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Study of hydrogen pellet ablation cloud via spatially resolved
spectral measurement
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Spatially resolved measurements of the ground state neutral density (nal), the electron
density (ne) and temperature (Te) in an hydrogen pellet ablation cloud have been
conducted in the Large Helical Device (LHD). Spatial-resolution is achieved thanks to
the narrow band-shaped field-of-view of the optics of the observation system. Some of
the photons emitted by the ablation cloud are collected by the optics and send to a
visible spectrometer. Each obtained spectrum can be associated to a slice of the recorded
ablation cloud of a certain volume (Vs). It is possible to derive the profiles of the plasma
parameters nal, ne and Te along the ablation cloud by analyzing the experimental spectra
with a spectral model. Results obtained from least-squares fitting the data behave
accordingly to the consensus, to the exception of Te which is lower than what is usually
expected from an ablation cloud. The present study provides a new approach based on
passive spectroscopy to study and understand the internal structure of pellet ablation
clouds.

Nowadays, Magnetic Confinement Fusion (MCF) is considered as a solution to produce
clean energy. The MCF approach roughly consists of enclaving a plasma into a magnetic
trap, and heating it to very high temperatures so that nuclear fusion processes occur
between the particles composing it. However, in order for such method to reach a level
of efficiency high enough for energy production purposes, it has been deemed necessary
to inject fuel pellets into the core plasmas of MCF devices to sustain them and to ensure
that nuclear fusion processes occur as optimally as possible.

When an injected pellet interacts with the background plasma of a fusion device, it tends
to diffuse its matter content in the region directly surrounding it. This phenomenon
referred to as the pellet ablation process can be measured and quantified into what is
called the deposition profile. Under optimal conditions, most of the deposited particles
should reach the core of the fusion plasma because this is where the nuclear fusion
process is supposed to happen. However, most of the current estimations of pellets
deposition profiles do not predict an optimal delivery to the plasma core of big sized
reactor projects such as the International Thermonuclear Experimental Reactor (ITER).

Therefore, in order to improve the potency of the pellet ablation process, it is necessary



to understand its functioning more accurately. While it is already possible to get a rough
picture of how pellets behave once injected into an MCF device, theoretical models and
experimental observations have yet to be fully reconciled when the focus is put on how
pellets behave at a local scale. A conflicting point that exists between theory and reality
is related to the characteristics of the layers of plasma surrounding an ablating pellet.
These layers are commonly called ablation cloud or plasmoids. Studying an ablation
cloud is easier than studying a pellet because, contrarily to the latter, the former is
actually a plasma that can be observed by the intense light it emits. Up until a few years
ago, technological advancements only allowed to observe plasmoid through their region
which radiate the most. However, improvements of recording methods that have been
achieved in terms of higher resolutions and faster acquisition rates made it possible for
researchers to have access to the inner structure of ablation clouds and offered the
opportunity to challenge some of the commonly accepted theoretical models.

The plasma fusion research has been going through what could be referred to as a
“Local Thermodynamic Equilibrium” plasma crisis and the study of fuel pellet ablation
clouds is not exempt from it. Local Thermodynamic Equilibrium (LTE) is a condition
which is often considered in plasmas. The LTE condition contains a set of
approximations which allow plasmas to be characterized more easily than if they had to
be treated by a more complete approach. Some criteria need to be fulfilled in order for
the LTE condition to be applied. It is also possible to apply the LTE condition only
partially depending on how many of these criteria are valid. It has been shown in a study
that it is possible to consider plasmoids as being into what is referred to as a “Complete
LTE” state (CLTE). This is an interesting state to consider, especially when seen from
the point-of-view of the ground state atomic population density. When valid, the CLTE
condition allows for the atom density to be derived everywhere in an ablation cloud at
any recorded time and, ultimately, reconstruct the deposition profile of a plasmoid from
the moment it is formed to the moment it is fully ablated. However, another study based
on the premise that plasmoids are in CLTE led to an unexpected Te profile. In concept,
ablating fuel pellets are cold blocks of particles that are dissolved by interacting with a
much hotter surrounding environment making it normal to think that the temperature in
a plasmoid should be lower at its core than at its edges. Nonetheless, opposite results
have actually been obtained from the second study. The CLTE condition supposed in
the spectral model developed in this study has been highlighted as being at the source
of this difference. Whereas CLTE has been proposed to be applicable in ablation clouds,
it has only been verified by observing their global temporal behavior. Moreover,
observation of ablation clouds have only be conducted on plasmoids that never went
deep into the background plasma. Meaning that when considering the spatio-temporal
observation of plasmoids, the CLTE condition may not apply at every point in time and
space.



The goal of the present thesis is to try to verify if the CLTE condition can be used to
derive the profile of the plasma parameters in ablation clouds that are located in the
plasma core region of LHD. It will be shown that it tends not to be the case, and that it
is required to use another method. Consequently, an alternative spectral model is
presented. In order for this study to be conducted, the introduction of a new
experimental device is also required. This is why a thorough explanation of a new
diagnostics system based on spatial measurement spectroscopy is introduced as well.
That apparatus is developed to collect spectroscopic data related to the spatial profile
of any targeted plasmoid. Data obtained via this experimental device can be used to
derive the distribution profile of different plasma parameters of plasmoids along one of
their direction of elongation. This observation device is a sort of conceptual bridge
between the two previously mentioned experiments. Unless the first experiment which
introduced the concept of CLTE, this device has the ability to analyze the light emitted
from the plasmoids at a local scale. Furthermore, unless the second experiment that
tried to derive plasma parameters using a spectral model that required the CLTE
condition to work, this new device can be used with spectral models that are not
restricted by the CLTE condition. Finally, in contrast with both previous experiments,
this one focuses on plasmoids that are not in the plasma edge region but in the plasma
core region of LHD.

Pellet injections experiments presented in this study have been conducted during the
19th experiment campaign in LHD. The LHD is a heliotron type fusion experimental
device located in Toki, Japan. It is especially recognized for the stability of its steady-
state operating mode and the quality of its plasma confinement. It is equipped with a
pellet injection system that already had the opportunity to prove itself in the past. All
of these advantages make the LHD an ideal platform to test out whether the CLTE
condition can be applied in plasmoids or not. Another relevant detail to point out is that
results obtained by the two previously mentioned experiments have also been done in
LHD. During this 19th experiment campaign, numerous configurations of pellet(s)
injections have been conducted and, for the first time in LHD, deuterium and
deuterium/hydrogen plasmas experiments have been carried out in addition to the usual
hydrogen plasma experiments. Of course, both deuterium and hydrogen pellets have
been injected as well.

The observation device developed for this study consists of a visible spectrometer that
is sent light that has been collected by an observation system which is composed of a
cylindrical lens and an optical fiber. This observation system takes advantage of the
beam-shaping properties of cylindrical lenses by creating a narrow band-shaped field-
of-view that is about 14 mm wide. The spectrometer is a two components system. The



first component is a toroidal grating for flat-field polychromators while the second one
is a dual line camera. Although the spectrometer has been designed so that it does not
need to be adjusted, it is possible to fine-tune it by slightly translating and rotating the
grating. There is no other moving part in this spectrometer. A fast acquisition rate is
required to conduct spatially-resolved measurements of plasmoids because their life-
expectancy into a plasma is just about a few hundred microseconds. This is why using
a line camera is advantageous. Its quick data processing rate allows the spectrometer to
output one spectrum every 14 us. No entrance slit, intermediary mirror and additional
lenses are used in order to ensure the highest brightness possible. Simultaneous
recordings with a fast camera is also done to confirm that spatially-resolved
measurements are actually achieved. The wavelength range of interest of the recorded
spectra is located around the Balmer series emission lines of a hydrogen plasma. Plasma
parameters such as na', ne and Te are also derived from these spectra by fitting them
with a spectral modeling code. The spectral model in question is based on the
suppositions that photons emitted from plasmoids are mainly originating from the
Balmer series and a continuum that has for main contributions the radiative
recombination and radiative attachment processes. The line-shapes of the emission lines
are dominated by the Stark-broadening. Calculations of the line-intensities are done
from calculations of the Saha-Boltzmann-equation (LTE condition) or the collisional-
radiative model (CRM) whether the chosen approach uses the usual CLTE condition or
the newly proposed model (non-CLTE). The main difference between the CLTE and
non-CLTE approaches is that n.! is an independent variable in the second approach.
Data obtained from the plasmoid of the sixth pellet of discharge #135454 have been
analyzed. By comparing the spectral data of the spectrometer with the imaging data of
the fast camera, it is possible to attribute an approximate slice of plasmoid to each
spectrum. Results show that spatial-resolution measurements can effectively be
obtained from this spectral data. Least square fittings of the spectral data with the new
spectral model indicates that it is possible to derive the plasma parameters of plasmoids
with enough accuracy to observe their internal structure. The new spectral model is used,
because results show that it is not possible to fit accurately the experimental spectra
with a spectral model in which the CLTE condition is supposed. Qualitatively, the
derived na! and ne profiles are bell shaped with a slight dip visible near the center of the
plasmoid. The Te profile is the lowest at the center of the plasmoid and slightly increases
towards the edges. Quantitatively, results obtained are mostly in agreement with what
can be found in other simulations and similar experiments. The derived ne profile ranges
from 1x10%* m to almost 2x102* m~ while na! swings from 1x10%® m=3 to 4x102% m3,
As for Te, its profile announces almost 0.4 eV near the bottom part (where the densities
are at their highest) and slightly increases when headed toward the edges. However, the
complexity of the spectral model makes it difficult to assess the margin of error involved
in these results.
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