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numerous conventional approximations are made,
there are no free para, meters available.
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and 11.2 cm assuming that the current density
j„(r)varies at T,"'(r). Similar evaluations for
other tokamak experiments are being performed
and will be reported in a later article.

In conclusion, the theory appears to explain
several features of both the spectral distribution
and the total mean density fluctuation observed
in the experiment. We observe that the theory is
a first-principles calculation in that, although

FIG. 1. Comparison of the theoretical spectral distri-
bution I(k~p) given by the solid curve, with the previ-
ously reported data (Ref. 1) for the electron density
fluctuation spectrum obtained from microwave scatter-
ing in the ATC experiment.
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Global excitation of Alfven waves in the Proto-Cleo l - 3 stellarator was accomplished
by exciting a helical winding corresponding to a q =-3 rational surface with a pulsed, high-
power rf source. A doubling of both the electron and ion temperatures was observed,
and a slight increase in the ratio of the temperatures with and without rf heating oc-
curred at the predicted resonance locations. Enhanced loss also occurred during heat-
ing, with 2.~-kHz oscillations observable in a microwave interferometer signal after
heating.

Alfvd'n-wave heating of toroidally confined plas-
mas has been proposed by several authors. ' '
Recent experimental work at Kyoto University'
and at Kharkov' apparently show that local excita-
tion of Alfvdn waves leads to heating of both ions
and electrons, when the resonant condition ~

= kIIV„was satisfied. V„is the Anvdn speed and
k

11
is the wave number in the direction parallel to

the dc magnetic field. k
11

was always greater
than 2nL where L is the distance around the tor-
us. It is the purpose of this Letter to report suc-
cessful Alfvd'n-wave heating of plasma contained
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FIG. 1. The experimental configuration for the Proto-
C leo stellarator,
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in the Proto-Cleo stellarator, ' where the excita-
tion is globa/, rather local, and where the excita-
tion condition has been modified to provide an in-
finite series of both poloidal and toroidal wave
numbers.

The experiment was performed in the Proto-
Cleo stellarator operated in its l =3, seven-fie'd-
period configuration. Hydrogen plasma is pro-
duced by an accelerated Bostick gun and injected
radially from a point just outside of the separa-
trix. The particle containment time is approxi-
mately 2.0 msec. The toroidal field is 3.0 kG.
Proto-Cleo has a major ra.dius, R„of40 cm
and an average minor radius to the separatrix of
4.5 cm.

Alfvdn-wave heating is produced with a sepa-
rate, electrostatically shielded, helical winding
shown in Fig. 1. The pitch of the winding was
designed to approximate a q = 3 rational magnet-
ic surface. The current in this winding may be
represented by toroidal and poloidal wave num-

bers, if the torus is approximated by a cylinder, '
viz. ,

3J = 6(r -r, ) —J, cos(~t)

FIG. 2. Local rf field amplitude versus radius with
and without plasma present.

can easily be satisfied in Proto-Cleo. In Eq. (2),
Bz and B, are the dc poloidal and toroidal mag-
netic fields, m and k are the poloidal and toroid-
al wave numbers, p., is the permeability of free
space, and u is the mass density. Bz, B„and

are functions «minor radius. Note that if the
mode numbers are of opposite sign it is possible
for the resonant frequency to go to zero. Accord-
ing to measured magnetic-field and density pro-
files for Proto-Cleo, for a constant frequency,
two regions of resonance will exist at minor ra-
dii of approximately 1.5 and 3.5 cm. The reso-
nant regions shift in position somewhat as plasma
density varies.

Figure 2 shows a, plot of local rf field amplitude
produced by the coil, as measured by a shielded
magnetic probe, versus minor radius with and
without plasma present. Note that the field amp-
litude does not decrease in the plasma region,

TABLE I. Profile of the ratio of the electron temper-
ature with rf to that without rf.

oo zx(9cosa+z sinn)Q cos p 6—
3R,

where r, is the radius of the helical winding, J,
is the current amplitude, and n is the pitch an-
gle of the helix.

In Proto-Cleo, the resonant condition ~ =0
II VA

cannot be satisfied at frequencies below the ion-
cyclotron frequency. However the more general
resonance, including both toroidal and poloidal
wave numbers, given by
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a A' = [(m/r)B ~ + kB, I '(p, p, (2)
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FIG. 4. Microwave interferometer trace showing rf
pulse and 2.5-kHz oscillation after the rf pulse.
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FIG. B. Batio of electron temperature with rf to elec-
tron temperature without rf versus density at three fre-

quencies
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which implies that the wave penetrates into the
plasma.

Electron temperature T, mas measured with a
swept floating double probe. With 10 kW of rf at
a frequency of 1.8 MHz pulsed for 0.4 msee, the
electron temperatux e doubled throughout the
plasma volume, from 8 to 16 eV. Very slight
peaking of the ratio of T, with rf to T, mithout
rf occurred near the region of expected reso-
nance, as shown in Table I. Similar results mex'e

obser ved at other frequencies all well belom the
ion eyleotron frequency of 4.5 MHz.

Ion temperature mas measured with a multi-
gridded probe' and showed a similar doubling of
the temperature, in this case from 10 to 20 eV.
Figure 3 shows a plot of the ratio of T, with rf to
T, without rf versus density as measured with
the double probe and a microwave interferometer
for three different excitation frequencies. Note
that at a given density, the increase was greater
at lower frequencies. This is consistent with
calculations of heating efficiency for Proto-Cleo
utilizing the theoretical model of Tataronis and
Grossmann. '

In conjunction with the heating, it mas noted
that increased loss of plasma occurred during
heating. The loss was greatest at the lowest
heating frequencies. After heating, the electron
temperature decreased (in about 2 msec) to the

value it mould have had had there been no rf heat-
ing. This may imply that the energy containment
time in Proto-Cleo is bounded.

An alternative explanation for the loss might be
inferred from the fact that the microwave inter-
ferometer signal showed oscillations in density,
at a frequency of approximately 2.5 kHz, after
heating. These may be indicative of an instabili-
ty or other mechanism producing enhanced txans-
port. These oscillations are displayed in Fig. 4.

In summary, global Alfvhn-wave heating has
shown effective penetration of the wave into the
entire plasma, resulting in a doubling of both the
ion and electron temperatures. The authors wish
to express their thanks to W. Grossmann for help-
ful conversations and 'to B. H. Kolner for assis-
tance with the experimental apparatus.
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