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Mode Conversion to Ion-Bernstein Waves of Fast Alfven
Waves With Poloidal Wavenumbers in Sheared Magnetic

Fields

S. D. Schultz, A. Bers, and A. K. Ram

Plasma Science and Fusion Center,
Massachusetts Institute of Technology, Cambridge, MA 02139

Abstract. Previous theoretical analysis [1] of mode conversion of fast
Alfv6n waves (FAW) to ion-Bernstein waves (IBW) neglected poloidal
variations of the fields and magnetic shear. Full-wave codes show inci-
dent FAW fields focused into multiple poloidal modes near the ion-ion
hybrid resonance (IHR)[2]. A new mode conversion model has been
constructed including poloidal wavenumbers and poloidal magnetic
field. The model consists of two coupled equations for the perpen-
dicular components of the FAW electric field. These equations are
numerically integrated to find the fraction of FAW power resonantly
absorbed at the IHR. When the high-field-side right-hand cutoff is
included, nonzero poloidal wavenumbers can change the triplet res-
onator phase and improve mode conversion at low k1l.

INTRODUCTION

Recent experiments on TFTR [3] and Tore-Supra [2] have studied the use
of mode-converted ion Bernstein waves (IBW) for electron heating and pos-
sible current drive [4]. The IBW's result from mode conversion of externally
launched fast Alfvdn waves (FAW) at the ion-ion hybrid layer, which can ex-
ist in a plasma with two or more ion species. IBW's have been proven to be
efficent for electron heating, and are believed to result in synergistic current
drive enhancement when used in conjunction with lower hybrid current drive
[5].

An estimate for the mode conversion efficiency can be made using a cold
plasma model and calculating the resonant FAW absorption which occurs at
the ion-ion hybrid resonance [1]. This efficiency is found to be dependent
primarily upon two parameters: the tunneling distance between the left-
hand FAW cutoff and the ion-ion hybrid resonance, and the phase difference
between the incident and reflected waves at the far end of the plasma, where
the right-hand wave cutoff produces total reflection.

In this paper, we use the same resonant absorption model to calcu-
late mode conversion efficiency, but include nonzero values of the poloidal
wavenumber as well as a poloidal magnetic field. This gives a better approx-
imation to the true wave spectrum which is launched by an antenna of finite
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length. In addition, the full wave code ALCYON [2] has shown that the FAW
fields will have a strong poloidal variation due to focusing by the tokamak
shape. It is also clear that magnetic field shear will cause a rotation of the
FAW polarization which affects the FAW propagation equations.

SLAB GEOMETRY MODEL

The mode conversion region is approximately described by a set of Carte-
sian coordinates, with the x direction chosen along the equatorial plane of the
torus, and the y and z directions corresponding to the poloidal and toroidal
directions respectively. The density and magnetic field of the plasma vary
only in the x direction. The magnetic field vector lies in the y-z plane, form-
ing an angle a(x) with the z axis. To calculate the dispersion relation for
fast Alfven waves, we rotate the coordinate frame into the direction of the
magnetic field, so that at each point x the coordinates must be rotated by
a(x). The electric field of the FAW is assumed to have the form

f = E(x) exp (ikyy + ikz - iwt) (1)

where k, and kz are treated as a constant in the vicinity of the mode conver-
sion region. In the rotated coordinate system the wavenumbers become

kil = ky sin a + kzcos a
kT = ky cos a - kz sin a.

The dispersion relation of the fast Alfv6n wave is calculated from cold plasma
theory, using the approximation that for a low frequency wave, the electric
field in the direction of the equilibrium magnetic field (E1) will be shorted
out.

DISPERSION RELATION

The dispersion relation for the FAW gives us a set of two coupled equa-
tions for the remaining wave components tx and ET:

d ET [D -V'nll)Er+i(S-n 2-n 2 (2)<E = T T 2

-t. ([i)i(D'-nTS+nTn) T

- (S' - nTD) Ex + i (D - 2?P'n 1) dET (3)

In this notation, = (wx/c), and the primes all indicate differentiation with
respect to 6. S and D are the usual Stix tensor elements.
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FIGURE 1. Fraction of FAW power dissipated (C) as a function of kl for (a)
kT = 0 and (b) kT = 8m', for a plasma with TFTR parameters.

Studying these equations, we observe that (3) is singular at the ion-ion
hybrid layer where S - n = 0. Thus E becomes infinite and resonant
absorption occurs. We also observe that if nr = 0, then (2) contains a
division by zero, and the two equations are no longer coupled. In this case,
we return to the previous mode-conversion theory [1], which makes use of a
single second-order differential equation.

NUMERICAL RESULTS

The numerical integration of (2) and (3) is performed with boundary
conditions appropriate to total wave reflection at the right hand FAW cutoff.
The plasma parameters were chosen to fit the features of TFTR during mode-
conversion heating experiments [3]. By integrating to a point inside the
plasma but near the antenna, we can compare the flux of power into and
out of the mode conversion region, and find the fraction of power which was
resonantly absorbed. Figure 1 shows the fraction of power mode converted
for two cases, with kT = 0 and kT = 8 m- 1. As can be seen, the curves
appear similar, but the phase of reflection at the right hand cutoff has been
significantly changed by the finite poloidal wavenumber. We notice especially
that at low values of k11 (less than 3m-1), the added poloidal features give
mode-conversion fractions up to 50% where there was little mode conversion
for kT = 0.

It is also possible to integrate the dispersion equations from the point
of total reflection at the far end of the plasma, all the way back to the
FAW antenna. At this point an antenna impedance can be calculated, and
we can predict how well power will be coupled into the plasma, which acts
like a resonator. In Figure 2 we show another set of numerical calculations
based on this global resonator model, for plasma parameters found in Tore
Supra mode-conversion experiments [2]. Figure 2 shows the spectral plasma
impedance for modes with kT = 0 and kT = 8 m 1 . The peaks, which
correspond to good power coupling to the plasma, are found at lower values
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FIGURE 2. Spectral plasma impedance (Zk) as a function of k11 for (a) kT = 0
and (b) kT = 8m- 1, for a plasma with Tore Supra parameters.

of k1l as we increase kT. In the Tore-Supra experiments, which were analyzed
using ALCYON, power deposition was observed over a broad range of k1
values, extending to very low k1j. Our impedance calculations show that this
cannot be predicted by calculations with kT = 0, but only by including a
broad spectrum of poloidal modes.

CONCLUSIONS

A model for fast Alfv6n wave propagation and mode conversion efficiency
has been constructed which keeps the simplicity of a one-dimensional calcu-
lation but includes the important tokamak features of poloidal wavenumber
and poloidal magnetic field. Using this model, it is shown that increasing
kT can move the peaks of resonant absorption to lower values of k1j. There-
fore, correct modeling of the mode conversion efficiency at low k11 requires
particular attention to the spectrum of poloidal modes which are generated.
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