure is followed. The time span over which the simulation is to be performed is
first divided into a number of intervals (typically 40 for the calculations described
herein). Over each time interval, FPPRF first advances the distribution function by
solving the equation

2 fo=(CFo) + (@) + (o) + (V fo) (145)

By keeping only these four terms, the flux surfaces are decoupled. The plasma is
divided into a number of radial shells (typically 10) and Eq. 4.4.5 is solved separately
on each shell. Then, starting with the value of fy determined from Eq. 4.4.5, another
integration is performed over the same time interval using the equation

2 fo= Nfo+ Rfo + A (4.4.6)

(The bounce averaging operation () is not shown in Eq. 4.4.6 to emphasize the
fact that these operators were not really obtained from a rigorous bounce-averaging
procedure.) The value of fy determined by Eq. 4.4.6 is then used as a starting value
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Figure 4.4.1: FPPRF CX Simulation for Low-Density Case—The charge-
exchange neutral flux that would be seen by a perpendicularly viewing analyzer
is shown as a function of energy for the low-density case. If ripple trapping is
not accounted for, then the predicted tail temperature is T(co) = 62 keV. At
E = B. 2 20 keV, the inferred T.g would be 20 keV. For energies in the range
E £ 10 keV, which were seen in the experiment, the inferred Tog is only 2.5 keV.
In general, any time the actual central temperature is not much less than the
energy at which the charge-exchange spectrum is fitted, the inferred temperature
will not be an accurate indication of the real central tempersture.

for the next time interval, and to infer a hydrogen tail temperature to be used in
SHOOT to update @ for use in the next iteration of Eq. 4.4.5. This sequence is
repeated for each time interval.

The fact that FPPRF does not properly treat the ripple trapping effect makes in-
terpretation of the results somewhat complicated. Fortunately, while the omission of
ripple trapping is expected to result in significant overestimation of the high-energy
part of the distribution function, it appears that the calculation of Pyp is still
approximately correct. To understand why this might be so, begin by considering
the FPPRF charge-exchange simulation for the low-density case shown in Fig. 4.4.1.
The quantity called f.x is given by Eq. 1.4 in Ref. 120. The quantity Jex = vfex
is the velocity distribution of the neutral flux that would enter a charge-exchange
detector and thus, except for an area element factor and an instrument calibration
factor, is a simulation of the signal that would be produced by a charge-exchange
neutral analyzer. In general, this signal contains contributions from all points along
the detector sight line, although it is usually assumed that the high-energy part
of the signal comes from an area localized at the part of the sight line nearest the
plasma center.
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The point to be made here is that this assumption is invalid for the measure-
ments made during the Alcator C ICRF experiments. In order for this assumption
to be true, it is generally necessary to look at high energies ~3-10 times the central

ion temperature{uo]

. In the Alcator C experiments, the energy range for the fit
was 4-8 keV while the inferred ion temperatures were in the range 2-10 keV, with
a few cases that were significantly higher. Thus, even the inferred temperatures
were too high for the range seen by the charge-exchange analyzer. In this case,
the actual temperatures at the plasma center would have to be considerably higher
than the inferred temperature, assuming that the distribution function is in fact
Maxwellian. It is also true that, unless the actual hydrogen temperature is < T,
the resulting distribution function is only Maxwellian in shape for energies in the
range E > E., which does not include the energy range observed in the experiment.
Thus, it is likely that the actual distribution function present at the plasma center

is both distorted in shape and truncated due to ripple trapping.

The results of the FPPRF charge-exchange simulation are plotted in Fig. 4.4.1
for energies up to 20 keV, which is the energy E. at which ion drag equals electron
drag. The actual minority temperature at r = 0 determined by FPPRF for this case
is 62 keV but, as was previously mentioned, it is necessary to fit to energies E > E,
in order to measure it. For example, as shown in Fig. 4.4.1, a fit at E= E.~20 keV
yields Ty = 20 keV and a fit in the same energy range used for the measurements
in the experiments yields Ty = 2.5 keV. .

Since the charge-exchange spectrum is probably not a good measure of the cen-
tral minority temperature in this energy range, there are really only two conclusions
that can be drawn from the charge exchange measurements: (a) there are probably
high-energy ions up to E = Ey (the estimated truncation), and (b) there are no
high-energy ions at energies greater than E = Ei;. A reasonable approximate model
for the behavior of the distribution function would then be to assume a minority
temperature Ty = E; for all cases where FPPRF predicts a minority temperature
in excess of this value. The distribution function is then being approximated by a
Maxwellian f(E) whose value is down by 1/e times the peak value at E = Ei.

It is well-known that the Fokker-Planck drag force from slowing down of supra-
thermal ions on a background plasma composed of electrons and ions is as shown
in Fig. 4.4.2. This result can be obtained analytically by assuming that the deu-
terium is cold (Tp = 0, use a delta function for fp(v)) and that the electrons are
hot (vyp g < vgh,) and evaluating the drag terms in the Fokker-Planck collision
operator. These approximations are well satisfied for the energy range of interest
here. It turns out that Eiy ~ E., with the approximation being pretty rough at
low density, but improving at higher density. Thus, the suprathermal ions which
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Figure 4.4.2: Kinetic Friction Drag Force for Fast Ioms—This generic
calculation comes from an analytic approximation in which the bulk ions are
assumed to be “cold” and the fast “test particle” has a velocity significantly less
than the electron thermal velocity.

produce the dominant contributions to Py p are those that are least affected by
ripple trapping. Moreover, the neoclassical transport and asymmetric drag effects
treated by FPPRF cause higher-energy suprathermal ions to spread out to larger mi-
nor radii, so that the ultimate effect on deuterium heating from their contributions
to Pyp is reduced. Also, when these higher-energy ions spread out to larger minor
radii, the electron temperature and thus E. is smaller there, so their contribution
to ion heating is further reduced. Thus, it appears that the best way to run FPPRF
for Alcator C is to simply forget about ripple trapping, and ignore the P, calculated
by the code, which is not needed anyway since the electron power balance is not
being modeled.

It is possible to demonstrate this effect when running FPPRF by lowering the
value of the plasma current to a level at which unconfined orbit loss occurs at the
assumed ripple-trapping truncation energy. That is, the plasma current is selected
by requiring that the width of a banana orbit at E= Ey, be equal to the plasma minor
radius. This is done using the equation on page 83 of Ref. 120. This equation does
not depend on the large-aspect-ratio approximation often used in the calculation
of the banana width, but instead uses the model for the plasma current profile
discussed in Sec. 3.8. Before examining the results of this test, first consider the
following simple isotropic analytic treatment. If each species is considered to have
an isotropic Maxwellian distribution, then the collisional exchange power between
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Figure 4.4.3: Simple Analytic Collisional-Exchange Model—Equations
4.4.8, 4.4.9, and 4.4.11 are evaluated using n = 1, nyg = 0.5, and PR = 0.
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" two species (a and ) is given by

2 jmamig(Ty ~ T
Pgo = 427 (q"q") mamp(Tp = Ta) |

dreg ) (maTs + mgTa)d/?

adMang (4.4.7)

Since the density dependence in Eq. 4.4.7 is very simple, it is helpful to express the
ratio P/n? as a function only of T in practical units as follows:

PHD _ 9 4pp—TH —TD
n? (Tp + 2Ty)*/?
P, nH Ty - T,

Fe _ 4.4.9
n? ~ 25.3(T. + Ty /1836)3/2 (4.49)

(4.4.8)

where all powers are in W/cm3, n is the local electron density in 10%° m~3, ny is
the hydrogen concentration in percent, and all temperatures are in keV. The type
of power balance analysis that FPPRF does can then be modeled by

Py = Pygp + Pe + PlLoss (4.4.10)

or, equivalently,
' Py  Poss _Pup  Pe

n2 N nz - n2 n2

(4.4.11)

where one can model a variety of different density cases with a single calculation if
the results are written in terms of P/n?.

The results of this simple isotropic model are plotted in Fig. 4.4.3. They were
calculated using Ppoe = 0, and 7, = 1 x 10°° m~3. If variation of the electron
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temperature with density is neglected, then other densities can be modeled by
replacing any power quantity (P in W/cm3) by P/n? with P in W/em? and n in
units of 102 m~3. From Eq. 4.4.3, one can see that Pgp, is very weakly dependent
on Ty or Py and cannot exceed a certain limit under any circumstance. (Note,
however, that this limit is directly proportional to ng which is not known very
accurately.) However, there is a significant peak in the Pgp curve for values of
Ty in the vicinity of the assumed truncation energy. Thus, one might suspect
that Pgp is underestimated by blindly taking the value as given by FPPRF. An
analogous treatment with the isotropic approximation would be to use the second
plot in Fig. 4.4.3 by assuming the electron power to be a measure of the quantity
P, + Ppes at some given Py while Pgp is independent of Pj.s so long as Py
is held fixed. A more reasonable treatment would be to subtract P 44 from Pp
first, and then use the values of P, and Pgp that correspond to this reduced value
of Pg. That is, the difference between these two treatments is whether Py g is
subtracted from P, or Pg. These two treatments yield approximately the same
results if P, = Py, which is true except at very low values of Tg.

One might try to argue that the uncertainty introduced is comparable to that
resulting from the uncertainty in the measurement of ny (a true statement), but it
is actually possible to do better than this. In fact, an attempt to model this effect
with FPPRF be reducing the plasma current suggests that the significant peak in
Py p in the isotropic approximation is not realistic. The reason for this is that the
distribution function is highly anisotropic. In Fig. 4.4.4, the minority distribution
function is calculated for the low-density case using the actual plasma current and
several lower values. Although this technique does not exactly reproduce the desired
correspondence between truncation energy and fitted temperature, it is possible
to eliminate most of the electron power without seriously affecting the deuterium
power.

In Fig. 4.4.4(a), using the full plasma current, the inferred values of T| and

- Tpeak are well above the T corresponding to the peak Pyp in Fig. 4.4.3, but the
inferred value of T} is near the peak. When plasma current is lowered, T’} decreases
towards the value corresponding to the peak in Fig. 4.4.3 while T decreases away
from it, and it turns out not to make much difference in the inferred value of Pgp.
In Fig. 4.4.4(b), with Ip = 45 kA, the value of T is equal to the ripple-truncation
energy but the actual truncation from the artificially enhanced unconfined-orbit loss
is somewhat higher. The value of Py p increases only slightly from 17 to 19 kW
while P, is significantly reduced. In Fig. 4.4.4(c), with Ip = 40 kA, the value of
Tpeak is equal to the ripple-truncation energy, P, is further reduced, and Pyp is
unchanged. Intuitively, one can think of the calculations in the anisotropic case
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Figure 4.4.4: Truncation of Distribution Function by Reduced Plasma
Current—The actual central distribution function (not CX simulation} is shown
for the low-density case as calculated by FPPRF using the actual plasma current
(Ip = 160 kA) and four lower values of Ip. The notation v /956 keV means that

v, is normalized to the velocity given by v = /2E/m where E = 956 keV is the
highest energy considered in the calculation. ,

as averages over a range of energies of the calculations from the simple isotropic
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Figure 4.4.4: Truncation of Distribution Function {(continued)—Radial
“cross-sections” of the distribution function and corresponding temperature fits
are given for the parallel direction, the perpendicular direction, and the direction
for which the fitted temperature is maximum. The value £ = v /v (the cosine of

the pitch angle) which corresponds to this maximum is indicated.

approximation. Further increases in unconfined-orbit loss in Figs. 4.4.4(d) and (e)
result in reduced values for Pyp. In Fig. 4.4.4(e), further truncation was obtained
by reducing the major radius rather than plasma current. (This results in more
banana-trapped particles, which have wider drift orbits.)

There was concern that this technique of reducing the plasma current would
also significantly increase the neoclassical transport. This was easily investigated
by turning off the neoclassical transport part of the calculation, which made only a
~ 1 kW difference in the inferred values of Py p and P,. Thus, the primary effect
of ripple trapping appears to be a shift of power from P, to Py e, With only a
small change in Pgp. The profile shapes Py p(r) are also similar for the cases of
full and reduced plasma current. Note that changing the plasma current this way
will distort the shape of the drift orbits and change the orbit bounce and transit
frequencies. Because of these considerations, it is felt that the best way to model
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Alcator C with FPPRF is to use the actual plasma current in the simulation, and
not worry about ripple trapping. One should ke;;-,p in mind that when values for P,
are given in this chapter, those powers are likely to be predominately losses due to
ripple trapping.

Finally, recall the estimate of Py p directly from the charge-exchange data taken
during the radial scan described in Sec. 3.4. From these data, it was estimated that
the collisional exchange power Py p for the inner portion of the plasma (r <7 cm)
was ~ 8 kW. This number is entirely consistent with the results of the FPPRF cal-
culations. It is clear that FPPRF is not ideally suited for these calculations, because
this code contains a great deal of computational overhead involved in determining
the exact angular dependence of the distribution function while it lacks the ability
to model the most important loss mechanism in Alcator C. The purpose for which
FPPRF was originally developed was to explain the “negative-temperature” features
seen in the PLT CX spectrum for certain tangential viewing anglesl!2%l. For that
purpose, an accurate calculation of the angular dependence is important. On the
other hand, ripple-trapping is not important in PLT because the toroidal-field ripple
magnitude is not strong enough in that machine to form local magnetic wells along
the field lines. This suggests an idea for a new code with features specifically cho-
sen for the purpose of analyzing experimental heating data. Rather than perform
a full 2-velocity-dimentional Fokker-Planck calculation, the distrubution could be
represented by a truncated spherical harmonic expansion, as was done in Ref. 88.
Stix’s treatment could be extended to include the same loss mechanisms that are
included in FPPRF, including the ability to specify a truncation energy indepen-
dent of any other input parameters (such as plasma current). For the treatment of
high-density plasmas like Alcator C, CMOD, and CIT, an accurate calculation of
the power deposition profile is essential. This could possibly be accomplished by
solving the wave equation using the Hilbert-Schmidt technique suggested in Sec. 1.5
of this thesis and including an accurate antenna model in the calculation.

The simulation of ripple trapping also gives some assurance that the wave
physics (SHOOT calculation) is not adversely affected by overestimating the minor-
ity temperature. The calculation of the wave fields is not expected to be erroneous
because the cold-plasma screening of E. is insignificant regardless of whether the
minority temperature is 10 keV or much higher. However, overestimation of Tg
will probably result in an overly broad Pg(r) profile. This is still not a problem,

because the extra Doppler broadening of Py is caused by suprathermal particles

which slow down predominately on electrons (or, more likely, are lost), so that the
resulting Py p(r) is still expected to be correct.
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Figure 4.4.5: FPPRF Calculation for Low-Density Case—Hydrogen tail
losses are extremely severe at low density. Only a small portion of the power
absorbed by hydrogen is collisionally deposited on the deuterium. The resulting
profile of Py p(r) ia very broad. This calculation was done using 7, =1 x 103%m —3
and Pap = 220 kW.

At high density, these considerations are much less important because then the

tail temperatures determined by FPPRF are below the ripple-trapping truncation
energy.

The FPPRF calculation for the low-density case is shown in Fig. 4.4.5. As ex-
pected, the loss mechanisms are extremely severe in this case, and only a small
fraction of the power Py absorbed by hydrogen is deposited on deuterium ( Py p).
The deposited power Py p has a very broad profile, comparable to the experimen-
tal results from the radial charge-exchange scan data, and is roughly uniform in
r compared with the other power components. Note, incidentally, that the power
P. which is believed to be mostly lost due to ripple trapping, has a hollow profile,
which is even more unfavorable. Even if this power were deposited on electrons, it
would not be expected to have a large effect on the power balance. (P, ~ 60 kW,
hollow — Poy ~ 300 kW, peaked)

The FPPRF calculation for the high-density case is shown in Fig. 4.4.6. The
loss mechanisms are now much less severe, and Pyp is the largest component of
Py. The deposition profile is now much more centrally peaked, so much so that the
coarseness of the radial grid is somewhat annoying. The power P,, whose fate is not
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Figure 4.4.6: FPPRF Calculation for High-Density Case—Hydrogen tail
losses are much less important at high density, compared to the low-density case.
A majority of the power absorbed by hydrogen is deposited on the deuterium and
Pyp(r) is nicely peaked. This calculation was done using i, = 4.5 x 10203
and Prp = 220 kW even though the case of experimental interest has only Ppp =
175 kW, to allow comparison with the calculation in Fig. 4.4.5. There is no
significant difference in these profile shapes for 220 kW versus 175 kW.

conclusively resolved in these simulations, is negligible compared to the low-density
case.

It is now possible to combine all the results from the Brambilla code, sHOOT,
and FPPRF to construct estimates of the net power Phet = Pyp + Pp deposited
on deuterium. Such results are shown in Fig. 4.4.7. It is interesting to note how
large a part is played by the deuterium second harmonic absorption in both cases.
For the low-density case, Pp is quite small compared to Py (see Fig. 4.4.5), but,
since the losses are so severe, Pp turns out to be comparable to Pyp. For the
high-density case the losses are smaller, but Pp is larger, so Pp and Py p still end
up being comparable. The deposition is also much more favorably peaked at high
density than at low density.

The power deposition 'proﬁles for a six-case density scan are shown in Fig. 4.4.8.
The general trend is for Pp to be more sharply peaked than Py p and for all profiles
to become more peaked with increasing density, which is not surprising. These Pret
profiles will be used for all ny = 0.5 % shots to be analyzed with the ONETWO
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Figure 4.4.7: Net Power Deposition Profiles—The power deposition to
deuterium, including contributions Py p from collisional exchange with hydrogen
and Pp from direct deuterium harmonic absorption is shown for both low and
high-density cases. The contribution from Pp is significant in both cases. The
reason for this, in the low-density case, where this would normally not be expected,
is that most of the power absorbed by hydrogen is loat. The reason in the high-
density case is because 3 is higher. These calculations were done using fi, =
1x 1039 m=3 with Frp =220 kW for the low-density case, and fi, =4.5 x 1039 m~-3
-with Bpp = 175 kW for the high-density case. The case for Pre = 220 kW at
high density is the ny,g = 6 x 1020 m =3 case in the following illustration.

code in the next section. For shots with non-integral values of n.9 the assumed
deposition profile will be obtained from an appropriate interpolation.

The entire process involved in constructing these power deposition estimates is
summarized in Fig. 4.4.9. The ways in which the various power components add
together to give the total power (Prp = Pp + Py + Puc, Py = Pyp + Pe + PLoss:
Pnet = Pp + Pgp) are indicated. At low density, the losses are due primarily to

 unconfined orbits and ripple trapping, whereas at high density the losses are due
primarily to mode conversion. As mentioned in Sec. 4.3, the highest two density
points were calculated analytically, rather than using FPPRF. The reason for this
is that the power density Pgr/n? falls very close to the peak on Fig. 4.4.3. Because
FPPRF SHOOT produces slightly narrower profiles than standalone SHOOT, a high-
energy minority tail temperature of ~ 15 keV was predicted. Standalone sHOOT,
with the more accurate antenna current model, predicts a sufficiently lower power
density that this tail would not be expected. It is felt that such a tail would be
observable in the experiment if it had been present, but none was seen. Therefore,
FPPRF, was replaced by the analytic calculation for these points, with the result
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Figure 4.4.8: 1D Density Scan—Power deposition profiles are calculated at
various densities assuming fixed launched RF power Py = 220 kW.
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Figure 4.4.9: 0D Density Scan—The separation of the total RF power into
the various channels is shown as a function of density.

that P, and Pp s are both reduced to negligible amounts at high density. However,
if the RF power is increased by 20% above the value assumed here, then significant
electron power P, would be predicted by either FPPRF or the analytic model, and
Py p would not increase significantly for densities above 4 x 1020 m~3.

After expending a major effort to come up with reasonable estimates of the
power deposited to deuterium as a function of density, and modeling several dif-
ferent RF loss mechanisms, it is now clear that this in not going to explain the
discouraging heating efficiencies observed at high density in the experiment. Al-
though the loss mechanisms appear to be quite severe, their scaling with density is
very favorable, and the profiles are nicely peaked at high density. In the ONETWO
transport calculations to be done in the next section, it will be shown that there is
an effect involving ion energy transport that scales unfavorably with density and is
severe enough to account for the observed heating efficiency scaling in spite of the
favorable scaling of the loss mechanisms.

Deposition profile calculations for a minority concentration scan are shown in
Fig. 4.4.10. The parameters for this concentration scan were those of the low-density
prototype case, in which only the minority concentration was varied. Numerical
difficulties were encountered which made it impossible to run FPPRF for cases for
which ng > 2 %. The reason for these difficulties has to do with the way sHooT
and FPPRF calculate power deposition. SHOOT uses a dielectric tensor derived for
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Figure 4.4.10: 1D Concentration Scan—These calculations were done for
the low-density case at fixed RF power and density.
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Maxwellian distribution functions and uses only leading order terms o |E+|? to de-
termine absorption. SHOOT first calculates the electric field components throughout
the plasma based on the specified antenna current shape. Then Pp is calculated
based only on E; and the electric field is scaled in magnitude in order to match
the value of Py specified as input to the program. On the other hand, FPPRF
calculates absorption from the actual distribution function (initially a Maxwellian)
but including terms from E4 as well as supposedly smaller terms from E_. As the
minority concentration is increased, the magnitude of E; can become so small at
the location of the cyclotron resonance that absorption is dominated by the E_
terms. Then SHOOT and FPPRF can disagree drastically about the amount of power
that is being absorbed. FPPRF will then proceed to calculate a distribution function
that is overly energetic. The contribution to absorption from E4 may then begin
to dominate, and it is possible for the algorithm to either converge to a steady state
in which FPPRF and SHOOT power absorption calculations agree, or to converge to
a steady state in which they disagree, or to diverge. )

In spite of the inability to model all the cases that were attempted, enough seems
to have been accomplished to offer an explanation as to why the heating efficiency
in the experiment decreased monotonically with increasing minority concentration.
From Fig. 4.4.10, one can see that as the concentration decreases to very low values,
the loss mechanisms associated with hydrogen become increasingly severe, as one
might expect. However, the contribution from deuterium second harmonic absorp-
tion increases to the point where it becomes dominant. Since the deuterium is not
subject to such severe losses, the heating efficiency would be expected to increase.

As minority concentration is increased to higher values, one might expect that
a less energetic minority tail would form, so that the losses would become less
severe and the heating efficiency would increase. Inspection of the ny = 2 %
case in Fig. 4.4.10 shows this not to be the case. From Fig. 4.4.11, it is clear
that the reason for this is that mode conversion increases drastically with minority
concentration. Recall that the calculation of mode conversion is done using the
Brambilla code, and that the interpretation of the results is least ambiguous at
high minority concentration. This problem is obviously caused by the inability
to produce an elevated minority temperature at high concentration. When this
occurs, the E shielding effect (from cold-plasma theory) is effective at the location
of the cyclotron resonance, and there is not sufficient Doppler broadening to allow
absorption at the hybrid resonance layer (where E. is enhanced). (The hybrid layer
also moves farther away from the cyclotron resonance as concentration increases.)
Thus, mode conversion will be favored.

The behavior of this power deposition model as a function of RF power is also
of interest. The results of a power scan, using the parameters of the low-density
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Figure 4.4.11: 0D Concentration Scan—The separation of the total RF
power into the various channels is shown as a function of minority concentration.
These calculations were done using fixed values Prp = 220 kW and i, = 1 X
1030 m -3,

prototype case, are shown in Fig. 4.4.12. As one might expect, the loss mechanisms
become more severe with increasing power. Note that an order-of-magnitude in-
crease in launched RF power only increases the central power density by a factor
of two. The deposition profile broadens significantly as power is increased, but the
effect saturates as the losses become so severe that absorption is again dominated
by deuterium second harmeonic.

The effect in terms of bulk power quantities is shown in Fig. 4.4.13. This effect
may explain some of the scatter in the experimental data. In the transport analysis
to be done in the next section, most of the shots used will have Prr between 200
and 300 kW, so this power dependent effect will not be very important.

4.5: Transport Analysis of Deuterium Heating

Having finally arrived at estimates for the RF deposition on deuterium Ppet, it
is now possible to analyze the deuterium power balance. This is done using the

ONETWO transport codel!?”], In this analysis, the electrons, hydrogen, and ICRF



174 Chapter 4: Numerical Simulations and Analyses

0.5

0.4

0.2

POWER (W/cm?)

0.1

0.6

05

0.4

03

POWER (W/cm?)

02

0l

00

1.0

POWER (W/cm3)

Prp = 50 KW

ria

Ppp = 400 KW

POWER (W/cm?)

POWER (W/cm?)

POWER (W/cm?®)

0.6

Pap = 100 KW

0.5

0.4

et

03

0.2

0l

00

<

0.7

05

04

03

02

Pup

0.1

0.0

1

Figure 4.4.12: 1D Power Scan—These calculations were done for the low-
density case at fixed density and minority concentration.
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Figure 4.4.13: 0D Power Scan—The separation of the total RF power into
the various channels is shown as a function of Prp. These calculations were done
using fixed values i, = 1 X 10°m~3 and nyz =05 %.

will be treated as known sources of heating power for the deuterium (P, p, Py p, and
Pp respectively). Then, several loss mechanisms associated with energy transport
will be examined. The energy balance equation solved in these ONETWO runs is

30 18 oT 5
55;("07'0) =5 [1‘ (nDXD“grQ - 'iTDPD)]

- EE%("DTD) — Pox + Pep + Paep (4.5.1)
. ne

The term on the left-hand side of Eq. 4.5.1 is the rate of increase of the thermal
energy content of deuterium (i.e., the deuterium heating). The term containing xp
is the heat transport due to thermal conduction, and the term containing I' p is the
heat transport due to convection. The term containing I'. is the work done on the
ions by the electrons as they flow against the ion pressure gradient. The loss due to
charge exchange of deuterium ions with deuterium neutrals is denoted by Pcx, the
heating source from collisions with electrons is P,p and the net deposition of RF
power on deuterium is Pgep. The electron flux I, is determined from the equation

One 10

5 t25(rTe) = Se (4.5.2)
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where S, includes the effects of ionization and recombination of impurities. The
electron source rate S, is calculated via a neutral transport package which is in-
cluded as a subsystem of ONETWO. The boundary condition for this calculation
is derived from an assumed global particle confinement time. The results of these
analyses are insensitive to the exact choice of this parameter. A single impurity
species is allowed in ONETWO, which was taken to be oxygen in the calculations to
be presented in this chapter. Impurity transport is treated kinetically. The ion flux
I'p is then determined from ambipolarity. All ion species, including impurities, are
required to have the same temperature in ONETWO. This makes it impossible to
include any realistic treatment of effects due to the presence of the minority species.
This is not expected to be a problem since the minority concentration was small in
all cases studied. For all of the cases analyzed, the conduction, electron collision,
and RF deposition were the dominant terms. The convection, charge exchange, and
work, though insignificant, were included in the calculations.

All the source and loss terms in Eq. 4.5.1 are evaluated according to appro-
priate models, using experimental data. For each experimental discharge that is
analyzed, the evaluation is performed as a function of time, both during the Ohmic
and RF heated portions of the shot, and the results are evaluated for consistency
with and without RF. The experimental parameters used as input to the code are
the electron temperature T,(r,t), electron density n.(r,t), toroidal field By, tor-
oidal current Ip(t), resistive loop voltage Vg(t), fusion neutron production rate
R(t), and an assumed value of the central safety factor go(t) (unity or slightly less
depending on whether sawteeth were evident in the soft x-ray signal). The cen-
tral electron temperature was taken from Thomson scattering data, and the profile
shape was determined using the model discussed in Sec. 3.8. The electron density
profile was determined by fitting a parabola raised to an adjustable power to the
central density from Thomson scattering and the line-average density from the in-
terferometer. The ion temperature and profile shape, and the current density profile
shape were determined automatically and self-consistently by ONETWO. The Z.g
profile was fitted by a parabola raised to a power. The central and edge values of
the profile were adjusted to match the specified resistive voltage and central safety
factor, and the power to which the parabola was raised was chosen manually to
be large enough to avoid values of Z.g at the edge which would imply negative
ion densities. The impurity charge state was determined from coronal equilibrium
using the specified electron temperature, and the deuterium density was calculated
from charge neutrality. Finally, both the central deuterium temperature and the
deuterium temperature profile were determined by solving the ion heat transport
equation (Eq. 4.5.1) assuming an ion thermal diffusivity of the form
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XD = Wneox8™ + Dpf(q) (4.5.3)

where xgH is the Chang-Hinton neoclassical diffusion coefficient!}28 129] which is
multiplied by an adjustable scale factor Wyeo, Dy is the Bohm diffusivity and

(4.5.4)

1
flg) =4 1~ TazesyE 95t
0, g>1

models the time-averaged effect of sawtooth activity. The contribution from D, was
found to be completely negligible in all cases studied. The neoclassical multiplier
Wheo(t) is adjusted dynamically so that a fusion neutron production rate calcu-
lation matches the experimental measurement. The electron-deuterium collisional
exchange power was determined classically, from the expression

3
P.p= EneVeD(Te - Tp) _ (4.5.5)
where
2
VD=8\/’;""6 e’ Anp (4.5.6)
¢ 3 mp \4mre \/ﬁl—e-ﬁ/z -

and the RF deposition to deuterium was calculated using the model developed in
the preceeding sections of this chapter.

All of the parameter adjustments discussed in the preceeding paragraph are
done by ONETWO using a PD (proportional-differential) feedback law in real time
(i.e., transport time). The neoclassical multiplier Wneo is adjusted by comparing
the calculated fusion neutron rate and its time-derivative with the specified input
value. The central and edge values of Z g are adjusted by comparing the values
of resistive loop voltage and central safety factor and their time derivatives with
the specified input values. The resistive loop voltage and central safety factor
are determined from the current and resistivity profiles calculated in the code.
The resistivity is calculated neoclassically, including corrections due to banana-
trapped particles. Then the electric field and current profiles are determined from
the magnetic diffusion equation.

It is possible for ONETWO to experience some difficulty when adjusting param- .
eters dynamically to match input specifications, and one must watch out for cases
where erroneous results are produced due to failure to converge on the specified
parameters. This tended to occur often in the runs at the time when the RF turns
on and parameters try to change quickly. This did not pose much of a problem,
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however, because ONETWO always managed to converge on the specified parame-
ters for most of the transport simulation time. In the analysis runs, parameters
were specified at typically 9-15 time points, spaced approximately 20 ms apart.
(The time points used were the times when the Thomson scattering diagnostic laser
pulsed.) Because of this, and because of uncertainties in the timing of the Thomson
data, there could easily be as much as a 20 ms discrepancy in the timing of the
input data. This is likely to be the reason for the problems that occur when the RF
turns on. This kind of timing error would result in temporary errors in the power
balance which ONETWO would try to correct by making inappropriate adjustments
in the neoclassical multiplier.

The ONETWO analysis was performed for 44 shots from the experimental data-
base. The results for three representative shots are shown in Fig. 4.5.1. Case (a) is
a relatively low-density shot in which the density increased during the RF. Case (b)
is a medium-density shot in which the density decreased during the RF. And case
(c) is a high-density shot in which the density was relatively constant during the
RF. Values which have been determined to be erroneous due to failure of ONETWO
to match the input value (usually of the fusion neutron rate) are shown with broken
lines. The actual values of densities for these shots can be read from the next two
illustrations. For these analyses, experimental data were used to evaluate the terms
in Eq. 4.5.1, representing heating, convection, work, charge exchange, and colli-
sional exchange from electrons. Since the convection, work, and charge exchange
are small compared to the collisional exchange, it makes sense to use the adjustable
parameter Wyeo in the conduction term to achieve power balance. For each of the
three shots in Fig. 4.5.1, the resulting value of Wyeo is plotted as a function of
time for three different values of the Py term in Eq. 4.5.1. Each case was run
three times, assuming the power deposited to deuterium to be zero, Ppet from the
model developed in this chapter, and the total launched power Prp respectively.
For the Pyep, = PRr cases, the RF power was assumed to be uniformly distributed

for r < a/2, and zero for r > a/2.

When it is assumed that no RF' power at all is deposited to deuterium, a no-
ticeable drop in the calculated value of Wheo occurs during the RF. This behavior
was observed for all 44 of the shots that were analyzed, regardless of whether or not
‘there was any peaking of the density profile, and regardless of whether the density
increased, decreased, or remained relatively constant during the RF. It therefore is
reasonable to conclude that some amount of RF power must have been deposited
on deuterium in order to produce the observed deuterium heating. If the RF power
deposition model developed in this chapter is used, the resulting values of Wheo
remain reasonably constant throughout the shot. If all of the RF power is assumed
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Figure 4.5.1: ONETWO Deuterium Transport Analysis—The neoclassical
multiplier W,,eo implied by the experimental data is shown for {a} a low-density,
rising-density shot, (b) a medium-density, falling-density shot, and (c) a high-
density shot. For each case, the calculation is shown assuming the net deposited
RF power is either zero, Phe: from the model developed in this chapter, or the
total launched Prp uniformly distributed within 1/2 the minor radius.
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to be deposited on deuterium, then the inferred value of Wyeo always increases sig-
nificantly during the RF. This is strong evidence that the RF deposition estimates
developed in this chapter are approximately correct.

It is important not to be misled about the meaning of the Pdeﬁ = Pgrr plots.
Obviously, the purpose of those calculations is to get some idea of what might
happen in an idealized case where the RF absorption was 100% efficient. However,
if that were the case, then some of the RF power would be deposited on electrons.
On the other hand, if impurity radiation were brought under control by eliminating
high-Z impurities, and if ripple trapping and unconfined orbits were significantly
reduced, so that a high-energy minority tail could be produced, then the electrons
would be expected to heat, thereby depositing a significant amount of the power on
deuterium. Also, if higher RF power was applied, so that a ~ 10 keV tail could be
produced at low deuterium density with high minority concentration, or so that a
~ 20 keV tail could be produced at high deuterium density, (or if the target plasma
was significantly hotter), then mode-conversion as well as minority slowing-down on
electrons would be greatly reduced. Thus it is possible to conceive of a situation in
which most of the RF power could indeed be deposited on deuterium. Since a model
for electron heating by the RF has not been developed, and since experimental data
related to the electron power balance are lacking, it is difficult to think of any more
appropriate way to model an idealized “perfect absorption” case than the one shown
here.

The behavior of the neoclassical multiplier Wieo 1s shown for all 44 of the shots
_ that were analyzed in Figs. 4.5.2 and 4.5.3. These points were calculated using the
value of Pyep = Pnet from the estimates developed in this chapter. An explanation
for the unfavorable scaling of the RF heating efficiency with density now begins
to appear. For the Ohmic target plasma, the deuterium thermal energy trans-
port is not much worse than neoclassical at low density, but becomes increasingly
anomalous with increasing density. Moreover, the observed deuterium heating is
consistent with no significant change in the thermal transport properties during the
RF, in spite of the fact that the net RF deposition from the estimates developed in
this chapter increases significantly with density. In other words, after accounting
for known RF loss mechanisms according to theoretical models, the net RF power
deposited to deuterium heats with the same efficiency as the net ohmic power de-
posited via collisional exchange with electrons. It should be noted, however, that
for these modest heating results the deuterium distribution function would not be
expected to be distorted significantly from a Maxwellian (as was assumed when
calculating the deposition).

It should be emphasized that the effect of increasingly anomalous ion conduc-
tivity is quite a significant effect compared to the neoclassical prediction. Numerical
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Figure 4.5.2: Neoclassical Multiplier—The inferred Wy, is shown for 44
shots as a function of line-average electron density. The values during the ohmic
portion of the shot (excluding start-up} are shown with open circles and the values
during the RF (after temperatures reached equilibrium) are shown with solid
circles. Each ohmic point is connected to the corresponding RF point by a straight
line. The small error bars indicate variations in the inferred W,eo during the
relevant portion of the shot. The two bold error bars were calculated by varying
the input data over the ranges of experimental uncertainty in the most unfavorable
manner. These bold error bars correspond to cases (b) and (¢} in Fig. 4.5.1.

values for the actual ion thermal conductivity and diffusivity and the Chang-Hinton
neoclassical diffusivity (all taken from the ONETWO code results) for the three cases
from Fig. 4.5.1 are shown in Table 4.5.1. Note that the neoclassical ion thermal dif-

fusivity xicH is not strongly dependent on density. Thus, the neoclassical thermal
conductivity r.:?H = n,'x?H increases linearly with density. From Fig. 4.5.2, one
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Figure 4.5.3: Neoclassical Multipliar-—This is an expanded view of the some-

what cluttered region in Fig. 4.5.2. The bold error bar shown here corresponds to
case (a) in Fig. 4.5.1.

can see that the anomalous behavior of Wyeo is also proportional to n, resulting
in an actual thermal conductivity for Alcator C which scales as the square of the

density.
An expression for the neoclassical ion thermal diffusivity which can be found in
Ref. 128 or Ref. 129 is

2
x£H = Kyt/2Ei8 (4.5.7)

Ti

where p;g is the “poloidal gyroradius”

Pio = —gae (4.5.8)
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Case | Wneo | ®i(0) | &i(r*) | 7*/a | xi(0) | xi(r*) | xFH(0) | xFH(»*)

20 1087 | 030 | 0.4 | 037 | 0.18 0.18 0.089

53 | 3.01 | 1.24 0.5 | 0.80 | 0.43 0.15 0.082

(a)
(b) [ 31 108 | 045 |04 |047 | 026 | 015 | 0.085
(¢)

Table 4.5.1: Thermal Conductivity and Diffusivity—Numerical values for
xp and xp are shown for the shots in Fig. 4.5.1. These values were taken at the
end of the RF pulse, but did not vary greatly during the shots. Values are given

- for the plasma center » = 0 and again at the point r = r*, where r* is chosen as
the point where T,(r*) = T.(0)/2. Thermal conductivities are given in units of
1020 /(m-s) and thermal diffusivities are in units of m?/s.

and

1 /2(ck /b) v 372
1+ ‘12”:;/2 + b 1+ szi‘€3/2

K> = K3 (4.5.9)

where Kg = 0.66, ag = 1.03, by = 0.31, and ¢ = 0.74. The neoclassical collision
parameter

Rog
g S e—— 4.5.10
V‘t 'UTI'Tifs/z ( )

is essentially the ratio of the orbit transit time to the collision time, where the

collision time is given by

2 /2
3 (4“") Vit (4.5.11)

T =
aym\ 2262 An

The behavior of the neoclassical thermal diffusivity exhibited in Table 4.5.1 is

" characteristic of the plateau regime, for which 1 « v;, < ¢~3/2, In this case, one

has

K3
52 Vis

Ky~ (4.5.12)

In that case, the r;-dependence when Eq. 4.5.10 is substituted into Eq. 4.5.12 cancels
the 7;-dependence in Eq. 4.5.7, resulting in a thermal diffusivity which is indepen-
dent of density. Near the magnetic axis, several of the quantities in Eq. 4.5.7 tend
to zero or infinity, but if the limit is taken asymptotically, it can easily be shown

that

K3 1 wvyd(0)

22 (4.5.13)
b2 v2Ry 0%

xFH(0) = qo
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Figure 4.5.4: Ion Heating Power—The total ion heating power P,p + Pret
is shown as a function of density. The Ohmic points are shown with open circles
and the RF points with solid circles. The vertical lines descending below each RF
point are not error bars. Their function is to show the split between P,p and
Poet- The length of each vertical line corresponds to Fyhet, so the height of the
short horizontal line at the bottom represents P, p,.

where {1, is the ion cyclotron frequency in the toroidal field at the magnetic axis.
Thus, in the plateau regimé, the neoclassical thermal diffusivity is independent
of density both in the bulk of the plasma and at the magnetic axis, confirming
the thermal conductivity scaling discussed above. In the lower density ranges, the
Alcator C discharges typically enter the banana regime, in which case an extra factor
of n-dependence is introduced in the scaling. However, it is the plateau regime
scaling that is of interest over most of the density range. Note that the effect of
anomalous ion thermal conductivity in Alcator C is to produce banana-regime-like
density scaling in plasma that is actually in the plateau regime.

Another way to compare the effectiveness of Ohmic and RF heating of the deu-
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terium is to directly compare the net RF power deposited on deuterium with the
collisional exchange power from electrons. Such a comparison is shown in Fig. 4.5.4.
The total ion heating power is shown both before and during the RF. The split be-
tween collisional exchange and RF deposition is also shown during the RF. Changes
in the convection, work, and charge exchange (which are small to begin with) are
insignificant, but the collisional exchange power decreases significantly during the
RF due to the decrease in temperature difference between electrons and deuterium
as the deuterium heats up. However, the total ion heating power does not increase
very much, and occasionally even decreases. Thus, the main effect on the deuterium
of applying RF power to the Alcator C target plasmas is a replacement of collisional
exchange power with RF power.

It is possible to run ONETWO to directly calculate the amount of deuterium
heating that would be expected for a given Ohmic target plasma under the assump-
tion that the transport properties, density, and electron temperature do not change
during the RF. The results of such a calculation for the low and high-density cases
are shown in Fig. 4.5.5. To obtain these results, ONETWO was first run in analysis
mode, as has been done for the results presented so far in this section, using the
Ohmic values (just one time point) assumed for these standard cases. This deter-
mines the value of Wheo which is consistent with the Ohmic target plasma. Then a
second simulation-mode run is performed, in which Wheo is held fixed at the previ-
ously determined value, the RF power Ppe is input to the code, and the resulting
ion temperature is calculated. The electron temperature and density is held fixed.
These results are comparable to the experimental data shown in Fig. 3.8.2. It is
noted that the calculation of Wy, for the high-density case is very sensitive to the
value assumed for the electron temperature. However, if the electron temperature
is held fixed during the calculation, the resulting value of ATp is only weakly de-
pendent on the assumed electron temperature. But at high density, the electrons
and ions are very strongly collisionally coupled and it is not necessarily reasonable
to assume that the RF power will not affect the electron temperature. Thus, the
simulation for the high-density case is considered to be only a rough estimate of the
expected heating.

Finally, the calculation of Z.q from the resistive loop voltage, as determined by
ONETWO, is shown in Fig. 4.5.6. Normally, Z.g for Alcator C is determined from
a diagnostic which measures visible bremstrahlung radiation, but that diagnostic
was seriously affected by RF interference during the experiments. Therefore, the
measurement in Fig. 4.5.6 is the best Z.g measurement available for these shots.
A few comparisons were made with the visible bremstrahlung measurement, by
looking at the value of Z.g indicated immediately after the RF turned off, and no
cause for concern was found. There is nothing surprising about the results shown
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Figure 4.5.5: Ion Heating Simulations—ONETWO heating simulations are
shown for the low-density case (fi, = 1 x 1039 m—3) and the high-density case
(fie =4.5 X 1029 m~3), After running ONETWO in analysis mode to determine the
value of Wieo during the Ohmic part of the discharge, & new simulation-mode run
was set up, in which Wy, was held fixed at the Ohmic value and the deuterium
heating was calculated for the given RF power input. These heating results are
comparable to the ateady-dennity experimental points in Fig. 3.8.2.

in Fig. 4.5.6. There is a tendency for Z.g to increase significantly during the RF,
and high-density shots are less susceptible to this effect.

The behavior of W,,eo versus density found herein has been observed in previ-
ous non-ICRF Alcator C experiments and has been reported.[13°'133] It has been
blamed for the so-called saturated confinement regime in which energy confinement
progressively degrades compared to neo-Alcator scaling (15 x i) with increasing
> 3 x 1020 m~3{130],

~

density in the range i,
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Figure 4.5.8: Z-Effective—The volume-average Z 4 determined by ONETWO

from the resistive loop voltage measurements is shown using open circles for the
Ohmic points and solid circles for the RF points.

During pellet injection experiments performed using high-density target plasmas
in the saturated confinement regime[lsl], it was found that pellet injection resulted
in a significant improvement in energy confinement time. The post-injection plas-
mas had energy confinement times consistent with a decrease in the ion thermal
diffusivity to the neoclassical value (Wpeo = 1). However, at those high densities
the electrons and ions are so strongly collisionally coupled that it is not possible
to determine unambiguously whether the improvement was a result of suppression
of anomalous ion losses or of anomalous electron losses. To resolve this ambiguity,
. further experiments were performed at moderate density (1 x 109%m-3 < i, <
3 x 1020 m‘3)[133}. For these densities, the electron and ion temperatures are suf-
ficiently separated that the loss channels can be distinguished. Using the oNETWO
code, Wolfe et al. determined unambiguously that the ion thermal diffusivity was
reduced to the neoclassical value following pellet injection.
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It was emphasized in Ref. 133 that, because of the ambiguity due to the strong
collisional coupling in the saturated confinement regime, it was still conceivable that
it could have been a suppression of anomalous electron losses that was responsible for
the earlier pellet injection results. It could then be interpreted that the confinement
saturation mechanism was analogous to the appearance of enhanced electron losses
in L-mode neutral beam heated discharges, and that the improved confinement
in pellet-fueled discharges might then be interpreted as a transition to H-mode
resulting from a decrease in electron thermal conductivity.

While this possibility cannot be ruled out, I feel that the available evidence
more strongly indicates that it is the ion transport that is dominating the results.
The physical explanation for the confinement behavior would then be as follows:
For low-density Alcator C discharges, the ion transport is neoclassical while the
electron transport is strongly anomalous. Neo-Alcator scaling then implies the
scaling k. independent of density so that xe o 1/fie. As density increases, xe is
decreasing while x; is continuously increasing. At the same time, the ions and
electrons are becoming more strongly collisionally coupled. Eventually, a point is
reached at which the ion loss dominates, and the saturated confinement regime
begins. Thus, the saturated confinement regime is to be expected if the previously
known behavior of the ion and electron transport is simply extrapolated into the
regime where data interpretation is ambiguous. On the other hand, attributing this
effect to the electrons requires a reversal in the previously observed trends.

In Ref. 133, it was found that the most apparent difference between pellet
and gas-fueled discharges is that post-injection plasmas typically have more peaked
density profiles. Density profile peaking and decreased fueling at the edge are
indeed typical of H-mode discharges. However, as pointed out in Ref. 133, the result
of their study was that this profile peaking was correlated with improvements in
ion transport, and not electron transport — another feature that would have to
“reverse” if the electrons were responsible for the high-density behavior. Wolfe et

al. introduce the so-called ion mixing mode (or ni-mode)[1347138] 55 ap effect which
is related to ion physics and could be responsible for the experimental results. The
critical parameter for 7;-mode stability is given by

dinT;
| = ——— 4.5.14
i.e., the ratio of the ion density gradient scale length divided by the ion temperature

gradient scale length. The n;-mode becomes unstable when this parameter exceeds

a critical value, given approximately by[137]
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2,
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where rp, is the local density gradient scale length. Since peaking of the density
profile reduces the local maximum value of the density gradient, it is reasonable
that such an effect could stabilize the 7;-mode. Since profile data were not much
more detailed in the experiments analyzed in Ref. 133 than in the present ICRF
experiments, the determination of 7; from experimental data is very error prone.
No experimental correlation between 7;/7it and Wneo was found in Ref. 133;
however, the calculated values of n;/7.i; Were all close to unity. It would still be

Terit ~

B e

reasonable to blame the anomalous ion confinement on 7;-modes if the nonlinear
saturation mechanism for the instability had the effect of driving the profile shape

toward marginal stability. Such an effect is to be expected theoretically(138],

At any rate, whatever the cause of this anomalous ion ¢onfinement, the resulting
values of Wheo, which are very similar in the present ICRF experiments to those
found by Wolfe et al., are responsible for the observed density scaling of the ICRF
heating efficiency.

4.6: Summary

In this chapter, existing numerical models were used to treat the RF absorption,
mode conversion, and collisional deposition in the presence of severe minority losses,
in order to determine the net power deposited to deuterium. It was found that mode
conversion plays a significant but not a dominant role in the scaling of deposited
power with density. As expected, the deposition of power on deuterium becomes
significantly more efficient at high density, offering no obvious explanation for the
results from the experimental density scan. In particular, it is not necessary to
generate an elevated minority tail in order to achieve efficient absorption at high
density. However, the deposition calculations do offer an explanation for the results

of the experimental minority concentration scan. It was found that mode conversion

becomes dominant at high concentration, resulting in significantly reduced power
deposited on deuterium. Since the target plasmas during the concentration scan
were all similar, this was accepted as the explanation without performing analysis
with the ONETWO code specifically for this purpose. This mode conversion behavior
is attributed to the inability to produce an elevated minority tail at high minority
concentration. Note, however, that the Brambilla code results predict that this

189
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effect is less severe at high density. (No minority concentration scan was attempted
at high density in the experiments.)

To further investigate the results of the experimental density scan, the deu-
terium power balance was studied in more detail using the ONETWO transport code.
It was found that the dominant loss mechanism for the deuterium is conduction,
and that the behavior of the conduction power becomes significantly anomalous
at high density. After accounting for serious loss mechanisms associated with the
minority, whose density scaling is quite favorable, it was found that the unfavorable
density scaling observed in the experiment could quite reasonably be attributed to
the behavior of the ion thermal conduction. Since the inferred ion thermal con-
duction during the Ohmic and RF heated parts of the discharge were in very good
agreement, there is no need to postulate the existence of other loss mechanisms,
such as a large increase in the previously insignificant convection power.
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Conclusion



~ Section 5.1: Summary

5.1: Summary

- The work described herein began with an effort to develop a more electrically robust
ICRF antenna than was used in previous Alcator C fast wave heating experiments.
These antennas allowed more reliable operation compared to the previous exper-
iments, but did not result in improved heating efficiency. The feed-line standing
wave ratio was greatly reduced by using a resonant antenna design, but an improved
vacuum feedthrough (originally designed for experiments on the PLT tokamak) al-
lowed reliable operation at high feed-line standing wave ratio with the non-resonant
low-field-side launcher. There were no significant differences in the experimental
heating results obtained with the two antennas.

Minority regime ICRF heating experiments were then carried out in a plasma
composed of a deuterium majority and a hydrogen minority. Several plasma param-
eters were scanned during the experiments, but the main results analyzed in this
thesis concern a density scan at (assumed) fixed minority concentration ng = 0.5%,
and a minority concentration scan at fixed density i, ~ 1.4 x 10?°® m~3. Signifi-
cant plasma heating was observed during the experiment, but the only significant
contribution to the increase in thermal energy content (other than density changes)
was an increase in deuterium temperature. The electrons were typically observed to
neither heat nor cool during the RF; however, it should be noted that the absolute
experimental uncertainty in the electron temperature measurement is higher than
for the ion temperature measurement. Suprathermal hydrogen ions were observed,
but they were not sufficiently energetic to collisionally deposit more than a small
fraction of the total RF power onto the deuterium (or the electrons for that matter).
Therefore, it was hypothesized that the hydrogen energy balance was dominated by
losses.

The scaling of the heating efficiency, as quantified by the incremental energy
confinement time, with density was not favorable. In contrast, the Ohmic energy
confinement time was significantly higher than the incremental confinement time,
and increased markedly with density. Since the losses associated with an energetic
minority tail would be expected to scale quite favorably with density, this suggested
that some other process was also involved. The scaling with minority concentration

was also difficult to understand. Heating efficiency improved as minority concen-

tration was lowered to extremely low values. In the presence of severe hydrogen
losses, this could be understood if the contribution from deuterium second har-
monic cyclotron absorption was dominating. However, as minority concentration
was scanned upwards, heating efficiency continued to degrade even at concentrations
for which the minority temperature was comparable to the majority temperature,
" at which point minority tail losses would be expected to be minimum.
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Further progress in understanding the experimental results was gained through
the coordinated application and careful interpretation of four sophisticated numeri-
cal codes. Three recently developed codes were used to model the RF wave physics
and study the hydrogen minority energy balance. Using the RF deposition estimates
obtained from these results, a well-established transport code was used to model the
deuterium energy balance. It was found that the scaling of the heating efficiency
with minority concentration could be understood as a result of greatly enhanced
mode conversion at high minority concentrations. In turn, this mode conversion
was a result of the inability to produce an elevated minority temperature at high
concentration. A similar but less significant behavior of the mode conversion as a
function of majority density was found, also a result of the inability to produce an
elevated minority temperature. However, the density scaling was not dominated by
this effect, and the net result of the deposition calculations was a very favorable
scaling of RF absorption and deposition with increasing density. Therefore, more
work needed to be done in order to understand the density scaling. By studying the
power balance of the deuterium, it was found that the density scaling result could
be attributed to an increasingly anomalous ion thermal confinement at hiéh den-
sity. This ion confinement anomaly is a well-known property of Alcator C plasmas
and has previously been invoked to explain the high-density saturated-confinement
regime.

Before concluding, it is acknowledged that it cannot be conclusively proven that
the preceding explanation of the experimental results is correct. Note that the entire
analysis presented in Chapter 4 is dependent on the assumption that all of the RF
power is absorbed either by fundamental or second harmonic cyclotron absorption
on the hydrogen or deuterium respectively, or mode converted to the ion Bernstein
wave. One might also attempt to explain the results by postulating that some kind
of loss mechanisms prevent the RF power from ever reaching the interior of the
plasma. Possible candidates for such loss mechanisms could be resistive losses or
electrical breakdown in the antenna, or nonlinear absorption mechanisms (such as
parametric decay) in the plasma edge. The significant increase in antenna loading
by the plasma compared to the loading seen during vacuum conditioning or bench
tests suggests that resistive losses in the antenna are not important. Intermittent
electrical breakdown in the antenna was observed during the experiments, and usu-
ally resulted in tripping of the RF fault detection apparatus and/or disruption of

- the plasma current. Although one cannot rule out the possibility of some kind of
steady breakdown phenomenon during the RF which might well depend on plasma
density, it seems unlikely that such a phenomenon would depend on minority con-
centration. Parametric decay has been seen during other ICRF heating experiments
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(e.g., ASDEX[BQ]) and it has been suggested that it might result in direct RF ab-
sorption in the edge. Attempts to detect evidence of parametric decay during the
ICRF experiments on Alcator C were inconclusive.

Nevertheless, the explanation that has been put forth in this thesis is based on
predictions consistent with contemporary theory, and offers plausible explanations
both for the amount of heating observed and for the density and concentration scal-
ing behaviors. Moreover, the effect attributed to the density scaling behavior is a
well-known property of Alcator C plasmas. Thus it appears that the explanation
for the Alcator C fast wave ICRF heating results can be summarized by the follow-
ing statement: Heating efficiency was limited by poor confinement of the minority
species at low density, and of the majority species at high density.

5.2: Prospects for FutureAHigh-Density Experiments

If very efficient RF heating had been observed during the Alcator C experiments,
then evaluation of the prospects for future high-density experiments, such at CIT,
would be easy. Lacking that, it is worth considering the various mechanisms that
seem to be responsible for the Alcator C results, and speculating on how important
they may be for future devices.

Consider first the electron losses. It was not possible to study them during the
present experiments, but they were studied in earlier Alcator C experiments and
in experiments carried out on other tokamaks. It is well established that the key
to eliminating impurity radiation is to operate in a low-Z environment, for exam-
ple by using graphite limiters and Faraday shields and using wall carbonization.
This is well-known to result in higher values of Z.g which increases losses due to
bremstrahlung radiation and displaces a significant fraction of the “reactant” ions
— an effect which, for a given Z.g, is worse for low-Z impurities than for high-Z
impurities. This also reduces the fusion reaction rate. Although the net result of
carbonization has been favorable in experiments to date, large values of Z.g must
be avoided in an ignition experiment. This impurity problem is not unique to high-

density plasmas, and may even be less severe at high density. (See Fig. 4.5.6 in this

thesis.)

Next consider the minority losses. There is no question that toroidal-field ripple-
trapping must be avoided in an ignition experiment because, even if RF heating
is not used in the experiment, it will be necessary to confine high-energy fusion
reaction products. This requires that the toroidal field ripple be reduced to a
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sufficiently low but nonzero value. This is an engineering task and is more difficult
(but, in principle, not impossible) to achieve with compact high-field devices than
with low-field large devices. All the other significant hydrogen tail losses that were
considered in this thesis are finite-banana-width effects that can be minimized by
operating at lower g (higher plasma current), and/or at high density. Since high-
energy fusion reaction products are susceptible to these same loss mechanisms, they
must be avoided in any fusion device, regardless of the auxiliary heating method.
Consider the simulation results shown in Figs. 4.4.8 and 4.4.9 in this thesis. If
ripple trapping can be avoided, then the total loss associated with the hydrogen
minority is Pp.e in Fig. 4.4.9. Note that this quantity becomes quite small at
high density in Alcator C. Thus, if electron losses as well as ripple trapping were
brought under control, then the resuits in Fig. 4.4.9 would imply very efficient
RF absorption and deposition. Of course, this does neglect possible RF losses in
the antenna and the edge plasma. It also has not been shown how the absorbed
power density in Alcator C compares with what would be needed in an ignition
experiment, so the ratio P,/ Prp may not be the same in an ignition experiment
as in Alcator C. Nevertheless, the fact that the very favorable RF deposition scaling
shown in Figs. 4.4.8 and 4.4.9 are theoretical predictions which also agree with
experimental results is quite encouraging.

Thus, it appears that the anomalous ion thermal conductivity is the only seri-
ous disadvantage for high-density operation. The key to successful ICRF heating of
high-density plasmas would then be to find a way to eliminate this anomaly. When
this effect was studied previously on Alcator C, it was suggested that it could be a
result of ion-temperature-gradient-driven instabilities (so-called n;-modes). It was
also found that pellet injection experiments resulted in improved energy confine-
ment, that might have been caused by altering the density profile in a manner that
stabilized the n;-modes. This suggests that one should plan on performing pellet
injection experiments using ICRF heated target plasmas in the C-MOD and CIT
tokamaks. If the anomalous ion confinement is indeed caused by 7;-modes, then
there might be other ways to alter the profile in order to stabilize them. For ex-
ample, flattening of the temperature profile should provide another way to reduce
the quantity n;. This might be possible by heating the plasma edge, perhaps us-
ing ECRH. Of course, the net effect of non-central heating for this purpose might
be energetically unfavorable, i.e., it might use up more power than it saves. The
density profiles obtained using a diverted instead of a limited plasma might be
more favorable towards n;-modes. It is also conceivable that this anomalous ion
confinement may not occur in high-density H-mode plasmas. Better yet, if the
high density results were caused by an electron-related effect analogous to L-mode
scaling, then the achievement of H-mode in a high-field compact device might still
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eliminate the effect. These possibilities should be investigated theoretically and/or
experimentally.

Thus, as for any research project, there are both compelling motivations for at-
tempting an ICRF-heated compact high-field ignition experiment, and uncertainties
about its prospect for success. I conclude that it should be attempted.
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