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Abstract

This study is focused on to address the pellet fueling issues such as ablation and mass redis-
tribution in the large helical device (LHD). It has been found that the ablation dynamics strongly
regulated by the local fast ion density profile generated due to the neutral beam injection (NBI)
heating. Owing to the asymmetric ablation in presence of the fast ions, three dimensionality in
the pellet trajectory, and subsequently change in the fueling characteristics has been observed. To
explore the improved fueling properties by considering the VB structure of the injection location
on the pellet ablatant, pellet injection studies are performed for the high field side, and the low field
side injection locations. A comparative study of fueling efficiency is presented at different plasma
conditions for these locations.

To deliver an intact pellet within the curved guiding path for an injection location other than
outboard side, a low speed pellet injector is developed. This injector works on the combined
operation of a mechanical punch and He propellant gas. This injector can inject a 3 mm¢ x 3
mm/ intact pellet with speed < 275 ms™! at a pellet formation temperature of 8.0 K, flexibly. The
loss in pellet speed and mass inside the guide tube are less than 6% and 10%, respectively.

Since, pellets are injected into the plasmas of 3D magnetic configuration, a three-dimensional
pellet-plasma interaction can be predicted. Therefore, applying the stereoscopic technique, a 3D
diagnostics system has been calibrated to image the pellet ablation process inside the plasma. This
imaging system uses a fast camera (time resolution of us scale) and bifurcated coherent imaging
fiber. The calibration error of this system is < £ 20 mm in the pellet penetration direction and
within 45 mm in the transverse direction, and is able to measure the ablation dynamics with good
accuracy.

In presence of asymmetric tangential NBI heated plasmas in LHD, an ablating pellet deflects
in toroidal and vertical direction rather than continuing its 1D motion along its injection direction.
Whereas, a both sided NBI has less significant effect on the pellet deflection. The toroidal deflec-
tion is < 20 cm with acceleration of the order of 10® ms—2. The toroidal deflection is successfully
explained due to the unilateral ablation by the fast ions on the pellet surface and the formation of
the rocket force in passing fast ions direction. At higher ne, reduction in deflection speed indicates

the reduction of fast ion effect. In addition, the role of rotational transform on the pellet ablation

ix



dynamics during its lifetime is explained. The three dimensionality of the ablation behavior by
associating with the change in pellet speed affects the pellet penetration inside the plasma, and
breaks the general assumption of the penetration depth, considering the constant pellet speed.

In case of the LFS injected pellet, similar to that of the tokomak results, an outward redis-
tribution of the pellet mass has been observed in LHD. In tokomaks, owing to the VB induced
redistribution of the pellet ablatant, a better fueling efficiency has been reported for HFS pellet
injection. As the ideal HFS resides under the helical coil in LHD, it is difficult to access this lo-
cation. Therefore, in an alternative approach, injection of a pellet from the vessel inboard side
with an oblique angle to a location closed to the helical coil has been considered. The injection
position is optimized by performing a simple calculation for E x B drift effect on the plasmoid
for that location. In alternative injection case, due to the fast ion effect, the pellet deflects three
dimensionally to a location having similar characteristic as that of the LFS injection. Therefore,
final mass deposition profile seems to be similar as that of the LFS injection case. The difference in
pellet penetration and the deposition peak is around 15 - 20 cm. This indicates the outward redis-
tribution of pellet mass. This behavior is also confirmed by analyzing the pellet ablation images,
where outward mass drift at a speed of 8-10 kms~! or more has been recorded. Considering the
E x B drift effect for the alternative injection, it has been found that there are certain possibilities
for enhanced deposition, if the pellet can be able to approach the calculated HFS location.

This work leads to the conclusion that the fast ions play a significant role in the pellet ablation
process. While discussing the fueling process in the fusion reactor, the effect of the energetic
ions on the pellet penetration process should be taken into account. Considering the similarity in
redistribution phenomenon of the pellet ablatant in LHD and tokomak for LFS injection, it can be

said that, the HFS fueling is necessary for reactor grade plasmas.
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Chapter 1

Introduction

1.1 World energy crises

Energy is the vital need for human civilization. The increase in world population impetus the
energy demands. At least 50 % increase in demand is expected by the middle of this century,
mainly due to the increase in population [1]. Furthermore, according to the Unite Nations, still 1.5
billion peoples in developing countries having no access to the electricity [2]. At present 80 to 90
percent of total worldwide energy is derived from the combustion of the fossil fuels [3]. As the
reserves are limited, it is expected that this will last for few hundred years (Oil and gas within the
next 50 years and coal within 300 years) [4]. In addition, burning of fossil fuels has adverse impact
on the climate change. There are many alternatives to fossil fuels such as biomass, wind power,
and solar power etc. However, the large-scale productions of these are limited. Therefore, energy
from the nuclear power is a viable solution for future energy crises. Nuclear fission and nuclear
fusion are the two forms of the nuclear energy. In the case of the nuclear fission, there are hazards
of radiation, and also high risk of the nuclear waste management as these are radioactive in nature
with longer half-life period. Nuclear fusion is safer than the nuclear fission, as the nuclear waste
from fusion machines will be very less with limited long-term waste disposal requirements. It is

also a clean source of energy with almost no environmental impact.
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1.2 Nuclear fusion and plasma physics

Nuclear fusion is the process of combining two light nuclei to form a heavier nucleus. During
this process the mass difference of the reaction is converted into energy according to the Einstein’s
relation, E=mc?. In order to induce the fusion of nuclei, it is necessary to overcome the coloumbic
repulsion between like charged particles by applying higher energy. Therefore the most promising
method of supplying the energy is to heat the reactant to millions of degree Celsius. At this tem-
perature the reactants are fully ionized. The electrostatic charge of the nuclear ions is neutralized
by the presence of equal number of electrons, which exhibit a collective behavior and the result-
ing nuclear gas is called the plasma. To achieve the high temperature needed for nuclear fusion,
plasma must be confined so that it does not lose energy and cool. There are numerous mechanisms
for plasma confinement, including gravitational (in stars), inertial, and magnetic confinements.
However, magnetic confinement is the most favorable, and advanced solution for laboratory scale
plasmas to produce thermonuclear fusion in steady state conditions. The leading fusion machines
in the field of magnetic confinement are stellarator and tokamak.

The most promising fusion reaction in magnetic confinement is that in which the nuclei of
deuterium and tritium fuse to produce an @-particle of energy 3.5 MeV and a neutron of 14.1 MeV.
The reactivity cross-section for various fusion reactions is shown in Fig. 1.1. As the reactivity
cross-section for D-T reaction is maximum just over 100 keV, this reaction is favorable over other
two reactions [5]. The condition necessary to initiate the fusion reaction is defined by the Lawson
criteria, which is written as,

nteTp >3 x 102'm3s keV. 1.1

where, n is the ion density, T in the energy confinement time and 7 is the electron temperature of
the plasma. Therefore, the plasma density and the temperature are important factors for achieving

the nuclear fusion.



1.3 Plasma fueling and pellet injection
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Figure 1.1 Reactivity for the D-T, D-D and D-He3.

1.3 Plasma fueling and pellet injection

The plasma is formed by ionization of pre-filled gas. After the plasma is formed, it is necessary to
maintain the discharge by replenishing the spent fuel. There are several possibilities of refueling
the plasma such as gas puff, NBI injection and pellet injection. Although gas puffing is the simplest
way of plasma fueling, major concern for this is the low fueling efficiency. The fueling efficiency
for the gas puff is less than 20 % in the case of tokamaks using active diverter [6] and the condition
worsens for reactor grade machines. Core fueling is necessary for the next generation plasma
devices like ITER [7]. Therefore fueling by gas puff is not capable of high-density operation.
Besides heating of the plasma, neutral beam can also be used for plasma fueling. However for

bigger scale fueling, the particle should be accelerated to very high energies and currents (1 MeV,
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40 A), which create technological challenge [8].

In comparison to the above two methods, frozen pellets of the isotopes of Hydrogen at liquid
He temperature with speed few hundreds to thousands of ms~! has become the most favorable
method for refueling magnetically confined plasmas. The major advantage of this method is the
core fueling and peaking of the plasma density profile accomplished by deep penetrated pellets.
In addition, power required by this method to inject the fresh fuel is negligible in comparison to
the fueling by the neutral beam injection. Using the pellet injection, improved particle and en-
ergy confinement properties have been demonstrated by several confinement devices including,
Alcator-C [9], DIII-D [10], TFTR [11], ASDEX [12], JET [13], JT-60 [14, 15] and LHD [16].
Enhancement of the plasma performance depends upon the pellet penetration and subsequent de-
position of the ablated mass inside it. Concerning with the pellet ablation in the plasma, several
models have been proposed on the basis of the neutral gas shielding (NGS) [17] on the ablation
characteristics. The advancement of the NGS model considering the additional shielding from
the low temperature plasma cloud surrounds the pellet has also been formulated in the form of
the neutral gas and plasma shielding (NGPS) model [43]. In the framework of the NGS model,
the normalized penetration depth (A /a) inside the plasma that depends upon the plasma electron

density (ne) and temperature (7¢), and the pellet radius (r;,) and speed (V}), is given by [107],

) 50 —
2 =0.0797, 0 PRy (1.2)
a

Due to strong dependence of the electron temperature on the pellet penetration, it will be great
challenge to fuel the fusion grade plasmas, even if the pellet injection speed can be increased to
the possible technological limits.

A discrepancy between the pellet penetration and effective mass deposition depth is reported
in tokamaks. This indicates the existence of a redistribution process of the pellet mass, just after
the ablation. This redistribution is believed to be due to a drift force down the magnetic field
gradient, towards the low field side (LFS) of torus. In tokamaks, this drift expels the deposited

matter out of the plasma in the case of LFS pellet injection, while it favors core deposition for the
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high field side (HFS) injection [102]. With increase in heating power, degradation of the fueling
efficiency, observed in case of LFS injection has not been found in HFS fueling. Therefore, it now
seems less critical to dispose of high-velocity pellet injectors to fuel a reactor scale device. This
enhanced mass deposition profile encourages to use the HFS fueling in ITER [18]. Considering this
redistribution process, recent pellet ablation models are aims to predict the exact mass deposition
profile inside the plasma with the inclusion of mass drift effect [19]. Apart from use of the pellet for
plasma fueling, analysis of pellet trajectory is also used as a diagnostic tool to get the information
about the particle transport [20] and g-profile measurement [21]. Recently, small sized Hydrogen
pellets are also used to control the ELM frequency in ASDEX-U [22]. Apart from the pellet
ablation physics, significant progress has been made in the areas of the pellet injector technology.

A detail of the various injection technologies can be found in [62].

1.4 Pellet injection and relevant diagnostics in LHD.

Large Helical Device (LHD), Worlds largest heliotron type plasma device is built with an objective
to demonstrate the steady state plasma operation [23]. One of the advantage of this device over
tokamak is the current-less, and disruption free plasma. The major radius varies between 3.5 < R
< 4.0 m for different operational conditions. The largest plasma volume is 30 m? for the standard
configuration of R = 3.6 m. The averaged minor radius is 0.6 m. The magnetic field strength on the
plasma axis is up to 3 T. A cross sectional view of LHD is shown in Fig. 1.2. In LHD, magnetic
confinement field is generated by //m = 2/10 continuous helical coils and three set of poloidal
coils, where / and m are the toroidal and poloidal pitch numbers, respectively. As the confinement
field is generated by external helical coils, the plasma varies elliptically between vertically and
horizontally elongated sections. This helical field makes the LHD plasma three-dimensional. The
poloidal coil system include sets of; (1) inner vertical (IV), (2) inner shaping (IS), and (3) outer
vertical (OV) coils. All the coils are made up of superconductor. Ten pairs of local island diverter

(LID) coils are placed at the top and bottom port of the vertically elongated section for edge plasma
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Figure 1.2 Cross section of LHD showing horizontal and vertical elongated section.

Various coils position, vacuum vessel, and cryostat are also shown.

control [24]. The LID is a closed diverter that uses m/n =1/1 island. The position of the magnetic
axis that fundamentally decides the plasma confinement is changed by the OV and IV coils. The
IS coils control the ellipticity of the plasma.

A discharge can be initiated by either electron cyclotron heating (ECH) [25] and/or by neutral
beam injection (NBI) [26]. The ECH used for plasma production and heating, is generated by
gyrotrons at the characteristic frequency of 84, 82.6 and 168 GHz. Three negative ion based
tangentially applied neutral beam injectors are the main heating devices in LHD. Out of these, two
injectors are operated in Counter Clock Wise (CCW) direction and the other injector is operated in
Clock Wise (CW) direction. Each NBI is designed to inject a 7.5 MW hydrogen beam at energy
of 180 keV.

After the initiation of the plasma discharge, external fueling is necessary to maintain the

plasma density at a specific level. LHD is equipped with gas puff [27,28] as well as pellet injection
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[65] systems for plasma fueling. Using the pellet injection, favorable dependence of the energy
confinement on the plasma density has been achieved, which has not been possible by the gas
puffing [16]. By using the repetitive pellet injection [29], high density steady state operation
has also been demonstrated in LHD [30]. Since, NBI is the main source of the plasma heating
in the pellet injected discharges, measurement of the fast ion profile in the plasma is necessary
for the pellet ablation studies. The fast ion deposition profiles are evaluated by using the Monte
Carlo simulation code, MCNBI [31]. The basic diagnostic systems needed to know the pellet
characteristics are light gate system for pellet speed, shadowgraph, and microwave cavity [32] for
the pellet intactness and mass measurement. Two light gate systems consist of laser and photo
diodes, are installed in the injector to measure the injected pellet speed. A CCD camera with
nano second pulsed light is used to capture the pellet image. The pellet shape and mass provide
the information about the particle content of the injected pellet into the plasma, which further
needed for the fueling efficiency estimation. The Hy, and the fast imaging camera diagnostics are
installed to analyze the pellet dynamics inside the plasma. The pellet ablation light is measured
by a Si-PIN photo diode with a Balmer alpha, H, filter at a time resolution of 1us. Stereoscopic
diagnostics [80] consisting of two bifurcated imaging fiber and a fast imaging camera is employed
to extract the information about an ablating pellet. The image resolution of the camera is more
than 100 K pixel. The images are obtained with temporal resolution of 20 us with 5 to 20 us
exposure times. A high-speed spectroscopic diagnostic, using fast camera and five arm bundled
fiber has been installed in LHD to characterize the ionized pellet ablation cloud (plasmoid) in
LHD [33]. The spectra of Hydrogen Balmer-lines and background continuum radiation, depend
on the electron density and temperature of the plasmoid. Therefore the Balmer-f3 line (wavelength:
486.1 nm) and continuum (wavelength: 576.8 nm) lines are used to evaluate the density and the
temperature of the plasmoid.

While developing the diagnostic systems for LHD, capability to address the key issues such

as multi dimensional measurements (because of non-axisymmetricity of the plasma) and operation
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Table 1.1 List of LHD diagnostics

Diagnostics

Measurements

FIR laser Interferometer

Line integrated ne(r)

Co, laser Interferometer

High n. plasma measurement

MMW Interferometer

Line-averaged n,

Thomson scattering

Te(r), ne(r)

Electron Cyclotron Emission (ECE)

T:

X- ray pulse height analysis

T, Impurities

Hard X-ray CCD camera

Two dimensional T; profile

Charge exchange spectroscopy

T:.(r), Plasma rotation (Vy(r), Vi(r))

Crystal spectrometer

Te, Vi

UV and Visible spectrometer

Impurity, no(H), Zs

Bolometry Pq(r)
TESPEL Particle transport
CXS Poloidal rotation speed

Heavy Ion Beam Probe (HIBP)

D, (1), Pp fluctuation

SXR CCD camera

Shafranov shift

Diamond and Silicon detectors

Neutral particles

Magnetic probe

Ip’ Wp

Langmuir probe

Edge Te, ne, ®p

Visible / Infrared camera

Plasma-wall interaction

Diverter spectroscopy

Recycling and particle influx
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in steady state conditions, are taken into consideration. Another big issue in diagnostics is the han-
dling of huge amounts of data. The following physics issues while developing the diagnostics are
considered for fulfilling the LHD missions; diagnostics for (a) High n7¢7; plasmas and transport
physics, (b) Magnetohydrodynamics (MHD) equilibrium and stability, (c) Long pulse operation
and diverter function, and (d) confinement for energetic particles. A list of important diagnostic
systems in LHD is tabulated in Table 1.1. A detail knowledge of the LHD diagnostic systems can
be found else where [34]

The effect of pellet injection on the plasma performance is analyzed by the electron temper-
ature (7¢) and density (n.) of the plasma. Line integrated n. is measured by the 13 channel FIR
laser interferometer [35], positioned at a vertically elongated plasma section. High time resolved
datas (up-to 1 us) can be obtained from this diagnostic and it is useful for the analysis of the mass
redistribution process in a pellet-injected discharge. The radial density profile can be obtained by
the Abel inversion technique [36]. A CO; laser imaging interferometer is installed on the LHD
to measure the density profile, without phase jump during high density (1, > 10" m~3) plasma
operation. A two color MMW interferometer [37] is installed to measure the n,, along the cen-
tral chord on horizontally elongated section. Thomson scattering diagnostic is a useful system to
obtain the plasma electron density and temperature profile, locally. This diagnostic is installed on
a horizontally elongated mid-plane section in LHD [38]. As this diagnostic adopts an obliquely
back scattering system, it is possible to measure the whole plasma region along the major radius
on the mid-plane R, under the severe port constraint of the helical configuration. It can measure
datas from 200 points radially with a spatial resolution of 15- 30 mm, which depends on the radial
position of laser scattering. The plasma-stored energy (W) is obtained by the diamagnetic loops,

which in turn is used for the estimation of the energy confinement time.
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1.5 Objective of this thesis

This thesis is focused on the global issues of the pellet fueling studies, such as pellet ablation
and particle redistribution process in the LHD. The questions concerning the ablation dynamics
are : what is the effect of the energetic ions on the pellet ablation process? How does the three-
dimensionality of the plasma affect the pellet penetration characteristics? From the viewpoint
of the fueling efficiency, is it possible to demonstrate the improved fueling scenarios in LHD
considering the magnetic field structure of the injection location, as observed in tokamaks?

The pellet ablation process is regulated by the local plasma parameters such as density, elec-
tron temperature. Due to its strong dependence, pellet penetration decreases significantly with the
increase in T¢. This penetration loss affects the fueling efficiency (&). With the increase in heat-
ing power, degradation of the & has also been reported in tokamak [85]. The generation of the
energetic particles due to the external heating can strongly affect the ablation dynamics. Not only
it enhances the ablation but also an asymmetry can gives rise to deflection of the pellet from its
initial trajectory. In LHD, neutral beam injection (NBI) is the major source of the plasma heating
in the pellet injected discharges, and hence the generation of the fast ions is significant. A two
dimensional deflection of the pellet trajectory in presence of the NBI has been reported earlier in
LHD [91]. Since, LHD plasma has the three-dimensional characteristics, a 3D interaction between
the pellet and the plasma cannot be ruled out. Therefore an extensive study of the effect of the fast
ions on the pellet ablation dynamics is one of the objectives of this thesis.

Another important aspect of the pellet fueling is the effective mass deposition. The fuelling
efficiency is not only affected by the pellet penetration into the plasma, but also depends upon the
mass redistribution owing to the field gradient of the injection location. In concern to this, enhanced
fueling efficiencies have been reported in tokamaks for HES injection in comparison to the LFS
injection [102]. Similar to that of the tokamak results, outward distribution of the pellet mass has
also been found in LHD for LFS pellet injection. Due to lack of proper diagnostics, it is premature

to conclude the pellet injection characteristics for the coil side injection (HFS) performed earlier
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1.6 Outline of thesis

in LHD [91]. In that study, although there is no outward redistribution of the pellet mass has been
reported; due to lack of the local density measurements, it has not been possible to demonstrate
the fueling behavior quantitatively. Therefore a part of work in this thesis is aimed at exploring the
alternative injection scenarios for better particle deposition profiles in LHD. Since the HFS resides
under the helical coil, an alternative approach to access the HFS is considered. In this approach a
pellet is injected from the inboard LFS location obliquely to a region, close to the helical coil.

To support the experimental objectives, a low speed pellet injector and a fast 3D imaging
diagnostic system have been developed. The proposed HFS injection location is situated at the
inboard side of the torus. In order to deliver an intact pellet through the bended guide tube, a
low speed pellet injection system (100-400 ms~') using a mechanical punch device is developed.
To study the 3D pellet-plasma interaction, a three-dimensional diagnostic is necessary. Since the
perpendicular observations are restricted by the helical coils in LHD, a three-dimensional imaging
diagnostic by applying the stereoscopic principle is calibrated. This diagnostic uses a fast camera
and bifurcated imaging fiber. Not only the trajectory of the pellet but also the mass deposition

characteristics can be studied by analyzing the individual image frames.

1.6 Outline of thesis

After introducing the first chapter (this chapter), Chapter-2 describes about the pellet ablation dy-
namics inside the plasma, and injection position optimization in LHD. In Chapter-3, development
of a low speed pellet injector, and injection test of the pellet through the bended guide tube is pre-
sented. Calibration of the three-dimensional measurement diagnostic basing on the stereoscopic
principle is discussed in Chapter-4. In Chapter-5 three-dimensional observation of the pellet ab-
lation behavior in presence of the fast ions is discussed. Then, Chapter-6 describes the results
regarding the pellet fueling and mass redistribution for the different pellet injection locations in

LHD. Finally, the summary and conclusions are given in the Chapter-7.
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Chapter 2

Pellet fueling scenarios in helical system

2.1 Introduction

The success of a future fusion reactor implicitly depends on the efficient fueling, which is possible
by the pellet injection. In several fusion machines including the tokamak and the helical device,
extended operational limits have been achieved, which has not been possible by the gas puffing
[10,16]. After the pellet enters in to the plasma, change of phase from a solid material to the mass
deposition lasts for few milli-second. The overall pellet dynamics during this time can be divided
into two parts, such as ablation and mass homogenization. In context with this, the successful
prediction of the pellet dynamics inside the plasma is necessary. Although it has been proven as a
favorable candidate for fueling, outward redistribution of the deposited mass [40] for the low field
side (LFS) pellet injection is a major concern. On the other hand, for the high field side (HFS)
injection, enhanced fueling efficiency (&) has been observed in tokamak [41]. The basic question
arises here is, whether the success of the HFS injection in the tokamak can be extended to the
helical plasmas, which is different from the former by its three dimensional helical magnetic field.
In this chapter we will discuss about these issues and will extend the global understanding in this

regard to explore the favorable pellet injection locations in LHD.
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Chapter 2 Pellet fueling scenarios in helical system

2.2 Pellet ablation

Soon after a pellet enters into the plasma, it is exposed to the heat flux, carried out by the plasma
electrons and ions. If the electron and the ion temperatures are equal, the electron heat flux is
dominated owing to the ratio of the electron and ion mass ratio \/(mi /me), where mj and m, are
the ion and electron masses, respectively. The pellet starts to evaporate and forms a spherical
neutral cloud around it. This ablation cloud shields the pellet from the incident heat flux and hence
the pellet lifetime is increased. After the formation of the neutral cloud, it is further heated and
ionized, and forms a high density, low temperature ionized plasma cloud, called plasmoid. The
plasmoid having high pressure inside it expands along the magnetic field line until the pressure
equilibrium with the background plasma. A diagram illustrating the ablation phase is shown in

Fig. 2.1.  In this figure Rax, Vp, By and a, represent the magnetic axis, injected pellet speed,
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Figure 2.1 Schematic of the NGS pellet ablation model

toroidal magnetic field and minor radius of the plasma, respectively. The pellet penetration at a
particular time from the plasma edge is represented by A. The descriptions presented here is the

simplest form of the neutral gas shielding (NGS) model [17]. This model has been systematically
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2.3 Mass homogenization

modified by many researchers taking into account of various aspects such as Maxwellian electron
distribution and geometrical effect [42], shielding from the ionized cloud (NGPS model) [43], and
considering the atomic processes [44] . In the original pellet ablation model, the heat flux due to the
electrons is only considered. In the discharges with significantly higher external heating power, the
ablation rate is strongly modified by the high-energy particles. Therefore the original NGS model
is latter extended by Milora [45] and Nakamura [46], taking into account of the effect of fast
ions on the ablation process. While considering the energetic particle ablation, it is important to
consider the effect from pitch angle and the Larmor radius of the incident flux particles. The effect
of the fast ions and its asymmetry surrounding the pellet, on the ablation process is discussed in
latter chapters.

The efficiency of the fueling improves with the increase in pellet penetration depth. If the
pellet is completely ablated inside the plasma, then, & close to 100% is expected. However, the
fueling efficiency well below this value has been found in experiments. The experimental results
indicate that the particle deposition depth is lesser than the the pellet penetration depth in the case
of the LFS injection. Therefore the pellet penetration is not the end of the process, and there
exist some other mechanisms that cause the degradation of the fueling efficiency by removing the

particles out of the plasma.

2.3 Mass homogenization

After the ionization of the neutral cloud, the spherical cloud becomes a cigar shaped plasmoid and
expands along the magnetic field lines. The expansion speed of the ablatant is much lower than that
of the incoming heat flux. Therefore the energy density in the ablation cloud is rapidly increased
over the ambient plasma pressure, and a localized high-f plasmoid is formed [47]. The expansion
of the ionized cloud continues up-to the pressure equilibrium with the background plasma. The
mass homogenization process across the flux surfaces occurs in this phase. The ionized particles at

this stage move across the magnetic field due to the E x B drift force in its self-consistent electric
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Chapter 2 Pellet fueling scenarios in helical system

field. There are several possibilities for the formation of these fields in the pellet cloud [48]. One
of the possibilities is, the formation of the electric field due to the gradient in the toroidal magnetic
field. The above said drift force affects the final mass deposition process significantly by pushing
the plasmoid towards the LFS of the torus. The simplified physical picture of E x B drift model

is shown in Fig. 2.2.  Let us consider an isolated ionized ablation cloud in the non-uniform

——

Plasmoid _ _ _ _

Figure 2.2 Plasmoid drift mechanism in presence of non-uniform magnetic field.

magnetic field, which is proportional to 1/R. The cloud is assumed to has the constant electron
and ion temperature, which are much less than the ambient one. The polarization of such a cloud
arises due to the VB drift of ions and electrons in the vertical direction. The corresponding vertical
current is,

2p
.V pu— —_. 2.1
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16



2.3 Mass homogenization

Where, p = ni(T. + T;), is the cloud pressure. When the ionized particles start to decelerate due
to the particle’s gyro-motion, the drift velocity reduces and the polarization current arises. The
polarization current in the vertical direction is opposite to the VB drift current, and is written as,

. _I’limiaEZ
=g o

(2.2)

where n; and m; are the local density and mass of the injected ions, and E, is the vertical electric
field due to the polarization of the cloud. However, if the polarization current exists, there should
be another current system to close the circuit. Such a current system flows in the ambient plasma.
If the currents in the ambient plasma are large enough to compensate the polarization current inside
the cloud, the polarization inside the cloud reduces and hence Ey field reduces. This electric field
generates the E x B drift force towards LES of the torus. Consider, there exists an isolated plasmoid
at the beginning of the drift, so that the net current inside it is zero (V -1 = 0). At this condition,
two opposite current balances each other. Equating the Eqns. 2.1 and 2.2, the acceleration of the
cloud can be written as,
ok 2(T.+T,)

M= (2.3)

is a drift velocity. This drift acts down the magnetic field gradient towards the

EXB

where Vr = =5

LFS of the torus. Therefore if a pellet is injected from the low field side, due to this force, the mass
is drifted out of the plasma and the fueling efficiency is low. Similarly for the HFS injection, the
deposited mass drifts toward the axis of the plasma, and causes high fueling efficiency. It had been
reported in several machines that the observed drift is smaller than what can be deduced from the
calculation of the drift velocity, and the time scale of the mass homogenization. Various possibil-
ities for the drift compensation like, Alfvén wave generation and overlapping of flux tubes after
the plasmoid expands half a toroidal turn along the field line, tends to compensate the polarization
field and hence the drift, are proposed in the modeling studies [70].

From the NGS scaling law for the pellet penetration (Eqn. 1.2), it can be seen that there

is a strong dependence of the pellet penetration on plasma electron temperature over the pellet
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injection speed. Contours plot for the pellet penetration as a function of the 7; and the pellet

injection velocity (V;,) for LHD is shown in Fig. 2.3. The open circles in the figure represent the
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Figure 2.3 Contour plot of the pellet penetration as a function of the 7 and V,,.

points with seven fold increase in the plasma temperature and speed of the pellet. In this calculation
ne and rp are 1 X 10 m—3 and 3 mm, respectively. From the figure, it can be observed that for
a seven folds increase in the injection speed, pellet penetration (A /a) just increases by 2 times.
However, for a similar increase in T, A /a decreases more than three times. At this temperature, if
the speed is increased up-to 3 kms™!, the normalized penetration is still less than 0.3. Therefore,
it will be a great challenge to fuel the reactor scale plasmas with bigger volume and higher T,
within the technological limit of the pellet injection speed. In contrast, a better fueling efficiency

can be achieved even with lower injection speed by using the HFS of the torus, owing to the mass
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2.4 LHD and VB structure

drift effect discussed above. Therefore, optimization of the fueling location is necessary in order
to achieve higher fueling. The above discussed E x B drift effect can be used as a tool for the

optimization of the fueling location in fusion devices.

2.4 LHD and VB structure

In LHD, since the helical modulation is superimposed to the toroidicity, additional high field side
appears under the helical coil and varies from one location to other, hence the HFS side is not
always inboard to the vacuum vessel as in the case of a tokamak. Therefore, one cannot simplify
the magnetic field strength distribution like B o< 1/R as in axis symmetric tokamak field. The
shape of the plasma in LHD varies elliptically between horizontally and vertically elongated cross-
sections. The magnetic field structure of the LHD showing HFS and LFS for the above cross

sections, and the VB directions is shown in Fig. 2.4. It can be observed from the figure that in each
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Figure 2.4 Poloidal section of LHD showing, (a) Horizontally elongated, (b) Vertically

elongated section. A HFS exist under the helical coil, VB has four different directions.

cross-section there exist four different directions of VB. A complementary study, focusing on the

19



Chapter 2 Pellet fueling scenarios in helical system

differences of the magnetic field configuration between the helical device and tokamak, is one of
the approaches to understand the effect of the plasmoid drift on the fueling efficiency in LHD.
Since, magnetic confinement field is generated by the external helical coils, LHD has high
rotational transform at the edge. Figure 2.5(a) shows the rotational transform for R,x = 3.6 and 3.75
m. This indicates that the rate of change of the magnetic field on the edge region is very high and is
less for inner region of the plasma. Considering a pellet plasmoid exists in the plasma, a magnetic
field line is traced from the plasmoid position along the toroidal direction. The position of this
field line on the poloidal plane, and the direction of the VB on this line for each toroidal angle are
calculated. A field line trace starting from the p = 0.9 at the outboard low field side (mid plane)

is shown in Fig. 2.5(b). In the figure the tail point of the vector shows the position of the field
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Figure 2.5 (a) Rotational transform of the LHD B field. (b) VB structure on the field line

throughout the torus indicating the three-dimensionality of the LHD plasma.

line in poloidal plane and the vector indicates the direction of the magnetic field gradient on the
field line. The magnitude of the vector represents the strength of the field gradient. A coordinate

system indicating various directions is also shown in the figure. For each toroidal rotation, VB

20



2.5 Injection position optimization

makes 9 rotations poloidally, and also the poloidal position variation rate is high. A comparison
for the case of an equivalent aspect ratio tokamak for the same p value represented by the green
arrows indicates that, VB direction is always towards inboard side of the torus and there is a little
variation of it. Due to the high rotational transform at the edge of the plasma, a possibility for drift
compensation due to the overlapping of the polarized charges (as discussed in ref. [48]) cannot
be ruled out. Therefore it may lead to less drift of the pellet by reducing the E field inside the
plasmoid. This discussion of the VB structure signifies the necessity to optimize an injection

location for the pellet fueling studies, considering the VB drift in LHD.

2.5 Injection position optimization

It has been stated earlier that, owing to the plasmoid drift down the magnetic field gradient, en-
hanced & has been reported in tokomkas for the HFS injection. To explore the HFS injection
scenarios and enhanced fueling properties in LHD, various pellet injection positions are consid-
ered. The injection positions are decided by considering the effect of the E x B drift on the pellet
plasmoid for the corresponding injection locations [49]. To decide an injection location, at first a
probable injection direction was chosen. A discrete set of points on the direction of the injection
is presumed. A plasmoid is assumed to be at these points, just after the ablating pellet leaves it
behind on its injection path. Expansion of the plasmoid from that point along the toroidal mag-
netic field direction is considered. The VB structure and hence the E x B force on the transverse
direction following the field line is estimated. The complete procedure of this calculation for a
horizontally elongated outboard side mid plane location is shown in Fig. 2.6. In the bottom figure,
the origin corresponds to the center of the vacuum vessel. The plasma axis with the field line and
the direction of the injected pellet for the above injection location are also shown. An expanding
plasmoid along the toroidal direction and the force on it (vector arrows) in a direction opposite to
the injection direction (V},), are indicated in the figure. The calculated force vectors then projected

on to the poloidal plane of the plasma. The projected force vectors for the injection location on
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Figure 2.6 Three dimensional view of the E x B vector direction on the pellet plasmoid
for a horizontally elongated outboard section injected pellet (bottom). Projections of the
above vector on poloidal plane (Top). Color bar indicates the drift direction within 60 cm

expansion of the plasmoid along the toroidal direction.
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2.5 Injection position optimization

p — Z plane are plotted on top of the figure (Fig. 2.6). The color arrows in the figure indicate
the 60 cm expansion of the pellet plasmoid (maximum elongation observed in LHD) along the
toroidal direction. The pellet injection direction towards the center of the plasma is also shown.
It can be observe that the E x B force is outward direction to that of the plasma and in-fact this is
the LFS location in LHD. The magnetic field structure of this location can be seen in Fig. 2.4(a).
Similarly a calculation for horizontally elongated inboard mid-plane has the similar features, and
is a LFS injection. The calculation for inboard coil-side at a vertically elongated section is shown

in Fig. 2.7. It can be seen that this injection position has significant drift towards the center of
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Figure 2.7 Projection of E x B drift direction for vertically elongated inboard injection.

the plasma and seems to be the best location to study the HFS injection characteristics. Since this
injection location lies under the helical coil, it is impossible to inject a pellet from this location.
Therefore in an alternative approach, injection of the pellet from the inboard low field side with an

oblique angle to a location close to the helical coil has been considered. The injection geometry
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Chapter 2 Pellet fueling scenarios in helical system

and the drift force corresponding to this injection scheme are shown in Fig. 2.8. In this figure, the

Helical
coil

O
o

o 05 10
p

Figure 2.8 (a) Cross section of the alternative injection location: oblique angle injection

close to helical coil. (b) Projected E x B drift direction for this location.

upper one represents the cross section of the plasma (51° horizontally elongated, inboard), where
the calculation has been performed. The solid arrow shows the pellet injection direction from the

exit of the in-vessel guide tube. The position of the helical coil proximity to the pellet path is
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2.6 Summary

also indicated. The calculation result indicates that there is a significant drift force on the pellet
plasmoid towards the center of the plasma. Therefore, fueling properties similar to that of the HFS
fueling in a tokamak is expected for this injection location. Relying this calculation, another injec-
tion position for HFS can be considered is vertically elongated shallow angle upper port injection
to a region close to the helical coil. Basing on theses calculations, two injection possibilities are
considered for the experiment; (1) Horizontally elongated outer port injection and (2) Horizon-
tally elongated, oblique angle inner port injection. While first one is the LFS injection, the second
location considered is the HFS injection location in LHD. To inject a pellet other than outboard
side of the torus, long curved guide tubes are needed. During the passage of the pellet inside the
guide tube, a stress is exerted on the pellet surface due to its reflection by repetitive collision, and
curvature of the guide tube. At higher injection speed, when this stress exceeds the tensile strength
limit, there is a possibility the pellet can break. Therefore, a low speed pellet injector is necessary
for inboard side injection. Development of the low speed pellet injector and the characterization

of the pellet inside the guide tube are detailed in next chapter.

2.6 Summary

The pellet ablation process inside the plasma mainly depends on the electron heat flux on the pellet
surface owing to the lesser mass of the electron. The heat flux on to the pellet surface is carried
out by the charge particles following the magnetic field. Although, the ablation is governed by
the electron heat flux, the presence of the high-energy particles can significantly affect the ablation
dynamics. The ablation process inside the plasma can be successfully explained by using the
NGS model. From the theoretical point of view, globally observed mass deposition discrepancy
is supposed to be due to the E x B drift force on the pellet plasmoid down the magnetic field
gradient of the torus. Owing to this drift, better deposition profile for the HFS injected pellet is
demonstrated in tokamak. To explore the enhanced fueling characteristics in the LHD, several

injection location around the torus are decided. Since, an ideal HFS exists under the helical in
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Chapter 2 Pellet fueling scenarios in helical system

LHD, injection of a pellet from this location in restricted. To access a HFS location, an alternative
approach by injecting a pellet with an oblique angle close to the helical coil has been considered.
Considering the VB structure of the injection location, a simple calculation of E x B force on the
pellet plasmoid for several injection location is performed and subsequently an injection location

is fixed for the experiment.

26



Chapter 3

Development and characterizations of a

low-speed pellet injector

3.1 Introduction

Plasma fueling by pellet injection has extended the operational limit of the fusion machines, which
has not been possible by the gas puffing. Developments in the field of the pellet injection technolo-
gies have been progressed significantly in the past years. At present, most of the advanced fusion
machines like TFTR [50], DIII-D [51,52], JET [53], ASDEX-U [54], Tore Supra, JT-60 [55] and
LHD [56] are equipped with the pellet injectors. Delivery of a pellet into the plasma can be divided
into three parts. These are pellet freezing, acceleration, and successful delivery into the plasma.
The most common types of freezing techniques used are, in-situ pipe gun in case of single pellet
or extrusion techniques in case of continuous pellet formation. The leading techniques for pellet
acceleration are light gas gun [57] and the centrifuge [58]. Using these techniques pellet speed
up-to 1 kms™! or more has been achieved. For very high-speed pellet injection two stage light
gas gun is an useful method and the speed up-to 3.5 kms ™! has also been reported [59]. Repetitive

pellet injectors are developed for plasma fueling in case of steady state operation. In the case of the
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Chapter 3 Development and characterizations of a low-speed pellet injector

pellet injected through the straight tube, it is possible to inject a pellet with high-speed. However,
the injection of a pellet through the bended tube needs a low speed pellet injection system due to
the fracture of the pellet while passing through it. For low speed pellet injection, punch mechanism
based technology is a favorable method [60, 61]. Conclusively pellet injectors of injection speed

ranging from hundreds of ms~! to few kms ~!

are operational world wide as per the necessity. A
review of the pellet injection technologies can be found elsewhere [62]

Concerning the fueling issues, we want to inject a pellet from the selected locations around
the torus in the LHD. The pellets were transferred to these locations through the curved guide tubes.
Therefore, the pellet speed should be low in-order to be delivered intact within the curved guide
tubes. Considering this fact, a low speed injection system using the mechanical punch method
has been developed [106] for alternative location (inboard oblique angle coil side) pellet injection

studies in the LHD. In this chapter a detailed design and performance of this pellet injection system

is discussed in following sections.

3.2 Design Criteria

The criteria that lead to the eventual design of this injector are
(1) Lower injection speed through curved tube.
(2) Remote operation

The objective of the development of this injector is to carry out the pellet injection from
the different injection locations (as discussed in previous chapter) in LHD. An injection location
other than outboard side of the torus needs a curved guide tube for pellet transfer, and deterioration
of the pellet inside it limits the use of a high-speed pellet injector [64]. Therefore the use of
existing high-speed multi barrel pellet injector is limited in LHD, which is used for regular plasma
operations by injecting a pellet from the horizontally elongated outboard side of the torus at a speed
~1000 - 1200 ms~! [65]. A pellet needs high pressure to break away from the freezing area inside

the barrel. The use of higher pressure accelerates the pellet to high-speed and hence low speed
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3.3 Design of the pellet injector

injection, which is the primary objective for the pellet launching through the bended tubes is not
feasible. Considering this, a solenoid operated mechanical punch device used at the breach side of
the injector seems to be a favorable solution for low speed pellet injection [60]. A pellet can be
injected with the combined operation of a mechanical punch and a small amount of propellant gas.
In addition, using this method the requirement of a propellant gas is also minimized and hence, it
helps to reduce the overall dimensions of the injector. The small amount of propellant gas needed to
accelerate the pellet can be removed easily from the injection line. Therefore using the mechanical
punch device, a low-speed pellet injector of speed ~100 - 400 ms~! and with the flexibility of
pellet injection at a desired speed has been designed for alternative location pellet injection in
LHD. Higher injection speed is also possible for higher propellant pressure but the pellet speed
during the experiment is limited by considering the intactness of the pellet after passing through
the transfer line.

A further criterion for the injector is the remote operation. The LHD experimental hall is not
accessible during the plasma operation; therefore the vacuum system including valves and pumps
should be operated remotely. Additionally the time difference between two consecutive discharges
in LHD is only 180 s, hence the pellet formation and injection require a flexible and effective

control that should be synchronized with the LHD plasma discharge.

3.3 Design of the pellet injector

The schematic of the low speed pellet injector with various parts is shown in Fig. 3.1. In following

sub-sections a detailed design of the various parts of pellet injector is presented.

3.3.1 Properties of Hydrogen isotopes

Commonly pellets of isotopes of Hydrogen are used for plasma fueling studies. The properties of

various isotopes of H, at cryogenic temperature are tabulated in Table 3.1. This study is focused
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Figure 3.1 Schematic view of the punch-mechanism based low speed pellet injector
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3.3 Design of the pellet injector

only on the H; pellets. To form the pellet, proper temperature and pressure are required below

its triple point. The phase diagram of Hydrogen is plotted in Fig. 3.2. The triple point of the

Table 3.1 Properties of H; isotopes

Triple-point Triple-point Density Yield
Isotope | temperature (K) | pressure (bar) (gm/cm3) strength (bar)
H, 13.9 0.072 0.087 0.7-3.5 (at 12.0 to 4.2 K)
D, 18.7 0.172 0.200 0.7-3.5 (at 16.4 to 4.2 K)
T, 20.6 0.216 0.320 0.7-3.5 (at 9.0 K)
20 T T T I T T T T T T
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Figure 3.2 Phase diagram of H; isotope showing solid, liquid and gas phases. Triple

point at a temperature of 13.9 K is indicated by the solid diamond symbol.

Hydrogen at 13.9 K temperature and at 0.072 bar pressure is indicated by the diamond symbol. As
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Chapter 3 Development and characterizations of a low-speed pellet injector

the triple point temperature for H is 13.9 K, commonly, a pellet is formed at a temperature within
5-12 K cold head temperature at proper gas pressure. The density of the pellet is 0.087 gm/cm? in

case of H, pellet.

3.3.2 Cryogenic Chamber

The heart of the pellet injector is the pellet formation region. As the pellet forms at very low tem-
perature, it needs either liquid Helium cooled system or closed cycle cryocooler. The pellets are
formed at very low temperature; therefore low heat loss and high strength materials should be cho-
sen for the pellet formation region. In this design a Gifford-McMahon cycle compact cryocooler
(SHIRDK-415) is being used. The GM-cycle cryo-cooler has the advantage that it is free from
replenishment of cooling media such as liquid helium and can be easily and remotely operated
by using the common utilities such as cooling water and electricity inside experimental hall. The
cooling capacity of this cryocooler is 10 W at 8 K on the second stage. The cryo head heat sink has
two stages of temperature 40 K and 4 K, respectively. A ‘T’shaped OFHC Cu block is attached to
the second stage of the heat sink at 4 K temperature to hold the pellet formation barrel. To make
a better contact of the Cu block with the sink head a thin indium foil is inserted between them.
The barrel made up of stainless steel of internal diameter 3 mm is connected to the Cu block via
a Cu disk brazed onto it. The width of the brazing is 3 mm, so that a cylindrical pellet (3 mm/¢x
3 mme) is formed at the freezing area. The barrel is extended from the pellet acceleration sys-
tem at the breach side to the subsequent stages at the front side. A Cernox thin film resistance
temperature sensor (CX-AA type) from Lake Shore Cryotronics is used to accurately measure the
temperature of the pellet formation region. The temperature sensor used is factory calibrated, can
make measurements in the range of 0.1 K to 325 K. The measurement accuracy is £25 mK at
cryogenic temperature. Two voltage controlled polyimide thermo-foil flexible heaters are installed
on the both side of the Cu block to maintain the temperature of the pellet formation region at the

required level. To reduce the heat loss from the system, the pellet formation region is properly
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3.3 Design of the pellet injector

enclosed by cylindrical thermal shield, made up of Cu. The shield is connected to the first stage of
the cryocooler at 40 K temperature. This cylinder is open just at points where the pellet formation
barrel passes through it, so that effective head load to this system is minimized. As the cryo head
is connected to single barrel, it efficiently cools the pellet formation region. When more barrels
are connected to the heat sink, a proper thermal analysis considering conduction, convection and
radiation should be necessary to know the characteristics of the cooling region, otherwise it can
affect the quality of pellet formation.

All these cryogenic parts are enclosed within a vacuum chamber as shown in Fig.3.1 (For-
mation chamber). The vacuum chamber is maintained at a vacuum level of 10~ Pa by employing

a turbo-molecular pump of pumping capacity 0.06 m3s~!.

The chamber is also equipped with
necessary vacuum gauges and valves for efficient operation. The electrical connection cables in-
side the vacuum vessel to the temperature sensor and the heater are connected via vacuum feed
through, compatible with high vacuum conditions. While connecting the cables to cold region at
second stage, it is worthy to wrap it on the 40 K thermal shield so that heat loss due to conduction
through these wires is minimized. Due to less heat load to the cryo-cooler, it takes ~ 80 minutes
to cool down the barrel from room temperature to SK and hence, the injector is ready for operation
within 90 minutes of switching on. The cooling system should be efficient to be able to form a
pellet within the plasma shot timing interval. In LHD, the plasma shots are taken at every 3 s time
interval. The injector handles only one pellet and the heat load to the system is very less, therefore

the increase in temperature (= 0.5 - 0.8 K) during the pellet injection recovers quickly, and the

injector gets ready for another pellet formation cycle.

3.3.3 Vacuum and gas feed system

High pressure propellant gas is needed to accelerate the pellet into higher speed. The propellant
gas added in this process should be removed from the injection line in-order to restrict it from en-

tering the plasma chamber. A two stage differential pumping system has been installed to remove
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Chapter 3 Development and characterizations of a low-speed pellet injector

the propellant gas from the injection line. The volumes of the 1* and 2"¢ expansion chambers
are of 0.015 and 0.02 m? respectively. Both the expansion chambers are connected to the turbo-
drag pumps of pumping speed 0.25 m*s~! and 0.5 m3s~!, respectively. Expansion chamber-1 and
expansion chamber-2 are maintained at a vacuum level of 10~ and 10~° Pa, respectively. The
injection path extending from the formation chamber and passing through the expansion chambers
have two breaks of length 2 cm each for the removal of the propellant gas. The guide tube connect-
ing both the expansion chamber is of length 66 cm. A schematic diagram of the vacuum system

with the fueling and propellant gas lines is shown in Fig. 3.3. The filled and unfilled arrows in the
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Figure 3.3 Vacuum system of pellet injector showing pellet formation region, two stage

differential pumping system and gas (fueling and propellant) feed system.

diagram indicate the inflow (L1, L, and I,..) and out flow (S, S> and S3) to the vacuum system,
respectively. The inflow of the propellant gas to the formation chamber is restricted, by isolating it
from the differential pumping stage. The lines VL1 and VL2 are used for the removal of propellant
gas from the differential pumping stage during the injector operation.

Considering a maximum of 2.5 Pam? of propellant gas required for single pellet injection,
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3.3 Design of the pellet injector

vacuum characteristics for differential pumping system can be calculated from the following equa-
tion.

Vi = Lpee + Cra(Py — Py) — S1Py + Ly A

V2l = Cpy (P — Py) — $2Py + Ly
Where L., B, Vi, Si, Cii+1 and L; denotes the propellant gas inflow rate, pressure of stage
1, volume of the stage i, pumping capacity of the stage i, conductance between the stages i and i
+ 1 which are connected by the guide tube and leak and/or degassing rate of stage i, respectively.
The characteristics curve of this vacuum system calculated by using the above equation is plotted

in Fig. 3.4. Actual pressure rise during the pellet injection is also shown by the dots with solid
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Figure 3.4 Vacuum characteristics curve for two-stage differential pumping system.

symbol. The vacuum characteristics for the differential pumping system infers that the vacuum
level of the first stage and final stage deteriorates to 10? Pa and 2.5 x 10~2 Pa, respectively. It can

be observed from the figure that experimentally observed vacuum levels in both stages are of little
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higher than the calculated value. This increase is due to the direct inflow of the accumulated gas
inside the punch mechanism device through the barrel (which has bad conductance), and evapo-
ration of Hy gas inside the barrel. The effective inflow of the propellant gas (He) into the final
stage is of the order 5x 10!7 atoms per second at a maximum and is reduced with the decay time
constant of 2 s. Because the effective inflow is considerably small compared to the pellet mass
(10%! atoms/s), negative effects of the residual propellant gas is negligibly small. During the pellet
injection into the plasma, the increase in the pressure of these chambers by the inflow of propellant
gas is recovered within few seconds (typically less than 15 s) after the pellet injection. Therefore
it is possible to inject a pellet synchronizing with the LHD discharge timing (180 s).

Pellet guiding tubes of internal diameter 9.25 mm connected to various injection locations are
pumped through the second expansion chamber. The length of the guide tube for the outboard side
injection port is 2.2 m with two bends. The inner port guide tube is 21 m long with five bending.
All the curved guide tubes have a curvature radius of 0.8 m except one of the guide tubes at the
inboard location has curvature radius of 0.3 m. A schematic of the pellet injector with guide tubes
used for the different pellet injection locations is shown in Fig. 3.5. The second expansion chamber
is equipped with a guide tube selector and it can direct the pellet to three different locations. The
guide tube selector is controlled remotely to select an injection location.

The solenoid punch used for the pellet breakaway from the freezing zone is connected to the
breach side of the barrel. The gas feed system for the injector controls the low-pressure Hy fuel
gas and the high-pressure He propellant gas (Fig. 3.3). The fueling and the propellant gas feed
systems are connected to the barrel through the punching device. The needle valve connected to
the fueling gas line controls the pellet formation pressure. A 25 cc buffer cylinder just before the

fast opening valve is used in the propellant flow line to accelerate the pellet efficiently.
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Figure 3.5 Schematic view of LHD with guide tubes connecting between the pellet in-

jector and various injection ports.

3.3.4 Diagnostics

After the pellet is being injected, two basic injection parameters are of interest is the speed and
mass of the pellet. For this purpose, the injector is equipped with two light gates to measure the
pellet speed by using the time of flight measurement between two fixed positions. Each light gate
consists of a laser and a high-speed photodiode. The shadow-graphic system consisting of a CCD
camera and a flash lamp of 180 ns pulse width is installed on second expansion chamber to confirm
the intactness of the pellet. Also, similar sets of light gate and shadowgraph systems are installed
on the inboard side guide tube exit to measure the pellet speed and to check the intactness of the
pellet after its passage through the curved guide tube. The inboard side measurements were only
considered during the bench test, as it is difficult to operate these devices in presence of high B at

the inboard side during the plasma discharges. A schematic view of the pellet speed measurement
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from the two light gate signals is shown in Fig. 3.6. In this figure Lg-1 and Lg-2 corresponds to
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Figure 3.6 Photo diode signal for both light gates used for the calculation of pellet speed

the photodiode signals installed at the expansion chamber-1 and 2, respectively. A dip in both the
signals corresponds to the time at which the pellet crosses the laser light. By knowing the difference
in both the light gate timings (Af) and the separation length between them (AL), the pellet speed
can easily be calculated. The light gate signal Lg-2 is also used as the trigger for shadow-graphic
camera system to take a picture of the passing pellet. The shape of the pellet calculated from the
shadow-graphic image is used for the estimation of the pellet mass, which in turn is useful for the

pellet mass deposition analysis inside the plasma.

3.3.5 Control and Data acquisition

Due to inaccessibility of the experimental hall during plasma operation, the pellet injector should

be operated remotely. A PC based control system is developed on a Microsoft Windows platform
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by using LABVIEW 8.6 software with National Instruments Compact Field Point (CFP) controller
and input-output card. The CFP placed near the injector in the experimental hall can easily be
accessed from the LHD control room via an Ethernet network. A block diagram of the injector

control and data acquisition system is shown in Fig. 3.7. The cryo-cooler and all the vacuum
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Figure 3.7 Block diagrams of the injector control and data acquisition system

valves and pumps are controlled remotely using this software. The CFP analog modules acquire
the pressure and temperature data of the injector. The acquired analog data and the status of the
various devices are stored automatically at 3 s intervals. All the instruments in the injector can be

controlled remotely by the graphical user interface in the remote computer. The picture of the user
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interface control is shown in Fig. 3.8. In LHD, the duration between two discharges is 3 minutes.

Punch Injector Control System

Figure 3.8 LABVIEW based user interface control for the injector remote operation.

The pellet formation cycle is also synchronized with the LHD central control by this software,
so that a pellet is being injected at a regular interval of 3 minutes during the plasma discharges.
The timing signal for the solenoid punch and the fast valves are controlled by another PLC with a
delay pulser. Diagnostic systems such as the light gates, fast camera and fast photodiode data’s are

acquired by high-speed ADCs.
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3.4 Injector Operation and Characterization

3.4 Injector Operation and Characterization

After the installation of the pellet injector in the LHD, all the necessary experiments are carried out
to check the credibility of the pellet injector. As the major objective of this injector is low speed
pellet injection through the curved guide tubes, tests concerning the pellet formation process, speed
inside the guide tube and the intact tests at different formation temperatures are done and the results
are presented in the following sections. The following section is organized as follows. At first, the
pellet formation and injection process is described. After that the pellet speed is modeled using the
Ideal gun theory (IGT) approximations. Finally the results from the injector characterization are

presented.

3.4.1 Pellet formation and launching

A pellet (3 mm¢x 3 mm¢) contains 10>! Hydrogen atoms, hence for a plasma of volume 30 m?,
increase in density of 3x10'? is expected. The schematic view of the pellet formation barrel with

the injection mechanism is shown in Fig. 3.9. The pellet formation cycle starts with a trigger from
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Figure 3.9 Low speed pellet injection mechanism using mechanical punch and pneumatic

propellant system.
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the control system at 160 s prior to the plasma discharge. At first the fueling valve is opened to
allow the gas flow through the barrel towards first expansion chamber. As the gas passes through
the cold region below the heat sink, a pellet of desired size is formed. It takes around 50 - 60 s to
freeze one pellet at a pellet formation temperature (7},) of 8 K. The freezing time also depends on
the cryo head temperature and the fueling gas pressure. As soon as a pellet forms, it blocks the
gas flow to the other side and the pressure in the fueling line increases. This increase in pressure is
used as an indication for the pellet formation inside the barrel. Consequently the fueling valve (Fig.
3.9) is automatically closed at a preset pressure level. The remaining fuel gas inside the barrel then
drained out through the drain valve. Few ms before the injection, the drain valve is closed, and the
injector is ready for injection. Pellet breakaway from the freezing zone starts with the activation
of the punch head. A few ms (3 - 7) later the fast valve is opened, and the He propellant flows into
the barrel and accelerates the pellet to higher speed. By varying the propellant gas pressure, the
speed of the pellet is controlled. The pellet is directed to the different injection locations by using

the remotely operated guide tube selector, installed in the second expansion chamber.

3.4.2 Pellet speed and Ideal gun theory

The pellet speed inside the barrel can be modeled with the help of the Ideal gun theory (IGT)
approximations. In the framework of the IGT, the flow inside a cylindrical pipe is assumed to
be one-dimensional and the change in flow variables is small and gradual. The projectile (pellet)
inside the tube moves due to the expansion of the gas in the volume confining it. The name Ideal is
based on the assumption that the non-ideal effects such as friction at the projectile tube interface,
heat transfer through the tube wall, viscosity and the leakage of the gas are neglected. Considering
the flow as adiabatic and one-dimensional (Vy and V, = 0), the pressure inside the tube can be
written as, [66]

1
P(t) = B[l — 5 (y= DIU|/CoP" 7Y, (32)

where, P(¢) is the pressure at a particular section as a function of time, Py is the initial
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pressure at time ¢ = 0, U is the velocity of the gas, C is the sound speed of the gas at U =0, and y
is the ratio of heat constants. Using the above equation, the equation of motion of the pellet by the

sudden application of gas inside the gun barrel can be written as,

mp dVp(t)
A, di

=Rl - %(7— DV (£)/Col?/ 1. (3.3)

Integrating the equation of motion, the speed of the pellet V},(¢) after a time ¢ is,

2Cy (}/—f— I)P()Ap _ (=D
Vo(t) = —— |1 — |1 + —-—=¢| r+D)

where, Ap and m;, denotes the base area and the mass of pellet, respectively. The maximum attain-

(3.4)

able speed (V") by the pellet can be calculated from the equation (3.4) by setting the applied gas
pressure to zero expansion as,

Vi =G /(y—1). (3.5)

For ideal gas conditions, Cyp = \/W, where R is the universal gas constant, T is the temper-
ature, and m is the molecular weight of the propellant gas. Therefore, the light gases act as good
propellant. With increase in temperature, if Cp exceeds the speed of the sound at that temperature,
the pressure to the pellet surface decreases and there is no increase in the pellet speed. Using He
as the propellant gas, theoretically, the maximum speed can be attainable is 3000 ms~!. However,
due to the non-ideality in the system, the attainable speed is lower in practice. Therefore, the opti-
mization of the barrel length is needed for a given projectile and propellant conditions. Using the
Eqn. 3.4, the net acceleration path length L, in-terms of the muzzle velocity Vi, (speed at the exit

of the barrel) can be written as,

L(Vm) = /Vm(t)dt

2C MC ARy 2 2MC}
0| _ 0(1+(?’+ )Ap ot)%]) _ MG (3.6)
Y— 1 APP() 2MCy (’}/— I)APP()

. e 2MC}
Defining the characteristic time 7 = [(y— 1)Vy“"M|/[(y+ 1)ApP] and a constant L, = m
of dimension in length, the above equation can be written as,

r,2_
L(Vm) — thax — Lc(l + ;) <’}/+l) —'I_Lc- (3.7)
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It can be inferred from the Eqn. 3.3 that, that, higher pellet speed can achieved at a relatively small

gas pressure. Using the Eqn. 3.7, the barrel length can be optimized for the desired range of pellet

speed.

3.4.3 Characterization of the pellet injector

At the first step to characterize the pellet injector, the response of the pellet speed to the propellant

pressure is checked. The speed of the pellet is calculated from the light gate barriers as discussed

in Sec. 3.3.4. Figure 3.10 shows the variation of the pellet speed as a function of the propellant gas
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Figure 3.10 IGT approximation of pellet speed at different propellant pressure (Solid

line). The dashed curve indicates the IGT speed after pressure, Fy, and barrel length, L,

correction. Solid circles indicating the experimentally observed pellet speed.

pressure. It can be observed from the figure that there is a large deviation of the experimentally

observed pellet speed (solid circles) from the Ideal gun theory approximation (solid line) [57]. This

observed variation may be due to the over estimation of the barrel length (L = 0.35 m) for the pellet
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acceleration in the IGT calculation. Since there is a finite delay in the fast valve operation after
punch activation, the effective barrel length for the IGT approximation is modified by considering
the punch speed and delay time. Also there is a certain flow of the propellant gas into the punching
head volume, as the propellant gas line is connected to the barrel through the punch head. Therefore
the effective pressure (Fy) for the pellet acceleration is also reduced. Hence, a pressure drop factor
and an effective barrel length term are introduced in the IGT calculation. The modified pellet speed
by considering the above aspects matches (dashed line) well with the experimental data.

To measure the pellet speed and intactness, a set of light gate and a shadowgraph system
are installed at the vessel inboard guide tube exit. An intact pellet size of ~ 2.7 mm has been
confirmed from the shadow-graphic image. Figure 3.11(a) shows an intact pellet for V,, = 348

ms~! and Fig. 3.11(b) shows a broken pellet for Vp =380 ms~! at T, = 6.5 K. Although there is

Figure 3.11 Shadow-graphic image of (a) an intact pellet at 348 ms~! and (b) a broken
pellet at 380 ms~! taken at inboard side guide tube exit. The circles on both figure indicate

the position of pellet / pellet fragments on the image.

no direct measurement of pellet mass loss inside the curved guide tube, the shadow-graphic image
suggests ~ 10 % mass loss, which agrees well with the measurements in Ref. [64]. Concerning
with the pellet mass, p-wave cavity method is an efficient and more exact method for pellet mass
determination. Using the two u-wave cavity detectors, pellet mass loss calculation with good
accuracy has been reported by Combs [67]. In that report it has been also reported that, it is

possible to identify the intact / broken pellet simultaneously, using this method.
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Chapter 3 Development and characterizations of a low-speed pellet injector

Effect of the pellet formation temperature on its characteristics has been studied. The varia-

tion of the pellet speed with the propellant gas pressure at different 7}, is shown in Fig. 3.12. The
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Figure 3.12 Change of pellet speed with propellant pressure at different 7p,.

pellet speed variation with pressure is similar for all temperatures. In the figure, a filled symbol
corresponds to the minimum speed at which a broken pellet has been observed at a particular pellet
formation temperature. Pellets having speed below that of the symbol are intact and above it are
both intact and broken. The pellet speed variation of 85 - 115 ms™~! has been observed using the
solenoid punch only. Therefore 100 ms~! in the figure refers to the speed of the pellet using the
solenoid punch only. A comparison of pellet muzzle speed (filled symbols) with the speed at the
guide tube exit is shown in Fig. 3.13. The solid line indicates the case when there is no speed loss
inside the guide tube. The figure indicates that the pellets slowed down inside the curved guide
tube and the measured speed loss (open symbols) is less than 6 %. No significant dependence of

pellet speed loss on the pellet formation temperatures has been observed.
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Figure 3.13 Comparison of V}, at curved guide tube exit with pellet muzzle speed (filled

symbols) at different 7},. Pellet speed reduction (%) with muzzle speed (open symbol)

The dependence of the intact pellet speed limit on the pellet formation temperature has been
studied for four different temperatures. The fraction of the pellets that were found to be intact
(intact pellet fraction) is calculated by taking a ratio between the number of intact pellets at the
guide tube exit and total number of the injected pellets. The variation of the intact pellet fraction
with the injection speed is plotted in Fig. 3.14. More than 75 test shots were considered in the
calculation for each pellet formation temperature. A horizontal bar on the line corresponds to a

bin size of 30 ms~!

over which the intact pellet fraction is calculated. The number of shots used
in the intact pellet fraction calculation for each bin size is shown over the horizontal bar. It can
be observed from the figure that the intact pellet fraction at a particular temperature decreases
with increase in injection speed. As the data points correspond to the center of the bin size in the

calculation, falling of the curves from the intact line (intact pellet fraction =1) before a broken pellet

has been observed is obvious. The minimum speed at which a broken pellet has been observed
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Figure 3.14 Intact pellet fraction plotted against injection speed at different 7,,. The

horizontal bars indicate the bin size of the speed taken to estimate the intact pellet fraction.

varies from 335 ms~! at T, = 6.5 K to 256 ms~! at T, = 9.8 K. A study with similar pellet size
(2.7 mm) and guide tube configuration has been reported earlier [64]. The lower speed limit for
an intact pellet at the temperature range 8 to 9 K discussed here is in good agreement with the
previously reported observation, where it is 270 ms~!. The higher speed limit over which all the
broken pellets can be observed has not been found because of inability to achieve the higher speed
for the existing barrel length. Since the pellet conditions are similar in the temperature region 8-9
K, it is most likely that the upper speed limit for intact pellets would be similar to the previously
reported observation, where the highest speed that a pellet can survive was found to be 470 ms ™!

Considering pellet erosion by the centrifugal force due to the curvature of the guiding tube, above

observations can be explained by performing a simple physical model calculation. The relation
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3.4 Injector Operation and Characterization

between the pellet tensile strength o; and the centrifugal force can be written as [68],

2
_mpVp

o = AR, (3.8)

Where m,, is the mass of the pellet, V}, is the velocity of the pellet, A is the area of the pellet in
contact with guide tube wall, and R, is the curvature radius of the guide tube. Considering A
= 10 % of total surface area, the relation between V,, and R. can be written as V,, = 400+/R.0¢
ms~!, where o varies in the range of 0.7 - 3.5 bar at T, = 12.0 - 4.2 K [62] for H; pellet. The
guide tube used for pellet transfer to the launching locations has several bends of bending radius
0.8 m and one bend of curvature radius 0.3 m. Therefore considering the minimum curvature
radius in the calculation, the speed at which a pellet can be delivered intact has been calculated at
different 7,. A comparison between observed (solid circle) and calculated (solid line) intact pellet

speeds at different pellet formation temperatures are shown in Fig. 3.15. From the figure it can be
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Figure 3.15 Comparison of experimentally obtained intact speed (Solid circle) with cal-

culated intact speed (Broken line) at different 7,

49



Chapter 3 Development and characterizations of a low-speed pellet injector

inferred that the experimental points follows the calculation. In addition to this, another possible
mechanism may contribute to pellet fracture is from multiple collisions inside the guide tube as the
pellet possibly bounces in it. Although the model described here is a simplistic one but it appears
to be reasonably good to predict the pellet fracture inside the curved guide tube. While optimizing
the pellet transfer tubes for the HFS injection in ASDEX-U, it has been reported that impact angle
of the pellet with the guide tube is an important factor for the survivability of an intact pellet inside
it [69]. The impact angle needs to be such that the impact stress should not exceed the plastic flow
regime. This fact leads to the conclusion that, the corresponding perpendicular pellet speed should

be less than 40 ms~! during pellet impact with the guide tube wall.

3.5 Summary

A low speed single barrel pellet injector using a mechanical punch device at the breach side of the
barrel has been designed for alternative injection in LHD. Considering the three dimensional na-
ture of the LHD magnetic field, alternative (HFS) injection locations around the torus are chosen to
carry out pellet injection and fueling studies. A number of curved guide tubes of curvature radius
R. = 0.8 m and 0.3 m are being used for the pellet transfer to the respective pellet injection loca-
tions. Pellet transfer characteristics through the guide tube are tested at different pellet formation
temperatures. Pellet speed loss within the guide tube is found to be less than 6 %. The intactness of
the pellet is verified by comparing the shadow-graphic image and light gate signals at the injector
and the curved guide tube exit. The observed variation of the minimum speed at which a broken
pellet has been observed at different pellet formation temperatures, is comparable to the calculated
intact speed by considering the pellet yield strength at that temperature. However the maximum
intact pellet speed limit (after which all the pellets are broken) has not been demonstrated due to
the inability of the injector to achieve higher pellet speed. The possible cause may be the shorter
barrel length. With this, the injector is able to inject a pellet (< 275 ms~!) through the curved guide

tube to the alternative injection locations in LHD.
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Chapter 4

Stereoscopic Diagnostics

4.1 Introduction

It is well established that, the pellet injection is a favorable method for core plasma fueling [70].
In order to get a deeper knowledge into the physics of pellet dynamics inside the plasma, such as
pellet ablation [71], cloud dynamics [72], trajectory of the injected pellet [73], efficient diagnostic
systems are necessary. The pellet ablation process inside the plasma lasts for few milli seconds.
Therefore diagnostics of high spatiotemporal resolution is necessary to understand the pellet ab-
lation dynamics in sub milli second time scale. In several fusion machines, high frame rate fast
imaging camera with optical imaging fiber is used to study the pellet ablation process inside the
plasma. In the past, using gated - intensified charge coupled device (CCD) camera, measurement
of the pellet cloud characteristics was also reported [74]. Apart from the information regarding
the cloud characteristics, measurement of the pellet trajectory and speed are also very important.
In this regard, pellet trajectory measurement using position sensitive detectors or photo multiplier
tube arrays has been reported by many authors [75-77]. In order to measure these quantities si-
multaneously, three-dimensional diagnostic system basing on the fast framing camera from two
different observation points has been reported from ASDEX-U tokamak [78].

In LHD, as the magnetic confinement field is generated by the external helical coils, the
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plasma cross section varies three dimensionally between a horizontal and vertical elongated sec-
tion throughout the torus. Additionally, the fast ions generated by the NBI heating play a signifi-
cant role in the pellet ablation process. Therefore in presence of such a three-dimensional plasma,
a complicated pellet-plasma interaction can be predictable. In order to get the three-dimensional
information about a system, tomography is an accurate and powerful method [79]. In the case of
tomography, multiple views on the same poloidal plane are necessary. Since, perpendicular obser-
vation ports are limited by the helical coil, stereoscopic principle has been applied to obtain the
three-dimensional information about an ablating pellet in LHD [80]. Stereoscopy is a technique to
extract the three-dimensional information about a system from the discrepancy of two or multiple

images taken from different locations.

4.2 Stereoscopic principle

A camera is a mapping between the 3D world coordinate (object) and a 2D image coordinate. This
kind of projection is called the perspective projection. The three-dimensional point M = [X, Y,
Z.])" in camera frame is imaged to the two-dimensional image point my = [u,v]” under the pinhole

camera model by the following relation [81].

—f 000]]x]
u
s 0 f00]]|Y wn
00 f0]|]|z
’ 0001 1
or
s = PoM, (4.2)

where, s, is an arbitrary scale factor. The symbols with the tilde represent the respective coordi-
nates in homogenous form. A homogenous coordinate is obtained by adding another element of

magnitude 1 in the existing coordinate system. An example of this, the two-dimensional point m
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4.2 Stereoscopic principle

in the homogenous form can be written as my = [u,v,1]T. Equivalently the homogeneous points
are scaled as (su,sv,s), and we can get back the original coordinates by dividing s.

In general, points in space are expressed in a coordinate system (world coordinate) different
from the camera coordinate system. These two coordinate frames are related via a rotation and a
translation. If My, = [X,Y,Z]T represents world coordinate, the corresponding point in the camera

coordinate M. can be written as,

M. = DM,,. (4.3)

Where D = is the transformation matrix. The matrix R (3 X 3) and ¢ are the rotation
oF 1
and translation matrix respectively.

In ideal conditions the image axes are perpendicular but due to electronic acquisition system,
pixels are not square. If the image axes are not perpendicular and 6 is the angle between image
coordinates, a scale factor k, and &, can be introduced to correct the image coordinates. The old

image coordinate m can transform to the new coordinate m by the following relation.

m = Hym 4.4)

k, —ky,cot® ugy
The image rectification matrix H, is writtenas | 0 k, /sin@ v

0 0 1
Here u and v are the coordinates of the principal point. Combining the equations [4.2 —4.4],

the complete camera transformation equation between a world and an image coordinates can be

written as ,
sm = H.PoDM,, = PM,,. (4.5)
Piy P Pi3 Py
Where, P=H.P,D= | P,y Py, P»3 Py |.isknown as the camera projection matrix.

P51 Py P33 Py
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Hence the camera is considered as a system that depends upon the five intrinsic parameters (fk,,,
fk,, up, vo and 0), and six extrinsic parameters (three each for rotation and translation), which
transform a world coordinate to an image coordinate.

Let us consider a stereoscopic system consists of two cameras. A schematic of this stereo-

scopic system is shown in Fig. 4.1. The symbols used in this figure have the usual meaning as

M (XY Z)

L 4 —_—

t Y u )
Observaton Observation
point -1 point - 2

Figure 4.1 Schematic of stereoscopic measurement principle.

described in previous paragraphs. The full stereoscopic equation for these two views can be set-up
by applying the pinhole camera equation (Eq. 4.5) to each of the 3D to 2D projective transforma-
tion. Applying the camera equation to the observation point-1 and expanding the matrix, one can

get a relation for the image coordinates u and v of the form,

Py —uP34 = (uP31 — P11)X + (uP32 — P12)Y + (uP33 — P;3)Z “6)

Pry — VP34 = (VP31 — Po1)X + (VP32 — P22)Y + (VP33 — P23 ) Z.

Similarly, applying the above procedure for the observation point-2 (s'm’ = P’ ANJW), the relation for
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the image coordinates u’ and v’ can be written as,

Py —u'Py = ('Py — P{)X + (WP, — P[p)Y + ('Pi5 — Pj3)Z
4.7)
Py —V'Py = (VP — Py )X + (VP — Po)Y + (VP — P33)Z.
Combining the Eqn. 4.6 and Eqn. 4.7 and writing it in matrix form, the complete stereoscopic

equation can be written as,

Py —uPsy uPyp —Pyy uPypy— Py uP33—Pi3 X
Pry —vP3y vP3 — Py vPp — Py vP33— P
= X | Y 4.8)
Pl —u'Py u'Py — P, u'Py,—P, u'Py—Pj
Z
Py —V'Py VP =Py VPy— Py VP — Py

By knowing the projection matrix, and the image coordinates for each camera, the world point

(M, =[X Y Z]) can be found easily from the above relation.

4.3 Pixel correspondence

In previous section, a detail about the stereoscopic principle has been described. At this point,
another problem comes in the stereo problem is the pixel correspondence between two camera
images. Simply to say, if the image point of the world scene in one of the camera image is known;
we have to find the image coordinate corresponding to the world point in other camera image. As
there are large number of pixel points in each image, it is time consuming as well as difficult to
find out the exact image coordinate. This problem can be solved by the use of epipolar geometry
concept [82].

The epipolar geometry is the intrinsic projective geometry between two camera views. It is
independent of scene structure, and only depends on internal parameters and relative pose of the
cameras’. As shown in Fig. 4.1, suppose a point My, in 3D-space is imaged in two views, at m in

the image-1, and m’ in the image-2. It can be seen from the figure that the image points m and m’,
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space point M, and the camera centers are coplanar. Let us denote this plane as 7. From above
discussion we can say that the ray corresponding to the unknown point m’ lies in 7, hence the point
m’ lies on the line of intersection I’ of 7 with the second image plane. This line I’ is the image in
the second view of the ray back-projected from m. Therefore to search the point corresponding
to m, we need not to cover the entire image plane but can be restricted to the line I’ only. The
mathematical representation of the epipolar geometry can be formulated by the using fundamental
matrix.

For a given a pair of images, to each point m in one image, there exists a corresponding
epipolar line I in the other image. Any point m’ in the second image matching the point m must
lie on the epipolar line I'. Thus, there is a map (m > 1') between point and line. This projective
mapping from point to line is represented by a matrix F, called the fundamental matrix. For any
point m in the image-1, the corresponding epipolar line is ' = Fm. Similarly, | = FTm' represents
the epipolar line corresponding to m’ in the second image

The fundamental matrix satisfies the condition that, for any pair of corresponding points m
and m' in the two images

m " Fm = 0. (4.9)

The application of this equation for fundamental matrix calculation and stereo point extraction is

described in next section

4.4 Instrumentation and Camera Calibration

The application of the stereoscopic principle makes it possible to observe the pellet ablation be-
havior three-dimensionally in LHD. Application of the above technique for 3D measurement is

divided into two parts such as (1) Instrumentation, and (2) Calibration.
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4.4.1 Instrumentation

The lifetime of the pellet in the plasma is of few milli-second, and the dynamics of the pellet
changes in microseconds time scale, therefore a fast camera is needed for the pellet ablation studies.
The camera used in this system (Vision Research, Inc. Phantom v710) is equipped with a 12-bit
self-resetting complementary metal-oxide semiconductor SR-CMOS sensor. The resolution of
this camera is (512 x 232) pixels. The camera is operated at a frame rate of 20-50 kHz with
5-20 us exposure time. A bundled imaging fiber with bifurcation at the imaging end is used for
the pellet ablation imaging. To maintain the simultaneity of the measurement, the images from
the two locations are focused on to a single fast camera. A schematic diagram of the complete

stereoscopic camera system is shown in Fig. 4.2. The overall length of the fiber is 15 m including

Bifurcated Imaging Fiber; 50,000 pixels x 2

objective 15,000
lenses ’ 10,000 B 212 piels
< ‘o= bifurcation 2 £
| h %: .D (Sl- A %
©[TH . QL N
47 76 U 10.24 mm

stainless steel
flexible tube  (F mount)  Fast camera

Imaging lens

Figure 4.2 Stereoscopic diagnostic setup with fast camera and bundled fiber.

the bifurcation end of 5 m length. Each of the bifurcated ends has an objective lens of field of view
15°. The bundled end has an imaging lens mounted to the camera, which can project the image

pair onto the imaging sensor.
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4.4.2 Camera Calibration

The calibration of the stereogram is basically finding of the projection matrix for each camera view,
and the Fundamental matrix between the image pairs. These matrixes are calculated by following
procedure.

At the first step, a model plane of 5 x 5 squared grid points is taken for the camera calibration
process. The origin of the camera set-up is fixed at one of the imaging port. The Z - direction of the
set-up is considered as the pellet injection direction. The X and Y coordinates represent the vertical
and toroidal direction of the plasma, respectively. The points in the model plane are separated by

80 mm in both directions. A schematic of this calibration set-up is shown in Fig. 4.3. For any

Model

80 mm plane

~—p

Observation
point -1

Figure 4.3 Camera calibration setup. The coordinates X, Y and Z represent the plasma
vertical, toroidal, and the pellet injection direction of the plasma, respectively. The epipo-

lar plane corresponding to a world coordinate is also indicated.
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world point MJW the relation (Eq. 4.6) between the three-dimensional point on the model plane

and the two dimensional point on the image plane can be written as,

XJ'PH + YjP12 —|—ZjP13 + P14 — qujP31 — qujP32 - uijP33 - l/tjP34 =0 @.10)

XiPoy +YiPyn+ZiP3+ Py —viXijPs1 —v;YiPsy —v;ZiP33 —viP34 =0
The projection matrix contains 12 elements; therefore at least six pairs of image points are needed
to solve the above equation for matrix elements. However, a better solution can be obtained by
including more number of known calibration points. In this calibration, the image of the model
plane is taken at 14 different Z values, ranging from 2.35 m to 3.0 m. Therefore a total of (5x5x14)
350 points are used to estimate the projection matrix. For n pairs of 3D to 2D correspondence, n

equations can be set up as in Eq. 4.10, and can be written as,

Ap =0. (4.11)
Here, ) )
Xy 1 zz71 0 0 O O —mi Xy —wm7 —wmZ; w
0 0 0 0 X1 Y1 Zl 1 —V1X1 —V1Y1 —v121 Vi
A — ’

X, Y 2z, 1 0 0 0 O —uX, —uw)Y, —uyZ, u,

0O 0 0 0 X, VY, Zz, 1 —v,X, —v.,Y,, —viZ, v,

and p = [Py1, P2, P13, Pia, Po1, P, Pr3, Pay, P31, Py, P33, Pag) .

The solution of the above equation is given by the eigenvector of AT A associated with small-
est eigenvalue. The solution of this equation gives the matrix elements of the projection matrix.
After finding the projection matrix for both the camera, another important matrix needed is the fun-
damental matrix between the two camera views. This can be obtained by applying the following
procedure.

For any pair of correspondence between m <+ m’, the fundamental matrix is defined by the

relation s’V Fm = 0 . As the matrix F has 9 components, at least 9 corresponding points between
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the two images are necessary. In particular, writing the left and right image coordinates in its

homogenous form m = [u,v,1]” and m' = [, V', 1]7, the fundamental relation can be expanded
as,

dufii +u'viin+u fis+Vufor Vv +V s tufsi v+ 53 =0. (4.12)

Above equation can be expressed as a vector inner product, («'u,u'v,u’,v'u,v'v,v' ;u,v,1)f = 0. For

a set of n matching points (350 points in calibration), the set of linear equations is of the form,

iy vy oy Vi Vivi vioug vy 1
Af = : : : : : R f=0. (4.13)
Uty Uy Uy, Vi, Vive Vi, oup vy 1
The solution of this equation can be found by the similar mathematical procedure followed in
case of the projection matrix estimation. Before calculating the projection matrix or fundamental
matrix, if input data points (3D or 2D) are normalized, a better solution can be obtained [83].
After the estimation of the fundamental matrix, the robustness of this solution is checked
by drawing the epipolar lines on the right image, corresponding to a number of points in the left
image. An example of this is shown in Fig. 4.4. The figure represents one image frame of the
model plane, taken by the fast camera from two different locations during the calibration process.
The left half image (here after, "left image") and the right half image (here after,"right image") of
this figure correspond to the camera image taken from the observation point-1 and -2 respectively.
A solid circle indicates the origin of reference of the model plane with arrows in the left and right
image. The cross symbols in the left and right image within the rectangle are the points used
in the calibration process to estimate the fundamental matrix F. The epipolar lines for a number
of point in the left image (calibrated and uncalibrated) are calculated by using the fundamental
matrix F, and is shown on the right image. In the right image small squares of side 3 pixel length
are plotted around the actual model plane points. It can be infer from the figure that the epipolar

lines calculated, lies very close to the actual points with error less than £3 pixels. This proves the

effectiveness of the calibration matrixes.
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Image-1

Calibrated

Figure 4.4 Epipolar lines (in right half image) corresponding to a number of points in

the left image shows the closeness of the estimated points to the actual points.

After the estimation of the projection matrixes and the fundamental matrix, the accuracy of
the stereoscopic measurement system is evaluated by comparing the reconstructed 3D points with
the model plane coordinates. Initially the pixel error was £3 pixels, but following a least square
optimization process using the Levenberg - Marquardt algorithm [84], the error reduces to < +1
pixel. The reconstructed 3D-position error in the direction of the pellet penetration (Z- direction)
to the plasma and transverse to it, is shown in Fig. 4.5. In Figure 4.5 (a), only seven Z - position
(25 x 7 =175) data points are shown. The error bar corresponds to the error of £20 mm. The
maximum error along the Z - direction is estimated as, 18 mm. Figure 4.5 (b) shows the model
plane and the reconstructed X —Y plane coordinates for all 350 points used in the calibration. A
bounding circle of same radius indicates an error of 10 mm. Each circle contains 14 recalculated Z
- data points. The reconstructed X, Y points are well inside the circle and the reconstruction error
i1s < £5 mm. The pellet plasmoid (ablated ionized pellet cloud) size is approximately 50 cm long
and 20 cm wide. Therefore this accuracy is sufficient to measure the pellet dynamics inside the

plasma.
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Figure 4.5 (a) Stereo reconstructed error along Z direction (Maximum error +18 mm).
(b) Error in in X —Y direction for all Z-positions. An error of 10 mm is indicated by the

bounding circles of 10 mm radius.

4.4.3 Application to pellet ablation study

The application of the stereoscopic camera to an ablating pellet in the LHD plasma is demonstrated
in Fig. 4.6. This figure shows the typical stereo pair of an ablating pellet cloud inside the plasma.
It can be observed that the pellet ablation cloud intensity has a peaked profile. Considering a
strong intensity of the ablating cloud near the pellet surface, it can be assumed that pellet lies in
the brightest part of the image. Accordingly, a cross in the left image indicates the position of the
pellet. To find the corresponding point in the right image; an epipolar line is drawn by using the
equation 4.9. The pixel coordinates of the pellet in the right image (cross symbol) is calculated
by assuming that it lies on the brightest point along the epipolar line. By knowing the coordinates
for both image and using the projection matrix, the three-dimensional position of the pellet can
be found from the Eqn. 4.8. Using the above method, the pellet motion inside the plasma is

calculated and is plotted in Fig. 4.7. The solid line in the figure represents the presumed pellet
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\ u [pixel] —

Figure 4.6 A typical picture of an ablating pellet image taken from two different loca-
tions. The epipolar line corresponding to the pellet position in left image is shown on

right image
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Figure 4.7 Time evolution of the stereo reconstructed pellet position and Hy ablation
intensity. Predicted pellet position by considering the constant pellet speed is indicated

by the solid line. The open circles show the stereo reconstructed pellet penetration speed.
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Chapter 4 Stereoscopic Diagnostics

position inside the plasma by considering the constant pellet speed along the pellet path. The H,
light originated due to the pellet ablation is also shown. The pellet speed along the penetration
direction is calculated by polynomial fitting of the pellet position data, and matches well with
the pellet injection speed. It can be said that, the pellet ablation dynamics inside the plasma can
be successfully diagnosed by using this stereoscopic diagnostic method. Pellet ablation study

applying this technique is discussed in subsequent chapters.

4.5 Summary

In LHD, due to three-dimensional plasma configuration, complicated pellet plasma interaction can
be predicted. The external helical coils restrict the use of perpendicular observation ports for three-
dimensional pellet ablation imaging on the same poloidal location. Therefore, a three-dimensional
diagnostics by applying the stereoscopic principle is calibrated to study the pellet-plasma interac-
tion in LHD. In this technique, the ablation pellet cloud is imaged from two arbitrary locations by
using a single fast camera and bifurcated coherent bundle fiber. Stereoscopic observation system
has been calibrated by using a model plane of 25 grid points for fourteen different Z positions
along the pellet injection direction. In the calibration process, two projection matrixes for each ob-
servation point and a fundamental matrix relating the two camera images has been estimated with
good accuracy. The stereo reconstructed error is found to be 18 mm along the pellet injection
direction and 5 mm transverse to it. Successful application of this diagnostic to the pellet in-
jection experiments is demonstrated by comparing the estimated pellet position with the predicted

position by considering the constant speed of the pellet along its injection direction.
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Chapter 5

Stereoscopic observation of the pellet

ablatant in LHD

5.1 Introduction

In order to understand the fueling process in the plasma, study of the pellet ablation is very impor-
tant, as it governs the pellet penetration inside the plasma. The pellet injected into high temperature
plasmas is mainly ablated by thermal electrons. The energetic ions produced in the presence of ex-
ternal heating plays a significant role in the ablation process. High temperature plasmas with higher
heating power increases the pellet ablation rate due to increase in the heat flux on its surface, which
in turn reduces the pellet penetration. With increase in heating power, degradation of the fueling
efficiency has also been reported from tokamak [85]. In addition, the pellet trajectory deviation
from its injection direction can also affect the fueling factor by reducing the pellet penetration into
the plasma. In simplistic assumption, the pellet penetration depth inside the plasma is measured
by the product of Hy intensity time duration, and the injection speed, owing to the fact that pel-
let travels with constant speed along its injection path. In the case of a non ideality in the pellet

trajectory (change in speed and / or deviation from injection direction), this simple assumption for
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Chapter 5 Stereoscopic observation of the pellet ablatant in LHD

estimation of the pellet trajectory may cause an error in measured penetration depth [86]. The non
ideality in the pellet trajectory is inherently depends on the distribution of the energetic particles
inside the plasma. The heat flux by the plasma particles onto the pellet surface is carried along
the magnetic field lines through the ablation cloud. The particles with smaller gyro radius than the
cloud radius can penetrate in to the plasma. Therefore the ablation characteristics depend on the
energy distribution of these particles. In converse, the pellet trajectory deflection has been used as
a tool to estimate the distribution of energetic particles in Reverse Field Experiment (RFX) [87],
and current distribution during magnetic reconnection in tokamak [88]. The pellet trajectory de-
flection using a Carbon pellet is also used as a diagnostic tool to measure the local current density
profile in the T-10 Tokamak [89]. In order to study the pellet ablation process in high temperature
plasmas, a clear understanding of the interaction between the pellet and the energetic particles is
necessary.

LHD, a heliotron type device has a three dimensional magnetic field configuration. Since,
NBI is the main source of the plasma heating in the pellet injected discharges, the fast ions gen-
erated due to it plays a significant role in the pellet ablation process [90]. In connection with this,
two dimensional observation of the pellet trajectory in the presence of NBI has been reported ear-
lier in LHD [91]. In that study it had been reported that, the trajectory of the pellet deflects along
the toroidal direction with respect to the tangential neutral beam direction. In the case of a three
dimensional magnetic configuration, deflection of the pellet trajectory in 3D plane cannot be ruled
out. Due to monocular observation, previous study performed in LHD by using the fast camera
cannot reveal the three dimensional characteristics of the ablating pellet. Therefore, in order to
get a deeper understanding of the pellet penetration process inside the plasma, a three-dimensional
measurement system is necessary. Using the perpendicular observation ports from the tangential
view and the poloidal view, three dimensional pellet imaging studies have been performed with
the help of the position sensitive detector or the CCD camera in RFX and AUG tokamak, respec-

tively [76,78]. Using a 2D position sensitive detector, and knowing the injection speed and lifetime,
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3D position of the pellet had been estimated, in LHD [77]. In presence of non-ideality in the pellet
penetration, estimation of the local pellet position considering the constant pellet speed can lead to
wrong result. Therefore, this diagnostic is not able to measure the exact penetration depth of the
pellet independent of its injection history. In presence of the helical coils perpendicular observa-
tion ports are limited. Therefore, stereoscopic technique has been applied as a diagnostic tool to

analyze the pellet ablation behavior in the LHD [80].

5.2 Experimental setup

In LHD, neutral beam injection is used as the main source of auxiliary heating in pellet injected
discharges. LHD is equipped with three negative-ion based tangential NBI systems of total power
15 MW with a beam energy of 150 -180 keV for plasma heating [26]. While NBI-1 and NBI-3 are
operated in counter clock wise (CCW) direction, NBI-2 is operated in clock wise (CW) direction.
The pellet ablation behavior has been investigated in presence of two types of NBI heated plasmas
such as CW NBI and CCW NBI. In the case of the CW NBI, the plasma major radius and the
toroidal magnetic field is of 3.65 m and 2.71 T, respectively. The corresponding values in the case
of the CCW NBI are 3.75 m and 2.64 T, respectively. The plasma averaged minor radius is 0.6
m. Since the magnetic confinement field is generated externally by //m = 2/10 continuous super-
conducting helical coils, the magnetic flux surface rotates between a horizontally and vertically
elongated elliptical plasma cross-section. Due to high rotational transform at the plasma edge, the
pitch of the magnetic field line maximum at the plasma edge and it continues decreasing towards
the plasma center. A three dimensional view of the LHD plasma with helical coils and pellet
injection position is shown in Fig. 5.1(a). LHD is equipped with three different types of pellet
injectors namely; a multi barrel pipe gun pellet injector [65], a repetitive pellet injector [56], and a
punch mechanism based low speed pellet injector [106]. For the experimental results presented in
this study, cylindrical pellets (size: 2.5 mm cylindrical and speed: 150-550 m/s) from the repetitive

pellet injector were used. A pellet contains 6.6 x 10?° atoms. The pellets were injected in the mid-
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Figure 5.1 (a) Three dimensional view of the LHD plasma with helical coils, (b) Mid-
plane top view of pellet injection showing plasma flux surface, pellet injection direction
and stereoscopic observation system. (c) Vertical view of injection cross section. Field of

view of the camera lenses is shown by the hatched region.
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plane of the horizontally elongated section from the torus outboard side, which is the LFS pellet
injection in LHD. The Plasma minor radius along the pellet path at this injection cross-section, a,
1s 0.85 m. A schematic of LHD mid plane (top view) and poloidal section with pellet injection port
and the diagnostic ports are shown in Fig. 5.1(b) and (c), respectively. The tangentially applied
neutral beam (NB) directions are shown by the parallel bounding lines with arrows at the beam
center. The arrows pointing downward and upward, represent the beam direction in the case of
CW and CCW NB respectively. The entrance point of the pellet into the LHD vacuum vessel
(indicated by a blue circle) is taken as the center of reference of the ablating pellet position inside
the plasma. The coordinate axes X, and Yo in this reference frame represent the vertical and
toroidal direction of the plasma, respectively. The Z,q4-coordinate indicated in meters is taken as
the pellet injection direction along the negative major radial direction of the vessel. A pellet enters
into the plasma at Z.,q ~ 2.15 m with respect to the center of reference.

The position of the ablating pellet is measured by using the stereoscopic diagnostic presented
in Chap. 4. As shown in the Fig. 5.1(b), a pair of stereo image is obtained from two observation
points by using a coherent bundled fiber with bifurcation at the imaging end. The position of each
imaging fiber on the observation port is indicated by lens-1 and lens-2, respectively. The two lens
positions are separated by 660 mm toroidally and 1030 mm vertically. Each of the bifurcated
ends is fitted with an objective lens of field of view 15°. The simultaneity of the two images is
maintained by focusing it on to a single fast framing camera. The fast camera (Phantom v710,
Vision Research Inc.) used in this system is equipped with a 12 bit self-resetting complementary
metal oxide semiconductor (SR-CMOS) sensor. The images are obtained with spatial resolutions
of (464 x 192) pixels and temporal resolutions of 50 us with a 2 us exposure time. The stereo-
reconstructed error of this diagnostic system is approximately 5 mm, 6 mm and 15 mm along X,
Yior and Z,,q directions, respectively. The initial injection speed of the pellet is obtained by the time
of flight between two light gates. A Si-PIN photo diode fitted with a Hy, filter (center wavelength:

656.5 nm / half bandwidth: 9.2 nm) measures the pellet ablation light at a time resolution of 1
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us. The plasma electron temperature (7z) and density (n.) are measured by 200 point Thomson

scattering diagnostics installed at the horizontally elongated section in the plasma mid plane [38].

5.3 Experimental Results

The pellet ablation behavior is investigated in presence of two types of NBI heated plasmas in
LHD. The types of discharge considered are CW NBI of 3.7 MW (shot #60825) and CCW NBI
of 2.8 MW (shot #59515). The central electron temperatures for these two discharges are 0.95
keV and 0.65 keV, respectively. Typical waveforms for both type of discharges showing deposited
NBI power, central electron temperature (7¢(), chord averaged density (7z.), and Hy signal of the
ablating pellet is plotted in Fig. 5.2. The T is obtained from the Thomson scattering diagnostic,
where as the 7, is taken from the FIR interferometer signal. The shaded regions in both the figures
correspond to the injected pellet timing considered in this study. The Hg, and the time integrated
camera frame intensity signal for an ablating pellet in both NBI conditions are shown in Fig. 5.3.
The pellet ablation time obtained from the Hg, signal and the last closed flux surface (LCFS) (where
the pellet enters into the core plasma) are indicated by the dashed lines in each figure. A bulging
structure in both Hy, and camera intensity signals can be observed [Fig. 5.3(a)] outside the LCFS
for the CW NBI discharge. However, this kind of structure is absent in the other case [Fig. 5.3(b)].
Similar kinds of structures reappear in both signals in the case of balanced NBI discharges. From
the geometry of the injection (Fig. 5.1(b)), it can be seen that the CW NBI beam crosses the
injected pellet path before entering into the plasma. The duration of this peak is ~ 0.6 ms, which
corresponds to the path length of 0.252 m corresponding to the pellet injection speed of 420 ms ™.
The calculated length is comparable to the path of the pellet trajectory under the direct influence
of the NB, deduced from the injection geometry. Therefore one can conclude that, the observed
bulging structure is due to the direct heating of the pellet by the neutral beam. Furthermore, the
contribution of the direct impact of NBI beam to the ablation process can be evaluated as follows.

The maximum fast ion density along the toroidal direction in the plasma (nf) is 1.1 x 107 m=3
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Figure 5.2 Temporal evolution of a typical pellet injected discharge (# 60825: CW-NBI
and # 59515: CCW NBI). Shaded region corresponds to the pellet timing considered in
this study.
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Figure 5.3 H, and camera intensity signal for CW and CCW NBI case. The last closed

flux surface (LCFS) and pellet ablation time are indicated by dashed line in both figure.

(in section 5.4.1). The beam density of the NB (np) on its path outside the LCFS is calculated
by taking the energy of the beam, Ej, = 170 keV, and port through power, Py, = 3.7 MW, is 8
%101 m3. Let L; is the geometrical path length of the pellet crossing the beam cross section
outside LCFS, and L; is the path length of the pellet traveling inside the plasma. The values of
Ly and L, are 30 cm and 34 cm, respectively. For a simple estimation considering the ablation
rate proportional to nll /3 [92], the fraction of the contribution (Fy,) to the pellet ablation due to the

direct heating of the NBI beam can be written as,

G meyiyz by (5.1)

Fnh=—+—
t 23/ 2C2 ny L2
The factor 23/2 is divided to include the fast ion slowing down factor considering the steady state
contribution. Assuming the constants C; = (5, and using the corresponding values in Eqn. 5.1, Fiy

calculated is ~ 3 %. Although, the pellet ablation light measured by the H, diagnostic depends

upon the atomic process in the plasma, for a crude assumption it can be assumed that the H, signal
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is proportional to the pellet ablation rate.

At this point, it is worth to consider the contribution of the fast ions and electrons to the pellet
ablation. Since the pellet regression rate is a function of the incident particle heat flux, for crude
estimation, this contribution is calculated by taking the ratio of the attenuation of the heat source
in the cloud from the fast ions and electrons (Rg; = Wy/W,). This ratio is estimated by taking,
ne =5x10"”m3 and T, = 1 keV, in present discharge conditions. For simplicity we assume the
energy £ = 2T. Prior to this ratio calculation, the energy loss function and the effective cross
section for the electron and the fast ion are evaluated. The effective cross-section for the electrons
and ions is given by A¢(Ee) = 67 + 3Le(E)/2E., and A¢(Ef) = 3L¢(E)/2E}, respectively. Here
67 represents the total cross section for the elastic back scattering of the electron, and L(E) with
subscripts represent the loss function of the corresponding particles in the cloud. The loss function
for electrons [46] and fast ions [93] is shown in Fig. 5.4; the effective cross section for electrons

and fast ions are also shown. The energy transport to the pellet also depends on the ratio of the
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Figure 5.4 Loss function L(E) and effective cross-section A(E) of electrons and ions
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\/m. For low ion energies, since the effective cross section for the electron is comparable with
the ions and the mass ratio is less, the electron heat flux is dominant in this region. However, in
presence of fast ions with energy 170 keV (in our experiment), the effective cross section for the
ions is of two order lower than the electrons. At this situation the ratio, Ry;, estimated is of the
order of 1073, From the ratio, Ry, it can also be evaluated that, at fast ion energies lower than
100 keV, ablation due to electron is dominant. Therefore, the major contribution to the ablation is
from the fast ions at higher ion energies. Returning to the discussion for ablation due to the direct
impact of NBI, the ratio between the bumped part of the signal outside the plasma and the main
signal inside the plasma can be taken as an indicator to calculate the ablation fraction. Taking the
time integration of Hy in both the region, ablation fraction from the experiment (Fy,) is calculated
as ~ 9.5 %, which is 6.5 % more than the theoretical value. Therefore, contribution from direct
impact of NBI on the pellet ablation is negligibly small.

The pellet penetration into the plasma is calculated by the stereoscopic image pair. It is well
known that the pellet plasmoid (high density ablation cloud) expands along the magnetic field line
while entering into the plasma. This fact can be used as a tool to recheck the effectiveness of this
diagnostic system by comparing the angle of the elongated plasmoid to the local pitch angle of the
magnetic field lines. Since the magnetic confinement field is generated by the external helical coils
and LHD plasma has the current-less characteristics, the pitch of the field lines is determined from
the magnetic field line tracing. The elongation of the pellet plasmoid along the toroidal direction on
the magnetic flux surface for p = 0.8 is shown in Fig. 5.5(a). Here, a stereo image pair obtained in
case of balanced NBI discharge is taken into consideration (the effect of unbalanced case on pellet
trajectory will be discussed latter). The left and right images in the figure are of the same pellet
taken from two different locations. At first, the position of the pellet at a particular time is estimated
by using the stereoscopic diagnostic. This estimated position matches well with the pellet position
considering the constant pellet speed and the ablation time. After that, the flux surface (half section

of the poloidal view) corresponding to the calculated pellet position is projected (solid lines) on
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to the image plane on both images. The expansion of the pellet cloud along the toroidal direction
matches well with the projected field line with an accuracy of +2°. Therefore, it validates the
effectiveness of this diagnostic system. By taking a sequence of images of the same pellet (Left
image), it has been observed that the pellet ablation cloud penetrates into the plasma with some
angle to the mid plane and the angle goes on decreasing with penetration (Fig. 5.5(b)). The angle
subtended with the mid plane is in close agreement with the pitch of the magnetic field lines. The
pitch angle of the magnetic field line is calculated as, tan~'[(r/R)(1/27)]. Where r, is the pellet
position from the major radius R, and 1 /27, is the rotational transform at the corresponding pellet
position. A comparison between the ablation cloud angles with the plasma mid plane at various
penetration depths along the major radius is shown in Fig. 5.5(c). The error bar (50 mm) in
the figure represents the maximum uncertainty in pellet penetration depth estimation. From this
discussion it can be concluded that, the cloud angle with the mid plane can also be used as a
parameter to know the approximate location of the pellet inside the plasma.

The trajectory of an ablating pellet in the case of the CW and CCW NBI injected plasma is
shown in Fig. 5.6. The pellet position in three dimesnion for CW NBI beam is shown on top of the
figure. The planes, Z;,q — Yior [5.6(2)] and X;,01 — Zrag [5.6(b)] corresponds to the plasma mid plane
(top view) and the poloidal plane, respectively, with respect to the vessel center. The magnetic
flux surfaces and the ideal trajectory of the injected pellet are shown by the curved lines and ar-
rows, respectively. The shaded area in these figures represents the viewing area of the observation
system. The pellet positions on these planes are calculated with the help of the stereoscopic diag-
nostic and are shown by the solid circles. The error in measured pellet position, shown in these
figures is obtained by considering the width of the ablation light intensity in each image frame.
The deflection in pellet trajectory along the toroidal and the poloidal directions in the case of the
CW NBI injection is up-to 17 cm and 10 cm, respectively. A similar kind of figure for the pellet
in the case of the CCW NBI plasma on the toroidal and vertical plane is shown in Fig. 5.6(c) and

5.6(d), respectively. In this case, although the toroidal deflection is almost similar to that of the
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Figure 5.6 (Top) Reconstructed pellet trajectory on (a) toroidal (mid-plane view) and
(b) vertical plane of the LHD for CW-NBI injection. Shaded area indicates the viewing
area of the observation system. Direction of the pellet injection and tangential NBI are
indicated by the arrows. (Bottom) The pellet trajectory on (c) toroidal (mid-plane view)

and (d) vertical plane, in the case of the CCW-NBI injection.
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CW NBI case, there is no or very less deflection in the vertical direction. Where as the vertical
deflection is towards the top of the vessel for CW-NBI, it is downward direction in the case of the
CCW-NBI. A case for the small deflection along the vertical direction in the case of the CCW-NBI
is shown in Fig. 5.7. The cause of this is discussed in the latter sections. Another observation,
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Figure 5.7 Reconstructed pellet trajectory on (a) toroidal (mid-plane view) and (b) verti-

cal plane of the LHD for CCW-NBI injection.

that can be marked from the figure is that the radius at which the pellet starts deviating from the
injection path (here after it will be designated as "deflection radius") is different in the two cases.
A histogram showing the position of the deflection radius for both NBI case is shown in Fig. 5.8.
The histograms are obtained by using 20 different pellets for each NB conditions with slightly
varying neutral beam powers. On average the curving of the pellet trajectory starts at p ~ 0.84 -
0.92 in case of CW NBI. Similarly the average deflection radius is more inside the plasma at p ~
0.68 - 0.78 in the CCW NB case. The arrows in the figure represent the deflection radius of the two
pellets, presented in this study. Also it has been found that, if the curving of the pellet trajectory

starts further out in the plasma (in the CW NBI case), the poloidal deflection is higher. Figure
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Figure 5.8 Histogram (20 pellets for each case) showing the variation of the deflection
radius in presence of CW and CCW NBI conditions. Deflection radii of the two discharges

analyzed in this study are indicated by the arrows.

5.9(a) & (b) shows the pellet velocity calculated from the fitted trajectory data along three direc-
tions in case of CW and CCW NBI beam, respectively. The positive velocities for Vi1, Vior and
Viad represent the vertically up, counter clock wise toroidal and negative major radial directions
of the plasma, respectively. In the time axis, 0 ms, corresponds to the fast camera image frame
when the pellet just penetrates inside the LCFS. The stereo reconstructed pellet speed along the
injection direction, V;,q, in its initial stage of motion is comparable to the injection speed of 420
ms~! and 300 ms™!, respectively for CW and CCW NBI injection. In the case of CCW NBI, the
pellet penetrates into the plasma with almost constant speed, however a sharp decrease in pellet
speed has been observed in CW NBI case. Normally the toroidal deflection speed up-to 400 ms™!

has been observed in both cases. The toroidal acceleration of the pellet in both cases is plotted

79



Chapter 5 Stereoscopic observation of the pellet ablatant in LHD

# 59515 CCW NBI
5001#?0?2?9"","‘?'....... e —
10 (b)
: : f‘%
70 | 11 ~ ¥ 1]
S~ - | T //!, i
£ i /T»:;_ Vtor -
:'? 0 B !-*l'-‘i"'!" ""-'i-—--l—_
§ - pol .
2-250 1t ]
_500-....I....I....--||||||||||||||-
0 0.5 1.0 1.50 0.5 1.0 1.5
t [ms] t [ms]

10 _I LI LI IIII|IIII_

: (c)

w I ;

S T ]

2, g [/CCWNBI J

= [|CWNBI :

@9 L J

e a_ CCW ]

- a CW ]

_10 IIII|IIII|IIII | I I |
0 0.5 1.0

p

Figure 5.9 Pellet speed along vertical (V},), toroidal (Vi) and negative major radial
(V1aq) direction of the plasma for (a) CW and (b) CCW NBI injection.(c) Pellet toroidal

acceleration in both NBI conditions, negative acceleration means CW direction.

80



5.3 Experimental Results

in Fig. 5.9(c). The negative acceleration in the figure corresponds to the pellet deflection in the
CW direction. The toroidal acceleration of the pellet starts at p ~ 0.9 in the CW NBI case and

2 and

p ~ 0.77 in case of CCW NBI. The maximum accelerations achieved are 0.75 x10° ms™~
0.5 x10% ms~2 in the case of CW and CCW NBI conditions, respectively. The cause of the pellet
toroidal deflection is discussed in the next section. For the time being it can be said that fast ions
generated due to the neutral beam injection cause this deflection. Dependence of the maximum
toroidal deflection speed (Vig,**) on the plasma parameters such as temperature and density has

also been observed. Figure 5.10 shows the variation of the maximum deflection speed with respect

to the fast ion collision time (o< T.!3 /n.) at nearly equal NBI power of 3.5 - 3.7 MW . A power
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Figure 5.10 Variation of maximum toroidal deflection speed with fast ion collision time.

function fitting of the collision time is shown by the dashed line. Here, the constant c, is the fitting
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parameter. It is very clear from the figure that, the toroidal deflection speed increases with increase
in collision time. In the case of high density plasmas with lesser collision time the attenuation of
the fast ion density is significant and hence the contribution to the toroidal acceleration is lesser.
Therefore the toroidal deflection reduces in low temperature and high density plasmas with higher
collision frequency.

The stereo reconstructed pellet penetration depth into the plasma is estimated as ~ 30 cm
in the case of CW NB, whereas, it is ~ 42 cm in case of CCW NB. The pellet penetration depth
considering the constant pellet speed along the radial direction is compared with observations

and is plotted in Fig. 5.11. Assuming a constant pellet speed inside the plasma, the maximum
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Figure 5.11 Time evolution of the pellet penetration in plasma under two NBI conditions.

achievable penetration radius and the calculated paths are represented by the dashed and solid

lines, respectively. The solid and open circle shows the stereo reconstructed pellet position for CW
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and CCW NBI, respectively. In the case of the CW NBI, initially the pellet follows the presumed
path, but just at the start of the toroidal deflection, penetration slows down and asymptotically reach
p =0.7 - 0.75. The observed penetration depth is p = 0.7, in comparison to 0.55 for a constant
speed approximation. The achieved penetration depth (p= 0.49) for the CCW condition is closer
to the constant speed penetration (p = 0.44). The radial electron temperature and deposited pellet
density profile, obtained by using the Thomson scattering diagnostic in the case of CCW NBI

injected pellet discharge is shown in the Fig. 5.12. The vertical dashed line in the figure represents
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Figure 5.12 Radial profiles of 7. and n. before and after the pellet injection in the case
of CCW NBI plasma. Observed penetration depth is indicated by the vertical dashed line.

The difference in two density profiles (An.) shows the effective pellet mass deposition.

the observed pellet penetration depth obtained from stereoscopic measurement. It can be seen
that the perturbation in the temperature and the density profile matches well with the measured
penetration. The difference in the density profile, An., which indicates the effective deposition
profile is shown by the solid triangles. The deposited particle inside the plasma calculated by

integrating the An, profile is 85 % of the injected pellet particles. Although the pellet penetrates
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Chapter 5 Stereoscopic observation of the pellet ablatant in LHD

to half of the plasma radius, the peak of the An, profile lies just outside of p = 0.6. This indicates
the outward redistribution of the deposited pellet mass as observed earlier in LHD [16] and is

discussed in Chapter-6.

5.4 Discussions

The explanations regarding the key observations such as the cause of pellet deflection, difference
in bending location and the poloidal deflection, from the observational points of view are presented
in this section. Three dimensional motion of the pellet ablatant presented here is consistent with
the two dimensional observations reported earlier for Hy pellet in LHD [91]. Similar kinds of
deflections are also reported in AUG tokamak for D, pellets [78] and in CHS for impurity pellets
[94] in the presence of NBI heated plasmas. A review of the pellet trajectory deflection in tokomaks

can be found in Ref. 73.

5.4.1 NBI Heating and Fast ion in LHD

It is known that the suprathermal electrons generated in tokomaks are responsible for the pellet
deflection. In normal plasma conditions (779 ~ 5-10 X 10" m—3) these suprathermal electrons are
generated due to RF heating such as lower hybrid current drive. In LHD, the magnetic confinement
field is generated by the helical coils and hence plasmas have current-less characteristics. There-
fore, the possibility of any toroidal asymmetry in the electron distribution function cancels out. In
this experiment, there is no RF heating and hence generation of the suprathermal electrons is lim-
ited. Since, NBI is the major source of the plasma heating in the pellet injected discharges; the fast
ions generated by the neutral beam are significant. The effect of the fast ions on the pellet ablation
can be observed by analyzing the ablation profile in the presence of NBI heated plasma in LHD.
The pellet ablation profiles calculated in the presence of electrons and electrons plus fast ions by

using the ABLATE [46] code in the frame work of NGS model [17] are plotted in Fig. 5.13. In
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Figure 5.13 Pellet ablation profile calculated by using ABLATE code signifies the effect

of fast ion on the pellet ablation process.

this figure, the pellet ablation profile is obtained for the CCW NBI, where the pellet travels with
nearly constant speed. It can be observed from the figure that the ablation profile calculated by
considering only the electrons predicts a much deeper penetration than the observed ablation pro-
file deduced from the Hy, time evolution. Including the effect of the fast ions, the density profile in
the calculation gives a result comparable with the observation. A scaling of the pellet penetration
depth considering the stored energy of the fast ions in the plasma center (Ws,) in the plasma is
carried out by Hoshino in the LHD [77]. The stored energy of the fast ions is calculated as Wy, =
Paep X Tslowdown, 0> Where, Pyep and Tgowdown, 0 are the NBI power deposited and the slowing down
time at the plasma center, respectively. It has been reported that, when the Wy, exceeds several
percent of the total energy of the plasma, shallow penetration then the NGS model (electrons only)

has been observed.
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Chapter 5 Stereoscopic observation of the pellet ablatant in LHD

Therefore, the fast ions generated by the NBI heating contribute significantly to the ablation
process in LHD. While considering the ablation due to the high energy particles, the effect from
the particles gyro orbit should be taken into account. Considering the pitch angle (0) of the gyro
orbit of these energetic particles, direct heating of the pellet from its lateral surface cannot be ruled
out [95]. A plot showing the interaction of the energetic ions with the ablating pellet is shown

in Fig. 5.14. At this point two things to be considered for the pellet and fast ion interaction are
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Figure 5.14 Formation of a rocket effect due to assymmetric ablation by the fast ions.

Larmor radius (py), and pitch angle of these energetic particles. From the figure, it can be observed
that the fast ions having higher pitch angle (blue trajectory) have the higher probability to heat
the pellet from its lateral side, compared to the pellet with lower pitch angle (green trajectory).
The off-axis energetic particles with higher p; and pitch angle have also the probability of direct
heating of the pellet on its lateral side. For these particles, due to lesser shielding on lateral side,
the effective surface area of the collection increases and hence the ablation can be spherically
symmetric. Therefore the pitch angle distribution of the ion Larmor radius at different energy
levels should be taken into account in presence of the energetic particles. In our experiment, since

the applied NBI is in the tangential direction of the torus, the pitch angle of the passing fast ions
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are very less. Considering a nominal pitch angle, and beam energy of 180 keV, the maximum limit
of py is &~ 5.25 mm. With lesser pitch angle, the particles with smaller gyro radius have the higher
probability of heating the pellet from fast ion side and subsequently, this leads to higher ablation
and more pellet deflection. The off-axis particles with lower pj cross the pellet in parallel direction.
The particles with smaller pitch angle and higher p; can also cross the pellet. Therefore in LHD,
the probability of the lateral heating of the pellet surface is lesser in presence of fast ions generated

due to the NBI heating.

5.4.2 Rocket Effect and Pellet Toroidal Deflection

The deflection of the pellet trajectory in the toroidal direction is modeled by using the rocket
equation. From the linear momentum conservation, the one dimensional equation of motion can

be written as [96],
adl

dt

Here my, is the mass of the pellet, VH is the toroidal deflection speed of the pellet, Fcw and Fccow are

my(t) = Fcw — Feew- (5.2)

defined as the thrust function on CW and CCW side of the pellet, respectively. The thrust function
F is defined as,
F = G|Vapi| + paviA L. (5.3)

Here, G is the local ablation rate of the pellet, V,y, is the ablatant velocity measured in the pellet
reference frame, p,p) the ablatant pressure, and A | is the pellet surface area normal to the magnetic
field. The local ablation rate G = |Vab1|paA | and Gew + Geew = nmip, where nip, is the total mass
ablation rate of the pellet and p, is the density of the ablatant. Assuming equal pressure on both
sides of the pellet, and combining Eqn. 5.2 and Eqn. 5.3,

dvj

7 Few — Feew = [GVabllew — [GVap]cow- (5.4)

my(t)

Dividing Eqn. 5.4 by the mass of the cloud particles,

dv

Np(t) Jr

= Few — Feew = [NV (1) Vapl] — N5 SV (1) Vawl], (5.5)
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Chapter 5 Stereoscopic observation of the pellet ablatant in LHD

where, N, is the total particle content of the ablation cloud surrounding the pellet. The ablatant
velocity, Vap1 = f(yTn/mp). Therefore the thrust function in the Eqn. 5.5 depends on the pressure
inside the neutral cloud. Assuming the uniform ablation due to electrons on both sides of the pellet,

the toroidal acceleration (ag) due to the ablatant pressure on the fast ions side can be written as,
ag = Py /mp (5.6)

Where, P; = nnkTy is the jet pressure and Ty is the neutral cloud temperature. In a simplistic
assumption, assuming the constant ablation rate of the pellet, the neutral jet density is given by the
relation

=N/ (WNAtzr). (5.7)

Here N2 is the ablation rate in the presence of fast ions; Vy is the neutral cloud expansion velocity,

At(~1.2 ms) is the total ablation time and r, is the radius of the pellet. The cloud expansion

W= A/ 'YkTN/mHZ; (5.8)

where, 7 is ratio of the specific heat constant and my, is the molecular mass of Hj.

velocity can be calculated as

Using the NGS model the pellet ablation scaling laws in MKS unit can be written as [17],

Fy =7.98 x 1047, 2 pl BT 164 mysec (5.9)
N =4.4x10"r1T5% m™ (5.10)
Ty =2.41x 101! 5/3 23701 ev (5.11)

Here, neo and T are the plasma core electron density and temperature, respectively. Therefore by
using the scaling for the temperature and density, the scaling law for the neutral pressure cloud can
be written as,

1/3 2/3

pn=1.7%x10"5r 154 N/m? (5.12)

Where, nn, Tn and pn represent the neutral cloud density, temperature and pressure at the sonic

radius, respectively. In sonic approximation, it is considered that the flow beginning at the pellet
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surface is subsonic, and is accelerated continuously up to a sonic radius, at which point the effects
of heating and area increase exactly balance and flow becomes supersonic. From the pressure
equation it can be seen that the pressure inside the cloud is as strong function of the electron
temperature. In the NGS model it has been assumed that the heat flux is from mono-energetic
electrons of average energy E = 2kT¢y. While in presence of the energetic particles, accounting
the Maxwellian distribution and shielding due to the cold plasma outside the neutral gas, a new
model has been formulated as neutral gas and plasma shielding (NGPS) model [43]. It has been
shown in the Ref. 97 that the ablation rate in the NGPS model differs from the NGS model by a
factor two only, but the NGS model highly overestimates the temperature of the neutral gas cloud.
Therefore, for the cloud temperature a more accurate scaling based on the frame work of the NGPS
model is proposed in the limit of B < 1, where f3 is the fraction of background electron flux that
reaches the neutral gas cloud. Accordingly, the scaling laws for the neutral gas density and the

cloud temperature is given by [97],

nN=3.84x10%a*Z(Z+1)"'r) ' T4 [m 1. (5.13)

1/2 1/2,.1/2

Tn=0.320""Z(Z+ V)rpneoTyy "y Ty “E; ! [V, (5.14)

Here, u; =2,7Z =1, a = 3-5 (considering Maxwellian distribution), and 7,, is the plasma cloud
temperature surrounding the neutral cloud. The neutral cloud temperature (7y) predicted by the
NGS model is of the order of 0.1 eV, however, using the NGPS model, the cloud temperature of one
order less than the former case has been obtained. The experimental conditions and the constants
used in the equation (5.14) are nep = 10 x 10 m =3, 7,0 = 0.6 keV, @ =3, T, = 1 eV, E; = 13.6 €V,
and the pellet radius r, = 1.25 mm. Using these values, the neutral cloud temperature 7y, and the
velocity Vx (Eqn. 5.8), calculated are ~ 0.02 eV and 2.6 x10° ms~!, respectively. Considering
total ablation of the pellet (N, = Total particle content of the pellet), and using the equation (5.7),
the jet density calculated is 4.8 x10% m™>. The jet density obtained here is comparable to the
density calculated (5.25 x10?> m~3) from the scaling laws in Eqn. 5.13. Using these values

calculated here, and with the help of the Eqn. 5.6, the acceleration estimated in the case of the CW
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Chapter 5 Stereoscopic observation of the pellet ablatant in LHD

NBI is ~1.2 x10° ms~2. The calculated acceleration is comparable to the observed acceleration
of 0.75x10°% ms~2. It has been demonstrated in the CW Hy, signal that the direct impact of the
neutral beam on the pellet is very weak, therefore the observed trajectory deflection is only due to
the rocket effect generated by the fast ions. The acceleration observed in the case of CW NBI (3.7
MW) 0.75x 10% ms~2 is higher than the acceleration of 0.5 x 10° ms~2 in case of CCW NBI (2.7
MW). The difference in the acceleration in both cases can be explained from the fast ion density
profile. The fast ion density profile calculated with the help of a simplified model presented by

Rome [98] is shown in Fig 5.15. It can be observed from the figure that the fast ion density is

1_5 T T T T I T T T T I T T T T 1 1 T

Figure 5.15 Calculated fast ion density profiles along the pellet trajectory. Shaded area

corresponds to the bending radius in the cases of CW and CCW NBI conditions.

higher in case of the CW NBI than the CCW NBI and hence higher is the acceleration. The rocket
effect discussed here can also be used as a potential candidate to explain the speed loss along

the radial direction (in CW NBI case) as reported in [99]. In the case of the outboard injected
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pellet, expulsion of pellet particles to the vessel outward direction has been observed in LHD. The
expelled particles can cool the outer flux surface and hence the low field side of the pellet has
more shielding and less ablation pressure than the high field side. Therefore, there is a rocket force
opposite to the pellet injection direction and the pellet experiences a reduction in speed. Contrary
to this, any speed loss in the case of CCW NBI has not been observed, although it is an LFS
injection. Therefore, more systematic observations and favorable explanations are needed in order
to have a clear understanding in this regard.

The variation in pellet bending location can also be explained by the difference in the fast ion
profile at the plasma edge. The shaded area in Fig. 5.15 indicates the deflection radius, where on
average the pellet deflection starts in both cases. The fast ion density in the case of CW injection
is significantly higher at the plasma edge in comparison to the other case and hence deflection of
the pellet starts at the outer plasma layer. It should be noted here that, the deflection depends on
the ablation characteristics of the pellet, which are determined by local factors and mainly by the

particle heat flux onto the pellet surface.

5.4.3 Field Geometry and Pellet Vertical deflection

In the present study it can be assumed that, two factors may contribute to the pellet motion inside
the plasma: (1) the ablation process, and (2) the geometry of the field lines. An advanced model
describing the pellet ablation process in the presence of high energy particles has been reported in
Ref. 95. The importance of additional shielding by the ionized cloud in the presence of high energy
particles has been described in that article. Therefore a detailed modeling is necessary in-order to
have a better knowledge of the pellet plasma interaction in LHD. However in a simplistic assump-
tion, the effect of the geometry of the field lines cannot be neglected due to the following reasons.
In the case of CW NBI, the pellet deflects in the clock-wise direction to a vertically elongated cross
section, where the plasma has a squeezed section in the horizontal plane and an elongated section

in the vertical plane. Also there is a vertical deflection of the pellet in this case. Therefore, the
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pellet resides on the flux surfaces which do not vary significantly. However, in the other NBI case
deflection of the pellet occurs more inside the plasma to an expanding (horizontally elongated)
cross section in the mid plane, where the field lines are quite flat and hence the penetration has
not been significantly affected by the geometry of the field lines. Therefore, the observed pellet
penetration is significantly less in comparison to the constant speed approximation in the case of
CW NBI. The vertical deflection of the pellet is explained by the structure of the magnetic field
lines. The vertical deflection of the pellet in CW and CCW (small deflections wherever observed)
NBI cases are in the upward and downward directions of the plasma, respectively, which is in close
agreement with the structure of the field lines. Experimentally observed vertical deflections (abso-
lute value) for a number of pellets in both cases are plotted (solid symbols) against the deflection
radius in Fig. 5.16. Poloidal shift of the field lines (absolute value) within the pellet deflection
region (a few degrees toroidally) at each plasma radius for CW and CCW directions are shown by
the dashed lines. It can be inferred from the figure that the poloidal shift of the field lines is more in
the outer layer of the plasma due to the high pitch angle of the field lines and it gradually decreases
towards the center of the plasma. Similar is the case for the vertical deflection obtained from the
experiment. In the case of CW NBI as the pellet deflects toroidally in the outer layer of the plasma,
the vertical deflection is higher in comparison to the CCW NBI, where the toroidal deflection of the
pellet starts deeper inside. Therefore it can be concluded that in addition to the ablation process,

the geometry of the field lines can also contribute significantly to the pellet dynamics in LHD.

5.5 Summary

The stereoscopic diagnostic has been applied successfully to measure the three dimensional motion
of an ablating pellet in the presence of the NBI heated plasma in LHD. The expansion of the pellet
ablation cloud along the magnetic field direction has also been confirmed. Toroidal as well as the
poloidal deflection of the pellet trajectory with respect to the tangential NBI (CW or CCW) has

been observed. The observed toroidal deflection is similar in both cases, however an asymmetry
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Figure 5.16 Comparison of the observed vertical deflection (filled symbols) and poloidal
shift (absolute value) of the field lines, calculated from the field line tracing (dashed lines)

within the pellet life time at different pellet deflection radii.

in the poloidal deflections has been observed in the case of CCW NBI. Predominance of fast ions
generated by the NBI on the pellet ablation process in LHD plasmas has been demonstrated by
using the NGS model with fast ions. Deflection of the pellet trajectory in the presence of neutral
beam is explained by the formation of the rocket effect due to one-sided ablation of the pellet
surface by the fast ions. The observed acceleration along the toroidal direction is of the order
10% ms~2 and is in close agreement with the calculated acceleration from a simple rocket effect
model. The fast ion density profile helps us to explain the variation in pellet deflection radius in
two different NBI conditions. The difference in the vertical deflection of the pellet is believed to
be due to the pitch of the helical B field lines.

The reduction of the total pellet speed, which is mainly contributed by the speed loss in the
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penetration direction, is still unclear as it has been only observed in the case of CW-NBI. Although
the simplistic assumptions presented in this study are able to explain the pellet deflections, a more
detailed theoretical study considering the interaction between the pellet and the fast ions is nec-

essary in order to address the complete dynamics in the presence of the NBI heated plasmas in

LHD.
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Chapter 6

Pellet injection studies from multiple

injection locations

6.1 Introduction

Pellet injection has been proven as an inexpensive method for plasma fueling. Using the pellet
injection, improved confinement properties and the fueling efficiency (&) have been demonstrated
in many fusion devices including tokomak and helical system [10, 13, 14, 16], and is also planned
for ITER [18, 100]. One of the primary requirements for the good & is the deep penetration of
the pellet into the plasma. Apart from the dependence of the pellet penetration on local plasma
conditions, and the history of the injection parameters, it is also affected by the non-ideality in
trajectory due to the unbalanced ablation by the energetic particles in the plasma [86]. An anoma-
lous mass deposition profile in comparison to the pellet penetration radius in the case of the Low
field side (LFS) injection has been reported earlier on JET and TFTR [40]. This anomaly sug-
gests an outward redistribution of the ablated pellet mass and subsequently, deposition of the mass
at outer layer of the plasma. This redistribution is supposed to be due to the E x B drift of the

plasmoid in its self consistent E, arises from B x VB drift of ions and electrons in the vertical

95



Chapter 6 Pellet injection studies from multiple injection locations

direction [101]. Considering this fact, an improved fueling efficiency has been first demonstrated
in AUG-tokamak [102] for the high field side (HFS) pellet injection studies. Using the fiber arrays
diagnostic, pellet plasmoid drift towards the LFS of the torus has been directly observed in RFX
for LFS [103] and in ASDEX-Upgrade (AUG) tokamak for LFS and HFS pellet injection [104].
These results suggest that, owing to the VB drift of the ablated mass, a better fueling efficiency
can be obtained for the HFS injection location. This drift can also help more penetration for HFS
injection indirectly by cooling the plasma surface in front of the pellet, which leads to a slower
ablation rate and longer life time of the pellet [105]. Since, there is a strong dependence of the
pellet penetration on electron temperature over its injection speed, fueling of the reactor scale plas-
mas will be a great challenge for the conventional LFS injection with higher velocity. Therefore
consideration of the fueling location optimization is important rather than to maximize the pellet
injection velocity.

In LHD, the magnetic confinement field is generated by the external helical coils. Therefore,
one cannot simplify the magnetic field strength distribution like, B o< 1 /R, as in axis symmetric
tokamak field. A complementary study, focusing on the differences of the magnetic field configu-
ration between the helical device and the tokamak is one of the approaches to understand the effect
of the pellet plasmoid drift on the fueling efficiency. In an attempt to explore the VB induced HFS
fueling characteristics in LHD, pellet injection experiments have been performed for the outboard
coil side injection [91]. In that observation, a correspondence between the pellet ablation and mass
deposition radius had been reported. Due to the lack of local density measurements (Thomson
scattering profile), it is still premature to conclude this observation quantitatively, from the view
point of the fueling efficiency. In-order to explore the possibility of enhanced & by considering
the VB induced drift, pellet injection experiments have been carried out from different injection

locations in LHD.
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6.2 Experimental setup

The pellet injection experiments were performed in LHD for the plasma configuration namely the
major radius (Rax), averaged minor radius (@aye), plasma volume (Vplasma), and the magnetic field
strength on the axis of 3.75 m, 0.6 m, 26 m> and 2.64 T, respectively. In the pellet injected dis-
charges, the plasma heating is mainly performed by the tangentially operated negative ion based
neutral beam injectors (NBI-1, NBI-2 and NBI-3) of total power up-to 15 MW [26]. The maxi-
mum energy of each neutral beam is of 180 keV. The procedure followed for deciding an injection
position is detailed in Chapter-2. The injection position chosen for the HFS is an oblique angle in-
board side launching, from a horizontally elongated section to the proximity of the helical coil [49].
By using the newly developed punch mechanism based low-speed pellet injector [106], a pellet is
injected from the LFS (horizontally elongated outboard) and the HFS location. Since a pellet is
transferred to the respective injection locations through the bended guide tube, the injection speed
is limited to, V,, = 275 ms~!, in-order to be delivered intact. In addition to the low-speed pellet,
high-speed pellet injection (V,, ~1100 ms~!) by using the multi barrel pipe gun type pellet injec-
tor [65] is also carried out from the low field side of the torus. The typical size of an injected pellet
at the injector exit is 3 mm/¢ x 3 mme, and it contains 10! atoms.

A PIN photodiode with an Hy, filter (centre wavelength 656.5 nm/half band width 9.2 nm) in-
stalled at the outer port of the vacuum vessel measures the pellet ablation light at a time resolution
of 1 us. A stereoscopic observation system [80] is employed to measure the pellet ablation dy-
namics inside the plasma. A schematic of top view of the LHD mid-plane with the pellet injection
directions and the stereoscopic camera positions (Lens-1 and Lens-2) is shown in Fig. 6.1(a). The
directions of the CW and CCW NBI beam, and the position of the helical coils are also indicated
in the figure. The entry point of the pellet into the vacuum vessel in the poloidal cross-section, for
outboard LFS and inboard HFS injection is shown in Fig. 6.1(b). Directions of the VB are indicated
by the solid arrow. A pair of stereo image is obtained by using a single fast camera, and coherent

bundled fiber having bifurcation at the imaging end. The spatial and temporal resolution of the
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Figure 6.1 Schematic of the pellet injection cross-section for LFS and HFS injection
showing, (a) top view of mid-plane and (b) vertical view. Origin of the pellet position
(Xpol> Yior» Zrag) inside the vessel is taken at the Lens-2 camera port. The shaded portions

(in top figure) represent the viewing area of each camera.
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fast camera is (512 x 232) pixels and 20us, respectively. The pellet positions inside the plasma is
measured with respect to a center of reference situated at the right camera position (Lens-2). The
coordinate axes Xpo1 and Yior in this reference frame represent the vertical and toroidal direction
of the plasma, respectively. The Z.,4-coordinate indicated in meters is taken along the negative
major radial direction of the vessel. The shaded regions on the figure represent the viewing area
of the two camera. The calibration error of this observation system is &5 mm in X0 and Yo
directions, and +17 mm along the pellet injection direction (Z.,q). Radial profiles of the plasma
electron temperature (7; ) and density (n.) are measured by using the 200 point Thomson scatter-
ing diagnostic installed at the horizontally elongated section of the plasma mid-plane [38] at 20 ms
intervals. The high resolution chord integrated density data obtained from the FIR interferometer
signal installed at a vertically elongated section 180° from the pellet injection port, are used for the

mass redistribution analysis [35].

6.3 Results and Discussion

In order to investigate the pellet ablation and mass deposition behavior in LHD, pellets were in-
jected to similar plasma configurations from the LFS and the presumed HFS of the torus. The
range of plasma parameters (n¢, and Tt ) analyzed in this study are plotted in the Fig. 6.2. In this
figure, a circle and a diamond represents the speed of the injected pellet in the range of 0.17-0.27
kms~! and 1.0-1.2 kms™!, respectively. Within these data range, two typical discharges, which
had the good diagnostic data are analyzed. In the case of the LFS injection, the plasma parameters
are: (#104254) no = 1.5 x10'° m™3, T, = 2.26 keV, and PSP = 0.8 MW (CCW). Penetration
characteristic for a high-speed pellet from this injection location is also studied. Similarly, the
parameters in the case of the alternative injection are (#104237) 1.4 x10' m™3, 2.36 keV, and
2.1 MW/1.6 MW (CCW/CW), respectively. The pellet speed in the case of the LFS and the HFS

launching are, 220 and 237 ms~!, respectively.
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Figure 6.2 The range of the plasma parameters covered in this experiment. The size of a

symbol represents the pellet injection speed in the corresponding speed range.

6.3.1 Low field side pellet injection

In LHD, it has been observed that the pellet deflects three-dimensionally in the presence of one
sided tangential NBI [106]. Concerning with this, reduction of the pellet speed has been observed
for the CW-NBI; while for the CCW and balanced NBI, the pellet penetrates with the constant
speed. Therefore, for the outboard low field side pellet penetration and mass deposition analysis,
only the pellets of both sided or CCW dominated NBI are considered.

In the case of the outboard LFS pellet injection, pellets of two different size (3.0 and 3.8 mm)
and speed (250 and 1100 ms~!, respectively) are injected. A typical waveform of the pellet injected
discharge for the LFS location is shown in Fig. 6.3. With the pellet injection, a simultaneous
increase in the line averaged 7ie and the plasma stored energy can be observed from the figure. The

penetration depth of the pellets has been estimated from the duration of the Hy signal assuming
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Figure 6.3 Waveform of a typical pellet injected discharge for LFS injection showing:
(a) Hy, ablation light, (b) central electron temperature 7gg, (c) plasma stored energy and

the port through NBI power, and (d) line averaged electron density 7.

a constant radial velocity. The validity of the NGS scaling law for different plasma conditions in
LHD is examined by comparing the experimentally observed pellet penetration with the calculated
penetration. Since, a pellet is injected into the plasma with an oblique angle in the case of the
inboard HFS injection, only the pellets injected from the LFS is considered in this comparison.
Assuming the linear profile for the electron temperature and density, the NGS (electron only)

scaling law for the pellet penetration depth is given by [107],

A _5/9 _
== 0079750 neg P m ¥ v 3. 6.1)
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Chapter 6 Pellet injection studies from multiple injection locations

Where, A /a is the normalized penetration depth with A /a = 1 corresponds to the pellet penetration

-3

to the axis of the plasma. Here, T; is in keV, ne is in 1020 m—3, my, is the number of Hydrogen atoms

per pellet in 10%°

and V}, is the speed of the pellet in ms~!. Figure 6.4 shows a comparison between
the experimentally observed and the calculated penetration depth by using the above scaling law.

A linear fitting of the experimental points is shown by the dashed line. It can be observed from
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Figure 6.4 Experimental penetration depth plotted against the predicted penetration

depth considering the NGS model (electron ablation only).

the figure that there is a clear discrepancy between the measured and the calculated penetration
depth. However, the trends in measured A /a is similar to that of the scaling. This discrepancy is
due to the increase in ablation by the fast ions and shortening of the pellet life time. Since, the
original NGS scaling does not take into account the ablation due to the fast ions, shortening of the
experimental penetration depth from the scaling is obvious. Another point to be noted from the

figure is that, the experimentally observed penetration is systematically higher than the fitted data
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for the pellets penetrate more than 3/4 of the plasma radius. The reason can be explained as follows.
The pellet penetration depth is a strong function of the background temperature. Commonly, higher
penetration of the pellet is due to the lower background temperature. Lower temperature plasmas
are accompanied with higher n.. Extending the discussion for the NBI generated fast ion effect
on the pellet (previous chapter), it can be said that, at higher densities the effect of the fast ions
is reduced and hence the penetration depth increases. A new penetration depth scaling based on
the fast ions stored energy at the plasma center as one of the factor is put forward by Hoshino
et al. [90]. In that study it has been found that, when the ratio of the fast ion stored energy to that
of the plasma stored energy, (Wry / Waia) < 5 %, the trend agrees with the NGS scaling. However,
when this ratio exceeds 5 %, a large difference from the predicted penetration has been observed
in the case of deeper penetration of the pellet. Therefore, the fast ions generated due to the NBI
heating significantly affects the pellet ablation process and hence the pellet penetration inside the
plasma. Variation of the pellet penetration depth with the 7¢(, in the case of the high speed and the
low speed pellets is shown in Fig. 6.5. The modified scaling law considering the NGS parameters
used for the LHD data’s has a temperature dependence of 7, %%, which is more or less similar to
that of the original NGS scaling dependence of Te_s/ ?. A solid line corresponding to the Te_o'68
dependence is fitted to the experimental points, and it qualitatively validates the NGS penetration
scaling.

In the case of LFS injected pellet (#104254) with CCW NBI, the penetration depth estimated
from the constant speed (V,, = 220 ms~!) approximation for 1.14 ms ablation time is 25 cm. Using
the stereoscopic diagnostic, the pellet penetration depth measured for this discharge is ~ 23 cm,
which is in close agreement with the expected penetration depth. As like observations presented
in the previous chapter for CCW NBI case, deflection of the pellet trajectory has been observed at
the final stage of its trajectory. However, due to long spread plasmoid and the strong intensity of
the ablation light on the image frames, it has not been possible to obtain the pellet position more

accurately at the final stage of its motion. The pellet speed in its injection direction and in the
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Figure 6.5 Temperature dependence of the penetration depth in the density range (1-2)
% 10! m~3 in case of low speed and high speed pellets. The solid line indicates the ]"6’0'68

fitting of the data’s.

vertical direction is found to be constant. The pellet deflection speed up-to 600 ms~! has been
found in the toroidal direction.

Pellet fueling efficiency depends on the radial profile of the particle deposition. The particle
deposition profile measured from the difference of the Thomson scattering n. profile before and
3 ms after the pellet injection is plotted in Fig. 6.6. The pellet ablation light (Hy) mapped onto
the radial direction considering the constant pellet speed is also shown in the figure. The ablation
light signal indicates that the pellet penetrates to p ~ 0.7, and the peak of the ablation light lies at
p ~ 0.83. Drop in the temperature profile at different plasma radii after the pellet injection also
coincides with the penetration depth. Therefore a mass deposition profile similar to that of the

ablation profile is expected. In contrast, it can be observed that the mass deposition profile lies at
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Figure 6.6 Radial profiles of the 7; and n. obtained from the Thomson scattering diag-

nostic in the case of (left) low speed (# 104254), and (right) high speed (# 99391) injected

pellets. The particle deposition profile, which is the difference in density profile after

and before the pellet injection, is shown by the inverted solid triangles. Hy, ablation light

indicating the pellet penetration depth is also shown.
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the last closed flux surface (LCFS). The difference between these two peaks is 15-20 cm. A case
for a high speed pellet injection with speed V,, = 1145 ms~! and size 3.8 mm is shown in the right
side of the Fig. 6.6. Due to higher speed and mass, the pellet penetrates to p = 0.35. However,
similar to the observation in low speed case, the peak of the deposition profile lies at the edge of
the plasma. This fact suggests that the ablation of the pellet is not the end of the process, and there
exists some outward force that drives out the ablated mass towards the edge of the plasma. We will
discuss this issue latter; for the time being it can be said that, this is similar to the VB induced drift

of the pellet plasmoid in tokomaks.

6.3.2 Inboard high field side pellet injection

Hydrogen pellet of size, 3mm, and speed, < 260 ms ™! has been injected from the presumed HFS of
the LHD. Waveform of a typical pellet injected discharge is shown in Fig 6.7. Increase in W}, and
fieo, just after the pellet injection can be observed from the figure. Similar to that of the outboard
injection, it has been observed that the pellet has three-dimensional trajectory, in presence of the
asymmetric NBI heating. In fact, the pellet always deflects in CW-toroidal direction in presence
of both type of NB heating. The cause is discussed latter in this section. The reconstructed pellet
trajectory of a maximum toroidally deflected pellet obtained from the stereoscopic diagnostics is
shown in Fig. 6.8 (a) & (b). The parameters in this discharge are: ne, = 0.63 %10 m=3, T,
=2.36 keV, and Pg%plo =0.82 MW (CCW) and 0.66 MW (CW). The error bars are calculated by
considering the width of the ablation light intensity. Since, LHD plasma is surrounded by a thick
ergodic layer, and especially ergodicity is significant in the inboard side, ablation of the pellet
well before the LCFS is expected. In addition, oblique injection of the pellet makes the situation
more complicated. In concern to this, the pellet ablation light in the camera frame well before
the LCFS has been observed. It can be observed from the figure that the pellet initially follows
the injection path but just after crossing the LCFS, the pellet deflects three dimensionally in CW

toroidal and vertically downward direction. Where as the toroidal deflection depends upon the fast
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Figure 6.7 Waveform of a typical pellet injected discharge for alternative injection show-

ing (a) Hy ablation light, (b) central electron temperature Ty, (¢) Plasma stored energy

and the port through NBI power, (d) line averaged electron density 7ie.

ion density; the vertical deflection depends on the local pitch angle of the field lines where, the
toroidal deflection of the pellet starts. Owing to the toroidal deflection and high pitch angle at the
outer plasma radii, the pellet resides most of the time in the outer flux surface, although it seems to
be penetrating radially more inside the plasma. The penetration depth of the pellet is reduced due
to its three-dimensional deflection. Another point to be noted is, this deflection drives the pellet
to a location having similar characteristics as that of the LFS injection (in case of CW toroidal

deflection only). Taking into account of these aspects, estimation of the pellet penetration depth
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Figure 6.8 Reconstructed pellet trajectory for alternative location injected pellet on (a)
vertical plane (¢ = 23° section) and (b) toroidal mid-plane of LHD. The shaded area
indicates the viewing area of the observation system. (c) Pellet speed in three directions,

injection speed and the total speed of the pellet.

by considering the constant pellet speed and ablation time can lead to wrong information. The
use of the stereoscopic diagnostics makes it possible to measure the penetration depth of the pellet

independent of its injection parameters within the uncertainty of the ablation cloud dimension (in
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addition to the calibration error). The pellet speed in toroidal (Vior), radial (Viaq), and poloidal (Vpe1)
directions is shown in Fig. 6.8(c). The corresponding positive values represent the CCW, radial
and vertically upward directions, respectively. In different plasma conditions maximum toroidal
deflection up-to 40 cm has been observed. The total speed of the pellet, Vi, remains equal to
the injection speed before the pellet deflection. The increase in toroidal deflection speed mainly
contributes to the increased total pellet speed. Also, an increase in radial speed of the pellet at its
latter phase of the moton can be observed from the figure, with higher uncertainty. This increase
may be explained by considering the geometrical angle of interaction between the fast ion flux and
the pellet itself. The passing fast ions follow the field lines on to the pellet surface. With the start
of the deflection, as the pellet resides on the outer flux surfaces due to simultaneous toroidal and
vertical deflection, the angle between the field line and the pellet radial direction decreases. At this
situation, considering the geometry of the field lines, there is a certain probability that the fast ions
heat the pellet from its injection side, and hence there is a increase in pellet speed along the radial
direction. The toroidal deflection speed and acceleration is found to be ~ 1 kms~! and 2 x10°
ms~2, respectively.

In the case of the LFS injection it has been found that the pellet deflection depends upon the
direction of effective NBI power, whenever both kind of beams are applied simultaneously (in fact
depends upon effective fast ion density). However, in the case of the inboard injection, the pellet
always deflects along CW direction, if there exists a CW NBI beam. The toroidal acceleration of
the pellet depends upon the fast ion density in the plasma. Therefore, a qualitative analysis of the
toroidal deflection as a function of the ratio of the fast ions density in CW and CCW direction
is shown in Fig. 6.9. In this figure, F39%  is the maximum of the ratio of CW and CCW fast
ion density taken within the region (p = 0.8-1.0), where the pellets get ablated. The solid circles
with red color represent the pellet having significant CW-toroidal deflection and blue color with

no CW-deflection. The negative and positive sign of A, represents the CW and CCW directions,

respectively. In one discharge, where only CCW NBI beam is present (hollow circle), no CW
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Figure 6.9 Pellet toroidal deflections as a function of the fast ion density ratio.

deflection has been observed. It can be observed that the pellets having F_35% - > 1 have only CW
deflection and, the deflection distance increasing with the ratio of the fast ions density. In addition
to the fast ion density, the geometry of interaction between the pellet and the fast ion plays a
significant role in pellet deflection. Qualitatively, differences between the CW toroidal deflection
for the LFS and HFS injection can be understood as follows. In the case of the inboard HFS
injection, the pellets are injected little tangentially. In this injection condition, the interaction angle
of the fast ion with the pellet is less and the effective area of the fast ion collection on pellet surface
is higher. In addition, the pellet spent more time on the same flux surface. Since the CW fast ion
density is significantly high in the outer layer of the plasma, the possibility of the pellet deflection
is higher in this case. In contrast, for the outboard LFS injection, the pellet is injected radially and
the interaction angle between the fast ion and pellet is higher. Due to the radial injection, pellet

residing time in each flux surface is less in comparison to tangential injection (inboard). Therefore,

the pellet get deflected to CW toroidal direction in the case of the LFS injection, only when the
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effective NBI is in the CW direction.
Another feature of the pellet toroidal deflection, dependence of the deflection speed on the

background plasma parameters is illustrated in Fig. 6.10. The maximum toroidal deflection speeds
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Figure 6.10 Maximum toroidal deflection as a function of the ion collision time for the

inboard (open diamond) and outboard injection (solid diamonds).

are plotted (inboard: open diamonds; outboard: solid diamonds) as a function of the ion collision
time, T.o. The size of the symbol represents the deposited NBI power for the corresponding
pellets. The dashed line indicates a power fitting of the maximum toroidal deflection in terms
of the collision time (7;). Where, ¢, an arbitrary constant, is the fitting parameter. It can be
inferred from the figure that the toroidal deflection speed increases with the ion collision time. At
higher collision frequency (low collision time), a rapid decrease is toroidal deflection speed can be

observed from the figure. The above observation is explained as follows. At higher temperatures
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there is a lower background density, and vice-versa. Since, ion collision time is o< Te3/ 2 /ne, the
collision time increases with increase in temperature and decrease in density. At higher collision
frequency, the density of the passing fast ions reduces due to the higher collision rate. The decrease
in fast ion density reduces the ablation rate due to the fast ions. Therefore, the rocket acceleration
generated by the asymmetric ablation is reduced and hence the toroidal deflection.

Considering the above discussed pellet deflections in the CW toroidal direction, where a
pellet approaches to the LFS characteristics region, pellets having lesser CW deflection, or CCW
deflection has been considered for mass deposition analysis. A comparison between the mass
deposition behaviors for a lesser CW deflected pellet (# 104237), and CCW deflected (# 102885)
pellet is shown in Fig. 6.11. In the discharge # 104237, the pellet penetration depth is estimated by
using the stereoscopic diagnostics. It can be observed from the figure that the measured penetration
depth matches well with the perturbation in temperature profile due to the pellet penetration. Since
the pellet deflects to a region having similar characteristic as that of the LFS injection, similar mass
deposition profile as that of the LFS has been found in this case. The difference in Hy, peak and
the mass deposition peak is found to be ~18 cm. Mass deposition profile in the case of a CCW
deflected pellet is shown in Fig. 6.11 (right side figures). Due to lack of stereoscopic diagnostic in
this case, penetration depth is estimated from the product of the pellet speed and the ablation time.
Since, the pellet deflection starts more inside the plasma for CCW NBI (chapter-5), and the pellet
is approaching to a smaller cross section, less error in penetration depth estimation assuming the
constant speed of the pellet is expected. It can be observed that the estimated penetration depth
matches well with the perturbation in temperature profile, obtained from the Thomson scattering
diagnostic system. With similar ne and T profile, the point to be noted that the penetration depth
in CCW NBI case is much higher than the CW deflected pellet. Accompanied with the higher
penetration, a little improvement in An. peak position in comparison to the HFS CW deflected
and the LFS injection case is evidenced from the figure. Although, there seems to be a little

improvement, but it is not satisfactory. Concerning to the An. peak position, possibility of the
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Figure 6.11 Radial profiles of the 7; and n. obtained from the Thomson scattering diag-
nostic in the case of (left) less CW deflected pellet (# 104237), and (right) CCW deflected
pellet (# 102885). The particle deposition profile, which is the difference in the density
profile after and before the pellet injection, is shown by the inverted solid triangles. Hy,

ablation light indicating the pellet penetration depth is also shown.
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pellet approach to the HFS characteristics region cannot be ruled out at its final phase of motion.
Due to the lack of stereoscopic measurement system for CCW deflected pellet, it is difficult to

predict the exact location and mass deposition characteristics for this injection case.

6.3.3 Plasmoid drift and mass redistribution

In previous subsections, it has been shown that the peak of the mass deposition profile lies at outer
layer of the plasma in comparison to the pellet penetration depth. These observations are similar to
the observations reported in the tokamak for LFS injection. The observed discrepancy in deposition
is explained by analyzing the plasmoid dynamics obtained from the fast camera observation.

The fast three-dimensional observation system not only gives the information about the pel-
let position, but also the information regarding the ablated mass redistribution in the plasma can
be extracted simultaneously. A typical frame of the fast camera image for two different viewing
positions is shown in Fig. 6.12. In these images, it is assumed that the brightest part is the pellet
position, and the spindly bright part expanding along toroidal direction transverse to the injection
direction is the pellet plasmoid. Apart from the high intensity region, multiple low intensity plas-
moids separated from the main cloud in parallel direction can be observed. These are the drifted
plasmoid mass separating from the main cloud and its direction is opposite to that of the pellet
penetration direction. Using the two views, it has been possible to calculate the absolute position
of the pellet and the separating plasmoid, dimension of the plasmoid, extent of the plasmoid drift
and the drifting speed. The absolute position of the pellet in the case of the LFS and the HFS are
p = 0.85 and 0.9, respectively. The maximum error in measured position is +0.03. Typical fast
camera sequence for an ablating pellet in the case of the LFS and the inboard HFS injection is
shown in Fig. 6.13. The images from the fast camera are taken at a frame rate of 20 us with 20
us exposure time. Initially the cloud surrounding the pellet moves with it. After a certain pene-
tration, the smooth path of the pellet gets striated with the separated cloudlets. The frame time t

= 0 us is taken for the pellet position at p = 0.88 (LFS) and 0.92 (HFS), where first striation of
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Figure 6.12 Typical fast camera view of an ablating pellet from two different observation

points for, (top) outboard LFS and (bottom) inboard HFS.

the pellet has been observed. The specific conditions at which these striations arise is not analyzed
in this study. The arrows in this frame indicate the pellet injection direction and the tangential
NBI directions. The maximum elongation and width of these plasmoids is found to be ~ 50 cm
and 5 cm, respectively. On the time-integrated frame, these elongated structures appear to form
a separated and regularly stacked cloud. Similar kind of observation has also been reported from
TEXT [108]. The pellet and the breakaway plasmoids are indicated by 1 and 2, respectively. The
directions of the breakaway plasmoid in both cases are indicated by the arrows. It can be observed
from the figure that, there exist multiple striations in one image frame. In some discharges, up-to

five striated structures have also been observed. Since the exposure time of the camera is 20 us,
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Figure 6.13 Typical fast camera image sequence (single view) of an ablating pellet in
both type of injection, showing break-away plasmoids drifting in a direction opposite to

that of the pellet injection direction .

several breakaway plasmoids can be expected in one camera frame. Therefore an imaging system
with suitable frame rate is necessary to know the dynamics of these fast separating plasmoids. To
characterize the fast plasmoid dynamics, a two-dimensional measurement of the Hy, ablation light
by using the bundled fiber with fast PIN-photodiode at 1 MHz acquisition rate has been performed
recently, in LHD. From that measurement, it has been estimated that the breakaway frequency of
these plasmoid is more than 100 kHz, which corresponds to the time of 10 s [109, 110] or less.
In this stereoscopic measurement as the exposure time was set at 20 us, there exist multiple stria-
tions, and it has been possible to measure the drifting speed of these separated structures. Due to
the high separation frequency of the plasmoid, the separated plasmoids in two consecutive frame
are not necessarily be the same one. By taking the estimated separation distance of these plasmoids
and the frame rate of the measurement, the velocity of these drifting ablatant is calculated as 6 -12
kms~!. In this way the calculated speed is lower limit of the measurement, and it can be correctly

estimated by using the fast measurement system with suitable frame rate. These kinds of structure
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are visible up-to 20 cm away from the pellet position. The estimated drift distances are comparable
to the difference between the pellet penetration and mass deposition peak position, shown in the
Thomson scattering diagnostics (Fig. 6.6) and (Fig. 6.11). From the Fig. 6.13, it is evident that the
clouds are drifting down the VB (opposite to the pellet injection direction) in a direction outward
to that of the plasma. These observations indicate the expulsion of the pellet particles from the
ablation region before being captured by the magnetic field. The direction of the drift is similar
in the case of the LFS injection and the inboard HFS injection with CW deflection. Therefore, it
can be said that the observed mass redistribution is similar to that of the phenomenon reported in
tokamaks. The effect of this redistribution on the fueling efficiency is discussed in next section.
The observed drift of these clouds can be explained as follows. The ablated neutral gas
surrounding the pellet ionizes further, and forms a high-density low temperature cloud (plasmoid).
The neutral gas cloud and the plasmoid shields the pellet against the incoming heat flux. A part of
the incoming flux is stored as thermal energy inside the plasmoid or emitted radially. At this time,
due to high pressure, the ionized cloud expands along the magnetic field line with ion sound speed,
~ 10* ms~!. The thermal speed of the incoming electron flux from the background plasma is three
orders of magnitude higher than the cloud expansion speed [75]. Due to the slower expansion
of the ionized cloud in comparison to the incoming heat flux, the energy density inside the cloud
increases rapidly, and it forms a locally high B, plasmoid. The enhancement of the 8 in comparison
to the background plasma can be calculated by taking the local n. and T; profile of the plasmoid

and the background plasma from the following equation.

. zkaneTe

B = 6.2)

Where, B, is local magnetic field strength, iy, is vacuum permeability, and kg is the Boltzman
constant. In presence of the inhomogeneous magnetic field, due to the B x VB drift of ions and
electrons, a polarization electric field is produced inside the plasmoid [101]. A detail picture of this
is explained in Chapter-2. This polarized electric field interacting with the toroidal magnetic field

pushes the plasmoid down the magnetic field gradient, out of the plasma. Different mechanisms
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that can compensate the drift inside the plasmoid are discussed in [19]. The multi channel FIR
interferometer signal has also confirmed the outward redistribution of the pellet ablatant. The
high time resolution (10 us) line averaged density signal for the LFS and the inboard HES pellet

injection is shown in Fig. 6.14. The Hy, signal in the figure indicates the pellet ablation duration.
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Figure 6.14 Temporal evolution of the pellet ablation light and the line averaged density

for the chords at the boundary (ﬁg) and core plasma (7ig) .

The signals 72 and 7 represent the line averaged density signal for the chords at the boundary and
the core region of the plasma, respectively. In both type of injection conditions, it can be seen that
the signal from the core and boundary density starts to increase with the pellet ablation. The rise in
core density signal stops just after the pellet ablation is finished (3.83188 s: LFS, 3.8068 s: HFS).
Contrary to this, the boundary density signal rise continues up-to 3.8324 s and 3.8073 s for LFS
and HFS injection, respectively. This observation is consistent with the previous observations in

LHD, where an adiabatic redistribution of the ablatant at a time scale of 400 us had reported.
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6.3.4 Pellet fueling efficiency

The efficiency of the pellet fueling in case of the LFS and the inboard HFS injection is calculated
for different plasma conditions. The & is defined as the step increase of the plasma particle content
due to the pellet injection divided by the number of particles in the injected pellet (& = AN /Ne)
[111]. The pellets are injected through the curved guide tubes for the outboard (2.5 m, Rpepng = 0.8
m: 2 bends) side and the inboard side (21 m, Rpeng = 0.8 m: 5 bends) of the plasma. Due to lack
of mass measurement system during the plasma discharges at the guide tube exit, pellet mass loss
of 10 % of standard pellet size has been assumed for the inboard and the outboard side injection
locations. The particle deposition in the plasma is calculated as, AN, = [ An.dV, where Ane, is the
difference in the Thomson density profile before and just after the pellet injection, and dV/, is the
plasma volume between the integrated profile points. The Thomson scattering data’s are obtained
within 2-10 ms after the pellet injection. A plot for the & as a function of the pellet penetration

depth is shown in Fig. 6.15(a). It is very clear from the figure that, & increases with the increase in
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Figure 6.15 (a) Pellet fueling efficiency as a function of the penetration depth. (b) Degra-

dation of the & with the increase in NBI power.
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pellet penetration depth. A linear fitting of the trends in & data is shown by the dashed line. Since
the pellet trajectory in the case of the alternative injection is not linear, only LFS pellet data’s are
shown in this plot. The error bars represent the scattering in & for no mass loss. In the previous
section, it has been discussed that the ablated mass drifts out of the plasma. Therefore, it clearly
signifies that the drift of the ablated mass is the primary reason for the lesser fueling efficiency.
From the trends in the efficiency curve, it can be anticipated that, the maximum efficiency can
be obtained for the pellet penetration of more than 50 cm. Since the plasma minor radius at this
injection cross section is &~ 70 cm, this result is quite reasonable.

With the increase in NBI heating power, degradation of the & has also been observed. Esti-
mated values of the & as a function of the NBI power for LFS, HFS CW and HFS CCW NBI are
plotted in Fig. 6.15(b). It can be observed that the efficiency for the HFS CW injection is lower
than the corresponding case for the CCW injection and the LFS injection. This can be explained as
follows. In the case of the CW deflection, the pellet is deflecting to the LFS characteristic region
and simultaneously it ablates on the outer flux surfaces of the plasma. Therefore owing to the less
penetration and outward drift of the ablated pellet mass, & becomes low. In contrast, HFS CCW
deflected pellet is approaching to the presumed HFS with smaller cross section, therefore the pen-
etration on the flux surface is higher. Additionally, the possibility of reduction in E x B drift force
for this condition cannot be ruled out. The drift of the ablated mass seems to be like that of the
tokamak results [40,85]. The possibility of the degradation of the & at high Pypy can be associated
with two factors. The first cause is the loss of the penetration depth due to the increased ion abla-
tion with NBI power. Second possibility is the increase in  inside the plasmoid, associated with
the higher heat flux on the ablation cloud, and subsequently higher cross field drift of the deposited

mass down the magnetic field gradient, outward to that of the plasma.
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6.4 Summary

In order to find the optimized pellet fueling conditions, pellet injection experiment has been carried
out from multiple injection locations in the LHD. Considering the cross field drift of the ablating
mass in presence of the asymmetric magnetic field, two injection locations are considered for
the pellet injection. For the LFS, an injection location below the horizontally elongated section
is chosen. For the HFS, injection of a pellet obliquely from the horizontally elongated inboard
section to a location close to the helical coil has been considered.

It has been observed that the fast ions generated in presence of the tangential neutral beam
deviates the pellet from its injection direction toroidally and vertically. Due to this 3D deflection,
a pellet deviates from its injection direction in both kind of injection conditions. Deflection of the
pellet trajectory exponentially varies with the ion collision time. Since, a pellet is injected little
tangentially, deflection plays a major role for the inboard HFS injection case. In case of the inboard
injection with CW deflection, the pellet approaches to a region having similar characteristics as that
of the LFS injection. In CCW deflected inboard injection discharges, since the pellet is approaching
to a shorter cross section and CCW deflection is limited at the edge region, an improved penetration
has been observed.

Although, the pellet able to penetrate to one fourth or half of the plasma radius, it has been
found that the mass deposition profile lies at the edge of the plasma. Due to significant increase
in the pellet penetration for inboard CCW injection case than the CW case, little improved de-
position peak, and the efficiency have been observed. Although there is a little improvement in
the deposition peak, it is still unsatisfactory as the efficiency looks similar to that of the LFS in-
jection conditions. This phenomenon is explained by the formation of a high B plasmoid and
subsequently, VB induced E x B drift of the plasmoid down the magnetic field gradient, outward
to that of the plasma. The estimated drift of this pellet ablatant far exceeds the injection speed of
the pellet in a direction opposite to that of the pellet penetration. The observed separation of the

drifting plasmoids are comparable to the differences between the penetration depth and the peak
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of the mass deposition profile. Due to this fast outward redistribution of the pellet mass, fueling
efficiency of 65 % or less has been obtained. Whereas, the & increases with the pellet penetration
into the plasma, degradation of it has been found with NBI power.

The redistribution of the pellet mass presented here qualitatively agrees with the results in
tokamak, considering the VB induced drift of the pellet plasmoid. In case of CCW-NBI, due to
unavailability of the 3D measurement system, the exact ablation region has not been elucidated.
Therefore, it is premature to predict the viability of enhanced mass deposition characteristics con-
sidering the VB induced drift in LHD. If there exist a common physical mechanism between the
helical system and the tokamak, and if the pellet can be able to approach the optimized location, an
enhanced fueling behavior as like that of a tokamak can be hopeful. Therefore, more experimental
studies for the inboard HFS pellet injection with CCW-NBI conditions are necessary. From the
theoretical point of view, considering the 3D helical magnetic configuration, an advanced model-
ing is necessary in-order to understand the detailed dynamics of the VB induced drift effect on the

pellet ablatant in LHD.
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Chapter 7

Summary and Conclusion

The study of two important aspects of the pellet fueling in the fusion devices, pellet ablation and
mass distribution process are presented in this thesis. Using a fast 3D imaging diagnostic, three-
dimensional interaction between the pellet and the plasma, and its effect on the fueling process is
revealed. Extending the results presented in this study, prospects for the pellet fueling studies in
the reactor scale plasmas are discussed in this section.

Pellet injection experiment is carried out by using a newly developed low speed single barrel
pellet injector, which works on the combined operation of a mechanical punch and pneumatic
propellant. Considering the intactness of the pellet inside the guide tube, the injection speed of
the pellet during the experiment is limited to 275 m/s or less. In order to understand the pellet
ablation behavior in presence of a 3D magnetic configuration in LHD, a three dimensional camera
observation system basing on the stereoscopic principle has been calibrated. This diagnostic uses
a single fast camera (20-50 us time and 512 x 232 pixel resolution) and a coherent bifurcated
imaging fiber to obtain the pellet ablation images. This diagnostic not only helps us to reveal the
three-dimensionality in the pellet-plasma interaction, but also it has been possible to measure the
mass deposition characteristics, simultaneously.

In future fusion devices with electron temperature up to 20 keV, core penetration of the

pellet and hence the effective fuelling is one of the major concern. The fueling factor is primarily
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governed by the ablation dynamics of the pellet. In this regard, the prime conclusion can be
drawn from this study in chapter-5 is the pellet ablation by high energy particles in the plasma. In
presence of theses particles, pellet ablation is enhanced and there is a shortening of the penetration
depth. These energetic particles are generated either by the external heating or by itself in the
plasma such as suprathermal electrons and o particles. At higher T¢, the contribution of these
particles to the ablation will be higher, hence the & will be greatly affected in future devices with
reactor conditions. However a negligible contribution to ablation from the fusion born ¢ particle
is expected, as reported by Ho & Perkins [112].

Implicit with the fast ion ablation, another thing can be concluded is the effect due to the
asymmetry in distribution of theses energetic particles surrounding the pellet. Due to this asym-
metry, an unbalanced ablation can deflect the trajectory of the pellet from its injection direction.
This can lead to shortening of the penetration depth and hence the efficiency of the fueling. It has
been also shown that, with the start of pellet toroidal deflection, helicity of the field lines leads to a
three dimensional trajectory of the pellet. Any asymmetry in pellet shielding cloud on the front and
rear side of the injected pellet (while considering mass drift) can also change the pellet penetration
speed. In reactor conditions, with increase in required external heating power, the generation of
these energetic particles will be higher and hence the above discussed process will be dominant.
At this point, the thing to be considered is the effective contribution of the ion and electrons to the
ablation process depending on their effective cross section. The deflection of the pellet depends
upon the slowing down time of the energetic ions. Plasmas with higher 7; and lower n have higher
slow down time and hence the enhanced effect on ablation dynamics can be predictable for fusion
devices.

Another important aspect of this thesis is the study of the pellet mass deposition inside the
plasma. With regard to this, mass deposition results are presented for the outboard LFS and inboard
HES injection in chapter-6. Although mass deposition characteristic is still inconclusive for the

HFS injection due to the pellet deflection, the results from the LFS mass deposition properties

124



in LHD can be extended to the prospect for the injection position optimization in future devices.
The observed mass deposition at the outer layer of the plasma can be related to the drifting of
the plasmoid down the VB, which is similar to the observation in tokamaks. The speed of the
drifted plasmoids are up-to 12 kms~!, and the distance of the separation from the ablated region
agrees well with the mass deposition radius. In reactor conditions, higher drift on the pellet can be
predictable due to the following reasons. At higher T, there will be higher ionization inside the
plasmoid due to the high heat flux on the pellet surface. Owing to the high pressure, there will be
an enhancement of the 8 of the cloud. Due to the increase in the ionization rate, vertical electric
field inside the plasmoid will be also increase. This B enhanced cloud in presence of the higher
E x B force will experience enhanced drift velocity. Therefore in one way for LFS injection it will
cause low efficiency, on the other way it can favor fueling for HFS injection.

From these discussions, it can be simply concluded that, in future fusion machines there will
be negative effect on & with the increase in plasma size, shortening of the pellet penetration due to
enhanced ablation, and finally the drift of the ablated mass for the conventional LFS fueling. For
deep penetration of the pellet, high speed pellets are necessary. Extending the validity of the mass
drift for the LFS injection in LHD, it can be concluded that, instead of increasing the pellet speed,
fueling optimization considering the VB effect on the plasmoid is necessary in reactor conditions.
Hopefully, higher efficiency can be expected owing to the ablated mass drift from the HFS pellet
injection in the torus.

Further experimental study for different pellet speed and plasma parameters can help to im-
prove the understanding of the pellet deflection in presence of the NBI heated plasma in LHD.
Although, a similarity in fueling behavior between LHD and tokamak in case of LFS injection
has been found in LHD, it is still premature to predict the HFS fueling behavior, and is hope-
fully positive if there exists a common physical mechanism in tokamak and helical system. Pellet
injection experiments from the inboard HFS with CCW NBI beam is favorable for a better under-

standing of the HFS fueling characteristics in LHD. Another important issue is, the dynamics of
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the fast breakaway plasmoids, which can also be further investigated. From the theoretical point
of view, an advanced modeling considering the three dimensional plasma configuration is helpful

to understand the dynamics of the VB induced drift effect on the pellet ablatant in LHD.
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