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Magnetohydrodynamics (MHD) is one of the efficient methodologies to describes the
macroscopic plasma behavior. The plasma boundary shape and the mode structure are
critical to the MHD studies. The MHD equilibrium is associated with the plasma
boundary shape/ flux surfaces and the Shafranov shift (shift in the plasma magnetic axis
under increasing plasma f). Whereas MHD instabilities {(mode structures) immensely
influence the plasma via macroscopically changing plasma temperature (7.) and density
(ne) profiles. In order to perform, MHD studies, sophisticated diagnostics and/or
supporting numerical modeling are required.

Identification of the plasma boundary is a challenging problem, for example, in
the three-dimensional (3D) plasma geometry of the stellarator. Traditionally magnetic
diagnostics are employed, sometimes this data is coupled with the kinetic profile
measurements in the MHD equilibrium calculation. This approach provides not only the
plasma boundary shape but also the realization of the Shafranov shift. Such a
methodology is generally considered as the indirect measurement of the plasma
boundary and then sometimes the discrepancy of the calculated equilibrium and
measured data appears. Another approach, which is almost a direct measurement of the
plasma boundary, is the reconstruction from imaging diagnostics. In order to reconstruct
the plasma boundary, there are different methodologies, and tomographic reconstruction
is one of the important procedure. The tomographic reconstruction is either done by
considering the reconstruction as an inversion problem or forward problem where the
emission profile is reconstructed by the linear combination of orthogonal basis
functions.

The progress toward the realization of fusion-grade plasma offers a range of
challenges for the study of MHD equilibria and instabilities. Fusion reactors are

expected to be more complicated in terms of the design and associated peripherals, like
' coil system heating systems and so on. The shape of the cross-section shape will be
irregular or non-conventional. The presence of heavy neutron flux will add to this
constrained situation. The magnetic diagnostics / Thomson Scattering and Electron
Cyclotron Emission (ECE) diagnostics may not be operational for the fusion reactor.
Imaging diagnostics under proper care will be available for such a constrained
environment. The imaging diagnostics will be subjected to viewing restrictions, without
a complete view of the plasma. This is a very serious issue in recovering the plasma



a complete view of the plasma. This is a very serious issue in recovering the plasma
boundary for a fusion-grade plasma with a bigger device, which serves as the basic
motivation of the work presented here in this doctoral project. “Development of the
reconstruction procedure for 3D stellarator fusion plasma with a tangentially restricted
viewing imaging diagnostic”. The expected capabilities for the reconstruction are, it
can give the global emission information (complete plasma boundary) from
observations in a smaller plasma volume information, handle complex plasma cross-
section shapes and at moderate computation expense. The new reconstruction procedure
is then designed to address the stated objectives. The series expansion analogy is
adopted for this proposal. Under series expansion the two-dimensional (2D) emission
profile on a poloidal cross section is expanded into orthogonal fast decaying basis
functions. The convenient and often employed orthogonal basis functions are Fourier —
Bessel (FB) functions which have the orthogonality and fast decaying nature. One of
the inherent properties of Fourier —Bessel (FB) functions is that, they are defined on a
fixed domain or shape, for example a circle. As the Fourier —Bessel (FB) function are
defined on a fixed shape it is very difficult to employ such functions for the irregular
shaped plasma. Therefore a domain-independent function is required. An interesting
recommendation is the Laplacian Eigen Function (LEF) which possesses fast decaying
and orthogonality character. The LEF is an Eigenfunction of the Laplacian equation and
for any given non-trivial solution, ¢, is referred to the Eigenfunction of the
corresponding Eigenvalue, A, for the Laplacian operator. The Eigen function can be
calculated very handily by the Green's function. The Green's function for the Laplacian
operator is only a function of the distance between two points defined over any irregular
domain. LEF being solely a function of distance means that LEF is independent of the
shape of the domain, which is a considerable quality to be exploited for the fusion
plasma tomography especially for tangential viewing geometry. The LEF is calculated
at the target image plane from the respective green’s function. Different LEF patterns
corresponding to different Eigenvalues are then achieved. The expansion coefficients
which are calculated by L1 type regularization assisted the least squares fitting. The
recovery of the coefficient is considered a simple matrix inversion problem.
Subsequently the emission profile is determined. Interestingly, the LEF based and
therefore reconstruction procedure is independent of the wavelength of the emission,
applicable of Soft X-ray/VUV and visible imaging diagnostics.

The LEF based tomographic reconstruction method is applied to the Heliotron
J plasma where the SX diagnostic view the plasma normal to the B. The 2D emission
profiles are recovered successfully for simulated and experimental data set and
compared with the standard Phillips-Tikhonov. The reconstruction method is also
benchmarked for a circular cross-section, tokamak plasma for tangential viewing
geometry. The plasma boundary shape and equilibrium plasma emission were
successfully recovered. The method is also extended to the simplified stellarator plasma,



a non-circular plasma cross-section. The simplified stellarator plasma geometry
considers a horizontally elongated plasma with toroidal symmetry, no rotation of the
ellipse in the toroidal space. The equilibrinm plasma emission and the plasma boundary
were recovered successfully. The most important feature of this new method is with the
restricted viewing case. The half images were employed for the recovery of the global
emission profile for the simplifie.d stellarator case and an acceptable 2D emission
profile was recovered successfully. The LEF reconstruction procedure is eventually
applied to the LHD plasma for the simulated and experimental data set, tangential VUV
imaging diagnostic, for the recovery of the VUV emission profile

A minor project was also carried out as a part of the Ph.D. project in which a
new design for the soft X-ray tomographic diagnostic at Heliotron J (H-J) device was
given in order to improve the capability of tomographic diagnostic, especially
addressing the identification of the higher poloidal mode number structures in the
plasma The current Heliotron J soft X-ray system (installed at toroidal angle, ¢ = 45°)
design harbors a triad of soft X-ray arrays looking to the plasma in a radial configuration
from nearly 90° degrees apart poloidally. Each array has 20 lines of sight, effectively
60 lines of sight are available for the tomographic reconstruction. The diagnostic is
found to be capable of generating the 2D equilibrium emission profile. The major
challenge was the identification of the higher mode structures. Which was most likely
associated with the low number of arrays and lack of information from the plasma. The
reconstruction was performed with a simulated 2D emission profile for m=1/n=1 and
with the reconstructed image the m=1/n=1 mode is identifiable, however the
reconstruction fails when m=2/n=1 is considered. The reconstruction was again
conducted with seven arrays for m=2/n=1. An improved image is received with a clearly
identifiable mode structure. Unfortunately the image does not exhibit the mode structure
shape as per the assumed shape. This was due to the flux surface compression at ¢ =
45° location. A new location was then searched. The ¢ = 0° is where the flux surfaces
are uniform and flux compression is absent. Tomographic reconstruction for this new
location with seven arrays in then performed with simulated emission profile for
m=2/n=1 and m=3/n=2. The resultant images clearly represent the input mode structures.
This enabled a new design for the H-J soft X-ray tomography diagnostic design. The
new diagnostic should have seven arrays looking to the plasma in the normal direction
of the magnetic field, B, at ¢ = 0° location. This exercise was carried out by L2 type
Philip-Tikhonov regularization and singular-value decomposition assisted least squares

fitting.
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