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Excitation of Alfven waves in the TCA tokamak using an external antenna structure produces a radi-

ally inward propagating and strongly damped wave which is observable through its associated density os-

cillations. It is found to have the properties of the kinetic Alfven wave predicted to be created by reso-

nant mode conversion at shear Alfven wave resonance layers. Our experimental results are compared
with the original theory of Hasegawa and Chen and with numerical calculations in cylindrical geometry.

PACS numbers: 52.50.6j, 52.35.—g

Resonant absorption of radio-frequency power at the
local Alfven resonance as a means of plasma heating was
proposed by Grossmann and Tataronis ' as well as
Hasegawa and Chen. The latter formulated a kinetic
description in planar geometry at high temperatures
where the electron thermal velocity (v, ) is greater than
the Alfven speed (Vz). This theory predicts that an
externally applied low-frequency (co (co„) oscillating
field is mode converted at the Alfven resonance layer to a
short-wavelength wave that propagates towards the plas-
ma interior. The short-wavelength mode is referred to as
the kinetic Alfven wave (KAW). ' The subject was fur-
ther developed by Stix, Ross, Chen, and Mahajan,
Donnelly, Clancy, and Cramer, and Appert et al. The
latter three provided numerical kinetic calculations of
the wave fields in cylindrical geometry.

The experiments have been carried out in the TCA
tokamak with major radius R 0.61 m, minor radius
A 0.18 m, and toroidal magnetic field B& 1.S T. A
plasma current of 130 kA gives the safety factor at the
limiter radius q(a) —3. The antenna structure consists
of eight groups of six poloidal current-carrying bars.
The eight groups occur in top and bottom pairs spaced at
90 intervals in the toroidal direction. Each group is fed
separately so that the toroidal wave number (n) can be
determined by their relative phasings. A detailed
description of experiments on plasma coupling to Alfven
waves for the purpose of Alfven wave heating, a more
detailed presentation of the theory, and an extensive bi-
bliography are presented by Collins et al.

An Alfven resonance is excited whenever the local
Alfven velocity Vz matches the externally imposed wave
velocity co/k~~. In the large-aspect-ratio approximation
this condition can be written as

co p(r) [n+ mq/(r)] (BT/ppB )(1 —co /co„),

where p is the mass density, q is the safety factor, m is
the poloidal mode number, and BT is the total magnetic
field. In this approximation the toroidal field is constant
but BT varies slightly with radius as a result of its depen-
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FIG. 1. (a) Resonance position as a function of frequency
and central density for modeled mass density and current
profiles. (b) Mean radial wave number as a function of posi-
tion (averaged over one cycle of propagation). The solid lines
are obtained from the KAW dispersion relation.

dence on the poloidal field at finite plasma current.
Since the KAW is excited at the Alfven resonance layer
defined by Eq. (1) a radial profile of its wave field can be
used to measure q(r) and hence the current profile.
Figure 1(a) shows the resonance position as a function of
the central density for two sets of mode numbers con-
sidered here, (n, m ) (2,0) and (—1, —1), with
BT 1.5 T in a deuterium plasma, as relevant to our ex-
perimental conditions. The density profile was modeled
to be parabolic and the current profile of the form

j (r) j(0)(1—r /a ) ' such that q(0) 1 and
q(a) 3.2. The flatness of the ( —1, —1) resonance
curve results from its dependence on the safety factor
profile. Our choice of q(0) 1 for the modeled profile is
dictated by our observation that (~ 1, +' I) and (2,0)
resonances are excited in the plasma core at the same
density and frequency.

To detect the density modulations associated with the
electrostatic component of the KAW an imaging diag-
nostic based on the phase contrast method was installed
on TCA. ' It is similar to a laser imaging interferometer
and is equipped with a thirty-element HgCdTe infrared
detector array and mixer detection for sixteen channels.
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It provides simultaneous measurement of the amplitude
and phase of the line integral of the density fluctuations
at sixteen different locations between r/a 0 and
r/a=0. 8. Because of the approximate cylindrical sym-
metry of the waves, the pattern of the line integrated-
density perturbation remains closely related to the origi-
nal radial wave pattern. To a first approximation the lo-
cal amplitude is multiplied by an eff'ective integration
length L,fr (2nr/k„), where k„ is the radial wave
number of the wave.

It is an accepted procedure, when identifying an ex-
perimentally detected plasma wave or mode, to show
that it obeys the expected theoretical dispersion relation.
A straightforward application of this procedure in the
context of resonant mode conversion is difficult because
the local wave number (the spatial derivative of the wave
phase) varies rapidly from zero to a finite value as the
wave propagates away from the resonance position. In
Fig. 1(b) we have instead plotted the average wave num-
ber (k„) over the first cycle of inward propagation as a
function of the position of the amplitude maximum. The
solid lines were obtained from the approximate disper-
sion relation for the KAW expressed as

(2)

where p; is the ion Larmor radius. Although this rela-
tion is only valid for a homogeneous plasma, the k, ob-
tained by replacing Vz by a linearly position-dependent
Vz about the resonance layer agrees well with the wave-
length predicted by Hasegawa and Chen's original calcu-
lation for a linear density profile. In this simple com-
parison we therefore choose to avoid more complicated
dispersion relations which take better account of the
profiles of density and plasma current. An example of
such a dispersion relation would be that of Mahajan;"
however, his neglect of finite Larmor radius renders the
comparison invalid. The resonance profiles from Fig.
1(a) were used together with a combined temperature
profile T, + 4 T; assumed to be a parabola squared with

a central value of 1 keV, in accordance with temperature
measurements on TCA. Again (k„) is an average over
the first cycle and is plotted as a function of resonance
position. The further the resonance layers are from the
plasma center, the larger is (k„) as a result of both the
decreased temperature and the steepening of the reso-
nance curves. The smaller (k, ) for ( —1, —1) is a result
of the shallowness of the ( —1, —1) resonance profile.
These waves remain closer to resonance and therefore
maintain a longer wavelength. Propagating waves with
wave numbers significantly smaller than indicated in Fig.
1(b) are not observed. Closer to the thresholds only
standing waves occur.

Figure 2 shows examples of radial profiles of the am-
plitude and phase of the driven density fluctuations at
different line densities with (n, m) ( —1, —1) and
(2,0), and P,f =40 kW at 2 MHz. For (n, m) ( —1,

—1) the antennas were phased to produce a toroidally
propagating wave, whereas the (2,0) was excited via
toroidal coupling by a (2,1) antenna structure.

At densities near the threshold below which the reso-
nances are not in the plasma, the oscillations have the
character of standing waves (constant phase profiles ex-
cept for jumps of x). Standing waves result when (a)
Eq. (1) is satisfied at more than one radius so that
KAW's mode converted at these radii can interfere or,
(b) Eq. (1) is satisfied near the plasma axis so that the
inward propagating KAW can interfere with itself after
reflection from the axis. At higher densities neither of
these conditions is satisfied. In this case the KAW has a
mainly propagating character (sloping phase profiles),
with wavelengths that become shorter as the resonance
layers move away from the plasma center. The onset of
propagating waves with increasing central plasma densi-
ty is clearly dependent on the radial damping. We re-
strict this paper to the discussion of propagating waves
because they bear the closest relation to Hasegawa and
Chen's original KAW model that can be expected in the
finite geometry of a tokamak. As a consequence, we are
excluding the global Alfven eigenmodes' ' from the
study since these can only exist in the vicinity of the
Alfven continuum threshold.

Depending on collisionality, the damping of the KAW
can be dominated either by collisional damping or by
Landau damping. In the region accessible to observation
in the TCA tokamak, the KAW is predicted to be
strongly electron Landau damped. Electron heating in
the plasma core has been observed near the thresholds of
the (n, m) (2,0) and (2, 1) resonances under nonsta-
tionary conditions of increasing plasma density. '" Local-
ized off-axis heating above the thresholds, however, has
not been observed. ' The fractional damping rate

—,
' n' V~/v, is in the range 0.2 (near the plasma

center where T, = 800 eV) to 0.5 for a ( —1, —1) KAW
near r/a 0.7, where T, = 200 eV. This is in good
agreement with our observation that the amplitude e-
folding lengths estimated inward from the amplitude
maxima are about one wavelength in the core region, but
can be as small as 0.4 of a wavelength near r/a 0.7.
The fractional collision al damping rate 6„

MU~;k~~ Ue is an order of magnitude or more below
6',I. for the conditions of the experiment for T, ~ 200 eV,
but may play an important role in the edge plasma. Our
data show no evidence for a significant reduction of the
Landau damping rate by trapped electrons as suggested
in Hasegawa and Chen's original work. Nonlinear
efI'ects are not expected at our levels of perturbation
(ne/ne —10 -5&& 10 ). We have also verified that the
detected wave amplitude scales linearly with antenna
current over 1 order of magnitude in current, corre-
sponding to radio-frequency powers of up to 100 kW.

In Fig. 3 we show examples of numerically calculated
wave fields using the ISMENE kinetic code. ' It solves a
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FIG. 2. Examples of observed profiles of line density Auc-

tuations in the ( —1, —1) and (2,0) continua.

sixth-order ordinary diff'erential equation and includes
Landau damping, transit-time magnetic pumping, cer-
tain equilibrium gradient terms, and uses the formula-
tion of Vaclavik and Appert' for the local power ab-
sorption. The profiles of plasma parameters were as for
Fig. 1(a).

Although there is a striking similarity between the
wave fields observed and predicted by kinetic theory, ex-
act matching of the two should not be expected because
(a) we have compared the line-integrated density fluc-
tuation from the experiment with the point function den-
sity from the code and (b) the details of the wave fields
depend sensitively on the profiles of plasma parameters
which are only coarsely modeled in the code. The gen-
eral features of the wave fields, however, are insensitive
to details in the plasma profiles. Absolute amplitudes for
a given power agree within a factor of 2. In the case of
(n, m) (2,0) direct excitation is poor. As a result the
KAW amplitude in Figs. 3(c) and 3(d) is not much
larger than the fast-wave amplitude from which it mode
converts. The profiles are therefore not representative of
those obtained in a tokamak where (2,0) waves are excit-

Examples of calculated density fluctuations in the
( —1, —1) and (2,0) continua. The resonance layer positions
were chosen to match those of Fig. 2. The broken lines of (c)
and (d) for the (2,0) KAW represent the remaining wave field
after subtraction of the fast-wave mode.

ed efficiently by a (2, 1) antenna structure as a result of
toroidal coupling. ' The experimental results should
therefore be compared with the wave profiles shown as
broken lines, where the fast wave has been subtracted to
obtain the (2,0) KAW component.

In conclusion, we have observed and identified the ki-
netic Alfven wave resulting from linear mode conversion
at the shear Alfven wave resonance layers. Our experi-
mental results agree with the KAW dispersion relation
and the observed wave fields are accurately modeled by
our kinetic calculations. The attenuation of the wave
amplitude is consistent with electron Landau damping.
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