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Study on coupling between MHD oscillation and turbulence
in toroidal plasmas using beam emission spectroscopy
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Summary (Abstract) of doctoral thesis contents

One of the most important subjects among researches on the magnetic fusion
plasma is improvement of confinement property and stability of the plasma to realize
an economical and safe burning fusion reactor. Much effort has been devoted to
research of micro turbulence and MHD instability, and the understanding on plasma
physics has been deepened over the decades. On the other hand, the turbulence
appears electrostatic and different frequency or wave number range from MHD
instabilities or behavior of magnetic flux surface, then studies on interactions of
those two phenomena had been relatively scare. Recently, researches in a boundary
region of turbulence and MHD activity is beginning to be accumulated experimentally,
such as a discovery of the long-range correlation in LHD and the coupling between
the transport and magnetic topology in DIII-D.

Non-linear coupling between MHD instability and low-k turbulence in toroidal
plasmas is studied using by measuring the density fluctuations using Beam Emission
Spectroscopy (BES). This work focuses on the Edge Harmonic Oscillation (EHO),
which appears as a coherent mode at the frequency of about 10 kHz accompanied by
several harmonics near the separatrix. This dissertation is composed of two parts,
one of which includes the development and evaluation of the capability of BES system
with specially designed sightlines in the Large Helical Device (LHD) as well as the
spatio-temporal structure analysis of EHOs measured with the BES, and the other
includes analysis on the non-linear coupling between EHO and turbulence measured
in DIII-D tokamak.

A local density fluctuation diagnostic based upon the BES with lattice type
optics configuration has been implemented on LHD to investigate the spatiotemporal
and spectral characteristics of long wavenumber density fluctuations such as MHD
activity. In most conventional BES systems, fiber images have round or rectangular
shapes due to the configuration of fiber bundles, leading to the almost same
wavenumber resolution in two directions on a focal plane. The unique optical fiber
geometry which yields a lattice shaped sampling images in a plasma is applied in this
system. The idea of the new lattice type fiber configuration is that utilizing the fiber
bundle design that the images of fibers align along radial or poloidal direction to
achieve both enhancement of photon flux and good wavenumber resolution in a
particular direction. With vertically elongated slits, the sensitivity for waves in the
radial direction increases, although that for waves in the poloidal direction decreases.
In order to complement this reduced poloidal wavenumber resolution, another sets of
horizontally elongated slits is deployed, forming lattice structure. As a probe beam, a

perpendicularly injected neutral heating beam is used, and its accelerating energy is
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typically 40 keV. The angle between the sight lines and the beam line 1s ~120° at
the edge of the plasma, yielding a Doppler blue shift of ~3.0 nm in the Habeam
emission. Each channel consists of 7 (or 8) 400-nm-diam fibers arranged in line along
poloidal or radial direction. Each fiber bundle of an array for radial wavenumber
measurement images 10 x 140 mm and has a radial spatial separation of 10 mm.
Each fiber bundle of an array for poloidal wavenumber measurement images 70 x 10
mm and has a poloidal spatial separation of 20 mm. These two arrays are overlaid in
a same region to form a lattice configuration and views 70 x 140 mm in total. The
array for radial wavenumber measurement averages the signals for 140 mm in
poloidal direction, while that for poloidal wavenumber measurement averages for 70
mm in radial direction. The collected light is transmitted to a spectrometer and is
detected simultaneously with the 4 x 8 pixel avalanche photodiode camera with a
sampling frequency of 200 kHz. Correlation analysis was applied to reconstruct the
two-dimensional spatiotemporal structure of MHD activities detected in the edge
region in high- B discharge. The spatiotemporal structure of the low frequency
density fluctuation of EHO was found to propagate in the electron diamagnetic
direction at the phase velocity of 1.2 km/s, and have a finite radial propagation with
the phase velocity of 0.4 km/s.

The coupling between the high frequency turbulence and EHO is studied in
Quiescent H-mode plasmas, where EHOs exist, in DIII-D tokamak. QH-mode is an
ELM-free operation with good energy confinement, constant density, and radiated
power, with a pedestal localized electromagnetic mode (EHO) providing continuous
particle transport. The nonlinear interaction between harmonics of the EHO and
turbulence is important to understanding the mechanisms and dynamics of enhanced
particle transport in QH-mode. The fundamental frequency of the EHO was typically
~10 kHz with long poloidal wavelength (k¢~0.02 cm'!) and broadband turbulence in
the range of 50—-200 kHz with correlation lengths of a few cm. The features and
characteristics of QH-mode plasma turbulence in the wavenumber-frequency domain
are crucial to understanding the mechanisms and dynamics of the enhanced particle
transport. Frequency-wavenumber spectral analysis was applied to localized density
fluctuation data measured with BES on DIII-D in the region of 0.8<p<1.0, where p is
the normalized minor radius. In the analysis, a Maximum Entropy Method is applied
in the space domain, instead of FFT, to estimate a well resolved k-spectrum from
truncated data. The broadband turbulence measured at p~0.9 was found to have
poloidal phase velocity of ~10 km/s, which corresponds to the ExB velocity. Bispectral
analysis has been applied to the localized density fluctuation data. The
cross-bicoherence among the BES channels showed radially varying magnitude of
phase coherence well above the noise floor between the EHO and broadband

turbulence in the region of 0.8<p<1.0. The envelope analysis is done for the high
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frequency turbulence by applying Hilbert transform to the density fluctuation data.
It was found that the turbulence amplitude was modulated at the frequency of EHO.
The phase and amplitude of the turbulence envelope is not constant in time, and

different from the displacement of the magnetic flux surface.
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Summary of the results of the doctoral thesis screening
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