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Experimental Observation of the Shear Alfvén Resonance in a Tokamak
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Experiments in Tokapole II demonstrate the shear Alfvén resonance in a tokamak by
direct probe measurement of the wave magnetic field within the plasma. The resonance is
driven by external antennas and is identified as radially localized enhancements of the po-
loidal wave magnetic field. The radial location agrees with calculations which include toroi-
dicity and noncircularity of the plasma cross section. Other properties such as polarization,
radial width, rise time, and wave enhancement also agree with magnetohydrodynamical

theory.
PACS numbers: 52.40.Db, 52.55.Gb

It is sometimes the case that the dispersion rela-
tion for propagating waves in a uniform plasma,
such as electrostatic plasma waves' and shear
Alfvén waves,? becomes a condition for a local res-
onance in a nonuniform plasma. Such resonances
can be used to couple energy to the plasma from
external sources. Although utilization of the shear
Alfvén resonance for plasma heating was proposed
more than ten years ago,>* experimental applica-
tion to tokamaks has only just recently begun, at
several institutions.’™ Earlier experiments were
carried out in a linear pinch!'® and in stellarator de-
vices.!!

The experimental base for shear Alfvén reso-
nance heating is still in a very early stage of
development, with much of the theory, including
that pertaining to the properties of the resonance it-
self, not yet confirmed by experiment in tokamaks.
The resonance has been observed in linear de-
vices'? and somewhat less directly in stellarators,'!
but not heretofore in a tokamak. Questions then
arise as to whether the resonance actually exists in a
tokamak with properties consistent with magne-
tohydrodynamical (MHD) theory, and whether en-
ergy can be coupled to the plasma through this res-
onance from external antennas. The resonance
condition depends on the dimensionality of the sys-
tem!>7 and differs in a two-dimensional (2D)
tokamak from the simple 1D cylindrical criterion
that the parallel phase speed match the local Alfvén
speed. We have thus preceded high-power heating
experiments with careful identification of the reso-
nance in a tokamak at moderate power levels. We
report here measurements of the properties of the
resonance and a comparison with a 2D calculation
by Kieras and Tataronis'® in which the ideal MHD
equations are solved for the Tokapole II device, in-
cluding both toroidicity and noncircularity of the
plasma cross section.

The resonance is detected through the wave mag-
netic field inside the plasma. According to MHD
theory, three perturbation quantities are associated

with the wave—the wave fluid velocity Vv, magnetic
field ﬁ, and plasma pressure p. At the resonant lo-
cation, where the drive frequency and mode struc-
ture of the antenna provides a match to the local
Alfvén velocity, V is predicted to be infinite but is
not a readily measurable quantity. The perturbed
pressure of the wave is a somewhat indirect indica-
tor of the resonance. If the equilibrium plasma
pressure is zero (a good approximation for this
low-beta experiment), MHD implies that jis zero.
If the equilibrium pressure is nonzero, p does be-
come infinite_ﬁat the resonance, but much more
weakly than B. At the resonance j/B — 0 even

though p and B both go to infinity. For the largest
measured values of B in these experiments,
p/p <10~% Thus the plasma pressure is both in-

direct and difficult to measure. B is the observable
of choice since it is strongly divergent and measur-
able with magnetic probes. We will thus concen-
trate on the magnetic field measurements.

These experiments employed the Tokapole II de-
vice,'* a noncircular tokamak in a four-node po-
loidal divertor configuration with a major radius of
50 cm and a square cross-section vacuum chamber
44 cm on a side. The distance from magnetic axis
to separatrix is 7-10 cm with parameters of B, <8
kG, I, <45 kA, T, <150 eV, n, <10 cm 3 and
pulse length =12 msec. The divertor currents are
driven inductively by the Ohmic heating transform-
er. To facilitate magnetic probe measurements, the
device is derated to B,=5 kG, T,=100 eV, and
pulse length =4 msec, allowing probes to be
placed several centimeters inside the separatrix.
The safety factor, g, becomes infinite on the diver-
tor separatrix due to x points in the poloidal mag-
netic field. Since g and the parallel wavelength vary
drastically within 2-3 cm of the separatrix, this re-
gion can sustain numerous resonances. Stainless-
steel limiters are inserted in the divertor scrapeoff
region to effectively eliminate plasma current out-
side the separatrix.
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FIG. 1. Poloidal wave magnetic field profile obtained
on single shot.

The four solid copper divertor rings are used as
the launching structure.” rf currents are superposed
on equilibrium currents by grounding one of the
three mechanical supports on each ring and driving
one of the other supports. Proper phasing of the rf
currents in each ring preferentially excites
m=1,2,4 poloidal mode numbers. The toroidal
structure of the antenna currents excites a spectrum
of toroidal mode numbers, n, with 75% of the
power in the n =1 mode. A broad spectrum of m
and nmodes is thereby generated.

The magnetic probes consist of eight separate
five-turn coils of No. 42 Teflon coated wire wound
on a dielectric substrate, inserted inside a 0.40-cm-
o.d. stainless-steel tube to provide a vacuum seal
and electrostatic shield. The coils are spaced along
the tube axis to allow a radial profile of Bto be ob-
tained on a single shot. Toroidal or poloidal field
components are measured by rotating the coils in-
side the tube.

Resonances in the radial profile of the poloidal
wave magnetic field are observed as illustrated in
one experimental case shown in Fig. 1. The rf field
is strongly enhanced above its vacuum value at
~5.0 cm from the magnetic axis. In what follows
we describe the measured properties of the ob-
served resonances and compare with theoretical
predictions.

Resonance location.—The 2D tokamak case was
treated both analytically and numerically using ideal
MHD.!? Analytically, toroidicity is included as a
perturbation using the inverse aspect ratio as an ex-
pansion parameter. The full equations have been
solved numerically for the Tokapole II device.'?
Expression of the equations in natural flux coordi-
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FIG. 2. Radial profile of poloidal wave magnetic field
measured along three different chords: ¢=6=0°
(solid); ¢=30°, #=0° (dot-dashed); ¢=30° 6=90°
(dashed). ¢ and @ are toroidal and poloidal azimuths,
respectively.

nates reveals that in a tokamak a resonant surface is
also a magnetic surface.!* Experimentally, it does
appear that this is so. Figure 2 shows three minor-
radius scans of the wave magnetic field; two scans
are along horizontal chords at different toroidal lo-
cations, and the third scan is a vertical chord. The
resonance has a measured symmetry of |m|=1,
|n|=2. The slight plasma elongation accounts for
the dashed curve peaking at a somewhat larger
minor radius. Theoretical results for the radial
dependence of the resonance frequency are shown
in Fig. 3 for the Tokapole II device. At the oscilla-
tor frequency of 1.16 MHz the observed resonance
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FIG. 3. Resonant frequency vs minor radius as

predicted by 2D MHD code (Ref. 13). At drive frequen-
cy of 1.16 MHz, theory predicts resonance of (1,—2)
mode at 5.0 cm.
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is predicted to occur at 5 cm. Of the eight lowest
dominant modes, only this mode is predicted to oc-
cur near that radius. The modes (3,—1), (4,—1),
(3,—-2), and (4,—2) all have frequencies that are
above 2.5 MHz and are not shown in the figure.
Wave polarization. —1deal MHD theory for a zero
pressure plasma yields the Laplace transform of the
wave magnetic field components. 16 At the reso-
nance B (o) is flmte B,(w) ~In(r—ry) and
B, (w)~(r—rg)~ where Il, r, and L1 refer to
components parallel to the equilibrium magnetic
field, the radial direction, and perpendicular to the
equilibrium field within a magnetic surface. ro(w)
is the radius resonant at frequency w. Inverting the
transforms yield B () ~sinwo, B, ~Intsinwot
and B, ~ tsinwpt at the resonant radius with the
driving frequency w,. Thus at the resonance, B
remains finite as expected for shear wave reso-
nance, and B is more strongly divergent in time
than B,. After many wave periods the wave mag-
netic field should be mainly perpendicular to the
equilibrium field; i.e., the poloidal wave field
should exceed the toroidal wave field by a factor of
the inverse aspect ratio or B, ~ €B,,.
Experimentally, the predicted polarization is ob-
served, as indicated in Fig. 4. The measured B,
typically exceeds B, by a factor of 7-10 on reso-
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FIG. 4. Polarization plot of measured resonant wave
magnetic field, indicating polarization perpendicular to
equilibrium field. The distance from the origin to the
curve which connects the experimental points (crosses)
indicates the magnitude of the wave magnetic field at the
corresponding angle. The vertical (horizontal) axis
denotes the poloidal (toroidal) direction.

nance, whereas the aspect ratio is 7.

Radial width. —1deal MHD predicts that as time
t — oo the field blows up, and the resonance width,
A, approaches zero. Dissipation of the wave field
will keep B and A finite. A resistive MHD boun-
dary layer calculation was performed in Ref. 16 in
which resistivity n and Ohmic dissipation was in-
cluded in a thin layer about the resonant location.
The estimated width is given by A=8w(nmp/

)13, For Tokapole II, thi 1d
Ro®op p s expression yields
A=4-8 cm. Employing, in the above expression,
effective resistivities inferred from the power ab-
sorption formulas of Hasegawa and Chen!’ yields
the heuristic results that the width due to ion
viscosity alone is less than 1 cm and that due to
electron Landau damping is about 16 cm. Since the
measured widths are roughly 2-5 c¢m, Ohmic dissi-
pation seems the more likely mechanism. Tokapole
IT operates with electrons in the plateau collisionali-
ty regime.

Rise time. —Ideal MHD predicts that after sudden
turn on of a generator the wave fields will grow
linearly with time indefinitely. If absorption is in-
cluded the field should initially rise linearly, and
later saturate as the flow of energy to the resonance
is balanced by absorption by the plasma. Reference
16 predicts that the rise time to this saturated level
is 7=(24u0/w’n)(p/p’)?". For Tokapole II, the
predicted rise time is —4-9 usec. Experimentally,
7 has an upper bound of —40 usec, limited by the
oscillator rise time. The observed value is con-
sistent with theory. The enhancement of the reso-
nance wave fields above the vacuum rf fields at sa-
turation calculated from Ref. 17 yields for Tokapole
II parameters a value in the range 30-50. Mea-
sured enhancement factors are 20-50.

The observed wave enhancement cannot be ex-
plained by other well-known low-frequency effects.
Since the wave frequency is 100 times larger than
the drift wave frequency (w* ~ 10 kHz), the mode
is not likely a drift wave or unstable resistive or
ideal MHD mode, all of which oscillate at ~ w*.
Since the wave frequency is much lower than the
ion cyclotron frequency, finite w/w,; effects should
not be significant. Since the mode is radially local-
ized, it is not likely a driven stable discrete global
kink mode as observed on Pretext!® and inferred on
TCA."

In summary, detailed observations have been
made of the spatial and temporal structure of the
wave magnetic field. Since measurements of the
resonance properties such as radial location, wave
polarization, resonance width, rise time, and
resonant enhancement are all in agreement with
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shear Alfvén theory, we believe these observations
constitute an identification of the shear Alfvén res-
onance in a tokamak.

For high-power heating (Pys~1 MW) experi-
ments, four separate Faraday shielded antennas?’
are being installed which will be radially movable
and rotatable so as to determine the optimal anten-
na orientation. Each antenna is a double-turn loop.
One of these antennas has already been installed
and a resonance observed 90° away toroidally from
the antenna.
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