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ABSTRACT

The work of this thesis concerns a technological aspect of a tokamak fusion power
reactor. A toroidal current in tokamaks is necessary for plasma equilibrium. Ohmic
heated tokamaks are inherently pulsed devices since the toroidal plasma current is
essentially a single turn secondary of a transformer. A pulsed power reactor is
undesirable for a number of reasons including thermal fatigue to material structures and
other mechanical cycling effects. Various means to drive a continuous current have been
studied. One of the more successful schemes has been to inject unidirectional lower
hybrid plasma waves into a tokamak. The plasma waves Landau damp on the high
velocity tail of the electron distribution, delivering wave momentum to electrons and
generating plasma current.

The results of early experiments produced two plasma physics problems. First,
the current drive effect disappeared above a certain plasma density that depended in some
way on the particulars of the experiment. This effect became known as the 'density limit'
problem. Secondly, the phase velocities of the launched lower hybrid plasma waves in
most experiments turned out to be so high that essentially no electrons in the high
velocity tail of the electron distribution were available to interact with the plasma waves.
Despite this, large currents were indeed driven in most of the experiments. Somehow the
'spectral gap' between the launch phase velocity of the wave and the Landau damping
phase velocity was being bridged.

Experiments at Caltech on the Encore tokamak failed to produce the large driven
currents seen in other experiments. The reason for this and simultaneously the cause of
the density limit seen in the other experiments was explained by a relatively simple and
appealing theory.

Small driven currents were observed. Initially puzzling was the result that

currents could be driven in the same toroidal direction regardless of the directionality of



the launched lower hybrid waves. The Encore tokamak had a handedness. The cause of
this handedness turned out to be a radial, horizontal, magnetic error field associated with

the toroidal magnetic field which led to a horizontal spiraling of the toroidal field lines.
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1 Introduction

A major issue for the tokamak approach to fusion energy involves the difficulties
involved in heating plasmas. Plasma resistivity decreases with temperature. At plasma
temperatures corresponding to particle energies of 10 keV, the resistivity of a hydrogen
plasma is less than 10”7 ohm-cm, about one-tenth that of copper at ordinary
temperatures.' This effect makes it difficult to heat plasmas to the temperatures desired
in a fusion reactor solely with ohmic heating from plasma currents. Essentially,
unreasonably large ohmic currents would have to be employed. The effective impedance
of the current source would have to be unreasonably small. For this reason, plasma
heating via other means has been an extensively studied area. One very promising
approach has been to launch various plasma waves into the plasmas. These waves decay,
converting wave energy into plasma thermal energy.

Another major problem associated with the tokamak approach to a fusion reactor
is that such a reactor is necessarily a pulsed device if it relies upon ohmic currents to
produce the plasma equilibrium. Essentially an ohmic heated tokamak is a single-turn
secondary of a transformer. When the allowable volt-seconds of flux swing is limited by
core saturation or primary current limitations, thé tokamak must be turned off, and the
transformer reset. This is very undesirable for a fusion reactor since a continuous,
uninterrupted flow of power is required by the utilities, and thermal storage systems are
expensive. The differential expansion and contraction of materials inherent in a
thermally cycled system leads to material damage due to thermal fatigue. Materials
suffering such damage will not be easy to feplace in a tokamak reactor environment.’

Consequently, many alternate schemes to drive continuous currents in plasmas have been
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proposed.

One very promising scheme is a natural outgrowth of the aforementioned plasma
wave heating experiments. The idea is to launch plasma waves to subsequently produce
net plasma current by any of a number of processes. Since the plasma waves can be
launched continuously, any driven current would also be produced continuously. In the
case of lower hybrid current drive (LHCD), directionally launched lower hybrid waves
Landau damp on the plasma electrons. Wave momentum is delivered to the electrons and
the velocity space distribution of the electrons is modified to a non-symmetric form
yielding net plasma current. Some of the first major experiments in this area worked
beautifully. When the switch was flipped energizing the microwave antennas launching
the plasma waves, large plasma currents were induced.?

Certain unexplained features rapidly became evident, however. The phase
velocities of the launched plasma waves were in retrospect seen to be far too high to
interact with the electron distribution, although experimentally interaction was clearly
observed. Somehow the "spectral gap" between launch phase-velocity and electron
distribution tail velocity was being bridged. Another feature was the unexplained loss of
current drive at a critical plasma density that varied from experiment to experiment. This
phenomenological "density limit" was observed in virtually every LHCD experiment.
Since the number of major LHCD experiments across the world numbered in the dozens,
these problems received a considerable amount of attention.

Funding was received to study LHCD on the ENCORE tokamak at Caltech,
where lower hybrid waves have been extensively studied in the past. A low power

antenna for launching directional lower hybrid waves was built and a 40 kW RF power
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source was designed, and construction initiated. At this point the project was handed to
the author of this thesis. This thesis is the story of the construction and testing of three
high power antennas for launching lower hybrid waves, and the experiments performed
with the apparatus.

Unlike the experiments at Princeton and elsewhere, when the switch was flipped
at Caltech nothing much happened! Actually a small but definite amount of current drive
was observed under certain conditions and the study of these currents proved fascinating.
Initially baffling was the discovery that these currents were independent of the antenna
phasing which controls plasma wave directionality. Thus the driven plasma currents
could be found oriented opposite to the direction predicted by LHCD theory. It turned
out that plasma currents were driven in both directions since it was experimentally
impossible to launch purely unidirectional plasma waves. The current driven in one
direction spiraled outward in a horizontal plane and was attenuated at the chamber wall.
Current driven in the other direction spiraled into the interior of the plasma chamber
contributing to the net current. Horizontal magnetic “error” fields in the tokamak
chamber turned out to play the major role in net current production.

The efficiency for LHCD in ENCORE measured in amps-per-watt was unusually
small compared to experiments in other tokamaks. This is true even allowing for the
magnetic error field effects in ENCORE. After much thought on the reasons why LHCD
experiments in ENCORE were producing so little current drive, a theory was proposed.
The theory noted that at a high enough plasma density, lower hybrid waves in the
"spectral gap" between launch phase velocity and electron tail velocity would suffer a

mode conversion to another type of plasma wave which is heavily damped. Essentially
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the theory purported to explain the density limit to lower hybrid current drive, and
proposed that the ENCORE experiments took place in a part of parameter space beyond
the density limit. Proof of the theory came when it was noted that every density limit
seen in numerous LHCD experiments across the world could be adequately explained by

this theory.

'S. Glasstone and R. Lovberg, Controlled Thermonuclear Reactions, Robert E. Krieger Publishing Co.
1975, p. 103

’D. A. Ehst et al., “A comparison of pulsed and steady-state tokamak reactor burn cycles,” Part I: thermal
effects and lifetime limitations, p. 305; Part 1I: magnet fatique, power supplies and cost analysis, p. 319,
Nuc. Eng and Design, 2, (1985)

’R. Motley et al., Bulletin of the American Physical Society, 28, No. 8, Oct. 1983, p. 1092
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2 Overview of Current Drive Theory

It is not the purpose of this section to give an exhaustive rendering of the theory
of current drive in plasmas. Instead certain key concepts underlying the theory are to be
highlighted. For a more in depth review see the references."?> The expected lower hybrid
current drive efficiency in the Encore tokamak will be estimated. It will be shown that
the experimentally obtained efficiency is anomalous, being too low.

A current can be produced without net momentum. With ions traveling in a
direction opposite to the electrons, but at a slower speed, it can be arranged so that the
net momentum is zero. Nevertheless many current drive schemes including lower hybrid
current drive (LHCD) depend upon selectively depositing momentum in either the
electrons or ions. A unidirectional plasma wave is launched which pushes on only the
electrons or ions via resonant absorption. Plasma wave momentum is converted into the
momentum of charged particles. This newly created particle momentum represents an
electrical current since only one species of charge has been accelerated. Since all plasma
waves with non-vanishing wave-number carry momentum, all are candidates for current
drive. There are many issues affecting the attractiveness of the various plasma waves for
current drive, however.

Following Fisch and Boozer’

consider the effect of incremental changes in electron
velocity. Imagine that an electron in the plasma with velocity v, absorbs energy from a
plasma wave changing velocity by an amount Av = v, — v;. The amount of energy

absorbed by the electron is

AEEAV-a—E—, 2.1)
ov

provided that Av << v,. The electron kinetic energy is E = (mv?)/2. Collisions in the
plasma will cause the perturbation to relax. It is assumed for these calculations that most

of the electrons in the distribution function are unaffected so that the collision frequencies
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are only a function of the electron speed. Thus a transient current density parallel to the
magnetic field will be generated whose time dependence is given by
AT (®) = -en[vpe ™ = v,e™]. (2.2)

A factor representing the density of such accelerated charges has been suppressed. The
first term on the right-hand side of equation (2.2) is due to the newly created electron at
velocity v,. The second term is due to the absence of an electron at velocity v,. The
momentum destruction frequency v is assumed to be solely a function of the magnitude
of the electron velocity. If a continuous stream of electrons is given a kick in velocity
space, each kick separated by time AT that is long compared to v™', a steady production

of current results. The time average of this current is given by integrating (2.2) divided by

AT to obtain
AT
AT ¢ AT\ v, v, ] AT = ovwvy)

This current can be rewritten by expanding the derivative as

- | Av, v, Av gy
<J>:A_T[_\7L“—28—v}' 24)

Note that the second term in equation (2.4) produces a current even when Av, =0.

Thus, even when momentum is not delivered by the plasma wave, current drive is still
possible. This effect depends upon the lower rate of collisions suffered by faster
electrons. Damping of electron cyclotron waves with little parallel momentum increases
the velocity of resonant electrons in the direction perpendicular to the magnetic field.
Calculations indicate that cyclotron damping current drive can be almost as efficient as
Landau damping current drive for a given parallel phase velocity spectrum.® The ratio of
the two efficiencies (J/P) is 4/3 according to linear theory. Nonlinear theories indicate an

enhancement of the current drive efficiency over the linear result by as much as a factor of

two.
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In electron-cyclotron perpendicular-heating current drive, the frequency of the
driven plasma wave is comparable to the electron-cyclotron frequency in the plasma. In
existing machines as well as in anticipated tokamak fusion reactors, the electron cyclotron
frequency is well over 10 GHz. The Alcator-C tokamak with a toroidal magnetic field of
100 kG has an electron cyclotron frequency of 280 GHz. There are no readily available
high power microwave sources in this frequency range. Consequently, electron cyclotron
current drive has seen less experimental effort than LHCD for which there are many
adequate high power RF sources.

The power required to produce the current in equation (2.3) is

AE Av OE
== _2r = 2.5
AT AT ov (23)
The efficiency of current generation is given by the ratio of (2.3) and (2.5) and is given by
J_ odvvv)
P =€ N E (2.6)
ov

In equation (2.6) § is a unit vector in the direction of Av. There are two important limits
in regard to equation (2.6).

J/P is large when the denominator of (2.6) is small. This occurs when the velocity
of the resonant electron in the direction of Av is small. The energy required to produce a
given Av is less if v,-Av is less. Note that this does not necessarily require that v; be
small. Basically less energy is required to produce a given velocity increase at lower
velocities due to the quadratic dependence of kinetic energy on velocity.

J/P is also large when the numerator of (2.6) is large. This occurs when the
velocity of the resonant electrons is very large. Assuming that the momentum

destruction frequency scales like the self collision frequency,

v(Vv) = constant - LS, (2.7)
v
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the numerator of (2.6) is larger the larger the total velocity. Relativistic effects that have
been neglected eventually limit this effect. Basically fast electrons are relatively
collisionless and currents generated by them tend to persist longer.

Thus there are two regimes of efficient current drive involving either very fast or
very slow electrons. Since resonant absorption is being considered the plasma wave must

satisfy the phase matching criterion

w
Ve 2.8)

The energy and momentum of a plasma-wave scale as ® and k respectively. The phase
velocity of a wave is a measure of its energy to momentum ratio. Current drive involving
fast electrons requires plasma waves with high phase velocity and large ratio of energy to
momentum. LHCD falls into this category. Current drive involving slow electrons
requires plasma waves with low phase velocity and large ratio of momentum to energy.

It is believed that slow electron current drive in tokamaks would suffer from the
trapping of slow electrons in magnetic wells. The toroidal magnetic field of a tokamak
falls off inversely with the major radius (Bt = 1/R), being weaker at the outer edge of the
torus than at the inner edge. Due to the poloidal magnetic field the net magnetic field lines
spiral around the toroidal axis. Charged particles gyrating around and following the net
magnetic field lines are thus continually entering regions of strengthening and lessening

magnetic field. The magnetic moment ., of a gyrating particle is an adiabatic invariant’

U, = % = constant. (2.9)

Here W, is the kinetic energy of the particle perpendicular to the magnetic field. Total
kinetic energy is also conserved,

W, + W, = constant. , (2.10)
From (2.9) as B increases, so must W, increase. Equation (2.10) then predicts that W)
must decrease. If W) is sufficiently small to start with, it will go to zero as B increases
and the particle will be reflected. Slow electron current drive has seen much less

experimental work than fast electron current drive.
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Current drive operating with the advantages of both the slow and fast electron
regimes may be possible.® An electron cyclotron wave with parallel phase velocity much
less than the electron thermal velocity can deposit momentum in supra-thermal electrons
by resonating with electrons with small v and large v,. The large v, insures that the
resonant electrons are relatively collisionless. The small v, means that relatively small
amounts of energy are required to produce increases in parallel velocity. The very fact
that w/k; is small indicates that this kind of plasma wave has a large amount of parallel
momentum per unit energy. Wave induced diffusion will significantly increase the
parallel velocity of the resonant electrons eliminating trapping as an obstacle. It can be
shown, however, that such plasma waves require large values of kj, with parallel
wavelengths less than a millimeter in a tokamak with toroidal field of 100 kG.” Launching
such waves at high power presents serious difficulties. The launching structure would
have to consist of a series of extremely small phased antennas. An evanescent layer at
the plasma edge of the order of A would make efficient coupling to the plasma difficult.
Until these problems are solved this potential current drive candidate cannot receive
experimental attention.

An additional point is evident from equation (2.6). Since the collision frequency
increases with the density of potential scattering particles, the numerator of (2.6) will get
smaller as the density increases. Virtually all current-drive schemes suffer decreases in
the current drive efficiency parameter J/P as plasma density increases. Since collision
frequencies are proportional to the density, equation (2.6) predicts that J/P varies
inversely with plasma density and experiments with LHCD confirm this scaling.®

Fisch and Boozer’ have argued that the appropriate collision frequency to use in

equation (2.6) is

e @, In(A)(5+ Z,.).

4n v’

(2.11)
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A version of equation (2.6) appropriate for LHCD is obtained by employing (2.11) and

setting § equal to a unit vector in the parallel direction (along the magnetic field)

;
1____ednn, Y iavvl. (2.12)
P moIn(A)(5+Z) v,

Setting Z; = 1 and assuming v >> v, in (2.12) obtains
J  —e8mn,v,

P 3mo’In(A) 13
Define the parameter w as
W= (2.14)
Vthermal
Note that
I=ma’l. (2.15)

The dissipated power density P in (2.13) can be converted into a total power dissipated

by multiplying by the tokamak volume
P =P

net per volume

wa’2wR. (2.16)

Combining equations (2.13) to (2.16) yields
I _4enovtzhermal“/2

—_—— 2.17
P 3maw, In(A)R 17

Defining the thermal velocity as

Vtherma] = *\/ El'nz H (2 1 8)

equation (2.17) can be recast as
T, w amps

1 =4x10" e :
P n ;R ln(A) watt

(2.19)

meters
This formula is identical within a small numerical factor to one put forth by Fisch.' For
typical conditions in the Encore tokamak; T, = 10 eV, R = 0.4 meter, n = 10'® m?, In(A)

= 13, equation (2.19) predicts

1 amps
— =0.008 w? ——.
P watt (2.20)
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Use of equation (2.20) requires knowledge of the parameter w. In typical LHCD
experiments the velocities of most of the resonant electrons greatly exceed the thermal

velocity and w >> 1. Taking w* = 20 as a typical number'’

1016978 2.21)
P watt

In the LHCD experiments on Encore some 40kW of RF power was available. Assuming
that only a portion of this power, say 15kW, actually interacts with the resonant
electrons, equation (2.21) predicts that plasma current on the order of 2400 amps may be
expected. The largest plasma current achieved was 150 amps which is more than an order
of magnitude less.

To apply equation (2.19) to experiments on the PLT tokamak take T, =900 eV, n
= 3.5x10" m3, R = 1.32 meter, In(A) = 20.!2 The prediction of equation (2.19) is 0.8
amps per watt. In the experiments on PLT, 240 kA of current was driven by 130kW of
RF power, for an efficiency of 1.85 amps per watt. Thus the prediction of (2.19) is low
by more than a factor of two.

LHCD experiments were performed on the Alcator C tokamak."?> The conditions
were n = 2x10"° m?, T, = 1.2 keV, R = 0.65 meter, In(A) = 20. Equation (2.19) predicts
an efficiency of 0.375 amps per watt. The obtained efficiency under the above conditions
was 0.65 amps per watt, roughly a factor of two larger than the prediction of (2.19).

Equation (2.19) is a rough formula for several reasons. The phase velocity of the
plasma waves normalized to the thermal velocity w is not very well known. A spectrum
of phase velocities is launched and it is now believed that possibly several processes lead
to significant modifications of the launch spectrum. Use of a simple collision frequency
in the derivation of (2.19) indicates that details of the evolution of the electron
distribution in velocity space are being glossed over. Fisch has given a more detailed
theory of current drive in the framework of the quasilinear theory and the Fokker-Planck

equation.'* However, as the above examples show, equation (2.19) correctly predicts the

driven current in LHCD experiments within a factor of two or so, the predictions being
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too low. The fact that (2.19) predicts LHCD currents in the Encore experiments more
than an order of magnitude larger than those actually observed indicates that there is
something wrong with current drive on Encore. Essentially LHCD did not function as
expected in the experiments on Encore.

Another way to visualize the lower hybrid current drive process is to look at
changes in the electron velocity distribution as lower hybrid plasma waves are launched.
The plasma waves Landau damp on the electron velocity distribution provided that the

phase matching criteria is satisfied

0]
—=v. 2.22
kll ' ( )

A further criterion is that the slope of the velocity distribution at the resonant phase
velocity is negative. In the presence of a spectrum of intense lower hybrid waves, the
damping tends to flatten the distribution.'’> Equilibrium between the electron distribution
function and the spectrum of intense plasma waves is obtained when the slope of the

distribution function in the resonant region goes to zero. This effect is depicted in Figure

2.1).

f(ch)

—_— —L> Ve

o/ k, spectrum

Figure 2-1. Electron velocity distribution along the toroidal magnetic
field before (solid line) and after (dashed line) application of an intense
spectrum of lower hybrid waves.

If the plasma wave spectrum extends to velocities well beyond the thermal velocity, then

the flattened distribution function will contain electrons at velocities well in excess of the
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thermal velocity where previously there were few electrons. The resulting asymmetric
distribution function implies net electron plasma current.

In summary, virtually all plasma waves can be employed for current drive. Slower
waves carry more momentum for a given energy than fast waves. Waves that interact
with supra-thermal electrons are more efficient at driving current since these electrons are
less collisional. LHCD is attractive for many reasons. High power microwave sources
are readily available at the necessary frequency, a few gigahertz. The antenna launching
the lower hybrid waves can be a conveniently sized array of wave-guide mouths at the
plasma edge. Coupling of the wave-guides to the plasma can be very efficient. The lower
hybrid waves interact with supra-thermal electrons that are relatively collisionless.
Simple estimates of the LH current drive effect in Encore predict large currents that were

not observed in experiments.

' Nathaniel Fisch, “Theory of Current Drive in Plasmas,” Rev. Mod. Phys., 59, 1987, p.

175
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s
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3 Tokamaks

Introduction

Tokamaks are a major candidate for a fusion power reactor. Many tokamak
reactor designers believe that the future of tokamaks depends upon finding a viable
method of current drive. The experiments on lower hybrid current drive (LHCD)
discussed in this thesis were performed on the Encore tokamak at Caltech. The following
material will serve to explain tokamak geometry and nomenclature as well as rudimentary
plasma confinement physics in these devices. The confinement theory will be applied to
the question of confinement of the hot electron tail produced in LHCD experiments on
Encore. Typical parameters of the Encore tokamak will be presented. The L/R time

constant of Encore will be estimated and the Rogowsky current diagnostic discussed.

Plasma Confinement

Using the virial theorem one can show that a finite mass of plasma cannot generate
fields, which in turn confine the mass in a stationary configuration." In order to extend
particle and energy confinement times over the values for inertial confinement, external
forces have to be applied.

The solution of a charged particle moving in a constant homogeneous magnetic
field suggests that magnetic fields can help confine plasma. The name “tokamak” is
applied to axially symmetric toroidal systems in which the hot plasma is contained by the
magnetic field of a current circulating in it, and in which a very strong longitudinal
magnetic field parallel to the current is used to suppress magnetohydrodynamic

instabilities.”

The longitudinal magnetic field must be many times the intensity of the
azimuthal field produced by the current. The tokamak concept of magnetic confinement
will be discussed shortly.

It can be shown that magnetic confinement can never produce a true
thermodynamic equilibrium. According to the Boltzmann law, in thermal equilibrium

particles will arrange themselves in phase space as
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-H
)= tant * — |, 3.1
f(v,r) = constan exp( o ) (3.1

where H is the Hamiltonian of the system. If spin interactions are neglected, it is seen
that the energy of the system of particles is independent of the externally applied
magnetic field. When the Hamiltonian of the system of particles is rewritten in terms of
the generalized velocities to get the velocity dependence of equation (3.1), one finds that
the vector potentials of the externally applied magnetic fields do not appear.

In the course of time the plasma will eventually reach an equilibrium configuration
as though the magnetic fields were not present. Collisions are often required for this

decay to thermal equilibrium as the system entropy
S=-k| [ flog(frdr'a’ +s, (3.2)

is unchanged for a distribution f satisfying the collisionless Boltzmann equation. The
trick of plasma confinement schemes is to delay the approach to thermal equilibrium for
as long a time as is possible. One of the more successful confinement schemes has proven

to be the tokamak approach.

Tokamak Geometry

In discussing tokamaks certain coordinates and language are useful to specify the
geometry. The plasma in a tokamak assumes the shape of a torus, or more colloquially a
“doughnut.” There exist two kinds of circles one could imagine drawing on the surface of
the toroidal plasma, those which enclose the hole of the doughnut and those which do not.
Following along a circle on the toroidal surface which encloses the hole is going in the
toroidal ¢ direction, whereas following along a circle which does not enclose the hole is
going in the poloidal 0 direction. In typical machines, the toroidal direction is the long
way around and the poloidal direction is the short way around. The minor radius is the
radius of a poloidal circle circumscribing the plasma. The major radius is the distance
from the center of the hole of the torus to the center of the aforementioned poloidal circle

as is shown in Figure (3-1).
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Figure 3-1. Basic coordinates used to describe tokamak
geometry. R is the major radius, r is the minor radius, ¢ is the
toroidal direction, 8 is the poloidal direction. In virtually all
devices the z direction is vertical with respect to the laboratory
floor.

Single Particle Confinement M odel

In a tokamak device there are several magnetic fields which play a part in delaying
thermal equilibium (i.e., confiningthe plasma). The primary field responsible for putting
the plasma in the quasi-equilibium of toroidal shape is a poloidal magnetic field generated
by a current driven in the plasma in the toroidal direction. Using symmetry and the
Hamiltonian method, single particle confinement can be investigated.

Assume that we have a toroidal vacuum chamber with a toroidal current I,
localized symmetrically about the center of the poloidal cross section. This toroidal
current produces a vector potential A, also pointing in the toroidal direction and a
poloidal magetic field B, encirclingthe current.

As specified, the Hamiltonian H for a single particle in this field is independent of

¢ . Hence the momentum P, conjugate to ¢ is a strict constant
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Pp=-""=
Y

0. (3.3)

This fact will be used to put bounds on the particle motions in both the major radius and

z directions. The Lagrangian is

L:%mv2+qA-v—qU. (3.4)
Using equation (3.4) the toroidal momentum is calculated as
szg—gszv¢+qRA , 3.5

where v, = RO . Noting equation (3.3) one can write
0= 6P, =mv,6R+mR&v, +qS(RA,). (3.6)
Consider now two toroidal circles of slightly differing major radii in the z = 0 plane. The

area of the z = 0 plane located between these circles is an annulus which cuts the poloidal

magnetic field lines B, perpendicularly. See Figure (3-2).

Z

Figare 3-2. Annulus used for calculating major radius
confinement in a tokamak.

The poloidal flux penetrating this annular surface is

2iRORB,= | B,-ds= [ (VxA)ds= [ A-dl

annulus annulus circles

(3.7)
=2m(R, A, ~R,A, ) =218(RA,).



Combining equation (3.6) and (3.7), one obtains

0=mdéR v, +mRdv, +qRB,6R. (3.8)
Hence,
|6RI =‘ R6V¢ ‘E '6V¢‘ < 2Vthermal ) (39)
m m m |

Thus, for a given temperature, a large enough poloidal magnetic field B, will insure
small deviation 0R in the major radius of the particle's trajectory. It should be pointed
out that although thermal equilibrium is definitely not obtained in a tokamak plasma,
equilibrium in velocity space is approached far more quickly than equilibrium in
configuration space. Usually a temperature can be defined for the bulk plasma.

Similarly for motion along the z-axis we consider two circles of radius R, the torus
major radius. These circles lie in planes of constant z and are closely spaced 8z apart in
the z direction. Once again, the poloidal magnetic field cuts the cylindrical area between

these two circles perpendicularly.

Figure 3-3. Cylinder used for calculating vertical (z-axis)
confinement in a tokamak.

As in equation (3.7)
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2mR8zB, = | Byds= | (VxA)ds= | Al

cylinder cylinder circles

(3.10)
=2M(R,A,, ~R,A, ) =218(RA,).
And from equation (3.6)
0=6F, =mRov, +qROA, . (3.11)
Combining equation (3.10) and (3.11) obtains
ov
6| = quZI < 22};:"“’ . (3.12)
m m

So for motion in the z-direction as well there is confinement for a given temperature if

sufficient B, is provided.

A tokamak doesn’t confine particles indefinitely. There are several reasons for
this. It is assumed in the above calculations that the fields are known. In real plasma
there are many particles in addition to the one considered and the interactions between
these particles involve unknown fields.

On another level, the plasma current I, that produces the confining B, field is
carried by the very plasma it is to confine. This situation leads to large-scale instability
problems, which are solved by the introduction of a strong toroidal magnetic field B, with

B¢
IS (3.13)

6
The toroidal field hinders the plasma from wiggling, kinking, pinching and various other
instabilities. Image currents induced in the metal walls of the vacuum chamber also
suppress large-scale plasma motions.
One further addition is necessary. A hoop of current naturally experiences forces
attempting to expand the hoop to a larger diameter (opposite currents repel). These
magnetic forces are balanced with the addition of a small magnetic field B, along the z-

axis. Since all tokamaks are built with the z-axis vertical to the ground, this field B, is also

known as the vertical field.
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Toroidal Magnetic Field Dependence on Major Radius

It is of interest to know the functional dependence of the magnitude of the toroidal
magnetic field with major radius. Consider a circle of major radius R in the plane z = 0 as

shown in Figure (3-4).

Figure 3-4. Circle used to calculate the magnitude of the toroidal
field in a tokamak versus the majorradius.

Integrating the toroidal field around this circle and using M axwell's equations obtains

2nRB, = | B-di= [ VxB-ds= [ p J-ds=p L, (3.14)

circle disc disc

where 1., is the current-turns in the toroidal field coils Thus

u
B,=—%1_,.- 3.15
] 2TCR coils ( )

The toroidal field falls off inversely with the major radius. This dependence of the
toroidal field on major radius causes many of the plasma parameters to vary with major
radius.

Reviewing the results of this section, tokamaks are often described using the

following nomenclature. The torus has major and minor radius coordinates R and r

respectively. The toroidal direction (the long way around) is denoted ¢. The poloidal
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direction (the short way around) is denoted 6. A strong enough toroidal current I,
producing a poloidal magnetic field B, will confine a plasma of a given temperature with
particles of given charge and mass. In order to prevent certain macroscopic instabilities
from occurring, a large toroidal magnetic field B, is applied, and this field falls off in
magnitude inversely with major radius. B, is typically much larger than B,. In addition a
small vertical magnetic field B, is applied to null out the force generated by the toroidal

current which tends to expand the major radius of the plasma.

The Encore Tokamak

The experiments described in this thesis were performed on "Encore," a small
research tokamak located at Caltech. This tokamak is a low temperature and low
magnetic field device. The toroidal field is run continuously, and the ohmic heating
supply is capable of creating plasma at a high repetition rate. The plasma is highly
reproducible as evidenced by the ability to interferometrically track the propagation of

lower hybrid waves over many plasma discharges.’

Some important plasma parameters
are the plasma current I,,, electron and ion plasma frequencies fy. and f;, electron and ion
cyclotron frequencies f.. and f,;, and the lower hybrid frequency fiy. Typical values of

these and other quantities are given in the following tables.

Parameter Typical Value in Encore
Repetition Rate 15 PPS

Major Radius 38 cm

Minor Radius 12 cm

Toroidal Field < 13kG

Ohmic Plasma Current up to several kA

Electron Temperature 5-10eV

Electron Density =2x10%cm™ for I, = 1 kA

p
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In Encore, plasma density is typically proportional to the plasma current I,. The
following parameters are for a plasma current of one kiloamp, and a toroidal magnetic field
of 1.3 kilogauss. In the following table, the electron and ion masses are m. and m;

respectively and the plasma density is n.

Parameter Formula Argon Hydrogen
fee o B,/m, 3.7 GHz 3.7 GHz
fei o By/m; 51 kHz 2.0 MHz
foe o (n/mg)® 10 GHz 10 GHz
£ o (n/m;)> 37 MHz 230 MHz
fiu = (ff)®° 14 MHz 86 MHz

Figure (3-5) shows a schematic picture of the Encore tokamak metal shell and iron
core ohmic heating transformer. The plasma is essentially a one turn secondary of the
transformer. In order to avoid shorting out the transformer and bypassing the plasma, an
insulating break is made in the toroidal aluminum shell comprising the vacuum chamber.

The voltage induced around the torus is known as loop voltage and is easily measured

across the break.

High Power
Triode

Tokamak
Vacuum
Chamber

2

Insulating Break

Iron Core Transformer

Figure 3-5. Schematc of the Encore ohmic plasma current drive
sy stem.
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The ohmic heating power supply is comprised of two high power audio-
frequency amplifiers of which one is shown in Figure (3-5). The two amplifiers A and B
each energizes one half of a center tapped primary winding on the iron core transformer.
Amplifier A operating in the opening switch mode provides plasma breakdown while
amplifier B operating in the closing switch mode sustains the plasma. Figure (3-6) shows

the primary current, loop voltage and plasma current versus time.

Primary
Current Iz

Time

Loop
Voltage

Plasma
Current

1

Figure 3-6. Schematic of the primary current versus time, as well

as the associated loop voltage and plasma current in the Encore
tokamak.

The use of audio amplifiers allows high repetition rate operation of Encore. The input
waveforms to the amplifiers can be altered at will to achieve various effects on the
plasma. A hottungsten filament is maintained inside of the tokamak chamber in order to
provide a source of electrons to facilitate plasma breakdown.

The tokamak vacuum chamber is composed of a 1.27cm thick aluminum toroidal

shell, which acts as a plasma limiter. Access for experiments is provided by 33 4cm
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diameter ports located on the top and bottom of the torus and 15 8x20cm ports located
around the outer wall centered about the horizontal mid-plane. The ports are sealed with
o-rings and are readily removed and replaced. The vacuum base pressure is typically
5x107 torr.

During typical operation the plasma is not fully ionized. This tends to clamp the
electron temperature at the ionization energy of the fill gas (=10 eV). The low plasma
temperature allows probes to be inserted throughout the plasma interior without damage.
Plasma energy loss is dominated by line radiation. Argon is frequently used as a fill gas
for two reasons. The plasmas obtained with argon fill are in general more reproducible.*
In addition the amount of x-rays produced by runaway electrons is far less when argon
instead of hydrogen fill is used. The high repetition rate operation creates a potential
radiation hazard when hydrogen fill is used. Adequate shielding is provided for operation
with hydrogen but it is inconvenient to have to shut down the tokamak in order to inspect

equipment behind the shields. Figure (3-7) is a picture of the Encore Tokamak.

Figure 3-7. The Encore tokamak.
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Confinement of Hot Electron Tails

Barring instability, equations (3.9) and (3.12) give sufficient criteria for tokamak
confinement. It is of interest to estimate the maximum electron velocity, which will be
confined by various plasma currents.

The poloidal field can be estimated from the plasma current by using the formula
for the magnetic field of an infinite straight wire evaluated at a radius equal to half the
minor radius of the tokamak. The formula for Encore parameters becomes

B, (gauss) = 0.031 (amps). (3.16)

Setting |0R| equal to half the minor radius, the maximum confined speed is estimated from

(3.9) as

v

= |oR| =5.6x10°I (amps) cm / sec. (3.17)

max

eB,
me

Plasma waves that interact with electrons via Landau damping will have phase velocity
similar to electron velocity. The phase velocity of plasma waves is often described in
terms of their refractive index. The refractive index relevant to the direction parallel to the
local toroidal magnetic field is denoted Ny. Plasma waves that interact with electrons
moving along the toroidal magnetic field with a speed of v, will have a parallel refractive
index of

c
Ny=r—

v (3.18)

The following table gives the result of equation (3.17) for a range of plasma currents.
Also tabulated are the equivalent electron energies in electron volts and the parallel

refractive index N resonant with vy,
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Maximum Speed of Confined Electrons versus Plasma Current

I, (amps |[Vimax| (c/SEC) (mvmaxz)/2 (eV) Ny,
10 5.6x10° 0.01 5000
100 5.6x10’ 1 500
1000 5.6x10% 100 50
5000 2.8x10° 2200 11
10* 5.6x10° 104 5

One significance of the above table is that in ohmic discharges in Encore with plasma
currents in the range of 1 kA or more, hot electron tails with energies of a few hundred eV
will be confined as part of the tokamak plasma. In the strictly rf produced plasmas to be
described later, the maximum driven plasma current was of the order of 150 amps. For
plasma currents of this order, hot electron tails will not be confined by the poloidal
magnetic field. Instead these hot electron tails are best described as beams drifting in the

combined toroidal and vertical magnetic fields.

Tokamak Inductance and L/R Time
When attempt is made to change the current in an inductance L, the fastest time
scale upon which the current can alter is of the order of L/R where R is the circuit

resistance. For instance, when the switch is closed in the circuit depicted in Figure (3-8)

the current varies as

1=E%£(1—e‘k“). (3.19)
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Switch

Figure 3-8. Simple L — R circuit.

In current drive experiments the plasma current cannot be expected to change significantly
on shorter time scales, so an estimate of the L/R time constant is important.

The inductance of a toroidal conductor is easily computed.>® Given the minor and
major radius of the Encore tokamak, a value of approximately one micro-henry is
obtained. The inductance of virtually all tokamaks is found to be in this neighborhood.

The voltage VIOOp induced around a tokamak by the ohmic heating supply is easily

measured across the necessary gap in the toroidal metal shell enclosing the plasma. A

typical operating point for ohmic plasma in Encore is

V,

loop

=7.5 volt

) = R =0.008 ohms, (3.20)
I, =1 kiloamp

from which it is obtained

£=O.13 msec. (3.21)
R

The RF power supplies employed for LHCD experiments on Encore are capable of pulse
duration exceeding 16 msec. Thus in typical ohmic plasmas, the L/R time constant is

incapable of hiding current drive effects.
The situation can be significantly more complicated, however, when hot electron

tails are present in the plasma. If the hot electrons are relatively collisionless and if their
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density is high enough they can act as a small resistance in parallel with the resistance of
the bulk plasma. One consequence is that the [/R time can be dramatically increased.

A second issue concerns the fact that a hot electron tail propagating counter to the
RF driven tail can sometimes be generated. A reverse electron tail can be produced in
current drive experiments in two distinct ways. If attempts are made to ramp up the
current too quickly the electric field due to the back emf may be large enough to create a
fair number of runaway electrons in the reverse direction. Alternatively, if the launch
spectrum of lower hybrid waves is not sufficiently unidirectional then the reverse tail can
be directly driven by the current drive mechanism. This latter case almost certainly
applies to the experiments on Encore since the four port grill antenna used was capable of
launching only about 75% of the power in a given direction.

The action of the "back emf" electric field on a reverse hot electron tail is to absorb
energy that otherwise could have gone into forward driven current. Thus a reverse hot
electron tail is detrimental to current drive. Exactly how small a resistance a reverse hot
electron tail represents depends upon many factors including the confinement properties
of the tail. Various authors discuss these matters more extensively.”3%!°

During current ramp up the inductive back emf will produce a measurable loop
voltage change across the insulating break in the tokamak shell. For current ramp in the
presence of ohmic current drive in the same direction, the loop voltage change will
manifest itself as a drop in the loop voltage. Provided that the loop voltage drop is
insufficient to reverse the sign of the loop voltage, a reverse electric field will not exist in
the plasma. In this case poor current drive efficiency cannot be blamed on the existence
of a reverse hot electron tail as no electric field exists to dump energy into this tail.
LHCD experiments were performed on Encore during ohmic current drive without
producing substantial plasma current or loop voltage changes, regardless of the direction
of plasma wave launch.

The effect of the Encore iron core ohmic heating transformer on current drive is
mainly to increase the inductance of the tokamak. A given driven current will induce a
larger back emf with the iron core transformer than without it. Essentially the magnetic

fields created in the iron core by the RF driven current require that more energy be

extracted from the kinetic energy in the RF driven electrons. The electric field due to the
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increased back emf accomplishes this. The experimental effect of the iron core
transformer should be an increase in the measured loop voltage drop when the RF is
applied.

In LHCD experiments on Encore, very poor current drive efficiency was obtained.
Loop voltage changes upon application of the RF were always very small compared to
typical ohmic loop voltages. Thus, it is argued here that reverse hot electron tails and the
iron core transformer are ruled out as possible causes. Were the basic current drive
mechanism to be working properly, one would see either large current changes or large

loop voltage changes.

Rogowsky Current Diagnostic

The object of current drive is to produce currents. Hence it is appropriate to
discuss current diagnostics. The most commonly used current diagnostic is the

Rogowsky coil depicted in Figure (3-9).

Figure 3-9. The Rogowsky coil current diagnostic. An electric
current represented by the heavy black line passes through a
toroidally wound coil. Changes in the amount of current are
reflected in voltages at the terminals of the toroidal coil.

From Faraday's law the voltage V produced by the coil is related to the rate of change of
the magnetic field B threading the coil as

dB
V=nLA—, 3.22
” (3.22)

where n is the number of turns per unit length along the circumference of the coil, L is the

coil circumference and A is the coil cross-sectional area. It is assumed that the magnetic



3-17

field varies little over the cross-sectional area of the coil. When the voltage produced by

the coil is fed into a RC integrating circuit,!! the result is

_nABL
RC RC .

(3.23)

R and C are the resistance and capacitance of the integrating circuit. It is necessary that
the RC time constant be large compared to the time scale over which the magnetic field
changes. From Ampere's law the current I threading the Rogowsky coil can be related to
the magnetic field B as

BL:JI}M:NJ. (3.24)

loop

As the current is ramped up, the output of the RC integrating circuit is proportional to
the current

_nApl
RC R C )

(3.25)

The calibration of the Rogowsky coil diagnostic on Encore as well as its frequency

response was checked using the experimental arrangement depicted in Figure (3-10).

Aluminum '
Vacuum Rogowsky Coil
Chamber
Insulating
Break
Transistor]
Switch
30 Amp
Current
Source

Figure 3-10.  View from above the tokamak showing the
Rogowsky coil and ceramic break in the metal vacuum chamber.

Also shown is the experimental arrangement used to calibrate the
Rogowsky coil diagnostic and check its frequency response.
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When the current in the torus is ramped up, the magnetic field encircling the
current must escape past the aluminum toroidal shell to reach the Rogowsky coil in order
to be measured. It is interesting to note how this occurs. A diffusion equation for

magnetic fields in conductors is derived as follows. From Maxwell's equations
JoB

—=-VXE. (3.26)
ot

Using Ohm's law J = ¢ E this can be rewritten as
a—B=—Vx£. (3.27)
ot c

Inside a good conductor conduction currents dominate displacement currents so that

Ampere's law reduces to
B

Vx—=]. (3.28)
ﬂ()
Combining (3.27) and (3.28) yields
a—B=—LV><V><B. (3.29)
ot u,o
Finally employing
V-B=0 (3.30)
yields
B___ Ly, (3.31)
ot u,o

which is the desired diffusion equation. An estimate of the time At for the magnetic field

to diffuse through a conductor of thickness T is obtained from (3.31) as
At=T’uoc. (3.32)

The diffusion time scale for various thickness of aluminum metal is given below.

Magnetic Field Diffusion Time Scales in Aluminum

Time Scale Thickness
17 msec 1.1cm
107 sec 2.7 mm

10 sec 85 um
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The rise time of the ohmic plasma current in Encore is of the order of a millisecond. If the
magnetic field from the plasma current had to diffuse out through the aluminum walls
there would be a significant delay in reaching the Rogowsky coil since the walls are 1.27
cm thick. Any modulation of the plasma current on the order of a kilohertz would be
seriously attenuated. However, what actually happens is that the magnetic field lines
encircling the plasma current as it ramps up leak out of the toroidal metal shell through
the insulating break in the torus. Hence they reach the Rogowsky coil at nearly the speed
of light.

The results of the Rogowsky coil calibration experiment depicted in Figure (3-10)
are given in the following three oscilloscope photographs. The calibration factor is seen

to be 1.0 kiloamp per volt and is independent of modulation frequency.

Figure 3-11. Rogowsky calibration experiment. Horizontal time
scale 1 millisecond per division. Upper trace is the integrated
Rogowsky signal (5SmV/div). Middle trace is the voltage across
the resistor (0.2V/div). Lower trace is the reference pulse.
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Figure 3-12. Rogowsky calibration experiment. Horizontal time
scale 100 microseconds per division. Upper trace is the integrated
Rogowsky signal (SmV/div). Middle trace is the voltage across
the resistor (0.2V/div). Lower trace is the reference pulse.

Figure 3-13. Rogowsky calibration experiment. Horizontal time
scale 10 microseconds per division. Upper trace is the integrated
Rogowsky signal (SmV/div). Middle trace is the voltage across

the resistor (0.2V/div). Lower trace is the reference pulse.
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The data in Figures 3-10 through 3-12 demonstrate that the Rogowsky current diagnostic
installed on Encore has a very fast temporal response. If changes in plasma current occur,

even on time scales approaching 10 microseconds, the Rogowsky coil will register them.
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4 Theory of Lower hybrid Waves

The Cold Plasma Dielectric Tensor

The general linear theory of plasma waves and in particular of lower hybrid waves
is well known. A brief review of lower hybrid physics is presented in this section.
Parameters relevant to the Encore tokamak are introduced and various quantities pertinent
to the experimental situations are calculated. A derivation of the cold plasma dielectric
tensor is presented first.

The theory of plasma waves is contained in Maxwell's equations in combination
with an evaluation of the electric and magnetic permeability tensors describing the plasma.
These equations may or may not be linear depending upon the nature of the

permeabilities. In MKS macroscopic form, Maxwell's equations can be written as

V-D=p,., (4.1)

VXE=—§E, (4.2)
ot

V-B=0, (4.3)

VXH:%?"*'JJW' (4.4)

The following relations define the tensors € and p.:

D=¢ E+P=¢'P, 4.5)
H=LB—MEL-B. (4.6)
K, n

Charge density in the plasma will be considered polarization charge in a dielectric.
Currents in the plasma will be considered as displacement currents in a dielectric. The
dielectric tensor € then contains much information about the plasma. Unless one is
considering problems such as coupling of antennas to the plasma, the following
approximations can be made:

P e =0, 4.7)

J e =0 (4.8)
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The approximation W = 1, is made. By treating the plasma as a non-magnetic material

the intrinsic magnetic moments of the ions and electrons are neglected. The plasma
diamagnetism deserves some comment. When a magnetic field H is applied to plasma the
ions and electrons gyrating about the magnetic field constitute currents wherever there is a

density gradient. These currents produce a magnetic field opposing the applied field

resulting in a magnetic field B with B < u jH. One could define a relative magnetic

permeability 1. such that p, < 1 to account for the plasma diamagnetism. This is

typically not done.

The problem is that the traditional approach to the dispersion relation involves
Fourier analysis of Maxwell's equations in space and time to obtain local relations. These
local equations include no information about density gradients and thus do not
incorporate diamagnetic effects. Most plasma waves have some oscillating magnetic field
component along with some plasma density oscillation. If diamagnetic effects are
sufficient to significantly alter B = p_H the wave dispersion may be affected. In most
situations diamagnetic effects turn out to be small.

The shift in the toroidal field By due to the plasma diamagnetism depends on the

plasma [J where

plasma pressure nkT
= ' =— i (4.9)
magnetic pressure B® /87
From the MHD pressure balance equations it is found that
B2

where B, is the applied toroidal field and B is the actual field inside of the plasma. The
difference between B and B, for experiments performed on Encore is small since the
plasma [ is typically less than 1%. A typical ohmic discharge in Encore would have the
following parameters:

kT, =10eV,

kT =3¢V,
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Bt =350 to 1300 Gauss (on axis).
The magnetic energy density thus ranges over

2

4.7x10%ergs cm™ 5183—36.8><104ergs cm™. 4.11)
T

The ion and electron energy densities are roughly
n kT, =10ergs cm™, (4.12)
n kT, = 32ergscm™. (4.13)

The plasma f3 then falls into the range

0.06% <P < 0.9%. (4.14)
For B = 1%,
§=ﬂ=0.995. (4.15)

The shift in the magnetic field and thus the cyclotron frequencies is small for tokamak
experiments in general where 3 < 5%.
Consider a tube of magnetic flux that constitutes part of a plasma wave. The

assumption that B = p H for this flux tube requires that plasma diamagnetism be

negligible. The diamagnetic current j, can be written as

jL=B>1;§7p=(kT,.+kTe)—B—>];2V—n. (4.16)

Here, B is the total magnetic field, the sum of the toroidal and plasma wave magnetic
fields. A density gradient is necessary for the diamagnetic current to exist. In large
amplitude plasma waves, large density gradients can exist. It is the current per unit length
along the flux tube that reduces the magnetic field inside. Equation (4.16) gives the
current density. To obtain the diamagnetic current per unit length i, one must multiply

J, by the width L of the density gradient

i =j L, whereL= 4.17)

n
|Vl

Combining equations (4.16) and (4.17) obtains
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cBxVn
i, =(nkT, +n kT ) —— . 4.18
L ( 1 i e e) ] V”l I B2 ( )
The magnitude of the diamagnetic current per unit length is then bounded by
kT, +n kT
i< e(n, - nKkT) (4.19)

If the flux tube were a solenoid with current i, then the field inside would be reduced in

the amount (41 /c)i,. The fractional decrease would be less than
Ami, _1(nkT +nkT,) B
¢cB 2 B'/8n 2

(4.20)

The diamagnetic correction is small if the plasma beta in the presence of the wave

is small. In the case of an electrostatic lower hybrid wave

B,... <<B. (4.21)
Thus the magnetic field energy density due to the wave is negligible compared to the
toroidal field energy density. Due to ionization and collisional damping, the plasma
pressure may increase in the neighborhood of the wave trajectory. However, in the case
of a typical Encore plasma, B is so small to start with, it is unlikely that significant values

of B and thus diamagnetism could ever be realized. Thus, the approximation L = L is

justified.
Setting
I e =P e =0, (4.22)
l’l' = u() k4 (423)

Maxwell's equations become

Vg E=0, (4.24)
JB
VXE=——, 4.25
X o (4.25)
V-B=0, (4.26)
VxB=y, %(e-E). (4.27)

The Fourier transformed Maxwell equations, assuming a dependence of the form

i(k-r-ot)

e : (4.28)
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can be written as

k-ge-E=0, (4.29)
kxE=oB, (4.30)
k-B=0, (4.31)
kxB=-p,0¢ E. (4.32)

The dielectric tensor € must be evaluated in order to use these equations. In order to

properly consider the explicit plasma currents as polarization currents it is necessary that

&E=%E+éJ. (4.33)

Determining Jyasma as a function of E from the equations of motion of the charged plasma
species is sufficient to specify €. More explicitly

J ima = 2, A0V - (4.34)
k

The index k refers to particle species. The equation of motion for the particles of species
kis

-iom,v, =q,(E+v, XB). (4.35)
By Fourier analyzing the equation of motion in this manner, which assumes

v, e, (4.36)
thermal motions are neglected. Hence the "cold plasma" dielectric tensor is being derived.
If it is assumed that B in equation (4.35) is the known toroidal field (which means that
plasma wave magnetic fields may be neglected by comparison) then (4.35) may be solved
for

v, =V, (E). (4.37)
Substituting this solution into (4.34) returns

J=J(E). (4.38)
It turns out that the current J is proportional to E so that the dielectric tensor € obtained
is independent of E and depends only on the plasma parameters.! Defining the local z

direction parallel to B and using the notation of Stix,
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S —-iD 0
e.=[iD § 0 (4.39)
0 0 P
where
Ouf_ o 4.40
S=1-y & — | :
zk' ’ 032—0)31( ( :
o, 0o
D= e D% | 4.41
2o wz_wzk} (4.41)
2
)]
p=1.y 2 (4.42)
r @
2
®, =k (4.43)
gomk
Wy = anlB- (4.44)
k

Note that o takes the sign of g.

Definition of the Lower Hybrid Mode

Having obtained the dielectric tensor € Maxwell's equations can be applied. From
(4.25) and (4.27) the wave equation
2

VxVxE=——u0§t—2(e-E), (4.45)

is obtained. The Fourier analyzed versionis
2

kxkxE=—y, o¢ e E=—" ¢ E. (4.46)
c
Depending upon the relative values of the frequency @ and the various cyclotron and
plasma frequencies, the dielectric tensor € will take on differing character. Part of the

definition of the lower hybrid modes is the condition

lo, << <<lo,l, (4.47)

from which it follows that

© < (4.48
low | ’ 48)

ce

and
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low . |
9 << 1. (4.49)
0

The degree to which both of these inequalities can be satisfied depends upon the disparity
in electron and ion masses. To equally minimize both ratios (4.48) and (4.49) take
W =,/0,0,. (4.50)

Then for hydrogen and argon plasmas the ratios are

0 o, | m 2% hydrogen

_ = M . (4.51)
o, m, 0.4% argon

ce 1

Assuming quasi-neutrality and ion charge states of at most +1, the ion and electron

densities may be assumed equal. This allows the approximation
2

[0)) .
b LRSS (4.52)
(Dpi me

Using equations (4.48), (4.49) and (4.52), the dielectric tensor elements relevant to the

lower hybrid mode (4.40) to (4.42) can be simplified to

®, o
S=1+—2--—F, (4.53)
0, o
0)2
D=—F"&—, (4.54)
olo,!
(D2
P=1-2. (4.55)

The second part of the definition of the lower hybrid mode requires examination

of equation (4.46), which can be written as

(NxNx +&)E=0, (4.56)

where
< ke 4.57
== (4.57)

If 8 is the angle between the toroidal field B =B, z and N, and if we assume that N is in

the x-z plane, then equation (4.56) can rewritten as
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S-N; -«D NN, (E
iD S-N* 0 |E,|=0, (4.58)
NN, 0 P-NJE

where

N, =Ncos(6), (4.59)

N, = Nsin(6). (4.60)

Demanding non-trivial solutions to (4.58) by setting the determinant equal to zero
yields the dispersion relation which can be written as

AN*+BN*+C=0. (4.61)
A solution to (4.61) would have

N? =f(A,B,C), (4.62)
allowing for propagation in opposite diréctions,

N =+f. (4.63)
The important point is that in general there are two such solutions for N? given by
equation (4.61). These two modes are distinct so long as

B’ # 4 AC. (4.64)
When the modes are distinct, the solution with smaller N is the fast-wave mode and the
solution with larger value for N is the slow-wave mode. The lower hybrid mode is the
slow mode.

In summary, lower hybrid plasma waves are those which obey the slow mode

dispersion in the parameter range where o | << ® <<l |.

The Electrostatic Approximation
The electrostatic approximation means that k is parallel to E so that
VXE=ikxE=0. (4.65)
Under these conditions the electric field can be calculated to sufficient accuracy by use of

Poisson's equation. The electric ficld is derivable from a scalar potential ® according (o
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E=-V{=-ik®, (4.66)
illustrating that E is parallel to k. Following Stix, a sufficient condition for the validity of
the electrostatic approximation is found as follows.” Splitting E into components parallel

and perpendicular to k,

E=E +E, (4.67)
where
E, = N(N-E) (4.68)
L — N2 ? )
. =—N><(N><E) 4.69)
= :

The notation "L" for longitudinal and "T" for transverse is to avoid confusion with
parallel and perpendicular to the magnetic field. Dotting the wave equation (4.56) by N
obtains

N-g-(E +E;)=0. (4.70)

The electrostatic dispersion relation is obtained when k is parallel to E so that E; = 0

yielding

N-e-N=0. (4.71)
The wave equation (4.56) may be rewritten as

NE; +¢-(E, +E;)=0, (4.72)

= &£E =(N-¢E,. (4.73)
Now when

IN?[>> e, | for alliand j (4.74)

equation (4.73) can be approximated as

e E =NE,. (4.75)
Using (4.74) on (4.75) yields

E,|>>[E,|, (4.76)

and the electrostatic approximation is valid.
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Waves with large N = kc/m, i.e., very slow waves, tend to be electrostatic. The
Stix condition [N?| >> |e ijl may be overly restrictive but is sufficient to imply that E is
parallel to k. To apply this criterion to the experiments considered in this thesis, typical

experimental parameters have to be examined.

Experimental Parameters

The arrangement used to launch lower hybrid plasma waves into the tokamak

plasma is depicted in Figure (4-1).

Toroidal Field
» B,
X
Vn
k
z
k, '
Density
Gradient
k
Plasma
Vacuum oed hnd B
Electric Field ¢ Antenna Waveguides
of waveguide TE,, mode

Figure 4-1. Experimental arrangement for launching lower hybrid plasma
waves in a tokamak. Phasing of the wave-guides controls the launched k|,
spectrum.

The phasing of the antenna wave-guides determines k; . In slab geometry, which is a
good local approximation in most tokamaks, k; is conserved by Snell's law. The plasma
dispersion then sets k,. Toroidal effects destroy the strict conservation of ky and are

discussed later. If k| is determined from the dispersion, then one can compute

2
C
N? = F(k,’f +Kk7) (4.77)
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and compare with the dielectric tensor elements as in the relation (4.74) to check the
validity of the electrostatic approximation.

To determine k, assume that the electrostatic dispersion is sufficient. Checking
with the Stix criterion will prove or disprove this assumption. The electrostatic

dispersion equation (4.71) can be rewritten as

ki P
— =——. (4.78)
k' S
Combining (4.77) and (4.78) produces
2 2 2 ¢’ 2 2 ¢’ kﬁ p 2 p
N =N,,+Nl=?(k"+kL): SHi-g)=Nill-5 ) (4.79)

The parameter N; = k; c?/w’ appears frequently and is set by the antenna parameters.
A typical number for quadrature phasing (90° phase shift per channel) of the final
antenna model is N =10 so that N} = 100.

The magnetic field employed for most experiments was 1.3kG on axis. This gives

the cyclotron frequencies shown in the following chart:
H Ar

f 3.7GHz 3.7GHz (4.80)

ce

f. 20MHz S51kHz

The RF frequency used to launch the plasma waves is fixed at 450MHz by the amplifier
cavity dimensions. The plasma density varies from zero at the chamber wall to 2.6 x 10"
cm? in the interior for a one-kiloamp ohmic discharge. The plasma density turns out to
be roughly proportional to the plasma current and thus can be varied. Over the density
range 0-5 x 10'? cm™ the plasma frequency varies from 0 to 20 GHz. The dielectric
tensor elements over this same density range vary monotonically over the ranges

S = 1 to 31, (4.81)

P =1 to -2000, (4.82)

D = 0 to 250 . (4.83)
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The important ratio -P/S appearing in the electrostatic approximation rapidly
becomes positive and larger than one as the density increases from the point where
=0,

Many plots of plasma parameters versus the major radius in the mid-plane will be

presented. The coordinate system used is depicted in Figure (4-2).

Figure4-2. Coordinate system used in the graphs. The major radius R is
measured from the center of the cross section of the tokamak chamber.
All calculationsare for the mid-plane.

Figure (4-3) shows numerical plots versus the tokamak minor radius of the various
quantities S, P, D and the refractive indexN. The indexis calculated from the electrostatic
dispersion. A semicircledensity profile is assumed with averagedensity of 2 x 10" em™.
Beinga low field tokamak with consequent large ion Larmor radius, a flat density profile
would be expected. Data shows this to be the case’> The 1/R dependence of the toroidal
field is included. For all parameters the Stix criteria is satisfied and the electrostatic
approximation is valid. If the magnetic field is decreased for similar densities, then it
becomes less certain that

N? >> |P]. (4.84)

However, it will later be shown that lower hybrid waves are not accessible to these

plasmas.
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Lower Hybrid Wave Index and S, P, D Values in Encore
12000

10000 n

8000 §

|
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Major radius in the midplane measured from
tokamak center (cm)

Figure4-3. Plots of the dielectric tensor elements S, P, D and the index
N? for the lower hybrid mode versus the minor radius of the Encore
tokamak. A semicircle density profile is assumed with a line-average-
density of 2x10'2 em™. The magnetic field varies inversely with major
radius and is 1.3 kG on axis. The wave frequency is 450 MHz.

Resonance Cones

Since the electrostatic approximation holds for Encore parameters, the electric
field can be calculated to sufficient accuracy with Poisson's equation,
V.- Vo =0. (4.85)

Utilizing the dielectrictensor (4.39), equation (4.85) becomes

3) (532

Ix 0x dy

d . dd _db

— |- |iD—+S— |=0. 4.86
dy 1 8x+ dy (4.86)
9 9

oz 0z
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For quadrature phasing of the antenna, the parallel wavelength is of order the width of
the antenna, which is 7cm. Using typical Encore parameters and equation (4.78) the
perpendicular wavelength would be significantly smaller, about lcm. Except near the
plasma edge, the fractional change in plasma parameters and tensor elements is small over
the distance of a wavelength. Consequently, the tensor elements in (4.86) can be
considered independent of the coordinates so that (4.86) can be solved locally resulting in

the equation

a¢2 a¢2 a¢2
=0. 4.87
S(axz " dy’ tF 0z’ (487)

The parallel dielectric constant P is negative while S is positive. Thus (4.87) is
hyperbolic and disturbances in the potential propagate along characteristics emanating

from sources. For a point source at the origin the characteristics are

1/2
r =(%) z, (4.88)

where r* =x*+y% The propagating non-zero potential lics on a double cone with apex
at the source.* > The solution will mimic the shape of an extended source. For Encore
parameters with the low toroidal field, the cone angle well above cut-off can be

approximated as

tan(6) = -;- =\/§ = -Q‘)"— (4.89)

Note that the angle is independent of density. For maximum toroidal field of about 1.3
kG on axis the angle 8 = 7°. For smaller field strengths the angle is larger. The large
inverse aspect ratio of Encore (0.32) and the 1/R dependence of the toroidal field lead to
substantial variations in the toroidal magnetic field within the tokamak chamber. For
maximum field conditions of 1310 G on axis, the field is 46% larger at the inside wall

(1920 G) and 24% less at the outer wall (996 G). The cone angle then varies from 9° at

the outer wall to 5° at the inner wall.
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Electromagnetic Corrections

Corrections due to electromagnetic effects have been studied both theoretically

and experimentally.® 7 Consider the fourth of Maxwell's equations (4.4)

VxH= %?+Jf,ee. (4.90)

In order to obtain an estimate of when electromagnetic effects can be neglected,

approximate (4.90) as

E = wD+]
r

(4.91)

free *

The condition for neglecting electromagnetic effects is that the curl of H is balanced by

Jiree SO that

H >>D. (4.92)
r

This reduces to

c
r << —=, 4.93
e (4.5)

where the intrinsic impedance has been used:
E_ f_“_ _ (4.94)
H €,€,

If the largest of the plasma dielectric elements for Encore parameters P is substituted for

g, then (4.93) reduces to

r<<——. (4.95)

@,

Expression (4.95) can also be derived by comparing the electrostatic and radiation terms
for the field of an oscillating dipole. Assuming a density of 10'? cm, electromagnetic
effects will become important after propagation over a distance the order of a centimeter.
The validity of the electrostatic solution is not simply the "near zone" condition
(4.95) however. As discussed by Fisher and Gould, the electrostatic potential term
always dominates on the cone itself.® Electromagnetic effects are expressed as potential

disturbances developing inside and outside of the resonance cone beyond the near zone.

Theory and experiment show that in essence the electromagnetic corrections add structure
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to the cone. This structure takes the form of a few extra fringes in the neighborhood of

9

the cone surface.” Thermal effects are similar.'?

Discussion of the Dispersion Relation

Since in slab geometry Ny = kjc/o is conserved, N can be considered a parameter
determined by the launching structure. Thus the dispersion relation can be considered as

an equation specifying N . The electrostatic dispersion, equation (4.78), is

P
N§=_§N§. (4.96)

The electromagnetic dispersion (4.61) can be written in the form

AN! +BN? +C=0, (4.97)
where

A=S, (4.98)

B=(P+S)(N; -S)+D’, (4.99)

c=PKN§—$2—Dﬂ. (4.100)

In general there are two solutions to (4.97) specifying a fast (smaller N,) and slow
(larger N ) wave. If thermal effects are included, the dispersion relation becomes'!

FNS+AN] +BN: +C=0, (4.101)
where A, B and C are as before and F is a new function of the plasma parameters. The
new mode is a very slow ion plasma wave that is thus heavily Landau damped and useful
for plasma heating. As a wave is launched from the outside of the torus, it propagates
into progressively larger density. Depending upon the plasma parameters and N;, various
events can occur as depicted in Figure (4-4).

The cutoff (N, = 0) for the fast mode is at a larger density than the slow mode
cutoff. For sufficiently small N;, a launched slow wave will mode convert to the fast

wave at some density ny;. The new fast wave will reflect off of its cutoff and repeat the

process back and forth until damped out. The slow wave is said to be inaccessible to

densities above ny; from the plasma edge. For sufficiently large N the slow mode is
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accessible to the plasma parameters where mode conversion to the ion plasma wave
occurs. This is the basic scenario of lower hybrid heating. For current drive, mode
conversion to the ion plasma wave is undesirable and parameters are chosen such that the
lower hybrid resonance layer does not occur in the plasma. The frequency ® is chosen

well above the lower hybrid frequency.

Accessibility

Accessibility of lower hybrid waves is discussed in several papers.'>'*!* As can
be seen in Figure (4-4a), unless N is large enough, the lower hybrid wave will mode
convert to the fast wave at some point in the plasma density profile. This phenomenon
limits the penetration of slow waves into the plasma. Essentially it renders lower hybrid
waves with certain parallel phase velocities inaccessible to the central portion of the
plasma discharge.

The condition for the coalescence of the slow and fast modes is obtained from the

dispersion (4.97). Solving for N* obtains

_ —B++/B*-4AC

N2 4.102
f A (4.102)
The two modes coalesce when
B> -4AC=0. (4.103)

The condition (4.103) depends on N;. Rewriting (4.103) to clearly express this

dependence yields

AN!+BN2+C=0, (4.104)
where

A=(P-SY, (4.105)

B=-28(P-S)’ +2D*(P +5), (4.106)

C=S’(P-S)’ +D*(D* - 28 +2SP). (4.107)
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Figure 4-4. Perpendicular index versus plasma density n for fixed parallel
index. The slow wave and fast wave cutoffs are subscripted "sc" and
"fc" respectively. The density at which mode conversion to the ion
plasma wave occurs is subscripted "mc." Mode conversion points
between the slow and fast waves are subscripted with numbers. From

P.T. Bonoli and E. Ott, Phys. Fluids 23 (1982) 360.
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Since A >0, equation (4.104) represents a concave upward parabola. The situation is

thus as depicted in Figure (4-5).

Figure 4-5. The solution to equation (4.104) is the intersection of the
parabola with the horizontal axis.

Figure (4-6) shows a plot of the parameter B? —4AC in a typical ohmic discharge. The
parameter is always positive and the third parabola in Figure (4-5) applies. There are two
roots, two values of N, at which the slow and fast modes coalesce at each point in the
plasma.

The largest root of equation (4.104) is of the most interest for the following
reason. Ny at launch in the experiments on Encore is typically peaked at 10. The phase
velocity of the launched lower hybrid waves is thus a tenth the speed of light, much faster
than any of the electrons in a typical ohmic plasma in Encore. Ny is not conserved during
propagation in toroidal geometry. For launch at the outer mid-plane, the initial effect is

an upshift in N}, and a slowing down of the parallel phase velocity.'

Other phenomena
may or may not operate to cause Ny shifts. However, it is only those lower hybrid

waves that are slowed sufficiently to interact resonantly with electrons that are useful for

current drive.
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Figure 4-6. Plot of the parameter B> —4AC versus the Encore tokamak
major radius for various magnetic fields on axis (186G-1300G). Since
this parameter is always positive, there are two values of N for which
the slow and fast wave modes coincide.

For current drive it is necessary that N increase after launch, and such an increase
must not lead to a mode conversion to the fast wave. Thus if N is larger than the largest
root of (4.104), then B> —4AC > 0 and the wave is accessible to the plasma parameters
used. For given plasma parameters, the N that represents the largest root of (4.104) is
the accessibility limit Nj,. Waves with N; > N, propagate freely. Plasma waves with N
= Ny, will mode convert to the fast wave and propagate out of the plasma. Knowing N,
as a function of the minor radius of the plasma allows one to instantly see the possible

depth of penetration of LH waves with various N;. From (4.104)

N? = -B++B?-4AC

lla — 213;

, | (4.108)

Accessibility is important in the experiments described in this thesis. For n, = 2x10"2
cm>, B = 1.3kG and f = 450 MHz, (4.108) yields Nj. = 7. If the magnetic field is

lowered to 800 Gauss, however, (4.108) yields Ny, = 11 and waves with Ni =10 are

nhaceessible.
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In Figure (4-7) calculated plots are shown of N, versus the major radius of

fla
Encore for various magnetic fields. A frequency of 450 MHz and a gas fill of singly
ionized argon is assumed. The 1/R dependence of the magnetic field is included and a

3 is assumed. The

semicircle density profile with a line average density of 2x10' cm-
magnetic fields shown are those on axis. The left end is the inside chamber wall and the
right end is the outer chamber wall. The quadrature phased wave-guide antenna used in
the experiments launches a power spectrum centered at Ny = 10 with a full width at half
maximum of roughly 10. The shaded band roughly represents the N; launch spectrum.
This spectrum extends from N; = 5 to N; = 15. The intersection of the Ny, graph and the

line N;; = 10 yields the mode conversion point and the deepest possible penetration of the

N, = 10 component into the plasma. The general trend is for worse accessibility at higher

50

45

40

35 I

6 8 10 12

Major Radius (measured from 38 cm)

Figure4-7. The accessibility limit N, as a function of the major radius,
for various magnetic fields. The magnetic field monotonically increases
from the uppermost to the lowest curve. The magnetic fields on axis are
186G, 371G, 557G, 743G, 929G, 1114G, and 1300G respectively. The
shaded regionindicates a typical launch spectrum for quadrature phasing

of the final LH antenna. A linc average plasma density of 2.0%10°m”

is assumed.
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density (i.e., near the center of the plasma) and/or lower magnetic field.

In Figure (4-8) is a similar plot showing the effect of varying the frequency. In the
range 50-450 MHz, there is at best a very weak dependence on frequency. At higher and
lower frequencies, accessibility begins to improve. The electron cyclotron frequency is
roughly 3.6 GHz and the singly ionized argon ion cyclotron frequency is about 50 kHz.
All of the frequencies in the plot lie between the cyclotron frequencies and can thus be
considered lower hybrid wave frequencies. Decay lower hybrid waves generated with
much lower frequency than but identical k; to the parent wave will be more accessible

than the parent wave.
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Figure 4-8. The accessibility parameter Ny, versus the major radius
(measured from 38cm) for various frequencies. The magnetic field on
axis is 1300 gauss. In the range of 50-450 MHz there is only a very
weak dependence on frequency.

Lower Hybrid Resonance Layer

The lower hybrid resonance occurs when
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N2 - oo (4.109)

in equation (4.96). This happens when S = 0. From equation (4.53) this condition can be

written as
0 o
S§1+m—‘f—m—‘;=0. (4.110)

ce

The frequency at which (4.110) is satisfied defines the lower hybrid frequency

5 o 040,

(DLH': pl2 — pr ci~’ce ) (4111)
1+ (DPC ('opi +O‘)ci('oce
2
V]

For Encore parameters (4.111) is approximated by

Oy = 0,0, , (4.112)
while for larger field tokamaks

Ol =0 (4.113)
The existence of a resonance layer could result in wave damping and thus be detrimental
to current drive.

In the cold plasma approximation, in order for lower hybrid resonance heating to
occur, at some place in the plasma ® = ®_y must hold. The wave frequency at launch for

the Encore experiments is f = 450 MHz. The approximation O’ = We® can be

written as

1

f ., =6.5x10" BGauSST, (4.114)
ol

where single ionization is assumed and o is the atomic mass of the ions. Bgays 1S the

toroidal field in Gauss. If the following ratio is examined

£ Vo

— =6.9%x10° , (4.115)

LH Gauss

it is found that even for the smallest atomic number (hydrogen) and largest toroidal field

currently available on Encore (1.97 kG calculated at the inside wall),

f
F—>3.5. (4.116)

LH
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Operation at low densities so that the approximation

fiy = f.fy 4.117)
is no longer valid only makes the ratio f/f;y larger. Hence, it would seem that lower
hybrid resonance heating is not possible in experiments utilizing 450 MHz. At maximum
toroidal field a resonance layer would exist for lower hybrid waves with frequencies less
than 105 MHz.

If thermal effects are included, the electrostatic dispersion is modified from (4.96)
to include the very slow ion plasma wave as shown in Figure (4-4). Mode conversion
from the lower hybrid mode to the ion plasma mode occurs before the lower hybrid
resonance layer defined by (4.111) is reached. Hence, the absence of the mode conversion
layer is a more stringent condition than the absence of the lower hybrid resonance layer.

The mode conversion layer is defined by the position at which'¢ 7

0} = mz[l 423 N e (lj(l + 1T———"’—” . (4.118)
c A :
For the low field conditions of Encore where ®, = ®.®, equation (4.118) is
essentially independent of magnetic field and ion mass. For the parameters T; = 3 eV, T,
=10 eV, f =450 MHz, B = 1.3kG equation (4.118) yields

N, =130. (4.119)
Waves with Ny = 130 will mode convert to ion plasma waves. The antenna used in the
Encore experiments will not launch significant power at Ny = 130. However, Ny = 130
corresponds to the thermal velocity of 33 eV electrons and lies in the "spectral gap"
between the phase velocities of launched LH waves and the thermal electrons at 10 eV in
Encore. It is not known how the spectral gap is bridged in current drive experiments

although decay waves and N non-conservation in toroidal geometry are possibilities. It

is a possible impediment to current drive in Encore to find undesirable mode conversion

assoctated with an Ny, in the spectral gap. Further consideration of this result led to an
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understanding of the density limit encountered in all lower-hybrid current-drive

experiments. This matter is discussed in more detail in chapter 8.

CMA Diagram

Figure (4-9) shows the CMA (Clemmow-Mullaly-Allis) diagram of Stix'® upon
which a heavy dashed arrow marks the trajectory of a launched lower hybrid wave in
Encore. It will be shown that the cutoff for the slow mode occurs at P = 0. The shaded
region coincides with the condition PS < 0 (the diagonal tensor elements are of opposite
sign). For this condition (4.87) is hyperbolic and resonance cone propagation exists. The
condition L = O represents the complete cutoff of the fast mode (N — 0). This is in
contrast to the "perpendicular" cutoff condition (N, — 0) to be discussed in the next
section. The region 6a in which transverse plasma waves exist and the slow wave is
below cutoff corresponds to a very thin layer at the tokamak edge. = Numerical
calculations, assuming a semicircular density profile with line average density of
2x10%cm™, indicate that P=0 occurs on the order of 5 microns from the plasma edge.
Depending upon the toroidal field, the condition L=0 occurs between 20 and 80 microns

from the plasma edge.
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T P=0
o’ cutoff for the |
0 slow mode

Figure 4-9. CMA diagram showing the path in parameter space taken
by lower hybrid waves launched in Encore (heavy dashed line). The
shaded region designates areas where PS < 0 and resonance cone
propagation exists.

Cutoffs!®

We assume a conserved N; and look for the condition N, — 0. From the

electromagnetic dispersion (4.97) the condition for cutoff, N, =0, is

C=F((N; -5) -D*)=0. (4.120)
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There are two possibilities:

P=0 (4.121)
or

(N2 -s)'-D?=0. (4.122)
The first condition (4.121) is identical to the cutoff condition obtained from the
electrostatic dispersion (4.96) and is the cutoff for the slow mode. Using f = 450 Mhz
and (4.121) results in a cutoff density of

nilovrede =2 5%10° em™. (4.123)
Since densities in Encore typically are in the 10> cm™ range with a flat profile, the slow
mode cutoff occurs very near to the plasma edge and chamber wall.

From equation (4.122) the cutoff for the fast wave can be seen to depend upon
Nj. It may be rewritten as

Ni=S%D, (4.124)

where R =S+D and L = S—D where the parameters R and L can be expressed as®

o’ oW
R=lo—rpe 0 (4.125)
oo+o,) oo+oy)
and
o’ o,
Lo @ O (4.126)

ow-o,) oo-o,)
In the above expressions ®_ is negative. The two solutions for N, =0 can thus be

written as

Ni =R, L. (4.127)
This is reasonable because (4.127) is the dispersion obtained when it is assumed that the
wavevector is parallel to the magnetic field, i.e., that N, =0.

In equations (4.125) and (4.126), the term involving the ion species is less by a

factor of at least 100 compared to the term involving the electrons.?! Hence the following

approximations can be made:
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®
R=l-—0P (4.128)
o(w+ o, )
and
0)2
L = 1 _ pe . (4129)
m(w—wce)

The fastwave cutoff condition (4.127) can now be expressed as the two possibilities

(,02

N =R=l-—PF (4.130)
o(w+a, )
or
2
2 (Dpe
N =Lzl-—F (4.131)
o(0-o,)

Equations (4.130) and (4.131) can be rewritten respectively as

£2 = (N7 = 1)f([f..|- ) for (N} > R), (4.132)

and

£2 = (1= N7 )e (.

+f) for (Nﬁ >1L), (4.133)

If Nﬁ >1 the "L" case presented in equation (4.133) cannot happen because f,:>0. Hence

the fastwave cutoff condition is given by equation (4.130). Solving equation (4.130) for

the density yields

1)l |- £
ot :(NH (;2)0(0; ) (4.134)

Using the maximum toroidal field at the outer chamber wall (= 1040G), f =450 MHz, and
N; = 10 returns

nfme =1.3x10 em”. (4.135)
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This is a substantial density corresponding to a position in a typical Encore discharge
substantially inward from the plasma edge and chamber wall. This will tend to favor
coupling of the antenna to the slow mode when the condition N = 10 is imposed.

For small N} obtained by identical phasing of the antenna waveguides, or by
turning the antenna 90° on its side, the cutoff occurs at a much lower density. For N = 2
the fast mode cutoff occurs at

nstmede — 4 %10 em”. (4.136)

Hence, for low N, the cutoff for the fast mode will occur very close to the plasma edge

and chamber wall.

Polarization

From the second and third components of the resultant vector on the left-hand

side of equation (4.58), the following are obtained:

NN

% - (4.137)
X 1

iE

IE—Y: SDNZ. (4.138)

X

In the chosen coordinate system the z direction is parallel to the toroidal field, the x
direction is in the direction of the density gradient, and the y axis points in the poloidal
direction.

For slow wave launch, N = 10 is imposed with a full width at half maximum in
the N, power spectrum of 10. At cutoff for the slow mode P = 0. The other tensor

elements are S =1 and D =0. The electrostatic approximation is valid at cutoff since here

N’ > N} =100 >> S,P,D. (4.139)

=——=0. (4.140)
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From (4.137) and (4.138) it is found that E = E,, Ex = E, = 0 at the slow wave cutoft.
Actually (4.137) is indeterminate when P = N, = 0. However, it is assumed that P is not
exactly zero but is slightly negative P = €. Equation (4.140) then shows that

IN|=Nv-e, (4.141)
with the result that E,/E, diverges at cut-off. For slow wave launch the TE;y modes of
the antenna waveguides are oriented with the electric field parallel to the magnetic field.

As the electrostatic-wave propagates into higher density regions, the polarization
changes. For a density of 10'2 cm™ and a magnetic field of 1300 Gauss, the tensor
elements become P =-400, D =49, and S =7. The electrostatic dispersion (4.96) yields

IN,|=76. (4.142)

From Snell’s law, N is conserved. Equations (4.137) and (4.138) then yield

E
2= (.12 4.143
E. ( )
and
E
(= 0.0084. (4.144)

The direction of k and hence E rotates from E || z at cutoff to E || x at densities well above
cutoff.
At the fast mode cutoff P #0 and N, = 0, so from (4.137) E, = 0, regardless of

N;. For N =2 the cutoff density from (4.136) is 4x10'" cm™. The tensor elements using
B=1300 Gauss are D =2 and S =1.2. From (4.138)

Ey

~0.71 . (4.145)

X

The electric field lies in the x-y plane at cutoff. For launch of the fast wave the antenna

must be rotated so that the electric field of the TE,, modes is in the y-direction.
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Single Particle Motions

Here the detailed orbits, velocities and density variations of the electrons and ions
in a lower hybrid wave in Encore are examined.?” The electrostatic approximation is
assumed so that the electric field is completely specified by Poisson's equation. Poisson's

equation, the equations of continuity and the Lorentz force equations are

V= aio(ésni ~8n,), (4.146)
—aa—tSne+V-(n08ve)=0, (4.147)
% &n, +V-(n,dv,) =0, (4.148)
me% dv, =—e(-Vo+dv, xB,), (4.149)
m, % dv, =¢(-Vo+dv,xB,). (4.150)

Assuming a wave with dependence of the form

ei(k-r—wt)

and assuming small variation of the plasma parameters over a wavelength, the above

equations can be rewritten as

K¢ =—(n, - n, ), (4.151)
80

on, = —2k-dv,, (4.152)
®

on. =—2k-dv., (4.153)
Q]

—iom, dv, =—e(-ik+dv, xB,), (4.154)

—iom,dv, = e(~ik¢ +dv, xB, ). (4.155)

Using the lower hybrid condition @2, >> ®” >> ®_, the above equations can be solved for

the velocities

sy =—2 kio (4.156)
(DCC BO
i
5y - 180 4.157)



4-32

k
Sy, =D %lqi (4.158)
sy, =Lua k0 (4.159)
v, = (4.160)
X
Sv. =-‘%Bﬂ. (4.161)

In the above equations the parameter ®, =—{®

«|- The positions (neglecting initial
positions) are obtained by dividing the above velocities by -iw.

For Encore parameters it has been shown that the slow mode is electrostatic
everywhere including cutoff, so the above apply at cutoff. (This is not necessarily true
for experiments with N at launch of order 1.) At the slow mode cutoff k = k; and k,
0. Equations (4.156) to (4.161) show for this case that the ions and electrons slosh back
and forth parallel to the toroidal field and the antenna electric field.

Well above the cutoff density the slow mode dispersion (4.78) is used to relate k;,
and k, obtaining
Ky
2
kH

P
S

n

(4.162)

o8]
-

where approximations based on Encore parameters (B =1.3 kG, n, =~10'?) have been

used. Equation (4.162) may be further simplified to

k= Qe (4.163)
(0]

where the sign is chosen to give inward propagating group velocity. Using (4.163) to

eliminate k, from (4.156) to (4.161) yields

kl\q)
Sv,. B (4.164)
z‘>vey_+“0 ke (4.165)
o B,
Sv,, = e ke (4.166)
o B,
K
Sy, =+ 2ulli W (4.167)

o’

0
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8v, =0, (4.168)
k
v, E&Bﬁ. (4.169)
w

From the above equations it is seen that the electrons orbit in circles about k, (k = k).
The ions meanwhile slosh back and forth along k, which points nearly in the x direction.

From (4.152), (4.153), (4.156) to (4.161) and the assumption that Kk lies in the x-z

plane
2 k2
2
S, =%%% (4.171)

Using (4.162) in (4.170) returns on. = 0. The electrons circle around without producing
a density gradient. The electric field of the wave is due to ion density fluctuations
produced as the ions slosh back and forth along k. Figure (4-10) depicts the single

particle motions of ions and electrons in a lower hybrid wave.

A

ion
motion |
electron
motion
k
e Z
>

Figure 4-10. Single particle motions in a lower hybrid wave away from
cutoff. The wave vector k lies in the x-z plane and is almost oriented
parallel to the x-direction. The electrons circle around k without
generating density variations. The ions slosh back and forth along k and
generate density variations.
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Lower hybrid theory is particularly interesting due to the fact that unlike in the

situation with very high or low frequency waves, both ion and electron equations of

motion are important.

Energy Relations

The electrostatic dispersion relation given in equation (4.163) can be arranged as

kH
o=t"lo,. (4.172)

1
Wave energy flows with the group velocity. Using (4.172) the group velocity

components are calculated as

k
CONEE N I (4.173)
akl 1 kJ_
k
90 _ L=l (4.174)
ok, k, Kk
Equation (4.173) may be further manipulated to yield
0 _0 O (4.175)
ok | o, k,
From (4.173) it is seen that
0w
k, — <0. 4.176
1 ak_L ( )

The lower hybrid wave is "backward" in the perpendicular direction. Backward waves

3

are common in filter-type transmission lines.? Notice that for energy flow into the

plasma, k, must point out of the plasma, as it does in Figure (4-1). Using (4.174) and

(4.175) obtains

o0 /3K | o,
|8m/akl|—|(n|

>>1. (4.177)

Hence although k, which is associated with momentum flow, is largely in the

perpendicular direction, the energy flow and group velocity are largely in the parallel

direction. From (4.173) and (4.174)
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om om om
ki =k —+k, — = :
Sl Fad i 0, (4.178)

demonstrating that the group velocity is orthogonal to k. The magnitude of the phase

velocity is
le‘ __ o
2 2
k Jku +k7

The magnitude of the group velocity is

—o [+t =2 (4.180)
kL kH kll

The group velocity is larger than the phase velocity by the ratio

S22t

Using the dielectric tensor, the energy density in the wave may be written as®*

n

0)
el 4.179
k ( )

® .~ O
——X+—7Z
k, Kk

(O]

ce

®

>>1. (4.181)

2
w=b  Ep. O Z (we,) E . (4.182)
2u, 2 oo

The first term on the right-hand side is the magnetic energy density. The second term is
the sum of the electrostatic energy density and that portion of the charged particle kinetic
energy density that is associated with the coherent wave motion. €, is the Hermitian part
of € defined by

£, =%(£+£*‘). (4.183)

The dielectric tensor represented by equation (4.39) in conjunction with the tensor
elements (4.53) to (4.55) is already Hermitian.

In the electrostatic approximation E = —ik¢. The electrostatic dispersion relation
is derived from Poison's equation (4.85) and is E" -&-E = 0. Equation (4.182) can thus be

further simplified to
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2
WO=_1_3_+&E*. 8+(D__a_£ -E
2u, 2 0w
(4.184)

2
=_B_+§_9..E*. wis -‘E
2u, 2 0w

Substituting the tensor elements (4.53) through (4.55) into (4.184) and evaluating yields

2 o’ o’
W, = +eo[_1;E1+—g—eEfj. (4.185)
@ ®

B _og _

E—;s o =68, (4.186)
I

(_Oi“'_~ 0.2 hydrogen (4.187)

o’  |0.006 argon ’ '

and

(02

—£==400. (4.188)
n

The term containing E, in (4.185) is negligible compared to the term containing E,.

Hence, neglecting the magnetic energy, the wave energy can be approximated as
2

®,. .,
W, .. =& —ZE. (4.189)
Q)

The electric field or vacuum energy is given by

E2
W, == (4.190)
2
The ratio of the total wave energy to the vacuum field energy is then
2
®
g —2 R 2 2 2
o 2 o, E ®
Wome _ 20" 1 5Py =, (4.191)

W, eF/2 " oE o

ce

where the dispersion relation (4.172) has been used to relate E to E=E . Using the

Encore parameters mentioned earlier yields
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Wowe - 19 (4.192)
W,

vac

The wave energy density is roughly 12 times the vacuum field electrostatic energy
density. Most of the wave energy is carried by particle motions rather than by wave
fields. This is consistent with the result obtained earlier that the electrons circle around k
without bunching and forming density fluctuations. Density fluctuations are the only
source of electrostatic wave fields.

The above results can be compared to the single particle motions. Based upon

equations (4.164) to (4.166) the wave energy due to the kinetic energy of the electrons is

Welectrons = % nme ((SVey )2 + (SV"Z )2 )

[(Dce k||t T
=nm, | —%——

SNEW,
m,m

ng’ k¢’

‘gm, o

2

0
— pe 172
=€, 2En

Q)

This is identical to the formula derived in equation (4.189). Using equations (4.167) to

(4.169) the kinetic energy of the ions due to the wave motion is



1

2 o'm B (4.194)
8 O‘)cenq qu)
2w ‘e,m,
g 0,0

ce ™ pi E2
T2 o

.0

ce el

(1)

=& P g2

Il
I}
o
Q.

2 electrons *

For Encore parameters, the wave ion kinetic energy density is less than 2% of the wave
electron kinetic energy density, assuming hydrogen ions. It is an additional factor of 40
less for argon.

It is of interest to know at what power density the energy of coherent particle
wave motion equals the excitation threshold of the background neutral gas. For argon, the
excitation threshold is 11.56eV.?> The power density T in watts/cm?, the energy density
W in J/em® and the group velocity in cm/sec are related by

0w

r=—Ww. 4.195
K (4.195)

The perpendicular and parallel components of equation (4.195) are then
om

I 3% W (4.196)
80)

r = 4.197

t ok, ( )

For a given power flux, slower waves have larger energy density. For lower hybrid waves

in Encore, it has been shown that the energy density is in the form of particle kinetic



4-39

energy. Most of the wave energy lies in electron kinetic energy. When the electron
energy is 11.56eV and the electron density approximately 10'2 cm™, the energy density of

the wave is
W =102x%11.56 eV/cm’ =1.156 10" eV /cm’

=1.156x10" x1.6x10™ J/cm’ (4.198)
=1.9%x10° J-cm™.
It is perhaps simplest to compare necessary power levels with those provided by the
antenna using equation (4.197). The perpendicular group velocity component is given in
equation (4.175). Two cases are of interest, A, =7cm (waveguide antenna quadrature

phased) and A, = lcm (probe launch), for which

5 [39X10°2 4 =7em
alf) - sec (4.199)
Lo ]56x100= A =lcm

sec
Combining (4.197), (4.198) and (4.199) yields the power density necessary for the

electron sloshing energy in the wave to attain 11.56eV

watts

740—- A, =T7cm
r={ o (4.200)
110222 ), =lem
cm

If instead of equation (4.197) equation (4.196) is used, the parallel component of
the group velocity is a factor ®_ /@ larger than the perpendicular component. The

group velocity points at the resonance cone angle from the direction of the toroidal field.

The projected area of the end of the antenna is decreased by the factor @/ ®_, and the

ce?

antenna power levels required are the same.

The power level given in (4.200) for the A, =7cm case is large compared to that

typically launched in the experiments on Encore. For instance, at maximum theoretical

RF power (40kW) radiating from the antenna aperture (49cm?), the power density is
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roughly 800 watts/cm®. A typical power actually obtained was of the order of 16kW for
a power density of 330 watts/cm?.

Encore has window ports, and attempts were frequently made to look for changes
in the optical appearance of the plasma during injection of RF. A bright flash of light was
often seen coincident with application of RF. Much if not all of this is believed to be due
to excitation of background gas due to energetic tail electrons driven by the lower hybrid
waves. This light emission was photographed and emanates from a cohesive beam circling
the torus. No obvious "cone-like" light-emitting volume was ever seen. However, a
rigorous program to look for cone-like emission was not undertaken. This qualitative
result is nevertheless consistent with the power density calculations given above.

In a poorly characterized experiment, attempts were made to launch LH waves
with small parallel wavelength (A, =1cm) from a small area using a coaxial probe. The
end of the probe featured a half-centimeter length of exposed center conductor. Power
levels of the order of a hundred watts were applied. No cone-like emitting volume was
seen and the experiment was not pursued further.

At lower plasma densities the required power levels in (4.200) drop. Due to
added electronic excitation of neutral argon atoms and ions, the resonance cone
propagation may under such situations become optically visible to the eye. This may

have application in plasma art.

N, Spectrum Dynamics

An important parameter for lower hybrid current drive is the phase velocity of the
launched lower hybrid waves parallel to the confining magnetic field. Normalized to the
speed of light as kjc/om, this parameter is the parallel refractive index of the wave and is
denoted by N;. Landau damping requires a velocity matching criteria

C

Velectron = —N—’ (4201)
I
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between the lower hybrid wave and the electron velocity.

The properties of the launching antenna for the plasma-wave fix the initial Ny
spectrum. There are changes in the N spectrum as the lower hybrid waves propagate
through the toroidal tokamak plasma.2627282930 This effect has been studied for the
cases where the WKB approximation is valid and geometrical optics can be used for ray

tracing. For the case of a time independent dispersion function, the equations of

geometrical optics in plasma take on a simple Hamiltonian form>"+
% = %§ , (4.202)
3—1; =- aa—Z: (4.203)

The dispersion function D(k,m,r) = 0 takes the place of the Hamiltonian and T is a
parameter measuring distance along the trajectory. If the tokamak coordinates are taken
as r = (r, 0, ¢), where r is the minor radius, then the wave vector conjugate to these can

be written as k = (k,,m,n) where k, is the radial wave number and

k,=—, (4.204)
T
n
kK =2 4205
' =R ( )

m and n are the poloidal and toroidal mode numbers respectively. Due to the toroidal

symmetry
B_D =0 (4.206)
o

and n is a strict constant of the motion. However,
oD
—#0 4.207
% ( )

as the toroidal field B, falls off as 1/R, and the poloidal field B, also varies with R.

Thus as the lower hybrid wave propagates in the poloidal direction, m will change.

In terms of the toroidal coordinates, k| can be written as>

nB ¢ 1

m
=\ kB, +TB9 * R, + rcos(e) ﬁ '

(4.208)
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For an ideal equilibrium with

B, =0
(4.209)
B, << B,
and defining the rotational transform q as
rB, (4.210)
q= ) :
(R0 + rcos(()))Be

one obtains

n m
ki< ——=| 1+ —1|. 4211
” R0+rcos(6)( nq) ( )
Upon launch from a grill antenna initially k, = k, and m = 0. If m were to remain small

there would be a modest change in k; due to the factor (R, + rcos@)! which is simply the
wave position in major radius. For launch at the outside mid-plane (6 = 0) this shift is a
small increase in k; and thus N;,.

If large poloidal excursions are possible, it will be seen that effects due to m
changes quickly dominate the spectral shifts. Ray tracing calculations for Alcator C type
equilibrium®*, PLT equilibrium® and others®® show that waves which have made
significant poloidal motion incur large m variations and consequent significant changes in
N. For trajectories followed beyond 6 = 27 in the poloidal direction, the changes in N,
can be tremendous.

For instance in the Alcator C case mentioned above, N, oscillated from 4 to 0 to 6
in the range 27 < 0 <41. The equation for dm/d6 has many m dependent terms which

initially vanish at launch when m=0. The terms which result in the non-constancy of m

depend on the 8-dependent terms of the toroidal equilibrium which are of order
1, _ minor radius

(3]

€

=— — - (4.212)
R, major radius

Here, € is the inverse aspect ratio of the tokamak, sometimes referred to as the toricity.

As we have seen, in a tokamak the strict constants of motion are n and ®. Fore=0, m is

also a constant of the motion. In an interesting paper Bonoli and Ott*” have investigated

the effect of € > 0 on the trajectories of various launched waves. They constructed a
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Poincare map in (k;, r) phase space using values of the numerical trajectories upon
successive poloidal passes at © = 0. For € < 0.2 strange attractors were found
representing a new constant of the motion. Most inaccessible wave power is trapped in
that condition. For € > 0.2, however, all initial conditions resulted in ergodic ray
trajectories. Initially inaccessible wave power will become accessible after a few poloidal
passes. Encore tokamak is similar in aspect ratio to all major tokamaks with € = 0.316.
Ray trajectories should be markedly ergodic and the N spectrum should be heavily

shifted around after several poloidal passes. However, for reasons of accessibility, which

requires lowering of

2
o7,
.’

ce

most of the experiments took place in operating conditions for which the rotational
transform is weak (q >>1). The cone angle for the lower hybrid wave propagation
depends only on the magnetic field and is generally small.

The result of these conditions is that wave trajectories must make at least one
toroidal revolution before making a poloidal revolution. The collision frequencies in a
typical Encore discharge are such that thermal electron mean free paths are of the order of
one toroidal revolution. One could expect observation of possible ray ergodicity in
Encore to occur only when q = 1 for which case the toroidal field is usually low and the
cone angle is also maximized. Hence, for most experiments on Encore, there is a slight
upshift in Nj after launch due to the decrease in major radius as described by (4.211).

Other possible mechanisms for N, shifts include scattering of the lower hybrid
waves from other waves or from density fluctuations. Since the correlation lengths for
density fluctuations in tokamaks are much longer along the toroidal field than
perpendicular to it, k’ >> kﬁ for such density fluctuations. Scattering of the lower
hybrid waves from the larger momentum perpendicular wave vector is considered to be

more important. The effect of the scattering then is to alter the k" of the lower hybrid
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wave and change the value of the poloidal mode number m. This in turn leads to large
variations in Ny upon poloidal motion as previously discussed. Parametric decay of
lower hybrid waves near the plasma periphery may also lead to Nj spectrum changes.*®
In summary, small upward shifts in N, are expected due to the outside launch
position and consequent decrease in major radius upon propagation. Because of the high
collisionality of Encore, large Ny shifts due to the toroidicity and m changes are unlikely
except perhaps for operation near q = 1. Density fluctuations may also effect the N,

spectrum.
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5 Hardware Construction and Testing

In this chapter, the design, construction and testing of the waveguide array "grill"
antennas for launching lower hybrid waves are described. For the solid dielectric antenna,
the N spectrum is calculated for various phasing. The RF power supply is briefly
described. The plasma probes used for much of the data collection are discussed. Finally,

the method used to obtain phase measurements on the grill antenna is presented.

Waveguide Arrays for Launching LH Waves

There is considerable literature concerning the use of open-ended waveguides for
launching plasma waves.!>>+3678910 The term "grill" antenna arose in connection with
lower hybrid heating with phased waveguide arrays and comes from the analogy with the
shape and use of the cooking utensil.'! In the course of experimentation with lower
hybrid waves and current drive, four different "grill" antennas were utilized, the latter
three designed and built by the author. Each successive antenna model incorporated
improvements in design.

As described in chapter 4, the lower hybrid waves of interest are electrostatic
waves meaning that kX E =0. Equation (4.30) implies that the wave magnetic field is
negligible compared to the electric field. Hence, the ratio of the electric-to-magnetic field
at the waveguide mouth should be maximized. Modes in rectangular waveguides are
categorized as either TM or TE. The ratio of E-to-H in a waveguide is known as the
wave impedance and is larger for TE modes than for TM modes. Hence, TE modes are
more appropriate. For unguided TEM modes, the energy contained in the electric and
magnetic fields is equal. For TE modes, more energy is carried by the electric field than
the magnetic field. In TM modes, more energy is carried by the magnetic field. The
simplest TE mode in a rectangular waveguide is the TE;, mode, using the notation of
Ramo, Whinnery and Van Duzer.!? The TE; mode is often employed for launching high

power LH waves in tokamaks. Figure (5-1) illustrates the TE;, mode.
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Figure 5-1. The TE;y mode in a rectangular waveguide. The
electric field has but one component E, fixing the polarization.
The cutoff frequency depends only on the x-dimension "a."

To maximize coupling to the lower hybrid wave, the mouths of the waveguides
should be as close to the plasma wave cutoff as possible. This is particularly easy in
Encore, in which due to the low plasma temperatures the metallic waveguides can act as
the plasma limiter.

For the TE10 mode, the waveguide height "a" at cutoff is given by

A c
R (5.1)

where €, is the relative dielectric constant of the material filling the waveguides. The high

a

power RF source operated at a fixed frequency of 450MHz corresponding to a
wavelength in air of 66.7cm. With a relative dielectric constant of one, the height of a
waveguide at cutoff is 33.3cm. The waveguide should, of course, be operated well above
cutoff to avoid excessive resistive wall losses. The largest vacuum ports on Encore are
18cm, and the minor diameter of the torus is only 24cm. Hence the antenna waveguides
must be loaded with a dielectric material in order to reduce their dimensions.

The discussion of polarization in chapter 4 makes it evident that at cutoff near the

plasma edge, the electric field of a lower hybrid wave is largely parallel to the toroidal

magnetic field. Hence, the electric field at the mouths of the waveguides should be
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oriented parallel] to the toroidal magnetic field. For the TE;y mode this means that what is
typically the larger dimension "h" of the rectangular waveguide must be oriented
perpendicular to the toroidal magnetic field.

The N, spectrum at launch depends upon the waveguide phasing scheme as well
as details of the construction. These calculations are presented in a later section. For
purposes of estimation, a "typical" parallel refractive index for a four-waveguide,
quadrature-phased antenna can be approximated as

C

N

(5.2)

where A, is the periodicity of the grill antenna measured parallel to the electric field. In
order for Landau damping on thermal electrons at 10eV to occur, N; must be of the order

of 240. To achieve N, =240at launch would require according to equation (5.2) an

antenna periodicity A, equal to 2.8mm. Due to the limited area at the end of the
waveguides, such a narrow grill antenna would preclude the launching of the large power
required for driving substantial current. The antenna structure must also be able to
withstand atmospheric pressure while the waveguides are under vacuum. The design
criteria was to keep the waveguides as narrow as possible consistent with the power and
construction requirements. LHCD experiments at other institutions also involved LH
waves with much lower N at launch than could Landau damp on thermal electrons in the
plasma. It is presumed that increases in N after launch allow for the Landau damping to

occur.

Early Antenna Models

Figure (5-2) shows the first three antenna models. Each had shortcomings that

would prevent reliable current drive experimentation.
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Figure 5-2. The first three grill antennas utilized for launching LH
waves in Encore plasma. At far left is a pre-existing antenna that
is below cutoff at 450MHz and utilizes magnetic loop coupling.
In the center is the shell structure for the first powder dielectric
filled antenna. At far right is the second powder dielectric
antenna with tuning stubs.

The initial antenna was a pre-existing waveguide array with no dielectric fill. The
magnetic loop couplers in the pre-existing antenna were not designed for efficient
coupling, as they were located at the shorted end of the waveguides. In general, the loop
diameter and location with respect to the short are adjusted to null out the input reactance
and set the radiation resistance equal to the characteristic impedance of the input line."
Although this antenna is below cutoff at 450MHz, the waveguides are short enough that
signal level experiments could be performed. Neglecting resistive wall losses, the electric
field in the waveguides can be represented by'

E oc '@ (5.3)

where

oode | %

; 5 (5.4)
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The cutoff frequency is f,. With individual waveguide dimensions of 6.5" x 0.675", the
cutoff frequency is found from equation (5.1) and is 950MHz. Equation (5.3) then yields
vy =-i(0.175)cm™,

from which it can be determined that the e-folding distance is 5.7cm. Since the
waveguides are approximately 9cm long, only 25% of the initial electric field and 6% of
the power reaches the open ends of the waveguides. Were the waveguides 4cm long, as
much as 25% of the power could reach the plasma. With waveguides just long enough to
enclose the loop couplers, say 1cm, as much as 70% of the power could reach the plasma.
This approach was not pursued. One attractive feature of this design is that with the
loop couplers entering the waveguides from the shorted end, all waveguides can have the
same length. This makes phasing of the array simpler, as phase delays in the couplers
and waveguides do not have to be considered. This antenna array has a width A, of 7.0cm
and from equation (5.2) a typical Ny at launch would be 9.5.

The second antenna model was intended to rectify several problems. Using a
dielectric powder with €, = 12 to fill the waveguides', the array would be small enough
to comfortably fit into a standard port on Encore and operate well above cutoff.
Provisions were made for moving the array in and out with respect to the plasma using an
o-ring sealed piston, insuring proximity to the plasma cutoff. The waveguide ends nearest
the plasma would be narrow so as to generate larger N;; values at launch. At the ends
away from the plasma the waveguides would be wider to facilitate coupling to coax.

To simplify construction, 1/16" sheet brass was cut, bent and soldered to form the
waveguides. The shell of the first powder dielectric antenna is shown in Figure (5-3).
The waveguide height was 10cm giving a cutoff frequency of 433MHz and a guide
wavelength of 69.3cm. The waveguide was Scm wide at the coupling ends. The coupling
probes were copper rods 3mm in diameter, 4.5 cm long, located 7.8cm from the shorted
end of the waveguide. According to calculations this resulted in an input radiation
resistance of 50ohms and a residual input reactance of 14.2 ohms. The small reactance
results in a 2% power reflection, which was deemed acceptable. The narrow end of the
waveguide has a total width of 1.1cm, which, from equation (5.2), gives a nominal N, at

launch of about 61. The entire waveguide assembly was 86.7cm long.
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Initially the end of the waveguide array was butted up against a ceramic vacuum
window mounted on the tokamak. This rectangular ceramic window mounted on a
standard port is visible in the back of Figure (5-2). It was subsequently realized that this
probably created too large a gap between the antenna and the slow mode cutoff in the
plasma. In order to bring the end of the waveguide array closer to the plasma, the end of
the array was mounted inside the vacuum chamber with an o-ring seal that allowed the
position of the waveguide array to be continuously altered with respect to the plasma.
The o-ring was mounted on a piston and is visible in front of the ceramic port in Figure
(5-2).

To fill the waveguide assembly 27 pounds of dielectric powder were required.
The powder dielectric required packing to stabilize the dielectric constant and to avoid air
gaps. During packing, some of the solder joints eventually broke loose. To make a
vacuum seal and contain the dielectric powder, the end of the waveguides were filled with
a layer of castable dielectric resin.!® This material was not vacuum compatible and the
ends of the waveguides were coated with an additional layer of vacuum compatible epoxy
(Torr Seal). In order to achieve 50-ohm input impedance, the electric couplers were
required to be a certain length necessitating a wider waveguide at the coupling end. The
waveguides were tapered to connect to the narrower launching end. If the waveguide
tapering is gradual over several guide wavelengths, reflection from the taper should be
minimal as the various reflections destructively interfere.!” Unfortunately, the tapering
was not gradual enough, and large reflections from the taper were encountered. Linear
waveguide tapers in general tend to give objectionable reflections.'® The abrupt changes

in angle are a major part of the problem."®
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Figure 5-3. The first powder dielectric antenna. The "piston"
vacuum connection and electric couplers are removed.

To remedy the problems encountered with the first powder dielectric antenna, an
improved second version was constructed. To avoid the breakage of solder joints,
grooves were milled in the top and bottom brass plates comprising the array in order to
hold the vertical walls in position during the soldering process. The grooves increased the
surface area of contact at the solder joints and eliminated the breakage problem.

To remedy the taper reflection problem, tuning stubs were added to null out the
reactance introduced by the taper. A metallic screw of small diameter introduced from the
broad side of a rectangular waveguide but not extending completely across the guide forms
a variable shunt capacitance.”’ Since currents flow down the screw, it is necessary that
good electrical contact be made between the screw and guide. When the length of the
screw is approximately one-quarter of a wavelength in the guide medium, resonance
occurs and the susceptance of the screw becomes infinite. Arbitrarily large mismatches

can be tuned out. The second powder dielectric antenna is shown in Figure (5-4). Some
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of the construction details of the second powder dielectric antenna are presented in
Figures (5-5), (5-6) and (5-7).

The waveguide height was 11cm giving a cutoff frequency of 394MHz and a guide
wavelength of 39.8cm. The coupling ends of the waveguide were Scm wide. The
coupling probes were 4.5cm long, 3mm in diameter and located 7.0cm from the shorted
ends of the waveguide. Calculations gave an input radiation resistance of 50 ohms and a
residual input reactance of 14.9 ohms. The input reactance results in a 2% power
reflection that was deemed acceptable. The total length of the waveguide array is 56cm.

The width of the array near the plasma was about 1.1cm, giving a nominal N at launch

for quadrature phasing of about 61.

Figure 5-4. The second powder dielectric antenna. The tuning
stubs are visible on the tapered portions of the waveguide. The
burnt appearance of the epoxy on the plasma end of the array is
evident. Steel plates to hinder bulging of the waveguides near the
plasma can also be seen. The vacuum seal that allows the array
to be moved in and out with respect to the plasma is also shown.
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56cm

R 4

Figure 5-5. Schematic cutaway view of the second powder
dielectric antenna. The longer waveguides have 1/16" walls, the
shorter waveguides and the vacuum seal are made from 1/8" brass.
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Figure 5-7. Some details of the piston vacuum seal and the
launching end of the waveguide array.

The tuning stubs worked, but the antenna was not stable. The tuning stubs were very
sensitive. Bumping the antenna could significantly reduce the matching achieved by the
tuning stubs and also affect the phase at the waveguide mouth. The dielectric constant of

the powder fill depends upon its density and is subject to change with any mechanical

disturbance. The Torr Seal on end of antenna does not have the proper dielectric constant
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and slowly "burns" upon exposure to plasma. The narrow end of the powder antenna is
not suitable for launching large power due to its small area. The use of tuning stubs to
null out large reflections entails large amounts of re-circulating power in the antenna,
which is undesirable for high power application since it increases chances of electrical
breakdown or overheating problems. Due to the taper and stub tuning, and also to the
different waveguide lengths, the inherent phase shift of each port had to be measured
frequently. Difficulties were encountered due to the narrow width of the open end of the
waveguides. Under vacuum, the waveguide walls near the plasma tended to bulge,

lowering the density of the powder dielectric inside, or creating air gaps.

Solid Dielectric Antenna

Attempts to generate LH waves with large N, at launch by tapering the
waveguides are responsible for most of the difficulties encountered with the powder-
dielectric grnll antennas. It became evident that most LHCD experiments at other
institutions utilized low N values at launch. Once the demand for large N values at
launch is removed, tapering is no longer necessary. The accompanying matching problem
is eliminated. Without tapering, stable solid-dielectrics can be employed that are vacuum
compatible and do not require a separate vacuum seal coating. This section describes the
design and construction of the "solid dielectric" antenna.

It is still desirable to minimize the width of the waveguides to maximize the N; at
launch. The minimum width of the solid-dielectric antenna is limited, however, by the
difficulties in achieving a 50-ohm input impedance with an electric probe coupler. Larger
dielectric constant helps. The largest dielectric constant available off the shelf in a
microwave dielectric solid was € = 30.0.2! The "Stycast HiK 500F" material used is
machinable, has low moisture absorption, has a thermal expansion well matched to brass,
is useable to 260°C, and has high thermal conductivity. When using very large dielectric
constants, air gaps must be avoided. The normal component of D=¢E is continuous
across boundaries. The electric field in an air gap will be € times larger than in the
dielectric and could result in breakdown. Capacitance values can also be dramatically

altered with the presence of air gaps. To avoid air gaps, the dielectric solid is cemented

into the waveguides.*
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The radiation resistance of a probe antenna in a rectangular waveguide when the

frequency is such that only the TE,o mode can propagate is given approximately by*

274 . of, d
R—msm (ByoL)tan (ko 5). (5.5)

As shown in Figure (5-1), "a" and "b" are the dimensions of the waveguide and Zry is the
characteristic impedance of the TE;, mode. k, is 2m divided by the wavelength in the

guide medium. P, is the guide propagation constant and is given by

Blo= ki—k§= ki_ﬁz“> (5.6)

where k. is 2n divided by the cutoff wavelength for the TE;; mode. "L" and "d" in

equation (5.5) are shown in Figure (5-8).

Figure 5-8. Definition of the parameters L, d and r used in the
formulas for the input impedance of a probe coupler in a
rectangular waveguide.

The input reactance of the probe coupler is given by

2a) 0.0518kla’  2m
In| — [+ o4 sin(2P,,L
TR s
= < . 2 .
21k b _2(1 B %r_J ~ 2k§i{l B snT2 (2m1td / 2b)] Ko(kmr)
\ a o sin (kod/2) k2

where
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2
K2 = [anJ _K

K, is the modified Bessel function of the second kind.
The waveguide dimensions "a" and "b" were chosen to be 6.99cm and 1.59cm
respectively. Assuming that the frequency is 450MHz and the guide medium dielectric

constant is 30, the values of some of the other quantities in equations (5.5) and (5.7) are
Z.; =68.8 ohms, B,, =0.254 cm™ and k, =0.516 cm™. The coax feeding the antenna is
50 ohm; thus it is desirable to have R =50 ohms and X =0 ohms. If L =3.1cm, then
2B,,L=m/2, and the term containing sin(2 BIOL) in equation (5.7) is maximized, which
turns out to minimize X as the negative terms following are dominate. R in equation (5.5)
is then maximized for the largest possible value of d. The probe length "d" is constrained
to be less than the waveguide width, "b," which has been chosen to be 1.59cm. For
d=1.5cm and r=0.3cm, X =-2.8 ohms and R =7.9 ohms are obtained. To further
increase the value of R, the value of k,d would have to be increased as was done in the
design of the powder dielectric antennas. k,d is a measure of the probe length relative to
the wavelength in the guide medium. The dielectric constant cannot be increased beyond
the value € = 30, and d cannot be made larger without widening the waveguide, thus
decreasing the Ny at launch. It was decided to match the 8-ohm radiation resistance of the
probe couplers to 50-ohm cable by using quarter-wave coax matching sections. The value
d = 1.5cm leaves a gap filled with solid dielectric of 0.9mm between the end of the probe
and the waveguide wall. At 300 volts/mil, the dielectric strength of the material in the gap
is over 10 kV.

The impedance of the coax matching section is given by

Z nmcing. = Zonove Zeae = 7-92% 50Q =19.90hms. (5.8)

Paraffin was chosen as the dielectric material. With a dielectric constant of 2.3, a quarter

wavelength in coax is 11.0 cm. The impedance of a coaxial line is given by

I.
Zmatching coax — _21]7; ln(—zj, (59)

L
where r, is the inner radius of the outer conductor, and r; is the outer radius of the inner

conductor. With the dielectric constant of 2.3, combining (5.8) and (5.9) yields



5-15

h_16s. (5.10)

I
The outside diameter of the inside conductor was chosen to be 0.616 cm and the inside
diameter of the outer conductor was chosen to be 1.016 cm. This gives 2mm of paraffin
between the conductors. The dielectric strength of 2mm of paraffin is at least 7.1 kV.%
The connection to the coax was made with commercially available type-HN panel mount
receptacle.”’ The dielectric constant of the Rexolite insulation in these connectors is 2.64,
which is close to that of the paraffin. There is a step discontinuity in the coax line at the
position of the HN connector due to the change in conductor radii. When the transverse
dimensions of the conductors are negligible compared to the wavelength, the discontinuity
admittance is a pure capacitance. The discontinuity capacitance is typically of the order
of a few tenths of a picofarad, and is usually negligible for frequencies of a few hundred
megahertz.?8

The construction of the solid dielectric antenna is depicted in Figures (5-9) and (5-
10). Brass sheet of a standard thickness of 1/16" and 1/8" was used. The top and bottom
plates were milled with grooves and the entire assembly soldered. The solid dielectric
pieces were cemented into the waveguides. Small threaded holes were placed at the rear
ends of the guides so that excess cement could be squeezed out the back end as the
dielectric slabs were pushed in. Screws would later fill the small holes. It became evident
only after the dielectric slabs were halfway in, that the viscosity of the cement was
dangerously large. Large weights were used to finish pushing the dielectric slabs into the
guides.

The probe couplers were cemented into the waveguide dielectric. The center
conductor of the matching coax was threaded at the end away from the waveguide. A
mating thread was placed on a piece of rod soldered to a panel mount HN receptacle,
which was then removable. The outer conductor of the coax was threaded so as to screw
into the housing comprising the waveguides, and was thus also removable. The antenna
assembly was tipped on its side and melted paraffin poured into the warmed coax
structures to fill them, and the HN connectors then screwed in and secured in place with

bolts.
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Figure 5-9. Cut away view of the construction of the solid
dielectric antenna. Scale is 1:2. The waveguide material is 1/16"
and 1/8" brass, all joints soldered. The quarter-wave coax
matching sections utilize paraffin dielectric.

The phase at the end of the waveguides must account for the different lengths of
the waveguides, and the different directions in which the electric couplers point. The
phase at the open end of each waveguide was measured for purposes of determining the
inherent phase shifts.

The end of the antenna was machined with a radius equal to the minor radius of

Encore, in order to match the shape of the plasma.
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Figure 5-10. End view of the solid dielectric antenna. With the
dielectric fill of € = 30, the cutoff frequency is 391 MHz and the
guide wavelength is 24.6 cm. The open ends of the waveguides
are machined with a radius equal to the minor radius of Encore to
match the edge of the plasma. The scale is 1:2.

The completed antenna is shown in Figure (5-11), and the antenna mounted on the Encore
Tokamak is shown in Figure (3-7).

During operation the end of the waveguide array often acts as a plasma limiter as
proximity to the slow mode cutoff would presumably be optimized for such a condition.
It was discovered, however, that brass from the waveguide walls would sputter onto the
ends of the dielectric slabs filling the waveguides, thus coating them with a thin
conductive film. The film of brass was removed with fine sandpaper and the sputtering

problem was eliminated by application of a layer of boron nitride to the brass otherwise

exposed to the plasma.?
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Figure 5-11. The completed solid dielectric antenna.

Calculation of Antenna N, Spectra

A critical parameter for lower hybrid current drive is the phase velocity of the
launched lower hybrid waves parallel to the confining magnetic field. Normalized to the
speed of light as kjc/m, this parameter is the parallel refractive index of the wave and is
denoted by N. Landau damping requires a velocity matching criteria

C

Velectron = N
I

(5.11)

between the lower hybrid wave and the electron velocity. The N spectrum at launch is
set by the antenna properties.
Consider a series of sources radiating into an open half space (vacuum) as shown

in Figure (5-12).
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Figure 5-12. A series of point sources radiating into space. All
points oscillate at the same frequency, but there are phase delays
¢, associated with each source. Radiation at the angle 6 incurs

propagation phase delays of z_ sin(e).

The electric field in the far field at angle 6 is computed by allowing for the various phase

delays and the inherent phase of the sources,

E= ze—i(kl“+¢n) _ ze—i(klo+kz“ sin0+¢,,)
n

n

—ikl, ifx z,+0,) ikl kg
=e Ze'( 12at0a) g Y e himgmion,

n n

(5.12)

In equation (5.12) I, is the distance from source to detector, ¢,is an inherent phase delay
in the source, and ksin® = k;. The vacuum k; spectrum for this series of point sources is
proportional to |E%. For a continuum of sources the sum goes over into a Fourier
transform integral of the initial phase-amplitude function.

This procedure calculates the vacuum k; spectrum or equivalently the N
spectrum where N, =k,c/®. The spectrum has a peak located at N, = Nh’“‘k. The peak
has a full width at half maximum value denoted FWHM N;. The presence of plasma will
modify the result, shifting the peak value an amount ANl‘,’“k. For instance, unequal
reflection coefficients for the sources will result in unequal effective strengths. Details of
a self-consistent calculation including plasma coupling can be found in references.’® !

Comparison of theoretical calculations with and without plasma for a typical case show

that the shifts in the N; spectrum are noticeable but small®,
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ANpeak ) ANPeak
08 oy ana 2008 ge (5.13)
FWHMN, 441 NP 8.0

The shifts are towards lower N with the addition of plasma. Because the effects are
small, the more difficult calculations including plasma coupling were considered
inappropriate and were not pursued.

Perhaps the simplest model of the antenna is to assume that the phase varies

linearly across the four waveguides

i(ko—k)z L

elAkL _ l

L
ikoz —ikz _ < _
E(kn)z-([ek ek dZ_i(ko—k)lo == (5.14)

where
L is the antenna width,
ko =(27)/A,,
Ao = (2mL)/(n Ag),
n = number of waveguides,
Ak =k, - k,

Ad = phase shift between waveguides.

Equation (5.14) can be rewritten as

IAKL
E(kn) - eiT
" (eiAkL/2 _ e~iAkL/2)

—e " (5.15)

o Sin(AKL /2)

T AL/

The power spectrum P(kH) of the antenna is
2
in{ AKL /2

P@)ﬂdkf=ﬁﬁ%%;5l] (5.16)

Quadrature phasing denotes a 90° phase shift between successive waveguides. A plot of

P(ki) for the parameters of the final antenna with quadrature phasing is given in Figure (5-
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13). In this case, numerical integration gives 96% of the power spectrum downstream and

4% upstream. As can be seen by differentiating equation (5.16), the major peak occurs
for k” = ko’

ke _cnA¢

peak __
NH -
0 oL

(5.17)

bbb et Kt b e

Figure 5-13. N, spectrum for 90° phase shift per channel using
the simplest model which is a continuous 360-degree phase swing
over the width of the antenna (7cm). The scale is 4 per
horizontal division.

The half maximum of the power spectrum (5.16) occurs when AKL/2=1.4 and so the
FWHM of k will be 2Ak=2x2x1.4/L=5.6/L. For L = 7cm, the FWHM will be
5.6/7 cm™ and the FWHM of N will be

10
FWHM N, = $ x>0 3x10 56
®

= - —=8.5. (5.18)
L 2nx450x%x10 7

Add In Constant Phases

A refinement to the above calculation is to put in the fact that for a TE;; mode the
phase is constant across the waveguide mouth and not continuously varying with

position. In this case the spectrum is calculated as

1 T —ikz iAq)ZAZ —~ikz 2iA¢3AZ —-ikz 31A¢ e —ikz
E(k”)=g z')‘e dz+e '[e dz+e Je dz+e 3je dz|. (5.19)
Az 2Az Az

The result of this refined calculation applied to the antenna parameters is shown in Figure

(5-14). Numerical integration gives 89% of the power spectrum downstream and 11%

upstream.
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Figure 5-14. N spectrum for 90° phase shift per channel using
constant phases of 0°, 90°, 180° and 270° over the mouths of the
four waveguides. The scale is 4 per horizontal division.

Include Waveguide Walls

A last refinement is to include the thickness of the waveguide walls as sources
with zero amplitude. The result applied to our case is shown in Figure (5-15). The effect
on the spectrum is significant. Numerical integration gives 76% of the power spectrum
downstream and 24% upstream. The inclusion of a finite wall thickness and constant
phases seriously decreased the directionality of the antenna. Note also that the
undesirable upstream power is at lower phase velocities than the downstream power. To

better define the N| spectrum and improve directionality, more waveguides are needed.

Ea

Al N

: F LAk ;

Figure 5-15. Nj spectrum for 90° phase shift per channel,
constant phase across the individual waveguide mouths, with
waveguide wall thickness included. The scale is 4 per horizontal
division.

In Figure (5-16), calculations for a whole range of A¢ are shown. Note that the

slowest phase velocities are obtained for the case A¢ = 180 degrees.
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Figure 5-16. N; spectrum for various phasing of the antenna.
The horizontal scale is 4 per division.

Calculations of this type were made for lower hybrid antennas located at other

institutions, and the results concur with the published data for those experiments.*?

Antenna Testing and Evaluation

After all the calculations and construction, the antenna must be tested to insure
that it functions properly. It is possible, for instance, that some or all of the waveguide
channels exhibit large losses. There may be unexpected points of reflection in some of the
waveguides. Under high power operation, breakdown might occur in hidden air gaps for
instance.

Two methods were used to evaluate the antenna. The first and simplest uses the

set-up shown in Figure (5-17).
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Figure 5-17. Experimental arrangement used for testing the
antenna for proper matching and loss. The reflected power is
monitored as RF reflecting and absorbing materials are played
against the open ends of the waveguides.

A certain power level is put into a wave-guide channel, while the other three
inputs are terminated into 50-ohm loads. Looking at the reflected power, one plays with
RF absorbing material and metal foil on the exposed waveguide end. If the reflected
power can be affected at all then it is proved that at least some RF power reaches the
waveguide end. In this manner it was possible, by proper positioning on the end of the
waveguides, to drop the reflected powers 30 dB or more on all channels. Similarly, it was
possible to push the reflected power up to within 2 dB of the forward power. These
results are consistent with properly matched waveguides with a loss per pass of about 1
dB.

The static reflection coefficients looking into air are about 3 dB down from the
forward power. Figuring 1 dB loss per pass, 80% of the power makes it to the wave-
guide end. In order to come out with 1 dB loss at the wave-guide end, 13% of the original
power must be lost there, through radiation into space and coupling to adjacent wave-

guides.
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An important aspect governing the end reflection is the accessibility of the k;

spectrum of the wave-guide end fields to free space. Radiation in free space must satisfy

the dispersion

2.2
N2 =K -1, (5.20)
()

where k> =k? +k. Wave-guide power with Nj > 1 cannot satisfy this dispersion.

Calculations of the N spectrum for a single waveguide are shown in Figure (5-13f).
Numerical integration of the result for this case gives only 6% of the spectral power
accessible to free space, that is with [Ny| < 1. The reason so little can be radiated is due to
the fact that a large free space wavelength (67cm) has been squeezed into a very small
waveguide (1.6cm x 7cm) with an appropriate dielectric. A wider waveguide would shift
the spectral power towards smaller N;. The fact that 20% of the power making it to the
waveguide end is lost (which corresponds to a 1-dB loss) suggests that coupling to
adjacent wave-guides is small but non-negligible. The result is consistent with an
adequately functioning antenna.

A 1-dB loss per pass for the antenna is not unreasonable considering the insertion
losses of many commercial items. However, estimates of the losses in the waveguides
and coax matching sections due to dielectric and resistive wall losses do not account for it.
The Emerson and Cumming, Inc., HiHiK (¢ = 30) wave-guide material has a loss tangent

of 0.001 and the paraffin coax filler a loss tangent of 0.0003.>* The skin effect resistivity

of a typical brass is 5.01x10” «/E Ohms.** Using the formulas of Ramo, Whinnery, and
Van Duzer®® losses of 0.68 dB/m for the waveguide and 0.2 dB/m for the coax matching
section are obtained. The wave-guide is 20cm long while the coax section is 1lcm in
length. The solder joints and dielectric cement have been neglected. Measurements with
an IR thermometer of the antenna temperature rise after significant energy throughput
show the greatest temperature increases occur near the ends of the 20 ohm coax matching
sections. After prolonged running at high powers and large duty cycle, the paraffin
dielectric of the matching sections sometimes softens and partially leaks out. Paraffin

expands significantly as it melts. It has been necessary to occasionally repack the
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matching sections with paraffin. Evidently, most of the antenna losses occur in these
matching sections.

The type-HN cables connecting the antenna to the RF power supply were found
to have 1.4 dB loss. The loss was assumed to be small until a significant temperature
increase of the cable was observed with the IR thermometer. IR thermometers are

inexpensive and are extremely useful for all kinds of debugging operations.

Calorimeter Test

A more definitive test of the antenna is a high power calorimeter test. This will
unambiguously give an estimate of the power throughput and thus antenna loss under
conditions of high power. Problems unique to high power operation such as voltage
breakdown in air gaps or filler materials will be exposed. The original motivation for this
test was provided by initial current drive experiments that yielded little effect on the
plasma current.

The idea is to immerse the end of the antenna into a fluid that will act as an
effective RF load. Applying a known amount of RF watt-seconds to the antenna, the
temperature rise of the fluid and reflected power is measured to obtain an upper bound on

the antenna loss. A schematic diagram of the set up is shown in Figure (5-18).
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Figure 5-18. Schematic of experimental arrangement used for the
calorimetric tests to check power flow through the antenna.

Alcohol was chosen as the base for the liquid load medium in order to match the

impedance of the antenna dielectric and increase the dimensions of the evanescent region.

The wave-guide material has a dielectric constant of € = 30. A mixture of 95% alcohol
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and 5% water has a similar dielectric constant at radio frequencies.’’” By comparison,
distilled water has € = 80. The loss tangent must be increased to the point that the e-
folding distance for the RF power is a fraction of the load dimensions. The e-folding
distance should, in fact, be a fraction of the e-folding distance of the evanescent wave-
guide end-field. Utilizing data from King?® it is seen that dissolving salt in the amount of
10gm/liter in the dielectric load increases the conductivity into the range ¢ = 1 Si/m. For
this concentration the real part of the dielectric constant is essentially unchanged. The

increased conductivity gives a loss tangent of

5~ >1. (5.21)
we

The resulting e-folding distance for our parameters is of the order of a few centimeters,
while the wavelength for plane waves in the fluid (=12 cm) is only slightly increased.

An indication of the effectiveness of the load is given by the drop in reflected
power to 10 dB or more below forward power upon immersion of the antenna end.

Styrofoam was placed between the polyethylene bucket and magnetic stirrer
because the stirrer became warm after running. The mechanical energy of stirring was
negligible for the duration of the experiment and the pre-experiment temperature was
stable to a tenth of a degree centigrade. The end of the antenna was covered with a thin
sheet of plastic to prevent salt water from soaking into the wave-guide dielectric. The
antenna and RF load were placed remote from personnel behind a metal door, and fire
extinguishers were available. Temperature measurements were made both with an alcohol
thermometer located at the bottom of the bucket and with an IR thermometer. These two
measurements were in agreement. All seals were made air tight with RTV to prevent

evaporative cooling. The heat capacity of the NaCl, H>O, polyethylene bucket,

thermometer and stir-bar were included. Collectively, however, the heat capacity of these
materials is an order of magnitude less than that of the alcohol.

Only one wave-guide was powered. The forward RF power was measured by a
directional coupler hooked directly to the antenna. The coupler insertion loss of 0.2 dB
was noted. The power reflected back into the non-powered wave-guides was measured

and was negligible.
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Average RF power levels of 233 watts incident to the antenna were used. The
experiment was run twice, with RF on times of 120 and 180 seconds. The results for the
two trials agree within 1%. The result is that the thermal energy measured in the load is
66% of the RF energy input to the antenna. The missing energy is 34% of the RF energy
input to the antenna and could be accounted for by losses in the antenna structure. A 1-
dB loss in the antenna as suggested by the earlier tests would account for 17% of the
input RF energy. A 1.8-dB loss in the antenna would be required to account for the entire
34%.

There are two principle sources of error, both of which tend to make the antenna
appear to have more loss. RF power that is not damped in the load, but escapes as
radiation will not heat the load. Second, the antenna has a large thermal mass and is
essentially at room temperature. Since the antenna has thermal contact with the load it
can act as a heat sink. Since the evanescent waves are damped close to the antenna, this
heat sink is all the more important.

In conclusion, antenna losses of 1.0 to1.8 dB need to be invoked to explain the
calorimeter data. Considering the possible errors, a 1.0-dB loss per pass, as was

suggested by the earlier bench test, seems reasonable.

RF Power Supply

A 4-channel, 450 MHz power supply with a combined output of 50 kW was
designed and built.*® A schematic of the RF supply is shown in Figure (5-19), and a
picture of the operational unit is shown in Figure (5-20). A considerable amount of time
was spent debugging problems with the RF supply. Kapton bypass capacitors in the
Eimac RF amplifier cavities occasionally failed accompanied by big arcs, so a fast
protection circuit utilizing ignitrons was installed to quickly crowbar the HV supply in
the event of an arc. The high voltage connections to the final amplifiers had to be well
shielded. To stabilize the amplifier chain, numerous isolators as well as substantial
shielding were installed in the low power sections. It was found necessary to pay

particular attention to isolating and shielding the low power stages from the high power

stages.



5-31

50mW

otorola
+21dB MHW 720

+13 dB + 2.5kV
VW4
180°
Hybrid
1 [
50W
W\ ZVVWA-—
Quadrature Quadrature
Hybrid Hybrid

To Grill Antenna

Figure 5-19. Schematic of the S0kW RF power supply. The
phase shifters and isolators were obtained from Micon Inc.*’, the
RF tubes and cavities from Varian Eimac*!, and the hybrids from
Merrimac.? The output directional couplers and additional
isolation to stabilize the amplifier chain is not shown.
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The output power and sometimes the phase of RF amplifiers depend upon the
amount of reflected power. To make the phase and power of the RF supply immune to
the cabling, antenna structures and changing plasma conditions, high power ferrite
isolators where purchased and installed on the outputs of the final amplifiers.* These
devices dump reflected power to dummy loads so that the final amplifiers see a constant
and almost negligible amount of reflected power. In the event of sustained large reflection,
the isolator dummy loads included temperature sensors capable of detecting thermal
overload and shutting down the RF supply. Output and reflected power could be

monitored with high power directional couplers on the output of the final amplifiers.

Figure 5-20. The four channel RF power supply used for the
LHCD experiments. On the table are directional couplers for
measuring forward and reflected power (long blue devices).
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Quadrature hybrid modules employed in the low power sections of the amplifier
chains gave nominal output phasing at 0, 90, 180 and 270 degrees. Due to the phase
shifts inherent in the antenna, other phases were required. Phasing was accomplished
with the addition of phase shift modules. Cable delays in the low power sections were
also occasionally employed. At 450MHz, the wavelength in air is about 67cm. The
wavelength is roughly 2/3 of the vacuum value in the coax dielectric. These distances
make cable phasing a very reasonable alternative.

The OSHA average continuous exposure limit for RF radiation at frequencies from
10MHz to 100GHz is 10mW/cm?. Using a Narda-8611 survey meter with the 0.3-
26GHz probe, no average exposure was measurable on the lowest scale (0.1mW average
power) near any of the equipment. Window ports on the tokamak were checked as well
as the antenna structure, cabling and RF supply. Conditions involving plasma as well as
no plasma were checked. With a spectrum analyzer and a loop of area 1 cm?® on the end
of coax, instantaneous levels as high as roughly 7 mW/cm? were observed very close to
the air cooling intakes on the final RF output cavities. Since the duty factor was generally
0.04 or less, the average power was considerably less. A small fluorescent lamp was
often carried around to detect any gross RF leakage, but none was ever seen.

The passive RF hardware was not immune to failure. In one incident, an audible
"ticking" sound was heard coincident with the repetitive RF bursts. The sound turned
out to be a spark on the RF connector of one of the high-power directional couplers. The

connector was defective and was repaired.

RF Plasma Probes

Considerable amounts of data were collected with the use of plasma probes, which
were scanned across minor cross sections of the Encore plasma. In this section aspects of
the construction of these probes is given, and their function is discussed.

Basic construction of the plasma probes involves telescoping cylinders of
stainless steel and alumina with a central conductor of tungsten wire. The construction

aims to produce coax protected by an outer cylinder of alumina as shown in Figure (5-21).
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tungsten inner conductor
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Figure 5-21. Cut away view of end of RF plasma probe, not to
scale. The alumina sheath is 25c¢cm long. The exposed tungsten is
treated with a tesla coil to remove sharp edges.

Tungsten wire and alumina are chosen for their resistance to sputtering. Alumina
has one of the lowest sputtering yields of any known material.** The sputtering
threshold for tungsten is 33eV* and is considerably greater than a typical plasma
temperature in Encore (=10eV). Of the elemental metals, only rhenium at 35e¢V has a
higher sputtering threshold. Plasma in Encore typically involves atomic or molecular
species that are not fully ionized. As such, the plasma temperature is clamped close to
the ionization potential of the tokamak fill gas. For argon this is 15.8eV and for hydrogen
is 13.6eV.

The exposed portion of the tungsten wire is bent over at 90° and in the plasma is
oriented parallel to the toroidal magnetic field. See Figure (5-22). The reason for this is as

follows. From equation (4.78)

2 2
K_MN_P o (5.22)
kﬁ 5 S
Except at the plasma edge, the ratio -P/S is a large positive number. This implies that

A, >>X,. Thus LH wave phase variations along the toroidal field are slower than
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perpendicular to the toroidal field. Increases of probe area to increase sensitivity should

therefore be along the toroidal field rather than perpendicular to it.

Figure 5-22. Schematic layout of the grill antenna and RF plasma
probes. The probes can be scanned over the two-dimensional
minor cross section.”® In addition, the probes can be moved to
any port around the tokamak. On Encore there are 20 ports
around the outer circumference, located every 18°.

The central conductor of the RF plasma probes is floating. Capacitive coupling
allows high frequencies to pass unimpeded down 50-ohm cable to a power detector, often
a spectrum analyzer. As discussed in the LH theory section, LH waves in Encore are
electrostatic. Wave energy is carried primarily by particle motion rather than by electric
or magnetic fields. The electrostatic field is generated by ion density fluctuations
oscillating along k. The electrons circle around k without producing a density gradient.
What the probe sees is an ion density varying at 450MHz.

According to elementary gas-kinetic theory, the number of particles of a given

species T crossing per unit area per unit time (from one side only) is*?
I'=-nVv, (5.23)

where V is the mean particle speed. For comparable electron and ion temperatures, the

mean speed of the electrons is much greater. The mean electron current greatly exceeds

the mean ion current and the floating probe potential is negative. From (5.23) the ion
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current is proportional to the ion density, which includes a component fluctuating at
450MHz. Since the mean floating potential does not change, the plasma sheath
surrounding the probe does not change and the frequency response is limited only by the
capacitance of the probe. Since the capacitance is likely of the order of one picofarad, the

frequency response is probably limited to something like

L _ L _20GHZ (5.24)
RC (500hms)(107“ farad)

If the ion density fluctuations become large enough, the assumption that the plasma
sheath remains unaffected may become false. It is assumed, however, that the signal level
detected varies monotonically with the wave power. In this case, the location of the LH

wave power in the scanned minor cross section can be unambiguously identified.

Two-Sided DC Probe

Some data was taken with a Two-sided current collecting probe shown in Figure
(7-23). The purpose of this probe was to discriminate direction of electrons moving at
high speed along the toroidal field. Each of the two exposed pieces of tungsten wire
intercepts toroidal magnetic field lines from a direction opposite that of the other. The
wires are biased negatively so that they collect ion saturation current. When bombarded
by fast tail electrons, electrons are collected despite the negative bias. This flow of
electrons can dwarf the ion saturation current. Hence, toroidally accelerated electrons can
be detected and their direction ascertained. By varying the probe bias, some information
regarding the electron energy can be obtained. The electron cyclotron radius is given by

T
re =-_3.4-£ cm. (5.25)

gauss

For Bgauss=1300 gauss and T.=100eV, equation (5.25) returns r; =0.026cm. This is
about 0.010" and too small for an electron to "hop" around the alumina separating the two
tungsten wires. On the other hand, for argon ions with T=3eV, 1 =1.2cm and ions

could pass around the alumina shield separating the two wires.
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Figure 7-23. Schematic of the end of a two-sided current
collecting probe used to determine tail-electron direction. In the
plasma, the two tungsten wires lie in the same horizontal plane
and are oriented perpendicular to the toroidal-field. In this
manner, each tungsten wire intercepts hot tail electrons from a
single toroidal direction.

Phase Measurements

The inherent phase delays in the individual waveguides must be measured so that
the grill antenna can be properly phased to launch (as nearly as possible) unidirectional
LH waves. Phase delay in cabling and passive components such as directional couplers
must also be known. Calculations for these quantities cannot be considered reliable.

Initially, phase measurements were attempted with small electric-dipole probes
maneuvered in front of the grill antenna. Reproducibility was a problem. The electric
probes were particularly sensitive to motions and positions of objects in the vicinity.
The exact position of the probe was important. The measured phase could vary by up to
* 20°depending on the position. In order to measure the phase at the end of one of the
central waveguides, a cable connected to the dipole antenna crossed in front of other
waveguides, altering the boundary conditions.

A magnetic-coupled loop antenna proved to be much more reliable, and was

totally insensitive to motion of nearby objects. Morc importantly, it was insensitive to
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the exact position of the loop. In addition, the cable connected to the loop could be made
to approach the open end of the waveguide without crossing in front of other waveguides.
Further reproducibility was obtained by enclosing the magnetic pick-up loop as well as
the end of the grill antenna in a box of RF absorbing foam.

Originally, a pair of mixers and a local oscillator was used to display a sinusoidal
waveform on an oscilloscope, from which the phase could be measured. Later, a vector
voltmeter was used to obtain more precise measurements. The vector voltmeter
measurement scheme was capable of determining phase to +5°. A schematic of the
phase measurement arrangement is shown in Figure (5-24). The phase shifts of cabling
and directional couplers could be determined by adding them between the RF source and

antenna and noting the additional phase lag.

50-ohm termination

& nE

e :::T:E

nu* ; |
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directional
coupler

Figure 5-24. Set up for determining phase delay in the individual
waveguides of the grill antenna.
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The vector voltmeter could not be used for checking the phase of the high-power RF
system due to the pulsed output. Measurements of the RF supply phase were made

with the oscilloscope system.
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6 Data from Ohmic Plasmas

The Encore tokamak produces repetitive and highly reproducible ohmically
generated target plasma for LHCD. The plasma is well characterized and the magnetic
field and density can be easily varied. LH waves were launched with the solid dielectric
antenna into plasmas with a variety of plasma parameters in order to verify LH
accessibility, propagation angle and antenna phasing asymmetry. High power LH waves

were launched in attempts to generate significant changes in plasma current.

Low Power Measurements

Early measurements verified that proper antenna phasing can launch directional
plasma waves and verified the propagation-angle dependence on the toroidal magnetic
field expected of lower-hybrid waves. The antenna utilized was the first antenna model
discussed in chapter 5, which is shown in Figure (5-2) at the far left. This antenna had
identical phase delays for all four ports and setting the phase was particularly simple.
The RF power supply is shown schematically in Figure (6-1) and automatically generates

the directional quadrature phasing.

0.5 watt
amplifier

~ Quadrature -
Hybrid

Hybrid
Junction

To Grill
Antenna

450 MHz
oscillator

Quadrature
Hybrid

Figure 6-1. Low power (2-watt) RF supply for launching signal-
level LH waves with cluadrature Phasing from a 4—Port grill

antenna.
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The experimental arrangement is shown in Figure (6-2). Two linear RF-probes operating
in the tokamak mid-plane are located on either side of the grill antenna. The probes scan

parallel to major radii of the torus.

Probe 1

Grill
Antenna

Probe 2

Figure 6-2. Experimental arrangement for launching and
detecting signal level LH waves in Encore.

The grill antenna excited a cavity mode in the torus that could obscure the plasma
wave signal. Using a "boxcar" sampling device to look for the LH wave during a specific
portion of the plasma shot was found necessary. The detection electronics is shown
schematically in Figure (6-3). Capacitive coupling prevented DC probe voltages from
damaging the RF electronics. The low pass filter eliminated any constant RF signal such

as RF broadcast from other installations.

probe 1 probe 2

capacitive
T

—L- 4 coupling
bandpass . spectrum
filter — amplifier — analyzer
high pass
X-Y recorder |— boxcar [|— ﬁl%erp

Figure 6-3. Schematic of electronics used for signal level
detection of lower hybrid waves in Encore.
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Data showing directionality is given in Figure (6-4). The toroidal magnetic field
was 345 gauss, allowing deep penetration of the LH waves. The coils generating the
vertical magnetic field on Encore were often configured to simultaneously produce a
radial-horizontal magnetic field to null out magnetic errors in the toroidal magnetic field.
It was found necessary to keep the vertical and radial-horizontal coil currents identical to
obtain reproducibility. The probes are not unidirectional. LH waves impinging from
either toroidal direction or from multiple toroidal revolutions in the same direction are
detected. LH wave damping is necessary to demonstrate the directionality. Better than

10dB of directionality was noted in the probe measurements.

Probe 1

Major Radius (cm)-

38
Outer
Wall

Figure 6-4. RF-voltage versus position in major radius for the
two probes located on either side of the grill antenna. With
quadrature phasing better than 10dB directionality was noted.

The propagation angle of LH waves with respect to the toroidal magnetic field is
given by equation (4.89). The angle is inversely proportional to the magnitude of the
magnetic field and independent of plasma density. The LH waves are launched from the
grill antenna located on the tokamak outer wall. Faster penetration into the torus is
expected for lower magnetic fields. This is indeed seen in the probe measurements,

providing confirmation that LH waves are being launched and observed. See Figure (6-

5).
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Figure 6-5. RF-voltage versus position in major radius for three
different toroidal magnetic fields. The location of the peaks
moves as expected for LH wave propagation.

Set-Up for Measurements with the Solid Dielectric Antenna

Considerable data was taken using the solid dielectric antenna and an X-Y probe
capable of scanning a square inscribed in the minor cross section of Encore. The
arrangement of the antenna and X-Y probe on the tokamak is shown schematically in
Figure (6-6). The probe and antenna are separated by 45 degrees in the toroidal direction.
The grill antenna was phased to launch LH waves preferentially in the counter clockwise
direction, which is the direction in which electrons are accelerated by the ohmic supply.
Data taken on the side of the antenna to which LH waves are preferentially launched are
denoted "downstream" data. To obtain data on the "upstream" side of the antenna, the
positions of the antenna and probe were swapped, using the same two ports. The RF
power to the four channels was 260, 240, 250, and 270 watts, for a combined total of

1.2kW. The tokamak was filled with argon to a pressure of 5.0x107 torr. The vertical

magnetic field was varied to maximize the plasma current and its stability.
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Top View

“Up Stream”

of the Antenna
Y AY S Ta S

Probe Located
“Down Stream’

£

LH Antenna
(quadrature phased for
counter clockwise launch)

Figure 6-6. Experimental arrangement of the antenna and X-Y
probe. To obtain the "upstream" data, the positions of the
antenna and probe were reversed, using the same two ports.

The orientation of the data plots is described in Figure (6-7). The grill antenna is
installed in a port on the outer wall. Consequently, plasma waves are generated near the
outer wall and then propagate to other locations in the minor cross section. Accessibility
limits the depth of penetration, and the LH propagation angle affects the rate of
penetration into the plasma. The physical size of the scanned square was measured as
16cm by 16cm. The diagonal of this square is 22.6cm and is close to the diameter of the

minor cross section (24cm).

top
near // near
inner / outer
g

wall wall

bottom

Figure 0-7. Description of the orientation of the X-Y data plots.
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The electronics used to collect the data is shown in Figure (6-8). Due to the large
plasma wave power utilized, the set up is somewhat simplified from that required for
signal level measurements. The spectrum analyzer was tuned to 450MHz by inputting
the oscillator signal driving the high power RF supply. The computer controls the
position of the probe which stops at 32 by 32 positions per scan to take data.

coupling
capacitor
|_ To Plasma Probe

30dB

Spectrum
Analyzer

Buffer
Amplifier

Transient
Digitizer

To Computer

Figure 6-8. Electronics used in taking the two-dimensional data
arrays of plasma wave power.

The data is displayed with a color-coding for relative RF power level. The scale
is two and one-third dB per color and there are ten colors. The color code is displayed in
Figure (6-9). Any data outside of the 23.3dB range is aliased into the nearest color range.
Care was taken to avoid aliasing into the top green bin through proper choice of the

reference level.

Figure 6-9. Color code for the X-Y data plots. The scale is 2 and
1/3 dB per color. Power increases from left to right. Green
colors represent large RF power.
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Data from the Solid Dielectric Antenna

Due to the antenna phasing, LH waves are preferentially launched in the counter-
clockwise direction as seen from above. When the RF-probe is located slightly counter-
clockwise from the antenna it is considered "downstream.” Two matrices of data where
taken. One matrix is with the RF-probe located downstream of the antenna, the other
with the RF-probe located upstream of the antenna.

Plasma currents utilized were 0.25, 0.50, 0.75. 1.00, 1.25, 1.50, 1.75, and 2.00
kilo-amps. Toroidal magnetic fields utilized were 345, 518, 690, 863, 1040, 1210 and
1360 gauss, measured at the axis of the minor cross section. The individual matrices
involve all possible combinations of plasma current and toroidal magnetic field. Rows
are associated with specific plasma current; columns are associated with specific toroidal
magnetic field. Higher rows are associated with higher plasma current. Columns further
to the right are associated with larger toroidal magnetic field.

Plasma density is roughly proportional to plasma current in Encore. Figure (6-10)
shows data of this nature.! This means that in the matrix of plotted data, plasma density
can be assumed to be greater in higher rows. Plasma current increases monotonically
with the ohmic power. Since argon plasma in Encore is not fully ionized, it is reasonable
to expect that the degree of ionization and thus plasma density will increase

monotonically with ohmic power and thus with plasma current.

4.0E+12

T T
y = 1.21E+12x - 6.50E+11 /
3.0E+12 4
Plasma

Density  2.0E+12
(cm-3)

1.0E+12

0.0E+00 /

0.0 1.0 2.0 3.0 4.0

Plasma Current (kA)

Figure 6-10. Data showing that plasma density in Encore is

roughly proportional to plasma current.
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Plasma in Encore at large minor radius where the grill antenna is located is not
always "smooth." The RF power reflected from the antenna is seen to drop when plasma
is present. The drop in reflected power is not steady but can show quite a bit of temporal
structure. The reflected power from one channel of the grill antenna is shown in Figure
(6-11). The plasma parameters were 345-gauss and 250-amps. Similar but less dramatic
oscillations were noted at 1 kilo-amp and 518-gauss. The structure of the plasma changes
with changes in the plasma current and toroidal field. These structure changes in turn
affect the antenna/plasma coupling. The oscillations shown in Figure (6-11) are probably

due to naturally occurring drift waves in the plasma.*

Figure 6-11. Oscillations in the reflected power from one
channel of the grill-antenna. The plasma parameters are 250-amp
current and 345-gauss toroidal field. The vertical scale is 10dB
per division. The horizontal scale is one millisecond per division.

The matrices of data are shown on the following three pages. For reference, the

plasma current and toroidal magnetic field vary across the matrices as in Table (6.1).
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345G 518G 690G 863G 1040G 1210G 1360G

2.00 kA 0 U U ad O B a
1.75 kKA U U U U u 4 0
1.50 kA t U g U U (] t
1.25 kA U g U D U L U
1.00 kKA 0 U 0 U u J (]
0.75 kA U U U U U Ll U
0.50 kA g u U U ] t U
0.25 kA U g U U t L 4

Table 6.1. Plasma current and the magnetic field on the toroidal
axis for the arrays of plots shown on the following pages.
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Verification of LH Wave Accessibility

In Figure (4-7) the Ny accessibility limit is plotted versus the major radius for
3

various toroidal magnetic fields, assuming a line average plasma density of 2x10'? cm™

Graphs specifically applicable to the matrices of data are given below. The major radius
is measured from the center of the minor cross section. Thus R=0 corresponds to the
center of the minor cross section. Each curve corresponds to a particular toroidal
magnetic field. The toroidal fields on axis are 345, 518, 690, 863, 1040, 1210, and 1360
gauss. For a given major radius, the curves are monotonically lower in value as the
magnetic field is increased.

The 1/R dependence of the toroidal magnetic field upon the major radius is
included in the calculations. The plasma density profile in Encore is known to be flatter
than parabolic.’ A semi-circle plasma density profile is assumed. The line average
density is obtained from the data in Figure (6-10). The linear fit in Figure (6-10) does not
have a zero intercept, and there is no data below one kiloamp. The line average densities
for plasma currents below one kiloamp were estimated from an extrapolation of the
lowest data point linearly to zero. The line average densities used are 1.77, 1.47, and

1.17x10"? ¢cm™, and 8.6, 5.6, 4.2, 2.8, and 1.4x10"" ¢m™,

The shaded regions designate the N range launched by the grill antenna. The
spectrum peaks at N = 10 (see Figure (5-15)). Nj values equal to the accessibility limit
mode convert to the fast wave and propagate back out of the plasma. Nj values less than
or equal to the accessibility limit are consequently prevented from penetrating further into
the plasma. The shaded area above the center of the graph represents launched LH wave
power that is capable of propagating to the center of the plasma.

The right-hand side of the plots corresponds to the outer wall of the tokamak from
which the LH waves are launched. Under conditions of low toroidal magnetic field and
high plasma current, it would be possible for LH waves launched near the outer wall to
propagate around the periphery of the plasma and appear near the inner wall. The inner
wall of the tokamak corresponds to the left-hand side of the plots. Accessibility is

marginally improved near the inner wall due to the larger magnetic field at that location.
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Figure 6-13. The accessibility limit Ny, as a function of the major
radius, for various magnetic fields. The magnetic field
monotonically increases from the uppermost to the lowest curve.
The magnetic fields on axis are 345G, 518G, 690G, 863G,
1040G, 1210G, and 1360G respectively. The shaded region
indicates a typical launch spectrum for quadrature phasing of the
final LH antenna. A line average plasma density of
2.0x10”cm™ is assumed.

For the lowest toroidal field (uppermost curve in each plot), only the lowest
plasma current (0.25kA) shows good accessibility. This predicts that the left-hand
column of plots will show little if any green regions near R=0, except possibly for the
plot at the bottom. This is the case. In fact many plots in the left-hand column contain
large amounts of blue, which represents the lowest power bin.

Accessibility is best for the largest magnetic fields, which corresponds to the right
hand columns of the data matrices. Accessibility is also best for the lowest plasma
currents, which corresponds to the lower rows of plots in the data matrices. In the
downstream data matrix, most of the data plots with substantial amounts of green area
(corresponding to large plasma wave power) occur in the right-hand columns or lower
TOWsS.

There are some data plots at 518 gauss and one at 690 gauss that have some

regions of green pixels, despite also having substantial plasma currents of at least 1kA.

These are plasmas with a large poloidal field to toroidal field ratio, and thus larger
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rotational transform. The Ny spectrum will alter upon significant poloidal propagation.*
Provided that the poloidal propagation is rapid compared to wave damping, N changes
should occur and accessibility would be impacted. Accessibility is so poor for the lowest
magnetic field that little power can even enter the plasma, and thus have a chance for
subsequent Nj; changes.

Larger Ny at launch are preferable for improved accessibility. For a four-port grill
antenna that would require narrower waveguides. That in turn would limit the total RF
power available. Limiting factors include waveguide electrical breakdown, multipacting
behavior and pondermotive forces upon the nearby plasma. The remedy is to have more
waveguides. This dramatically increases the control of the launched N; spectrum,
provided the ability to continuously vary the phasing to the waveguides is included.

In attempts to drive plasma current with LH waves launched into ohmic plasmas,
it was consistently noted that Al, was largest for smaller plasma current. This is entirely

consistent with the improved accessibility at low plasma current.

LH Propagation Angle

The launched LH waves propagate at a specific angle with respect to the toroidal
magnetic field. Even if the waves are accessible to the plasma interior, if they propagate
inwards along too shallow a path, the power may be damped long before reaching the
plasma interior. The propagation angle is given in equation (4.89) and depends only on
the frequency (which is fixed) and the magnetic field. The values are given in Table
(6.2). Also given in the chart is an estimate of the maximum inward deviation of a LH
wave on a single pass between the antenna and probe. It is assumed that the LH wave is
launched near the outer wall, and that the toroidal separation of the antenna and probe is
45°. The major radius of the outer wall is 50cm, and 45° represents a portion of the
circumference measuring 39.3cm. The inward deviation is calculated as

AR =393cmx9,_,. . . (6.1)
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B, (gauss) 345 518 690 863 1040 1210 1360
0 (degrees) 25° 17° 13° 11° 9 g  7°
AR (cm) 171 117 89 75 62 55 48

Table 6.2. Resonance cone angle and inward deviation versus
magnetic field on axis.

The data plots represent a physical dimension‘of 16cm on a side. The minor
diameter is 24cm. Hence, there is a gap of the order of 4cm between the outer wall and
the right-hand side of the plots.

Consider the second row from the bottom where accessibility is good. The data
plots show a clear indication that the penetration of the green areas into the plasma from
the right-hand side varies in a monotonic fashion with the magnetic field. The -
penetration is greatest for lower magnetic field. The plot with the largest number of
green pixels is the one with 518-gauss and 500-amp plasma current. This set of
parameters enjoys both good accessibility and fast penetration due to a large propagation
angle.

The lowest row appears anomalous in that although accessibility is excellent and
for some magnetic fields the penetration should be rapid, few green areas appear. The
plasma current for this row is 250-amps. From equation (3.17) the maximum confined
electron velocity for a plasma current of 250-amps is 1.4x10® cm/sec. This corresponds
to an electron-energy of only 5.6 eV. Electrons more energetic than 5.6 ¢V are not
confined by the poloidal field. Since the ionization potential of argon is 15.8eV, electron
temperatures in Encore are clamped near this value. The lowest row of data plots
represents anomalous plasmas in that they are poorly confined.

For maximum magnetic field and plasma current between 1kA-1.5kA, significant
penetration appears despite the small propagation angle. There is good accessibility for
these plots. If LH wave damping were small, an additional toroidal revolution would add
additional deviation of up to 38cm. This deviation is so large that the power could appear
anywhere in the minor cross section. Because the plots appear to show wave power
creeping in from the right-hand side, significant contribution to the data from more than

one toroidal-ProPagation would be unlikely. Plasma turbulence may Play arole.
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Directionality due to Antenna Phasing

The phase of waveguides is such that the antenna launches power preferentially in
what is called the "downstream" direction in the data. If the upstream and downstream
data matrices are compared, it is immediately evident that significantly larger plasma
wave power is launched downstream compared to upstream. This demonstrates that the
quadrature phasing of the antenna produces an asymmetry in the N spectrum just as it is
supposed to do. Phasing appears to work in these ohmic plasmas.

Looking at the upstream data, few plots show yellow or green areas representing
significant power. In most instances, where significant power is found upstream, even
more power is detected downstream. This is evidence for the stability of the
measurements and the stability of the calibration. The only plots to buck this trend lie on
the third row at the three highest magnetic fields. In this case one has once again the
issue that the penetration appears excessive given the propagation angle. This
phenomenon has been noted at high magnetic field with plasma current between 0.75 and
1.5 kiloamp.

The RF-probe will detect power propagating from either toroidal direction. The
fact that so little power is seen upstream compared to downstream is strong evidence that
wave damping is sufficient to curtail contribution from paths of the order of one toroidal

revolution.

Attempts to Drive Large Plasma Current

The LH grill antenna was phased to launch waves primarily in the direction of the
ohmic accelerated electrons. The forward and reflected power in kilowatts to the four
waveguides during plasma launch for this experiment is as follows:

Channel 0 1 2 3
Reflected 0.6 1.1 2.1 0.1
Forward 40 40 33 3.0

There was some difficulty with channel two during this period.

The tokamak was filled to a pressure of 3.0x10™ torr of hydrogen. Target plasma

with approximately 1kA ohmic current was used. The associated loop voltage was
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recorded as 2.5 volts giving an ohmic power of 2.5kW. However, the calibration of the
loop voltage was later called into question. Judging from recorded data for other
plasmas, it is highly unlikely that the ohmic power could have exceeded 10kW. The
10.5kW of RF power coupled to the plasma is comparable to if not greater than the ohmic
power. In this case the plasma absorbs 73% of the RF power and only 27% is reflected.
In other cases more than 75% of the power was absorbed. The toroidal field was set to
1360 gauss on axis. A pulsed vertical magnetic field was used. The data is shown in
Figure (6-14). Plasma current is increased by as much as 300 amps, and the loop voltage
is decreased roughly 0.4 volts (16%) upon application of RF. Other settings of the
plasma parameters were tested. However, no other plasma conditions, antenna phasing,
or power settings resulted in a larger current increase by as much as a factor of 2. When
the phase shifters in the RF supply were slowly adjusted, the current increase could be
made to decrease, but not increase. This suggests that the phasing was properly adjusted

and that the current drive effects are phase sensitive.

Figure 6-14. LHCD results in hydrogen. The top trace registers
the vertical magnetic field. The second trace down is the loop
voltage with and without RF, 0.5V per division. The third trace
down is the plasma current with and without RF, 0.5kA per
division. The bottom trace registers the RF timing. Horizontal
scale is Imsec per division. The loop voltage is decreased, and
the plasma current increased with application of RF. The traces

involve superpodition of many plasma shots.
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The overall efficiency for current drive in Encore is of the order of

Lips _ 300amps
P 10500 watts

watts

=0.03 amps / watt. (6.2)

For comparison, a LHCD experiment on PLT maintained a plasma current of 183kA with
a RF power of 40kW.> The overall efficiency is

Limps _ 183000amps
P 40000 watts

watts

=4.6 amps / watt. (6.3)

It is known that the current drive efficiency scales inversely with the plasma density®

: 1
amps/m oc —

. (6.4)
n

watts/m?

The PLT experiment involved a plasma density of 2.2x10" ¢m™. Experiments on Encore

involved comparable or lower plasma density, so the current drive efficiency should not
be less due to density effects. Many successful LHCD demonstrations at other
institutions involved grill antennas comprised of four waveguides. Some other
phenomenon is hindering lower hybrid current drive on Encore. It will be argued in
chapter 8 that the cause of the poor current drive efficiency is related to the so-called
"density limit" problem.

Similar experiments were performed with the tokamak filled with argon to a

pressure of 3.5%107 torr. The results are shown in Figure (6-15). In this case, little if any

effect is seen on the plasma current or loop voltage upon application of RF.

Noticeable effects in argon were evident at lower plasma current. See Figure (6-
16). In this instance roughly 80 amps are driven on top of a 400-amp ohmic plasma
current. The ohmic power involved is only 2kW.

The question arises as to why LHCD in argon appears weaker than in hydrogen.
It was checked that the LH cone angle and the LH accessibility criteria are essentially

unaffected by the change in ion mass, for the plasma parameters used.



6-20

Figure 6-15. LHCD results in argon. The top trace registers the
vertical magnetic field. The second trace down is the loop
voltage with and without RF, 0.5V per division. The third trace
down is the plasma current with and without RF, 0.5kA per
division. The bottom trace registers the RF timing. Horizontal
scale is 1msec per division. The traces involve superposition of
many plasma shots.

Figure 6-16. Plasma current and loop voltage changes upon RF
application to an argon plasma. In all four photos, the top trace is
the RF marker. The upper photos are the plasma current, 200
amps per division. The lower photos are the looP voltages, 0.5

volts per division, 5-volt total signal.
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One difference, however, involves the mass density. For a given pressure, argon
is twenty times as dense as diatomic hydrogen, and argon has twenty times as many total
electrons per unit volume (bound and free) as hydrogen. This means that argon has
twenty times the stopping power for high-energy electrons compared to hydrogen. The
lower density in hydrogen has the effect of making it easier to produce high-energy
electrons. In fact, when running the tokamak with hydrogen, care must be taken to avoid
unnecessary X-ray exposure. X-rays are generated when the high-energy electrons collide
with the chamber walls.

There are two possible effects. One is that LHCD generates high-energy
electrons. The collisional lifetime of LHCD generated high-energy electrons is longer in
hydrogen. The second effect is that the spectral gap between the N spectrum at launch
and the high-energy tail of the thermal electron distribution is smaller if the thermal
electron distribution extends to higher energies. In hydrogen the thermal distribution
extends to higher energies and the spectral gap is thus smaller versus in argon.

Interpretation of loop voltage drops and current increases in ohmic plasmas is
subject to some degree of controversy. It could be argued, for instance, that plasma wave
heating would be expected to decrease plasma resistance. This lower resistance would
cause the ohmic supply to drive more current for a given loop voltage.” Other groups
have demonstrated that LHCD works, and in chapter 7 LHCD will be demonstrated in
non-ohmic plasma. What is unique and interesting in these measurements is the

extremely low current drive efficiency.

Generation of Plasma Waves at Other Frequencies

With the 2-watt RF-supply energizing the solid dielectric antenna, it was observed
that the signal from a plasma probe was symmetrically broadened. This data is shown in
Figure (6-17). The probe and antenna were separated by 67.5 degrees toroidally. The

tokamak was filled with argon to a pressure of 3x107 torr. The toroidal field on axis was

1040 gauss. The plasma current was one kiloamp. The antenna was phased to launch LH

waves preferentially in the direction of the probe.
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Figure 6-17. At left is the 2-watt input signal to the antenna. At
right is the symmetrically broadened signal measured with a
plasma probe. The horizontal scale is SMHz per division. The
vertical scale is 10dB per division.

At high power, a different behavior was noted. The plasma probe detected a band
of lower frequencies than the input signal. The data is shown in Figure (6-18). In this

case the tokamak was filled with hydrogen to a pressure of 4x107 torr. The toroidal field

is 1040 gauss, and the plasma current one kiloamp. The antenna is located 45 degrees
clockwise from the probe in the toroidal direction (as viewed from above). The antenna
is quadrature phased to preferentially launch LH waves counter-clockwise. The
ohmically accelerated electrons also travel counter-clockwise. The power to the antenna

was 2kW per channel.

Figure 6-18. The antenna power is 2kW per channel. At left is
the input signal to the antenna. At right is the non-symmetrically
broadened signal measured with a plasma probe. The horizontal
scale is SOMHz per division. The vertical scale is 10dB per
division.

Measurements show that under similar conditions, the spectrum of lower

frequency waves generated is broadest for hydrogen, intermediate for helium, and
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narrowest for argon. This data is shown in Figure (6-19). The toroidal magnetic field is

1310 gauss. The plasma current peaks at roughly 1.5 kA.

_

Figure 6-19. Observed spectrum of waves for various gas fill. At
left is 5x107° torr hydrogen. The center trace is 4x107 torr

helium. At right is 4x107 argon. Horizontal scale is SOMHz per
division. Vertical scale is 10dB per division.

The plasma probe utilized was the X-Y probe. Scans were made of the minor
cross section for various frequencies noted in Figure (6-18). The plasma current and the
timing of the plots are shown in Figure (6-20). A 400MHz scan was taken at the marker
shown in Figure (6-20). A 417MHz scan was taken 0.34msec later. A 433MHz scan was
taken 0.67msec after the marker. A 450MHz scan was taken 1.0msec after the marker.

The resulting contour plots are shown in Figure (6-21).

Figure 6-20. Timing of the contour plot data. Second trace from
the top is the spectrum analyzer signal, SOMHZ per division.
Third trace is the timing marker for the 400MHz scan. Lowest
curve is the plasma current, 1kA per division. For the lower two
curves the horizontal scale is one millisecond per division.
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400MHz 417MHz

e

Figure 6-21. Contour plots of detected power at various
frequencies as noted. The right-hand side of the plots
corresponds to the outer wall where the LH waves are launched
by the grill antenna.

Figure (6-21) shows that the lower frequency waves are concentrated at the
plasma periphery near the outer wall. The lower the frequency, the more the plasma
wave power is restricted to the outer edge of the plots. These waves are likely associated

with parametric instability at the plasma edge.®

Summary
Experiments on Encore show that LH waves launched by several grill antennas

including the solid dielectric antenna behave as one would expect. Accessibility depends

upon both the magnetic field and the plasma density and affects the maximum depth of
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penetration. The LH propagation angle depends upon the magnetic field and affects the
rate of penetration. The directionality of the launched waves depends upon the antenna
phasing. The solid dielectric antenna launches directional LH waves into Encore that are
accessible to the center of the plasma and do indeed propagate there.

LHCD effects are observed in Encore. The changes in plasma current observed
are larger at smaller plasma current (and thus smaller density) as one would expect from
accessibility considerations. However, the lower hybrid current drive efficiency in
Encore is low by orders of magnitude compared to LHCD experiments on other
tokamaks. This cannot be explained as due to problems with accessibility, propagation
angle or the directionality of the launched spectrum.

During high power LHCD experiments, a spectrum of waves with frequencies
lower than that of the launched waves is detected. These waves appear to be

concentrated at the plasma periphery.

! Eric Fredrickson obtained the data indicating linearity. The author obtained the microwave measurement
yielding the density calibration.

? See for instance "An Experimental and Theoretical Investigation of a Finite Beta Modified Drift Wave,”
Eric Fredrickson, thesis, California Institute of Technology, Pasadena, CA, (1985).

® Bric Fredrickson, private communication

* See the discussion at the end of chapter 4.

SF. C. Jobes et al., Phys. Rev. Lett., (1985), 55, p. 1295

®N. J. Fisch, "Theory of current drive in plasmas," Rev. Mod. Phys., (1987), 59, p. 214

"N. I. Fisch, "Theory of current drive in plasmas,” Rev. Mod. Phys., (1987), 59, p. 212

8 Paul Bellan, private communication
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7 Data from RF-Sustained Plasmas

The small LH current drive efficiency on Encore is explained in chapter 8 as
related to the so-called "density limit." Despite this problem, significant amounts of
LHCD current could be generated in Encore. It was found possible to sustain plasma
discharges without the aid of the ohmic heating system. This chapter reviews the

experiments of this nature.

Magnetic-Error-Field Current-Drive

Current drive experiments in ohmic discharges can be difficult to interpret.
Changes in plasma current may be directly due to current drive or they may instead be
due to plasma heating which increases the conductivity of the plasma, thus increasing the
ohmic plasma current. For ohmic discharges it was found that plasma current is
increased for antenna phasing to launch Nj; parallel to the ohmically accelerated electrons,
which in Encore is counterclockwise as viewed from above. The plasma current
increases Al, are of the order of a few hundred amps at most, which is small considering
that the RF power is a considerable fraction of the ohmic power.

It is desirable to eliminate the effects of the ohmic EMF in order to study the LH-
wave/plasma interaction. To this end RF was applied to afterglow plasmas in Encore for
which the ohmic input is disconnected and the plasma current and loop-voltage decay on
a L/R time scale. The idea is to use the ohmic drive to break down the plasma, and then
sustain a RF-current driven discharge beyond the ohmic decay period. Referring to
Figure (3-6), amplifier "B" operating in the closing switch mode to sustain the plasma is
not utilized. Only amplifier "A," operating in an opening switch mode, is used to
partially ionize the tokamak fill gas. In the opening switch mode a quick high-voltage
spike is produced as the current in the triode amplifier is disconnected. After amplifier
"A" disconnects, the ohmic supply is no longer engaged.

Initial experiments along this line appeared to yield no plasma beyond the ohmic
decay zone. The antenna was phased to launch lower hybrid waves parallel to the ohmic

electron drift and one expected that the decay of ohmic plasma current would reverse or

platcau as the RE current drive was established. Close examination of the Ip trace
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showed, however, that not only was the plasma current decaying to zero but was in fact
overshooting to a negative value which was maintained for the duration of the RF pulse.
This negative overshoot was small, on the order of 10-20 amps and thus difficult to see

except on an expanded current scale. See Figure (7-1).

Figure 7-1. Example of a RF sustained plasma in Encore. Upper
trace is the "B" amplifier current. Next is the loop voltage
(1V/div). Next is a reference pulse coincident with application of
RF. The forth trace is the plasma current (100A/div). Note the
spike in the loop voltage trace when the ohmic supply ionizes the
fill gas, and at the termination of RF.

Initial suspicion was that the Rogowsky circuits were picking up RF interference
and giving a rectified output. The current was proven to be real in the following way.

An optical emission diagnostic showed emission coincident with the RF pulse.
Looking at the plasma in the tokamak through a window port when the RF was turned on,
a bright flash could be seen in place of the subdued blue glow of the short ohmic pulses.
The RF pulse duration was increased to eight milliseconds, considerably longer than the
one millisecond ohmic afterglow. The plasma light emission seen upon application of RF
matched the Rogowsky signal in duration. At the very least, the RF was maintaining
plasma breakdown.

The loop voltage due to the ohmic afterglow plasma decayed to zero value dur ing

the RF discharge and then exhibited a negative spike coincident with the end of the RF
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pulse. This negative spike is consistent with the back EMF one would expect due to a
decaying reverse (negative) plasma current as shown by the Rogowsky diagnostic. The
loop voltage diagnostic is so simple, it is difficult to imagine it giving a misleading result.

Thus, because of the optical, Rogowsky and loop voltage diagnostics, there can be
no doubt that during application of RF a current carrying plasma is maintained devoid of
ohmic input. However, the direction of the current was opposite to what one would
expect based on LHCD theory and the antenna phasing.

Perhaps the phasing is backwards to what it is presumed to be. Upon reversing
the phasing so as to flip the Nj spectrum at launch to the other direction, exactly the same
reverse plasma current is obtained. In fact, for no phasing at all, that is, a symmetrical
N distribution launched by a single waveguide, the same result is obtained. Application
of RF gives negative plasma current regardless of antenna phasing. The tokamak/RF-
antenna system has a handedness. The amount of current driven is linearly proportional

to the applied RF power. See Figure (7-2).

40 | T T ] 1
y=7.117x - 4360 12=0.998

0 /”/
7

Plasma Currert (amps)

10 —

0.0 1.0 2.0 3.0 4.0 5.0

Power (kW)

Figure 7-2. I}

outer waveguides is powered. The current is proportional to the
power, and appears to have a threshold just below 1 kW.

versus RF power in kilowatts. Only one of the
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What gives the handedness? What property of the system gives the direction of
the RF discharge current? To answer this question a great number of aspects of the
tokamak were varied in an attempt to alter the magnitude, and possibly change the
direction of the RF discharge plasma current I} .

The polarity of the ohmic target plasma current was reversed without effect on

I}". Moving the antenna in and out with respect to the chamber wall affected the amount
but not the direction of I;*. The antenna was moved to different ports around the torus
without effect on I} . Thus, local chamber wall features are not responsible.

All four ports of the grill antenna were powered one at a time and each gave an
identical result, reverse plasma current. The antenna was flipped upside down and the
same experiment repeated without change in the result. Thus the non-powered
waveguides or other construction features of the grill antenna can be eliminated.

Varying the vertical magnetic field By direction and magnitude could affect the
amount of current to some degree but not its direction. This result also eliminates the
vertical component of the earth's magnetic field. The horizontal component of the earth's
field does not give a net direction to the torus. Encore is a low magnetic field tokamak

and it is not out of the question that the earth's magnetic field could have an effect.
Reversing the toroidal field B, had absolutely no effect on Iy'. The iron core
transformer for the ohmic drive on Encore was partially pulled apart with no detectable
affect on I3*. The position of the filaments used to provide electrons for breakdown was
varied without effect.

The vertical field coils were hooked up to generate a radial horizontal magnetic

field By. The RF plasma current was found to be a strong function of this horizontal field

and the direction of If}F could be reversed for certain values and direction of By. Data
was taken, IgF versus By, for both directions of the toroidal field B¢ and the results are

shown in Figures (7-3) and (7-4). Note that the direction of By needed to zero or reverse

I}fF depends on the direction of B¢. It is the combination of B¢ and By that gives the

handedness. A small horizontal radial field superposed on the large toroidal field simply
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leads to a small change in direction of the toroidal field, causing the field lines to spiral in

or out depending on the directions of By and B, .

? Applied By (+ amps)

—>
B,
40
/IH}D
20
RF
I, 0

(amps)
=20 (
§ 1:|—|:1\T,D/':'A

d0 s 0 5 0 15 20

Horizontal Field Coil Current (amps)

Figure 7-3. RF induced plasma current IﬁFversus the current in a
set of coils generating a radial horizontal magnetic field in the
Encore tokamak. It is increasingly difficult to obtain an ohmic
breakdown for increasingly negative coil current.

The data is consistent with the following picture. An inherent radial horizontal
magnetic "error" field B}}" in the Encore tokamak causes the magnetic field lines to

spiral in a horizontal plane. Suppose that the lower hybrid antenna generates electron
beams in both directions, localized near the chamber wall. The electron beam spiraling

out toward the chamber wall will be attenuated with respect to the electron beam
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spiraling inwards toward the chamber center. Thus a net current I;" is produced. See

Figure (7-5).

f Applied By (+ amps)

—>
B¢>
40
EHZFD\[
) \
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(amps) “\
\a
-40 I

=20 -15 -10 -5 0 5 10

Horizontal Field Coil Current (amps)

Figure 7-4. RF induced plasma current I} versus the current in a
set of coils generating a radial horizontal magnetic field in the
Encore tokamak. The direction of the toroidal field is opposite to
that in Figure 7-3. It is increasingly difficult to obtain an ohmic
breakdown for increasingly positive coil current.

If the horizontal error field B} is due to the toroidal field currents, then upon
reversing B,, BY" also will also reverse and the direction of the spiral is unchanged.

This explains the insensitivity of I;" to the toroidal field direction. It also explains why

the direction of the applied correction By necessary to zero or reverse I§F changes with

the direction of B, as shown in Figures (7-3) and (7-4).
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Toroidal Magnetic
Field Line with
Horizontal Spiral

N P

LH Generated LH Generated .
Current Propagating Current Prop.agatlng
into the Outer Wall into the Interior of the

Minor Cross Section
LH Antenna

Figure 7-5. Schematic of the proposed theory explaining the
production of net toroidal current with a symmetric LH antenna
phasing. Spiraling of the toroidal field lines in a horizontal plane
(highly exaggerated in the figure) breaks the symmetry. LH
current generated near the outer wall of the torus propagates in
both toroidal directions. Current spiraling outward to the
chamber wall is rapidly attenuated with respect to current
propagating into the interior of the minor cross section.

If the antenna is generating beams in opposite directions then perhaps plasma
exists even when By is applied to zero I;". Optical emission shows that a plasma exists

for the condition I’ = 0. However, optical emission is less for this case than when a net

current exists. A toroidal current is, of course, necessary for plasma confinement,
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Further bolstering the spiral theory is the data shown in Figures (7-6) and (7-7)

where the necessary By to zero IffF is shown to be proportional to the toroidal field. This
confirms that the inherent horizontal radial error field is due to toroidal field coil currents.
The discrepancy at low toroidal field is an indication that smaller contributions to the
horizontal error field not due to toroidal field coil errors exist. One possible source for
this is the iron core transformer for the ohmic supply on Encore. This transformer has a

small gap at the tokamak center point to lower the inductance for impedance matching

purposes.

* Applied By

-4—
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Toroidal Field Coil Current (amps)

Figure 7-6. Current in the coils which produce a radial horizontal

magnetic field necessary to achieve Iy =0 versus current in the
toroidal field windings.
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Figure 7-7. Current in the coils which produce a radial horizontal

magnetic field necessary to achieve 1" =0 versus current in the
toroidal field windings.

With the toroidal field on, one cannot simply stick a magnetic probe into the
machine to measure the inherent horizontal error field. Inferring from the applied By
necessary to correct the error and zero Iy, the error is of the order of a few gauss. The
effect of the error is simply to slightly alter the direction of the toroidal field lines
(~1300gauss) and this simply cannot be seen with a handheld probe. However, the
direction of the inherent error field can be deduced from the correction field necessary to

eliminate it. When this is done the direction of the magnetic field line spiral thus inferred

agrees with that necessary to produce the observed direction of IﬁF.
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Three gauss out of 1300 represents a deviation in angle of 2.3 milliradians. After
traversing one circumference of the tokamak (major radius 38cm), the deviation in
position will be of the order of half a centimeter. Since the minor radius is 12cm, an
electron beam generated at the outer portion of the tokamak could expect to remain in the
chamber for something of the order of 48 passes before colliding with the inner wall.

It might be mentioned at this point how one can decide the direction of a magnetic
field. A useful picture is shown in Figure (7-8). The north pole is that from which
magnetic field lines emerge. Since north poles point north, the earth's North Pole is thus
technically a magnetic south pole. It is known that cosmic ray primaries (positively
charged ions) are bent to the east as they approach the earth." Given their positive
charge, this is only possible if the magnetic field of the earth in space points to the north.
In the Northern Hemisphere the earth's magnetic field points north and down. Knowing
this, any magnetic probe may be quickly calibrated as to direction, by simply looking at
the earth's field. The absolute direction of a magnetic field rarely needs to be known.
The handedness of the spiraling field lines is insensitive to the convention used for the
direction of the magnetic field. If both the horizontal error field and the toroidal field are
assumed to point in the opposite direction, the field lines still spiral with the same

handedness.

| earth north
(magnetic south pole) -

Earth

- earth south
X (magnetic north pole) /

Figure 7-8. Accepted convention for the direction of magnetic
field lines produced by two common sources.
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There are several ways to see how the toroidal field coils on Encore could
produce such a horizontal radial magnetic error field. To minimize errors and to avoid
encircling the ohmic transformer, the return current lead for the coils doubles back
underneath the input lead which is located underneath the coils. As can be seen in Figure
(7-9), the currents in the input lead sections do not entirely match the return current
because of the pancake coils. Because these connection leads are underneath the toroidal
coils a horizontal error will exist in the tokamak chamber. Another source of horizontal
error is due to coil tilt. A consistent tilt of the pancake coils about a vertical axis will also
result in horizontally spiraling field lines. By properly adjusting the tilt of the coils on
Encore it was later found possible to eliminate the horizontal error so that Il;” = 0 for By

=0.

input lead

N N N
7
return current

Figure 7-9. One source of the horizontal magnetic error field
involves the return current lead. There is no local cancellation of
the return current lead at the positions of the toroidal field coils.

In general, localized horizontal radial magnetic error fields in tokamaks can be
measured only by electron beam studies in which the beam spiraling can be detected.
Average global magnetic error fields can be detected by the EMF induced in a toroidal
loop when the toroidal magnetic field is pulsed. Typical practice is simply to apply a
correcting By that is adjusted to maximize the plasma parameters.> Encore, being a high
rep-rate, probe-compatible tokamak, usually contains low temperature collisional plasma
not fully ionized. For this reason, it is not sensitive to small horizontal errors.
Collisional current carriers in a typical Encore discharge simply do not have a long
enough mean free path to sample the slight spiraling. However, higher velocity RF

generated electrons are not so collisional. At 100eV, the mean free path of an electron is
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of the order of a dozen circumferences of the torus, plenty of distance for the horizontal
spiral to have effect.

In Figure (7-10) RF-sustained plasma current is demonstrated in both toroidal
directions by manipulation of the radial horizontal magnetic error field. An ohmic target
plasma comprised of argon is used. A single waveguide is powered with 3.9kW. The

RF-current is sustained for more than 8 milliseconds, limited only by the RF power

supply.

Figure 7-10. Photos demonstrating RF-sustained plasma current.
In all photos, the top trace is the plasma current, 500A/div. upper
photo, 50A/div. lower photos. The second trace from the top is
the optical emission signal. The third trace is the ohmic primary.
The fourth trace is the RF marker. The bottom trace is the loop
voltage, 5V/div. top photo, 2V/div. lower photos. For the bottom
right photo, a radial horizontal magnetic field of 6.5 gauss was
applied to reverse the spiraling of the toroidal field lines.
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Effects Due to Phasing

The RF current drive discussed in the previous section produced net current from
a symmetric Ny spectrum by creating an asymmetry in the magnetic paths available to the
opposing beams. This section discusses experiments in which the magnetic error fields
were eliminated and quadrature phasing was utilized to generate non-symmetric N
distributions at launch. Very little net RF current was generated in this manner. Some
possible reasons for this are discussed.

The vertical field correction coils on Encore were reconnected in a parallel
configuration that allowed independent application of a correcting radial horizontal
magnetic field By as well as a vertical magnetic field By. For ohmically generated
plasma, it was standard to use a pulsed vertical magnetic field supply. This was replaced
with a DC current supply to prevent confusion due to transient behavior. By was
generated by a DC current supply as well.

With a single channel of the antenna powered the launched LH spectrum should
be symmetrical as shown in Figure (5-16f). With a 7.4kW to a single port and no
magnetic correction applied, the RF driven current was -23 amps.? The settings of the

correction coils necessary to achieve Iy =0 could then be measured. The necessary

values of the correction coil currents to achieve I} =0 varied with time. Some factors
that might influence this were examined.

Fourteen magnetic socket screws were removed form the torus without effect. A
magnetic optics table recently placed near the torus was moved without effect. Pieces of
iron placed on top of the torus leaning against the iron core of the ohmic transformer had
no effect. Pieces of iron placed near the outer mid-plane of the torus could completely
reverse the direction of I} depending upon their position. Lifting the torus slightly with
respect to the various magnetic coils had no effect. Moving the iron core of the ohmic
transformer back and forth had no effect. Moving around the toroidal magnetic field
current leads had no effect. Rotating the torus with respect to the iron core several
centimeters had no effect. A small hand magnet held near the torus had a detectable
effect on I}". Increasing the gap in the iron core transformer had a definite effect as

shown in Figure (7-1 l).
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Figure 7-11. The current in the By correction coils necessary to
make I;" =0 for various gaps in the iron core transformer of the

ohmic supply. Data is presented for both polarities of the toroidal
field.

An attempt was made to disengage the ohmic supply as much as possible by
removing the movable portion of the ohmic transformer core completely. Breakdown of
the plasma was found to be still possible. However, the initial ohmic loop voltage was
then found to decay on a very long time scale in the presence of RF sustained plasma.

The iron core transformer was restored to its original configuration.

For comparison, IEF generated by each of the four channels of the antenna was
examined and the results are shown in table (7-A). No magnetic correction By or By was
applied for these measurements. The power to channel #1 was slightly less than that of
the other channels due to problems with the amplifier chain. In any event, the powers are

not equalized and this will cause degradation to the directionality of the N spectrum.

Channel #1 was less efficient in driving plasma current than the other channels for
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unknown reasons. It is possible that there is an air gap in the coax paraffin or ceramic
dielectric for that channel. Also of interest, the interior waveguides (#1 & #2) have
significantly higher reflection coefficients from the plasma than the exterior waveguides.
Altering the power to individual channels was not simple. Continuously variable
attenuators were not included in the amplifier chains. In retrospect, optimum N
directionality probably requires fine adjustment of power to each waveguide, so that the

plasma-coupled power can be equalized for all four channels.

Channel Fwd. Power (kW)  Ref Power (kW) I}" (amps)
#0 5.1 10% -15
#1 4.3 23% -8
#2 5.1 23% -16
#3 4.1 4% -15

Table 7-A. Comparison of the performance of each individual
waveguide in generating RF driven plasma current with no
magnetic correction fields By or By.

With one channel of the antenna powered, By was carefully adjusted so as to
achieve I}" =0. The current in the By coils necessary to null out the RF driven plasma
current was determined to be 3.1 amps. In this condition it was found that I}" =0 was
insensitive to the vertical magnetic correction field By. This makes sense from the
symmetry of the situation. The fast electron beams are generated equidistant from the top
and bottom of the chamber. The vertical field will induce a vertically oriented helix
rather than a horizontal spiral. No direction is favored by creating such a path for the two
beams.

All four ports of the antenna were then energized with quadrature phasing.
According to Figure (5-16c) this should give a fairly unidirectional Nj spectrum at
launch. Numerical integration shows that 76% of the power should launch in one
direction, and 24% in the opposite direction. The amount of current driven was 3 amps.
The horizontal magnetic correction field was varied so as to maximize the RF driven

current and as much as 60 amps was obtained. See Figure (7-12).
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Figure 7-12. RF driven plasma current versus the current in the
horizontal magnetic correction field coils. The antenna is
quadrature phased. At 3.1 amps the error field is nullified but
only 3 amps are obtained. 60 amps are obtained at the maximum
current used.

Next, the vertical magnetic field was adjusted so as to maximize the RF driven current.
100 amps of plasma current were obtained in this manner. Finally, the argon fill pressure
was varied to obtain an even larger plasma current of 144 amps as shown in Figure (7-
13). The largest RF-driven plasma current obtained by such procedures was 158 amps.

A typical result is shown in Figure (7-14).
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Figure 7-13. RF driven plasma current versus the argon fill
pressure. A peak of roughly 144 amps is obtained at a pressure
of 2.5x10° torr.

Figure 5-14a. Magnetic error field assisted LHCD result. Upper
trace is the plasma current (50 amps/division). Lower trace is the
RF-on reference. Horizontal scale is 1 msec per division.
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Figure 5-14b. Magnetic error field assisted LHCD result. Upper
trace is the plasma optical radiation output. Middle trace is the
loop voltage (2V/division). Lower trace is the RF-on reference.
Horizontal scale is 1 msec per division.

On the chance that there was an error in the method of setting the waveguide
phasing, many other phasings were experimented with. None was found to produce as
much plasma current as quadrature phasing (90° shift per waveguide). In particular,
experiments with zero phase shifts (all waveguides have the same phase) produced a
maximum net plasma current of 100 amps. 180° phase shift produced a maximum net
plasma current with other parameters optimized of 75 amps. These results suggest that
the phasing was as measured.

It is interesting to note that the vertical magnetic field which maximizes Iy for 0°
phase shift per waveguide is only slightly less than for quadrature phasing (coil current
3.4 amps versus 3.8 amps). For 180° phase shift I} is maximized for a vertical field coil
current of 3.75 amp. The vertical field induced helix negates a drift that is proportional to
the electron toroidal velocity. This suggests that the typical toroidal electron velocities in
the RF driven current are similar independent of phasing. This is despite the fact that N
at launch is dramatically different according to the calculations shown in Figure (5-16).

Regardless of the N spectrum at launch, in bridging the "spectral gap" to reach thermal



7-19

10eV electrons, presumably similar spectra composed of large N values are created after
launch.

The failure of phasing by itself to produce a unidirectional plasma current can at
least partly be attributed to the poor directionality of a four-waveguide system. Ideal
calculations indicate a 0.76 - 0.24 directionality. More waveguides are needed to
improve upon this. Failure to equalize the plasma-coupled power from the four
waveguides will only further deteriorate the ideal calculations. Another factor may
involve the nature of the target plasma to which the RF is applied. The RF generated
plasma is not homogeneous. Plasma density is likely highest where the RF generated
electron beams exist. The antenna is not presented with uniform plasma with a steep
density gradient in the major radius direction. If the four waveguides are not presented
with LH cutoffs located at similar distances, then further degradation in directionality is
sure to result. If the distance to the cutoff is significant compared to the separation
between waveguide centers, the Ny spectrum will be altered from the ideal calculations.
Factors that might play a role in this include the field curvature in the fringing fields as

well as superposition of fields from neighboring waveguides.

Correlation of Reflected Power

The RF power reflected from the plasma varies slightly as a function of time.
Presumably this is due to the turbulent nature of the plasma. Simultaneous data was
taken of the reflected power versus time from the two outermost waveguides. These two
waveguides have the largest separation. The question was whether or not the variation in
reflected power versus time from the two waveguides would be correlated or not. Lack
of correlation would be evidence that due to plasma turbulence, the waveguides are not
each exposed to identical launch plasma. This in turn would offer evidence of a possible
mechanism for disruption of the calculated Nj spectrum. The data is shown in Figure (7-

15). The reflected power levels appear to be correlated.
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Figure 7-15. Reflected power of the two outermost waveguides
versus time. A RF sustained discharge in hydrogen with
I, =30 amps is used. The horizontal scale is 0.2 msec per
division. The vertical scale is 2dB per division. The upper traces
are one waveguide, and the lower traces, the other.

Microwave Density Measurement

A microwave density diagnostic on Encore was capable of measuring line average
density. A measurement was taken during LHCD and the data is shown in Figure (7-16).
The measurements were calibrated against ohmically generated plasma that reached a

peak current of 3 kA. Line average density in Encore is proportional to the plasma

current and is roughly 2x10'> cm™ for 1™ =2kA. Thus the calibration data involves a

-3

line average density of about 3x10'* cm™. This line average density corresponds to 1.3
g

fringes in the microwave data. The LHCD data shows IﬁF ~100 amps. The microwave
data shows about 0.3 fringes. Thus the line average density in the RF sustained plasma is
of the order of 7x10'' em™. This is well above the cutoff (P=0) for the slow mode which

is 2.5x10° cm™.

Figure 7-16. Microwave density diagnostic data. At left is the
LHCD data. Upper trace is plasma current (500A/division).
Middle trace is the microwave fringe data. Lower trace is the RF
reference. At right is ohmic plasma calibration data.  Upper
trace is microwave fringe data. Lower trace is plasma current
(2kA/division). Horizontal scale is 0.5 msec per division for both

photographs.
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Dependence on the Toroidal Magnetic Field

The effect of B, on the maximum I5" was looked at. Except for By, which was

varied, the parameters are the same as for the record I; . Quadrature phasing was used.

By was adjusted for each B, so as to maximize I}". By for maximizing 15 was found to
be independent of B, . In tokamak mode, the vertical magnetic field balances the "hoop"

force of the toroidal current and there is no B¢ dependence to By. The result of the

experiment is shown in Figure (7-17).

At lower magnetic fields, the net RF driven plasma current falls off. It is likely
that this is due to problems with accessibility. Figure (4-7) shows that accessibility for a
typical quadrature phase launch spectrum becomes hindered for magnetic fields below
929 gauss (300 amps coil current). Below this value the accessibility limit curve lies
entirely within the launch spectrum for quadrature phasing. Remarkably, this is exactly
where I§F begins to drop in Figure (7-17).
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Figure 7-17. Maximized net RF driven plasma current versus the
toroidal magnetic field coil current. Below 300 amps there is a
monotonic fall in plasma current.
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Ion Mass Dependence

The atomic species used for the fill gas in Encore was varied to see what effect if
any it would have on I3 . Presumably the fill gas would affect primarily the ion mass
value. This in turn would affect the ion plasma frequency and the ion cyclotron
frequency. When an effect seemed to be apparent, the experiment was pushed to the

point that six different fill gases had been tried. The gases utilized are listed in table (7-
B).

Atomic Species Mass (amu) Ion Gauge Factor
Hydrogen 1.0 23
Deuterium 2.0 2.7
Helium 4.0 6.9
Nitrogen 14.0 1

Neon 20.2 33

Argon 39.9 0.89

Table 7-B. Fill gases used in the ion mass dependence
experiment. The "ion gauge factor" is the calibration factor for
correct reading of ion-gauge pressure based upon the ease of
ionization of the various gases.

The gas fill pressure was kept at approximately 3x107 torr for all of the gases.

The toroidal field was maximized to provide the best possible accessibility. The
horizontal error field was adjusted to maximize I}" for argon fill, and held constant for
all of the data. The result of the experiment is shown in Figure (7-18). Larger values of
I5" but very similar mass dependence were obtained by adjusting the vertical field
independently in each case so as to maximize the RF driven current.

Since the "ion gauge factor" (related to the ease of ionization) as listed in table (7-
B) does not have a monotonic relationship with the atomic mass, it is difficult to imagine
that this factor plays a major role in the phenomena.

The LHCD density limit to be described in chapter 8 depends upon many
variables including the value of the ion mass. The equation for the density limit can be

written as®

0.
o’ 2[3 o* mﬁT.jSer o’
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The units of njmi are cm™. The parameter vy is defined by
®
Dy 7.2
k" y thermal ( )

where vy, . is the electron thermal velocity. It characterizes the degree of upshift in k;
occurring in the plasma, enabling a resonant interaction between the launched LH waves

and the slower thermal distribution of electrons. The parameters B, and B; are

temperature enhancement factors and multiply the electron and ion temperatures

respectively. . exceeds unity when the fast electrons providing the current drive have a

total energy comparable to the bulk, and characterizes the change in the electron

distribution due to the LH waves. [; exceeds unity when there is ion heating, and

characterizes the change in the ion distribution due to the LH waves.
Taking values pertinent to Encore (B=1300 gauss, Ti=3eV, T.~=10eV,
® =2m-450 x10°sec™), and choosing ¥ =, =B, =1, the results shown in Figure (7-19)

are obtained. For Encore parameters, the density limit is totally insensitive to the values

of Te, Tj, and f3;. The monotonic relationship is preserved for other choices of ¥ and ..
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Figure 7-18. Dependence of the amount of RF driven plasma
current on the type of gas used to fill the tokamak. There is a

monotonic increase in I;" with atomic weight. The sharp rise in

the dependence rolls off above the mass of helium.
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It is difficult to create plasma in Encore with line average density less than 10"
cm™ with the ohmic heating system. Ohmic breakdown cannot be achieved with line

average densities of the order of 2x10'" em™. Densities of the order of 2x10" cm™ occur

very close to the edge of the plasma. It is quite plausible that as the density limit is
increased, greater penetration of the LH waves is achieved causing the RF driven plasma

current to increase.

2.25E+11 |
'I.‘
2.20E+11 —
Density
Limit
(cm™)
2.15E+11
2.10E+11 r r ,

0 10 20 30 40

Ion Mass (amu)

Figure 7-19. Dependence of the LHCD density limit in Encore
on ion mass. There is a monotonic relationship with larger ion
mass associated with a larger density limit. The sharp rise in the
dependence rolls off above the mass of helium.

RF Tokamak

An attempt was made to eliminate the use of the Encore ohmic supply for the
purpose of ionizing target plasma for LHCD. To replace the ohmic supply, a tungsten
filament was installed on the tokamak. This filament was biased to 400 volts and emitted
a current of 50-75 milliamperes. Using 180° phase shifts with 2.3kW per channel,

I}F = +65amps were obtained, the sign depending upon the direction of By enhancement.

See Figures (7-20a) and (7-20b). The maximized 1" was found to be insensitive to the

filament voltage over the range of 100-500 volts. Without ohmic generation of target
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plasma, the tokamak loop voltage signal is due entirely to the rise and fall of the RF
driven current. The RF driven plasma current appeared to jump between discrete levels
of approximately 20, 40 and 60 amps as By was varied. Unlike the RF sustained plasma
generated from ohmic target plasma, these plasmas showed large sensitivity to By.
Varying the vertical magnetic field could alter the polarity of I5", much as By did for the
ohmic initiated RF plasmas.

Encore was now operating in a pure RF mode. The ohmic supply makes quite a
bit of noise, whereas the RF system makes virtually none. In the pure RF mode, silent

blue flashes of light appeared in the tokamak window ports coincident with RF

application.

Figure 7-20a. LHCD without an ohmic target plasma. Phasing is
180° shift per waveguide. Upper trace is plasma current (20
amps per division). Lower trace is the loop voltage (1 volt per
division). Horizontal scale is 1 msec per division.
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Figure 7-20b. Same as Figure 7-20a, but By adjusted to
maximize the RF driven current in the opposite direction. Upper
trace is plasma current (20 amps per division). Lower trace is the
loop voltage (1 volt per division). Horizontal scale is 1 msec per
division.

In Figures (7-20) the symmetry between the forward and reverse driven plasma
current for symmetric 180° phasing of the antenna is good. In Figure (7-21a) similar
results are shown for quadrature phasing to enhance the positive current. There is now a
notable asymmetry. Repeating this experiment with quadrature phasing to enhance the
negative current does not retain the asymmetry however. See Figure (7-21b). The
conclusion is once again that the effects of phasing in RF sustained plasma appears to be

weak.

Figure 7-21a. By and By adjusted to maximize reverse IX (left)

and forward I;" (right). Phasing is quadrature for forward
direction. )
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Figure 7-21b. By and By adjusted to maximize reverse Iy (left)

and forward Iy (right). Phasing is quadrature for reverse
direction.

When the ohmic supply is used to break down the target plasma, there is a bright
flash of light. Due to the persistence of vision, the RF sustained plasma cannot be seen
independently with the naked eye. Without the ohmic breakdown, the RF sustained
plasma became instantly visible. There is a background glow from the volume inside of
the vacuum chamber. Superimposed is a very bright narrow beam that would move
around in response to changes in By and By. With no vertical field the glow was

concentrated at the top of the vacuum chamber as shown in Figure (7-22).

Figure 7-22. Glow from a RF produced plasma in Encore. The
glow is concentrated at the top of the vacuum chamber. The
toroidal magnetic field polarity is such that the guiding center
drifts for electrons are directed upwards.

From equation (3.12) the vertical confinement in a tokamak can be written as



7-28

162 < (7.3)

The electron toroidal velocity can be associated with a parallel energy according to

RE,
Vi = ?”.~~5.93><1o71/13”ev cm/ sec. (7.4)

The poloidal cyclotron frequency (denominator of equation (7.3)) can be written as

qB,

I
~3.5%x10° 2 sec™, (7.5)
m

I

cm

where the formula for the magnetic field a distance rc, from a straight wire carrying a

current Iumps has been used. Combining (7.3), (7.4) and (7.5) yields

52| < 34-%@ cm. (7.6)

amps
[t will be shown in the double-sided probe measurements that the energy of the tail

electrons in the "beam" exceeds 100 eV. Taking values of rcm=1cm, Ismps= 65amps and

Tev=100eV returns |62| <S5cm. 100eV is a lower bound. Confinement is worse for larger

energies. Since the minor radius of Encore is only 12cm, these RF discharges do not
appear to be confined in the conventional tokamak sense.

In the absence of sufficient poloidal current to provide confinement, drifts due to
the magnetic field curvature and gradient force the electrons and ions out of the tokamak.
The VB and curvature-B drifts in a tokamak are oriented in the vertical direction.
Collectively these two drifts are sometimes referred to as the guiding center drifts.
Electrons drift one direction (up or down), and the ions the other. The resulting vertical
electric field causes an E xB drift in the major radius direction. The formula for the
gradient and curvature drift is’

v} BxV(B'/2) BX%(VJ

2
v, = TR AN 77

The first term in equation (7.7) is the magnetic field gradient drift, and the second term is

the field curvature or centripetal drift. Equation (7.7) can be approximated as
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2
~ m . l . V2 R B;Z'nax ~ Blznin m R VH (78)
’ q Bo 4 * B(2> 2 rminor q Bo Rmajor ,

Where tminor 1S the minor radius of Encore, Rmajor 1s the major radius, Bmax is the toroidal
field at the inner wall, B, is the toroidal field at the outer wall, and B, is the toroidal
field on axis. Using the values for maximum toroidal field (1300 gauss on axis),

assuming 100eV to calculate v, and assuming T.=10eV to compute v’ obtains

v, =4.1x10° cm/sec. The second "centripetal” term in equation (7.7) dominates. The
speed of an electron accelerated to 100eV in the toroidal direction is
v, =5.9X% 10° cm/ sec. The ratio of these two quantities is

Ye —0.0007. (7.9)

Vo
This represents a small angle. The vertical displacement per toroidal revolution is of the
order of 0.2 centimeter. The fact that the luminous "beam" appears at the top of the
tokamak is puzzling. It would seem unlikely that it could drift up there from an initial
location coincident with the end of the LH grill antenna without creating luminosity in
the intervening region as well. Even for electrons accelerated to Nj = 10 (v = 0.1¢),
equation (7.8) returns an angle of 0.003 radians. The vertical displacement per toroidal
revolution is 0.8 cm. What is perhaps more likely, the beam is generated along the
toroidal field lines nearest the filament which supplies the electrons for the breakdown.
What is surprising is that these field lines pass some distance from the end of the LH grill
antenna, probably of the order of the minor radius when the filament is located on a top
or bottom port.

With the addition of a vertical magnetic field By, the vertically oriented helical
path of the beam could be observed through an optical window mounted on a port located
at the outer mid-plane as shown in Figure (7-23). With the filament emitting electrons

but with no applied RF, no luminosity whatsoever was visible in the torus.
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Figure 7-23. Helical path of RF-driven plasma current in
Encore. For this photo a vertical magnetic field was applied.
The optical window is located on a side port of Encore.

Note that the luminous beam is quite narrow from top to bottom. The launching
LH antenna is 7cm tall. The window port in Figure (7-23) is roughly 17cm tall.
Estimating from photos, the luminous beam is about 0.6cm thick. This could be
explained if the filament dimensions set the beam size.

It was determined that indeed the filament was the source of the luminous beams.
In Figure (7-22) the guiding center drifts for electrons are directed upwards and the
filament was located at the top of the torus. For other locations of the filament, the
luminous beam would appear in different locations as expected. The beam location near

the top of the torus explains the sensitivity of I to the vertical magnetic field. By

adjusting By the symmetrically generated beams suffer differential attenuation against the
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top of the chamber and the polarity of I}* can be altered. This is analogous to the

horizontal spiraling phenomena for obtaining net current discovered earlier.
In Figure (7-23) the luminosity appears to decay over the ten or so revolutions

visible in the tokamak. The energy of an electron that can travel this distance in 2.5x10

torr argon before coming to rest can be estimated. With a major radius of 38cm, ten

revolutions corresponds to a distance of 2400cm. It can be determined that room

temperature argon at a pressure of 2.5x107 torr has a density of 5.5x10™"! gm/cc. The

CSDA (Continuous Slowing Down Approximation) range is a very close approximation
to the average path length traveled by a charged particle as it slows down to rest. The
CSDA range is obtained by integrating the reciprocal of the total stopping power with
respect to energy. The path will generally not be straight and the "projected" range is the
average depth measured along the initial direction to which a charged particle will
penetrate in the course of slowing down. However, the CSDA range is a measure of the
greatest possible depth of penetration. Tables of CSDA range for electrons in argon are

available.® The data for argon are plotted in Figure (7-24).
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[— y = 1.093x!.723
0.001 r? = 1.000
0.0001
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(g/cm2) -
1E-05
1E-06
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1E-07
0.0001 0.001 0.01 0.1

Energy (MeV)

Figure 7-24. The CSDA range for electrons in argon according
to reference 8.
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Using a distance of 2400cm and a density of 5.5x10™"" gm/cc, it is determined that the

CSDA range must be 1.3x107 gm/cm®. From Figure (7-24) this corresponds to an energy

of about 100eV.

From Figure (5-15) it can be seen that the grill antenna with quadrature phasing
generates an Ny spectrum at launch from roughly 5-to-15. Electrons accelerated to
velocities corresponding to Ny =15 have a parallel energy of 1140eV, while those
accelerated to correspond to Ny=5 have energies of 10.3keV. Electrons with a parallel
energy of 100ev correspond to Ny=51. If these electrons are produced or sustained by a
LH wave interaction, then the spectral gap has been bridged. If a toroidal "cavity mode"
were responsible then the beam would not extinguish in luminosity moving away from
the top of the torus.

The LH wave interaction with the electron beam may persist as the electron beam
makes many revolutions of the torus. The electrons may continuously lose energy to the
argon atoms, but continuously gain some back from the LH waves. The RF sustained
plasma may be most concentrated at the top of the torus where the filament is located.
The beam may lose luminosity simply because it propagates out of the region at the top
of the chamber where the plasma necessary to support LH waves is most concentrated.

There happened to be a very narrow window port on top of Encore and pictures
were taken through it of the luminous beam from above. See Figure (7-25). For these

photos, the vertical field was adjusted to maximize [} . As By was adjusted, the position

of the luminous beam would move in major radius as expected. As in the picture taken
from the side, the dimensions of the beam were quite narrow compared to the dimensions
of the launching LH antenna. The beam is located at the top of the tokamak and very

close to the window port.



7-33

Figure 7-25. Luminous "beam" of RF driven plasma current as
seen through a window port located on top of the tokamak. The
beam progressively moves from right to left going down the
photos. By is varied to cause this motion.

X-Y Probe Measurements of Error Fields

The spiral nature of the magnetic field in Encore was observed in a more direct
fashion. A tiny filament was mounted on the end of an alumina probe and inserted
horizontally into the vacuum chamber from the outer mid-plane. The filament location
was approximately 6-7cm from the outer wall of the vacuum chamber. The vacuum level
in the chamber was of the order of 2x10° torr. The filament was heated and biased 20-
volts negative to produce an emission current of 1.4 microamps. The toroidal magnetic

field current was set to 395 amps producing a field on axis of approximately 1360 gauss.
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The direction of the toroidal field is set clockwise as viewed from above.” The two-sided
current probe described in chapter 5 was used to detect the current launched along the
toroidal field lines. Only one side of the probe was utilized. The orientation of the plots
is described in Figure (7-26). The probe measurements are shown in Figure (7-27). It

appears in these Figures that the filament is emitting from two distinct locations.

near 7 near
inner outer
wall // wall

bottom

Figure 7-26. Orientation of the X-Y plots. The right-hand edge
is nearest the outer wall, the left-hand edge is nearest the inner

wall.
[=-6.5 amps I= 0 amps I= 4.0 amps
f
» »
[= 5.0 amps [= 6.5 amps

Figure 7-27. Electron current (dark patches) detected with one
side of the two-sided probe. The scanned area is a square
inscribing the circular cross section of the vacuum chamber. The
left side of the square is nearest the inner wall. The currents
listed are those in the radial-horizontal correction fi¢ld ¢oils, No

current was placed in the vertical field coils.
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The vertical and radial components of the toroidal magnetic field of Encore
cannot be simply measured with a handheld magnetic probe. Since the toroidal field is so
large compared to the components of interest, small changes in the probe angle would
cause large changes in the probe measurement.

Probe measurements show that positive current in the radial-horizontal correction
field coils generates a magnetic field directed radially outward. Since this corrects the
radial drift seen in Figure (7-27), the radial field inherent to Encore is directed inward.
Since the uncorrected drift as visualized in Figure (7-27) is toward the inner wall and the
toroidal field is oriented clockwise (as seen from above), the current collecting probe
must face the filament on the "downstream" side of the filament in terms of the toroidal
field. In other words, the toroidal field lines must point from the filament to the current
collecting side of the double probe, rather than the other way around.

The vertical component of earth’'s magnetic fields points downward in the
Northern Hemisphere and is of the order of a half gauss.”® In the absence of a vertical
component from the toroidal field coils, the toroidal field would spiral slightly
downward. The current collecting side of the double-probe faces the filament on the
"downstream" side and yet upward drifts are seen in Figure (7-27). The inherent vertical
field of Encore must be either directed upward or else must be insufficient to overcome
the electron curvature and gradient-B drifts.

For the given polarity of the toroidal magnetic field, the gradient-B and curvature-
B drifts for the electrons are upward, independent of toroidal direction. In Figure (7-27)
upward drifts are seen. The vertical height of the scanned area was determined to be
15.9cm. In Figure (7-27) for the case of [=5amps, the vertical shift of the spiraling
electron beam per revolution is roughly 1.0cm. The maximum guiding center drift
velocity occurs when the 20eV energy of the source electrons goes entirely into vj. For

this case equation (7.8) gives a vertical drift velocity of 8x10* cra/sec. Electrons with
E=20eV have a toroidal velocity of 2.65x10® cm/sec. The ratio of these two speeds is

0.0003. The maximum vertical displacement per revolution due to the guiding center
drifts is then about 0.07cm. The fact that the measured drift exceeds the maximum
possible guiding center drift implies that there is an inherent vertical magnetic field due

to the toroidal field coils and/or the horizontal field coils. The polarity of the vertical
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field must be upwards in order to enhance the guiding center drifts. A lower bound to the
magnitude necessary is that which accounts for a 0.93cm drift per revolution. The
relevant equation is

By, 2nR = 0.93cm. (7.10)
B,

It may be estimated from Figure (7-27) that the location in major radius of the emitting
filament is the axis of the chamber (38cm) plus 3.2cm. The toroidal field on axis is 1360
gauss and at the location of the filament would be 1254 gauss. Solving equation (7.10)
for By returns 4.5 gauss. This is the net vertical error field. Subtracting the downward
0.5 gauss due to the earth's magnetic field means that the vertical field due to Encore
when 5 amps are placed in the horizontal coils is of the order of 5.0 gauss (at the
measured location)."" This is a lower bound since the electron source does not produce a
beam that is mono-energetic in parallel energy.

Ideally one would place the electron source on an X-Y probe so that the field
error could be mapped as a function of position in the minor cross section of the torus.
Errors are not necessarily evenly distributed in the toroidal direction. For instance on
Encore, the iron core of the ohmic transformer induces localized field errors. Errors
accumulated in complete revolutions of the torus should be examined. Apparatus for

such measurements has been described. '

Energetic Electrons in RF Sustained Plasma

Hot electron measurements similar to those described in the previous section were
made in RF-sustained plasma. An ohmic target plasma was utilized. The scanned area
was a square, but rather than being inscribed in the minor cross section, it was displaced
3.8cm outward in major radius. This was done because many hot electrons were found
near the outer wall where the end of the grill antenna is located.

The toroidal field was set to circulate counterclockwise which is opposite to the
direction of the previous section. The inherent radial, horizontal, magnetic field is
consequently now directed outward. The magnitude of the toroidal field was 1300 gauss

on axis. The "two sided" X-Y scanning probe was located 157.5° counterclockwise from

the grill antenna ag seen from above the tokamak. The experimental arrangement 1is
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shown in Figure (7-28). The two probes were biased 100 volts negative so that detected
electron current must occur from energetic electrons. The two probes are labeled "1" and

"2," probe "2" facing into the toroidal field.

inherent radial
magnetic error
field

applied radial
magnetic field

grill
antenna

X-Y Probe
(two sided)

Figure 7-28. Experimental arrangement as seen from above the
tokamak.

4.9 kW power was delivered to a single channel of the fou‘r port grill antenna
(one of the two interior waveguides). The tokamak was filled with argon to a pressure of
2.5x107 torr.

The data is presented in the form of two-dimensional color-coded plots. Ten
colors represent the current ranges and the color code is given in Figure (7-29). Blue and
black represent negative ranges where ion current dominates. Shades of green represent

the most intense regions of hot electrons.

Figure 7-29. Color code for the data plots. The scale is linear
with lowest to highest going from left to right. The upper bound
of the lowest color is -7.4mV (across the input resistance of the
amplifier). The upper bounds of the next eight colors in mV are
2.6,12.6,22.6, 32.6, 42.6, 52.6, 62.6 and 72.6. The lower bound
of the largest color is 72.6mV.

In Figure (7-30) data for the case with no correcting radial horizontal magnetic
field and no vertical field is given. The location of the most intense hot electrons is near
the outer wall where the mouth of the grill antenna is located. From Figure (7-28) it can

be seen that the uncorrected spiraling of the toroidal field lines should push the hot
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electrons nearer the outer wall for probe "2" and away from the outer wall for probe "1."
This is born out by the shifts in the outer border of the green regions in Figure (7-30).
For the direction of the toroidal field, the gradient-B and curvature-B drifts are downward
for electrons, independent of toroidal direction. The green regions in both plots of Figure

(7-30) are shifted downward from center.

Figure 7-30. Color-coded plots of hot electrons. No correcting
horizontal or vertical magnetic field is employed. The left plot is
from probe "1" and the right plot is from probe "2." The outer
wall of the tokamak is very near the right side of the plots, and
the inner wall is nearest the left side.

In Figure (7-31), the results of applying a strong radial-horizontal magnetic field
to more than reverse the horizontal error field is shown. I}'is reversed as a consequence.

This time electrons impinging on probe "2" have spiraled into the interior of the tokamak,
while electrons that would have impinged on probe "1" have spiraled toward the outer

wall to such a degree that practically no green regions are evident.
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Figure 7-31. 13 amps are applied to the radial-horizontal
magnetic field coils to reverse the direction of I3". The applied

radial magnetic field is roughly 7.1 gauss. The left plot is from
probe "1" and the right plot is from probe "2." The outer wall of
the tokamak is very near the right side of the plots, and the inner
wall is nearest the left side.

In Figure 7-32, the applied radial-horizontal field is adjusted to make I3 =0.

The right-hand boundaries of the green regions of denser hot electrons are comparable

distances from the outer wall.

Figure 7-31. Approximately 4.5 amps are place in the radial-
horizontal magnetic field coils to achieve I} =0. The left plot is

from probe "1" and the right plot is from probe "2." The outer
wall of the tokamak is very near the right side of the plots, and
the inner wall is nearest the left side.

In Figure (7-33) no correcting radial-horizontal magnetic field is applied.
However, +4.8 amps are applied to the vertical field coils. Probe measurements indicate
that this produces a field that points upwards with a magnitude of approximately 4.3
gauss. This was found to help the ohmic breakdown. The gradient and curvature-B drifts
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for electrons are downward. The easier ohmic breakdown is consistent with the fact that
the ohmic supply drives electrons counterclockwise (as seen from above), and the
addition of the upward vertical field causes these accelerated electrons to spirals upwards
counteracting the downward drifts. Since no correcting radial-horizontal magnetic field
is applied, electrons impinging on probe "2" should be closer to the outer wall than those
impinging on probe "1." In Figure (7-33) this appears to be the case judging form the
right-most boundaries of the green regions. Electrons impinging on probe "2" (second
plot in Figure (7-33)) travel in the same direction as the ohmic electrons and appear well
confined. Electrons impinging on probe "1" (first plot in Figure (7-33)) appear less well
confined. In this case the electrons spiral downward due to the vertical field and also

drift downward due to the gradient and curvature-B drifts.

Figure 7-33. Approximately 4.8 amps are placed in the vertical
magnetic field coils creating a toroidal field that spirals upward.
No radial-horizontal field is applied. The left plot is from probe
"1" and the right plot is from probe "2." The outer wall of the
tokamak is very near the right side of the plots, and the inner wall
is nearest the left side.

Fast Wave Launch

In the previous section it was noted that a considerable fraction of the detected hot
electrons were found very close to the end of the grill antenna. It could be conjectured
that the evanescent fields between the end of the grill antenna and the slow wave cutoff
could accelerate electrons passing by. From Figure (5-16f) the N spectrum for a single
waveguide is much broader than for quadrature phasing, but is still concentrated below
Ny = 36. Acceleration is more likely if the initial toroidal velocity of the electron is

resonant with an Ny in the spectrum. For Nj = 36 the resonant electron would have an
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energy of 198eV. In Figure (5-15f) some miniscule amount of power is available as high
as Ny =72. For N; = 72 the resonant electron would have an energy of about 50eV. Such
energies are unlikely to be produced by the filament source but could possibly be
generated in the ohmic target plasma. It is also possible that electrons of these energies
generated by Landau damping of LH waves could subsequently be accelerated by the
evanescent region, thus enhancing the current drive.

There is an interesting way to test these ideas. If the grill antenna is rotated 90°,
then the electric field of the TE o mode is no longer parallel to the toroidal field but
perpendicular to it. In this configuration it would be impossible for the evanescent fields
to accelerate electrons passing by in the toroidal direction. From equation (4.137) the
electric field perpendicular to both the toroidal magnetic field and the density gradient is
the appropriate polarization for launching fast waves. Fast waves have been launched
and well characterized in toroidal plasmas."? Experimental results agree with predictions
from the cold-plasma dispersion relation. Fast waves can also drive current in toroidal
plasmas.'*">'® The current drive efficiencies for the slow and fast mode are comparable.

From equation (4.128) the cutoff for the fast mode is at a slightly higher plasma
density than for the slow mode (equation (4.124)). If distance from the cutoff were any
concern, matters would be worse for the launch of fast waves.

The orientation of the antenna for fast wave launch is toroidally symmetric. For
the LH case with a single powered waveguide, toroidal symmetry is compromised due to
the presence of the uneven number of non-powered waveguides.

For the experiment, 4.9 kW was applied to a single waveguide, the third from the

top. The torus was filled with argon to a pressure of 2.5x107 torr. The toroidal field was

set to 1300 gauss on axis with polarity such that circulation was clockwise. For this
polarity the guiding center drifts for electrons are upwards. The radial-horizontal
magnetic error field is directed inwards. No radial-horizontal correction field was
applied. The preferred direction for accelerated electrons (spirals into the chamber rather
than out toward the outer wall) is clockwise.

When RF power was applied, 20 amps of plasma current were driven. For a

single waveguide the current drive efficiency is comparable to that from the launch of

slow waves. The larger density required to reach cutoff was not a serious impediment.



7-42

The direction of the net electron flow was clockwise as expected from the spiraling of the
field lines. To obtain the 20 amp current a downward directed vertical-magnetic-field of
approximately 2.4 gauss was applied.!” The resulting downward spiral for electrons
propagating in the clockwise direction counteracts the upward guiding center drifts.

Hot electron measurements were made as described in the previous section. The
measured square was shifted 3.8 centimeters outward from being inscribed in the minor
cross section to capture hot electrons near the outer wall where the end of the grill
antenna is located. The antenna was located 135 clockwise from the X-Y probe as seen

from above. The color code is as previously described. The results are shown in Figure
(7-34).

Figure 7-34. Plots of hot electrons with fast wave launch. The
left plot records hot electrons accelerated clockwise in the torus.
The right plot records hot electrons accelerated counter-
clockwise in the torus.

Hot electrons were detected traveling in both directions. Orienting the antenna
electric field parallel to the toroidal electric field is not a requirement to generate hot
electrons. Electrons traveling in the preferred clockwise direction are vertically well
confined in Figure (7-34). Electrons travelling in the counterclockwise direction follow
magnetic field lines that spiral upwards in addition to drifting upwards due to the guiding
center drifts. Figure (7-34) demonstrates this behavior.

I}" varied with the combination of radial and vertical magnetic field settings. By

altering the combination of radial and vertical fields slightly, a current of 26 amps was

obtained.
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A radial-horizontal magnetic field was applied so as to reverse the preferred
direction for accelerated electrons. Now electrons traveling in the counterclockwise
direction spiral inwards rather than toward the outer wall. With the aid of an upward
directed vertical field of about 4 gauss, a current of 20 amps in the opposite direct was
obtained. This is the same magnitude of current obtained in the previous case.

In summary, several important observations can be made. Significantly
increasing the cutoff density does not seem to affect the current drive efficiency. This
suggests that proximity to the cutoff is adequate for both slow and fast waves. Rotating
the antenna electric field perpendicular to the toroidal direction does not hinder the
generation of fast toroidal electrons. Nor does it affect the basic current drive efficiency.
This suggests that the evanescent fields at the end of the grill antenna prior to the cutoff

location are not a major source of the hot electrons observed.

Role of the Vertical Magnetic Field

In Figure (7-33) apparent vertical confinement is achieved with an applied
vertical magnetic field of 4.3 gauss directed upward. It was previously estimated that the
toroidal field coils cause a vertical error of roughly 5.0 gauss directed upward when the
toroidal field circulates clockwise as seen from above, and the field on axis is 1360 gauss.
With the toroidal field now circulating counterclockwise as seen from above, and with
the field on axis being 1300 gauss, this 5.0 gauss error would be reduced proportionally
to 4.8 gauss and point downwards. The vertical component of the earth's magnetic field
is about 0.5 gauss directed downward. Combining these would predict that there was a
net vertical magnetic field of roughly 1.0 gauss directed downwards. However, the
electron drifts are also downward for this toroidal field polarity. Hence the net vertical
magnetic field must be directed upwards to explain the confinement seen with probe #2
in Figure (7-33). The magnitude of the discrepancy is not large. It is possible that the
vertical error field changed in magnitude, or that only a portion of it was due to the
toroidal field coils and thus changed polartity when the toroidal field was reversed.

The probe bias of -100 volts requires that detected electrons be more energetic

than 100eV. From the estimate of the CSDA range given earlier, one would anticipate

that the encrgy of the electrons creating the luminous beam would not be too much larger
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than 100eV. One might estimate the necessary vertical field by equating the vertical
pitch of the toroidal magnetic field to the ratio of the vertical drift velocity and the
toroidal velocity. For electrons moving very fast along the toroidal field lines, the second
"centripetal” term of equation (7.7) dominates. The relationship becomes

B \ m v

vertical = z—drift = e . ¢ . (711)
B¢ V¢ quo R

major

Using 100eV as the appropriate electron parallel energy, one can solve equation (7.11)
for the necessary net vertical magnetic field. The result is 0.9 gauss, a very modest
magnetic field. For 2.6 keV electrons corresponding N = 10, the necessary field would
be 4.5 gauss.

Equation (7.10) implies that larger vertical fields are necessary to confine more
energetic electrons. Large vertical fields are incompatible with the ohmically generated
target plasma and would present a problem. When the vertical field is used to confine the
hot electrons, there is a juggling problem because the confinement is energy selective.
Not all energies will be properly confined.

The arguments of the previous paragraph apply to very low current densities. It
must not be forgotten, however, that Encore is a tokamak. Even for currents as small as
20 amps, it is the current density that determines the poloidal magnetic field, which in
turn provides conventional tokamak confinement. The dark green "beam" in the first plot
of Figure (7-34) has a diameter of the order of 1.5 cm. Were the beam to contain the bulk
of the 20 amps, the poloidal magnetic field at the edge of the beam would be of the order
of 5 gauss. From equation (3.12), however, a strict vertical confinement of 1.5¢cm for
100eV electrons requires a poloidal field of 280 gauss. It seems difficult to explain the
confinement of the hot electron beams in a conventional tokamak sense. However,
another factor to consider include the fact that current is driven in both directions in
separate "beams." It is only the net current that is measured. The current in the beam
could be much larger than 20 amps.

In true tokamak operation, the purpose of the vertical field is not to combat
guiding center drifts at all, but rather to combat the tendency of the toroidal current to

expand in major radius. The poloidal magnetic field confines the plasma. The tendency
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for the toroidal current to expand can be seen as follows. Lengths of current traveling in

opposite directions on opposite sides of the torus repel each other.
It should be noted that I} does not monotonically increase with increases in the

vertical magnetic field. There is always a peak observed in I} as the vertical field is
varied. Sometimes the peak is rather weak.

The issue of confinement in these unusual low-current RF-sustained discharges
requires further study. It appears as though the vertical magnetic field provides enhanced
confinement for the hot electrons. The fact that there is insufficient plasma current to
provide conventional tokamak confinement will be explained in the next chapter as due

to the density limit.

Toroidal Field Scan

Hot electron plots were recorded as a function of toroidal magnetic field. If the
location of the hot electrons varied with the toroidal field in a manner analogous to that of
lower hybrid waves, it would act as a confirmation that LHCD was taking place. It was
earlier argued that the sudden decrease in I} as the toroidal field is decreased agrees
remarkably well with the theory of accessibility of LH waves. This is strong evidence for
LHCD. In this section, comparison will be made with the LH cone angle.

The toroidal magnetic field was set to circulate counterclockwise, so the inherent
radial error field is directed outwards as seen from above. The grill antenna was located
157.5 degrees clockwise from the X-Y probe. For this orientation, the toroidal field lines
spiral toward the outer wall travelling from the antenna to the X-Y two-sided probe. The

tokamak was filled with argon to a pressure of 2.5x107 torr. The probe bias was -100

volts as before. The color code is given in Figure (7-29). 3.9kW was applied to one of
the interior waveguides. Data was taken using the probe closest to the antenna. To avoid
any confusion, no vertical or radial-horizontal magnetic field was applied. The data is

shown in Figure (7-35).
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863 gauss 690 gauss 518 ;gauss

Figure 7-35. Plots of hot electrons for various magnetic fields.
The outer wall of the tokamak is very near the right side of the
plots, and the inner wall is nearest the left side.

In Figure (7-35) the areas of intense hot electrons, colored green, suddenly begin
to disappear by 863 gauss. A possible explanation for this behavior is that accessibility
of the antenna launch spectrum becomes significantly compromised at a toroidal field of
863 gauss. The N spectrum for a single waveguide is given in Figure (5-16f). The
spectrum is peaked at N = 0, and falls monotonically to zero by roughly N = 32. The
slope of the curve in Figure (5-16f) is steepest in the region 8 <N, <24, so once the
accessibility limit moves above N = 8 there will be a rapid drop in accessible power.
Most of the power involves Nj < 20.

Microwave density measurements were made during a RF sustained discharge
and the measurement is shown in Figure (6-13). The measured line average plasma
density was 7x 10" cm™. Evidence has been presented that RF discharges tend to form
concentrated beams, so the peak plasma density may be significantly higher than the line
average density. At the stated fill pressure there are roughly 8 x 10" argon atoms per

cubic centimeter, and single ionization will produce a plasma density of the order of
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8x10" cm™. For sake of argument assume a plasma density of 8.6x10"cm™
corresponding to the 1.5kA graph in Figure (6-13). What this figure shows is that the
accessibility limit for a toroidal field on axis of 863 gauss has reached Nj = 10 and
accessibility is beginning to become a problem for a single waveguide spectrum. Any
further decrease in the toroidal field will rapidly hinder accessibility.

The lower hybrid "cone" angle is the angle with respect to the local magnetic field
at which LH waves propagate. From equation (4.89), the tangent of the LH cone angle

for Encore parameters is given by ®/®, and is independent of the plasma density. In

Figure (7-36) the LH "cone" angle is given as a function of magnetic field for 450 MHz.

17.5
15
12.54
LH Cone Angle
(degrees) 104
7.5+
5 T T T
500 750 1000 1250 1500

Toroidal Field On-Axis (gauss)

Figure 7-36. The propagation angle of lower hybrid waves with
respect to the local magnetic field. At lower magnetic fields the
angle is considerably larger.

Possibly because accessibility decreases .the amount of LH power injected as the
magnetic field is decreased, the amount of current represented by the dark and light green
areas in Figure (7-35) decreases as the magnetic field is reduced. The question is whether
the distribution of the current protrudes further from the outer wall (near the right-hand

side of the plots) as the magnetic field is decreased and the LH cone angle increased. The

distance from the grill antenna to the X-Y probe is 104em. Due to the very small plasma
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current the poloidal field is negligible compared to the toroidal field and twisting of the
field lines can be ignored. The maximum displacement of the LH wave front across the
minor cross section is given by multiplying the propagation angle in radians by the

distance. These values are given in the following table.

Baxis(gauss)  Angle (degrees) Displacement (cm)
6.7

1360 . 12
1210 7.6 14
1040 8.8 16
863 10.6 19
690 13.1 24
518 17.3 32

The minor diameter of Encore is 26cm. The square containing the data is roughly
16cm in width. There is roughly a Sem gap from the center of the edges of the square to
the chamber wall. For the three lowest magnetic fields, the LH waves have opportunity
to deliver energy and form hot electrons at the left-hand boundary of the plots. Since the
magnetic field lines spiral towards the outer chamber wall travelling from the antenna to
the X-Y probe, hot electrons cannot reach the left hand boundaries of the plots by
propagating along the toroidal field for multiple revolutions of the torus. Inspection of
Figure (7-35) shows that indeed areas of green exist near the left-hand boundaries for the
three cases featuring the lowest magnetic fields. For the three highest magnetic fields the
angle is insufficient to produce hot electrons at the left-hand edge of the plots. In Figure
(7-35) no areas of green exist near the left-hand edge for the three cases featuring the
largest magnetic fields.

Computing the horizontal centroid of the current and plotting this versus the
propagation angle is more quantitative. This is done in Figure (7-37)."® The results show
that indeed the centroid of the current moves further into the chamber as the LH angle

increases. The results are consistent with LHCD.
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Figure 7-37. Graph of the horizontal centroid of the hot electron
current versus the LH propagation angle. The plots are 32x32

pixels.

Effect of Initia] Conditions

Under most circumstances, the initial conditions of the ohmic target plasma were
not noticed to have an impact on the plasma current I3 in RF sustained discharges. For
instance, when RF sustained plasma current was first discovered in Encore, the polarity
of the ohmic plasma was reversed without effect on the direction of I}’ and with little
effect on its magnitude. However, it must be admitted that for most experiments great
care was taken to insure that the initial conditions were identical, and these effects were
not looked for. In the following instance a dependence on the conditions of the ohmic
target plasma was documented.

The configuration of the tokamak is shown in Figure (7-38). The toroidal field
was set to circulate clockwise as seen from above. The toroidal field was 1311gauss on
axis. The inherent radial magnetic error field is directed radially inward for this toroidal
field polarity. An over correction was made to the radial magnetic error field. The

applied correcting field was directed radially outward and was of a magnitude to

completely taverse [T (roughly Sgaugs). For this configuration, the preferred direction
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for electrons accelerated near the outer wall is counter clockwise. Electrons accelerated
in the counterclockwise direction will spiral into the chamber, rather than outward toward
the nearby wall. The ohmic system on Encore also accelerates electrons in the
counterclockwise direction. The plasma current was maximized for a vertical magnetic
field of 3.3 gauss directed upward, and this field was used to take the data..

The tokamak was filled with argon to a pressure of 2.5x107 torr. All four

waveguides were energized with identical phase. According to Figure (5-16a) this
produces a very narrow Nj spectrum centered on zero, with virtually all of the power

satisfying N, <8, although some miniscule amount of power is available at Ny values as

high as 36. The RF power to the four waveguides in kilowatts was 4.7, 2.7, 4.7 and 3.7

respectively. The imbalance will broaden the Nj spectrum somewhat.

applied radial
magnetic field

Direction of
_— ohmicly driven
electrons

inherent radial
[ magnetic error
field

Figure 7-38. Configuration of the tokamak for the experiment
showing an effect of initial ohmic plasma level on the RF-
sustained plasma current. RF driven electrons representing the
net RF current travel counterclockwise as do ohmic driven
electrons.

The 13" data is shown in Figure (7-39). Two different settings of the ohmic

plasma setting were utilized (1.6 and 2.8). With the 2.8 setting, larger ohmic current was
produced, taking longer to decay. The larger initial ohmic current is associated with the

smaller RF-sustained plasma current (70 amps versus 100 amps). The ohmic and RF-

sustained current have identical polarity.



7-51

Figure 7-39. Plasma current versus time for two different
settings of the ohmic amplifier. The larger initial ohmic current

is associated with the smaller I . Horizontal scale is 1msec per
division. Vertical scale is 50amps per division. Lower trace

tracks the RF.

The loop voltage is shown in Figure (7-40). With no RF, the loop voltage quickly
decays to zero. With RF, the loop voltage never decays to zero during the RF-sustained
plasma, but instead appears to even plateau for the lower ohmic setting. There is a large
spike in the loop voltage when the RF is turned off and the plasma current decays. This

data is reproducible and several photographs of the same data were made.
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Figure 7-40. Loop voltage versus time for two different settings
of the ohmic amplifier. Loop voltage is also shown for the lower
ohmic setting without RF. The loop voltage takes longer to
decay with the larger initial ohmic current. There is a large spike
in the loop voltage when the RF sustained current decays.
Horizontal scale is Imsec per division. Vertical scale is 200mV
per division. Lower trace tracks the RF.

A possible explanation for why the larger ohmic plasma current results in smaller
RF-sustained plasma current involves the distribution in the minor cross section of the
plasma electrons to be accelerated by LHCD. It is not known if the target electrons are
primarily thermal electrons or tail electrons. Experiments by others have shown that LH
waves launched parallel to ohmically driven electrons contribute to much greater
increases in plasma current than LH waves launched the other direction, suggesting that

thermal electrons are not the target electrons.”” Whichever, if the target electrons are
primarily formed at larger major radius, then I} will be larger due to the fact that the
path length before spiraling into the inner wall is larger. It is possible that the smaller
ohmic setting causes the bulk of the target electrons to be formed at larger major radius.
It would be possible to check this with probe measurements.

The loop voltage maintains a low but non-zero value during the RF-sustained
discharge. Three possible explanations are discussed in the following.

One possibility is that the RF induced plasma conductivity is such that the L/R

decay time is long compared to duration of the RF plasma. Since the RF is on long

before the loop voltage decays to the almost constant level of roughly 100mV, one would
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have to argue that the conductivity took a few milliseconds to develop. The inductance

of Encore is of the order of one micro-henry.*

A typical ohmic discharge in Encore
might have a plasma current of 1kA and a loop voltage of 8 volts for a resistance of the
order of 8 milli-ohms. The L/R time is of the order of 0.1milli-second. In order to
achieve an L/R time on the order of 10 milliseconds or larger, the resistance of the
plasma would have to be of the order of 0.1 milli-ohm or less.

Another possibility is that the RF-sustained plasma is slowly decaying. If the
decay rate is one amp per millisecond, which is certainly possible in Figure (7-39), then

the loop voltage would be

dI

V :La:(lo‘Ghenry)x(lO3 amp/sec)=1mV. (7.12)

loop

In order to get a loop voltage of 100 mV as in Figure (7-38), the decay rate would have to
be 100 amps per millisecond, and this is ruled out in Figure (7-39).

Yet another possibility is that the spiraling RF-driven electron beam impinges the
tokamak chamber inner wall at a location that is not 180 degrees from the gap in the torus
across which the loop voltage is measured. The roughly 100 amp plasma current must
then flow in the aluminum chamber wall. In order to drop 100 mV, a resistance of the
order of one milli-ohm across some portion of the torus is necessary. Although this
seems plausible, there is the question of why the two differing plasma currents end up

with virtually identical loop voltages.

Summary

Low current (< 160 amp) discharges were maintained in Encore by application of
RF with the grill antenna. Net plasma current is obtained not by antenna phasing but
rather with the aid of subsidiary magnetic fields that induce spiraling of the toroidal field
lines. When the electron acceleration is near the plasma periphery, the spiraling presents
an asymmetry that favors one toroidal direction over the other. It is not known why the
antenna phasing failed to produce significant asymmetry in the plasma current. The
highly inhomogeneous nature of the unusual plasma may play a role.

The decrease in plasma current at low toroidal field strength appears to closely

voineide with the onset of LH accessibility problems. This is strong evidence that LHCD
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is involved. The dependence of the amount of plasma current on the ion mass correlates
with the ion mass scaling of the density limit discussed in chapter 8. There is some
evidence that the hot electrons produced distribute themselves in correspondence to the
LH propagation angle.

Fast wave launch produces similar plasma current, so acceleration of electrons by
the antenna evanescent fields prior to the plasma mode cutoff can be ruled out. The fast
wave cutoff is at a higher density than for the slow mode. Hence, proximity to the cutoff
is not an impediment to LHCD.

With the use of a miniature electron source and a probe capable of scanning the
minor cross section and detecting the electrons, the field errors in Encore can be observed
and quantified. Electrons with energies above 100eV have been observed in RF
sustained discharges. These beams of electrons are not confined in the conventional
tokamak sense due to the low poloidal magnetic field. The vertical field plays an
important role in the propagation of the low current beams. The behavior of the hot
electrons confirms the spiral nature of the toroidal field lines. Encore has been operated
in a purely RF mode without the use of an ohmic target plasma. When RF sustained
discharges utilize an ohmic target plasma, the nature of the target plasma can sometimes

affect the RF driven current level.

' This was an important discovery in the early study of cosmic rays. See I. Asimov, Understanding
Physics, Dorset Press, (1988), volume II, p. 218

2 Pete Politzer, tokamak designer, GA Technologies, Inc., San Diego, CA, private communication

3 Hiroyuki Ikezi, GA Technologies, Inc., San Diego, CA, private communication

* The convention for current direction is based upon the normal ohmic current direction in Encore being
positive.

3 Obtained from the operating manual for the Varian Ratiomatic Ion Gauge used to measure pressure in
Encore. Essentially it measures the difficulty in ionization by a 150-volt electron beam.

S L. H. Sverdrup and P. M. Bellan, "Cause of the Lower-Hybrid Current-Drive Density Limit,"” Phys. Rev.
Lett., 59, (1987), p. 1197, equation (6).

7 George Schmidt, Physics of High Temperature Plasmas, second edition, 1979 Academic Press, p. 23,
equation 2-102

® See http://physics.nist.gov/PhysRefData/Star/Text/contents.html or Stopping Powers for Electrons and
Positrons, M. J. Berger et al., ICRU Report #37, International Commission on Radiation Units and
Measurements, Bethesda, MD, (1984), ISBN 0-913394-31-9, p.82

® The switch used to energize the toroidal field is in the "up" position to achieve this polarity. Placing the
switch in the "down" position produces a toroidal field that is counterclockwise as viewed from above the
tokamak. The calibration for gauss on axis is 3.45 times the coil current in amps.

% http://www.ngdc.noaa.gov/cgi-bin/seg/gmag/igrfpg.pl

" Probe measurements demonstrate that at the center of the minor cross section, the horizontal coils

produce a negligible vertical field component.
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12p. M. Bellan, "Simple system for mapping magnetic field errors in tori," Rev. Sci. Instrum., 58, (1987), p.
148

B R. C. Platt and R. McWilliams, "Excitation of fast waves near the mean gyrofrequency,” Phys. Rev. Lett.,
57, (1986), p. 2276

4 7. Goree et al., "Fast-wave current drive in a toroidal plasma," Phys. Rev. Lett., 55, (1985), p. 1669

15S. C. Chiu et al., "Theory of fast wave current drive for tokamak plasmas," Nuc. Fus., 29, (1989), p. 2175
'8 D. P. Sheehan, R. McWilliams et al., "Fast-wave current drive above the slow-wave density limit," Phys.
Rev. Lett., 64, (1990), p. 1258

7 The value of 2.4 gauss is a measured value near the center of the torus and includes the earth’'s magnetic
field but not any vertical field errors due to the toroidal field or the radial-horizontal field. The applied
field near the outer wall of the tokamak is of the order of 64% of the center value. Application of the
radial-horizontal field alters the vertical field slightly.

" The background level appears to be yellow. The red colors represent less current than the yellow
background. The presence of the red shades may indicate enhanced ion current due to higher plasma
density. The green shades represent electron current above the background level. In any event, the
computed centroid uses the green shaded areas only. The dark green areas were weighted per the given
current range despite the fact that dark green may include saturated pixels.

¥ N. J. Fisch, "Theory of current drive in plasmas,” Rev. Mod. Phys., 59, (1987), p. 213

¥ See the text prior to equation (3.20). The iron core transformer is neglected for this estimate. It is
assumed that the ohmic windings are open circuits.
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8 Lower Hybrid Current Drive Density Limit

Introduction

In the early days of lower hybrid current drive experiments, there were numerous
reports of success. Many groups built coupling antennas and associated power supplies.
When they flipped the switch, large currents were driven in tokamak plasmas.' This did
not happen in the LHCD experiments on Encore. Eventually currents as large as 150
amps were driven in Encore, but considering the available RF power of 40 kW, the
efficiency was well below that observed in other experiments, as described in chapter 2.

The "successful" LHCD experiments noted that the current drive efficiency
plummeted at some plasma density. As described in chapter 2, the current drive
efficiency is supposed to drop with increasing plasma density, being proportional to the
inverse of the density. However, the "density limit" encountered in experiments across
the world was a more precipitous phenomena, and nobody knew what the explanation
was. The density limit varied from tokamak to tokamak. Encore is an unusual tokamak,
having a very low magnetic field and highly collisional plasma. Data shows that plasma
density in Encore is proportional to the plasma current.” It is therefore not possible to
have significant plasma current without a significant concomitant plasma density. Was it
possible that the density limit for Encore was such that any significant plasma current
would raise the plasma density above the limit? The density limit was shown to depend
on the frequency, with higher frequencies corresponding to higher density limits.?
Experiments on Encore utilized a frequency of 450MHz, which is possibly the lowest
frequency employed in any experiment.

Many possible explanations for poor current drive efficiency on Encore were
examined. Directional couplers on the RF power supply output enabled demonstration of
large output power. As described in chapter 5, the antenna was found to effectively
couple large RF power to a dummy load. The antenna and RF power supplies function
properly.

In chapter 4 it is argued that the cutoff coincides with such a low plasma density

that it occurs very close to the antenna waveguides. Hence coupling of the antenna to the

plasma should not be a problem. In chapter 7 it is shown that RF generated plagma could
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be sustained in Encore. This demonstrates that the antenna is capable of coupling
significant amounts of power to the plasma.

In chapter 4 it is argued that for large enough toroidal magnetic field, accessibility
is not a problem. In chapter 6 data from ohmicly generated plasmas confirms these
calculations. Therefore, accessibility is not a problem.

In chapter 3 the L/R time constant of Encore was demonstrated to be short enough
so as not to hide significant changes in plasma current. The Rogowski current diagnostic
was shown to have a fast time response. If lower hybrid waves generated significant
amounts of plasma current, then either the loop voltage diagnostic or the Rogowsky
current diagnostic would see it.

It was in writing up the physics of lower hybrid waves and calculating the various
parameters as they related to Encore experiments that the idea for what might cause the
density limit occurred. The question was posed, "under what conditions can the launched
lower hybrid waves mode convert to the ion plasma mode in Encore?" The ion plasma
modes are heavily Landau-damped and useful for heating, but not current drive.

Mode conversion from the lower hybrid mode to the ion plasma mode occurs
before the lower hybrid resonance layer defined by (4.112) is reached. The mode
conversion layer is defined by equation (4.119). For the low field conditions of Encore

where ®},; = Wc;, equation (4.119) is essentially independent of magnetic field and ion

mass. For the Encore parameters T; = 3 eV, T, = 10 eV, f = 450MHz, B = 1.3kG
equation (4.119) yields Ny = 130. Waves with N = 130 will mode convert to ion plasma
waves. The antenna used in the Encore experiments will not launch significant power at
N = 130. However, N = 130 corresponds to the thermal velocity of 15.2¢V electrons
and lies in the "spectral gap" between the phase velocities of launched LH waves

(N, =10 corresponding to 2.6 keV electrons) and the thermal electrons at 10eV in
Encore (corresponding toN = 240). See Figure (8-1). It is not known how the spectral

gap is bridged in current drive experiments although decay waves and N non-
conservation in toroidal geometry are possibilities. The presumption is that by some
means, waves with Ny values corresponding to electrons in the thermal distribution must

be generated. If in bridging the spectral gap the N spectrum must slide in a continuous
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fashion from values corresponding to high phase velocity to those corresponding to
thermal velocities, then if the mode conversion lies in the spectral gap, no waves will
make it past this road block. So the idea is that the density limit occurs when the

undesirable mode conversion to an ion plasma wave moves into the "spectral gap.”

N, =10
- LH spectrum
at launch

plasma f (ve)

0 “spectrval gap”

Figure 8-1. Schematic of the plasma electron velocity
distribution along the toroidal magnetic field juxtaposed with the
lower hybrid wave N spectrum at launch. In order for Landau
damping to occur, there must be a phase matching where

N, =c/v,,. The "spectral gap" is the region between f (vue) and
the launch N spectrum.

In attempts to explain the density limit, difficult theories involving parametric
decay were looked at.* Other theories were more like ad hoc rules designed to cover all
known cases.” In contrast, the proposed theory is simple and appealing, and unlike other
theories, offers a physical explanation that fits the data well. The issue of exactly how
the spectral gap is bridged is not addressed.

The following paper published in Physical Review Letters presents the above-
mentioned theory.® In the paper a comparison is made between the theory and
experimental results from many other tokamaks. Compelling agreement is

demonstrated.

! For instance see papers on LHCD in the proceedings of the fifih topical conference on "Radio Frequency
Plasma Heating," February 21-23, 1983, U. of Wisconsin-Madison.

? Data from Eric Fredrickson

* M. J. Mayberry et al., Phys. Rev. Lett., 55, 829 (1985)

*C.S. Liu, V. S. Chan et al., "Density Threshold for Parametric Instability of Lower Hybrid Waves in a
Tokamak," GA Technologies, Inc., San Diego, CA

5J. G. Wegrowe et al., "The density Limit in lower-Hybrid Current Drive," Comment on Plasma Physics
and Controlled Fusion, 8, 211, (1984)
¢ The idea behind the theory presented in the paper is due to the author of this thesis. The paper, however,

was largely written by Paul Bellan.
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We derive a simple model which predicts the observed lower-hybrid current-drive density limit for all
major experiments to within a factor of 2. The model is based on (i) the experimentally observed upshift
in ky and (i) the k, dependence of the mode coalescence condition of the linear model conversion of a

lower-hybrid wave into a hot-plasma wave.

PACS numbers: 52.40.Db, 52.25.Sw, 52.50.Gj, 52.55.Fa

Fisch! predicted in 1978 that dc toroidal currents
could be driven in tokamaks by the injection of suitably
phased lower-hybrid waves. Prior to 1978, lower-hybrid
experiments had been designed to provide ion heating via
the linear mode conversion process predicted by Stix? to
occur at the lower-hybrid layer where @ =wy,. Initial at-
tempts to reconfigure these heating experiments so as to
produce current drive were unsuccessful, until Yamamo-
1o et al’ demonstrated on the JFT-2 tokamak that
current could be driven provided that the plasma density
was reduced substantially from the values typically used
in the heating experiments (i.e., the density was reduced
so that > 2wy). The JFT-2 results have been subse-
quently reproduced and extended in a large number of
devices,*'® and it has always been found that current
drive works only up to a (rather low) “density limit”
where mode conversion would not be expected since
> 2oy Experiments indicate that the density limit in-

Wegrowe and Engelmann®® postulated a density-limit
mechanism based on the wave interacting with hot ions,
but (as we will show) their model predicts the density
limit to have a strong singularity, inconsistent -with ex-
perimental observations.

We present here a new and very simple model which
predicts within a factor of 2 the observed density limits
of all major current-drive experiments. This mode! is
based upon (i) the dependence on parailei wave number
k, of the coalescence of the two modes involved in linear
mode conversion of a lower-hybrid wave into a hot-
plasma wave and (ii) the upshift in kj that is associated
with the filling of the spectral gap in current drive. Be-
fore deriving the model, let us briefly review (i) and (ii).

ky dependence of mode coalescence.—Stix? showed
that when hot-plasma effects are included, the lower-
hybrid dispersion relation becomes

o 4 2 ) o
creases with'® @ and'? m;. The density limit is not pre- kiemtkie, +kie=0, n
. S - 19
dicted in Fisch’s theory. Tonon and Moulin,” and | ,pere
2 7
Wpi @D pe . wge _ 3 wpze ur, wp%i ur,
e,=l——3+—75, g=l——%, en=— |7~ T3I—F5—| (2)
® W& ® 4 wli 0k 0 o

Equation (1) is quadratic in k , giving two modes,

k2 =[—¢, (2 —dkieien) 21 2¢em,

3

which are plotted in Fig. 1. The small-k, mode is the
launched lower-hybrid wave (cold mode) which propa-
gates from the plasma periphery towards the lower-
hybrid layer (where ¢, =0); in the vicinity of this layer
the cold mode converts? linearly to the large-k, hot-
plasma mode which propagates back towards the peri-
phery and is strongly damped. It was originally as-
sumed? that mode conversion occurred at the lower-
hybrid layer where ¢, =0 (or equivalently w =w)y), but
it was later noted?"?? that the mode conversion actually
occurs at the point where the two modes described by
Eq. (3) coalesce, i.e., where
k" =€i/46(h6u.

@

Examination of Fig. 1 shows that the location of mode
coalescence is at a lower density than the lowcr-hybrid

© 1987 The American Physical Society

] layer, and Eq. (4) shows that this location depends on a

large number of parameters.
Upshift of k,.—There is a well-known?»2* problem

MODE COALESCENCE

|
|
|
le, =
|
|
|

density
FIG. 1. Plot of k1 vs density. Note that the location of
mode coalescence occurs at lower density (Ref. 21) than the

location of the lower-hybrid layer.
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concerning the use of Fisch’s theory to explain the results
of current-drive experiments. According to Fisch's
theory, lower-hybrid waves drive current by imparting
momentum to electrons in the tail of the distribution
function. These electrons can interact with the wave be-
cause their velocity u satisfies the resonance condition
u=w/ky. Yet, in all experiments'* the parallel refrac-
tive index launched is typically ny=cky/w=1.5-10 so
that, in order for electrons to be resonant with the wave,
they must have 3x10°<u <2x10'. In the experi-
ments the electron temperature has ranged from 50 to
2000 eV (3x108 < uy, < 1.3x10%). Thus, except for the
hottest of these plasmas, there ought to be essentially
zero electrons capable of resonantly interacting with the
wave. What seems to happen is that the wave creates its
own tail by pulling electrons from the bulk out to high
velocities via parallel-wave-partial resonant interaction.
In order to do this, at least some component of the
launched wave k&, spectrum must interact resonantly
with electrons in the bulk, and so a spectral component
must develop which has a parallel phase velocity much
lower than the launched value. In effect, k; has been
shifted up for some fraction of the launched wave power
(the remainder is, of course, unshifted and interacts with
the newly created tail electrons to give current drive as
predicted by Fisch). Various mechanisms for the upshift
have been proposed, such as toroidal-poloidai?? and pon-
deromotive?* effects. It has also been suggested™ that
there is no upshift, but that the antenna spectrum in-
cludes enough of a large-k, component to pull electrons
from the bulk to high velocities.

We will not attempt here to decide which (if any) of
the above mechanisms cause the k; upshift. Instead, we

J

2 12

@pe 2 (3 w? me2
2P |22 +138;
w2 [ y [4 pe wse Bl miz

I
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All the major current-drive experiments had T;/T,
=0.3 — 1; however, there was a fairly large range of fre-
quencies, magnetic fields, and observed density limits.
Figure 2 plots Eq. (6) for hydrogen (solid lines) and for
deuterium (dashed lines) and also shows the experimen-
tally measured normalized density limits of a large num-
ber of experiments. Here we have chosen y=f, =g; =1
as plausible values which give a good fit to the observa-
tions [note, that according to Eq. (6), equally plausible
values of y=1.4, B, =p; =2 would give the same re-
suits]. Figure 2 also plots Eq. (6) for argon which was
used in the Caltech Encore plasma.?® Table I presents
the same information but with nonnormalized parame-
ters; hydrogen gas is assumed, unless specified otherwise,
and for case where T; and/or T, were unspecified, an es-
timate of 7;/T, =0.3 was used to calculate the predicted
density limit.

It is clear from Fig. 2 and Table I that Eq. (6) pre-
dicts the experimental observations for a wide variety of
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will simply accept the upshift as an experimentally ob-
served fact; i.e., experiment has shown that k; is shifted
up for part of the launched power in such a way that

ky=w/yur,, (5)
where y=1-2.

We postulate that the density limit occurs when the &,
predicted by Eq. (5)—i.c., the ky interacting with the
bulk—is of such a value to satisfy Eq. (4). When this
occurs, (i) mode conversion takes place for the upshifted
ky component which thus becomes strongly attenuated
by perpendicular? damping processes, and so cannot pull
electrons from the bulk to the tail by parallel-
wave-particle resonance, so that (ii) there are no tail
electrons to resonantly interact with the unshifted (.e.,
high phase velocity) component of the incoming wave,
and so (iii) there is no current drive. We emphasize
that, for the upshifted ky component, mode conversion
takes place even though w > wy,

Proceeding with the mathematical derivation, we
define x =wZ/w? so that &= —x, e, =1 —Ax, where
r=m,/m;—o’/ol, and e,=—xaut/w?® where a
=3B.0*0l+3(m,/m;)2B;T:/T.. (Here, we have in-
troduced the temperature enhancement factors S,,8;
which multiply the bulk temperatures 7,.,7;. These
enhancement factors take into account the fact that the
total energy in rf-produced suprathermal tails can, de-
pending on rf power levels, be comparable to the energy
of the bulk; in particular, 8, will exceed unity when the
fast electrons providing current drive have a total energy
comparable to the bulk,® while 8; will exceed unity when
there is ion heating.2’) Using Eq. (5) in Eq. (4), we find
x=1/(2a'2+2), or in terms of the original variables

(6)

[

parameters. Several®!31¢ experiments were carefully
controlled so as to determine the dependence on just one
parameter. Equation (6) is consistent with the observa-
tions of these experiments: in particular, Eq. (6) is con-
sistent with the dependence on @ observed in Versator'¢
and Petula-B,'"!3 the dependence on B observed in FT,?
and the dependence on m; observed in ASDEX. 13

From Eq. (6) and Fig. 2 it is seen that there are essen-
tially two regimes of interest: (i) a low-field region (slope
on left-hand side of Fig. 2) where the density limit is in-
dependent of  and proportional to B2, and (i) a high-
field region (flat portion of curve in Fig. 2) where the
density limit is independent of B and is instead deter-
mined by T;/T., w, and m;. The change from regime (i)
to regime (ii) occurs at @ = w,,(2T:/T.)"2, where
Wgm ={(w0.,) 12 is the geometric mean frequency.

It is worthwhile to compare our model to that pro-

posed by Wegrowe and Engelmann® (the Tonon and
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FIG. 2. Density limit predicted by Eq. (6) vs experiments: The solid line is Eq. (6) for hydrogen and the dashed lige is for deu-
terium. For experiments, solid circles indicate hydrogen, open circles indicate deuterium, and the triangle indicates argon (all refer-
ences in Table 1). For comparison, the dotted line shows the Wegrowe and Engelmann model (Ref. 20) [Eq. {7) in text] for hydro-

gen, T:/T.=%.

TABLE I. Comparison of observed density limit with prediction of Eq. (6).

B

T;

f T, Hobserved MEq. (6)
(MHz) kG) (eV) (V) (102¢m™3) (102 cm ™)
JFT-2 (D gas)*® 750 14 250 6 9
Versator® 800 10 120 350 7 5
Versator® 2450 10 120 350 10 12
PLT (D gas)4® 800 30 10 11
WT-2%b 915 11 50 200 7 7
Alcator-Cf 4600 100 100 180
FT (D gas)&Mi 2450 40 45 94
FT (D gas)&hi 2450 60 75 103
FT (D gas)&hi 2450 80 60 100
FT8bi 2450 80 55 48
WEGA' 800 225 12 5
WEGA (D gas)' 800 22,5 18 11
T7(D gas) 900 19 17 14
Petula-B¥ 1300 28 1000 18 14
Petula-B! 3700 28 1000 80 73
JIPP-TII™f 750 14 8 6
ASDEX" 1300 22 20 15
ASDEX (D gas)" 1300 22 30 27
JT-60° 2000 45 20 34
Encore (Ar gas)®? 450 1.5 5 10 1 0.3

3Reference 3.
Reference 14.
‘Reference 16.
dReference 5.
“Reference 6.
Reference 15.
BReference 8.

MReference 9.

iReference 20.
iReference 10.
kReference 11.
IReference 18.
MReference 12,
"Reference 13.
°Reference 17,

PReference 25.
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Moulin model? is essentially the same as the one in Ref.
20). We consider the standard case where there is one
jon species and Z =1. Expressing Eq. (12a) of Ref. 20
in our notation gives the Wegrowe and Engelmann den-
sity limit as

-1

, (N

2
Dpe (o2 me Ti  me

w? zgm Te m ol

where ¢2/z¢ is an adjustable parameter,?® the value of
which is given in Ref. 20 to be ¢%/z§=2. It is easily
seen that the right-hand side of Eq. (7) becomes singular
when T;/T. = (0% w2 —1)/2; this singular behavior is
also shown in Fig. 2, where Eq. (7) has been plotted as a
dotted line for the typical case of hydrogen, T:/T. = t.

Finally, let us consider the predictions of our model
for typical fusion-reactor parameters. With T, =T,
average atomic mass ==2.5, f=8 GHz, and y=§,
=g, =1, Eq. (6) gives density limits of 4x10'* cm ™2 for
B=6T,and 8x10'¥ cm =2 for B=10T.

In summary, we have described how the combination
of (i) the experimentally observed upshift of ky to
ky=wo/yur, and (i) the k; dependence of linear mode
conversion (of lower-hybrid waves into hot-plasma
modes) accounts for the lower-hybrid current-drive limit.

This work was supported by National Science Founda-
tion Grant No. EC5-8414541.
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9 Summary and Conclusions

Launching lower hybrid waves in tokamak plasma to drive toroidal current is a
complicated endeavor. There are numerous interesting aspects worthy of investigation,
but only a few can be pursued. It is therefore no surprise that many questions have
arisen during this undertaking, and that not all of them have been answered.

An example of what has been ignored includes the plasma structure. Encore
plasma has a complicated structure of its own. The grill antenna is not simply butted
against the smooth surface of homogeneous and isotropic plasma. There is turbulence and
various modes such as drift waves. Ripples and "sausages" of plasma dance past the
antenna. With high RF power, pondermotive forces push on the plasma near the mouths
of the antenna waveguides. Whether by Doppler shifts, parametric decay or other
processes, the launched LH waves generate new waves at other frequencies.

Despite the seeming chaos, relatively simple and appealing theories describe much
of what takes place. The cold plasma dielectric tensor predicts the lower hybrid mode
accessibility and propagation angle. The LH propagation angle depends simply on the
toroidal magnetic field and this is observed. LH wave accessibility is simply related to a
combination of the plasma density and magnetic field. This behavior is observed. The
changes in plasma current seen are most dramatic at low plasma current where
accessibility is best. Quadrature phasing does produce a directional spectrum of launched
LH waves.

In order for the fast waves launched by the grill antenna to interact with the much
slower thermal electrons, some LH wave power must dramatically "slow down" and
increase in parallel refractive index (Ny). Theoretically this can occur through sufficient
poloidal propagation but this may or may not be the dominant mechanism. No one has
ever proved that LHCD was ineffective due to lack of a mechanism for slowing down LLH
waves. Virtually all reported experiments launch an N spectrum that is too fast to damp
on thermal electrons. Virtually all reported experiments also drive plasma current with
efficiency on the order of amps per watt. This was not the experience on Encore.

When it became evident that the current drive efficiency on Encore was

abnormally low, a plethora of questions arose. Did the antenna function properly? Was
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RF power measured correctly? Was the end of the antenna close enough to the cutoff for
the slow mode? Was the phasing of the antenna correct? Was the L/R time constant of
the tokamak short enough to see a large RF driven current? All of these questions were
answered in the affirmative.

The density limit phenomenon was well publicized, but not understood. It
described a condition in which current drive efficiency would plummet. Difficult theories
such as parametric decay were proposed to explain the phenomenon. Instead it was
shown in chapter 8 that a very simple and appealing theory invoking the "warm" plasma
dielectric tensor explained everything. Adding temperature to the cold dielectric tensor
allows the description of plasma heating with lower hybrid waves. A key connection was
realized. When LH waves dramatically slow down, they can, under some conditions,
mode convert to an ton plasma wave and heat the plasma. If this occurs before the LH
waves have slowed sufficiently to reach the tail of the electron distribution, current drive
can be blocked. The conditions for the mode conversion to the ion plasma wave depend
upon the plasma density, as well as many other variables. A mysterious phenomenon
became simply explained by the algebra of the plasma dielectric tensor. If LHCD is
incorporated into a future energy producing tokamak, attention will be directed to the
location in parallel refractive index of the mode conversion to the ion plasma wave.

An equally mysterious phenomenon was encountered when low current (< 160
amp) discharges were observed in Encore by application of RF with the grill antenna.
Antenna phasing did not specify the direction of the current. Many factors were
explored that also proved to play no role in the direction of the current, until the truth
was stumbled upon.

The direction of the plasma current was obtained not by antenna phasing but
rather by the unintentional spiraling of the toroidal magnetic field lines. When the
electron acceleration is near the plasma periphery, the spiraling presents an asymmetry
that favors one toroidal direction over the other. It is not known why the antenna
phasing failed to produce significant asymmetry in the plasma current. The highly
inhomogeneous nature of the unusual low current discharges may play a role.

Energetic electron tails produced by LHCD are less collisional than less energetic

electrons. The increased mean free path of these energetic electrons allows them to spiral
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along the toroidal field lines for greater distances before suffering collisional redirection.
They thus have more time to sample magnetic field errors. If an energy producing
tokamak is ever built incorporating LHCD, significant attention will be paid to minimizing
field errors.

With the use of a miniature electron source and a probe capable of scanning the
minor cross section and detecting the electrons, the field errors in Encore were observed
and quantified. The behavior of the hot electrons confirms the spiral nature of the
toroidal field lines.

Encore has been operated in a purely RF mode without the use of an ohmic target
plasma. Electrons with energies above 100eV were observed in these RF-sustained
discharges. The beams of electrons are not confined in the conventional tokamak sense
due to the low poloidal magnetic field. The vertical field plays an important role in the

propagation of the low current beams.



