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(a) Abstract

The Mie-Lorenz-Debye theory of scattering of radio frequency waves (RF) by filamentary
structures in the edge of a tokamak plasma has been established in prior publications [1-4]. These
results have been verified [5]. Theory and computations show that RF can be reflected, refracted,
and diffracted by turbulence. Furthermore, the filamentary structures lead to side scattering of
waves and excitation of wave modes different from the launched RF. It is important to quantify
the overall effect of turbulence on the propagation of RF since efficiency of heating and current
drive by RF waves depends upon the wave characteristics. The commonly used RF ranges vary
from the low frequency ion-cyclotron (IC) waves, to medium frequency lower-hybrid (LH)
waves, to high-frequency electron cyclotron (EC) waves with wavelengths respectively, large,
comparable, or smaller than the radial dimensions of the filaments. Currently, we discuss the
scattering as well as the forces exerted by different RF in the edge plasma. Also, we present a
code for 3D full wave scattering analysis of arbitrary tensor permittivity and plasma density
profiles. The study is applicable to ITER-like plasmas, as well as to plasmas in medium sized
tokamaks such as TCV, ASDEX-U and DIII-D and high field concepts like SPARC.

(b) Analytical theory
If we consider the turbulent cylindrical filament of infinite length in z direction, parallel to the
externally imposed magnetic field in homogeneous and cold plasma, after an appropriate analysis

[3] for the electric field and the magnetic field respectively, one obtains:
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(SC: scattered field, FI: field inside the filament) where
Em (P), Eni (), Emy(p), Hor (p), Ho(p) and H Y (p) are functions only of p. The
expressions for the incident field are similar, but the first sum of equations (1) and (2) is missing.

The results are z independent because the cylinder has infinite length. The parallel to the cylinder

axis wave vector component stays the same for all regions. The Poynting vector is calculated as:
_ 1 L s
5= §Re{e x h } (3)
Also, the forces exerted on the cylinder can be calculated from the Maxwell’s stress tensor
and after an appropriate analysis, for the time averaged normalized radial stress one obtains:
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Where in the right side of (4) one can see the elements of the permittivity tensor for the filament

(4)

(f) and the ambient plasma (a) and the polarizations of the wave.

(c) Scattering results for lon Cyclotron, Lower Hybrid and Electron Cyclotron plane waves

One can see results for the Poynting vector in the forward direcrion for IC waves in Figure
1a, LH waves in Figure 1b and EC waves in Figures 1c for plane wave scattering by a single
filament, for different radii (a): IC:a=1cm,2cmand5cm, LH: a=2 mm, 4 mm and 10 mm,

EC:a=15mm, 2.5 mm and 5.0 mm (in figures, units in axes are in meters).

Re(S,)/max {Re(S;,)}
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Figure 1: Poynting vector in the forward direction: (a) f = 120 MHz (IC), A = 18.2 cm, incident polarization: X-mode,

Ne@mbi) = 4x10"° m'3, Ne(fila) = 7x10% m'3, B=9.3T, (b) f=4.6 GHz (LH), A=3.6 mm,
incident polarization: O-mode, Neambiy = 2% 10*° M3, Negrily = 4% 10 m3, B=4.5T, (c) f = 170 GHz (EC),
4 =1.8 mm, incident polarization: O-mode, Negambiy = 10%° M3, Neggiiy = 2x10¥ M3, B=54T

Furthermore, in Figures 2a, 2b and 2c, one can see the results for the normalized radial stress

for the three same cases of LH waves (radius a =2 mm, 4 mm and 10 mm, respectively):
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Figure 2: Normalized radial stress for the three same cases of LH waves (radius a = 2 mm, 4 mm and 10 mm)

The radial stress can be integrated from angle 0 to 2x so, that the force per unit axial length in

x direction, per unit power flux can be calculated. The results are 7.60 (nN/m)/(kW/m?) for (a),
4.17 (nN/m)/(kW/m?) for (b) and 7.01 (nN/m)/(kW/m?) for (c). It is worth noting that the

respective accelerations for power flux of 1 kW/m? attained by the filaments in (a), (b) and (c) are

respectively about 461g, 63g and 17g (g is the standard gravitational acceleration).

(d) Numerical Analysis

The ScaRF [4] Finite Difference Time Domain code has been developed for RF scattering in

the plasma edge. It is a 3D full wave code capable of analysing scattering scenarios with arbitrary

tensor permittivity (anisotropic) and plasma density profiles, for Bloch-periodic or non-periodic
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boundary conditions. It has been used for the study of RF scattering from a periodic density
fluctuation, (Figures 3a, 3b). In addition the ScaRF code has been applied in conjunction with the
Polynomial Chaos Expansion-Smolyak Grid (PCE-SG) method for the Uncertainty
Quantification of RF scattering from a more realistic, random harmonic interface (Figures 3b,
3c).
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Figure 3: Poynting amplitude & Flux (red curves) for (a) periodic interface, (b) random interface (RI) with 5%
variation in geometric parameters, (c) Mean Value (MV) and Standard Deviation (Std) of reflection in RI scattering,
f=170 GHz (EC), 4 = 1.9 mm, incident polarization: O-mode, Ne@mbiy = 3%X10%° M3, Negritg = 3.2% 1020 M3, B=45T

(e) Conclusions

The scattering of three different types of RF waves (IC, LH and EC) by turbulent cylindrical
filament structures in the plasma edge was discussed for different filament radii. The results
showed that by increasing the filament’s radius, the scattering becomes more intense. Also, the
forces exerted on the cylinder due to the incidence of RF waves, was studied. Furthermore, the
ScaRF anisotropic code for 3D full wave scattering analysis was presented alone and in

conjunction with the PCE-SG method, for random scattering scenarios.
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