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We present the first direct observation of the structure of a driven global Alfven eigen-
mode in a tokamak plasma using CO2 laser interferometry.
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The properties of Alfven waves in hot, magneti-
cally confined plasmas are quite unlike those in
homogeneous media. Despite their significance for
the interpretation of both laboratory and astrophysi-
cal phenomena, experimental studies of these
waves have been limited principally to the deter-
mination of the cavity eigenmode frequencies or
parallel phase velocities. With the development of
long confinement times in fusion experiments,
laser interferometry to measure density fluctua-
tions, and a theoretical understanding of the density
fluctuations associated with Alfven waves, it has
now become possible to investigate their spatial
structure.

We report the first such investigation, ' which
identifies and determines the structure of global
Alfven eigenmodes (GAE). These modes are par-
ticular manifestations of the effects of magnetic
confinement on the Alfven waves. Because of their
relatively weak damping, the GAE can be excited to
high amplitudes with an external antenna and have
been previously observed as resonances in the plas-
ma loading resistance. They make up the low-
frequency part of the stable discrete spectrum of
magnetohydrodynamics. They owe their ex-
istence entirely to plasma inhomogeneities, i.e., to
the coupling between the shear and compressional
modes brought about by gradients in the equilibri-
um current and density. Rediscovered as broad-
ened resonances in calculations based on kinetic
theory, the GAE have been further studied, both
analytically and numerically, as candidates for the
heating of fusion plasmas.

To model the GAE in a tokamak, we assume a
cylindrical plasma of length 2mR. The characteristic
frequencies of the GAE are denoted by coI, where l
and m are the axial (toroidal) and azimuthal (po-
loidal) mode numbers, respectively. The plasma
has axial magnetic field Boz and current density

Ja(r), which determines the poloidal field Be(r),
and hence the safety factor q(r) =—rBO/'RBtt. The
wave number parallel to the field is k~~ (r)
= ( —l+ m/q)/R, and the shear Alfven frequency

is defined by to„(r) —= k~~uz, where u„(r) =Bo/
(ponmcff)', n=n(r) is the plasma density, and

mcff is an effective mass which depends on the im-
purity concentration. To include finite-ion-gyro-
frequency corrections, we use the same mass, tak-
ing to„= eBO/m, ff.

The characteristic frequencies of the GAE lie
below the threshold of the spatial Alfven-cyclotron
resonance or the Alfven continuum, defined by
to2(1 —coz/t0~;) =co&.'2 That is, for these modes, l

and m have opposite signs so that k
~~

is nonzero and

tot (1—tot /to„) —toA ( 0 everywhere in the
plasma. For each l, m there is an infinite sequence
of eigenmodes, which may be denoted by a radial

mode number. We omit this label here and consid-
er only the lowest frequency or fundamental mode.
The other modes tend to merge into the continuum
as a result of damping from kinetic effects. For the
mode numbers of interest, we may define

tdza =—min [to„(r)] = co„(ro), where ra & 0. Then,
an approximate expression for the fundamerital fre-

quency is obtained by exanding about ro and solving
the resulting equations variationally. The result is

(1—era/m L )toAo

1+ (1—ero/m L )toAtt/toJ

where e = g ——,
' —(g ——,

' ) 'i, L = (1/to„)—
x (d to A/dr ) ~, =„,, and g is a function of order uni-

ty which depends linearly upon the gradients of the
density, q profile, and toAa/co«. The precise fre-
quency, coI, is sensitive to the plasma profiles, and
because of the to/to„ terms (where to is the driving
frequency), 'tot & co t . To determine the
damping rate and the density fluctuations, it is
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essential to use kinetic theory to calculate the paral-
lel electron dynamics. The collisionless wave-
particle resonance (Landau damping) is typically
the dominant dissipative mechanism. In the nu-
merical calculations, 6 the GAE appear as high-Q
resonances just below the Alfven continuum.
Global modes with l ) O, m ( 0 are dominant.
Their peak loading resistance and density fluctua-
tion amplitude are larger than those of l ( O, m & 0
modes and those in the continua of all four modes
(+l, +m).

The experiments were performed on the PRE-
TEXT tokamak, with 8 = 53 cm, r, = 14 cm,
Bp= 7.5-10 kG, I& = 20—50 kA, T& = 200—400 eV,
n, = (4-20) x 10t~ cm, and discharge lengths of
20—100 msec. Alfven waves are driven by two
stainless-steel one-quarter-turn toroidal antennas
located 180' apart toroidally and 1 cm radially in-
ward from the vacuum vessel wall at the equatorial
plane. The antennas are covered with an insulating
coating and do not have Faraday shields. A
resonant circuit matches the low impedance of the
antenna to the 5-0 transmission line driven by an
amplifier at 2.1 MHz. The loading of the antenna is
measured from the decrease in the quality factor Q
of the low-loss resonant antenna-matchbox circuit'
by sweeping the driver frequency around the reso-
nance at low power ( ( 100 W).

Plasma density fluctuations driven by the antenna
current are measured with a COq-laser interferome-

ter system which has its detection circuitry electri-
cally referenced to the rf antenna current through a
high-frequency lock-in amplifier. The lock-in time
constant of each phase-quadratured output was typi-
cally 0.3 ms. This provides a large signal-to-noise
level for high-power rf operation and insures that
only driven density oscillations (denoted by n) are
detected. Experimentally it is found that a min-
imum current of 50 A in a single antenna is re-
quired to induce detectable density fluctuations.
The interferometer is sensitive to wavelengths
greater than the beam diameter (0.8 cm) since, for
shorter wavelengths, the scattered light does not in-
tercept the detector. The detected signal is a mea-
sure of the line integral of the amplitude and phase
of density fluctuations, b, = (27r/)t n, )In (y) dy,
where A. = 10.6 p, m and n, ——10' cm is the cutoff
density. The integral extends over a region of over-
lap between the laser beam and plasma. We scan
the plasma from shot to shot at a fixed toroidal lo-
cation.

We demonstrate the GAE mode-identification
technique in Figs. 1 and 2 for impedance and inter-
ferometer signals. Figure 1(a) shows the typical
time behavior of the plasma density and current
during a 30-ms portion of the rf pulse. Using mea-
sured data from these parameters and Eq. (1) we
compute the GAE resonant frequency normalized
by the rf frequency (t0& /cu). Figures 1(c) and 2(c)
show plots of t0& /co for several choices of I and m.
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FIG. 1. (a) Plasma current and density as a function of time. (b) Antenna resistance for a single antenna. (c) col /cu

a function of time for mode numbers (I,m) = (2, —I), (1, —3), and (1,—2); m, ff 1.5.
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FIG. 2. (a) Amplitude of the interferometer signal as a function of time. (b) Phase change of the interferometer sig-

nal relative to the antenna current as a function of time. (c) rui /co as a function of time for mode numbers
(I,m) = (1, —3), (—1,2), and (1,—2); m, ff 2.07. The rf pulse, which begins at 19 ms, is denoted with crosshatching.

Note that the calculated frequency scales with

m,ff', which is not directly measured. Measure-
ments' of Z,ff using earlier Thomson-scattering
temperature profiles have shown a range 2.5
~ Z,ff ~ 5 under typical operating conditions.
With the assumption that the dominant state of ion-
ization is five or six times ionized oxygen, we can
restrict the range of effective mass to 1.5~ m, ff~ 2.2. There are additional uncertainties of about
+5% in the calculation of coI as regards the exact

density and plasma current profiles. We assume a
standard parabolic density profile which is con-
sistent with measurements, and q (r) = 1+ (q,
—1)r /a, where q, is the value of q at the limiter.

We have observed that, for similar plasma condi-
tions, strongly peaked signals occur only when the
two antenna currents are 180' out of phase, which
implies that odd-l modes are being driven. Each
signal peak observed can then be uniquely assigned
a toroidal and poloidal mode number while satisfy-
ing 1.5~ meff~ 2.2. Figure 1(b) shows two peaks
in the antenna resistance at 45 and 50 ms during a
time when the plasma parameters are varying
smoothly. We identify each peak as the /=1,
m = —2 mode with m, ff=1.5. The increased load-
ing resistance measured during this time is 0.2 0.1

0, which is comparable to the 0.13 0 calculated
with the kinetic code of Ross, Chen, and Maha-

jan. ~ 6

Similar mode-identification techniques are used
when analyzing the interferometer signal. Figures
2(a) and 2(b) show the time-dependent structure of
the interferometer signal amplitude and phase rela-
tive to the antenna current. Figure 2(c) is a plot of
ta, /co for I= +1,m= +2 and I= l, m= —3 with

m, ff = 2.07. By definition, a phase change of 180' is
necessary for a complete sweep of the resonant fre-
quency coI through a mode. This is exemplified by
the resonant peak shown between 26.5 and 31 ms.
Figure 2 demonstrates the connection of our detect-
ed mode amplitude and phase with the calculated
resonant frequencies for three modes. At 19 ms
the rf is pulsed on while the (—1,2) resonance ap-
proaches cu (i.e. , ca t z co) from below. By 20.5
ms the (—1,2) resonance reverses and begins mov-
ing away from co=ca t q. The behavior of co t /co
is directly reflected in both the amplitude and the
phase plots. The peak amplitude occurs at the point
that co t q/cu turns around which is also the point at
which the mode phase reverses its direction. The
same behavior occurs again as the (1, —3) reso-
nance approaches co from above. After 23 ms there
is a period over which the frequencies co& /ra rise
continuously. During this time the (—1,2) resonant
frequency approaches and crosses the driver fre-
quency giving us a full resonance sweep centered at
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FIG. 3. An experimental and theoretical comparison
of the amplitude of the density fluctuations using one
toroidal antenna as a function of interferometer position.

the plasma.

We have thus identified several global Alfven
eigenmodes and studied the amplitude structure
and damping of the (1, —2) mode using laser inter-
ferometry. The agreement with kinetic theory pre-
dictions is good. The detailed understanding of lo-
cation and structure of the global modes may prove
to be an important first step in our attempts to
understand phenomena ranging from laboratory
plasma heating to heating of solar coronas.
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29.5 ms. Finally at 38 ms the (1,—2) resonance ap-

proaches the driver and slowly turns around in a
similar fashion to the first two resonances. Note
that the splitting of the (l, m) = (1, —2), ( —1, 2)
modes due to co/co„effects is demonstrated in Fig.
2 and there is agreement between Eq. (1) and the
experiment.

Using the method described for Fig. 2 we identify
the (1,—2) mode over many shots. We select only
peaks which show a full 180' phase shift and plot
the peak amplitude as a function of the distance
between the laser chord and the center of the plas-
ma. In Fig. 3, the solid line is a plot of the function

fdy n(r) exp(imii) ~„derived from the kinetic the-
ory code for the fundamental radial eigenmode.
The zero at r =4.7 cm is the result of chord averag-
ing. The open circles represent experimental values
of the interferometer signal amplitude. Each circle
represents a mean value of 5—10 points for that po-
sition with theory and experiment normalized at
x=0 to facilitate a comparison. The calibrated
laser interferometer amplitude at x = 0 with two an-
tennas operated out of phase and a current of 180 A
in each antenna is [fn dl],„,=2.5&&10" cm to
within a factor of 2, while theory predicts an ampli-
tude of [fn dl]„&,=7.2&&10" cm at this posi-
tion.

The wave damping can be estimated by compar-
ing the measured Q = to/It to= 55 + 10 and the
predicted to/Ato = Reto/Imago = 57. This measure-
ment was done at a power range of 1-10 k%. The
close agreement between theory and experiment is
strong support for the collisionless kinetic model of
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