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Abstract

Improvement of energy confinement is always the first task for a fusion device. Using
the novel fueling technique - supersonic molecular-beam injection (SMBI), the confinement
has been significantly improved in a heliotron fusion device — Heliotron J. One motivation of
this study is to experimentally investigate the effect of SMBI to edge fluctuation, to
understand the improved confinement from the view angle of plasma edge turbulence. In
addition, it is important to develop the advanced diagnostic hardware and analysis techniques
for further study of edge turbulence. Two diagnostics tools are adopted for the edge
turbulence study, the conventional Langmuir probe and the newly developed high-speed
video camera (fast camera).

A perpendicular-view fast video camera has been installed in Heliotron J to observe the
behavior of filamentary structures of edge plasma turbulence across the last closed flux
surface (LCFS). SMBI can greatly increase the edge H, emission; hence, we used the high
imaging rate and shutter speed of the camera to capture the behavior of the fast propagating
filamentary structures. A high-pass fast Fourier transform filter on the time dimension was
adopted to extract the fluctuation component from the raw data for each pixel. The motion of
the filamentary structures was clearly visible when we applied an amplitude threshold to
identify the intense structures. In addition, a time-resolved 2D cross-correlation technique was
adopted to estimate the poloidal phase velocity of turbulence. The motion direction was found
to be reversed dramatically just after an SMBI pulse.

The fluctuation and fluctuation induced particle transport near the last closed flux
surface (LCFS) in Heliotron J is studied in a supersonic molecular-beam injection (SMBI)
fuelled NBI plasma. A Langmuir probe array is installed to measure the fluctuations of both
ion saturation current () and poloidal electric field (Eq). Two different fluctuation
characteristics are observed after SMBI. First, just after SMBI for a short period, I
fluctuation level is increased in the low frequency range, and the fluctuation state changed
from a coherent-mode-dominated and nearly Gaussian to an intermittent and non-Gaussian
one. The sharp increase of fluctuation induced particle flux is considered to be one of the
reasons of degradation of plasma stored energy (W,). Second, the fluctuation induced particle
transport was reduced long after SMBI, suggesting better particle confinement in W, climbing
phase. We expect the short effect period of gas injection to the edge fluctuation might be an
advantage of this novel fueling technique.

A new way has been developed to measure the radial structure of edge turbulence in
Heliotron J, with the combination of a Langmuir probe array and a vertical viewed fast
camera. High cross-correlation was found between the fluctuation components of the camera
pixel signal nearby the probe tips and the ion saturation current, demonstrating the fluctuation
information from the intensity of plasma-surface interaction mainly reflects the local density
fluctuation. According to the interaction intensity between probe and plasma, the radial span



of the 20-30 kHz mode has been identified to be inside of Ap=20mm (Ap=p-a). From the
band-passed camera images, large-sized (14.4cm) poloidal structure was found. The results
suggest the combination of camera and probe is a powerful tool for edge fluctuation
diagnostic.

Two conclusions are reached in this study. First, SMBI have modified the edge
fluctuation characteristics to benefit the plasma confinement, although this also might be only
the reflection of better confinement in the core. Second, the Langmuir probe and the fast
camera show their different advantages in edge turbulence diagnostics, while their
combination makes a more powerful tool for further research.
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CHAPTER 1. Introduction

Chapter 1. Introduction

1.1 Fusion

1.1.1 Demand of Energy and call for Controlled Fusion

We human beings need a lot of electricity for our living and industry. The electricity
demand has rapidly risen during dozens of decades. Figure 1.1 shows the amount of
electricity consumption from 1975 to 2008 in the world. During two decades, it has increased
1-6 % for every year in the world [1]. In the present days, the sustainable, dependable and
safe source for the supplement of base-load electricity is one of important issues in the world.
Figure 1.2 shows the electricity production by sources. We depend on the fossil fuels, such as
oil, coal and Liquid Natural Gas (LNG), to generate the electricity with accounting for the
total electricity production of approximately 70 %. However, the fossil fuels have two major
disadvantages: one is the depletion of reverses and the other is the emission of Green House
Gas (GHG), which is represented by carbon dioxide (CO,). Figure 1.3 shows the life cycle
CO, emission by electricity production technologies. Amounts of CO, emission for power
plants using fossil fuels are 10-90 times larger than those for nuclear power plant and
renewable energy sources, such as wind, solar cell and geothermal power plant. For these
reasons, the fossil fuels have to be replaced by another energy resources.

Several countries have supported the development of nuclear power plants. Strictly
speaking, the nuclear reaction involves both fission and fusion; usually the nuclear energy
indicates the fission energy, however, we should distinguish the fission energy from the fusion
energy. Those countries have a high percentage of electricity production from the fission
energy: France (75%), Belgium (54%), Ukraine (47%), Sweden (42%), South Korea (36%),
and Japan (25%) [3]. The fission energy is the sustainable and dependable source of base-load
electricity that does not emit GHGs during the electricity production (see figure 1.3).
However, the fission energy has two well-known disadvantages: danger of accidents and
storage of long-lived radioactive wastes. There were two huge accidents at Chernobyl
(Ukraine) in 1986 and Fukushima (Japan) in 2011. In the case of Chernobyl, the reactor was
destroyed in the accident and **'I of 1200-1800 PBq (10" Bq) and **'Cs of 74-86 PBq are
released to the environment by the accident [4]. Among residents of Belarus, the Russian
Federation and Ukraine, there had been up to the year 2005 more than 6,000 cases of thyroid
cancer reported in children and adolescents who were exposed at the time of the accident [4]. In
the case of Fukushima, 15 meters tsunami disabled the power supply for cooling systems of
Fukushima Daiichi reactors. The hydrogen explosion occurs and the radioactive releases to air.
lodine-131 of 160 PBq and Cesium-137 of 15 PBq are released to the environment by the
accident [5]. During the next decades, health hazards due to the radiation can be expected.
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Many governments have also provided subsidies for the development of renewable
energy sources: wind, solar cell and geothermal energies. A lot of renewable energy sources
do not emit GHGs during the electricity production and do not have critical danger of
accidents. However, renewable energy sources have disadvantages about the dependable
electricity production, because they depend on the climates.

It is necessary to develop the sustainable, dependable and safe source of base-load
electricity, which does not emit GHGs during the electricity production. The fusion energy
will be one of answers. The fusion reaction is that light ions combine to form heavier ions. In
that time, large energy, which corresponds to E = Amc? is released. Realizable fusion
reactions for fusion reactors are following as:

D + T — 4He (3.52 MeV) + n (14.06 MeV), (1.1)

D + D - “He (0.82 MeV) + n (2.45 MeV), (1.2)
D+ D — T (101 MeV) + p (3.03 MeV), (1.3)

D + *He — *He (3.67 MeV) + p (14.67 MeV), (1.4)

where D, T, He, n and p denote the deuterium, the tritium, the helium, the neutron and the
proton, respectively. The main fuels for the fusion energy are D and T. The deuterium exists
naturally in heavy water; there is one part of D,O for every 6,400 parts of H,O. The
deuterium is easy to separate it out. However, the tritium does not exist naturally. It is also
radioactive and its decay time is 12.3 years. It has to be bred from °Li or 'Li in a fusion
reactor as follow:

Li+ n > "He + T, (1.5)

Li+n—>*He+T+n (1.6)

The lithium also exists naturally in water. Therefore, the fuels for the fusion energy are
regarded as one of inexhaustible energy sources. The GHGs are not emitted due to the fusion
reactions (see equations (1.1)-(1.4)). For the case of D-T reaction, the amount of long-lived
radioactive waste is about 1,000 times smaller than that for the fission reactors [6]. The other
advanced reactions, such as D-D and D-®He reactions, have fewer radioactivity or none at all.
The fusion energy does not depend on the climate and can be the core energy source. For
these reasons, the fusion energy will be a candidate of alternate energies.

1.1.2 Research of Magnetic Confined Fusion Plasma

To achieve the fusion energy, a method of magnetic confinement for plasmas has been
developed. It is to confine high temperature and dense plasmas using magnetic field, because
charged particles moves along a magnetic field line due to the Lorentz force. The torus
magnetic field was invented to create closed magnetic field and it has been to be a dominant
concept for the magnetic confinement. However, in a simple torus magnetic field, which has
only a toroidal magnetic field, charge particles polarize downwards and upwards of a torus
due to VB drift. This polarization creates a vertical electric field, and then all charge particles
are driven out toward the vacuum wall due to ExB drift. Therefore, it is impossible to confine
plasma with a simple torus magnetic field. To solve this problem, the magnetic field line
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should be twisted: the helical structure of magnetic field. There are two concepts of magnetic
field to make the helical structure of magnetic field: tokamak and stellarator/heliotron
configurations. The difference between two concepts is the way to generate poloidal magnetic
field for the helical structure of magnetic field. In a tokamak device, a large current in plasma
generates the poloidal magnetic field. On the other hand, in a stellarator/heliotron device,
external coils generate the helical structure of magnetic field, and plasma current is not
necessary to generate poloidal magnetic field.

Tokamak comes from the Russian words “toroidalnaya kamera magnitnaya katushka”
that means “toroidal chamber magnetic coils” [6]. In 1968, it is reported that the electron
temperature over 1 keV and plasma confinement time, which exceeds Bohm confinement
time, are observed in T-3 tokamak [7,8]. From this time, tokamak device became a dominant
concept of fusion research. Many tokamak devices have been performed in the world: Japan
Torus-60 Upgrade (JT-60U, Japan) [9], Joint European Torus (JET, European Union) [10],
Tokamak Fusion Test Reactor (TFTR, the United States) [11], DIII-D (the United States) [12],
and ASDEX-U (Germany) [13] and so on. To demonstrate the plasma energy breakeven,
International Thermonuclear Experimental Reactor (ITER) [14] project was started with
seven member entities (European Union, Japan, the United States, Korea, Russia, China and
India) and it is under construction in Cadarache, France.

A stellarator/heliotron device is one of earliest devices for the fusion research. The first
stellarator device is invented by Lyman Spitzer in 1950 and its name is figure-8.
Stellarator/heliotron devices are less subject to effects such as disruptions, which is connected
with the large plasma current. Furthermore, stellarator/heliotron devices are more suitable for
steady state and continuous operation. The fusion research with stellarator/heliotron device
has been carried out in Heliotron E [15], Compact Helical System (CHS) [16], Large Helical
Device (LHD, Japan) [17] and Wendelstein7-AS (W7-AS, Germany) [18]. In
stellarator/heliotron plasmas, the increase of neoclassical (NC) transport due to the ripple
transport in the 1/v regime, usually we call the NC ripple transport, is a critical issue, thus to
reduce this transport is one of important issues in stellarator/heliotron devices. In Heliotron E,
it is confirmed that the energy confinement time is improved by 30 % with the inward shift of
the magnetic axis in electron cyclotron heating (ECH) or neutral beam injection (NBI) heating
plasma [19]. However, since Heliotron E has a wide magnetic hill region, the
MagnetoHydroDynamic (MHD) instability was observed with the increase of beta value. To
enhance MHD stability by a magnetic well region in high beta plasma, the experiment with
the outward shift of the magnetic axis was carried out. In that experiment, however, the bad
particle transport was observed [19]. A wide magnetic well region for the stellarator/heliotron
plasmas is necessary to obtain MHD stability with good particle transport. Heliotron J tries to
solve this difficulty by the introduction of a helical-axis heliotron configuration [20,21].

1.2 Edge Plasma and turbulence

1.2.1 Edge Plasma
e Diverted plasmas

A magnetic confined fusion torus device usually consists of purely a toroidal and
poloidal magnetic field. In order to prevent the plasma from hitting the walls of the vessel, the
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magnetic field is shaped using poloidal field (PF) coils to produce a region of closed flux
surfaces (plasma core) surrounded by field lines which intersect targets designed to withstand
the large heat loads. This is called a divertor since the plasma leaving the core is diverted
away from the walls which could otherwise be damaged by high heat loads.

The magnetic geometry of a divertor configuration is illustrated in Figure 1.4, which
shows a slice through a tokamak at a fixed toroidal angle. The toroidal field is directed into
the board (indicated in green). A current runs through the plasma core as indicated in red,
producing the poloidal field shown as a black loop. A second current is then run through a
coil (lower red) in the same direction as the plasma current. The sum of these two poloidal
fields produces the X structure shown. The x-point itself (indicated) is a line along which the
poloidal field due to the currents in the plasma and the coil cancel and the field is purely
toroidal. Intersecting with the x-point is a surface called the “separatrix” (blue arrows) which
separates the closed field-lines of the plasma core from open field-lines which intersect
divertor target plates. The surface just inside the core is known as the last closed flux-surface
(LCFS) and will sometimes be referred to as the plasma edge. The region of open field-lines
surrounding the core outside the separatrix is known as the scrape-off-layer (SOL), whilst the
area below the separatrix between the divertor plates is called the private-flux region. In a
Stellarator /Heliotron device, since the plasma current is small, the divertor configuration is
basically formed by the current in external coil.

o  The scrape-off layer

The scrape-off layer (SOL) region of open field-lines shown in Figure 1.4 outside the
separatrix is a boundary between the hot plasma core and the material surfaces of the vacuum
vessel [22]. The properties of this region determine how and where the particles and energy
lost from the plasma are deposited and hence impacts on the operating lifetime of vessel
components. Conversely, properties of the SOL also determine how impurities released from
the vessel by evaporation, sputtering or other effects are transported into the plasma core. The
dynamics of this region depend on processes at the edge of the plasma, the interaction of hot
plasma with neutral gas, impurities and the interaction of plasma with material surfaces such
as divertor targets.

As shown in Fig. 1.5, the simplest view of the SOL is as a quiescent, steady state
structure in which plasma diffuses across field lines outwards from the core, this flux being
balanced by flows of plasma along field-lines to the divertors at the ion sound speed cs. These
flows are shown in a one dimensional model in Fig. 1.6. The diffusion for both particles and
energy across the field is generally instable. In steady state, supposing there are no other
sources or sinks (such as ionization) in the SOL, the loss along the perpendicular field is
balanced by the horizontal flow across the field. We can write,

d dn| nC
Gip 9n|_Nts
dr[ Ldr} L. .7

Where D is the cross field diffusion coefficient and L is the connection length.

Assuming that C;and D, are independent of radius, Eqn 1.7 is integrated to obtain

n(r)=n(a)exp{-(r-a)/ 1.} (1.8)
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Where n is the density of SOL, ais the minor radius at LCFS or the Divertor, and
Jo =[—2T1 (1.9)

Egn 1.9 gives the e-folding lengths in SOL in terms of the cross-field diffusion

parameters. In fact, D, is deduced by the measured values of A,. Measurements of the

e-folding length forn, can be made with probes. Typical values are ~10mm. D is typically

2~-1 R . . .. .
~1M"S "~ However, the calculation of diffusion coefficients would be much more complex if

either particle or energy sources are present in SOL.

1.2.2 Edge plasma turbulence

In reality however, the SOL has been found to be more complicated than this simple
diffusive picture. Plasma in the SOL is subject to instabilities, drifts, currents and interactions
with material surfaces. In addition, the magnitude of diffusive processes is found to be too
small to account for the observed transport: The observed radial “diffusion” of plasma is
predominantly due to turbulent (anomalous) - rather than diffusive - processes.

The studies of edge plasma fluctuation are very complex and although they have been
under intense experimental and theoretical studies for about a half a century, they are not well
understood yet. The study of turbulence in the edge plasma, which bridges the hot core and
material wall, is the beginning of detailed experimental researches of the fundamental
properties of fusion plasma turbulence. The main reason why we initially paid attention to
edge turbulence was the relatively simple diagnostics.

Initial experimental studies of edge plasmas had already revealed rather large-amplitude
turbulence available in the edge region and an intermittent feature of the turbulence.
Moreover, the earliest applications of fast cameras for diagnostics of edge plasma identified
the existence of coherent filamentary structures. Some time later, such structures were also
found with probe and with imaging diagnostics, such as the gas-puff imaging (GPI) systems.

These coherent filamentary structures extended along the magnetic field lines, always
called ‘blobs’, were believed to be responsible for a strong intermittency of edge turbulence
observed with probes. Further studies demonstrated that blobs are common phenomena in the
edge plasmas of both tokamaks and stellarators, supporting earlier conclusions on the
similarities of edge turbulence in different toroidal magnetic devices'. The plasma filaments
moving in a vacuum are not confined at edge plasma and quickly spread all the way to the
wall. It was realized that the dynamics of plasma filaments generated by ELMs is very similar
to blob dynamics.

A first qualitative theory[23, 24] assumes that due to some turbulent processes in the
vicinity of LCFS, a filament with high density at the outer side of the torus is peeled off the
bulk plasma. Then, plasma polarization (i.e. charge separation) caused by effective gravity
drifts (curvature and VB drifts) at the outer side of the torus, results in a radial ExB
convection of the plasma blob toward the first wall. The magnitude of the electric field and,
therefore, the convection speed are determined from the balance of polarization and parallel
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currents. From experimental data, we can find that blob can propagate as a coherent structure
with a speed of the order of a few hundred meters per second. Since then, the theory of blob
dynamics, although still having an effective gravity as a driving mechanism, was significantly
extended for additional physics. Also, both 2D and 3D numerical simulations were useful in
either analytic results or a better understanding of blob dynamics.

This structure illustrated in Fig 1.7 is localized in the plane perpendicular to the
magnetic field B but is extended parallel to B. The outwards toroidal curvature force induces
(1) an FxB particle drift, (2) a vertical charge polarization, (3) a vertical electric field and (4)
an outwards ExB drift. Any species-summed force leads to the same effects, so this is a
universal transport mechanism at the edge of confined plasma. The blobs can originate from
the nonlinear evolution of either turbulence or macroscopic MHD instabilities.

Turbulence related structures - intermittent events such as blobs, blob-like structures or
filaments, are significant sources for cross-field transport in SOL region of fusion devices.
The convective transport in the SOL can increase particle recycling, and make divertor
efficiency be reduced, and as the result lead to high level erosion of first walls [25, 26].
Theoretically, it has been predicted that blobs move towards first walls on lower field side due
to ExB drift, where charge separation in the blobs is driven by gradient and curvature of the
magnetic field [27-30]. This prediction has been identified by two experimental observations
in TORPEX [31, 32] and TJ-K [33] devices. Radial profile of statistical characteristics of
blobs has been investigated by multi-pin Langmuir probes in DIII-D [34], Alcator C-Mod
[35], T-10 [36], TEXTOR [37] and CASTOR [38] , those data universally show pronounced
non-Gaussion features in time-series probability distribution functions (PDFs) and radial blob
propagation velocities of about 1 km/s. The TCV result shows good agreement between the
blob characteristics measured using reciprocating probes and simulation results of 2D
interchange turbulence [39]. A comparison between turbulent statistical characteristics in low
and high field sides was carried out in JT-60U [40], it is found that positive bursty events
associated with blob-related plasma transport appear frequently at the LFS midplane. Further,
the PDF at the LFS midplane is strongly positively skewed, while the PDF at the HFS SOL is
close to a Gaussian distribution. The National Spherical Torus Experiment (NSTX) reports the
statistical and the spectral properties of edge turbulence with gas puff imaging diagnostics
[41]. The difference between the L-mode and the high confinement mode (H-mode) is studied.
Only in the L-mode the energy flows toward the small wavenumber feeding the bigger blobs.

Detail of the diagnostic tools and the data analysis techniques will be described in CH.2.

1.3 SMBI

Fueling and recycling control is one of the key issues to obtain high density and high
performance plasma in magnetic confinement devices from two aspects: (1) profile control of
the plasma density and (2) reduction of neutrals in the peripheral region.

Core fueling by ice pellets is well known as a technique to realize favorable fueling from
these aspects. The pellet system is, however, complicated and it is not easy to make pellets
small enough for density control in medium or small size devices. A supersonic
molecular-beam injection (SMBI) technique, which has been developed by L. Yao [42], on
the other hand, is considered to be an effective fueling method for deeper penetration of
neutral particles into the core plasma compared to conventional gas-puffing (GP). SMBI is

8
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applied not only for core density control but also as an effective edge modification technique
in fusion devices [43-45].

A fueling method with SMBI technique has been successfully applied to Heliotron J
plasma [46]. It is considered that local fueling with a short pulse intense molecular beam can
increase the core plasma density, while avoiding confinement degradation due to the edge
cooling caused by excess neutrals in the peripheral region, which is often observed in the case
of conventional GP control. SMBI has successfully extended the operation region of

line-averaged electron density (N, ) versus plasma stored energy (W,).[47-49]

1.4 Motivations

Motivation of this research include two aspects:

Q) Improvement of energy confinement is always the first task for a fusion device. As
mentioned above, SMBI have significantly improved the confinement in a heliotron
fusion device — Heliotron J. The purpose of this study is to experimentally investigate
the effect of SMBI to edge fluctuation, to understand the improved confinement from
the view angle of plasma edge turbulence.

(i) It is important to develop the advanced diagnostic hardware and analysis techniques
for further study of edge turbulence.

1.5 Outline

The thesis is structured as follows:

e  Chapter 2 describes the basic diagnostic equipments and analysis techniques for edge
turbulence experimental study.

e  Chapter 3 is devoted to a helical-axis heliotron device Heliotron J.

e  Chapter 4 discusses the SMBI effects on the edge fluctuation induced particle transport,
and its relation to energy confinement. The data is from Langmuir probe array.

e Chapter 5 introduces the fast camera diagnostics and data processing approach in
Heliotron J. A preliminary observation of edge turbulence dynamics during SMBI is
discussed.

® Chapter 6 describes a new way to measure the radial structure of edge turbulence, with

the combination of a Langmuir probe array and a vertical viewed fast camera. Results
during a SMBI fuelled discharge are discussed.
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Figure 1.3 Life cycle CO, emissions by electricity production technologies [2].

Concept Device
Quasi-helical HSX
Quasi-torodial NCSX
Quasi-poloidal QPS
Quasi-ominigenous/Quasi-isodyanamic W7-X, Heliotron J

Table 1.1 Concepts of advanced stellarator/heliotorn devices.
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Figure 1.5: Schematic of plasma flows in the SOL. Cross-field diffusion shown as red
arrows, parallel flows as green arrows
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Chapter 2. Measurements of plasma
edge turbulence

To measure the turbulent properties of plasma, special diagnostics tools and data analysis
techniques are required. In the first part of this section we introduce the brief history of
plasma edge turbulence. The second part describes the diagnostic hardware, with emphasis on
Langmuir probe and Gas puff imaging. In the second part, the basic data processing
techniques are interpreted.

2.1 History of plasma edge turbulence measurements

One of the earliest studies of magnetized plasma turbulence was done on the ‘calutron’
isotope separation process during the Manhattan Project [1]. In addition to presenting the
famous Bohm diffusion formula, Bohm described plasma ‘hash’, or broadband density
fluctuations in the frequency range of 1 kHz-1MHz, as observed with Langmuir probes in
these arc plasmas (n ~ 3x10™ cm 3, Te ~ 5-10 eV, B < 12 kG). Bohm et al clearly understood
the role of turbulent electric fields in cross-field transport, but did not establish a quantitative
connection between the turbulence and the transport. Plasma turbulence was measured in
many early magnetic fusion devices. According to Nedospasov [2], edge turbulence was
measured on the first tokamak TMP at Kurchatov in 1956. Chen [3] noted the apparent
universality of the turbulence frequency spectrum and tried to explain the power law fall-off
on the basis of drift wave theory. Detailed probe studies of large-scale coherent edge density
fluctuations were done on the C-Stellarator at Princeton, including a direct measurement of
the fluctuation-induced radial E x B transport [4]. The 3D structure of both edge density and
magnetic field turbulence was measured on the Zeta RFP device at Culham [5], and was
described as ‘a system of convective rolls aligned along the magnetic field’. These early
measurements are at least qualitatively similar to those in present devices, although they were
made using analog techniques. Digital signal processing for turbulence and E x B transport
analysis was introduced by Powers in the mid-1970s [6].

Since the late-1970s there has been a sustained effort to measure and understand plasma
turbulence in edge region of toroidal fusion devices. A lot of advanced diagnostic tools
including the hardware and data processing approaches have been developed. The main
motivation for turbulence measurement is to clarify the cross-field plasma transport
mechanism which affects confinement and plasma—wall interactions. A second motivation is
to understand the physics of plasma turbulence, e.g. the origin of the H-mode and so on.

The distinction between core and edge is sometimes unclear, generally, the edge is the
region outside r/a ~ 0.9 where Te ~ 10-100 eV, including the whole region from the last
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closed flux surface to the first wall, i.e. the *SOL’, but not including (for the purposes of this
chapter) the H-mode pedestal, which can reach Te <1 keV.

2.2 Diagnostic Equipments

2.2.1 Langmuir Probe

The most widely used method for diagnosing edge plasmas (and relatively cool industrial
plasmas) is the Langmuir probe (LP). This is a set of electrodes inserted into the plasma and
whose 1-V characteristics are used to measure electron temperature and density. In a high
temperature device they can only be used at the very edge of the plasma because the high
power loadings in the core damage the probes and release impurities into the plasma which
can lead to a disruption. The operation of Langmuir probes is based on the theory of plasma
sheaths, describing the interaction of a plasma with a material surface [7, 8]. LPs could
measure plasma parameters such as density, electron temperature, and plasma potential and
have been used extensively in the study of turbulence and fluctuation-induced transport
[9-11].

Some commonly used quantities and their equations are list as follows:

lon saturation current

I, =exp(-1/2)xen,c, A" (2.1)

Here n, is the electron density, ¢, =4/(zT, +T;)/M, isthe ion sound speed, and A™ is the

effective area for collecting ion current. At the edge plasma region, usually T, ~ T;, then we

have,
I, ocn T, (22)

T n
For the edge plasma usually we have _I_—e ~ 0.4 ~ 0.6—. Here the top “~” mark indicate the

e ne

fluctuation component of a quantity. Using mathematics we could deduce that for

=)

1.
e (2.3)
IS

e

>

the error is no more than 20% [12].
Floating Potential
Vi=V,-3T,/e (2.4)

Here V; is the plasma potential. If 'Fe is small compared to \75, we could get

V, ~V (2.5)

S

2.2.2 High-speed Video Camera (fast camera)
Langmuir probe measurements are a useful diagnostic for edge plasma physics, but they can
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only record a relatively small region of the plasma and there is always the danger that the presence
of the probe is disturbing the plasma being measured. Video cameras are entirely non-invasive
diagnostics which can collect data from a large region of the plasma at high resolution. Because of
the speed at which magnetic confined fusion plasmas evolve, cameras capable of at least several
thousand frames per second are needed. A fast camera can provide 2D images of turbulence
structures by measuring mainly the Ha/Da emission. The intensity S, of the Ha/Da line
emission is proportional to the neutral gas density no and also depends on the electron temperature
T, and the electron density ne[13, 14],
Sa=Nof3(Ne, Te)As (2.6)

where f3(ne, Te) is the ratio of the population density of n=3 to the ground state, which is a
nonlinear function of n, and T.. As, is the radiative decay time rate of the n=3 to n=2
transition. Here, n is the principal quantum number. With the help of gas injection, S, is
greatly enhanced due to the increase of ny, therefore the signal to noise ratio of camera image
can be high enough and one could use much higher imaging rate and shutter speed, so called
“gas puff imaging (GPI)” technique [15]. The neutral density n, provided by the gas puff does
not change significantly during the short fluctuation time scale (~10us), hence the fluctuations
of S, are due to the local evolution of plasma or propagating plasmoids whose electrons can
excite neutral atoms immediately. From the simulation of DEGAS2 code and experimental
result of Alcator C-Mod, in an edge plasmas with 10*°cm™<n,<10"cm™, Do emission mainly
located in a region with 10eV<T.<50eV [15]. In this temperature range, both the n, and T,
perturbation can cause the fluctuation of S, [14]. The interpretation is somewhat simplified if
the electron density and temperature fluctuations are in phase, as expected theoretically and
approximately verified using Langmuir probes in DIII-D[16] and TEXT[17]. Although there
is still no way to determine whether profile changes during GPI are due to density or
temperature changes (or both), turbulence properties such as the coherent structure sizes and
velocities are independent of the nonlinearities in the f3(ne,T,) and can be evaluated directly
from the GPI data [18].

Imaging diagnostics is ongoing on several tokamaks including TFTR [19],
ASDEX-Upgrade [20], Alcator C-Mod [13, 21, 22], DII-D [23] and NSTX [24-26]. All
except for DII-D have used fast visible cameras, usually combined with a gas puff to image
edge turbulence; the system on DIII-D is not a camera, but a 32-chord beam-emission
spectrometer.

The GPI diagnostic in NSTX is illustrated in Fig. 2.1(a) [15, 27]. It views the edge
plasma turbulence in the radial vs poloidal plane near the outer midplane edge of the device
(Fig. 2.1(b)). A gas manifold is mounted on the outerwall behind the RF limiter shadow and
oriented to produce a cloud of gas extending along the local poloidal direction at the plasma
edge. Note that the edge magnetic field lines in NSTX and other spherical tori are inclined at
~35-55" with respect to the toroidal direction at the outer midplane. The gas puff that leaves
this manifold is viewed from a direction nearly along an edge magnetic field line through a
re-entrant port about 70 cm away. This view was chosen since edge turbulence is highly
correlated along a magnetic field line in NSTX [24] and other machines [28-31], so that the
gas puff can localize the light emission to obtain a cross-section of the turbulence in the radial
vs poloidal plane. For these experiments the image of the gas cloud is transferred to a
Princeton Scientific Instruments Inc. PSI-4 camera using a lens and mirror inside the
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re-entrant port. Fig. 2.2 shows a single image of the He I (587.6 nm) light emission in NSTX
as viewed by the PSI camera with an exposure time of 10ps, oriented so that the local radially
outward direction is towards the right. The 160 x 80 pixel PSI camera frame indicated by the
white rectangle covers an area~32 cm x 16 cm in the poloidal vs radial plane. The magnetic
separatrix (as calculated by EFIT) is shown by the dashed white line.

Due to the closeness of the vessel wall to the plasma edge in all machines, views are
restricted to a small section of the plasma edge. In MAST, a fish-eye lens was installed,
allowing views of the entire plasma to be taken (Fig. 2.3).

2.3 Data processing techniques

Due the stochastic nature of the turbulent medium, people’s knowledge of turbulence is
based on the statistical description. Usually it is difficult to get any conclusion from the raw
data of turbulence. Processing using different statistical techniques may lead to interested
conclusion. This section will introduce the commonly used data processing techniques.
3.3.1-4 describe the techniques for point data, e. g., LP, or BES. 3.3.5 describes the approach
for video data from cameras.

2.3.1 Fluctuation induced particle flux I'
The time averaged fluctuation induced particle flux I' is calculated using the follow
equation [2.7].
— 2
I, = (V) = ERe[PnE ()] 2.7)

Here, 0 s the small spectral band width, Re() means the real part of a complex, PnE

is the cross-amplitude spectrum between density and electric field. For the Langmuir probe
array in Fig. 2(b), we take Isl as the proxy of ne , and (Vf5-Vf2)/4mm as the proxy of
poloidal electric field EO. Eq.(1) is then rewritten to be the following equation.

2 2
Ls, ~ ERe[PIS—E,) (w)] = E‘%S—E,} (w)‘cosals—Eo (a))P|S (a))llz PEO (a))llz (2.8)

Here, Plstg(a)) is the cross-amplitude spectrum, ‘y,ste(a))‘ is the coherence
spectrum, and @, ¢ (@) is the phase spectrum between Is1 and Eo; P (w) is the

auto-power spectrum of Is1, and PEg (w) is the auto-power spectrum of E,. The total flux in

the interested frequency range is then written to be:

2
Dotar ~ EZ‘%S*EH (a))‘ CoSa, g, (@) I:)|S (a))ll ? PEQ (0))1/2 (2.9)
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In our experiment, ‘;/,stg (co)‘ and a, ¢ (w) nearly stay constant. To understand

what roles do Is and EB play respectively, we calculate the Is fluctuation amplitude and Eq
fluctuation amplitude in the interested frequency range in the following way:

I, =[DP (@] 2.10)
E, =[DP., ()] (2.11)

2.3.2 Wavenumber-frequency spectra S(k,m)

An identification of a dispersion relation, which is often useful for characterizing the
space/time nature of a wave or a linear instability, is no longer possible in a turbulent medium
since a deterministic relation between frequency and wavenumber does not exist. A useful
statistical description of turbulence is provided by the wavenumber-frequency spectrum
S(k,), which describes the associated fluctuation power resolved as function of wavenumber
and frequency. The S(k,w®) spectra obtained from scattering experiments show the turbulence
in the plasma to have a broad frequency spectrum for fixed poloidal and radial wavenumbers
and lead to the conclusion that the turbulence evolves into a strongly non-linear state [33-35].

The concept of local wavenumber-frequency spectra density S;(k,) and its estimation
approach using fixed probe pairs were introduced in ref. [36]. An understandable application
example is in ref. [37]. In this section, for simplicity, we will use S(k,o) to stand for S,(k,®).

Estimation approach of S(k,®)

The raw data from two fixed probes is broken into many contiguous intervals, say, many
realizations. Let’s consider the case of the jth realization. From either of the two probe signals
we compute the auto-power spectrum PY (), which provides a measure of the power in the
frequency interval o to w+dw. From the phase of the cross-power spectrum 69 (w) between
the two signals, we determine the local wavenumber,

k9 (0)= 09 (0)/Ax
where AXx is the separation between the two probes. Then in the -k plane, at the coordinate
point (o, k%), the amount of auto-power PY () is recorded.

Because of the stochastic nature of the turbulent medium, examination of the next
interval of data from the two probes will yield different estimates of power P4 () and
wavenumber k 9V (), for the frequency interval o to w+dw. This new PY*Y (w) is then
recorded at a new coordinate (w, k%), in the w-k plane. This process is carried out for all
frequencies and repeated for all data intervals.

The average power (taken over all the realizations) associated with a given (k, ®) is
defined to be the local wavenumber-frequency spectra density S(k,»),

S(k,w)=( S? (k,0))
where averaging is performed over the total m realizations, i.e.
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=3
m 43
and
S (k,)= PY ()15 (k-k?)
I5 is the indicator function for a histogram cell size of ok, i.e.
1-0k/2<E<dk/2
3k (é) = {

0, elsewhere

An example of S(k,w) from ref. [37] was shown in Fig. 2.4. 5 and N stand for the

space potential fluctuation and density fluctuation, respectively. Ky is the wavenumber in poloidal
direction and k, is the wavenumber in toroidal direction.

Joint spectrum function

Considering an analogy between the wavenumber-frequency spectrum S(k,®) and a joint
probability density function, the joint spectrum function s(k,®) is defined by normalizing
S(k,w):
s(k, ) = K@) Sk, )

ZS(k ®)

s(k,w) possesses all of the mathematical properties of a probability function, i.e. s(k,w)>0
for all k, ® and

Zs(k,m) =1

Further, conditional spectra are defined as, the normalized power spectrum of o for fixed

k
S(o| k)= %

and the normalized power spectrum of k for fixed ®
s(k| o) _S(k,w)

Zs(k ®)

An example of s(klw) contour from ref. [37] was shown in Fig. 2.5. k, is the wavenumber
in poloidal direction and k; is the wavenumber in toroidal direction.

Statistical dispersion relation E(oa) and its spectral width o, (©)
It is natural to define a statistical dispersion relation E(m) and its spectral broadening

width csk(w) from moments of the conditional spectra:
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k(w)=>"ks(k| o)
k

oo)=] S stelo)- Kol

We interpret E(oa) as describing the average dispersive behavior of the fluctuations and

csk((o) as describing the broadening as a result of the turbulent nature of the fluctuations.

Analogous quantities may also be represented in terms of wavenumber:

o(k)=> os@|k)

1/2
o) o'slolK)-0°(K)
k
An example of k(w) and o, (w) from ref. [37] was shown in Fig. 2.6.

Mean phase velocity

Since a deterministic relation between o and k does not exist, it is not possible to
uniquely define a phase velocity for a single frequency component. In order to estimate the
apparent propagation velocity for the bulk of the turbulence, we have chosen to define a mean
phase velocity by weighting w/k with the joint spectral density function:

V= % (0/kp(k, )

Note that v defined in this manner emphasizes components with greater fluctuation

power. An example of mean phase velocity result based on s(k,®) is shown in Fig. 2.7. The
data is from two neighboring ion saturation signals aligned in the poloidal direction. Note that
an Alfvén Eigenmode-like MHD activity was detected by the magnetic probe at ~20kHz, so
the dispersion relation is also modified by the much higher phase velocity of Alfvén
Eigenmode near 20kHz. To avoid this effect, the weights are calculated in the frequency range
of (50-200)kHz. In this range, the dispersion is nearly linear.

Fringe Jump

When we determine the local wavenumber,

k9 (0)= 09 (0)/Ax
if the phase of the cross-power spectrum 0% (o) is over & or less than —x, fringe jump will
happen. As a result 69 (o) is displaced by -2r or 2, respectively.

An example was illustrated in Fig. 2.8. The distance between the two probe is 0.4cm, so
when

k9 (0)= 09 (0)/Ax=+n1/0.4cm=+8rad-cm™
fringe jump will happen. In this figure, over 100kHz, wavenumber is over 8 rad-cm™, and
negative wavenumber is observed, which is inconsistent with the trend of dispersion relation
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under 100kHz. Thus the negative wavenumber is considered to be caused by fringe jump. To
avoid this, the estimation of mean phase velocity only includes the data under 100kHz.
Besides, the power weight in the low frequency part is much higher and could determine
more parts the mean phase velocity. Fringe jump usually happened in the high frequency part,
where the cross-phase is larger. Also, in a low-phase-velocity turbulent flow, fringe jump
happened more easily with the same reason. Until now, no efforts have been made to modify
the fringe jump.

2.3.3 Bicoherence

Bicoherence spectrum is used to measure the phase coherence between three different
frequency components [38]. Assuming M sets of data records of the same length, x(i),
i=1,2,...M, the fourier transform of data set x(i ) at frequency f is X(i)f. Then the bispectrum
is estimated by:

1M L
B(fy, f,) == XXX

M = 1 2
where 1, f2 and f are three frequencies, and f1+ f2=f. The bicoherence is estimated by:
B(f,f,)

1Y o mi2 1
LS xoxpf L

i=1

bz(fﬂ fz) =

e

2 2
b (fl’ f2) is bounded between 0 and 1. When b (fl’ f2) =1, the phases of f1, f2

and f are completely coupled. For conveniently describing the phase coupling between a
specified frequency with the other frequencies, we define the summed bicoherence by
analogy to ref. [39] as:

b*(f) ="+ 2.b°(f,, f,)
S( f) s fzf '
where the sum is taken over all f1 and f2 meeting the summation rule f1+ f2=f and s(f )
is the term number in the summation of each f .

2.3.4 Time delay estimation (TDE)

Velocity field was of great interest when scientists were finding the evidence for the
existence of geodesic acoustic modes (GAMSs). TDE method was then proposed as way of
inferring the turbulent velocity at locations near LCFS [40-42].

Recent study has confirms that the results of TDE typically overestimate the velocities of
plasma mass flow and are sensitive to the underlying turbulence modes [43].

2.3.5 Video data processing

A video contains a series of consecutive images. A gray scale image data is a
two-dimensional (2D) array. So the video data is a three dimensional array, including the 2D
spatial dimension and 1D time dimension. The processing could be performed in either the spatial
or the time dimension.
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e  Spatial processing

Processing in spatial dimension is the same will common image processing. A
recommended guide book is [44]. For plasma edge turbulence image, a median filter are
particularly effective in the presence of impulse noise, also called salt-and-pepper noise,
because the high ISO noise appears as white and black dots superimposed on an image.

An example of median filter application is in Fig. 2.9(a) is the raw image, and Fig. 2.9(b)
is the image processed with a 3x3 median filter.

e  Temporal processing

Time dimension processing is based on the time-trace data of a single pixel (Fig. 2.10).
All the time-domain data processing technique could be applied on the pixel data, including
the basic smoothing, filtering, and the ones that described in 2.3.1-4. This processing action is
duplicated for all the pixels on the image to get a processed video.

A commonly used approach is to get the fluctuation part of the video by removing
slowly-varying background light from the images, leaving only the fast transient features.
Usually this could be realized by applying Moving Average (MA) or high-pass filter for all
the pixels. A sample result of this is shown in Figure 3.3: The image on the left is the original
image which has been amplified and gamma-corrected, the central image is the background
light calculated by a pixel-wise minimum over 21 images and the right-hand image is the
result of subtracting this background from the original. Filamentary structures can be seen
faintly against the bright plasma in the original (left) image, but are much clearer in the
processed image. In CH.4, we also apply this method to get the fluctuation video in Heliotron
J.
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Outer Wall Shot 108316 — 0.230 s
Gas
Manifold

Reentrant Viewport
(a)

Fig. 2.1 GPI diagnostic geometry in NSTX. In (a) is a sketch of the vessel outer wall (as seen
from the plasma) showing there-entrant viewport, the manifold from which the gas puff
emergesand the approximate angle of the local magnetic field. In (b) is thearea of the GPI
view indicated by the rectangle just above the outer midplane near the separatrix.[15]

Fig. 2.2 Single image of the He 1 (587.6 nm) light emission in NSTX as viewed by the PSI
camera with an exposure time of 10us. [15]
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Figure 2.3: Full view of MAST from photron fast camera [32]
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Fig. 2.4 S(k, o) spectra. [37]
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Fig. 2.5 Contour plots of the conditional spectra, s(k|w), obtained for the data of Fig.,
emphasizing the different dispersive properties of the lasma. Each contour represents a 4%

change from neighbouring contours. [37]
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Fig. 2.7 S(k, ®) spectra using a Langmuir probe pair in Heliotron J. The position is 4mm
inside of LCFS. To avoid the effect of MHD near 20kHz, the calculation only take frequency
range of (50-200kHz).
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Fig. 2.8 S(k, o) spectra using a Langmuir probe pair in Heliotron J. Fringe jump was
produced over 100kHz, circled by the dashed line.
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Fig. 2.9 (a) A raw image, and Fig. (b) An image processed with a 3x3 median filter. (c) A
normalized 20-30kHz band-passed image.
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Figure 2.11 Fast camera images in MAST: Left is original, centre is background, and right is
difference highlighting transient features [32]
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Chapter 3. Heliotron J

3.1 Introduction

Heliotron J [1-3] is an advanced heliotron device [4] in Institute of Advanced Energy (IAE)
of Kyoto University. The first plasma was generated in 2000, and the high-temperature
plasma experiments have been being performed. Figure 3.1 is a sided top view of Heliotron J.
With the external coils, Heliotron J could extensively modify the vacuum magnetic field
configuration flexibly. In stellarator/heliotron plasmas, the increase of NC ripple transport in
the 1/v regime is a critical problem, thus to reduce this transport is one of the most important
issues in advanced stellarator/heliotron devices. In Heliotron E, it is confirmed that the energy
confinement time is improved by 30 % with the inward shift of the magnetic axis in ECH or
NBI heating plasma. Since Heliotron E has a wide magnetic hill region, MHD instability is
often observed with the increase of beta value. To enhance MHD stability by a magnetic well
region in high beta plasma, the experiment with the outward shift of the magnetic axis was
carried out. In that experiment, the bad particle transport was observed [5]. It is necessary to
obtain good particle transport and MHD stability with a wide magnetic well region for
stellarator/heliotron devices. In Heliotron J, this difficulty is attacked by the introduction of a
helical-axis heliotron configuration [6,7]. The detailed goals of Heliotron J are: [1]

(1) To optimize the helical-axis heliotron configuration.
(2) To enhance MHD stability with good particle confinement.
(3) A controllable particle and power-handling scheme (divertor).

In this chapter, the magnetic field configuration, the heating systems, the fuleing systems,
and the diagnostics of Heliotron J are described.

3.2 Characteristics of Magnetic Field Configurations of Heliotron J

3.2.1 Helical-axis Heliotron Configuration

Figures 3.2 (a)-(d) show the Pioncaré plots of magnetic surfaces in the standard
configuration of Heliotron J: (a) corner section ¢ = 0°, (b) ¢ = 22.5°, (c) central straight
section ¢ = 45°, and (d) ¢ = 67.5°. A local gquasi-isodynamic configuration can be constituted
in the straight section. At the central straight section (¢ = 45°), the magnetic field strength in
the direction of major radius is almost constant where the magnetic field lines are nearly
straight [1]; therefore the VB drift and curvature drift can be reduced. The magnetic field
strength at the corner section is larger than that at the straight section, thus the mirror-like
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magnetic field can be generated. The trapped particles are confined at the straight section [1].
In a helical-axis heliotron configuration, a magnetic field configuration is mainly controlled
by the toroidal, helical and bumpy components. Figures 3.3(a) and (b) show the rotational
transform and the magnetic well depth, respectively, in the standard configuration. The
rotational transform at the plasma edge is approximately 0.56 in the standard configuration
and its variation over the entire plasma is small. The magnetic field configuration of Heliotron
J is a low magnetic shear configuration. A wide magnetic well region can be realized over the
entire plasma region. The well depth at the plasma edge is approximately 1.5 % in the
standard configuration.

In a conventional planar-axis heliotron configuration, an inward magnetic axis shift is
necessary for the improvement of trapped particle confinement. In contrast, a helical-axis
heliotron configuration has more flexibility to control the mod B, structure by controlling
the bumpy component externally [7]. This property is preferable to obtain the compatibility
between MHD stability and good particle confinement.

Figure 3.4 shows a schematic view of Heliotron J. Heliotron J consists of a continuous
helical coil (HF coil, L =1, M = 4), a couple of toroidal coils (TA and TB) and three types of
vertical coils (MV, AV and IV). In the figure, MV coil is not described. The continuous helical
coil is wound on the torus with the winding law [9,10] as follow:

0.+ M 4 peinl M 3.1
0=0,+¢ asm(Lgﬁ} (3.1)

where @ is the poloidal angle and ¢ is the toroidal angle; &,(= =) is the initial constant of the
poloidal angle; o (= -0.4) is the pitch modulation of a coil. To ensure both the good particle
confinement and the magnetic well, a negative pitch modulation is selected. TA and TB are
installed at the straight and the corner sections, respectively. The bumpy component can be
controlled by changing the coil current ratio between TA and TB. The maximum current,
current and the number of turn for each coil are shown in Table 3.1. Each coil has an
independent power supply system, thus the magnetic field configurations can be controlled
flexibly by changing each coil current. Typical parameters of Heliotron J are shown in table
3.2. The major radius is 1.2 m and the averaged minor radius is 0.15-0.17 m. The magnetic
field strength on the magnetic axis is 1.2-1.4 T and the rotational transform (#/2n) is about
0.56.

3.2.2 Edge Magnetic Field

Characteristics of edge magnetic field of Heliotron J are numerically investigated in [11].
Owing to the flexibility of field configuration control, helical or island divertor configurations
can be realized in the same device. The island divertor field was numerically investigated in
[12], and the asymmetric divertor plasma distribution for the helical divertor configuration
was experimentally observed in [13].

STD configuration of Heliotron J has a helical divertor configuration. Fig.3.5 shows
Poincaré plots of vacuum field lines on a poloidal cross-section for STD configuration. For
the edge region, the field lines on virtual magnetic surfaces outside the outermost magnetic
surface (OMS) are traced within a region of 0.7 m <R <17mand -0.5m<Z<05m. The
divertor footprints on the wall are localized in some discrete regions in a torus.
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In order to discuss edge plasma behavior diffusing from the confinement region, it is
enough to trace field lines from the core edge region to the wall surface of the vacuum vessel.
Under this condition, the structure becomes simple since the field lines starting the core edge
region cross the wall before the so-called "fold and stretch™ effect becomes noticeable.

Fig. 3.6(a) shows a Poincaré plot at ¢ = 67.5°, where the edge field lines cross the wall.
In this figure, the results of tracing field lines starting from the virtual flux surface (5.0 mm
outside the OMS) are plotted. As shown in this figure, only one "divertor leg" reaches to the
wall at this toroidal position. The divertor footprints are plotted in Fig. 2.6(b). As in Fig.
2.6(b), the divertor footprints are localized not only in poloidal direction but also in toroidal
direction. This stands in contrast to the helical divertor in Heliotron E [14], where the divertor
trace continuously runs along the torus helically. The different color in Fig. 2.6(b) denotes the
difference in the direction of the field trace. It is expected that the diffused plasma from the
core region go to the wall divided into parallel and anti-parallel flows to the field line. This is
convenient to investigate divertor plasma physics such as plasma flow and/or SOL current
and also to study divertor biasing effects, etc.

3.3 Heating Devices

Fig. 3.7 is the schematic view of heating systems, fuelling systems and some diagnostics
in Heliotron J. Three types of heating system are installed: ECH, NBI heating and ion
cyclotron resonance heating (ICH). In this section, we describe three heating systems in
Heliotron J.
¢ Neutral Beam Injection Heating

Neutral beam injection heating is a method to heat plasmas by injection of accelerated
neutral particles into plasmas. The production of neutral beam involves several processes. In
order to accelerate particles, ions are produced in the ion source. The ions are extracted from
the ion source and accelerated. This ion beam should be neutralized to produce a neutral beam.
The neutralization is achieved by passing this ion beam through a gas in the neutralizer. In
result, a beam of energetic neutral atoms is produced. Injected neutral particles become
ionized through collision or charge exchange process. Those ionized neutral particles transfer
energy to electrons and ions in plasmas though Coulomb collisions. Neutral particles are
unaffected by the magnetic field, thus it is desirable that as much as power is depostied in the
central region of plasmas. In Heliotron J, figure 3.8 shows two types of hydrogen neutral
beam lines (BL1 and BL2) with positive ion sources [15]. One is co-injection (BL2) and the
other is counter-injection (BL1) for the normal direction of magnetic field. Here, co-direction
is defined as the direction of plasma current, which increases the rotational transform. The
maximum acceleration voltage and maximum port-through injection power of each beam are
30 kV and 0.8 MW, respectively. The pitch angle between beam lines and magnetic axis for
BL1 and BL2 are 145°-175°, 5°-40° for the normal direction of magnetic field, respectively.
The divergence angle of each beam is about 1.2°.

e Electron Cyclotron Resonance Heating
Electron cyclotron resonance heating is one of methods, which transfers energy to
plasma by electromagnetic waves. When an electromagnetic wave propagates through plasma,
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the electric field of wave accelerates the charged particles that heat plasma by collisions.
Characteristic of ECH is as follow: electromagnetic waves in plasmas are subject to resonant
absorption, thus we can carry out the localized plasma heating. In Heliotron J, plasma is
generated and heated by 2™ harmonic X-mode ECH, whose frequency is 70 GHz and
maximum injection power is 0.4 MW [4]. Figure 3.9 shows a schematic view of ECH system
in Heliotron J. The electromagnetic wave is injected at #9.5 port and to be parallel to the
magnetic axis. We can change an injection angle by using mirrors.

¢ lon Cyclotron Resonance Heating

lon cyclotron resonance heating is a method, which transfers energy to ions in plasmas
by electromagnetic waves. When an electromagnetic wave propagates through plasma, the
electric field of wave accelerates the charged particles, which heat plasma by collisions. In
Heliotron J, the minority heating for hydrogen ion is carried out by using two antennas
installed at #14.5 port [16]. The frequency of injection wave can be changed as 19.0 and 23.2
MHz and that allows us to choose heating position, on the plasma core or periphery (see
figure 3.10 for the standard configuration), respectively. Total maximum injection power is
about 1.5 MW.

3.4 Fueling Devices

The optimization of gas fueling scenarios has been studied to improve the plasma
performance in Heliotron J. Three gas fueling methods have been applied in Heliotron J.

¢ Normal Gas-Puffing (GP)

For density control, usually used is a conventional gas-puffing system with four piezoelectric
valves. These valves are installed at the inboard-side ports (low field side injection) at ~90°
intervals around the torus (“*Gas’’ in Fig. 3.7). These ports are located in the low field side
nevertheless they are in inboard side since the field strength is usually higher near the helical
coil. The amount of H (or D) atoms from the GP system with the plenum pressure of ~0.15
MPa is pre-programmed to control the line-averaged density. Since, due to the space
limitation, the nozzles of these valves do not directly see the plasma, the induced gas from the
valve diffuses to the discharge chamber after multiple reflections in an elbow-shaped pipe
connecting the nozzles to the chamber. [17]

¢ High Intensity Gas-Puffing (HIGP)

e SMBI

An SMBI system of hydrogen is equipped on two horizontal outboard-side ports (the port
number: #3.5-illustated in Fig. 3.11,and #11.5). The system consists of a fast piezoelectric
valve with a short conic (or Laval-type) nozzle with the orifice size of 0.2 mm®. The amount
of H atoms injected with the SMBI is controlled by changing the pulse width of each SMBI
valve under a fixed plenum pressure (~ 1-2 MPa). [17]

3.5 Diagnostics

3.5.1 Edge turbulence diagnostics
e Langmuir Probe (LP)
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As shown in Fig. 3.12, four Langmuir Probe arrays have been installed in Heliotron J. At
#7.5 and #8.5 the probe arrays measure the fluctuation at X-point, while at #11.5 and #14.5
the measurements are at O-point. In this thesis we focus on the measurement at #14.5. Details
of the probe features are described in CH. 4 and CH. 5.

o Gas-Puff Imaging (GPI)

Two high-speed video cameras (fast camera) have been installed at #11.5 and #14.5,
respectively. At #11.5, plasma is naturally illuminated when SMBI is being fueled. At #14.5, a
gas-puff nozzle is installed to illuminate the top plasma edge. The details are described in
CH.3 and CH.5, respectively.

3.5.2 Other diagnostics
e Microwave Interferometer

A microwave interferometer is a technique to measure the phase shift of microwave,
which travels in the plasma, by comparing with the phase of the reference wave. We can
evaluate the electron density from the phase shift. However the phase shift has a line integral
effect on a traveling path, strictly speaking, as that it is a line-averaged electron density. In
Heliotron J, we installed the microwave interferometer of O-mode injection, whose frequency
is 130 GHz at #8.5 port. The cut-off electron density for this system is about 2.1 x 10%° m™,

e Diamagnetic Loop

A diamagnetic loop measures the change of magnetic flux in toroidal direction by
poloidal loop around the plasma. The plasma acts to decrease the magnetic field due to the
diamagnetism. The measurement of the diamagnetic effect is an important measurement of
the plasma-stored energy (W,), because the change of magnetic flux is proportional to the
averaged pressure on the magnetic surface. Therefore we can evaluate W, via the diamagnetic
loop.

e Charge-eXchange Neutral Particle Analyzer (CX-NPA)

A charge-exchange neutral particle analyzer has been used to measure ion temperature
and fast ion distribution [19]. In general, it is difficult for ions, which are confined in
magnetic field, to escape from plasma. However ions change to neutral particles via
charge-exchange reaction with cold neutral particles, then those neutral particles can escape
from the plasma without suffering collisions. An example of charge-exchange reaction is
written by,

Hy +H,,, —»>H+H,,, (2.10)

where H;

o HY., ., HY , and FH is the hydrogen ion, cold neutral particle,

charge-exchange neutral particle and ionized hydrogen ion, respectively. Since
charge-exchange reaction does not make momentum transfer but does make electron capture,

the charge-exchange neutral particle escapes the plasma with the momentum of #;, .

Therefore we can investigate the ion energy distribution by analyzing the energy of
charge-exchange neutral particle.

Figure 3.13 shows a schematic view of CX-NPA system, which is installed at #5.5 port,
in Heliotron J. This system is the E//B type and consists of charge stripping cell, defect
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electromagnet, electrostatic deflection plate, and micro channel plate. We can control the
magnetic field strength of defect electromagnet from 0.05 T to 0.4 T and the electric field
strength of electrostatic deflection plate from 0.16 kV to 10 kV. This system has 20 channels:
10 for hydrogen ion and 10 for deuterium ion. The maximum measurable energy is 80 keV for
hydrogen ion and 40 keV for deuterium ion. The energy resolution is 5-10 % [20].

e Charge-eXchange Recombination Spectroscopy (CXRS)

A charge-exchange recombination spectroscopy method is to measure an emission line
from the hydrogen-like ion, which is generated by charge-exchange recombination reaction
between neutral beam particle and fully ionized impurity [21]. The sort of reaction is
described as follow:

HO + A 5 H' + AP (n = j) > A®D"(n = i) +hv (3.2)
where A denotes a species of impurity; usually we use light impurity, such as carbon and
oxygen. In addition, n means an excited state of A®Y*, The charge-exchange recombination
spectroscopy allows diagnosis of essential plasma parameters as passive spectroscopy:
impurity ion temperature and plasma flow velocity. The ion temperature and flow velocity are
estimated from the Doppler broadening and the Doppler shift of the spectral line, respectively.
This method has three major characteristics: (1) It allows otherwise fully stripped impurities
to radiate, (2) it allows them to radiate locally where the beam intersects the plasma, giving
crossed-sightline localization, and (3) it allows them to radiate at convenient wavelengths,
such as visible light [20]. In Heliotron J, we installed the CXRS system to measure the radial
profiles of parallel flow velocity and ion temperature at #3 port and #7 port. Details of CXRS
system in Heliotron J are described in Chapter 3.

e Beam Emission Spectroscopy(BES)

The radial and the poloidal structure of the density fluctuation have been evaluated by
the spectral measurement of the Doppler-shifted light emission followed by the collisional
excitation process between the hydrogen or deuterium neutral beam atoms and plasmas. The
BES measurements have greatly advanced our understanding of the physics of
magnetohydrodynamic (MHD) activities and long-wavelength plasma turbulence.

e Thomson Scattering System

Thomson scattering of laser light is a popular method of measuring electron temperature
and density in plasma. This method measures the scattering emission due to electrons in the
plasma. The electron density and temperature are estimated from the absolute intensity of
scattering emission and the Doppler broadening, respectively. In Heliotron J, a TV Thomson
scattering system is installed at #10.5 port. A ruby laser is installed as a diagnostic laser
whose wavelength, maximum power, and pulse width are 694.3 nm, 10 J, and 25 ns,
respectively.

o Amplitude Modulation (AM) Reflectrometer

The reflectometry is a technique to measure the phase of reflected microwave, which is
injected into plasma, at a cutoff layer and to evaluate the phase shift compared with the phase
of reference wave, which does not through plasma [22]. By sweeping of injected microwave
frequency, it allows us to measure the electron density profile. In Heliotron J, an amplitude
modulation (AM) reflectometer is installed at #15.5 port. An AM reflectometer detects the
envelope phase of the amplitude-modulated microwave in order to reduce the effect of density
fluctuations and fringe jumps in the profile measurement [23]. The carrier frequency ranges
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from 33 to 56 GHZ, and can be swept linearly with a sweeping frequency of up to 2 kHz. The
modulation frequency is 200 MHz [24]. The X-mode is selected as the propagation mode in

order to measure a hollow density profile. In the low-density plasma (7, < 1.0 x 10" m®), this

system can measure the electron density profile from the plasma core to the plasma edge [24].
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Figure 3.2 Magnetic surfaces in vacuum and magnetic field strength line with inner vacuum
wall surface at four toroidal cross sections in the standard configuration of Heliotron J.
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Figure3.3 Radial profiles of (a) rotational transform and (b) well depth in the standard
configuration of Heliotron J.
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Figure 3.4 Schematic views of vacuum chamber and coils of Heliotron J.

Coil | Maximum current (kA) Current per one turn (kA) Number of turn (T)
H 960 120 8

TA 600 120 5

B 218 10.9 20
\ 840 120 7

AV 144 6 24
v 480 6 80

Table 3.1 Maximum current, rating current and the number of turn for each coil.
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Major radius, R 1.2m
Averaged minor radius, <a> 0.15-0.17 m
Bax 1.2-14T
Rotational Transform (#/2m) 0.56

Table 3.2 Typical plasma parameters in Heliotron J.

Heliatian 4

R (m)
Fig. 3.5 Pioncaré plots on a poloidal cross-section at a toroidal angle of ¢=45°. White lines
indicate the vacuum vessel. [11]

.
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R {m]| torobdal angle [deg.)

-

Fig. 3.6 (a)Pioncaré plots of edge field lines within the vacuum chamber at ¢p=67.5°; (b)
Divertor footprint on the wall. (Note the toroidal angle of one period is 90°).[11]
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Chapter 4. Effect of SMBI on edge
fluctuation and particle transport

INn Heliotron J

The fluctuation near the last closed flux surface (LCFS) in Heliotron J is studied in a
supersonic molecular-beam injection (SMBI) fuelled NBI plasma. A Langmuir probe array is
installed to measure the fluctuations of both ion saturation current (Is) and poloidal electric
field (Eq). Two different fluctuation characteristics are observed after SMBI. First, just after
SMBI for a short period, I fluctuation level is increased in the low frequency range, and the
fluctuation state changed from a coherent-mode-dominated and nearly Gaussian to an
intermittent and non-Gaussian one. The sharp increase of fluctuation induced particle flux is
considered to be one of the reasons of degradation of plasma stored energy (W,). Second, the
fluctuation induced particle transport was reduced long after SMBI, suggesting better particle
confinement in W, climbing phase. We expect the short effect period of gas injection to the
edge fluctuation might be an advantage of this novel fueling technique.

4.1 Introduction

Fueling control is one of the most important issues to obtain high-density and
high-performance plasmas. The supersonic molecular-beam injection (SMBI) technique® is an
effective fueling method for deeper penetration of neutral particles into the core plasma and
higher fuelling efficiency compared to conventional gas-puff.?®> An SMBI system has been
applied to the Heliotron J device and successfully extended the operation region of

line-averaged electron density () versus plasma stored energy (l/l/p).“'6

Edge region in magnetically confined plasmas plays an important role in the interaction
between the plasma and the first-wall and/or divertor structure. The cross-field plasma
transport through the edge is recognized to be dominated by turbulence.”® It is commonly
believed that the cross field transport is mainly driven by £xB drift due to the fluctuation
poloidal component of the electric field, and the turbulent transport due to the radial
component of magnetic fluctuations is small compared with electrostatic transport.

In this paper, we report the change of density and potential fluctuations in the edge and
the fluctuation induced particle transport after SMBI, to understand the effects of SMBI on
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the confinement. Organization of this paper is as follows. Section 2 describes the hardware

set-up of the experiment. Section 3 gives the data analysis method. In section 4, the detailed

results and analysis is described. In Section 5 we have some discussions. Finally, a conclusion

is presented in section 6.

4.2 Experimental set-up

Heliotron J is a medium sized helical-axis heliotron device ((Ro)/{a)= 1.2m/0.17m,
(Bo)<1 5T) with an L = I M = 4 hdical coi. A top view of the torus vacuum chamber is
illustrated in Fig. 1. Magnetic configuration characteristics of this device are reported in refs.
10 and 11. In the previous studies, edge plasma behavior outside the X-point and O-point (a
position between two adjacent X-points) of the separatrix has been investigated in ECH
plasmas using Langmuir probes.'?*?

In this study, we focus on the boundary fluctuation at an O-point at #14.5 toroidal section
for NBI plasmas with a SMB injection from #11.5 toroidal section. The positions of #14.5
and #11.5 are labeled in Fig.1. A Hybrid probe was vertically inserted from the top of #14.5
section, and located at the LCFS, as shown in Fig. 2. The hybrid probe consists of a set of
Langmuir probe array and a set of magnetic probes. The structure of the Langmuir probe
array is illustrated in Fig. 3. The five pins of the array are aligned along poloidal direction.
Signal names of the pins are also labeled in the figure, in which / stands for the ion saturation
current and V for the floating potential. The SMBI nozzle is installed at #11.5 port as shown
in Fig. 1, and a short pulse of supersonic molecular beam of Hydrogen was horizontally
injected into the plasma.

4.3 Analysis Approach

When there is magnetic fluctuation, the total fluctuation induced particle flux is,

. <ﬁeB E,) o <ﬁeB B,) “
t t

which means the radial component of magnetic fluctuation will also bring transport.
However, in this paper we only considered the local electrostatic fluctuation, magnetic effect
is neglected.

The fluctuation induced particle flux I" for a small spectral band width dw at the focused
frequency is calculated using the following equation.*

—— 2
I, =(AV) = 5 Re[P.. (»)] (4.2)

Here, Re[ ] means the real part of a complex, P,¢ is the cross-power spectrum between
density and electric field fluctuations. By using the Langmuir probe data, we take /; as the
proxy of 7, , and (Vs-VW)/dl (df the distance between pin-2 and pin-4, 4 mm in this
experiment) as the proxy of poloidal electric field £y neglecting the effects of temperature and
its fluctuations. Equation (1) is then rewritten to be the following equation.
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2

2
Ly, ~ ERe[Pls*Ey (w)] = E‘%;Ee (w)‘cosag{g (w) I:)|S (w)"'* PEH (@)"? (4.3)

Here, P,fEa (w) is the cross-power spectrum, ‘7/,3{6 (a))‘ is the coherence spectrum,
anda, ¢ (@)is the phase spectrum between Is1 and £y; P, (@) is the auto-power spectrum

of /g, and PEH (w) is the auto-power spectrum of £,. The total flux in the interested

frequency range is then written to be:

2
| EZ‘%;EH (a))‘cosag{g (@) ID|s (a))l/2 PEg (a))llz (4.4)

To understand what roles Is and £y play separately, we calculate the fluctuation
amplitude of / and £ in the interested frequency range, respectively, in the following way:

I, =[>.P ()] (4.5)

E, =D P, (0)]" (4.6)

4.4 Experiment result and analysis

Core plasma parameters relating to this study for a discharge with SMBI are shown in
Fig. 4. In this discharge, the magnetic configuration was the standard one of Heliotron J."°
Plasma is heated only by NBI. Open duration of the SMB nozzle is 1ms, and the injection
timing is at 221.9ms. Sharp increase of the Ha signal (#11.5Ha), which is measured at the
same toroidal position with SMBI, clearly shows the arrival timing of the molecular beam.
The line-averaged electron density started to increase after SMBI. However just after SMBI
(223-227ms, labeled by the purple shadow), W, temporarily dropped, then from t ~ 227ms W,
started to increase. In the following analysis, three phases are defined for convenience: 1)
before SMBI phase, which is the period before the injection timing at 221.9ms; II) W,
degradation phase, which is a short time window just after SMBI, during 223-227ms; I11) W,
climbing phase, which follows the W, degradation window, beginning from ~ 228ms. The

amplitude spectrum of I fluctuation level I~S/<IS> (<IS> is the time averaged value of Iy),

the amplitude spectrum of E, and the spectrum of fluctuation induced particle flux I" in these
three phases are shown in Figs. 4(a), (b) and (c), respectively.
A. Before SMBI phase

In Fig. 5, green dash lines show the spectra before SMBI. There is one local peak at

20-30 kHz in the spectra of in I~S/<Is>, Ee and TI. Figure 6 shows the coherence

spectrogram between V¢ and the magnetic signal B, from a magnetic probe in the probe body.
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Before SMBI, high coherence was observed in 20-30 kHz. This suggests the peak we

observed on I~s /<IS> and Ea power spectra in Fig. 5 is related to some MHD mode. This

20-30 kHz fluctuation mode has a finite phase angle between the density and potential, thus
introduces significant fluctuation induced particle flux. Although another local peak at 70-80

kHz was observed in Eg, which had also high coherence with the magnetic fluctuation, it
was not observed in |~S /<|S> and I'. Although the different effects of these two local peaks

on IS/<IS> and Ee are interesting, we need more detailed investigations. In this paper,

however, we focus on the change of turbulence characteristics in rather low frequency range
(< 40kHz) since no significant fluctuation induced flux was observed in higher frequency
range after SMBI.
B. Just after SMBI during Wp degradation

In Fig. 5(c), red dot-dash line shows the spectra of I' during the W, degradation phase.
Compared with that before SMBI, the local peak at 20-30 kHz, which was observed before

SMBI, disappeared. The local spectra peaks of and E, at 20-30 kHz also

disappeared. This means the coherent mode, which contributes to the significant
fluctuation-induced transport before SMBI, was suppressed by SMBI.
Although the coherent mode of 20-30 kHz had been suppressed, ' was greatly enhanced in

the low frequency range (below 40 kHz), as shown in Fig. 5(c). Temporal traces of |, E,

and T in the frequency range of 10-70 kHz are shown in Fig. 7. Here, the trace of 1_,E, and

s

I are calculated using eqs. (3), (4) and (5) respectively. It is quite clear that I' dramatically

increased for 3-4 ms after SMBI. In this short time window, although E, is decreasing (Fig.

7(b)) possibly due to the suppression of 20-30 kHz mode, I

S

is significantly enhanced (Fig.

7(a)), synchronized with the increase of I'. The enhancement of | could also be recognized

S

from the raw signal of I in Fig. 8(a).

Fig. 8(b) shows the wavelet power spectrogram of l. The wavelet analysis' is a
powerful tool to look into the non-stationary intermittent structures in fluctuation data. Before
SMBI, spectra of most structures are at 20-30 kHz corresponding to the local peak, while in
the W, degradation window, the structures have wide spectra at 10-50kHz. Skewness is a
measure of the PDF (Probability Density Function) asymmetry. Positive skewness of density
means that the fluctuation has more high-density bursts than low-density bursts. As shown in
Fig. 8(c), the skewness of I increased from ~0.3 to ~0.8 just after SMBI and the shape of the
PDF changes from a nearly Gaussian one to positively skewed one (Fig. 9). Conditional

Average'”*® results of I~s /<IS> in Fig. 10 shows that both the height and the span of the
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bursts just after SMBI are increased. All these information described above reflects that the
fluctuation state transformed from a coherent-mode-featured and Gaussian one to an
intermittent and non-Gaussian one in this phase.
C. Long after SMBI during Wp climbing

In Fig. 4, blue solid lines show the spectra during the W, climbing phase. Compared with
the W, degrading phase, I' in the low-frequency range is much reduced (Fig. 4(c)). By

checking Fig. 5(a) and (b), we found the reduction of I~S/<IS> is the main reason of the

reduction of I'. In Fig. 6(c), the skewness is gradually decreasing in W, climbing phase. In Fig.
7, the shape of PDF is transforming back to a Gaussian one. And also in Fig. 8, both the
height and the span of the bursts are decreased. These mean the fluctuation level and the
intermittency is decreasing in W, climbing phase.

4.5 Discussion

The effect of neutrals to the edge fluctuation and confinement has been reported in
refs.19, 20. In these references, increase of / fluctuation and decrease of I} during
traditional gas puffing are observed. The response of edge fluctuation and W4 in Heliotorn J
just after SMBI seems to be very similar. It is expected that, just after the gas injection
(whether traditional gas-puff or SMBI), the convective heat loss is enhanced due to the
increased fluctuation, while the power input to the plasma is still constant, thus leading to the
decrease of W4 in addition to the effects of temporal edge temperature drop due to SMBI.
However, normal gas-puff is usually continuously injected, for a long period. SMB is injected
only in a short pulse. The period of this negative effect to plasma might be much stronger, but
very short in SMBI case. In this studied discharge, /4 degradation window is only ~4ms
(223-227ms), which is much shorter than normal gas-puff, usually of several tens of
milliseconds.

In Fig. 7 (c), it is interesting to notice that in W climbing phase I' is almost the same or
a little smaller than before SMBI. Considering the quickly increasing plasma density, which is
about a factor of two, the particle transport is much reduced. This could be explained by the
better particle confinement due to density profile peaking after SMBI [6]. The reduced
particle flux also improves the energy confinement.

It has to be noticed that we have used the floating potential V; instead of the plasma
spatial potential V. That means if the electron temperature fluctuation is significant, the
measurement will contain large error. This still needs further confirmation.

4.6 Summary

The electrostatic fluctuation at the last closed flux surface (LCFS) is studied to
understand the effect of SMBI to the confinement in Heliotron J. After SMBI, Wp temporarily
decreased then started to climb after SMBI. The degradation of W, is partially caused by the
dramatic increase of Is fluctuation. The statistical characteristic of Is fluctuation changed from
a nearly Gaussian state before SMBI to a non-Gaussian and intermittent one just after SMBI,
and the fluctuation level is increased in the low frequency range. However W, degradation
window is very short due to the short injection period of SMBI. Second, the fluctuation
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induced particle transport was reduced long after SMBI, suggesting better particle
confinement in W, climbing phase. We expect the short effect period of gas injection to the
edge fluctuation might be an advantage of this novel fueling technique.
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Fig.1 A schematic top-view of Heliotron J. The probe cluster is installed at the top port at #14.5
and SMBI nozzle is installed at #11.5.
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Fig. 2 #14.5 poloidal cross section: “X” is the X-point of this magnetic configuration in
vacuum condition. “r” and “6” are the radial and azimuthal direction of the plasma columb,
respectively. “R” is the radial direction of torus. Bt is the magnetic field direction;
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Fig. 3 Structure of the Langmuir probe array: I is the ion saturation current signal. V¢ is the
floating potential.
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Fig.4 Main plasma parameters: (a) NBI is the timing signal of Neutral Beam heating. (b)n, N,

is the line-averaged electron density; W, is the plasma stored energy measured with a
diamagnetic loop; (c) #11.5 Ha and #3.5 Ha are the signal of Ha ray detector at #11.5 and #3.5
sections, respectively. A Purple line indicates the timing of SMB injection timing; A time span
labeled by pink shadow is the period “just after SMBI” where W, was degrading; The blue
shadow labels the period long after SMBI when W, was climbing.
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Fig.5 Spectra at LCFS: (a) Amplitude spectrum of i; /<IS> (b) Amplitude spectrum of Eg (c)

spectrum of particle flux. The three line types indicate different time phases: green dash line -
before SMBI phase, 227-221ms; red dot-dash line - W, degradation phase, 223-227ms; blue
solid line - W, climbing phase, 230-234m:s.
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Fig.6 Coherence diagram between V¢ and B;. The white arrow labels the high coherence before
SMBI at 20-30kHz.
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particle flux in 10-70kHz at LCFS.
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Fig. 10 Conditional Average results of Ts /<IS> on LCFS in the three phases. Green dash line -

before SMBI phase; red dash-dot line - W, Degradation phase; blue solid line - W, climb phase.

The threshold of the condition is set to 2 o
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Chapter 5. Observation of edge
filamentary structure motion during
supersonic molecular-beam injection
using a fast camera in Heliotron J

A perpendicular-view fast video camera has been installed in Heliotron J to observe the
behavior of filamentary structures of edge plasma turbulence across the last closed flux
surface (LCFS). Supersonic molecular-beam injection (SMBI) can greatly increase the edge
H, emission; hence, we used the high imaging rate and shutter speed of the camera to capture
the behavior of the fast propagating filamentary structures. A high-pass fast Fourier transform
filter on the time dimension was adopted to extract the fluctuation component from the raw
data for each pixel. The motion of the filamentary structures was clearly visible when we
applied an amplitude threshold to identify the intense structures. In addition, a time-resolved
2D cross-correlation technique was adopted to estimate the poloidal phase velocity of
turbulence. The motion direction was found to be reversed dramatically just after an SMBI
pulse.

5.1 Introduction

A video camera can provide 2D images of turbulence structures by recording Ho/Da
emissions. The intensity S, of the Ho/Da line emission is proportional to the neutral gas
density ny and also depends on the electron temperature T, and electron density n. [1, 2],

Sa=nof3(Ne, Te)Asz (5.1)
where f3(ne,T.) is the ratio of the population density of n = 3 to the ground state, which is a
nonlinear function of n, and T.. In the above equation, As; is the radiative decay time rate of
the n = 3 to n = 2 transition, where n is the principal quantum number. Using gas injection, S,
is greatly enhanced because of the increase of ng; therefore, the signal-to-noise ratio of the
camera image can be high enough to be useful even at a high imaging rate and shutter speed.
This is the so-called “gas puff imaging (GPI)” technique [3]. The neutral density of the gas,
no, provided by the gas puff does not change significantly during the short fluctuation time
scale (~10 ps); hence, the fluctuations in S, are due to the local evolution of the plasma or
propagating plasmoids whose electrons can excite neutral atoms immediately. From the
DEGAS?2 simulation code and experimental results of Alcator C-Mod, in edge plasmas with
108 cm™3 < n, < 10% Cm73, Da emission is mainly located in the region 10 eV < T, < 50 eV
[3]. In this temperature range, both n. and T, perturbation can cause S, fluctuation [2]. This
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interpretation can be somewhat simplified if the electron density and temperature fluctuations
are in phase, as expected theoretically and approximately verified using Langmuir probes in
DIII-D [4] and TEXT [5]. Although there is still no way to determine whether profile changes
during GPI are due to density or temperature changes (or both), turbulence properties such as
the coherent structure sizes and velocities are independent of the nonlinearities in f3(ne,Te)
and can be evaluated directly from the GPI data [6].

Most of the GPI systems in use [2, 3] have a tangential view, using an inside-vacuum
telescope, and observe the plasma structures in the radial-poloidal plane. The camera system
used in this study has a perpendicular view. The main differences to the tangential view are
that this system does not contain optical components inside vacuum, and the images are taken
on the poloidal-toroidal plane.

SMBI is well known as a directional gas fueling method [7-10]. It is demonstrated to be
not only an effective fueling method but also an effective edge modification technique for
fusion devices [8]. Meanwhile, the high H, emission during SMBI provides an advantage for
using a fast camera. In this paper, we describe the application of a fast video camera to
observe the filamentary structures near LCFS in an SMBI-fueled plasma.

5.2 Equipment Setup

Heliotron J is a medium-sized, helical-axis heliotron device <Ry>/<a> = 1.2 m/0.17 m,
<By>< 1.5 T) with an L = 1/M = 4 helical coil [11, 12]. As shown in Fig. 5. 1, a NAC fx-k5
fast video camera has been setup at a horizontal perpendicular-view window at #11.5 port [13,
14]. The optical path of the camera system and the observation region of the plasma are
illustrated in Fig. 5. 2(a). The optical axis of the object lens is perpendicular to the torus. The
object plane of the object lens was adjusted to be close to LCFS. An SMBI nozzle was also
installed at the same port for fueling control, with the gas beam parallel to the optical axis of
the object lens. Therefore, the camera signal is obtained mainly from near the outer LCFS
where the gas beam is injected. A typical raw image during SMBI is shown in Fig. 5. 2(b),
which shows a bright spot around the beam-crossing area near LCFS. In this image, the
horizontal direction indicates the toroidal direction of the torus (also the X direction in this
paper) and the vertical direction indicates the poloidal direction (also the Y direction in this
paper). The emission enhancement by SMBI allows the camera to be used at a frame rate of
up to 168,000 fps with 32 x 48 pixels and a 5 us shutter speed.

To estimate the actual pixel size, information about the radial position of the H[]
emission region was required. In this experiment, we used the approximate position of LCFS
as the emission region, which is 41.66 cm from the object lens, as illustrated in Fig. 5. 2(a). In
other devices, such as the Alcator C-Mod, the GPI signal is mainly obtained from near the
separatrix. The center of the GPI emission cloud is 5 mm outside the separatrix, where Te ~
25 eV. The radial thickness of the emission cloud is 2-3 cm [1]. The error from the radial
position estimation is small. For example, a 2 cm error in the radial position will only induce
a 2/41.66 ~ 5% error in pixel size. From the optical path in Fig. 5. 2(a), we estimated the
actual pixel size to be about 1.6 mm, which in turn yielded an image area of 51.8mm x 77.8
mm.
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5.3 Data Analysis and Results

Turbulence structures are observed as being “frozen” in a single image, with the shutter
opening duration (~5 ps) shorter than the typical fluctuation time scale (~10 ps). Therefore,
structure features such as size and stretch direction could be extracted from the images. If the
framing rate of the camera is faster than the lifetime of the turbulent structures within the field
of view, the turbulence motion can be followed and continuous images can be correlated to
infer the motion velocity of turbulence. In this section, we will focus on the analysis
techniques used to capture the behavior of the filamentary structures.

5.3.1 Extraction of filamentary structures

In this subsection, an example video taken of an SMBI discharge at 168,000 fps and a
frame size of 51.8 mm x 77.8 mm will be analyzed. For this discharge, the magnetic
configuration was the standard one for Heliotron J and the opening duration of the SMB
nozzle was 100 pus. Some of the main plasma parameters in this discharge are given in Fig. 5.
3. The sharp increase in the Ha signal (#11.5Ha), which is measured at the same toroidal
section as SMBI, clearly shows the arrival timing (~243ms) of the molecular beam. Both
plasma density and stored energy increased after SMBI. A detailed discussion on the SMBI
fueling control in Heliotron J is described in [10].

One of the raw images from this video is shown in Fig. 5. 4(a). From this perpendicular
view, the pixel signal 1., is mainly obtained from the line-integrated emission across the
depth of field (DOF) around LCFS, where the Ha emission is supposed to be intense.
Moreover, |, contains both a long-time-scale component, “background” I,4, from across
DOF, mainly attributed to the increase and decrease in ng, and a short-time-scale fluctuation
components, 7, from the turbulent plasma structures [15]. Therefore, pre-processing was
applied to make the filament structures more visible by removing the “background” and
highlight the fluctuation components. A high-pass fast Fourier transform (FFT) filter was
applied to obtain the fast component of fluctuation 7. The cut-off frequency was set to 10 kHz
in this study, which removed most of the slow components brought about by the variation in
gas pressure. The “background” component is calculated as lpy = I — . To relate the
camera signal with the density fluctuation, the normalized fluctuation /1y, is used. If the
fluctuation in T, is smaller than and/or in phase with n, the image of 7/1y, is approximately
proportional to the normalized density fluctuation 72,. (It has to be noted that /1y, is neither
equal nor exactly proportional to 7, since 7 is the line integration of the emission across the
relatively small-sized turbulence structure, while ly4 is the line integration of the emission
across the whole Ha emission region.) The curves of |y, 7, lng, and f/lbg are shown in Fig. 5.
5. Fig. 5. 4(b) and (c) show the images of 7 and I, respectively. In Fig. 5. 4 (b), we can
clearly recognize both positive (white) and negative (black) filamentary patterns of
fluctuation. In Fig. 4(c), the upper part of the background image is much brighter than the
lower part because the former is around the gas injection spot, closer to the nozzle and lens.

The fluctuation data in Fig. 5. 4(b) is filtered with an amplitude threshold to extract the
more intense density fluctuation structures [16]. In this paper, the amplitude threshold for
each point is set to 1o, where o(X,Y) is the normalized standard deviation (STD) of /1,4 at a
pixel point (X,Y) during the sliding time window of 100 ps. The blue line in Fig. 4(e) shows 7
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/lpg along a poloidal line at X = 16 illustrated in Fig. 5. 4 (a). The positive threshold (red line)
indicates the density-peaking structures, such as a “blob” or the crest of an intense wave. The
negative threshold (black line) indicates the density-hollow structures like a “hole” or the
trough of an intense wave. We can identify a density-hollow structure, as illustrated in region
(1), and a peaking structure, as illustrated in (2). If we define the width of the shadowed
region in the figure as that of the structure, the hollow structure is ~12 mm wide and the
peaking structure is ~17 mm wide. Fig. 5. 4 (d) is updated from Fig. 5. 4(b) using the
amplitude threshold, where the white color indicates a fluctuation larger than o, black
indicates a fluctuation less than —o, and red indicates a fluctuation between —c and .

5.3.2 Poloidal velocity estimation

Some continuous images of filamentary structures recorded during SMBI in shot No.
44946 are shown in Fig. 5. 6 (a)—(d). In these figures, upward is in the electron diamagnetic
direction (De). From these images, the velocity can be readily estimated. Taking Fig. 5. 6 (a)
as an example, five continuous frames (243.089-243.119 ms) recorded just after the SMB’s
arrival are shown. The filament indicated by the arrow travelled approximately 48 pixels in
the poloidal direction during this time span. Considering the real size per pixel, ~1.6 mm, we
calculated the poloidal velocity, vy = 48 x 1.6/(243.119 — 243.089) = 2.5 x 10° m/s. The
propagating direction is downward, which is the ion diamagnetic direction (Di). In these
images, it is interesting to note that, during the time span in which I, is still enhanced by
SMBI, the filamentary structure’s velocity changes to the De direction, as shown in Fig. 5. 6
(b). After SMBI, in Fig. 5. 6 (¢) and (d), the structure’s motion returns to the Di direction, and
the velocity slows down to about 1 km/s.

To get the overview of the filament motions, Fig. 5. 7 shows the Y-time contour of /1y,
along the x = 25.9 mm mid-line. In this figure a continuous contour usually stands for the
same filament, e.g., the contours labeled by the arrows in the phases of a, b, c, d,
corresponding to a, b, ¢, d in Fig. 5. 6. The tilt angle of the contour structures reversed from
Di to De about 243.2ms, and reversed back to Di about 243.6ms. E.g., the propagation of
filaments is clearly in Di direction in b, d, e phases, and in De direction in ¢ phases.
Compared to phase b, the smaller tilt angle in d and e means the propagation velocity is
slowing down, which is inconsistent with the above results.

The method of direct observation is reliable when there is a clear structure crossing the
window. However, because the field of view is very narrow, it is not always easy to entirely
catch the motion of a structure. Another method is to use a cross-correlation technique to
estimate the phase velocity of turbulence. The details of a time-resolved 2D cross-correlation
technique for GPI data are described in ref. [17]. In shot No. 44946, we used a time window
of £5 frames, which is 10 x 6us = 60 ps, to examine the cross -correlation between the pixel
data of one frame and the following frame. The lag of the cross-correlation is set from—11 to
+11 pixels, corresponding to an actual velocity 6f4.1 —4.1 km/s. The calculated region is
limited to 19.4mm < Y < 58.3mm along the poloidal line at X = 25.9mm in Fig. 5. 4(a). Fig.
5. 8 is the estimated poloidal velocity, where the error bars indicate standard deviation and the
positive direction indicates De direction. During the period 243.0-243.2 ms, the velocity is in
the Di direction. Then, from 243.2 to 243.6 ms, the velocity reversed to the De direction and
dropped from about 2 km/s to zero. Just after 243.6 ms, the motion direction reversed again to
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the Di direction, and the velocity value varied from 2 km/s to about 1 km/s. All velocity
values estimated from Fig. 6 show quite good coincidence with the results shown in Fig. 5. 7.

5.4 Discussion

The E x B velocity shear layer (VSL) near the edge has been found in many magnetically
confined fusion devices. The Langmuir probe measurement at #14.5 section of Heliotron J
reveals a clear VSL, as illustrated in Fig. 5. 9. VSL is located between Ar = 10 and 15 mm,
and does not move before or after SMBI. The turbulence motion inside VSL is in the De
direction, and that outside VVSL is in the Di direction.

Although the reason for the direction reversal mentioned in section 3.2 is unknown at
present, one speculation is that the main Ha emission region shifts inward across VSL
because of the strong cooling effect and/or the gas penetration by SMBI. The DOF of the
object lens has a certain thickness; therefore, even if the emission region is shifting, it can still
be in the DOF and provide a clear image on the camera sensor. This means we must be very
careful with the perpendicular-view data, and try to get some radial position information of
the main emission region. For this reason, combining these data with Langmuir probe data is
a possible solution to this problem, which will be investigated in the future.

Note that at the SMBI arrival-timing window of 243.0-243.2 ms, the velocity estimated
in both Fig. 5. 6 (a) and Fig. 5. 8 might be affected by the fast expansion of the gas cloud.
The background emission lyq in Fig. 5. 5, which is proportional to the fluctuation in the
neutral gas density 7, increased quickly during this period. If 7y varied quickly enough
compared to the filter, the 7 signal we extracted may also be affected. However, after 243.2
ms, Iy, varies slowly, which means the component of g will be removed from 7 by the
high-pass filter.

5.5 Summary

In this paper, we reported on the edge filamentary structures observed by a
perpendicular-view camera and the analysis methods used to make the results more visible.
The spatial filamentary structure was extracted using a high-pass FFT filter in the time
dimension. A threshold amplitude was then employed to extract intense filamentary structures.
Using these images, we could directly estimate the poloidal velocity of these structures. A
time-resolved 2D cross-correlation technique was also applied to estimate the structure’s
velocity. The results from the two methods roughly agreed. During an SMBI discharge, it was
observed that the poloidal velocity of the filamentary structures reversed during the SMB
injection. One possible reason for this is that the intense emission region shifted inward
because of the injected gas. Therefore, further work is needed to identify the main emission
region.
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SMBI, Camera
Perpendicular view

Fig. 5. 1 Top view of Heliotron J showing the toroidal positions of #11.5 SMBI and the fast
camera.
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(at 80,000 fps).
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Fig. 5. 3 Plasma parameters for Shot No. 44946, where ne is the linear-average electron density,
Wp is the diamagnetic energy, #11.5 Ha is the signal from the Ha ray detector at the #11.5
section.
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Fig. 5. 4 Images from shot No. 44946. The imaging speed is 168,000 fps.

(a) Araw image. Positions of mid-line x = 25.9 mm and center point C (25.9 mm, 38.9 mm)
are labeled. The directions of the X-axis and Y-axis are the same as shown in Fig. 2(b).

(b) A normalized fluctuation (I/Ibg) image.

(c) A background image.

(d) An updated image with amplitude threshold.

(e) The normalized fluctuation signal along the mid-line (blue), positive (red), and negative
(black) standard deviation during the time window. Negative and positive fluctuation regions
(1) and (2) correspond to the density peak structure and hollow structure in (d), respectively.
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Fig. 5. 5 Data at point C. Red line indicates the camera’s raw signal. Blue line indicates the
filtered-out fluctuation signal. Black line indicates the background signal. Green line indicates
the normalized fluctuation signal of the background.
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Chapter 6. Investigation of the edge
fluctuation structures with the
combination of a camera and a
Langmuir probe cluster in Heliotron
J

A method is proposed to estimate the radial span of a density fluctuation mode at the edge
plasma observed with a vertical-view high-speed video camera, by comparing ion-saturation
current from a Langmuir probe (at the same toroidal position as the camera) and the local
enhanced brightness in the camera image due to the probe-plasma interaction. Large-sized
(~14cm) poloidally propagating density fluctuation structures were observed for a 20-30 kHz
mode using fast camera in Heliotron J. When probe was inserted to the plasma,
plasma-surface interaction (PSI) was clearly observed using camera. According to the
interaction intensity between the probe and the edge plasma, the radial span of the 20-30 kHz
mode, which was observed by the camera, has been identified to be within 10mm outside
from the last closed flux surface (LCFS). This application shows the combination of camera
and probe is a powerful tool for edge fluctuation study.

6.1 Introduction

A high-speed video camera (fast camera for short) can provide 2D images of a wide
area with the sampling speed of 200-300 kHz or more. Analyzing a series of plasma
image data from the fast camera, fast propagating plasma turbulence structures could be
resolved. The camera usually captures visible light emission from a working gas of the
discharge, Ha (or Da) emission in many fusion plasma experiments. The local intensity S,
of the Ha (or Do) line emission is proportional to the neutral gas density ny and also depends
on the electron density n, and the electron temperature T, [1, 2],

Se=ng fa(Ne, Te) Az (6.1)
where f3(ne, Te) is the ratio of the population density of n =3 to that of the ground state,
which is a nonlinear function of n, and T, and As, is the radiative decay time rate of the n=3
to n=2 transition. Here, n is the principal quantum number. With help of gas injection, S, can
be greatly enhanced due to the increase of ny. Therefore, so called “gas puff imaging (GPI)”
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technique [3] can increase the signal to noise ratio of the camera image, and one can use
much higher flame rate of camera.

A Langmuir probe is a traditional tool for turbulence diagnostic [4], and it can measure
local plasma parameters. By biasing the probe tip to the ion saturation current region, the
probe current is,

I, =0.61n,C,A e (6.2)

where C; is the sound speed, and A, is the effective area of the probe tip. If the
fluctuation of T, is much smaller than the fluctuation of n, |5 mainly reflects the local density
fluctuation.

This paper proposes a new combination analysis technique for edge plasma turbulence
studies with a fast camera and a Langmuir probe set, and demonstrates the effectiveness of
this technique discussing a result of such measurements in Heliotron J. Density fluctuation is
measured with one ion saturation current signal from a probe cluster. Enhanced light emission
due to the interaction between the plasma and the Langmuir probe cluster are measured with a
fast camera. In Section 2 the hardware setup are described. Section 3 shows the experimental
result and analysis. Finally, a conclusion is presented in section 4.

6.2 Experimental set-up

The Heliotron J device is a medium sized helical-axis heliotron device {R o>/<a>=
1.2/0.17m, <By> <1.5T) with an L = 1/M = 4 helical coil [5]. A top view of the torus vacuum
chamber is illustrated in Fig. 1. The details of magnetic configuration of Heliotron J are
reported in refs. [6, 7].

In the previous studies in Heliotron J, edge plasma behavior has been investigated using
Langmuir probes [8, 9] or fast camera [10, 11, 12, 13, 14], separately. Recently, setting a
Langmuir cluster and a fast camera at the same toroidal position, simultaneous measurements
of these two methods have been started to investigate the edge fluctuation. The first
experiment revealed basic consistency of fluctuation information in power spectra between
the ion saturation current signal and pixel data from the camera images [15].

In this study, we focus on the boundary fluctuation at an O-point (a position between two
adjacent X-points) at #14.5 toroidal section (Fig. 1). A Langmuir probe cluster was vertically
inserted from the top of this section as shown in Fig. 2(a), and the vertical position of the
probe can be scanned by shot-by-shot basis. Structure of the probe cluster is shown in Fig.
2(b). The five Langmuir probe tips are aligned along poloidal direction of the plasma. Signal
names of the tips are also labeled in the figure, in which I, and V¢ stand for the ion saturation
current and the floating potential, respectively.

A fast camera is set at the bottom port (Fig. 2(a)). The camera image is focused near the
upper LCFS, as marked by a yellow rectangle in Fig. 2(a). The GPI system also installed near
the Langmuir probe set from the upper port. The information of the video is mainly from the
yellow rectangle region, because of the focusing point and significantly enhanced Ha
emission due to the gas-injection from the GPI system. A typical raw image of the video is
shown in Fig. 3. The shape of the probe shaft and a bright point of one of the probe tips are
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clearly observed. The green “+” point near the tips is selected for the following analysis. This
point is chosen so that it is on the same magnetic field line with Ig;.

The experiment was performed in a discharge set with a fixed discharge condition.For
this discharge set, the probe position was scanned from Ar = -4mm to Ar = 30mm, where Ap
is the distance between the probe tips to the LCFS, and Ap < 0 means the probe is positioned
inside the LCFS. Typical plasma parameters of this discharge set are shown in Fig. 4. The
plasma was sustained only by NBI heating.

6.3 Result analysis and discussion

6.3.1 Dynamics of the fluctuation structures in camera image

The power spectrogram and the power spectrum density during 215-220ms for the
intensity of pixel “+” in Fig.3 are illustrated in Fig.5 (a) and (b), respectively. A density
fluctuation mode was clearly observed at 20-30kHz.

A frame sequence of 20-30 kHz band-pass fluctuation images was shown in Fig.6. These
images have been normalized with the time-averaged background signal. In this image
sequence, a filamentary structure with the density peaking at the black arrows, was
propagating poloidally across the camera view in the ion diamagnetic direction (from left to
right). From the propagation of the black arrows, phase velocity of this density mode is
estimated to be Vy = 3.6 km/s. Then the wave number is estimated to (assuming the
frequency is 25 kHz),

KT _ 2K _gg/m (63)
27V, 3.6km/s
6.3.2 Identification of the radial span of the turbulence structure in camera
image

In Fig.6, the probe tips are located at Ar = 20mm. In this case, the observed structures are
basically unperturbed from PSI effect, which means there still some distance between the
mode structures and the probe tips.

To locate the edge of the density mode described in 6.3.1, in Fig. 7, we have picked the
typical frames of the 20-30kHz band-pass fluctuation image, with the probe at three different
locations Ar = 20 mm, 10 mm and O mm. At Ar = 20 mm, the filamentary fluctuation
structure is like “safely” passing the probe tips without any PSI perturbation. At Ar =10 mm,
the structure is “emphasized” nearby the probe tips when it is passing by, because the PSI
intensity is reflecting the local density fluctuation (see the appendix). At Ar = 0 mm, the
“emphasis” effect is much stronger than Ar = 10 mm case, suggesting greater PSI effect when
the probe is inserted deeper. This means the probe tips start “touching” with the mode
structures from about Ar = 10mm. Therefore, the outmost edge of the observed mode
structure is located at Ar ~ 10 mm.

To verify our analysis, we compared the power spectrogram of ion saturation current
signal Isl at these three positions, as shown in Fig. 8. The peak of 20-30 kHz is observed
from Ar = 10mm, which means the observable Ha emission region is not less than Ar =
10mm, and the measurements of camera and probe are verified by each other. The technique
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proposed in this paper can be, however, used in the intermittent fluctuation, where a clear
peak of power spectrum is not present. This will be test for post-SMBI case.
Fig. 9 is the (ls) (time averaged Isl) profile, which is a proxy of density profile. Slope
foot of this profile is at Ar = 15~20mm. This means the density mode is limited at the high
density region.

6.4 Summary

A method is proposed to estimate the radial span of a density fluctuation mode at the edge
plasma observed with a vertical-view high-speed video camera, by comparing ion-saturation
current from a Langmuir probe (at the same toroidal position as the camera) and the local
enhanced brightness in the camera image due to the probe-plasma interaction. According to
the interaction intensity between the probe and the edge plasma, the radial span of the 20-30
kHz mode, which was observed by the camera, has been identified to be within 210mm outside
from the last closed flux surface (LCFS). This application shows the combination of camera
and probe is a powerful tool for edge fluctuation study.

Appendix. Plasma-surface interaction effect on camera image

It is well known that a camera image includes so-called line-integration effect. Assuming
a laminar radial structure of constant density and temperature along the view line of the
camera near the LCFS such as Fig.10, a pixel signal can be describe as Eq. 6.4.,

S g (1) = 21 (1, 1) F (0, (r, 1), T, (1, D) A, (6.4)

redr

where r is the radial position, n, is the density of neutrals, n, is the electron density, T, is the
electron temperature. Assuming nq(r) is a constant in a short fluctuation time scale, and the
fluctuation of T, is much smaller than that of n,, the fluctuation part of pixel signal is,

Spixel t) =~ (zda(r)ﬁe (r,t) (6.5)
redr

where the top symbol “~” means the fluctuation part of the variable or function, and a, is
constant for the same p. This result is basically consistent with our intuition; that the
fluctuation information of camera signal is the weighted summation of the density fluctuation
on the line integration path.

When the probe is inserted to the camera viewing area, the interaction between plasma
and the probe (probe tips and/or probe shaft) will significantly enhance the local emission
(PSl-effect). In this case, Eq. 6.5 is rewritten into,

S e (1) =Spq (0 + S a(r)n, (r,1) (6.6)

redr

where the S, (t) is the emission come from the PSl-effect. Note that in Eq. 6.6 the

integration line path is reduced to dr'. In the case of intense interaction,
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Ses () >> S a(r)n, (1,) (6.7)
redr’
we get,
§pixel (t) ~ §PSI (t) (68)

Supposing the probe tips / body will only interact with the nearby local plasma, when the
local density fluctuates, the interaction emission will change as well,

§PSI (t) oc ﬁe—local (t) (6-9)

where N, .., (t) isthe local density fluctuation. Combining 6.8 and 6.9, we then get,

§pixel (t) oC ﬁe—local (t) (610)

It is easy to check this since the local density fluctuation is measured by the ion
saturation current signal,

i”s (t) o ﬁe—local (t) (611)

If Eg. 6.10 is consistent with the reality, there will be high cross-correlation between
Spixel (t) and Is(t)

Figure 11 shows the interaction level between plasma and the probe. Figures 10(a) and
(b) show the time-averaged “background” image in the time span of 225-230ms at Ar =
20 mm and Ar = 0 mm, respectively. In Fig. 11(a), at the probe position of Ar = 20 mm
(20 mm outside of the LCFS), the brightness around probe has little difference with that in far
from the probe position, which means the interaction is not significant. In Fig. 11 (b), at the
position of Ar = 0 mm (on the LCFS) the brightness around probe was much enhanced
compared to that in the case of Ar = 20 mm. This suggests that as probe was inserted into
deeper position, there was more significant interaction. This is consistent with the edge
plasma profile. Figure 6 shows the profiles of time averaged ion saturation current (l) at
218ms and 227ms. At both of the two timings, the slopes of {Is) are sharp inside Ar = 15 mm
and become flat from Ar = 20 mm outward.

Figures 11 (c) and (d) show the “fluctuation level” image in the same time span of
225-230ms. Each pixel data of the image are the standard deviation of 10 kHz high-passed
raw data normalized by the “background” in the time span. In Fig. 11 (c), at the probe
position of Ar = 20 mm, the fluctuation level around the probe show little difference with that
in far from the probe position. In Fig. 11 (d), at the position of Ar = 0 mm, the fluctuation
level around the probe is significantly higher than that in the case of Ar = 20 mm and that in
far from the probe position. Based on our physics model, the higher fluctuation level is
because the local fluctuation near the probe head was “emphasized” by the interaction.

Before the combination analysis, we have to check the difference of the start trigger
timing of the data acquisition system for the camera and the probe. This time difference is
because that we are using different trigger system for camera and probe. Analysis approach of
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the cross-correlation between §pixe| (t) and rs(t) is illustrated in Fig. 12. Figure 12(a) is an

example of the cross-correlation in the time domain between the 5 kHz high-pass-filtered
camera data and I in a time span of 2ms. Here, the camera data are come from the pixel
denoted by “+” in Fig. 3. The time delay At at the maximum cross-correlation shown in Fig.
8(a) suggests there is difference of [Jt between the start timing of camera and probe data.
Although the value of this time difference At is scattered among discharges due to time jitter
in each trigger system, it keeps the same value during one discharge, as shown in Fig. 12 (d),
where the time trace of maximum value of the cross-correlation is also shown.

Figures 12(b) and (c) show the high-passed data of camera and I, respectively. The
purple dash line labeled the timing of SMBI. Although the details of fluctuation
characteristics during SMBI plasma will be discussed elsewhere, high cross-correlation of
0.6-0.8 is observed between these two signals in this discharge, indicating that the fluctuation
information of the camera signal is mainly from the local density fluctuation. Figure 13 shows
the maximum cross-correlation in the space of Ar and time. The cross-correlation is high (up
to 0.6-0.8) for Ar < 15 mm, and low outside of Ar> 20 mm, suggesting the interaction became
intense from Ar=15mm thus the local density fluctuation emphasized in camera data.

In this section, we found that the camera data around the probe head is dominated by the
PSl-effect. High cross-correlation was found between the fluctuation components of ion
saturation current and the camera pixel signal nearby the probe tips. This demonstrates the
fluctuation information from the intensity of plasma-surface interaction mainly reflects the
local density fluctuation.
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Fig.1 A schematic top-view of Heliotron J. The probe cluster is installed at the top port at
#14.5.
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Fig.2 (a) #14.5 poloidal cross section: “X” is the X-point of this magnetic configuration in
vacuum condition. “R” is the major radial direction of torus. B+ is the magnetic field direction;
(b) Structure of the Langmuir probe array: I is the ion saturation current signal. Vs is the
floating potential. At the top of the cross section, the major radial direction also is the poloidal
(azimuthal) direction.
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Fig. 3 A typical raw image of the camera video. The circle shape of the probe shaft and the
bright point of one of the probe tips are clear observed. The green “+” point near the tips was
selected for the following analysis.
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Fig. 4 Main plasma parameters: (a) NBI is the timing signal of Neutral Beam heating. (b)ng
n, is the line-averaged electron density; W, is the plasma stored energy measured with a
diamagnetic loop; (c) #11.5 Ha and #3.5 Ha are the signal of Ha ray detector at #11.5 and
#3.5 sections, respectively. A Purple line indicates the timing of SMB injection timing; A
time span labeled by pink shadow is the period “just after SMBI” where Wp was degrading;
The blue shadow labels the period long after SMBI when Wp was climbing.
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Fig. 5 (a) Wavelet power spectrogram of camera pixel data. (b) Wavelet power spectra
density of camera pixel data. In this discharge, the probe tips is located at Ar=20mm.
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Fig. 6 Continuous frames of normalized 20-30 kHz band-passed fluctuation image with the
probe located at Ar=20mm.
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Fig. 7 Typical frames of normalized 20-30 kHz band-passed fluctuation image with the probe
located at (a) Ar=20mm, (a) Ar=10mm, (a) Ar=0mm.
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Fig. 9 Profile of time averaged ion saturation current (I at 218ms and 227ms. The error bars
show the standard deviation in 2ms window.
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Fig. 10 (a) #14.5 cross section and the camera view. Yellow rectangle is the expected imaging
region. (b) Zoomed-out picture of the imaged region. The contour shows assumed density
structure of plasma turbulence. The arrow line is an imagined integration line of the camera
signal. (c) The discretized picture of (b). Imagined PSI region is labeled with the green mark.
Plasma parameters are assumed uniform along the same radial layer. Before probe inserted,
the line-integration span is dr; after probe inserted, the line-integration span is dr’.
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Fig. 11 Time averaged “background” for probe position (a) Ar=20mm (b) Ar=0mm during
225-230ms;

Standard deviation of 10 kHz high-passed raw data normalized by the “background” for probe
position (c) Ar=20mm (d) Ar=0mm during 225-230ms. The purple dash line is the X-point.
The dash circle in the center is the probe body. The vertical and horizontal axis are the
toroidal and major radial (or poloidal) direction, respectively.
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Fig. 12 The cross-correlation between the 5k Hz high-passed data of camera and Is data in a
time span of 2ms. (a) The time delay At at the peak of cross-correlation suggests there is
difference between the start timing of camera and probe data. (b) 5k Hz high-passed data of
camera pixel data; (c) 5k Hz high-passed data of Is; (d) The trace of maximum
cross-correlation. The purple dash line labeled the injection timing of SMB.

96



CHAPRTER 6 Investigation of the edge turbulence combining a camera
and a Langmuir probe cluster in Heliotron J

Position-time contour of max cross-correlation

Ar/mm

210 215 20 225 230 235
time/ms

Fig.13 Ar versus time contour of the maximum cross-correlation.

97



CHAPRTER 7. Summary

Chapter 7. Summary

Summary of the main stories in this thesis are as follows:

)

(2)

©)

Edge fluctuation in an SMBI fueled plasma has been measured using a electrostatic probe
array. The local plasma fluctuation and fluctuation induced particle transport before and
after SMBI have been analyzed. It is found, (1) In a short duration (~4ms) just after
SMBI, the low frequency broad-band density fluctuation increased, and the PDF changed
from a nearly Gaussian to a positively skewed non-Gaussian one. This suggests
intermittent structures were produced due to SMBI. Also the fluctuation induced particle
transport was greatly enhanced during this short duration. (2) After the duration in (D),
the low frequency broad-band density fluctuation decreased, and the PDF return to a
nearly Gaussian shape. Also the fluctuation induced particle transport was reduced.

On the other hand, the E,xB flow shear was dramatically decreased just after SMBI, and
increased after a short duration. This is possibly responsible for the change in the low
frequency density fluctuation and fluctuation induced transport.

Compared with normal gas puff, W, degradation window is very short due to the short
injection period of SMBI. After this short window, fluctuation induced particle transport
was reduced and W, started the climbing phase. This means the short effect period of gas
injection to the edge fluctuation might be an advantage of this novel fueling technique.

In Heliotron J, the data processing technique has been developed to extract the
filamentary structures of edge plasma density fluctuation using a perpendicularly-viewed
high-speed video camera. In SMBI experiment, filamentary structures along the magnetic
field line were observed just after SMBI, and their dynamics was revealed in consecutive
images. Reverse of the filament motion is considered due to the line integration effect of
imaging and the gas penetration over the flow shear layer.

To overcome the line-integration effect of camera, an electrostatic probe has been
combined to get the radial span of the density fluctuation structures observed in camera
video. With this technique, we have inferred that the outmost edge of a 20-30kHz density
mode is at about 10mm outside of LCFS. This suggests the combination of camera and
Langmuir probe is a powerful tool for edge fluctuation study.
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