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Electron-Cyclotron (EC) waves in tokamak plasmas result in very efficient energy transfer
from the wave to the plasma, highly localized in real and phase space [1]. Such high efficiency
and accuracy make EC waves a powerful tool for Resonant Heating (ECRH), Current Drive
(ECCD) and especially MHD mode mitigation, such as Neoclassical Tearing Modes, by driv-
ing local current in magnetic islands. However, it has been experimentally observed in TCV
[2] and DIII-D [3] that the EC beam power deposition is broader, and current drive efficiency
lower, than expected by ray tracing and drift kinetic Fokker-Planck simulations [4, 5]. Two main
mechanisms have been proposed to explain this observation and both may play a significant
role. The first one is an enhancement of spatial transport of fast electrons after wave absorp-
tion, leading to an ad hoc transport model added to drift kinetic Fokker-Planck modelling to
recover experimental measurements [6], suggesting that this transport is directly proportional
to the diffusion of fast electrons in both phase space and real space induced by EC waves. This
has motivated the development of an ECRH operator for a gyro-kinetic code to study poten-
tial turbulent transport enhancement by EC waves from first principles [7]. The other possible
cause is the average beam spatial broadening before its absorption by wave scattering due to
density fluctuations, especially near the edge of the plasma. Theoretical and numerical inves-
tigations of this phenomenon have been performed with multiple approaches from ray-tracing
coupled to a drift-kinetic model [8, 5] to a wave-kinetic and full-wave model [9, 10], leading
to the conclusion that it can have a significant impact on EC beam broadening, particularly in
the case of a long beam path before absorption. In TCV, this effect has been experimentally
observed for a top-launched third-harmonic O-polarized transmitted beam, and compared with
predictions, first considering only Scrape-Off-Layer turbulence from a Braginskii solver [11]
and later adding core turbulence from gyro-kinetic simulations [12]. DIII-D observations on the
effect of density fluctuations have also been recently reported [13]. A study of this effect in TCV
for reactor-relevant conditions, i.e. Low-Field-Side-launched, fully-absorbed, second-harmonic

X-polarized beam, is currently being done through preliminary numerical studies to investigate
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the potential impact of density fluctuations in such a configuration; in addition, numerical tools
are being set up for experimental analysis.

Numerical tools: Ray-Tracing C3PO and 2D Full-Wave COMSOL. C3PO is a Ray-Tracing
code solving wave propagation and absorption [14], embedded in the fully relativistic bounce-
averaged drift-kinetic Fokker-Planck code LUKE [15], which computes the electron distribution
function. This is then used by the synthetic diagnostic R5-X2 [16] to calculate the Hard X-
Ray (HXR) Bremsstrahlung emission from suprathermal electrons measured by the TCV HXR
Spectrometer [17], the main tool to experimentally follow the dynamics of electrons heated by
EC waves. However, C3PO relies on the WKB approximation, which requires the beam wave-
length to be much shorter than the fluctuation size, which in turn has to be much smaller than
the equilibrium length. On the other hand, the 2D full-wave finite-element COMSOL solver
computes only the beam propagation in a cold plasma [11], but is intrinsically not limited in
space scale ordering, making it a good choice for validating C3PO in a turbulent plasma.
C3PO vs COMSOL without density fluctuations: new beam width model for C3PO. A
first benchmark of C3PO against COMSOL in a quiet plasma has led to an improved model
for Gaussian beam width calculation in C3PO. This width is used to spread the power-carrying
beamlets around the central ray and was initially computed assuming a Gaussian beam in vac-
uum. The new model is based on a chain of ray transfer matrices derived from paraxial wave
equations [18], assuming a step-wise refractive index.

The ray transfer matrix for one step is given in equation 1
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Figure 1: Principle of plasma dis-
Scans in averaged density, density gradient, injection

cretization

poloidal angle and height for typical TCV ECRH configurations thow an excellent agreement
on propagation between C3PO and COMSOL (correlation over 99 % for beam position pro-
files). They also show a good agreement for the beam width profile (correlation over 97 %). On
average, over these scans, this new model reduces the average absolute gap between C3PO and
COMSOL for the beam width profile by 55 % with respect to the beam-in-vacuum model.

Preliminary fluctuation studies with COMSOL in TCV ECRH configuration. Numerical
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fluctuation studies have been performed with the full-wave COMSOL model, using an analytic
equilibrium [19] and analytic density fluctuations derived from a drift-wave-turbulence-based

model, which consists of a superposition of independent Fourier modes [8, 5]
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Where Fp is a spatial Gaussian envelope centered around the Last Closed Flux Surface
parametrized by its HWHM A, F} is a poloidal asymmetry for ballooning effects, o is the
standard deviation of fluctuation amplitude, Ly is the fluctuation correlation length, L is a
characteristic length, p is the mode number and ®,, is the random Fourier phase of the mode.

Turbulence is assumed to be frozen
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FWHM normalized to the quiet plasma case. A typical configuration is depicted in figure 2.
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Figure 3: Ly scans for different A and given equilibrium, with examples of beam profiles
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Scans in fluctuation size ranging from 1 to 10 ion sonic Larmor radii have been done for
different A and edge electron density and temperature (see figure 3). The beam FWHM as a
function of Ly exhibits a sudden jump that can be interpreted as a change in diffusion regime [10,
9]. For small L, the superdiffusive regime is characterized by a Gaussian with the addition of
increasing wings. At large Ly, in the diffusive regime, the Gaussian beam significantly broadens
to a saturated level. An intermediate regime can be identified, corresponding to an increase of
the FWHM and a change in shape from Gaussian to Lorentzian [10]. The expected regime
transition is estimated from wave kinetic theory [9] while the calculated one is given by the
sigmoid fitting of FWHM vs L. A summary of the scans is given in figure 4. A broadening
up to 50 % is observed for TCV-relevant parameters. The worst case scenario for EC power
deposition accuracy corresponds to the diffusive regime, i.e., large L. At large Ly, the use of
C3PO is expected to be valid. The level of diffusive broadening is higher for larger turbulent
layer and higher edge density (and/or fluctuation amplitude). Higher temperature means larger
sonic Larmor radii and so larger Ly, meaning that the diffusive regime is more easily reached.

For conditions in which broadening is modest, the regime transition is less clear.
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Figure 4: Results of diffusive broadening in FWHM and expected vs calculated regime transition
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