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Title: Polarization spectroscopy of Lyman-o for the study of anisotropic electron

velocity distribution function in fusion plasma

Measurement of anisotropy in the electron velocity distribution function
(EVDF) can provide significant information for understanding transport phenomena,
equilibria, and current drive in a fusion plasma. Although the anisotropic EVDF plays
a key role in a magnetically confined fusion plasma, it has not been actively investigated
in plasma experiments. Some diagnostics techniques, e.g., Thomson scattering,
electrical probes, absorption of waves, a directional energy analyzer, and polarization
in emission lines of atoms or ions, have been explored earlier to study the anisotropy in
the EVDF. Among these techniques, the spectroscopy of polarized emission is non-
perturbative. From the electron beam impact experiments and theoretical calculations,
it is well known that anisotropic electron-impact excitation creates non-uniform
population distribution over the magnetic sublevels in a state and the subsequent
emission is polarized. Thus, plasma polarization spectroscopy can be a useful technique

to obtain information regarding the anisotropy in the EVDF.

Polarization-resolved measurements of the hydrogen Lyman-a line at 121.56nm
have been made in the Large Helical Device (LHD). In order to correlate the
experimentally observed polarization degree with the anisotropy in the EVDF
development of a theoretical model, known as the Population-Alignment Collisional-
Radiative (PACR) model, is absolutely necessary. Owing to the simple energy level
structure relating to the Lyman-a line, construction of an accurate theoretical model is
possible and therefore this spectral line has been chosen for this study. In present study
we deal with the polarization in Lyman-a line caused by anisotropic collisions with
electrons. This thesis work is mainly divided into two parts:

1. Measurement of polarization in Lyman-a line from the LHD plasma
2. Development of the PACR model for Lyman-a line

Part 1: Measurement of polarization in Lyman-a line from the LHD plasma

The polarization measurement system on LHD consists of a normal incidence
VUV spectrometer (McPherson model 2253) with a CCD (Charge Coupled Device)
detector, and additionally installed optical components provided by the CLASP



(Chromospheric Lyman-Alpha Spectro-Polarimeter) team. These optical components
are a high-reflectivity mirror, a polarization analyzer and a half-waveplate. The
components are specially designed and developed to be used at the Lyman-a wavelength
and their performance is strongly wavelength dependent. Therefore, the comprehensive
testing programs of these components have been carried out by utilizing the UVSOR
(Ultraviolet Synchrotron Orbital Radiation) facility at the Institute for Molecular

Sciences in Okazaki, Japan.

The focal length of the spectrometer is 3m and the working wavelength range is
from 30nm to 320nm. A back-illuminated CCD detector, Andor model DV435 with 1024
x 1024 pixels, is placed at the exit slit of the spectrometer to record the spectra. The
high-reflectivity mirror and the polarization analyzer have been installed before the
CCD detector inside the spectrometer. The mirror works to direct the diffracted light
coming from the diffraction grating to the analyzer and has a reflection efficiency of
80% at 121.56nm. The analyzer, based on Brewster’s angle reflection, only reflects
linearly polarized light in the vertical direction to the detector. The half-waveplate is
placed just behind the entrance slit in the spectrometer and it is continuously rotated
during the measurement. Although the detector always receives a linearly polarized
light in the vertical direction as mentioned above, the direction of the corresponding
linearly polarized light at the emission location changes depending on the optical axis
angle of the rotating half-waveplate. During measurements the cycle time of the Lyman-
a line spectral observation is 50ms with an exposure time of 16ms, and the period of
the half-waveplate rotation is 0.8s. Under such conditions, linearly polarized light at

every 45° angle is monitored.

The intensity in a background subtracted spectrum is integrated over a certain
wavelength range for each time frame and the result is plotted as a function of time to
obtain the temporal profile of Lyman-a line. In the present analysis, the integrated
intensities of the hydrogen and deuterium lines are considered. Here, the angle of the
observed linearly polarized light is defined as the “polarization angle” and it is
measured in the clockwise direction seen from the grating with reference to the vertical
axis. The intensity shows a modulation which is synchronized with the half-waveplate
rotation period. This result clearly indicates that the Lyman-a line is polarized. The

polarization degree is defined as

p= Imax - Imin :
Imax + Imin

where I, and I,;, stand for maximum and minimum intensities in temporal profile,

respectively. The least-squares fitting is performed on the temporal variation of the

intensity, I(t), with a function like

I(t) =f() [1+ P sin(wt + 0)],



where f(t) represents the global intensity variation, which is here expressed by a
second order polynomial function, w is fixed at 10w in the present case, P is the

polarization degree, and 6 is the phase offset.

Following the above-mentioned procedure polarization degree has been
evaluated for many LHD discharges with different plasma configurations. The previous
studies done on LHD plasma indicate that the dominant hydrogen emissions can be
approximated to be at refr = 0.67m, where refris the effective minor radius of the plasma.
The dependence of polarization degree on electron density at hydrogen emission
location has been investigated. The decreasing behavior in polarization degree with
increasing electron density is anticipated due to two possibilities: (i) with increasing
electron density the anisotropy in the EVDF itself reduces and (ii) with increasing
electron density polarization degree may reduce due to the collisional relaxation of
imbalance of population among the magnetic sublevels. But the measured polarization

degree does not show any clear dependence on electron density.

The synthetic intensity profiles for the Lyman-a emission at the inboard and
outboard sides have been generated by using the magnetic field data at reff = +£0.67m on
spectrometer line of sight, i.e., at Z = -0.4m, to understand variation of an experimental
intensity with a polarization angle (phase analysis of intensity profile). From such
investigation information regarding the dominant emission location and regarding the
relation between the experimental intensity and the magnetic field direction can be
inferred. These results suggest that the electron temperature in the direction
perpendicular to the magnetic field (T1) is higher than that in the direction parallel to
the magnetic field (Ty). The results also indicate that the dominant contribution in the
polarized emission is from the plasma at the inboard side of the device.

Part 2: Development of the PACR model for Lyman-a line

The Lyman-o line at 121.56nm is emitted due to radiative transitions 1%S1/2 —
2%P1/2 and 12Si1/2 — 22P32. For developing the PACR model axisymmetric system with
respect to the quantization axis has been assumed where there is no orientation among
the magnetic sublevels, i.e., the populations of my and —mj; sublevels are the same. For
this reason, the light emitted due to the transition 12Si/2 — 22P1/2 is unpolarized and the
transition 12S1/2 — 2%P3/2 is mainly responsible for observing polarization in the Lyman-
a line. Here, m; means the magnetic quantum number of the level having the total

angular momentum quantum number J.

The information of dominant populating and depopulating processes concerning

level 22P3;2 is prerequisite for construction of the model and for this purpose,



collisional-radiative calculations have been carried out. The results show that for typical
electron temperature (te) and density (ne) values at the edge LHD plasma, i.e., for te:
10eV-30eV and ne: 10'%-10'° m™3, the dominant populating and depopulating processes
concerning level 22P3/2 are the electron impact excitation from the ground state and the
radiative decay to ground state, respectively. On the basis of this knowledge rate

equations for the theoretical model have been constructed.

We have developed the PACR model for the Lyman-a line. In the model each
energy level is assigned with two quantities: population and alignment. Alignment is a
measure of the population imbalance among the magnetic sublevels. The rate equations
for the population and the alignment have been solved under the quasi steady-state
approximation. The present model treats anisotropic EVDF having different electron
temperatures in the directions parallel and perpendicular to the magnetic field. The
theoretical polarization degree has been evaluated by considering the actual geometry

of measurements and the plasma parameters of the edge LHD plasma.

From the comparison of theoretical and measured polarization degree
anisotropy in EVDF has been evaluated for many LHD discharges. The dependence of
anisotropy on electron density and electron temperature has been investigated. The
results show that the anisotropy increases with increasing electron temperature and it
doesn’t exhibit any clear dependence on electron density. The increase in anisotropy in
EVDF with increase in electron temperature can be attributed to reduced collisionality

with increasing electron temperature.

In conclusion, by incorporating optical components provided by the CLASP
team, an optical system has been designed and developed to obtain the polarization-
resolved spectra of Lyman-o line at 121.56nm. Polarization degree and anisotropy in
EVDF have been evaluated for many LHD discharges with various plasma parameters
and their dependence on electron density at hydrogen emission has been investigated.
Synthetic intensity profiles have been generated for Lyman-a emission on the
spectrometer line of sight for the phase analysis of the profile. From the results obtained
through this phase analysis, it has been found that the dominant contribution to the
polarized radiation in the experimental intensity is from the inboard side plasma. The

results also show that T. is higher than Ty.

The results on polarization spectroscopy of Lyman-a line obtained through the
present thesis work give valuable information regarding anisotropy in the electron
velocity distribution function in the edge LHD plasma, which can be very useful in

theoretical calculations for understanding plasma confinement in plasma.
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