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Geometric optics of lower hybrid waves in tokamak plasmas
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Ray tracing of lower hybrid (LH) waves in steady state tokamak plasmas is
commonly used to evaluate the quasilinear diffusion coefficients and calculate the LH
power deposition and current drive profiles [1]-[3]. Accessibility condition imposes the
use of slow-wave LH antennas, such that the near field is dominated by diffraction.
However, for perfect axisimmetric configurations, the toroidal angle coordinate ¢ is

ignorable, and ray tracing could be used in poloidal cross-section (with coordinates
x=(R,Z)). It then allows to evaluate the amplitude Ep (x) and the phase Sy, (x) of each

Fourier component in the expansion:

E(x,0,t) = 2ng, Eng(x) exp{i[S )+ ngo —otl} (1)

Here we discuss the limits of the geometric optics of lower hybrid waves in the
framework of a numerical analysis of the linear wave phase equation and quasilinear
wave amplitude equation. Solov’ev analytical equilibrium is used, with poloidal flux:

¥ = {(1/2) (bR, + RHZ* [(a-1)/8] (R* =R} o (2)
Pure hydrogen plasma with linear plasma density profile n.(y) is assumed (the
equilibrium also requires linear profiles vs ¢ of both the plasma pressure P and the
squared current flux function Jz); moreover it is assumed T.= 2T; = 2P/(3n.). Table I
shows the main plasma and RF parameters of the scenario analyzed here, which
represents a plasma discharge in the FTU tokamak [4], with additional (electron) heating.
Bo(T) |Ix(MA) [n(m™) [n(m”) |TokeV) | Ti(keV) | f(GHz) |P(MW)
7.0 0.7 2210% 02107 |5.0 0.2 8.0 1.0

Tab. I). Main plasma and RF parameters of the scenario considered. Values at the edge
(subscript 1) are taken in the equatorial plane at R = 1.2 m. The magnetic axis is located

in the equatorial plane at R =0.96 m
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A poloidally extended RF source is considered, which imposes at the plasma edge (low
field side) a steady state electric field, with power spectrum vs the parallel wavenumber
ny shown in Fig. 1. The linear tail in the interval n, = 2.1-4.0 represents the effect of

spectral broadening due to nonlinear wave-plasma interactions occurring near the antenna

mouth [5]-[7] .
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Fig.1) RF power spectrum vs n//.

Electrostatic, cold plasma approximation is used to evaluate the phase of each Fourier
component by the ray tracing equations

dx/dS= (8H/0k)/Ds  (3)

dk/dS = - (dH/0x)/Ds  (4),
where k =VS is the (local) wavevector projection in the poloidal cross section, H is the
real part of the (local) longitudinal dielectric constant in the limit of cold plasma, Ds =
keoH/0k , and, henceafter, the index n, has been omitted. The electric field polarisation is
thus given by the direction of the full wavevector.
The quasilinear electric field amplitude equation along each ray is

d |E| >/ dS = - 2I'+V+dH/0k)/ Ds  (5),
where T is the imaginary part of the (local) longitudinal dielectric constant, for steady
state electron distribution function. As a first step, the latter is calculated in the linear
approximation, i.e. considering Maxwellian plasma, and I" = I'j,. Once the linear electric
field amplitude (using I'iiy) and phase have been solved for each Fourier component, the
quasilinear diffusion coefficient is evaluated, as a function of the parallel electron

velocity and of the poloidal flux. A relativistic Fokker-Planck solver is then used to
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evaluate the steady state electron distribution function and the corresponding
(quasilinear) value I'= I'qiin . The amplitude of the electric field is recalculated by (5).
The results shown here reflect this stage of the solving method, although the iteration
must be repeated, in principle, until the quasilinear diffusion coefficient converges.
Necessary conditions for the validity of the eikonal approximation are checked,
namely (i) |k|L >> 2, where L is any characteristic length of variation of macroscopic
plasma parameters (e.g. L =1/ | n. ™' V n. | for density) as well as of the the electric field
amplitude or wavevector; (ii) k/|k| << 1, where K is the ray (Krny) or wavefront (Kwavefront)
curvature; (iii) Ds not equal to 0.
In Fig. 2 the rays and the wavefronts obtained by numerical solution of (3) and (4) are
shown for the fastest component n;, = 1.4, which is more critical for the eikonal theory
validity . Edge reflection and central focusing lead to the failure of the eikonal
approximation. The important result is that the assumed broadening of the LH spectrum
occurring at the edge produces single-pass absorption (at S < 800 rad) due to quasilinear
diffusion, thus preventing both focusing and edge reflection. Fig. 3-5 show that the
eikonal approximation remains valid for the spectral component considered. As expected,
it has been found that the slower components better satisfy the eikonal approximation
requirements. The electric field amplitude, multiplyed by cos(S), for n, = 1.4 , is shown
in Fig. 6: central focusing produces a divergence of the electric field amplitude if linear

absorption is considerd (a); quasilinear damping prevent this effect (b).

] 500 1000 1500 0 500 1000 1500

Fig.2) Ray tracing for n, = 1.4. Abscissa
is R (cm), ordiante is Z (cm). The phase
difference of adjacent wavefronts is 40
rad.

Fig. 3) Characteristic length of variation
of Br, B, B, and n. (clockwise from left
up corner) in unit of 25t/[K| vs S (rad). ny
=1.4
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Fig. 6a) Electric field (stV/cm)
amplitude x cos(S) of the component n/, =
1.4 in poloidal cross section. Linear
theory is applied.
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Fig. 5). Characteristic length of variation
of k and |E| in unit of 1/|k| vs S (rad). ny

=1.4
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Fig. 6b) Quasilinear electric field
(stV/cm) amplitude x cos(S) of the
component n; = 1.4 in poloidal cross
section.
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