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ABSTRACT

ION HEATING IN THE ION CYCLOTRON RANGE OF FREQUENCIES

IN THE WISCONSIN TOKAPOLE II

ALAN PARDY BIDDLE

Under the supervision of Professor J. C. Sprott

Ion temperatures of 75 eV, a doubling of the ohmic
heating temperature in a normal discharge, have been
achieved using the fast magnetosonic wave heating at the
second, third, and fourth harmonics of the c¢yclotron
freguency in a single component hydrogen plasma. The wave
launching structure is a single turn, shielded, insulated
loop which constitutes the inductor of the rf source tank
circuit, Power levels of 88# kW have been applied to the
plasma for periods of up to 1.1 milliseconds. Good
agreement has been found between theory and experiment for
loading and wave propagation in the plasma for m = # and m
= +]1 modes. Eigenmodes have been observed by peaking of
both the rf wave amplitude and the 1loading of the
oscillator, as well as by oscillator frequency shifts
imposed by their passage.
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Enhanced neutral density caused by poor ion
confinement and edge heating resulting from the limited
number of modes accessible has been observed. Significant
improvement was achieved by the use of a Faraday shield
over the Macor antenna insulator. The use of a
self excited oscillator has resulted in a limited passive
mode tracking capability with improvements in power
deposition of about 40% over a constant freguency source.
Plasma density increases about 2% with the application of
rf with a resulting termination of the discharge
approximately 1#% earlier than without rf. Spectroscopic
data indicates that hoop bombardment causing a 15 fold
increase in copper radiation may be a primary source of
the density increase as well as an important energy loss
channel. Charge exchange has been found to be the
dominant loss mechanism in the intermediate temperature
region with gyroradius effects being the limiting factors

at the highest temperature,

J. C. Sprott
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I. INTRODUCTION

Current thinking on the design of first generation
tokamak reactors is that gsome form of supplemental heating
beyond that provided by the ohmic input will be required
to raise the plasma to the 18 keV ignition temperature
required for the proposed deuterium-tritium mixturel,
Several schemes have been developed, each with its own
weaknesses and exploitable strengths. The most widely
regsearched system in the United States is neutral beam
injection {NBI) . However, despite the impressive
efficiency of the deposition of the beam's energy in the
plasma and the simplicity of the physics involved, the
future of the technology needed to produce these beams
appears dim, Practical sources will require beam energies
upwards of 2088 keV. The neutralization efficiency of
'positive ion sources and the generation efficiency of
negative ion sources are quite low at this energy, ~ 25%.
Radio freguency heating suffers from no such efficiency
limitations, but the physics and engineering of the
“coupling are extremely complicated. Nevertheless, there
are many attractive features which commend the various
radio freguency schemes. Perhaps most interesting are the
lower hybrid wave techniques which promise to enable the
construction of a steady state tokamak reactor, and the
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fast magnetosonic wave techniques in the ion cyclotron
range of freguencies (ICRF) which can both heat ions and
modify the electron temperature profile.

Here I shall concentrate on the fast magnetosonic
wave heating in a pure hydrogen plasma at the fundamental
and the first four ion cyclotron harmonics. This avoids
many of the complications of multi-species plasmas such as
ion-ion hybrid resonances and mode conversion. The
presence of the internal rings and the unusual plasma
profile dictates the approach to be taken. First the
unbounded dispersion relation is solved using cold plasma
theory. Since. the machine size and density are large
enough to support multiple modes, measurements are made of
the rf field structures under eigenmode resonance
conditions. These results are used to guide a theoretical
development of the bounded plasma case closely paralleling
that of stix?. A semi-quantitative model of the impedance
imposed by the plasma is developed and compared with the
frequency shift imposed on the rf source. The
desirability and wusefulness of using the reactive
component of the plasma loading for passive mode tracking
are considered. Power absorption at harmonics other than
the second are also compared with theory. The lack of
detailed energy and particle transport codes limit the

ability to account for the input energy in detail,



however, the principle loss mechanisms can be described
qualitatively.

Unless otherwise specified, all equations will be in
MKS units, though other commonly used terms such as eV and
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density ‘in number per cm” will be used in the text.



1. APPARATUS

A. ‘Tokapole II

The substantive phase of these experiments occurred
in the Tokapole II machine. This device and its design
philosophy have been described in detail elsewhere3'4, S0
only the most relevant parameters will be discussed here.
The vacuum vessel consists of an aluminum toroidal chamber
of 44 cm sgquare cross section with a 58 cm major radius.
Four toroidal copper rings of 5 cm minor diameter which
generate the non-plasma produced poloidal field are
supported within the tank (figure 2-1). These rings are
inductively driven by a 7.2 mf 5 kV capacitor bank through
an iron core transformer. The 4@:1 turns ratio gives a
sinusoidal current in the rings with a half period of 5.6
ms. The peak total ring current at the normal operating
field levels is approximately 2606 kA. The poloidal field
duration may be extended by either passively crowbarring
by shorting the primary windings with a diode as they pass
through zero volts, or actively crowbarring by using a
large capacity low voltage capacitor bank to supply energy
to overcome the ohmic losses in the windings and hoops.
The normal initial gap voltage is 55 V, with half this
value appearing on the minor axis in the absence of

plasma. additionally, a toroidal magnetic field is

4



Figure 2-1.

Tokapole II cross section.
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ﬁroduced by a 96 turn poloidal winding driven by a 32.24
mf 5 kV capacitor bank.‘ The gquarter period of the field
"is 5.4 msec, and it may be passively érowbarred. The
.crowbarred field varies by less than 5% during the
experiment. Normally this field is adjusted to produce a
4 kG field on the minor axis., | |

The aluminum walls are of 3 cm thickness. A base
vacuum of approximately 1677 torr is maintained by a 128¢

1l/s turbdpump and a 10 degree Kelvin 1888 1/s 1liquid
helium cryogenic pump. The mounting adapters, in the case
of the turbopump, a partially transparent copper plug
whose purpose is to provide a net conductivity similar to
that of a solid aluminimum Qall to reduce field errors,
teduce both pumping speeds by approximately 50%.

- Plasma is produced by first filling the chamber with
the working gas, usually hydrogen, through a fast puff
‘valve. While a plasma can be produced as in a
conventional tokamak by means of the toroidai ohmic
“heating electric field alone, it has been found
advantageous to use microwave pre-ionization at the
electron cyclotron frequency to reduce impurities5 and
provide Dbetter shot~to-gshot reproducibility. Typical
filling pres;ures are =~ 1874 torr. The microwave plasmas
are cold, Ty, T, < 3eV, and the density is = 1619 cn3,

Careful adjustment of the microwave supply timing also



reduces the x rays produced by runaway electrons. These
interfere with certain diagnostics. Several sources have
been used, including a continuous 100 W S—-band (2.45 GHz),
a 10 kW X-band (9 GHz), and a 5 kW K*band (16.5 GHz)
magnetron. The latter two have 1 msec pulse lengths,

B. Radio Freguency Source

The rf source is an improved version of the single
tube oscillator first constructed by J. Barter®. It may
be conveniently divided into three components: the
antenna, the oscillator, and the power supply.

The oscillator and the antenna must be considered
somewhat together since the antenna is an integral part of
the tank circuit. The oscillator (figure 2~2) 1is a
modified two tube (Machlett #ML 8777) tuned plate tuned
grid circuit in which the interelectrode Miller
capacitance is resonated with an external inductor to a
frequency above that of the tank circuit to ©provide
feedback in the correct phase. The grid leak bias level
is adjusted for maximum efficiency under load. This
places the oscillator in the deep class C region with
relatively narrow conduction angles. At power levels
above 1.5 MW, the drive current spikes are truncated due

to cathode emission limitation.



Figure 2~-2.

‘ICRF generation system block diagram.
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The center tapped tank circuit inductor also serves
as the antenna, This arrangement has the advantage of
eliminating the losses attendant to a matching network
working into a rapidly changing load, and allows any
reactance from the plasma to be coupled directly to the
frequency determining element, thereby insuring the rf
source is always "on frequency." Since the waves being
excited are driven inductively, the inductance of the
antenna and the joint resistance of the tank circuit were
minimized to maximize the circulating current. The
unloaded Q is < 128. Rather than have the antenna operate
at a high positive dc voltage in the plasma environment,
the circuit is operated with the plates of the tubes at dc
ground, and the cathodes are driven negative.

The antenna has existed in two basic forms. The

Mark I (figure 2-3), did not extend into the plasma, but
‘merely viewed it through a 15 cm diameter, 1.27 cm thick
Macor window mounted in the bottom of the machine. The
antenna itself consisted of a 2.54 cm wide, 8.6 om thick
copper bar which connected directly to the wvacuum variable
tank capacitor. This antenna coupled poorly, but did
allow substantial wave propagation study.

The Mark IlIa antenna (figure 2~4a) was constructed to
satisfy several requirements. Coupling to the plasma is

enhanced by maximizing both the area and the circulating
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current in the antenna. To first order, these two are
mutually contradictory, so a rectangle was used to allow
the closest approach to the plasma current channel while
minimizing 1its obstruction, The antenna had to be
completely retractable from the machine under vacuum when
not in use as well as be rotatable. Macor insulation was
used, both to insulate the antenna from the plasma, and to
shield materials such as teflon from plasma impact. While
performing satisfactorily in most respects, the lack of a
Faraday screen resulted in "parasitic loading" due to
particles being accelerated by the electrostatic field
near the antenna into the 'insulator. In addition to
wasting power, significant impurities were introduced.

The Mark IIb antenna (figure 2-4b) was the Mark II
with a #.615 cm stainless steel grounded Faraday shield
mounted over the Macor insulation. Since the shield is
several skin depths thick, it was constructed with many
slots to reduce eddy current losses. A partially
transparent copper plug protects the lower part of the
antenna, as well as reduces errors in the confining field.

The power supply7 for the oscillator is a pulse
forming network consisting of 18 discrete, inductively
coupled, independently switchable LC sections
{figure 2-2). This lumped-constant analog of a long

transmission line has a characteristic impedance



Figure 2-3,

Mark I antenna and Tokapole II flux plot with plasma.
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Figure 2-4.

Mark II antennae and Tokapole II flux plot with plasma.
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Ro={L0/Co)ﬂ'5, and when charged to a voltage V, delivers
VnVORl/(RO+Rl) at a current V,/(R;+R.) to a resistive load
Ry » Maximum power transfer occurs at Ryj=R,, but as will
be sghown in Section V, maximum power transfer to the
plasma occurs at the highest ng and hence the largest
Vic* Practical engineering dictates that Ry be somewhat
larger than R, to allow the oscillator to function at its
rated dc drive voltage. The mismatched line then produces
multiple upright pulses of equal duration but decreasing
amplitude. The parameters are: VO=4G kv, Ro=lﬂﬂ chms,
primary pulse length=1l.1 msec, and the total stored energy

@ 48 kV is 4 kJ.



III. DIAGNOSTICS

A. Dynamic Frequency Measurement

Because the launching structure is an integral part
of the frequency controlling elements in the oscillator,
it is important to determine the frequency shift imposed
by the reactive component -of the plasma. Too large a
shift would move the oscillator far enough from its
optimum operating point to -invalidate the 1loading
measurement data calibration as well as decrease the
oscillator efficiency. It also should be possible to
detect the frequency shift caused by passage through an
eigenmode.

The 1 msec pulse length precludes conventional
frequency measurement techniques, but the new phase locked
loop (PLL}) integrated circuits produced by Signetics
proved ideal for the purpose. A minimum of external parts
was required (figure 3-~1), and the input limiting (20dB)
negated the possibility of changes in the output signal
due to fluctuating loading of the oscillator. The error
signal of the PLL is available and puts out a dc signal
proportional to the difference between the PLL center
(free-running) frequency and the input sample. This
proved to be ~“#.5 MHz per volt. In operation, the center

18



Figure 3-1.

Phase locked loop dynamic frequency meter.
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frequency was chosen to be approximately that of the
unloaded oscillator, though this was not critical.

For such a circuit there is an initial period before
phase lock is achieved that depends weakly on the
amplitude of the input signal and its difference from the
center frequency, as well as other circuit parameters.
The probability of lock® is nearly unity after 35 cycles,
which here represents 3 jpsec. In wview of the 58
microsecond rise time of the:pulse forming network power
supply, this delay was not a factor. Observed lock always
occurred before the dc drive voltage reached its maximum
value,

B. Radio Frequency Probe

Because of the current interest in fast wave
eigenmodes, it is necessary to be able to probe the radio
frequency wave structures in the plasma. Figure 3~2 shows
the design of this conceptually simple probe. Because of
the highly destructive 128 eV plasma, the probe body had
to be made of 0.64 cm diameter stainless steel tubing.
Since the #.841 cm wall represented many skin depths at 12
MHz, a protective tip of Macor ceramic was needed to
protect the 4 turn search coil as well as to provide a gap
to allow the rf field to penetrate the probe. Blocking
capacitors were used to protect the probe electronics from

the floating potential. A small rf transformer was used



Figure 3~2.

RF field probe system.
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to achieve a common mode rejection of 738 4B .,
Calibration of the probe was done using a small
cylindrical coil driven by an rf generator at known
"current, The rf field structure could then be plotted on
a éhotwbywshot basis. insertion of an additional
stainlessléteel rod at various bther port positions.did
not significantly alter the results, suggesting thaﬁ the
first probe did not significantly perturb the ~wave
‘structure. B
C. Loading Measurement

The use of the tank circuit antenna as the freq@ency
~controlling element allowed plasma loading measurements to
be made using a simplified version of a method first
developed by J. Barter6. The tank circuit may be modeled
as a pure resistance Ry .. paralleled by an equivalent
resistance Rplasma and reactance xplasma (figure 3-3).
Power delivered to the plasma is then ngop/szlasma; The

2

- more commonly quoted R is given by X /R

series _ parailel'
where X is the reactance of one of the tank components,
and is here 745 ohms @ 12 MHz. The reactance xplasma
serves only to shift the oscillator to a new resonant
frequency where the effective tank circuit is again purely
resistive. Since dynamic frequency measurements have

shown a negligible freguency shift, /\ £/£,75 x 1673 in

the presence of a plasma, calibrations done with lumped



Figure 3-3.

Oscillator tank circuilt equivalence.
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resistive components are evidently valid. This
calibration was accomplished by bridging the tank circuit
capacitor with a string of non-inductive carbon resistors.
The dc drive current was then monitored, and calibration
curves evolved for various loading and power levels. It
was sufficient to use the pulse forming network current
diagnostic for even short lived eigenmode measurements, as
this diagnostic sees the oscillator drive current through
an effective RC time constant of only 6 usec. Data were
obtained by either acquisition through an on line
PDP~11/286 or by oscillograph.
D. Ion Temperature Measurement-Doppler Broadening

One of the two most common ways to measure the ion
temperature is by observation of the Doppler broadening of
the spectral lines. In the absence of other broadening
effects such as those caused by pressure, Stark, or Zeeman
effects, thel motion of thermal particles causes a
broadening of the emission line which has a Gaussian shape

(figure 3-4) given bygz

2 2
m.cC m.C
Iq = (wwd )2 Jexp (. BA) %) (3-1)
T TRTAZ ZKT3™ Xo

where m; is the mass of the radiating ion, ¢ is the speed



Figure 3-4.

Doppler broadened CIII spectral line.
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of 1light, k is Boltzmann's constant, 'Xo is the line

center, T:; 1is the ion temperature,@b})2=(A_)0)2—@aAi)2,

i
andlbxi is the instrumental width caused by the finite
resolution of the monochrometer. Fortunately, one does not
need to know the intensity in absolute terms. One can

step across the line by increments of ~.1R relying on
shot-to-shot reproducibility until the full-width-at-half
maximum (FWHM) can be either measured from a graph, or
obtained from a best fit computer program. As the FWHM

occurs where the exponential function has the wvalue of

B.5, we getg:

Ty = 1.68 x 10%@2h% (3-2)
(8]

where T; is in eV, and A is the mass number of the
radiating atom.

This technique suffers from three basic limitations.
First, since the hydrogen plasma is fully ionized
everywhere except at the edge, some other species must be
observed. This means either some impurity deliberately
added, or preferably an impurity already ©present.
Sprottlﬂ has shown that if the time for the test particle
to equilibrate with the maijority species is comparable to

or greater than the confinement time for that species, the
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impurity decouples and does not represent the majority

temperature. Spitzerll shows that:

6 : -
: 7.34 x 107AA T,
ot - b(T+-b)1,5

ed T IR R

Co@-3y

wher’e.teq is in seconds,“A; Ab.aré'the.atomic number of
the test .and 'majority speéiés regpectively, 2 is the
impurity  charge, Z4y is the Sackground charge 'hb is the
density of the background spécies in cm*a, T, T, are the
respective Eemperatures in éV,. and 1nA is the Coulomb
logarithm, typically ~15. Hence one wishes to maximize
Zz/Alof the impurity so that its thermalization behavior
is as much like the backgiouhd hydrogen as'possible. In
order‘for an'impurity to be hydrogenic, it must be highly
' stripped. This is not generally possible in the Te"lﬁﬂ eV
'plasma; CiIi was normally used because it was the best
line visible with our Jarrel-Ash monochrometer, but it is
still a pbor choice with Zz/A”ﬂ.33. The second problem
with' Dbppler techniques is a result '6f the strong
dependencé on T, of the 1bcation df thé radiating atoms.
When this is known by means of radiometer measﬁrements or
other techniques, it is possible to calculate from the

ionization rates the location of the radiating shell and
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so derive a spatial ion temperature profile. Since this
information is currently lacking in Tokapole II, it was
impossible to be certain that the central temperature was
being measured. Finally, at low impurity levels such as
were finally achieved, the continuum radiation becomes a
éignificant fraction of the line signal, resulting in poor
signal to noise ratios. Nevertheless, this technique was
useful in the initial phases of the experiment.
E. Ion Temperature Measurement-Charge Exchange -Analysis
To supplement the above Doppler technique, a single
~channel  charge exchange analyser {figure 3-5) was
constructed, This technique has been developed by several
_r_esearcherslz'“'l4 as a means of more directly measuring
the ion distribution in the plasma without recourse to
perturbing or evaporating probes. The principle of
operation is simple. The hot ions charge exchange with
- the residual background gas at a rate nyn;6v, where n, is

the neutral density, n; is the ion density, & is the

i
velocity dependent charge exchange cross section, and v is
the ion velocity. Because the masses of the two particles
are nearly identical, the collision is resonant, with the

cold neutral now emerging as a fast particle with the same

energy as the ion had.

o+ o o] +
Hfast * Heolda =2 Hfast * Hoolg



Figuré-3~5.

'Chargé exchange analyser.
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This neutral, assuming its mean free path is much larger
than the plasma size, an assumption well satisfied in our
machine, emerges through the confining magnetic field
without " further plasma interactions. - It then -enters a
nitrogen stripping cell where it has some .probability of

losing its electron,
o) o + -
Hfast + Ng > Hegge + Npe

The fast ion 1is then énalyzed by a 127 degree
electrostatic curved plate analyser15 and detected by a
Daly detector whose output is proportional to the number
of ions striking the detector knob and independent of
their energy. Two modifications were made to the analyser
to allow measurement of the relatively low temperature
plasma. First, instead of using a continuous gas flow
through the stripping cell with its attendant requirement
for excessive amounts of differential pumping, a Veeco
fast opening valve was used to pulse the stripping cell to
"4 microns. This resulted in a constant pressure for the
duration of the experiment, but the gas loading of the
pumping system and the Tokapole II vacuum was minimal.
Higher pressure could not be used because of the

requirement that the mean free path for 1low energy
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.particles be approximately the stripping cell length to
prevent excessive scattering of the low energy particles.
Secondly, because the bandwidth of the analyser16 is
proportional to the energy of the ion, the analyser was
‘biased negatively with respect to the stripping cell, ~3@4
volts, to increase the analyser bandwidth, Normal
technigque was to vary the voltage on the curved plates
from shot to shot and obtain the distribution function.
.The true distribution exp(--E/kTi)'f(E)/Eg‘5 is obtained by

weighting the PM tube output by the various conversion

efficiencies,

. £(E) N -

. - (3-4)
EE.T.S. A_C_erp_)AswaKa(Ea)

where S is the output from the PM tube, Ep is the energy

of the ion in the plasma, E; is the ion energy in the

. analyser, and ACX(EP)17, AS(EP)IB, and Aa(Ea)6 are the
relative conversion efficiencies of the plasma charge
exchange, the stripping c¢ell, and the curved plate
analyser and detector, respectively. Noting that

E, = E+V,=4V, that Aa(Ea) B

a P
2 keV,_Acx(Ep)“Eé3ﬂ3, we can recast this as:

a’ and that for 1 eV to
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£(E) s . -
775 —v. ) 303
E Ag (E,) V(4V-V},)

(3-3)

where V is the voltage on the deflection plates, and Vj is
the bias voltage. T; can then be obtained from the slope
of a least squares fit to a semilog plot (figure 3-6).
F. Plasma Density Measurement-Microwave Interferometer
Electron density n, was measured by a 78 GHz
microwave interferometerid which viewed the plasma through
a vertical cord approximately centered on the discharge.
Measurements of the line average density were obtained
either by the direct observations of the interference
fringes or by the standard "zebra stripe" technique in
which the microwave source frequency was swept at one MHz
to obtain a continuous display of the density evolution,
The densities obtained were well below the cutoff
frequency of the interferometer. The peak density in the
center of the plasma was inferred to be “68% greater than
the average based on a cosine density distribution within
the region limited by the antenna. A direct readout of

density vs time based on a Princeton Plasma Physics

Laboratory circuit is currently being implemented.



Figure 3-6.

Charge exchange analyser signal.
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IV, WAVE STRUCTURES AND BEHAVIOR

A, Wave Propagation and Penetration

Heating in the ion cyclotron range of frequencies
(ICRF) in a single ion component plasma depends on one of
two mechanisms, depending on whether the exciting
frequency is near the fundamental or the second harmonic
of Woj+ In the first case it is only necessary to impose
a left hand circularly polarized (LHCP) component of the
rf electric field in the rest frame of the ion at the
cyclotron frequency (figure 4-la). Even though both the
slow and fast waves propagate near the ion c¢yclotron
.fundamental, it will be seen that the fast wave is purely
right hand circularly polarized (RHCP). The slow wave is
completely LHCP, but it will be seen to have poor
accessibility to the central plasma and to cause
significant edge heating. Above the c¢yclotron frequency
only the fast wave propagates, and by proper choice of
plasma parameters and launching structures it may be
chosen to have a significant LHCP component., In order to
drive the particles in phase s0 as to get coherent
heating, a second mechanism must be invoked in which the
rf driving freguency is an integral multiple of the ion
cyclotron frequency. Power is then coupled into the ions
due to a gradient in the rf electric field (figure 4-1b).

40



Figure 4-1.

Heating mechanism at (a) W

Wci' (b) W= 2W

ci®
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- However, this coupling will be seen to be very weak with
- both attendant advantages ~and disadvantages. Finite
temperature plasma theory yields some additional heating
from the -~ RHCP . component, 'but its -contribution is
" 'negligible.

We shall first define the appropriate hydromagnetic
' waves in an infinite plasma, then examine their various
properties, and finally adopt the appropriate finite
geometry model. Following Stix? we can write the wave

equation for a cold, homogeneous plasma:

b=
»
el
»
E,jl
+
=i
o
il
=

(4-1)

where K is the dielectric tensor defined by Sting, n =

Kc/W where K is the wave number with ky assumed 9, kil is
the wave number parallel to the static magnetic field, c
is the wvacuum speed of 1light, and W is the angular
frequency. Following the 1literature, the "||" and "z"
subscripts will be used interchangeably, Expanding this
explicitly gives:

K —n2 K

xx Dz Xy Nyhy By
—n2 = -
Kyy Kyy™n o E, 0 (4-2)
2
nznx f K fnx EZ



44

For simplicity we further restrict ourselves to the

" high density, low frequency regime where W<<W,q»s Wpi"wpe'

‘and the parallel conductivity is high. Here Wee is the
electron cyclotron frequency, and Wpi and Wpe are the ion~

and electron plasma frequencies, respectively. We arrive

2

at the following ordering: [|K,,I >> In %[, In 0, . This

. _ f i MHD i . We shal
gives iEZI << IExi,IEYI or typical regimes shall

set E, = 6, an approximation which is well satisfied at
all points in the plasma except in the vacuum-plasma
interface at the edge where heating is negligible. Noting
the Kyex o ny =~ (R+L)/2 and that Ky
can further simplify to:

~ K =~ i{R-L)/2 we

b4 yx

R+L-2n2  -i(R-L)\ [E

~ B8 (4-3)

\i(R-L)  R+L-2n?/ \E

: ~ 2
where R = {Wci/(WCi+W)]/Va and Vg4

2
| | and L T [W,i/ (W 3-W)1/V,
is the Alfven velocity. Finally, we define the Alfven
indices of refraction as NI = Va/vt = kx/kA’ NII :IVa/V;|
= kz/kA’ and write egquation 4-3 as:

Nt = a - -niz, + All-A) (4-4)
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where A = wgi/(wéiuwz). Taking into account the possible

gign ambiguities, we may write explicitly for N3

. W .
2A~Nii51gn(wufa;?(§i+4A(Af;)} >

cli

2 .
NT| = i

(4-5)

where the upper sign is chosen for the fast wave and the
lower sign for the slow wave. Figure 4-2 shows a plot for

W = 1.5 W and figure 4-3 shows a similar plot for W =

ci’
1/2 Woi+ The fast wave propagates at all fields, but the
cyclotron wave is evanescent above the cyclotron
frequency. Even below the cyclotron frequency the slow
wave is profoundly effected by ite direction of
propagation, unlike the fast wave, which is nearly
isotropic (figure 4-4).

Figure 4-4 also demonstrates the fundamental problem
of using the slow wave in a toroidal reactor. N?i is
essentially constant with respect to changes in N%.
Unlike the convenient magnetic beach arrangement which may
be engineered into stellarators which allows the slow wave
to propagate along the field lines to the resonant region
through relatively constant density, a tokamak

configuration requires an antenna to be located in the low

density region. A wave propagating around the torus



Figure 4-2.

Hydrodynamic wave dispersion relation for W = 1.5W_;-
(Adapted from ref. 2) _ :
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Figure 4-3.

Hydrodynamic wave dispersion relation for W = .5W_j-
(Adapted from ref. 2)
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Figure 4-4.

Hydrodynamic wave-normal surfaces.
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toward the core will experience 1little change in its
parallel wave number, but the increasing density causes
.the perpendicular wave number to increase rapidly. The
wave is quickly refracted toward the perpendicular ion
cyclotron resonance which prevents it from reaching the
core. A more familiar case would be that of visible light
being refracted toward the normal when passing. into an
' area where the index of refraction is increasing. Thus
all heating occurs at the edge of the plasma.

Having disposed of slow wave heating, we will now
doncentrate on the fast wave as the only viable ICRF
téchnique for a tokamak. To develop an approach for fast
wave heating, we need to examine first the polarization of
fhe electric field. Using equation 4-3 we can solve for
the LHCP component E = Ex+iEy and the RHCP component E_=

ExfiEy. The ratio of the two components is just:

Woi N2
By W § H '
= (4-6)
EC W
cl +N2 :
o

Figure 4-5 shows this ratio for various values of W/W i
over the propagating range of N%l‘ Two trends are

immediately obvious: increasing W/W_j increases the



Figure 4-5,
By
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fraction of E,, and increasing the parallel wave number
decreases it. In section V it will be shown that
increasing W beyond approximately 2W_j actually decreases
the heating efficiency for reasons associated with the
width of the resonant zone and the portion of velocity
space in which heating is peaked. The dependence on N%i
is strong motivation for the use of an array phased in the
toroidal direction in a large machine to suppress high k.
modes. A small device such as Tokapole II in which the
density of modes is low is best left to pick whatever
modes are possible by variation of the plasma density.

A gualitatively accurate understanding of the
criteria for modes to be present comeg from the
requirement that as in a microwave cavity there are

minimum values of k, and kj with all allowed modes being
-0

o}
approximate integral multiples of these. For any toroidal
geometry ‘there must be an integral number. 6f .full
wavelengths in the toroidal direction. The criterion for
the perpendicular direction is dependent on the waveguide
geometry. For a rectangular case with conducting walls we
require that one half wavelength stands across the cavity,
while in the circular case the diameter must be 1.3
wavelengths, Figure 4-6 is a plot of the propagating

dispersion relation with the typical mode numbers

appropriate for Tokapole II superimposed. Eigenmodes

N



Figure 4-6.

Propagating eigenmode dispersion relation.
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occur when the discrete mesh intersections coincide with
the dispersion relation. Just satisfying one wave number
is ordinarily insufficient as the wave Will still
interfere destruétivelyQ The fact that eiéenmodes are
actually observed despite the numerous approximations
needed to do the calculatipns demonstrates that modes are
not infinitely sharp. |

Before considering more realistic models we must
consider the accessibility of the wéve to the plasma.
Unlike the slow wave,. the fast wave suffers no strong
absorption.' Even in the case where the machine size and
density are too small to support a propagating wave,
heating has been observed in the evanescent regiOh near
the antennaZI. However, the requirement that the wave be
propagating complicates coupling as well. The parallel
wave number kz is approximately constant across the plasma
cross section, at least in an average sense on an
eigenmode. This must apply to the edge as well. Since
the edge density drops sharply, the perpendicular wave
number drops quickly and becomes imaginary, causing the
fields to evanesce before they can reach the propagating
region.

By using the mode number for k, imposed by the
propagating region of the plasma we may use equation 4-4

to examine the behavior of the perpendicular wave number.
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For imaginary values of the perpendicular wave number its
reciprocal is just the e-folding length for the field.
Figure 4-7 shows the decay length at various edge
densities as a function of the toroidal mode number.
Picking 5 as typical we can see that for a core density of
1@13 em™3  the decay length is infinite, and the wave
propagates as expected. Below this density the decay
length drops quickly, and for < 1911 cm"3, characteristic
of the edge density in Tokapole II, the e-folding length
is nearly constant at 18 cm. Since heating goes as |E+12,
coupling is very poor unless the antenna is located in or
very near a fully propagating zone. The Mark I antenna
was very inefficient for this reason, with most of the
power not reaching the central plasma. Also, gince the
hoops tend to behave as magnetic limiters, the vacuum
region is relatively larger than in conventional tokamaks.
This problem is further complicated by the large size of
the Mark II antenna which introduces additional losses and
significantly decreases the density throughout the
machine. This problem becomes less severe as the toroidal
mode number is reduced, and it will not be a factor in a
large device. The largest currently operating devices,
PLT and TFR, have sufficient density at the limiter to

allow wave propagation in the area around the antenna as



Figure 4-7.

Evanescence length vs toroidal mode number.
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well as substantially higher core densities which further
reduces the requirement on the edge density.
B, Eigenmode Structure

While we have previously used only the unbounded
dispersion relation, we must now impose the boundary
conditions which will bring about several important new
effects. 1In order to make this problem tractable we need
to make several additional assumptions. Firét we will not
attempt to utilize the warm plasma dispersion relation.
Several studies?2r23 have shown that cold plasma theory
describes the propagation aspects well for a single ion
component plasma with hot theory used only for the heating
calculations. We also will ignore the effect of the
rotational transform since the parallel wavelength is a
emall fraction of the machine circumference. The gradient
in By is also ignored since we have only a single species
plasma without mode conversion effects. Finally, we will
for the most part ignore the effects of the poloidal
field. This field results in lifting the degeneracy with
respect to the propagation velocity in a straight
currentless cylinder with only a static field in the 2
direction. <Chance and perkins?? first pointed out this
effect due to the poloidal field caused by the current.

Detailed theory24 shows that the splitting is proportional
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to the poloidal mode number m, but is non-zero even if m o=
g.

The imposition of boundedness on the plasma is
equivalent to requiring that the dispersion relation also
satisfy Maxwell's boundary conditions. We shall assume a
plasma column of uniform density with a sharp
plasma-vacuum boundary surrounded by a perfectly
conducting shell. The result of this procedure has been
in substantial agreement with much more detailed
calculations using as many as 188 concentric shells of
varying density24.

We shall use the following cold plasma formulation of

the wave equation in cylindrical geometry due to Woods 27

: br+ibo = i(C“kE !A)Jm+1(klr) (4—7)
b, ~ibg = 1(CHk| [A) T4y (k1) - (4-8)
b? = glAJm(kir) = by I (k%) | (4-9)
E, = " b | ' - (4-10)
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By = ;Egbe o . e - (4-11)
- ;i o S 1)
W
{ } (k +k1)
o . Wi ﬂ. i
= ) (4-13)
all ks=kT)

Here the convention is that the waves have solutions of
the form £ (r)el (k) tme-wt) The literature is
approximately evenly divided between this convention and
one with the same f{r) but with the i in the exponential
term replaced by -i. This has the effect of reversing the
sign of the m terms.

The limiting case of a fully filled waveguide
requires E,(a) = Eg(a) = @ at the wall radius a. Ez(a) is
automatically @ by equation 4-12. We can find an
approximate solution for Ey = @ by noting that for a fast
wave both sides of equation 4-13 are approximately unity

making the polarization essentially RHCP. Under this

assumption we get mel(kla) = @, Similarly in the case of



65

a plasma surrounded by an infinite vacuum region we get
Iplka) = @ by requiring continuity of the 2z and e
components of the electric and magnetic fields. For the
intermediate case both sets of boundary conditions are
required yielding a total of 6 boundary conditions across
the plasma vacuum interface and at the wall. Paolon126
has demonstrated using a much more sophisticated formalism

retaining electron inertia and hence a non-zero E, that

these rules:

2.4
B < Woo < Vg m o= +1 (4-14)
P
2.4 3.83 -
SV < Weo < iV m= 8 (4-15)
p p
3.83 5.2 N : :
IV, < W < LV, mo=~1 = (4-16)
P p
for propagation apply well to the m = +1, @, -1 wodes

where the range in the cutoff freguencies Wg, depends on
the surrounding vacuum blanket thickness. Figures 4-8 and
4-9 show the theoretical plots for propagating waves with

a 2 cm vacuum blanket. The waves are sensitive to the
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Figure 4-8.

Theoretical eigenmode structures for m = 1 and m = @ with

vacuum blanket.
(Adapted from ref. 26)
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Figure 4-9.

Theoretical eigenmode structures for m = -1 and m = +1
(Adapted from ref. 26)
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gign of m. This result "comes out of the dispersion
relation," but it is intuitively reasonable if one
distinguishes Dbetween the spatial rotation of the
instantaneous field patterns and the polarization which
describes the rotation of the fields themselves at
constant z. Klozenberg, McNamara, and Thonemann27 first
demonstrated in the low_frequency limit that for positive
m numbers the field pattern.and the waves rotate in the
same sense, while for negative mode numbers there 18
competition resulting in at least one radial null in b,.
The vacuum layer profoundly effects the m = +]1 mode.
For vacuum layers greater than a few cm the m = +1 wave
does not suffer a cutoff and propagates with a nearly
constant phase velocity. Below the normal propagation
density the m = +1 mode undergoes a profound change in
field structure. Here the lbrl flattens somewhat, not
dropping until near the vacuum-plasma interface. More
importantly the lboi component passes through zero near r
= .3rp before reaching a secondary peak near the
vacuum-plasma interface. This resembles the m = -1 mode

found when the density is high enough to support normal

propagation. The two modes can be separated without
detailed phase information by noting that for the m = +]
mode ibo(interface)i - lbcoi, but for the m = -1 mode
|b, (interface)l = 21bg, | A difference crucial to

O
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heating is that for the m = =1 mode the wave is
predominantly LHCP near the axis, becomes linearly
polarized near the zero in the wave poloidal field, and
then becomes predominantly RHCP until reaching the plasma
edge. The reverse is true for the m = +1 mode. This m =
+1 mode below normal cutoff will be designated the m = +1*
mode for brevity.

The unusual structure of Tokapole II makes exact
calculations of the wave propagation difficult without
certain approximations. In addition to a weak poloidal
field generated by the plasma current which reaches a
value of 480 Gauss at the separatrix, ~.1 Bt(@), the hoops
also produce poloidal fields which under normal conditions
reach values of 6 kG at the hoop surface. Clearly the
small poloidal field approximations break down here.
Fortunately the Mark II antenna acts as its own limiter,
effectively blocking the plasma current outside a radius
of approximately 13‘<nn as well as reducing the density
substantially below that necessary for propagation. The
plasma radius is actually rather diffuse and varies as a
weak function of the plasma position. We shall ignore the
hoop field since it is in the vacuum region as well as the
imposition of conducting wall boundary conditions "near"
the current channel over a relatively small region. With

these assumptions the 9 c¢m vacuum region places the walls
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effectively at infinity. We can then use equations 4-15
and 4-16 to calculate the cutoff frequencies L for
.yarious mode numbers. Assuming an average density in
hydrogen of 5 x 1812 cm™3 and B, = 4.8 kG we get feo =
;1.5 MHz for m = @ and f,, = 18.2 MHz for m = -1. The
actual values are probably slightly higher due to the
proximity of the conducting hoops. These calculations
suggest that modes for m = +1* should be the first seen at
~the lowest density in the discharge with the m = @ mode
being just accessible at the highest densities. The 12
MHz rf source would require a density of 1.2 x 1913 o3
for the m = -1 mode or have its frequency moved to 18 MHz
for the available density.
C. RF Magnetic Field Measurements

The relatively low temperatures found in Tokapole II
combined with the limiter action of the Mark II antenna
_allowed the use of the insertable probe described in IIB
rather than the conventional edge probes with the
concomitant requirement for detailed phase information to
unfold the data. 1Insertion through either a mid-plane or
mid—cylinder probe port allowed the direct measurement of
the b, and by components directly with the probe search
loop perpendicular to the other two field components.

While the b, component is not readily measured, the other

two are sufficient to unambiguously determine both the
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mode excited and the power input. The probe had little
effect on the plasma. It was necessary to account for a
slight variation in the starting time of the discharge by
correlating the rf fields with the enhanced loading of the
rf source by monitoring the oscillator drive current
spikes. As expected, the field patterns of the modes
observed on the early rising edge of the plasma density
were characteristic of the m = +1% mode made possible by
the large vacuum boundary (figure 4-10a). At the highest
density, 0 = 5 X 16+2 cm—3, patterns characteristic of the
m = 0 modes were observed (figure 4-18b) as well as the
normal m = +1 mode (figure 4-1fic). As was expected the m
= -1 mode was not observed under the conditions of the
standard discharge. The actual measured fields will be
used in section VI for the heating calculation. The
measurements show a postiori that the assumptions
concerning the location of the the plasma-vacuum interface
were valid.
D. Passive Mode Tracking

We turn now to an elegant formalism proposed by Stix?
which can be made to yield an intuitively understandable
picture of an eigenmode as well as providing a
guantifiable model which bypasses many experimental
complications. Consider first a linear waveguide infinite

in the 2z direction containing some plasma and a static



Figure 4-10.

Measured wave amplitudes.
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magnetic field By along the z axis. The cross section and
plasma parameter profiles are completely arbitrary so long
as they are not functions of z and they allow propagation
of the fast wave. A current loop of equally arbitrary
shape protrudes into the wavequide at z=0 with length 21
(figure 4-~lla). The antenna launches waves in both =z
directions, but by symmetry we will consider only the
right traveling wave. For én antenna whose length is much
less than the parallel wavelength of the fast wave, 1t can
be shown?? that the electric field ramps up linearly
beneath the antenna from.a value of zero at z = =1 to a
value of E' at z = +1. This can be thought of as the
result of a series of filamentary currents each launching
its own wave in phase with its neighbors. The sum departs
from linearity as the antenna length in the z direction
becomes a significant fraction of the parallel wavelength.
The total back electric field, even for a long antenna,
averages to some value we will call E,+ Suppose further
that we have calculated this plasma response E, to the
particular current distribution for the specific geometry
of the experiment. Now place an infinite array of
identical antennae in the waveguide at a spacing of 2 R
(figure 4-11lb). The first antenna to the left generates
at the test antenna an additional back electric field

twice that of the single antenna, but attenuated and phase



Figure 4-11.

Plasma filled wavegquide model.
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shifted by the plasma an amount exp(~a+ib). The reason
the contribution from the other antennae are twice as
great than from the test antenna on itself is that its own
back field is increasing linearly and so0 sees an average
of only one half while the other antennae make a full
contribution of the maximum value to the field. The nth
antenna's contribution is ZEOexp(n(-afib)),_énd_the.total

contribution is:

Eiotal = Eg+2E, exp(n(-a+ib)) (4-17)

Summing this infinite series to get Erotalr we get:

lw-exp(~a)+2isin(b)exp(-a)

Etotal = Bo lflefp(*a)¥exp(*13) (4-18)

If we replace the infinite linear configuration with a
closed torus containing a single antenna (figure 4-1llc),
the same formalism applies. The parameter a is then the
attenuation of the wave due to absorption mechanisms in
one transit of the torus, i.e. the number of times a wave
transits the torus before its magnitude e~-folds. Then b
is the phase shift imposed by the propagating wave, b =
2¥m, where m is the number of full wavelengths that fit
around the torus, and is integral for an eigenmode, and

half integral for an antimode. This back emf has both
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feal and imaginary components, corresponding to the
resistance and reactance applied to the driving current.
The real component E, times the antenna currént I is just
the input power to the plasma. Additionally there is a
reactive Cbmponent E; which may be represented in the
series lumped cbmponent model shown in figure 4-12 as the
'voltage produced by the current flowing through a
reactance of value Xp- The physical reason for this
behavior is similar to that found in a resonant microwave
cavity except that the waves are traveling rather than
standing. If the wave is a little "fast" for instance,
the induced voltage arrives back at the antenna before the
current has returned to its initial phase, i.e. the phase
shift is inductive. Formally integrating the electric
field to get the back emf and dividing equation 4-18 by
the instantaneous antenna current and separating it into
its real and imaginary parts gives with a little algebraic

substitution:

sinh(a)+isin(b))

z_t_o_tal T o~EBER AT =E55E) (4-19)

Z, is a real coefficient which for a given value of a is

chosen to make 77,5157 = rg at b = @ giving Z, =

_ rs(cosh(a)wl)/sinh(a). Equation 4-19 clearly shows the



Figure 4-12.

Series equivalent tank circuit..
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benefits of heating on an eigenmode. For a lightly damped
fast wave the resistive series loading Ly is on a mode
~2/a larger than for a highly damped wave where a>>1.
Fortunately is strongly peaked on the mode, but it
declines rapidly away from the mode center. The plasma
reactance ixpi is =zero on a mode, and highly vpeaked
adjacent to the mode, decreasing more slowly away from the
mode center. Figure 4-13 shows the relative widths of the
resistive loading resonance as a function of a, while
figure 4-14 shows the behavior of the reactive component,
The width of the resistive component 1is easily
expressed in terms of the full width at half maximum:
by (FWEM) = 2cos™ 1 (2-cosh (a)) (4-20)
An analogous width based on the spacing between the two
points where |X

pI reaches a maximum may be defined as:

b, {(FWHM) = 2cos’ 1

1 -
0 (55§WT§T) (4~21)

We get the usual dependences for a resonant circuit in
which the width is broader for increasing dissipation.

The concept that weaker damping produces a greater
loading 1is somewhat <contradictory and deserves some

explanation. The reason for needing weak danmping contains



Figure 4-13.

Eigenmode equivalent resistive loading.
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Figure 4-14.

Eigenmode equivalent reactive loading.
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two components, one involving pure physics and the other
practical engineering., From a physics standpoint, weak
damping implies that the entire plasma is essentially
equally accessible to the wave. This allows the power to
be distributed to all the resonance zones rather than
being concentrated at only one section or near the
antenna. An example would be the propagating slow waves
which cannot reach the core for reasons already discussed.
Power would have to be deposited near the edge.

One can then ask about an intermediate case with a =
2. The damping is still weak enough to heat the plasma
uniformly but strong enough that the wave has a negligible
effect on the antenna after one toroidal transit. For a
lérge ‘enough current in the antenna we can apply
arbitrarily large amounts of power to the plasma. In
practice we must be limited by the amount of voltage which
may be applied to the coupling structure. Conceptually
the advantage is easily seen from the parallel circuit
model (figure 3-7) used in section III. Heavy loading
corresponds to a small parallel resistance. We can write
the loading resistance in terme of the series eguivalent

and express the power input as:
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2
Ver
P = s
g _ (4-22)
X5
where X, 1is the wusual value of the lumped «circuit

component at W,« For a constant voltage, the power input
is proportional to the series loading. Since a large a as
discussed above represents an extremely hot plasma already
at thermonuclear temperatures, we can now consgider a more
physical case of a lightly damped plasma which is being
heated well off an eigenmode. Since the waves interfere
destructively the fields in the plasma are smaller, the
serles resistance is lower, and the heating less, In all
these cases the result of heating on an eigenmode is to
reduce the effective parallel impedance seen by the «rf
source, i.e, an impedance matching to more physically
realizable parameters.

Because of the desirability of using an eigenmode for
power deposition, it would be advantageous to be able to
adjust the driving mechanisms or even the plasma
parameters to keep the rf source at the correct freguency
for as long as possible,. Various schemes have been
proposed or applied, including both open and closed loop28
feedback for shifting the rf source freguency, and even

mechanically adjusting the limiter radius to resonate the
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lasma column26. In this experiment we have an rf source
P

whose frequency can be shifted by the plasma in a
beneficial manner.

To study this effect, we will adopt a slightly
simplified version of the fast wave dispersion relation,

sometimes called the elliptical approximation3g:

(1-N%)-5
[IEREE

(1+
Woi

NH = {4-23)

This approximation (figure 4-15) differs from the more
exact expression by overestimating N; by at most 10%. For
simplicity we will also assume By and the plasma size are
constant during the time of interest. Both assumptions
are well satisfied in the experiment, All variationg in
the dispersion relation will be assumed to enter through
density variations effecting the Alfven velocity, i.e.
[ (dn/dt)/n| >> | (dB/dt}/Bl.

If the density and plasma column are sufficiently
large there will exist instantaneously a W' such that if
the rf source were on that freguency it would be driving
an eigenmode with a parallel mode number m' an integer.
The perpendicular mode numbers are assumed to be integral

but otherwise arbitrary, and as they are much less



Figure 4-15.

Simplified dispersion relation.

91



1.0

0.5

92

O\ SIMPLIFIFD
» \  DISPERSION

ELLL
DisPERSICN N\ PrLATION
RFELAT 10N
1
0.5 A




93

sensitive to changes in plasma parameters, will be assumed
constant throughout the experiment. The toroidal mode
number m' 1is just the number of parallel wavelengths

around the torus and may be written as:

RW'
m' = (4-24)
viT

A similar relation for the frequency w actually being

excited is:

RW
m = (4-25)
VT
Hence:
ini
m = m' (4~26)

To eliminate the velocity dependence we invoke the
dispersion relation equation 4-23 with V, constant and

arrive at:

=

1+

(__S2y+5 (4~27)
1

A

W
m = m'
W‘t‘

E

]
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Now we have finally:

b = 2Tm-m') = 2Tn’ (7 cl).5_1) (4-28)

which supplies the angular spacing between the actual and
ideal mode frequencies. The sign of the induced reactance
is such as to pull the rf source toward the ideal
frequency. The rf source has a natural freguency Wy =
(LOCO)"G'5 in the absence of plasma. We may ignore the
slight effect of the resistive component on the fregquency
since rg << Xg- This is Jjustified here but not
necessarily so for a more heavily loaded experiment.
Retaining the loading would result in the eigenmode
resonance being slightly asymmetric. The presence of
other modes far from W, will also be ignored. They are
widely separated in Tokapole II and have the effect of
shifting W, slightlyzg. We calculate the perturbed

frequency by reguiring the sum of the complex reactances

to be zero:

Xp =X~ +X_ = @ 4-29
Lo~ %c,  ¥p ( )
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where X and Xc are the values of the lumped reactances

0
in the tank circuit. This may be cast in a form

Lo

normalized tco the lumped reactance:

2
X_W X
- PO P .5 -
W= o O (L 21) . (4-30)
o] 4XO

By combining equations 4-19,4-28 and 4-3f, we arrive at a
nonlinear egquation easily solved iteratively for W/W, in
terms of W'/W,. Previously we have assumed V, constant to
look at the plasma at a fixed time. To calculate the
change of W' to changes in density we define n, as the

density where W' = W and n' the actual instantaneous

OI
density. Since at all times m=m', equation 4-26 becomes

if W = WO:

€ly.5 (4-31)

Finally, again holding B constant, eguation 4-29 becomes:
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2
W W
4 + !
Wi AT
Wr=W_ e (1H {1+ ’ ) 7Yy (4-32)
02(—Wm+l)n' ( )dn
Wci ng ©

Equation 4-32 is remarkably insensitive to B and is easily
linearized over the range of validity.

In order to experimentally evaluate this theory, we
need to know approximate values of Z, and a. Both may be
calculated theoretically24'3ﬂ, but the large vacuum region
as well as the unusual field structures in Tokapole IT
prevent doing this to sufficient accuracy. The primary
problem comes in calculating the contribution of the wave
fields in the edge to the phase velocity. Rather than
adjust the theory parameters to give physically reasonable
results, it was decided to use the direct loading
measurements for Lo

The damping decrement a was evaluated by a technigue
proposed by Takahashi3®, Instead of 1looking at the
response of the antenna to its own wave, we place a small
rf b, probe into the edge of the plasma. The antenna
current is also monitored directly by a Rogowski loop.,
For an antenna current I, a signal s proportional to I is
detected at the probe from the first pass of the wave.

For each additional wave transit there is an additional
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contribution sIexp{(n(-a+ib)) as before. This sum can be

written as:

sT

5 ) S
total T=EXp[~aTCcosTn)

(4-33)

For n integral, the sgignal 1is real, on a mode, and
produces a probe signal Sr=sI/(1—exp(~a)), For n half
integral, the signal is real, on an antimode, and is

detected with a magnitude Sa=sia/(l+exp(—a)). Defining

v=1,5./1 .8 , we can solve for Stix's a to get:
Y+1
a = ln 4-34
(g=1 (4=34)

The assumptions for this approach are essentially the same
as before giving hope that the same deviations from an
ideal case will tend to cancel. The greatest deficiency
is that the temporal spacing between the mode and the
antimode is much greater than the width of the single
mode. The assumption that the plasma profile and coupling
are little modified between the two points is less well
satisfied, but should nevertheless give a fair

approximation of a. Figure 4-16 shows a typical case.



Figure 4-16,

Antenna current and rf bz versus time.
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Figure 4-17 shows a versus location of the resonance

zone. Taking a typical value of a for resonance as .2 and

r  as .5 ohms we can examine the agreement with the theory

s

by measurement of the frequency shift magnitude,

direction, and dependence on n.

For the heating =zone in the plasma center, the

theoretical frequency shift is shown in figure 4-18 along

with the measured data from the phase locked loop
frequency meter. Figure 4-18 represents a rising density.
plotted in figure 4-19 is a similar plot for a falling

density at the end of the

appearance 1is the same, but

discharge. The dqualitative

the order of the freguency

shift is reversed and the longer period reflects the

slower rate of decay of the density in good agreement with
theory.

Finally, we may move the resonance zone toward

the plasma edge where the damping is less. The magnitude
of the frequency shift is a complex function hidden by

this formalism, but the width between the two points of

greatest fregquency shift is independent of the actual
loading. Figure 4-2@ shows the agreement of the width
with the measured a.

The effectiveness of the enhancement of the power

deposition can be evaluated by comparing the ratios of the
theoretical integrated series resistance over the passage

of the mode with and without the tracking reactance. For



i01

Figure 4-17,

Spatial dependence of damping decrement a.
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Figure 4-~18.

Plasma induced frequency shift, rising density.
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Figure 4-19.

Plasma induced frequency shift, falling density.
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Figure 4-20.

Angular shift width vs damping decrement a.
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this case it 1is probably better to concentrate on the
narrow section of the mode where the tracking is most
effective., We find for .9<W’/Wo<1,l the ratio is 1.39%9. A
39% improvement in power deposition over the realistic
tracking range is useful, but now let us examine the
behavior of the tracking effect with wvarious parameter
changes. Holding all other parameters constant, we see
that the tracking effect increases as the toroidal mode
number increases. A change in V[E is " m times more
effective than for a single wavelength. Since the LHCP
component decreases with increasing m, this effect is
counter productive.

Changes in the plasma obviously effect the damping
and loading, but we may conceptually decouple these two
effects by considering changes in the damping as being due
solely to changes in the ion temperature. Since both the
damping decrement a and the loading in the absence of
toroidicity go as Ty, we can hold these two in a constant
ratio and examine the temperature effects on loading. The
effects of the changes in r, may be examined by holding
the temperature constant and imagining adjusting the
antenna to be more or lesg efficient. The results will be

pregented in generalized units where r_, is given in terms

]

of its magnitude relative to a. Additional detail would

he useless as both a and r_. are sensitive functions of the

3
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plasma size, temperature, composition, and the launching
structure. Additional details for the exact calculation
of a and ry for specific applications are covered in many
papers, but most clearly in reference 34.

Figure 4-21 shows the behavior of the tracking with
respect to increasing temperature. The tracking is
relatively ineffective at very 1low and very high
temperatures, but is relatively independent over a wide
range of températures. The effectiveness increases

monotonically with r In practice the loading cannot be

S.
increased without limit due to restrictions on antenna
size and coupling. Also, for sufficiently large values of

r the induced reactive component is sufficient ¢to

s
dominate the lumped circuit components in the tank circuit
and cause the oscillator to be unstable.

The use of such a circuit is seemingly ideal for the
present generation of small and medium sized research
devices. Significant gains in power input can be made
with fewer components than would be required for a
conventional oscillator-amplifier~coupler—antenna chain.
Such a design does require individual construction though,
and is not readily adaptable to frequencies above 720 MHz
because of the difficulty in supressing ©parasitic

oscillations. For use in larger machines the active

tracking techniques currently under development promise to



111

Figure 4-21.

Tracking heating enhancement vs damping decrement a.
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allow tracking over much wider ranges. The density of
modes for larger devices, however, would tend to frustrate
tracking efforts due to theif great number and close
proximity to each other. Also, the presence of ion-ion
hybrid resonances may greatly mask such effects, as would
the resonant minority particles in a deuterium-tritium
plasma. If the very formidable engineering problems could
be overcome for making such a passively tracking rf source
operate in a reactor frequency regime, this sort of
tracking might again be useful. The high density of modes
would provide a spectrum of c¢losely packed modes which
would not require great frequency excursions from Wo e AN

f£/f, for this experiment is < .@06.



V., ION HEATING THEORY AND CALCULATION

"A. 1Ion Heating

Having demonstrated the existence of an rf field with
'significant LHCP we can now proceed to calculate the power
‘deposited in the plasma ions. We start with the basic

definition of power input as:

Papg = <Re(J-E)> - (5-1)

Defining the effective dielectric tensor K = U + &/iw€,
where U  is the identity matrix and & is the normal

conductivity tensorzﬂ, we can rewrite equation 5-~1 as:

_ 1

abs = g{(~iWE)E"" (R-R*)E (5-2)

P
Noting that K~K = 2iR® where K® is the anti-Hermetian part

of the dielectric tensor we get:

WeE* (K 'E)
Pabg = ey (5-3)
For a c¢old plasma the anti-Hermetian part 1is =zero

resulting in no power deposition. The warm plasma

dispersion relation is complicated even when appropriate

114



115

approximations are made, but fortunately power absorption
has been shown3”'3l to reduce to the more tractable and

usable form:

2. L2y2
p Jﬁiew k Vt)(hn"l)exp(m(w ~hnW, )) (e 2 (5-4)
NIt Vol KTV 2W “”EIIV +
where hn is the harmonic number W/Wci and Vi = (ZkTi/mi)'S

in the ion thermal velocity for a Maxwellian distribution.
Assuming that the field E, is kept constant, we see that
three factors influence the power deposition. First, the
exponential factor is negligible except in a narrow range
where the magnitude of its exponent is smaller than unity.
Since W,; is a function of position dominated by the 1/R
dependence of the toroidal field the width of this heating

range is (figure 5-1) then:

2K | |V, R
L= g (3]

where R is the machine major radius and the shear is
assumed to be zero. Physically, the plasma is assumed
collisional enough that particles iose their energy and
phase information between passes through the heating

strip. Each kick received by a particle passing through a
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Figure 5-1.

Tokamak cyclotron resonance zone,
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resonance zone may be congidered random. Interestingly
Stix? has demonstrated that the collisionless damping in a
non-uniform B field yields the same results as the hot
plasma theory usually used in detailed Fokker-Planck
calculations. We see by eguation 5-5 that the number of
ions in the heating zone decreases with increasing
harmonic number. Secondly, the finite gyro radius term
kfv§/2w§i= '5(kLrL)2 where rp is the ion gyroradius and is
typically = ,02 for Tokapole IT at hn = 2, It increases
only 1linearly with temperature but decreases with Btz.
Thirdly, it can be shown® that the heating strength is
proportional to Jm(k!rL)' Since the first maxima of a
Bessel function for m > # occurs at progressively larger
values of ki L with increasing m, the heating tends to
produce tails at the expense of body heating., This is
undesirable for both obvious physics reasons and the
engineering fact that rf power becomes more expensive with
increasing frequency.

By assuming |E,] is constant over the coupling =zone
width and integrating across the c¢ross section of the

plasma:

Gwzlvg c
Ptotal ..I"_B__Ej__ eyl 2%y 3y (kjxy)  (5-6)

CRTTR
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where 1, = 2TR and the other constants are as defined in
section IV. For the few modes accessible in Tokapole II
we can construct the table in figure 5-2., Calculation of
the m = § and the m = +1 normal case is straightforward
because they follow the (relatively) simple theory
presented in this section. The usual assumptions needed
to calculate the wave coupling by the antenna to the
plasma in the edge region may be bypassed since it was
possible to measure directly the bz field component., For
the m = +1% case no such simple theory is available.

A curiosity of eigenmode heating is that while the
series resistance reflected into the antenna is
substantially higher than for the off-resonance condition
for a given mode, that resistance decreases with
increasing plasma temperature, This paradoxical result
may be understood by realizing that the antenna behaves
somewhat like a transformer with a variable turns ratio.
Increasing the plasma temperature makes the plasma more
dissipative, but it also decreases the amount of flux
linking the primary resulting in a smaller impedance
transformation, A simple derivation of this which

bypasses the messy details may be made by noting that:
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Figure 5-2.

Al lowed mode values.
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Prcrp © g wio? _ wo (5-8)
L 2rs ol

where O is the wave flux through the antenna (primary), Q
is the quality factor of the plasma, and U is the stored

wave energy in the cavity. Solving for r  we get:

2
r. o= W07Q (5-9)

Since both ¢2 and U are proportional to the square of the
wave amplitude, only the Q term with its TIl dependence
survives. Hence the benefits of eigenmode heating are
still substantial, but they decrease with increasing
plasma temperature. In the case of a reactor this would
be a factor of = 3.

B. Electron Heating.

Using the same general technigue as for the ions,
Stix? has shown that when the phase velocity of the wave
Vp is near the electron thermal speed VTe the electrons
undergo transit-time magnetic pumping and electron Landau
damping. These effects have been shown to be coherent
with cross~terms. The transit-time and cross-—-terms
exactly cancel with only the Landau damping surviving.

The power to the electrons is one half that calculated for
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the transit-time damping alone. Thug the power input

density may be written:

2
P Vo W
@ T W Vv
= —6__ % ((P%)2Zayp (- P2 |2 (5=7)

where W,, and W are the electron cyclotron and plasma

pe
fregquencies respectively. For the estimated 5@ eV
electron temperature in the plasma with the antenna
installed, Vp = 3 X 10° msec™ while vy = 7 x 10°
ul sec"l. In practice bZ peaks at the plasma edge where
VTe is expected to be much lower, suggesting that power
input to the electrons is negiigible.

A reasonably unambiguous technigue was evolved to

detect electron heating. Spitzerll has shown that the

resistivity of the plasma may be written as:

1.5 2,.2.2 A
m<Ze“c“lin
= M € {5~8)

75
2(2kTe)

RSpitzer

where 1nA is a very weak function of the electron
temperature and density and may be considered a constant.
Since the resistivity is only a function of T, and Z, any

electron heating should be manifested in a reduction of
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the resistivity and hence the loop voltage. Using a probe
technique developed by Miller32 and Shepard33 we were able
to measure the loop voltage across the entire plasma cross
section. It was found that the ICRF did decrease the loop
voltage when the rf was applied during the starfup phase
by allowing the plasma to form more guickly. After the
" plasma was started there was no difference in the 1loop
voltage at the highest power levels applied until nearly
one ms later when additional impurities which had diffused
into the plasma had raised the loop voltage. ©No electron

heating was detected at any radius.



VI. ION HEATING EXPERIMENTS

A. The Standard Experiment

The time evolution of the normal discharge with ECRH
pre-ionizaton and the Mark II antenna installed is shown
in figures 6~1 and 6-2. The gap voltage (part 6-la) is
used to drive the plasma current. The more conventional
loop voltage on axis (part 6-1b) is measured3 2 directly.
Bt {part 6-~1c) is allowed to reach its maximum near the
peak of the ohmic heating voltage and is then crowbarred.
The plasma current (part 6-1d) rises gquickly and is
relatively stable for a period of < 1 nsec. The ohmic
heating power (part 6-2a) is substantially above that of
conventional tokamaks due to the high plasma resistivity.
The ICRF power (part 6-2b) 1is only shown here in an
illustrative manner and will be discussed in detail in
section VIB, The electron density (part 6-2c) is only
shown for the normal discharge without ICRF and after the
rf pulse since the rf disables the interferometer. The 14
kW X-band (part 6-2d) is used to provide preionization for
the ohmic heating. Not shown is a 108 watt S-band (2,45
GHz) source which is on throughout the experiment. The
normal filling pressure is T 3 x 1874 torr with the gas
triggered 16.67 msec before the poloidal gap voltage and
with late gas puffing to hold up the density triggered at

125
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Figure 6-1.

Typical experimental parameters (I).
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Figure 6-2,

Typical experimental parameters (II).
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1 msec after the ohmic heating voltage is applied. The
plasma density, current, and discharge length are
approximately a factor of 2 below those obtained with the
antenna retracted in the normal discharge. Part of the
performance is regained by increasing the ohmic heating
voltage 25%. Similar problems exist with the use of other
types of baffles indicating significant current flowing
beyond the magnetic limiters. The electron density
increase with rf is at least partly due to impurity influx
from the walls and especially the copper hoops.
B. Antenna Loading

The definitive test of the heating theory in section
V comes from a comparison of the power deposited in the
ions as measured at the rf source with the power computed
from the measured rf fields with equation 5-6., In order
to make this comparison, several factors nmust be
considered in the loading measurements made using the
method of section IIIC. There are other sources of
loading which can mask the eigenmode loading on the rf
gsource. The early Mark IIa antenna showed an essentially
constant loading at < 1308 ohms independent of the
toroidal field and all plasma parameters except the
density. The loading, but not the heating, scaled roughly
linearly with density. While significant plasma heating

and wave generation occured, it was impossible to see
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clearly increases in loading due to the presence of
eigenmodes (figure 6-3a}. The addition of a Faraday
shield reduced the background loading by a factor of =
2.5, and for the first time made clearly visible the
enhanced eigenmode loading (figure 6-3b) in the dc drive
current IDC (figure 2~2) from the power supply to the
oscillator.

This additional background loading comes from two
sources. The primary source is the "parasitic loading”
caused by the presence of plasma in the near field around
the antenna. Particles are electrostatically accelerated
into the antenna depositing their energy as heat and/or by
sputtering off impurities. The second sgource 1s the
normal cyclotron heating in the evanescent X field present
around the antenna even when the density is too low for
wave propagation. This mode was used 1in the earliest
small machines such as the Model C Stellarator which were
too small for propagating modesz.. The limited space and
other mechanical <considerations on the antenna made
construction of a truly efficient Faraday shield such as
used in TFR33, ATC, or PLT difficult. The residual
locading remaining after the installation of the Faraday
shield is understandable in terms of the electrostatic

fringe field that leaks out through the gaps in the shield

and the significant plasma density expected at the



132

. Figure 6-3.

(a) I AL time for the Mark IIa antenna.
(b} Ine vs time for the Mark IIb antenna.
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unshielded bottom of the antenna as well as in the
evanescent zone heating.

In order to separate the sources of loading, the
model of figure 3-7 will be used with the plasma further

divided inte two parallel resistors and

Reigenmode

Rbackground' These may be experimentally resolved by
noting from rf field measurements that the fields are down
a factor of ~ 20 away from the antenna during the time of
interest in the absence of an eigenmode and by assuming
that all the loading immediately adjacent to the loading
peaks is purely backgound loading. The loading measured
on a peak is just the parallel sum of the background and
eigenmode loading. The pure eigenmode ion loading is then
calculated from the standard parallel resistor formula.

By combining the loading measurements with the rf
field measurements we can identify the power input from
the 3 types of modes in Tokapole II (figure 6-4). The
agreement 1is reasonably good. The higher 1loading than
predicted from the actual wave field probably comes from
the crude model used which ignores edge heating, profile
effects, and wall loading. The decrease in loading with

-1
increasing T; is consistent with the Ty dependence of

eigenmode heating (figure 6-5).
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Figure 6-4.

Measured vs calculated ion power input for the m = §
and m = +1 modes. '
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Figure 6-5

Dependence of the m = @ mode loading on Ty.
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C. Ion Energy Distribution

The charge exchange analyser enables the resolution
of non-Maxwellian distributions not easily detectable with
Doppler techniques. A typical ion velocity distribution
is shown in figure 6-6 for both the purely ohmically
heated and rf supplementary heated cases. This
two—component distribution in the rf case is typical of
heating schemes which preferentially heat more energetic

2'21. Experimentally the tail constitutes about

particles
8% of the particles in the hottest plasma obtained. The
body temperature must be regarded with some caution
because charge exchange measurements were made in the
109-480 eV range which is far out on the distribution for
a temperature of <188 eV where statistics were relatively
poor. The break near 2 keV is consistent with particles
being lost through loss cones caused by poorly confined
_particles on banana orbits.

ﬁ. Ion Heating Parameter Variation

Normal operation with W = 2W on axis placed the

ci
fundamental and third harmonics completely outside the
plasma column. A crude demonstration of this heating can
be seen in figure 6-7. The line average density of Cu I
was measured spectroscopically with different toroidal

fields on axis. The enhanced copper radiation is assumed

to be due to energetic ions or charge exchange neutrals
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Figure 6-6.

Typical ion energy distribution from charge exchange
measurements. : : :
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Figure 6-~7.

Cu I radiation vs location of B, (W = chi) resonance
zone,

The presence of the = 5 kG fields around the internal
rings shifts the location of the resonant {B| = 4 kG
surface near the copper rings.
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impacting the hoop. The two largest peaks occur with the
resonance zone near the hoops, but the smaller peak in the
center is caused by heating of the current channel.

A more detailed result is shown in figures 6-8 and
6~9, The first was obtained by moving the resonance zone
by adjusting By while holding the plasma current
approximately constant. A minimum of 158% of the «rf
voltage needed to saturate the ion temperature was used.
The single data point with negligible heating occurs when
there is no cyclotron resonance in the plasma. Figure 6-8
shows a similar plot where the rf voltage was reduced
below the saturation point. While this ignores profile
effects it does demonstrate that in Tokapole II the
attainable temperature was independent of the harmonic
used so long as sufficient power is available to overcome
coupling inefficiencies. The presence of higher harmonic
resonances in a low aspect ratio device will provide some
additional heating, though the W = 2W_,; term clearly
dominates. The W = W,; slow wave resonance 1is
substantially less effective than the higher harmonics as
expected.

Since the loading of the antenna 1is proportional to
@2, it is desirable to place the antenna in the highest rf
field region possible. The Mark II antennae were

adjustable in spacing from the plasma. Figure 6-18
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Figure 6-8,

Maximum ion temperature vs harmonic heating number on
axis, high power.
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Figure 6-9.

Maximum temperature increase vs harmonic number, medium
power.

The multiple resonances are shown to indicate which are
responsible for heating.
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Figure 6-10.

Relative heating and coupling vs antenna insertion.



RELATIVE HEATING /7 LOADING

. RELATIVE HEATING /7 LOADING
vs ANTENNA INSERTION

@ Loading
X Heating
_ y X
X X
®
® ®
®
X X
9
X
(K- & ®
Typical
EError
Bar
N R D U N SR N B
o | =2 3 4 5 6 7 8 9

Antenna Insertion Beyond Tank Wall {cm)

150



151

demonstrates the strong dependence of both the 1loading
resistance and the attainable temperature. The break
where the antenna protrudes beyond the separatrix and
begins to reduce the central plasma channel is apparent.
This problem will be much less severe in a higher density
machine where the propagating region extends to the
limiter, Figure 6~11 shows the importance of having the
launching device perpendicular to the local kil'

Tokapole IY experienced enhanced reflux and
impurities with the application of rf. In the somewhat
dirtier machine of May 1979, the rf produced a marked
decrease 1in the amp-~secs performance parameter4, This
termination was still very benign in sharp contrast to the
major disruptions precipitated by the rf in the 8T
tokamakzz. This effect is due to the enhanced impurities,
and it closely parallels the results obtained by
deliberate impurity doping achieved by Dexter and
Groebner34, The much cleaner machine of March 1988 showed
only a slight decrease in amp-secs at the highest power
available despite several improvements in the rf source
(figure 6-12), This edge heating is due in part to the
fact that modes with small radial mode numbers have large
gradients in E, near the edge of the plasma. Also, the m
= +1* mode has a large IE+| component near the edge of the

plasma. Since the profile is hollow at startup when this
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Figure 6-11.

Plasma loading vs antenna orientation relative to the
localBH. o ' - : o



153

JUIPDO ™ STI4RG PBZDUWION

[se9ibop) "o 0} filannoipusdied woelgd uoliniAaeg DUUTIY Y
0% 02 01 ¢ Oi- o¢- 0t-
1 _ i ! | 1
ANOT= ‘g
AME = g
m.\
Az = ‘g
X
Q O Q.-
L
O




154

Figure 6-12

Amp-secs vs applied rf voltage.
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mode propagates, the effect is further magnified.
Figure 6-13a shows the enhanced C III radiation as a
function of the time the rf is applied.

The largest impurity effect is seen in the Cul
radiation. While all other impurities in the May 19890
machine at most doubled, the Cu I radiation could be
increased by more than an order of magnitude
(figure 6-13b). While no quantitative calculation could
be made, directional measurements indicated the
enhancement was isotropic with respect to the four hoops,
unlike the ohmic case, and was proportional to the power
input. The increase in Cu I radiation was not peaked in
the vicinity of the antenna. This demonstrates that the
heating was not a near field effect since the antenna has
several copper fittings and was located between two lower
hoops. This suggests that losses to the hoops may have
been a significant loss mechanism for energetic particles.

Theoretically, several mechanisms are expected to
cause significant power loss. Low current tokamaks such
as ST and ATC22 have suffered from gyroradius limitations
in which particles with large perpendicular energy are too
energetic to be confined by the poloidal flux and are lost
by impacting the limiter. Kieras has shown32 that
particles above a few hundred eV which are sufficiently

collisionless that the bounce frequency 1is near to or
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Figure 6-13.

{a) Enhanced C III radiation vs rf application time.
(b) Enhanced Cu I radiation vs rf application time.
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greater than the ion-ion collision fregquency are lost
primarily to the antenna or depart the current channel.
The truncation of the distribution function
(figure 6-6) is not sharp for several reasons. The loss
of particles only occurs for counter streaming particles
whose banana orbits lie on the outer edge of the current
channel. Also, the minimum perpendicular energy at which
particles begin to be lost is a continuous function of the
minor radius with particles beyond about half the plasma
radius being only weekly confined. Also, the charge
exchange analyser sees a weighted average of the particles
on a cord which is nevertheless peaked at the hot center
of the discharge. Finally, the resolution of the charge

exchange analyser is - 125 eV at thig energy. Figure 6-14

2

compares the experimental values with the theoretical Ip

dependence35.

The gross energy confinement time for Tokapole II has
been established in the past4 to be approximately 258 usec
by assuming équal ion and electron energy confinement
times. Because T; << T, in the ohmic case the exact
number is insensitive to the ion energy confinement time
ty. The charge exchange measurements enabled two
different independent measurements of t; directly. The

first technique involved noting that above approximately

408 eV the charge exchange signal was negligible off an
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Figure 6-14.

Gyroradius energy limit wvs Ip-
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eigenmode resonance. Even below 680 eV the signal was
still readily apparent above the ohmic heating signal.
Since the modes were quite sharp it was possible to assume
the heating was abruptly terminated with mode passage and
then measure the e-folding time of the charge exchange
signal. Any additional heating would make this
determination an upper bound on t;. This loss rate was
found for collisionless particles to be proportional to
E‘l, with the increase in confinement time saturating in
the collisional regime (figure 6-15). Secondly, the
confinement time could be calculated from the assumption
tenergy = U/P where U is the stored energy in the ions and
P is the ICRF input power. Figure 6~16 gives the bulk
energy confinement time of the effective Maxwellian
temperature <E> at various plasma currents. The
decreasing dependence of t; on <E> with increasing Ip
suggests the gyroradius term loss is progressively less
important with increasing current as expected. Assuming
the confinement time indicated by saturation in
figure 6-15 is the bulk confinement time, the agreement is
good between that time and the measured time from figure
6-16 at Ip = 25 kA.

The change in confinement and power input is

reflected in the attainable temperature (figure 6-17).

Both the body and tail temperatures are effected. By
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Figure 6~15.

Particle confinement time vs particle energy.
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Figure 6-16.

Ion enerqgy confinement time vs <E>,
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Figure 6-~17.

Increase in ion temperature vs ICRF power.
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holding the other parameters approximately constant it was
observed that the attainable body temperature was
essentially a linear function with negative slope of the
£illing pressure except where the filling pressure was too
low to a form a good discharge (figure 6-18).

We can also examine the ICRF input power and the
charge exchange power loss for correlation. The charge
exchange losses for figure 6-19 represent a best guess in
the absence of detailed profile knowledge but should be
better than a factor of 2 in accuracy. One would expect
that at low power levels the ohmic input power to the ions
would be dominant, while at the highest power the rf input
would dominate. The losses should result from the finite
gyroradius effects. In the intervening regions, ion
thermal conduction and charge exchange losses should
dominate. Qualitatively this is observed, especially for
the highest plasma current where loss coneskshoqld have
the least effect. It is tempting to assign the region
where the magnitude of the charge exchange and ICRF terms
are equal as being dominated by the charge exchange loss.
This scenario is very plausible in light of the high
neutral density but is probably too simple to be accurate
in detail, Detailed transport codes which are accurate in
conventional tokamaks indicate no single dominant loss

mechanism. The presence of internal rings, the absence of
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Figure 6-18.

Maximum ion temperature vs filling pressure.
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Figure 6-19.

Charge exchange power loss vs ICRF power input.
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detailed profile data, and the temperature range in which
the plasma cannot be characterized as being mainly in one
transport regime complicate the guantitative solution

beyond the range of this experimental thesis.



VIiI. POWER FLOW

We are now in a position to make an approximate
accounting for the power flow in this experiment
(figure 7-1). The highest density and plasma current will
be used as representative of the most relevant regime.

It must be explained that while the efficiency of the
total rf system is relatively low, this should not be
considered a fundamental limitation. The tubes used in
the rf source will drive individually a parallel
resistance * 220 ohms, or collectively = 448 ohms in the
center tapped push-pull circuit used. Additionally the
movable antenna has multiple connections which are purely
mechanical, increasing the series resistance. As the
available power was ample to saturate the ion temperature,
and the total equivalent loading was well above the tube
plate resistance, no further effort was made at
optimization. Finally, the small antenna required by the
hoops and retraction equipment subtends only 38 degrees in
the poloidal direction and has a relatively flat Fourier
gpectrum with the m = @, *1 mode coefficients ® .@8. Such
factors will of course be much less severe in a large
device optimized for rf heating. Figure 7-1 lumps all
electrostatic and other loading effects identified as

being unrelated to cyclotron heating as "parasitic.”

175
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Figure 7-1

Power flow for the complete ICRF heatlng system w1th Mark
IIb antenna. :
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VIII. CONCLUSIONS

We have demonstrated that fast magnetosonic waves
propagate well in a four node poloidal divertor device
with a large surrounding vacuum blanket. The ion heating
theory was tested by comparison of the actual measured
power input with the heating calculated from the measured
wave amplitude and is in excellent agreement,

Passive mode tracking is effective in increasing the
power deposition during eigenmode passage and is in
excellent agreement with theory.

While the ion temperature increases initially
predicted36 were not achieved, the ion temperatures have
been increased from 35 to 75 eV with tails of 320 eV. The
jon temperature limitation is gualitatively in agreement
with loss mechanisms due to charge exchange loss and
finite~gyro radius effects. The only deleterious effect
is a 1#% benign decrease in discharge length due to

enhanced impurity influx.
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