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Abstract

Nuclear fusion is one candidate of future energy source. Many plasma devices have been
built to study the physics of high temperature plasmas and to develop scenarios for a fusion
reactor. The QUEST spherical tokamak device was built in 2008 at Kyushu University. The
major radius of the device is about 0.65 m, the minor radius is about 0.4 m, and the toroidal
magnetic field strength is 0.25 T. The main objective of the QUEST project is steady state
operation by radiofrequency (RF) wave current drive under controlled plasma-wall interaction.
QUEST is equipped with several RF systems with frequencies in the range of electron cyclotron
frequency (8.2 GHz and 28 GHz were used in this experiment). Waves excited by these RF
systems are used for current drive.

The electron temperature measurement by Thomson scattering is reliable, and is used in
many devices. Temperature and density profiles are useful for equilibrium analysis and for
studying the RF current drive mechanism. On a typical tokamak device, the electron density
is usually much higher than 10'® m=3. However typical electron densities of RF driven QUEST
plasmas measured by a microwave interferometer is of the order of 101" m=2 - 10" m~3. Thom-
son scattering measurement in such a low density plasma is quite difficult, because the scattered
signal intensity is proportional to the electron density. In order to provide reliable electron
temperature and density profiles in QUEST RF driven plasmas, a new Thomson scattering
system was developed. The Thomson scattering system is comprised of (1) a Nd:YAG laser
(wavelength 1064 nm, energy 1.65 J, pulse width 7 ns, repetition rate 10 Hz, output beam
diameter < 9mm, and beam divergence 0.45 mrad), (2) laser incidence and light collection
optics, and (3) polychromators to measure six spatial points in the plasma. The polychroma-
tor has six wavelength channels. By fitting the signals at six wavelength channels to scattered
light spectrum from a Maxwellian plasma, the electron temperature can be determined. The
electron density is determined from the scattered light intensity. Raman scattering was used
for calibration of the relative electron density profile. By comparing the integration of the den-
sity profile along the major radius and the line integrated density measured by a microwave
interferometer, an absolute density profile can be obtained.

Because the Thomson scattering signals for low-density RF driven plasmas are very weak,
many scattered signals were accumulated during the long steady state period (typically ~ 10
s) and over many reproducible discharges to obtain a sufficient signal-to-noise ratio. In some
cases, up to 2000 pulses were accumulated. The inboard poloidal field null configuration
sustained by 8.2 GHz RF power alone, and the limiter configuration sustained by 28 GHz RF
power alone were studied in detail.

For the case of the inboard poloidal field null configuration sustained by 8.2 GHz RF
power alone, the plasma electron temperature was in the range of 10 — 500 eV. Unlike in
typical tokamak plasmas, the temperature profile was hollow. The temperature peak position
is located slightly to the low field side of the fundamental electron cyclotron resonance layer.
The density is much lower than the cutoff density. When the toroidal magnetic field strength
was increased, the peak position of the electron temperature moved to the low field side (large
major radius side) with the fundamental electron cyclotron resonance layer, suggesting that
the electrons are heated by electron cyclotron damping. The observation that the electron
temperature peak is always on the low field side of the resonance layer can be interpreted by



the Doppler up-shift effect, or by the poor confinement of the plasma on the high field side
because of the shrinking plasma cross section. The inboard poloidal field null configuration has
an X-point (null point) on the inboard side of the tokamak, and is characterized by a very high
equilibrium poloidal beta (~ 3). On the other hand, the contribution of the bulk electrons to
poloidal beta measured by Thomson scattering is much smaller (~ 0.01), indicating that the
contribution of fast electrons to the plasma pressure is dominant.

In the 28 GHz RF experiment, similar features in the temperature profile were observed,
with the fundamental resonance replaced by the second harmonic resonance. The density is
much lower than the cutoff density, and excitation of EBW by mode conversion is not expected.
Comparing the plasmas sustained by 28 GHz RF power (200 kW) and by 8.2 GHz RF power
(40 kW), the density is an order of magnitude higher for the 28 GHz case, which is roughly the
difference in cutoff densities. The central and the inboard pressures for the 28 GHz case are
about twice and four times higher than the 8.2 GHz case. Since the injected power is about
five times higher for 28 GHz, the pressure difference is reasonable. The central region has
the highest density and low temperature, which may be attributed to poor RF accessibility to
the high density core region and poor central confinement due to collisions with neutrals or
radiative cooling. For the 28 GHz case, the outboard temperature is higher than the central
temperature, but lower than the inboard temperature and temperature equilibration on a flux
surface is not perfect.

In order to see the EBW current drive effect, 8.2 GHz RF power was injected to a plasma
sustained by 28 GHz RF power. The density was 1.7 x 10" m™3, which is overdense for 8.2
GHz. However, a current drive effect was not observed. This is due to the low mode conversion
efficiency of about 2%, calculated using the measured density profile.

In conclusion, the electron temperature and density of the low density steady state RF
driven plasmas were measured successfully by the new Thomson scattering system on QUEST.
Various features of the electron temperature and density were revealed. These results provide
important experimental evidence for understanding spherical tokamak plasmas sustained solely
by RF power.
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Chapter 1

Introduction

1.1 Nuclear fusion

Power generation by nuclear fusion may solve the energy problem of the world. Among various
nuclear fusion reactions, the D-T reaction has the largest reaction cross section at relatively
low colliding energies, and will be used for the first generation nuclear fusion reactors [1]. The
following two reactions are needed:

D 4 T — He* (3.5 MeV) + n (14.1 MeV), (1.1)
n+ Li® — He (2.1 MeV) + T (2.7MeV), (1.2)

where n, D and T stand for neutron, deuterium and tritium. Since the temperature required
for reaction (1.1) is as low as ~ 10 keV, the demand for plasma confinement (represented by the
energy confinement time 7g) is not so stringent. The kinetic energy of fusion-produced neutrons
must be collected and converted to electric energy in a heat cycle with a thermodynamic
efficiency of about 40 %.

Reaction (1.2) is necessary to produce tritium, which does not exist in nature. In the
following two reactions, which occur with equal probabilities, only deuterium is required as the
fuel,

D+D — T(1MeV)+p(3MeV), (1.3)
D 4+ D — He? (0.8MeV) +n (2.5MeV). (1.4)

In contrast to reactions (1.1) and (1.2), generation of tritium is not necessary. However, the
demand for plasma confinement is more stringent.

The primary requirement for generating power by fusion is that the fusion energy output
exceeds the energy input needed to sustain the plasma. This translates to the condition that
the product of the ion density and the energy confinement time exceeds a critical value (Lawson
criterion) [2]. For the D-T reaction,

ny x 15 > 1.5 x 1029 [s/m?], (1.5)

where n; is the ion density. The energy confinement time 75 represents the time scale for the
plasma to lose energy, and is defined as [2]
w

= — 1.6
=g (16)
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where W is the energy stored in the plasma and Py is the external heating power.

1.2 Plasma

When the electrons gain kinetic energy exceeding the binding energy, either by heating or by
applied electric field, atoms are ionized. This is called the plasma state.

Parameters characterizing the plasma are described below [1]. When the electron density
is perturbed, the electrons undergo plasma oscillation at angular frequency

2
Ne€
=4/ ) 1.7
wP €0Me ( )

In a plasma, the electrostatic potential around a charge is screened by other charged particles,
and extend only over the range of Debye length

6OT’e
nee?’

ADp =

(1.8)
A charged particle of species j in magnetic field B gyrates at cyclotron angular frequency

J
Weq = , 1.9
cj j (1.9)
where e; is the particle charge and m; is the particles mass.

The most probable electron velocity distribution in thermal equilibrium is known as the
Maxwell distribution. The one dimensional Maxwell distribution function is given by [1]

9 2
Me Mmev e Y
_ B _ _ 1.10
fe (U) e 27TTe P < 2Te > \/'TTUthe P < ,Ughe> 7 ( )

where vy, is the electron thermal speed. The part conforming to the Maxwell distribution is
called the bulk, and the broadened skirt is called the tail of the distribution function.
An electron-electron collision frequency is [2, 3]

V2 nee*lnA
127r3/2 egméﬂTg/z

(1.11)

Ve

oMeIn A

_ —1
= 29x10 T3/2

(1.12)

1.3 Waves in plasma

Typical high frequency waves and oscillations in magnetized plasmas in which electron motion
is dominant and propagate across B are described below [2,4].
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Ordinary mode

The ordinary mode (O-mode) is an electromagnetic wave that propagates perpendicular to B
with the wave electric field polarized parallel to B. The dispersion relation is

21.2 2
c’k w

The wave is cutoff (becomes evanescent) at frequencies below the plasma frequency wy,.

Extraordinary mode

The extraordinary mode (X-mode) is an electromagnetic wave that propagates perpendicular
to B with the wave electric field polarized perpendicular to B. The dispersion relation is

k2 w2 w?—w?
=l e (1.14)
w w?w? —wl — W,

The wave has two cutoffs at w = wr and w = w,

1

WR = i[wceﬂ/wzﬁwg : (1.15)
1

v, = 5[—wce+\/w2e+wg , (1.16)

w? = Wiy :wg—l—wge. (1.17)

and one resonance at w = wyp

Lower hybrid wave

The lower hybrid wave is an electrostatic wave, which has a resonance at w = wry, the lower

-1
wﬁH:< CHN ) : (1.18)

2 2 .
we + Wi WeeWei

hybrid frequency,

Here, w,; is the ion cyclotron frequency, wy; is the ion plasma frequency.

1.4 Magnetic confinement fusion devices

Various plasma confinement devices have been developed. Representative devices are listed in
Table 1.1. Presently, the tokamak is the mainstream, and leads nuclear fusion research.

The motion of charged particles in magnetic field is constrained along magnetic field lines.
A highly successful plasma performance with very good confinement and adequate stability
has been demonstrated by the tokamak. The major and minor radii are denoted by Ry and a,
respectively and the elongation and triangularity are denoted by k = b/a and 6 = (¢ + d)/2a,
respectively (Fig. 1.1). A strong toroidal field B and plasma current I}, are oriented in the
toroidal direction (along ¢), and are sometimes referred to as Bg and Ip. The poloidal field
By (or Byp) oriented in the poloidal direction (along 6) is created by I,,. Br is created by the
toroidal field coil (TF coil).
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confinement configuration representative devices

Tokamak JT-60U [5], JET [6]
Torus Stellarator LHD [7], Wendelstein 7 [8]
Reversed field pinch RFX [9]
Spheromak SSPX [10]
Liner Mirror MFTF [11], GAMMA-10 [12]

Table. 1.1: Representative magnetic confinement fusion devices.

Fig. 1.1: Geometrical parameters of the tokamak cross section.
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Fig. 1.2: Torooidal angle ¢ and poloidal angle 6.

The parameter § is the ratio of the plasma kinetic pressure to the confining magnetic field

pressure [2,3],
p

= B2/2p0

(1.19)

Generally, higher (3 is preferable, because a higher plasma pressure is confined by a relatively
weak magnetic field, but there are equilibrium and stability limits imposed on 3. 3, and (;
are (8 values defined using the poloidal and toroidal magnetic field strengths, respectively,

(p)
B3(0)/2p0°

(p)
Bj(a)/2p0’

B

Bp

where () denotes the volume averaged value.
The shapes of the temperature and density profiles are often modeled as

f(p) = Co(1 = p?)',

where, p is the normalized radius
r

pP=-
a

where r is the horizontal minor radius the flux surface (0 <r < a).
When the plasma is in force balance,

Vp = jxB,
B-VU = 0,
p = p(¥).

(1.20)

(1.21)

(1.22)

(1.23)

(1.24)

(1.25)
(1.26)

The plasma pressure p is constant on the magnetic flux surface (surface of constant poloidal

magnetic flux) labeled by the poloidal flux W.
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In the tokamak equilibrium, the relationship between the poloidal beta and the externally
applied vertical magnetic field By is given by [2]

/L()Ip S8R 1
B, = - In—4+A-—=), 1.2
AR <n a * 2 (127)
L
A= B+ R 1. (1.28)

A is called the Shafranov lambda, and [; is the internal inductance

2
L = Bfg‘;;y (1.29)

where B)(a) is the poloidal magnetic field at the plasma boundary.
The trapped particle move in a banana orbit affected by mirror effect of toroidal magnetic
field in small collision. The bootstrap current can be estimated by the following equation [2, 3]

g Yedp

= . 1.
By dr (1.30)

This appears at case of small collision frequency. vpg and v are the characteristic collision
frequencies of the Pfirsch-Shliiter and banana regimes, respectively [3],

Vthe

vps = ]‘%}; (1.31)
r\3/2

vg = (E> Ups (1.32)

Uthe 18 thermal velocity (= \/kTe/m), and q is safety factor,

r Bt
qg= R B, (1.33)
The banana regime condition is v, < vg, trapped particle and untrapped particle can move
the circuit of torus. The case of v, > vpg is called Pfirsch-Shliiter regime, trapped particle and
untrapped particle cannot move the circuit of torus, and plasma is treated as magnetohydro-
dynamics. The case of v < 1 < vpg is called plateau regime.

The International Tokamak Experimental Reactor (ITER) [13] is being built by interna-
tional collaboration among Japan, EU, USA, Russia, Korea, China, and India. The main
objective of ITER is to achieve () = 10, where () is the amplification factor defined as the
fusion output power divided by the heating input power, and thus to explore the physics of
burning plasmas in which the alpha particle heating becomes the primary heating source.

In the past two decades, the low-aspect-ratio tokamak, more commonly called the spherical
tokamak (ST) [14], has made a dramatic progress. The ST has both good confinement and
superior stability at high beta. The maximum stable normalized beta and the elongation
are functions of the aspect ratio, and they can be much higher in ST than in conventional
tokamaks. It is hoped that the ST can contribute greatly to accelerating the development of
fusion as a commercial power source.
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1.5 Non-inductive plasma current start-up

Due to the very limited space at the center of the device, ST reactors require initiating the
plasma current and forming the ST configuration without using the central solenoid. Non-
inductive plasma current start-up using the electron cyclotron wave is one such method, and
many experiments on ST devices have been performed. However, the physics mechanism is
still not clearly understood. In addition, the current jump, which occurs when closed flux
surfaces start to form, is not understood completely. Since the phase-space (i.e., spatial and
velocity space) distribution of the electrons is crucial for these studies, the electron temperature
measurement is very important.

In the early 1980 " s, non-inductive start-up experiments using the lower hybrid wave were
demonstrated successfully on WT-2 [15], JIPP-II [16], PLT [17], and Alcator-C [18]. TRIAM-
1M has the longest discharge duration record [19]. The main absorption mechanism of the lower
hybrid wave is Landau damping. On WT-3, X-ray measurements were performed to obtain
information on the electron temperature profile. During the initial phase of EC heating, the
electron temperature around the EC resonance was higher than in the central region, but
during the sustainment phase, the electron temperature was centrally peaked [20].

Many experiments were performed by injecting Electron cyclotron wave(ECW) to Ohmi-
cally (inductively) formed target plasmas. In these experiments, the electron temperature
profile is almost always peaked at the center [21-23]. In addition, many non-inductive plasma
current start-up experiments using ECW were performed. On DIII-D, ECW at 60 GHz was
launched from the high field side with a low loop voltage, and a plasma currents up to 33
kA have been obtained [24]. ECW at 110 GHz was used on JT-60U, and a plasma current is
initiated and increased up to 20 kA under a vertical field having a high decay index [25].

On TST-2, current start-up and sustainment are studied using waves in various frequency
ranges. On TST-2@QK (TST-2 experiment at Kyushu University), ECW with a frequency of 8.2
GHz was used, and plasma currents of up to 4 kA were achieved. The line averaged electron
density was about 6 x 10'"m™3 [26]. On TST-2 (at the University of Tokyo) ECW with a
frequency of 2.45 GHz was used for plasma generation, and plasma currents of up to 1.2 kA
were obtained [27]. RF wave at 21 MHz (corresponding to high harmonics of ion cyclotron
frequency) was used with 2.45 GHz, and a plasma current of 1 kA was sustained [28]. Recently,
successful start-up using the 200 MHz lower hybrid wave was demonstrated on TST-2. Plasma
current ramp-up to 15 kA was achieved [29]. Using the plasma generated by ECW at 8.2 GHz
at higher toroidal field, the plasma current was ramped up to 10 kA by LHW at 200 MHz [30].

The ECW cannot propagate in the high density region exceeding the cutoff density. How-
ever, the electron Bernstein wave (EBW), which is an electrostatic wave that can propagate
above the cutoff density, can be generated by mode conversion from the ECW near the upper
hybrid resonance layer [31-33]. EBW is used for heating in many STs [34-37]. Since the ST
plasmas typically have high beta and high density, the ECW launched from the low magnetic
field side is reflected at the cutoff layer before reaching the EC resonance layer.

On LATE, current jump was observed [38]. In this experiment 2.45 GHz was used, and the
plasma current reached 10.5 kA. The line averaged electron density was about 5.5 x 1017m™3.
Since the cutoff density for 2.45 GHz is 7.5 x 10'®m™3, the occurrence of mode-conversion
from ECW to EBW was suggested. On MAST, the electron temperature profile was measured
during a plasma start-up experiment using the EBW [39]. X to EBW conversion method is
used in this experiments. X-mode wave is injected from high field side by using reflection plate.
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The peak of electron temperature is at about fundamental resonance.

1.6 Thomson scattering system

In 1968, the first generation tokamak in Russia claimed to have achieved a high electron
temperature, which was confirmed by Thomson scattering (TS) measurement using a laser
from the UK [40]. This result made the tokamak the mainstream of nuclear fusion research.
Presently, the Thomson scattering system is used as a standard diagnostics in ASDEX-U [41],
JT-60 [43], MAST [44], DIII-D [45] etc.

In glow discharge and electron cyclotron resonance (ECR) plasma experiments, the elec-
tron density is orders of magnitude less than fusion plasmas. TS measurements utilize the
accumulation method [46-49]. ECR plasmas are widely used in the semiconductor processing
industry. The minimum value of density measured by Thomson scattering is 5 x 101°m=3 [50].

The TS system used on ASDEX used a Q-switched Nd:YAG laser and Si-APD (avalanche
photodiode) for the first time [51]. The Q-switched Nd:YAG laser can create short and very
intense pulses. The Si-APD has a high sensitivity in the near-infrared spectral region.

The TS system installed on the Large Helical Device (LHD) is characterized by high spatial
resolution and high repetition rate [42]. The number of spatial points is 200 and the repetition
rate is 4 x 50 Hz. An array of 200 optical fibers with a core diameter of 2 mm and a separation
of 2.93 mm was installed along the image of the laser beam. Even with the highly oblique
backscattering configuration, spatial resolutions of 1.5 ~ 3 cm were achieved depending on the
spatial channel. These features enable novel studies such as the evolution of an island structure
in the plasma.

The Thomson scattering system developed for TST-2 is compact, and its fiber has a large
N.A. of 0.38 to obtain a large solid angle [52,53]. The Thomson scattering system on QUEST
was constructed under a collaboration work between the University of Tokyo and Kyushu
University. On QUEST, the same types of polychromator and fiber are used.

1.7 Objectives

The main objectives of the QUEST project are steady state operation by RF current drive
and controlled plasma-wall interaction. The QUEST device is equipped with RF systems
with frequencies around 8 GHz and 28 GHz, in the range of the electron cyclotron frequency.
These systems are used for current drive. Excitation of the EBW is expected at high density.
Thomson scattering is a reliable method to measure the electron temperature and density
profiles. Temperature and density profiles are useful for equilibrium analysis and for studying
the physical mechanism of RF current drive. In order to provide reliable measurements of the
electron temperature and density profiles, a TS system is needed on QUEST.
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Chapter 2

QUEST spherical tokamak

2.1 Background and objective

QUEST stands for Q-shu University Experiments with Steady-State Spherical Tokamak [56].
Its predecessor, TRIAM-1M was a high-field (up to 8 T') superconducting tokamak that demon-
strated a very long pulse (over 5 hours [19]) LH driven tokamak operation. The discharge
duration was limited by wall pumping [54,55]. Hydrogen inventory and recycling were studied
extensively [55]. QUEST follows this line of research.

The nominal major radius and minor radius of QUEST are 0.65 m and 0.4 m, respectively.
The toroidal magnetic field of up to 0.25 T can be sustained for long pulse operation.

Fig. 2.1: Photograph of QUEST.

18



28 m

€< 28m —>

Fig. 2.2: Schematic view of QUEST [57].

TRIAM-1M ran as the predecessor of QUEST in 1986-2005. On QUEST, hot (> 300°C)
tungsten wall is being prepared as the plasma facing first wall. The temperature dependence
of the retained deuterium concentrations in C, Be and W deposits was studied [58]. It can be

seen that deuterium concentration can be reduced to a very low level at high temperature for
tungsten.

A photograph and a schematic drawing of QUEST are shown in Fig. 2.1 and Fig. 2.2. The
poloidal field coils consist of pairs PF1 & PF7, PF2 & PF6 and PF3 & PF5. PF4 is the central
solenoid for inductive current drive and Ohmic heating. The toroidal magnetic field Br [T] at
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major radius R [mm] is given by
BT =3.2x ITF/R, (2.1)

where Itp [kA] is the TF coil current.

An Ohmic heating is used for generating plasma at typical tokamak devices. The plasma has
high density and high collision, and that is thermal plasma closing to maxwell distribution. RF4
coil of QUEST is used for Ohmic heating. The rise and fall of coil current generate inductive
electronic field. The heating power is product of a loop voltage and a plasma current. Since
coil power supply is fly wheel and don’t generate rapid change, the loop voltage is small on
QUEST. The experiments include Thomson scattering on QUEST are shown at Appendix A.3.

Two kind of gas hydrogen and helium are available and those gas puffed by piezo electric
valve. Also compact torus (CT) injection device is installed. The objective of CT injection
is central fueling [59-61]. The device provide higher particle increase than pellet injection.
The injected CT plasmas have a spheromak magnetic configuration and they can penetrate
the target ST plasmas by pushing away the ST magnetic field lines. The experiments include
Thomson scattering on QUEST are shown at Appendix C.

2.2 Magnetic configurations

A variety of magnetic configurations can be realized on QUEST. The inboard limiter is located
at R = 230.5 mm and the outboard limiter is located at R = 1314 mm. In many cases, the
plasmas are limited by the inboard limiter. A typical example is shown in Fig. 2.3. Contours
of equal poloidal flux are shown by dashed lines. The solid line indicates the plasma boundary
defined by the last closed flux surface, in this case limited by the inboard limiter.

Fig. 2.3: Example of the limiter configuration equilibrium reconstructed by PCF [62]. Contours
of equal poloidal flux are shown. The solid line indicates the last closed flux surface.

QUEST has flat divertor plates at the upper and lower sides of the vacuum vessel. In the
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divertor configuration, the field lines on the separatrix surface, which separates the closed flux
surface region from the open field region, intersect either a divertor plate (top, bottom, or
both). Divertor configurations with the poloidal field null (X-point) located on the top and
bottom are shown in Fig. 2.4.
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Fig. 2.4: Examples of the upper single-null (left) and lower single-null (right) divertor config-
urations reconstructed by PCF [62].

The inboard poloidal field null configuration has an X-point on the inboard side of the
tokamak (Fig. 2.5), and is characterized by a very high poloidal beta 3,, €3, 2 1.25. This
configuration was also observed on TFTR [63]. A naturally diverted configuration is formed,
but the plasma volume becomes very small.

2.3 Diagnostics

Photon emission from the plasma can be measured by photon detectors such as the absolute
extreme ultraviolet (AXUV) photodiode, which is sensitive to photons over a wide range of
energy. Line emissions including the Ha line (657.7 nm) and the OII line (465.3 nm) are
measured by a visible spectrometer. SBD detectors are sensitive to soft X-ray photons. Figure
2.6 shows the sensitivity of SBD used on QUEST. Measurements of hard X-rays emitted by
energetic electrons (10-500 keV) are performed using CdTe semiconductor detectors [64].

The line integrated density is measured by a microwave (140 GHz) interferometer system.
The measurement sightline is along the major radius on the equatorial plane. The incident
microwave is reflected from the inboard wall, and makes a round-trip.

QUEST is equipped with 67 flux loops and a Rogowski coil. Equilibrium flux surfaces
are reconstructed by equilibrium codes such as EFIT [65] using these measurements. The
parabolic current fitting (PCF) code was developed for ECH start-up experiments on LATE
[66,67]. The current profile is modeled by a power law parabolic profile bounded by four
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Fig. 2.5: Example of the inboard poloidal field null configuration reconstructed by PCF [62].

08}

06}

047

0.2

0
0.001 0.01

Fig. 2.6: Energy dependence of SBD sensitivity. The black line is sensitivity without filter and
the red line is sensitivity with P.P. filter
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elliptic arcs with axis lengths (a1, a2, a3, as) and a common center position (R, Z.). The
current density in one quadrant of poloidal cross section is given by j(R,Z) = jo{1 — (R —
R.)?/a% — (Z — Z.)?/a3}®. Tts position, extent, and broadness (total of eight parameters) are
fitted by adjusting these parameters to the magnetic measurements. RTFIT [68] is a filament
current code that calculates the inboard and the outboard LCFS positions and the magnetic
axis position. In this code, plasma is represented by one current filament, whose coordinates
are free parameters. The QUEST numerical calculation system has been developed to draw
approximate magnetic flux surfaces [68]. The vacuum magnetic field is calculated from currents
in the external coils. The plasma current is assumed to flow inside a circular cross section
boundary with a parabolic current density profile.

2.4 Heating and current drive systems

The following RF systems are available for use on QUEST.

e 2.45 GHz, 200kW

e 8.2 GHz, 200kW

e 8.56 GHz, 250kW

e 28 GHz, 600kW
The 8.2 GHz system is a CW system, and is used for long-pulse experiments. A traveling
wave with adjustable polarization is excited and can be steered using a phased array antenna
(Fig. 2.7).

The cutoff densities for 8.2 GHz and 28 GHz are 8.3 x 101"m™3 and 9.7 x 108 m~3,
respectively. Second harmonic EC resonance is used for the 28 GHz experiment.

16-WR137
inputs with
intensity
and phase
controls

Phased-array".
antenna A

Orthomode

Transducer [ Beam steering ] ot

Fig. 2.7: Phased array antenna used on QUEST [69].

The wave of 2.45 — 28 GHz are electron cyclotron wave range for By = 0.13 — —0.257,
that is magnetic field strength of QUEST device. The ECW is absorbed by electron cyclotron
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damping by electrons that satisfy the resonance condition [70]

nle
w—k‘”U”— ~ =0 (22)
n = +1,42, .. (2.3)

1
L ey

The EBW was first introduced in 1958 [71], and there are many studies on the physics and
applications since then [72-76]. The EBW satisfies the following dispersion relation

c(w, k) =1+ 2:—;2 [1 +3 gOZ(g)e—m(A)} . (2.5)

It is an electrostatic wave and its wavelength is of the order of the electron gyroradius [77].
In the region where £, p is small, the EBW can couple to the X-mode, and mode conver-
sion between the two modes is possible. The two possible conversion processes are X-mode
to Bernstein mode (X-B) conversion and O-mode via X-mode to Bernstein mode (O-X-B)
conversion. The O-X-B conversion is expected on QUEST. The O-mode launched from the
antenna located on the low-field side is converted to the X-mode at the cutoff layer, and the
X-mode propagating back to the low-field side is converted to the EBW near the upper hybrid
resonance layer. Typical spatial profiles of relevant frequencies across the plasma midplane is
shown in Fig. 2.8. The conversion efficiency from the O-mode to the X-mode is [78§]
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Fig. 2.8: Frequency diagram for the QUEST experiment (Bt = 0.25 T at R = 650 mm).

T(N”,NJ_) = exp {—WkoLn\/Z [2(1 -+ Y)(NH,opt - N||)2 + NJQ_] } . (26)

Nj and N, are refractive indices in the parallel and perpendicular directions to the magnetic
field, ko is the wave number of the incident RF wave in free space, and Y is the normalized
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cyclotron frequency

We
Y =— 2.7
- 2.7
L, is the density scale length
n
Ln= 5o (2.8)
or
N opt 1s the optimum refractive index,
Y
NH,Opt == m (29)
The conversion efficiency of the X-mode to the EBW is
C = 4e ™(1—e ™) cos? (2 + 9) , (2.10)
) = WeeLn o V1i+aZ -1 (2.11)
¢ /a2 +2(L,/Lg) | a®+ (Ln/Le)V1+a?|’

where o = wp/wee at the upper hybrid layer. The density scale length L, and the magnetic
field scale length Ly are evaluated at the upper hybrid layer. In the limit Ly > L,

CeLTL 1/2
p a ool [\/1+a2—1} . (2.12)

(670

ECW and EBW rays and absorption profiles for a typical QUEST plasma are calculated using
a ray trace code [79-81].
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Chapter 3

Thomson scattering

3.1 Principle of Thomson scattering

Thomson scattering [82] is the elastic scattering of photons by electrons. In the non-relativistic
limit, the radiated power per solid angle from a particle with charge ¢ and acceleration v is
given in the dipole approximation as

arP q>

<12 i 2
diQ = W|U| S1n @, (31)

where O is the angle between the acceleration vector and the scattering vector, eg is the
permittivity of free space, and c is the speed of light.
The Poynting vector is

SiE X B, (3.2)
H0

Considering Poynting vector of laser, electric field is
E = Eysin(ki-r — wt) (3.3)

The average energy flow of an electromagnetic wave per unit time is expressed by the average
of the Poynting vector,

- 1 1 L o 2 ki
S, =—(ExB)=—FEyxBy=—,/—|FE . 3.4
L ,UO< > 2,UO 0 0 2 60| 0| |k1’ ( )

The intensity of the Laser light is equal to the absolute value of the Poynting vector,
- 1
I =S =55 |Eo[V/m]* [W/m?], (3.5)
2Q
Qo = /i—g = 337 [Q]. (3.6)
A particle with mass m is accelerated by the electric field of laser,

o q
- "E. 3.7
o= (3.7)
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Since wave scattering by ions is negligible because of the inverse mass dependence, so only scat-
tering by electrons needs to be considered. The electron mass m, and charge e are substituted.
Eq. (3.1) is rewritten as follows using the Poynting vector St,,

ar- 220 2020 do\"
a = riceo| E|*sin® © = Sprisin® © = Sy, a) (3.8)
1
S, = —|E x B|=ce|EJ?, (3.9)
Ho
do ' = r2sin?0© (3.10)
ds) e ’ ’
e 18 classical electron radius,
2
e
e =T A1
" 4megmec? (3.11)

The total Thomson scattering cross section is obtain by integration over the whole solid angle

& 8
T
ol = grg, (3.12)
which is a physical constant.
Scattering from each single electrons in the plasma occur with different phases of particles.
When the phase differences are uncorrelated, the scattered powers from different electrons can
be summed to give the total scattered power in the far field. This condition is satisfied when

the following condition is satisfied,

1
= — 1 .1
o' e <1, (3.13)

where k = |ks — k;|, Ap is the Debye length, k; and kg are the wavevectors of the incident wave
and scattered wave, respectively. Since k; ~ ks, k ~ 2k;sin(6/2) where 6 is the angle between
the incident and the scattered wavevectors (Fig. 3.1). The condition (3.13) can be rewritten

as
1 Ai

" \p 4rsin(0/2)

This condition is satisfied in QUEST plasmas.

The spectrum of incoherent Thomson scattering contains information on the electron dis-
tribution function. The frequency of the light scattered from an electron at rest is identical to
the incident frequency. However, an electron in motion feels a Doppler-shifted incident wave,
and radiates a scattered wave at a Doppler-shifted frequency. The frequency of the scattered
wave is

(0%

<1. (3.14)

1—kiv /e
s — Wi U= Wi s —Ri) V=W | 7—7F5 |- 1
ws=wi+ k-v=wi+ (ks— ki) v w(l—ks-v/c> (3.15)

The optical system of a Thomson scattering system can collect only a limited fraction of the
scattered light. The collection optics must be designed to maximize the collection efficiency,

P = Prin,LS(T,,0,)). (3.16)

Here, ne is the electron density, L is the length of the scattering volume, P is the energy of
the incident laser pulse, When the electron temperature is low, S(7¢, 0, \) is represented by
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Fig. 3.1: Geometry of scattering.

the nonrelativistic spectral function Sx(7¢, 6, \),

2 2
NI = ) ”J”i:exp[;;:f;%igi;/m, (317)
- e i) (315
e = A;0A07 (3.19)
a = ”;;fj (3.20)

When the electron temperature is high, Sx (7, 0, A) should be replaced by the relativistic
spectral function Sg(7e, 0, \),

7 o
Sp=S5n|1- e+ ———€, 3.21
R N[ 2¢ 4sin2(0/2)6] (3:21)
This is the first order approximation given by Sheffield [83].
The second order approximate relativistic function is [84]

7 o 1 {39 1 5)
SR=5n|1—- e+ —5—e| —— |5 —5cos(f 294 ————| €
RPN 26jL 45'11{12(9/2)6 ] 8a [4 cos( )} + 8 [ * 25in2(9/2)} ‘

- [28 1 ] O a0 (3.22)
2sin?(0/2) | 32sin%(6/2) 32sin*(0/2) "
The signal intensity of Thomson scattered light detected by the i-th APD of the polychro-
mator is expressed as

I = n  LEAQGCY / fi(A)SR(Te,G,)\);l—;d/\. (3.23)
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Here, A€ is the observation solid angle, GG is the gain of the second amplifier, C't is the total
transmission coefficient of the incidence and collection optics, fi(A) is the spectral responsivity
function for each channel described in Section 4.1, S is the form factor describing the shape of
the spectral distribution, and ¢ is the Thomson scattering cross section.

The electron temperature and density are calculated by the following procedure. The
measured signal is integrated over a duration which includes the scattered pulse, and fitted to
Eq. (3.23), which is a function of T, n., and the spectral responsivity f; for the corresponding
channel. The error of the integrated value for each wavelength channel is used as the weight
for fitting to a Maxwell distribution function. The IDL CURVEFIT function, which adopts
a gradient-expansion algorithm, is used to compute the non-linear least squares fit. In order
to confirm the goodness of fit, deviations of the signal from the fitted value are analyzed. In
addition, the same measurements were repeated for several similar discharges. Unfortunately,
because the reproducibility from shot to shot is not perfect, the errors for T, and n. are
estimated from the deviation from the fitted value using several discharges. These errors could
be overestimated values.

The number of photons incident on a fiber optic cable is

B
N —
he/\

Nne - L-o1AQ - Crp, (3.24)

where P is energy of the laser, c is the velocity of light, X is the wavelength of the laser light,
h is the Planck constant, n. is the electron density, L is the length of the scattering volume
along the laser, o is the Thomson scattering cross section, AQ is the detection solid angle,
and C'r is the transmission efficiency of the detection system, respectively.

3.2 Description of the QUEST Thomson scattering system

The QUEST Thomson scattering system consists of three parts: the incidence optics, the light
collection optics, and the spectroscopic system. Each part consists of many components as
listed below.

1. Laser and incidence optics
laser, focusing lens, input and output Brewster windows, beam dump

2. Light collection optics
spherical mirror, optical fiber

3. Spectroscopic system
polychromator, detector, fast digitizing oscilloscope

3.2.1 Laser

The intensity of incoherent Thomson scattering is proportional to the Thomson scattering
cross section, which is very small. Therefore, a very intense light source is required to obtain
a detectable signal. On the other hand, the noise will generally increase with the pulse length,
because the signal integration time should be longer than the laser pulse length. Hence,
both high power and high energy are required for the laser. This is why Thomson scattering
measurements almost always use intense pulsed lasers.
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In the QUEST Thomson scattering system, a 10 Hz, 1064 nm Nd:YAG laser is used. The
laser is operated in the Q-switched mode, providing a laser pulse length of about 7 ns. An
advantage of using an infrared light around 1 pm, instead of a visible light, is that the plasma
radiation, which becomes the background noise, is weak in this spectral region. The Continuum
Power Lite 8010 laser, with its main specifications shown in Table 3.2.1, is used.

Parameter Value
Wavelength 1064 [nm]
Repetition Rate 10 [Hz]
Energy 1650 [mJ]
Pulse Duration 6 — 8 [ns]
Beam Diameter | < 9[mm)]
Divergence 0.45 [mrad]
Energy stability +2.5[%)]
Pointing stability | +30 [urad]

Table. 3.1: Laser specifications.

For safety, the laser is interlocked with the door monitor interlock of QUEST. The circuit
becomes active in the ” External mode” of the laser firmware. The interlock controls the internal
shutter. In the ” External mode”, the laser can be operated from the control box in the QUEST
control room. During QUEST operation, the user switches from the ”Internal mode” to the
”External mode”.

The laser system has the following states: “Stop”, “Standby”, “Flash lamp”, “Q-switch”,
and “Shutter”. The laser sequence proceeds in this order. Each mode button is displayed on
the control application window of the laser control PC (3.3), which is located near the laser.

The laser control box in the QUEST control room has “Standby”, “Flash lamp”, “Q-
switch”, and “Shutter”, and the “Stop” state is realized by turning off all of these switches.

e “Stop”: beginning state just after turning on the power unit.
e “Standby”: power is supplied to the laser unit.

e “Flash”: the flash lamp is started.

e “Q-switch”: Q-switch operation is started.

e “Shutter”: the internal shutter of the laser is opened.

The laser operation sequence is as follows:

1. The circuit breaker and the safety key of the power unit, and the cooling water system
are turned on.

The laser is set to be “Standby” mode.

Laser warm-up (about one hour).

“Flash lamp” is turned on.

The flash lamp heats the laser rod to 35°C for the oscillator rod and 40°C for the amplifier
rod.

BAREE
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Fig. 3.2: Photograph of the Nd:YAG laser used on QUEST.
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6. Warming of the laser rod (more than ten minutes).

7. While the discharge repetition time is less than 30 minutes, the flash lamp is always in
the active sate.

8. About 30-60 seconds before the start of a QUEST discharge, “Q-switch” is turned on.

9. Very shortly afterward, the “Shutter” mode is turned on.

3.2.2 Incidence optics

Arrangement of the main components of the QUEST Thomson scattering system is shown in
Fig. 3.4. The magenta line indicates the optical path of the laser light. The aqua line indicates
the scattered light. Two green circles indicate the inboard and outboard limits of Thomson
scattering spatial coverage.
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Fig. 3.4: Arrangement of the main components of the QUEST Thomson scattering system.

In order to collect the scattered light efficiently, the laser beam is focused inside the plasma.
Before entering the vacuum vessel, the laser light is focused by a convex lens whose focal length
is 3000 mm. The convergence of the laser light was confirmed using burn patterns on burn
papers (Figs. 3.5, 3.6).

Fig. 3.5: Photograph of burn patterns.

Brewster’s vacuum windows are used to reduce the stray light and to achieve high trans-
mission of the incident laser beam (Fig. 3.7). When light travels from one medium to another
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Fig. 3.6: Diameter of burn pattern as a function of distance from the incidence window.

medium with different refractive indices, a fraction of the incident light is reflected at the
medium boundary. However, at a particular angle of incidence, light with the electric field
polarized in the same plane as the incident ray and the surface normal (p-polarization) is not
reflected. This angle of incidence is called the Brewster’s angle. This condition and Snell’s law

are
0+ 0, = g (3.25)
nisinf; = mnosinfy, (3.26)

where 6 is the angle of incidence and 6, is the angle of refraction. The Brewster’s angle
0 = 01, where no p-polarized light is reflected, is

O = tan™ ("2> . (3.27)

ni

For a BK7 window (n2 = 1.507 for Nd:YAG laser), the Brewster’s angle is approximately 56.4
° from the normal.

A beam dump is necessary to absorb the laser light which was not scattered, since it can be
a source of stray light. The incident light cannot be reflected back towards the laser without
hitting the graphite plate many times. However, since the beam dump is not a perfect absorber,
it can be a dominant source of stray light.
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Fig. 3.7: Photograph of Brewster’s window and the beam dump.

Transmission losses from the laser to the beam dump were measured. The measured powers
normalized by the laser output power are shown in Fig. 3.8. Assuming that the loss from the
first Brewster’s window to the center of the plasma is equal to that from the center of the
plasma to the beam dump, the transmission loss from the laser to the plasma center is 6% .
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Fig. 3.8: Power relative to the incident laser power as a function of the distance from the laser.
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3.2.3 Light collection optics
The configuration of the light collection optics is shown in Figs. 3.9 and 3.10.

Fig. 3.9: Plan view of the collection optics.

Fig. 3.10: Side view of the collection optics.
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The scattered light passes through the collection window, focused by the collection mirror
onto fiber optic cables, and are transmitted to the spectrometers (Figs. 3.13 and 3.12).
The collection window becomes coated by metal impurity deposited during plasma oper-

ation, and the transmissivity deteriorates as shown in Fig. 3.11. The metal deposit must be
removed to recover the transmissivity.
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Fig. 3.11: Transmissivity of the window, measured before an experimental campaign on April
19, 2013 (green curve) and after the campaign on October 3, 2013 (red curve).

The collection mirror is a spherical mirror of radius 500 mm, with a radius of curvature of
1000 mm and a focal length of 500 mm. The surface of the mirror is gold plated (Figs. 3.12).

Fig. 3.12: Collection mirror.
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The input end of the fiber optic cables are held by a fiber holder at the focal line of the
collection mirror. The fiber holder is aligned using the green laser with a target plate positioned
inside the QUEST vacuum vessel.

_Port and collection window

3

Fiber'holder

Fig. 3.13: Photograph of fiber holder, fiber and collection window.

Optical fibers (APC2000N, Fiberguide, 2 mm core diameter) with a large numerical aper-
ture (NA) are used to collect the scattered light imaged by the spherical mirror with a large
acceptance angle of 22° [86]. The NA is expressed as

NA = mnsin(0) (3.28)
NA = n? —n3, (3.29)

where n1 and nq are the refractive indices of the fiber core and the clad. Although the maximum
theoretical NA of this fiber is 0.37, this value is guaranteed only for a short fiber length (2 m).
Guided rays close to the maximum acceptance angle are selectively attenuated by the cladding
material, so the NA is reduced somewhat over a distance longer than the guaranteed distance.
The NA of the fiber was measured, and was confirmed to be sufficiently large.

3.2.4 Alignment

For alignment of the infrared laser, a continuous visible (green) laser with a wavelength of
532 nm, an output power of 5 mW, a divergence of 1.2 mrad, and a diameter of 2 mm was
used. Table 3.2 shows the parameters of the six scattering volumes of the QUEST Thomson
scattering system. The scattering volumes are distributed from major radius 340 mm to 1080
mm. The scattering angle is in the range 165 — 171°. The backward scattering configuration,
in which the scattering length and the scattering intensity are larger than the perpendicular
scattering configuration, is used. The scattering lengths are 18 — 53 mm, and the solid angles
are 0.03 — 0.07 sr. The configuration of our collection optics is shown in Fig. 3.9 and Fig. 3.10.
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Channel | Radius | Scattering | Scattering Solid
[mm] angle [°] | length [mm] | angle [sr]

S1 340 171 52.9 0.0282
S2 488 169 39.2 0.0365
S3 636 168 324 0.0430
S4 784 167 26.7 0.0506
S5 932 166 21.9 0.0597
S6 1080 165 17.7 0.0711

Table. 3.2: Parameters of QUEST Thomson scattering measurement volumes.

Figures 3.14 and Fig. 3.15 display the result of ray tracing calculation and the calculated
intensity of the collected light, respectively. L) is the product of the scattering length L and
the solid angle 2. The values on the inboard side are higher than those on the outboard side.
The value at the innermost point is lower because of shadowing by the collection window.

Fig. 3.14: Scattered rays from scattering volumes inside the plasma, and rays focused on the
fiber entrance by the collection mirror.

3.2.5 Light detection

The scattered light is transported to the polychromator through fiber optic cables, divided into
six different wavelength bands by interference filters and detected by avalanche photo-diodes
(APDs). The light exiting the fiber spreads with the angle corresponding to the NA of the
fiber (= 0.37). The light is collimated by an aspheric collimating lens,and is transferred to

38




287.000 330,000 —2618.00

1I4_"'I I

0.8[ ]

Cer ]

L Omega [mm str]

Lar 7]

G.21 ]

ool o v e e e

200 400 BOO BOG 1000 1200
R [m]

Fig. 3.15: Calculated L2 as a function of major radius. Plus symbols are results of ray tracing,
and asterisks include the effect of the collection mirror.

different filters by relay lenses. The light that is transmitted through each filter is focused onto
an APD by a collection lens.

The interference filter is a multilayer thin-film optical device. The principle is the same as
the Fabry-Perot interferometer. Common specifications of the filters at the incidence angle of
4° for use in collimated light are: peak transmission of more than 80 % within the pass band,
blocking of OD = 5 (1075 transmittance) at 1064.3 nm and out of band from 200 to 1100 nm,
and average reflection of greater than 90 % from 450 to 1100 nm. OD is the optical density
defined as —log,o(T"), where T is the transmittance. If OD is small at 1064.3 nm, stray light
may enter the detector, resulting in a spurious signal.

The relationship between the wavelength and energy of a photon is

he 1.24

Ephoton = 7 = \ [Mm] [GV] (330)

The photocurrent Ippet, is given by the product of electronic charge ¢ and the number of
electrons generated per unit time n,,

Iphoto ={q - Ne. (331)

The incident energy flux is given by the product of the number of photons per second n, and

the energy per photon hv,
Popt = ng - hu. (3.32)

The quantum efficiency of a photo diode is defined as

Ne Iphoto/q
— le _ Zphoto/q 3.33
L (3.33)
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Fig. 3.16: Photograph of the polychromator with the top panel removed.

For fast detection of a weak light in the wavelength range of 200 to 1150 nm range, basic
detector choices include Si photo-diode, Si PIN photo-diode, Si APD, and photomultiplier tube
(PMT). APDs are widely used in instrumentation and aerospace field, providing a combination
of high speed and high sensitivity, while standard PIN photo-diodes have high sensitivity [87].
PMTs have a fast response, but typical ranges of sensitive wavelength are shorter than 700
nm. When electron hole pairs are generated in the depletion layer of a photo-diode with a
reverse voltage applied to the PN junction, the electrons drift towards the N+ side while the
holes drift towards the P+ side due to the electric field [88]. If the reverse voltage is sufficiently
high, some of the carriers which do not suffer collisions with the crystal lattice will gain a great
deal of energy. When these high energy carriers collide with the crystal lattice, electron-hole
pairs are newly generated. These electron-hole pairs then create additional electron-hole pairs
in the manner. The QUEST Thomson scattering system uses Si-APD (S8890-30 Hamamatsu
Photonics) with a sensitive diameter of 3 mm. The gain of an APD depends on the ambient
temperature. Figure 3.17 shows the as a function of the reverse voltage at various temperatures.

The time evolution of the room temperature in the QUEST experimental hall is about 1°C
during the experiment on a given day (Fig. 3.18). When the gain of the APD is 100, the gain
decreases by about 5% for one degree rise in the ambient temperature. The relative sensitivities
among different wavelength channels are calibrated using a standard light source, as described
in the next Chapter.

3.3 Noise of electronics and back light

The photo-diode noise i, consists of the thermal noise (or Johnson noise) i; of a resistor, and
the shot noises generated from the dark current (ip) and from the photocurrent (it,),

In = /07 + e +er. .
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The thermal noise of a shunt resistance Ry, is given as

. |4kTB
i =T (3.35)

where B is the bandwidth of the measurement. There is always a dark current Ip when a bias
voltage is applied. The shot noise ip generated by the dark current is given by

ip = \/2elpB. (3.36)

A photocurrent I, is produced by the incident light, and the resultant noise iy, is given by

iL =\ QGILB. (337)

The amplitudes of these noise sources are proportional to the square root of the measurement
bandwidth B, so they are expressed in units of A/ Hz'/2 and is called as the noise equivalent
power (NEP). The plasma background light noises are composed of short time scale (us)
components arising from local fluctuations and long time scale (ms) components arising from
macroscopic fluctuations.

All 6 wavelength channels of the polychromator are measured simultaneously using an 8-
channel high-speed oscilloscope (YOKOGAWA DL7480 or DLM4058) with a sampling rate
of 1 GHz (or 1.25GHz), and a band width of 500 MHz. Therefore, the goodness of fit to a
Maxwell distribution function can be confirmed. In a sustained low density plasma, the signal
to noise ratio is very low. The raw digitized signals from different laser pulses are accumulated.
The peak time of the laser monitor signal is used for synchronization. There is an uncertainty
in time during a plasma discharge of 0.05 second (0.5 laser pulse), because the laser timing is
not synchronized with the QUEST plasma timing.
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Chapter 4

Calibration and Analysis

4.1 Calibration of polychromator

For the calibration of polychromator, the monochromator, lens and chopper are used. Set up
of the calibration is shown Fig. 4.1

monochromator
convex lens

focal length = 500 (mm) =80, d=60

F ber = 5.2 ]
convex lens convex lens slirtu\l:il dtehr =0.07 (mm) PN stellptilard
=60, d=40 =200, d=40 1ght

fiber slit slit
T T chopper
65 40 240 150 180

Fig. 4.1: Set-up of the monochromator for calibration of the polychromator. The parameters
f and d are focal length and lens diameter in mm, respectively.

A standard light source and a monochromator were used for calibration of the polychro-
mator used in the QUEST Thomson scattering system. A diffraction grating is used in this
monochromator. The objective is to determine the spectral responsivity for each channel of
the polychromator. The wavelength resolution of the monochromator must be high to preserve
the accuracy of the wavelength sensitivity function of the filter. When the entrance or exist
slit is relatively wide, the resolution is simply proportional to the slit width. In this case, the
resolution A\ is expressed as
_d-costy
=
where As is the slit width, d is the pitch of the grating, 8 is the diffraction angle, f is the focal

AV As, (4.1)
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length (twice the radius of curvature of the collection mirror) and k is the order of diffraction,
respectively. As the slit width decreases, it approaches the following limit,

AN = kN, (4.2)

where N is the number of grooves on the grating.
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Fig. 4.2: Windows application for automatic calibration of the polychromator. The monochro-
mator and the oscilloscope (data recorder) are controlled and the wavelength is scanned auto-
matically.

The wavelength distribution of the standard light source approximately follows the black
body spectrum,

2hc? 1
T = . 4.
(T)dx N> exp(he/NKT) — ld)\ (43)
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Fig. 4.3: Wavelength distribution of the standard light source measured at the fiber entrance
(focal point).

The temperature of this standard lamp can be calculated by Wien’s displacement law,

T K] = m. (4.4)

to be about 3100 [K] .
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Fig. 4.4: Wavelength sensitivity of each filter.
The light exiting the monochromator is modulated at 500Hz by a chopper. Harmonic

wavelengths are reduced by colored filters. The output voltage is measured at intervals of 0.1
nm. An automatic calibration system was developed to perform calibration efficiently. For
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each wavelength, the measured output voltage is divided by the power at the exit of the fiber
(entrance to the polychromator) to obtain the spectral responsivity shown in Fig. 4.4. The
dotted line shows a Maxwellian distribution.

A simple calibration was performed using a calibrated standard light source traceable to
the National Institute of Standards and Technology (NIST) standard. The light is modulated
at 80 Hz by a chopper and irradiates a diffuser placed on the atmosphere side of the collection
window (Fig. 4.5). The light reflected from the diffuser is collected by the fibers to simulate
the scattered light. The output voltage v; of each polychromator channel is

v o / (V) Ls(V)dA, (4.5)

where f; is the spectral responsivity function of each polychromator channel and Lg()) is
the wavelength distribution of the calibrated standard light source. The relative gain of the
responsivity functions are calibrated.

N

< \i\\\\\\\\\“
oo NN -

AW

Fig. 4.5: Photograph of the diffuser placed in front of the collection window for simple cali-
bration.
4.2 Density calibration

Raman scattering is used for density calibration. In a gas, Raman scattering can occur with a
change in energy of a molecule due to a rotational transition [90,91]. The wavelength shift \;
of the initial rotational state J is given by

(4By — 6Dy) (J _ ;) _ 8Dy (J _ ;)3] , (4.6)

Where Ayag is the wavelength of the incident Nd:YAG laser, c is the speed of light, By = 198.97
is the rotational constant, Dy = 5.74 x 107%) is the centrifugal distortion constant. The

L_ 11
AJ Avag ¢
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population of the rotational state J is

h
wy =W g;(2J — 1) exp <—J(J + l)BOk;;> , (4.7)

where h is the Planck constant, k is the Boltzmann constant, T is the temperature of gas
(=295 K), W is the normalization constant (for Yw; = 1), ¢gs is the statistical weight factor
depending on the nuclear spin (6 for even J, 3 for odd J). The cross section of the rotational
state J is

647t 3J(J—1) 42

_ X 48
77T a5 227 1 1)(27 — 1) AY (48)

where 79 = 0.66x 1073 is the polarizability anisotropy. The angular distribution for quadrupole
Raman transition is

dIt 3 6 +sin?(9)
T s 10 (4.9)
dr
UR()\J,J) = wL]O'Jm, (4.10)
oi = Y_or(\J)fi(N). (4.11)
J

where fi()\) is the spectral responsivity function for each polychromator channel. A calculated
Raman scattering spectrum is shown in Fig. 4.6. The Raman scattering spectrum decreases
as the wavelength shifts away from the laser wavelength, and the signals in channels 5 and 6
are much smaller than the signals in channels 1 — 4.

The slope of Thomson scattering signal versus electron density It is calculated from the
slope of Raman scattering signal versus gas pressure [p (Fig. 4.7) as

ot 760
= IgkTZE .
Ir = Ik o; 101325

(4.12)

Based on the calibration results thus obtained, the density profile was measured in high
density, reproducible plasmas sustained by 28 GHz RF power (Fig. 4.9). The result graph is
close to result of ray trace L) (Fig. 3.15) The values at inboard side are high and those at
outboard side is low. The value at second inner point is lower, it is seem that effect of shadow.

The measured Raman scattering intensities for different spatial channels of the polychro-

mator are shown in Fig. 4.8.

The electron density n. is calculated from the coefficient neLBAQGCTg—g obtained from

Maxwell fitting analysis, using the Raman scattering calibration result. However, the density
obtained from Thomson scattering data is not in agreement with other measurements, and the
values from different channel are inconsistent. Since the line integrated density measurement by
microwave interferometry is highly reliable, the absolute density is determined by normalizing
the line integrated density obtained by Thomson scattering.
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Fig. 4.6: Calculated spectrum of rotational Raman shift (red vertical bars).
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Fig. 4.7: Raman scattering signal as a function of nitrogen gas pressure for 4 channels of the
polychromator. The signals of channel 5 and 6 are very low and unreliable
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Fig. 4.9: Electron density profile measured by Thomson scattering (in arbitrary units) in high
density, reproducible plasmas sustained by 28 GHz RF power. The six polychromator channels
(and six fibers) were rearranged to measure every spatial point by each polychromator.
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4.3 Signal processing

The expected shape of the scattered laser pulse, Is(t), can be constructed by convolving the
Gaussian laser pulse with the low-pass characteristic response of the amplifier system, [92].

t / 2 _
I(t;C, 1y Tay t) = C/ exp [—(tth)] exp (—t t > dt'. (4.13)
0 T

L Ta

where tr, is the time when the laser pulse amplitude reaches its peak, 71, is the time duration of
the laser pulse, and 7, is the characteristic time of the amplifier system. These time constants
were adjusted to produce the best fit to the measured time evolution of the scattered pulse.
Calculating the integral in Eq. (4.13),

I(t; O 1, Tay t1,) = Clexp (—t — tL) (1 —erf (TL _t= tL)) ) (4.14)

Ta

The parameters C’, 11, Ta, t1, are determined by fitting. Although C’ is a function of 71, and
Ta, it is assumed to be a constant.

Figure 4.10 shows an example of the fitted pulse shape function to a Raman scattered
signal waveform. The signal to noise ratio is high for Raman scattering at high pressure. This
signal was measured at scattering volume S1 at 40 Torr, and averaged over 32 pulses.

The stray light is measured immediately after a plasma discharge. The measured pulse
width is longer than discharge time,as shown in Fig. 4.11.

In order to explain signal processing, an example with strong scattered signal is described.
Figure 4.12 shows waveforms of scattered light detected by each APD in a polychromator. The
measured scattering volume is at R = 340 mm, and four pulses were accumulated. In this case,
the plasma density was relatively high (~ 10® m™3), and strong signals were observed. The
output signal was fitted well by a template pulse shape function. The time integral of this
pulse shape function was evaluated analytically to yield the scattered signal intensity which
is proportional to the detected photon number. The error in the scattered signal intensity is
estimated from function fitting, and was almost constant and independent of channels. This
error is used as the weight in fitting to a Maxwell distribution.

The integrated signals for different spectral channels of a polychromator were fitted the
expected scattered signals for a Maxwell distribution with given density and temperature.
The fitting calculation is repeated twice. In the first fitting, the errors described above were
used to determine the weights, as the inverse square of errors of integrated signals, and x? is
calculated. In the second fitting, this \/P was used as the error for each integrated signal. It
should be noted that the errors are the same for all APD " s. Figure 4.13 shows the integrated
signal divided by the wavelength bandwidth for the six filters. The error bars are the ones used
in the second fitting, also divided by the wavelength bandwidth of each filter. The resultant
electron temperature was 89 &+ 5 eV for this case. The relative electron density can also be
calculated from the fit. The coefficient to convert from the relative density to the absolute
density was obtained by the method described in the previous section. The errors of electron
temperature and density are calculated from the propagation law of errors [93,94].

Plasmas sustained by 8.2 GHz RF power have low densities. Therefore, scattered signals
are very weak, and the signal to noise ratio is very low (< 1). In order to improve the signal
to noise ratio, raw scattered signals are accumulated over many laser pulses. The noise can
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Fig. 4.13: Example of fit to a Maxwell distribution.

be reduced by factor of /N, where N is the number of accumulated pulses. This is justified
when the plasma can be assumed to be in steady state so that the temperature and density
remain the same over many laser pulses.

In QUEST, long steady state periods and reproducible discharges are achieved relatively
easily. The effect of accumulation is shown in Fig. 4.14. In this case, the discharge duration
was 20 sec (200 laser pulses per discharge) and 10 reproducible discharges were used. The
signal to noise ratio was improved dramatically by signal accumulation.

When scattered signals are accumulated over a long discharge period, the plasma must
be confirmed to be in steady state. Figure 4.15 shows the time evolutions of the electron
temperature and density for a long pulse, low density discharge sustained by 8.2 GHz RF
power. It can be seen that the temperature and density are nearly constant over a long
period. The discharge is divided into four time windows to see the time evolution, each with
accumulation of 12 plasma shots with 50 laser pulses per shot (total of 600 laser pulses).

An example of a higher density, shorter pulse discharge sustained by 28 GHz RF power is
shown in Fig. 4.16. The density is an order of magnitude higher than discharges sustained by
8.2 GHz RF power, so the required accumulation number is much smaller (5 laser pulses). In
order to improve the signal to noise ratio, the scattered signals are accumulated over the time
window of 2.2 — 2.6 sec, during which the temperatures and densities are nearly constant.
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Fig. 4.14: Accumulated scattered light signals showing the improvement of the signal to noise
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discharge sustained by 8.2 GHz RF power.
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Fig. 4.16: Electron temperature (a) and density (b) evolutions for a higher density and shorter

pulse discharge sustained by 28 GHz RF power. The plasma is in steady state during the
period 2.2 — 2.6 sec.
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Chapter 5

Experimental Results

5.1 28 GHz Experiment

Plasmas driven by 28 GHz RF power have much higher densities than plasmas driven by 8.2
GHz RF power because the cutoff density is an order of magnitude higher. The cutoff density
for 28 GHz is 9.7 x 10" m™3. Typical magnetic flux surfaces and waveforms of a plasma
sustained by 28 GHz RF power are shown in Fig. 5.1 and Fig. 5.2, respectively. The toroidal
field coil current is Itp = 50 kA, corresponding to the toroidal field strength (at R = 650 mm)
of 0.25 T. The second harmonic EC resonance for 28 GHz is located at R = 320 mm. The
plasma boundaries (LCFS) are located on the inboard limiter and at R = 1000 mm (inboard
limiter configuration). The plasma major radius is 600 mm and the minor radius is 400 mm.
Two hundred kilowatts of 28 GHz RF power was injected from 1.6 s to 2.6 s. Hydrogen gas was
puffed at 1.7 s, 1.85 s, 2.0 s and 2.15 s. The Ha emission increased at these times. The plasma
current is stable at 22 kA from 2.2 s to 2.6 s. This period is taken as the steady state period,
because most measured quantities are nearly constant during this period. The line integrated
density is stable at 1.7 x 10" m~2. The loop voltage is nearly zero, indicating that the plasma
current is sustained non-inductively. The 28 GHz stray RF power, measured by a detector
outside the vacuum vessel, samples the RF power that was not absorbed by the plasma and
escaped from the vacuum vessel. The Ha emission decreases slightly and the OII emission
increases slightly during the steady state period. Both AXUYV signal (total photon emission)
and SBD signal (soft X-ray emission) increase slightly during the steady state period. Since
AXUYV and SBD signals are affected easily by impurities in the plasma, the large shot-to-shot
variation might be caused by different levels of impurity contamination.

Figure 5.3 shows the electron temperature, density and pressure profiles at different times
for the discharge shown in Fig. 4.16. During the steady state period (labeled 2.25 s — 2.55 s),
the temperature and density profiles remain nearly the same. The inboard density during this
period is higher than at other times (1.75 s — 2.15 s and 2.65 s). The scattered signal was too
weak to obtain a satisfactory fit for the unplotted times at R = 1080 mm. During the steady
state period (labeled 2.25 s — 2.55 s), the profiles remain nearly the same. The inboard density
during this period is higher than at other times (1.75 s — 2.15 s and 2.65 s). The initial electron
temperature at innermost point is highest than other point or period. The electron densities
are increased. The inner three points or the outer two points are seem the same tendency.

The electron temperature profile is unusual, with a low temperature (about 20 eV) near the
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Fig. 5.1: Typical magnetic flux surfaces by EFIT of a plasma sustained by 28 GHz RF power

(shot no. 22400, 2.5 s ).
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Fig. 5.2: Waveforms of plasmas sustained by 28 GHz RF power. (a) Plasma current, (b) loop
voltage, (c) inboard (blue) and outboard (red) boundary positions (R, and Royt) of the plasma
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(i) soft X-ray emission. Colors indicate different discharges used for photon accumulation.
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plasma center and higher temperatures near the inboard and outboard edges. The temperature
near the inboard edge, where the second harmonic EC resonance layer is located, was about
100 eV during the steady state period. For lower density plasmas sustained by 8.2 GHz RF
power, electron temperatures as high as 400 eV were measured (see Section 5.2).

5.2 8.2 GHz Experiment

In QUEST, experiments with 8.2 GHz RF power have been performed with various configu-
rations. Among them, the inboard poloidal field null configuration is most reproducible and
relatively high density plasmas are obtained. The cutoff density for 8.2 GHz is 8.3 x 101" m—3.
In this section, experimental results obtained with the inboard poloidal field null configuration
are presented. Data obtained with other magnetic configurations are presented in Appendix

A.
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Fig. 5.4: Typical magnetic flux surfaces of an inboard poloidal field null configuration sustained
by 8.2 GHz RF power (shot no. 19102 during the steady state period: 3 s — 8 s). Figures (a)
and (b) show flux contours calculated by the QUEST numerical calculation system and by the
PCF code, respectively [64].
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and (e) line integrated density in an inboard poloidal field null plasma sustained by 8.2 GHz
RF power (shot no. 19102).
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Typical magnetic flux surfaces of an inboard poloidal field null plasma sustained by 8.2
GHz RF power, calculated by the QUEST numerical system and by the PCF code are shown
in Fig. 5.4. Discharge waveforms are shown in Fig. 5.5. The toroidal field coil current is
Itr = 26.6 kA, corresponding to the toroidal field strength at R = 650 mm of 0.13 T. The
fundamental resonance for 8.2 GHz is located at R = 290 mm. In the inboard poloidal field
null configuration on QUEST, strong poloidal magnetic fields are produced by driving 3 kA in
the upper and lower PF coils (PF 35).

The plasma current is nearly constant at 17 kA from 3 s to 8 s (steady state period). The
line integrated density is stable at about 3 x 101" m~2 during this period. The net injected 8.2
GHz RF power measured by directional couplers was 37 kW. The gas was puffed every 0.2 sec.
The Ha emission increases slightly but OII emission stays nearly constant during the steady
state period.

A highly unusual electron temperature profile was observed, as shown in Fig. 5.6. The
electron temperatures were very low (several tens of eV) inside the LCFS, but a very high
electron temperature (400 eV) was observed on the inboard side of the poloidal field null, near
the fundamental EC layer.

The location of the fundamental resonance layer for 8.2 GHz depends on the TF coil
current Itp [kA] as Ryes = 10.9 x Itp. The toroidal field strength Bt [T] (at R = 650 mm)
was varied from 0.13 T to 0.20 T (Itp = 26.6 kA to 40 kA). Compared to the discharge
shown in Fig. 5.6, the injected RF power is doubled (about 80 kW in this scan), and the high
temperature (> 200eV) region is broader. The gas puff rate and the colloidal field strength
are also different as a consequence. Figure 5.7 shows time evolutions of the plasma current for
three discharges used in this scan. The vertical lines indicate the beginning and the end of the
accumulation time window for Thomson scattering analysis.
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Fig. 5.7: Time evolutions of the plasma current at various toroidal field strengths. The vertical
lines show the beginning and the end of the accumulation time window for Thomson scattering
analysis.
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Fig. 5.8: Electron temperature, density and pressure profiles for three different toroidal field
strengths. The blue lines indicate the inboard and outboard plasma boundaries calculated by
RTFIT. The red lines indicate the EC resonance layers.

The peak of the electron temperature profile is shifted to larger major radius as Br is
increased and the resonance layer is shifted outward. When the fundamental resonance layer
is located to the low field side of the innermost changed, R = 340mm (Bt > 0.17), the
temperature measured at this location becomes very low. The high temperature region is
located on the low field side of the resonance layer.

5.3 Discussion

5.3.1 Difference between 28 GHz and 8.2 GHz experiments

Here, we would like to compare the plasmas sustained by 28 GHz RF power (200 kW) (Fig. 5.3)
and by 8.2 GHz RF power (40 kW) (Fig. 5.6). The density in the 28 GHz experiment is about
an order of magnitude higher than that in the 8.2 GHz experiment. This fact is probably
due to the difference in the cutoff density, which affects the refraction of the injected rays.
The central and the inboard pressures in the 28 GHz experiment are about twice and four
times higher than those in the 8.2 GHz experiment, respectively. Since the injected power is
about five times higher for the former, this pressure difference is reasonable, when we consider
confinement degradation due to the higher power. In both cases, the position of the highest
temperature is located near the inboard resonance (second harmonic for 28 GHz, fundamental
for 8.2 GHz). In addition, the central region seems to have the lowest temperature (and the
highest density). Since RF wave power is absorbed near the lowest order EC resonance layer
located in the inboard edge region, such temperature profiles may be expected. The reason for
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the low central temperature is probably due to poor RF wave accessibility to the high density
region and poor central confinement due to collisions with neutrals or radiation. It should be
noted that the effect of radiation can be serious for the temperature range of several tens of
eV, and the neutral density can be high in these low density plasmas. In general, the electrons
heated at the inboard side resonance travel towards the outboard side on the magnetic surface.
As a result, the temperature tends to equalize on the same magnetic surface. In the 28 GHz
experiment, the outboard temperature is higher than the central temperature, but lower than
the inboard temperature. Therefore, temperature equalization is not perfect. Furthermore,
the pressure profile is asymmetric. One possible reason is poor bulk electron confinement.
Qualitatively similar features are observed in the 8.2 GHz experiment.

5.3.2 Dependence on the toroidal field strength

Here, we discuss the results of the toroidal field strength scan experiment (Fig. 5.8). The
toroidal field strength at R = 600 mm was varied from 0.13 T to 0.20 T, and the radial
position of the fundamental resonance for 8.2 GHz varied from R = 290 mm to 436 mm. The
injected RF power (80 kW) and other operational conditions (except the gas puff rate) were
the same. The central region seems to have the highest density, and the peak position tends to
move inward as the resonance layer moves outward, but this may be a result of the shrinking
outboard boundary of the plasma (indicated by blue vertical lines) as the resonance layer moves
outward. The position of the maximum temperature is located just on the outboard side of
the fundamental resonance layer, and it moves with the resonance layer position. This can be
explain by the Doppler shifted resonance condition

nle
w — k”?)” — T =0. (5.1)

The electrons with kjv; > 0 satisfy this condition and are heated at a lower field. This
condition is called up-shift [31,70,95]. The electron cyclotron wave is injected in QUEST as
the ordinary mode with the parallel refractive index V) = kjc/w =~ 0.4, corresponding to a large
up-shift [96]. N is sufficiently large at the fundamental resonance located at R = 290 mm.

The plasma current decreases and the volume inside the LCFS decreases as the toroidal
field strength increases. The shrinking of the LCFS may be responsible for the apparent shift of
the peak of the density profile to shift to the high field side as Br is increased. The temperature
at the second harmonic resonance layer is always low, and it can be interpreted either by high
density (for the lower field cases) or by poor confinement outside LCFS (for the higher field
cases).

Figures 5.9(a)—(c) show the toroidal field strength dependencies of the average temperature,
the average density and the plasma current. These quantities decrease with the toroidal field
strength, most likely because of the shrinking plasma volume. The highest plasma current
was achieved when the fundamental resonance layer is located at R = 290 mm, which is very
close to the inboard limiter position of R = 230.5 mm. The position of the second harmonic
resonance layer is probably not important for the plasma as explained above. This is quite
different from the case of 28 GHz experiment, in which the fundamental resonance layer does
not exist inside the vacuum vessel and the second harmonic resonance layer is located near the
inboard limiter.
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Figure 5.9(d) shows the relationship between the average temperature and the average den-
sity. A positive correlation can be seen. In general, increase in pressure arises from improved
confinement or from increased heating power. In the present case, the increased plasma cur-
rent and plasma volume would contribute to improved confinement at lower field. Since the
bulk electrons are heated by high energy electrons, their temperature should increase when
the density of high energy electrons increases. The relationship between the density of bulk
electrons and the density of high energy electrons is not simple, because bulk electrons can be
the source and the sink of high energy electrons.
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Fig. 5.9: Toroidal field dependence of (a) the average temperature, (b) the average density
and (c) the plasma current, and (d) the relationship between the average temperature and the
average density.

5.3.3 Collision and transport

Collision frequencies of a typical plasma sustained by 28 GHz RF power are as follows. The
collision frequency is given by v = 2.9 x 1072 1n AneTe_3/ % from Eq. (1.12). In the central
region, the collision frequency is 9 x 10°s~!, and the plasma is in the Pfirsch-Shliiter regime
(vps ~ 2 x 10°s71). In the peripheral region, the collision frequency is 8 x 10* — 2 x 107571,
and the plasma is in the plateau regime (vg ~ 6 x 10*s™! and vpg ~ 3 x 105s7!). Here,
vps = Vthe/Rq and vg = (r/ R)3/2upg are the characteristic collision frequencies of the Pfirsch-
Shliiter and banana regimes, respectively. If the plasma is in the banana regime, the bootstrap
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current can be estimated by the following equation

o Ve

= Y= .2
Bgd’l" (5 )

In order to estimate the current due to bulk electrons, we use the following values: ¢ =
0.25m /0.6m = 0.42, By = By(a) = 0.014 T, dp/dr = 3.8Pa/(2 x 0.25m). This gives an upper
limit on the bootstrap current due to bulk electrons of about 1 kA, which is 4 % of the total
plasma current.

The collision frequency of a typical plasma sustained by 8.2 GHz RF power is in the range
1 x 103 — 3 x 10*s7!, and the plasma is in the banana regime (vg ~ 2 x 10*s7!). The
bootstrap current due to bulk electrons is estimated to be about 0.4 kA, which is 2 % of the
total plasma current. On the other hand, hard X-ray measurements indicate the presence of
energetic electrons [97].

In both cases, the bootstrap current due to bulk electrons is negligible. It is inferred that
the contribution of fast electrons to the plasma current is dominant.

5.3.4 Equilibrium

The poloidal beta 3, (Eq. 1.21) is an important quantity that characterizes plasma performance
and affects equilibrium and stability. Here we estimate 3, of the bulk electrons for the inboard
poloidal field null plasma with Bt = 0.13T using Thomson scattering data (Fig. 5.6). The
volume average pressure is approximated by the line averaged pressure. Bp(a) is estimated
by averaging the poloidal field strength on a circular circumference (R, = 0.6 m, a = 0.25
m). The poloidal field is calculated from external coil currents and a parabolic plasma current
profile. The estimated poloidal beta ﬁghom is about 0.015. The total poloidal beta BPE Q can
be estimated from the equilibrium relationship

oLy (1 B8R gpq L3
o <ln + 659+ . (5.3)

B, —
v a 2 2

For I, = 17T kA, R = 0.63 m, a = 0.28 m, and [; = 0.8, ﬂEQ is about 3. While the necessary
condition to form the inboard poloidal field null configuration is €3, > 1.25 [63],in the present
case eﬁg Q=13 Therefore, the calculated value for ﬁ,];j Q is reasonable.

The difference between ﬁg hom — (0,015 and 5;3 Q = 3 can be attributed to the contribution
of high energy electrons. In general, a plasma heated by electron cyclotron wave has bulk and
tail (high energy electron) components [98]. Since the energy range measured by the Thomson
scattering system is 5 — 500 eV, ﬂg hom reflects the contribution of bulk electrons.

The hard X-ray temperature Tix is calculated from the energy spectrum of hard X-ray
photons in the energy range of less than 200 keV [64,97]. For this inboard null configuration,
Tux =~ 40keV was observed. The peak of the Tyx profile is at Ry = 0.75m, which corre-
sponds to the magnetic axis. In the plasma core region, Trx in this inboard null configuration
is larger than that in the limiter configuration.

There is an asymmetry in Tiyx depending on the viewing angle, in the forward vs. backward
directions with respect to the current carrying electron flow. The ratio of forward to backward
Tux is 2 — 4 in RF sustained discharges. The asymmetry suggests that the plasma current is
carried by electrons accelerated to high energies by ECW. Langmuir probe measurements also
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confirm the existence of fast electrons [99,100]. In limiter discharges, Tiyx = 4-6keV and the
fast electron density is ~ 106 m=3.

Therefore, high energy electrons with such energies exist and they contribute to ﬁg Q
Assuming that ﬂ,]? Q is dominated by contributions from the high energy electrons, we can
estimate their density to be 2 x 10" m™3. Figure 5.10 shows the calculated model electron
velocity distribution function using the parameters described above. Here, the bulk electron
temperature is assumed to be 100eV (corresponding to a thermal velocity of 6 x 10 m/s).

Furthermore, the plasma current carried by these high energy electrons can be estimated
using the density and the average energy of high energy electrons. The estimated current is
about 20 kA, which is roughly the same as the measured plasma current.
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Fig. 5.10: Parallel velocity distribution function of bulk electrons (black) and all electrons
including the tail component (red).

5.3.5 EBW current drive experiment

The maximum densities obtained by 28 GHz or 8.2 GHz RF power alone are much lower than
respective cutoff densities. Therefore, mode conversion from the injected electromagnetic wave
to EBW is not possible. In order to satisfy the condition for mode conversion, 8.2 GHz RF
power was injected to a high density target plasma formed by 28 GHz RF power. Figure 5.3.5
shows the radial profiles of characteristic frequencies for such target plasma. The plasma was
overdense for 8.2 GHz, so mode conversion to EBW is possible.

In this case, the injected O-mode wave would be converted to the X-mode, and then to
EBW. Therefore, the total mode conversion efficiency is the product of efficiencies for these
two steps. The X to EBW mode conversion efficiency C for the optimum injection angle is
written as [7§]

C < 4e7™(1—e ™), (5.4)
Wee Ly o V1i+aZ -1

T Va2 +2(L,/Lg) | a®+ (Ln/Lp)V1+a? |’ (5:5)

The density scale length L, of the target plasma was 0.2 m, the magnetic field scale length
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Lp was 1.0 m at the upper hybrid resonance layer, and o = wp/wee = 1.5, which gives n = 1.6.
Using these values, the maximum X to EBW mode conversion efficiency for the optimum angle
is calculated to be 2 %.

The efficiency of O to X mode conversion is 100 % at the optimum angle, but it decreases
when the angle deviates from the optimum. The angular dependence is given by Eq. (2.6),
and the FWHM angle is given in terms of N as

k)

D=

Ny = (5.7)
The FWHM angle around the optimum angle is 4.3 degrees, which corresponds to the refractive
index range of 0.08. Therefore, in the present EBW current drive experiment, it is reasonable
that we did not observe a clear dependence on the injection angle (Appendix B). Optimization
of the target plasma and the injection angle remains a future work.
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Fig. 5.11: Plot of the plasma frequency f,, electron cyclotron frequency f.., and the upper
hybrid frequency firr. The red vertical bar indicates the fundamental resonance layer for 8.2
GHz, the green vertical bar indicates the second harmonic resonance layer for 28 GHz, and the
blue horizontal bar indicates 8.2 GHz.
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Chapter 6

Conclusions

A new Thomson scattering system was developed for QUEST, and electron temperature and
density profiles, as well as their time evolutions were measured successfully. A Nd:YAG laser
(wavelength 1064 nm, energy 1.65 J, pulse width 7 ns, and repetition rate 10 Hz) was used
as the light source. The scattered light was collected by a spherical mirror and transmitted
by fiber optic cables. Measurements were made at six spatial points in the plasma by six
polychromators, each with six wavelength channels.

The scattered signals from plasmas sustained by 8.2 GHz RF power are quite low, because
the electron density is extremely low. In such cases, we have demonstrated that signal accu-
mulation of repetitive laser pulses is quite effective. The scattered signals were accumulated
during the steady state period (typically ~ 10 s), and also over many reproducible discharges.
Up to 2000 pulses were accumulated to obtain a very high signal-to-noise ratio. Using this
Thomson scattering system, (i) the inboard poloidal field null configuration sustained by 8.2
GHz RF power alone, and (2) the limiter configuration sustained by 28 GHz RF power alone
were studied extensively.

(i) The electron temperature obtained in steady-state spherical tokamak plasmas sustained
by 8.2 GHz RF power was in the range of 10 — 500 eV. The density was much lower than
the cutoff density for 8.2 GHz (by a factor of five). Unlike in typical conventional tokamak
plasmas, the temperature profile was hollow. The peak position of the electron temperature
profile was located slightly to the low field side of the fundamental electron cyclotron resonance
layer. When the toroidal magnetic field strength was increased, the peak position of the
electron temperature profile moved towards the low field side (larger major radius side) as
the fundamental resonance layer moved outward, indicating that the electrons are heated by
electron cyclotron damping. The observation that the electron temperature peak is always on
the low field side of the resonance layer can be interpreted by the Doppler up-shift effect, or by
the poor confinement of the plasma on the high field side because of the shrinking plasma cross
section. The inboard poloidal field null configuration has an X-point (poloidal field null) on
the inboard side of the torus, and is characterized by a very high poloidal beta. The poloidal
beta of the bulk electrons calculated from the Thomson scattering data was much smaller
(~ 0.01) than the total poloidal beta obtained from equilibrium analysis (~ 3), indicating that
the contribution of energetic electrons to the pressure is dominant. Hard X-ray measurements
indicate the existence of high energy electrons accelerated by ECW, and suggests strongly that
the plasma current is mostly carried by these fast electrons.
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(i) In the 28 GHz RF experiment, similar features were observed, but since the fundamen-
tal resonance layer does not exist inside the vacuum vessel, heating occurs near the second
harmonic resonance layer. The density is again much lower than the cutoff density for 28 GHz
(by a factor of five). Therefore, mode conversion of ECW to EBW is not expected. The density
is an order of magnitude higher in plasmas sustained by 28 GHz RF power (200 kW) compared
with the plasmas sustained by 8.2 GHz RF power (40 kW), which is approximately the ratio
of cutoff densities for the two frequencies. The central and the inboard pressures for the 28
GHz case are about twice and four times higher than the 8.2 GHz case. Since the injected
power is about five times higher for 28 GHz, the pressure difference is reasonable. In both
cases, the peak position of the electron temperature profile is located near the resonance layer.
The central region has the highest density and a lower temperature. This is probably due
to poor RF accessibility to the high density core region and poor central confinement due to
collisions with neutrals or due to radiative cooling. In plasmas sustained by 28 GHz RF power,
the outboard temperature is higher than the central temperature, but lower than the inboard
temperature. The pressure profile is asymmetric due to imperfect temperature equilibration
over the flux surface.

In conclusion, the electron temperature and density profiles were measured successfully in
QUEST using the newly developed Thomson scattering system. These measurements have
revealed various features of the electron temperature and density profiles in the low density
(< 2 x 10" m™3), RF-driven steady state QUEST plasmas. These results provide important
experimental evidence for understanding spherical tokamak plasmas sustained solely by RF
power.
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Appendix A

Profiles measured in other magnetic
configurations

A.1 Limiter configuration

Electron temperature and density profile s were measured in an inboard limited plasma with
a plasma current of 8 kA, sustained by 75 kW of 8.2 GHz RF power (Fig. A.1). The toroidal
magnetic field was By = 0.20T (Itp = 40kA) and the fundamental resonance layer was
located at R = 440mm. The inboard LCFS touches the inboard limiter, while the outboard
LCFS is located at R = 1100 mm.
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Fig. A.1: Evolutions of plasma current (a) and Ha line emission (b) for a limiter configuration
discharge (shot no. 15238).
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Fig. A.2: Profiles of electron temperature (a), density (b), and pressure (c) for a limiter
configuration plasma with Bt = 0.20T (shot nos. 15238 — 15261, 2.0 — 3.5 s). The dashed
vertical lines indicate the inboard and outboard positions of LCFS determined by RTFIT.

A flat electron temperature profile was obtained (Fig. A.2). In QUEST limiter configura-
tion plasmas, a peaked temperature profile has not been observed so far.
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A.2 Divertor configuration

FElectron temperature and density profiles were measured in a divertor configuration plasma
with a plasma current of 13 kA, sustained by 105 kW of 8.2 GHz RF power (Fig. A.3). The
temperature profile has a peak in the plasma core (Fig. A.4).
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Fig. A.3: Evolutions of plasma current (a) Ha line emission (b) and OII line emission (c) for
a divertor configuration discharge (shot no. 19209).
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Fig. A.4: Profiles of electron temperature (a), density (b) and pressure (c) for a divertor

configuration plasma with Bt = 0.13T (shot nos. 19209 — 19217, 3.3 — 5.7 s). The dashed
vertical lines indicate the inboard and outboard positions of LCFS determined by RTFIT.
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A.3 Ohmic discharge

Profiles were measured in an inboard limited Ohmic discharge (Fig. A.5). Profiles measured at
t = 1.3 s, when the scattered signal was maximum, are shown in Fig. A.6. The Ohmic heating
power is weak and the electron temperature is much lower compared to other tokamaks [2].
The electron density is an order of magnitude higher than in noninductively sustained plasmas.

Plasma current [kA]
[}®)
S

'O \H\‘\\H‘HH‘HH‘HH‘HH‘HH

1.2 14 1.6 1.8 2.0 2.2 2.4
Time [sec]

Ho [a.u.]
[3%]

0 ! ) .
1 1.2 1.4 1.6 1.8 2 2.2 2.4
Time [sec]

Vloop [V]

1 12 1.4 1.6 1.8 2 22 2.4

Time [sec]

()

Fig. A.5: Evolutions of plasma current (a), Ha line emission (b), and loop voltage (c) for an
inboard limited Ohmic discharge (shot no. 23659).
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Appendix B

8.2 GHz additional heating of 28
GHz sustained plasma

8.2GHz RF power was injected into an overdense plasma sustained by 28 GHz RF power
(Fig. B.1) to search for the effect of heating by the EBW. The 28 GHz fundamental resonance
was located at R = 160 mm and the second harmonic resonance was at R = 320mm. The 8.2
GHz fundamental resonance was at R = 545mm. No clear evidence of EBW heating of was
observed (Fig. B.2).
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Fig. B.1: Evolutions of plasma current (a) and Ha line emission (b) for a 28 GHz ECCD
discharge with 8.2 GHz additional heating.
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Appendix C

Compact torus injection

Compact torus (CT) injection can be used for particle fueling. Particles contained in a CT
plasma can penetrate deeper into the plasma compared to gas puffing. CTs were injected
into plasmas with inboard poloidal field null configuration at t = 3.0s. Thomson scattering
measurements were performed for the following three cases.

1. By = 0.18T (Fig. C.1, Fig. C.2).
2. By =0.18T, CT gas puff alone (Fig. C.3, Fig. C.4).
3. Br = 0.13T (Fig. C.5, Fig. C.6).

CT injection into plasmas with Bt = 0.18 T and Bt = 0.13 T were compared. The CT plasma
has a spheromak magnetic configuration and penetrates into the target ST plasma by pushing
the ST magnetic field lines away. Therefore, the injected CT plasma will not reach the plasma
core if the magnetic field is too strong. In the “CT gas puff alone” case, gas puffing was
performed without CT injection. In this case it is expected that the central electron density
does not increase as much as in the case with CT injection. The rates of density increase and
decay were slower for the CT gas puff alone case. The sharp spike observed on the Ha emission
at the moment of CT injection was absent for the CT gas puff alone case. Rapid fueling by
CT injection was demonstrated, with a decay time constant of 150 ms. Figure C.7 shows the
ratio of the density after CT injection (¢ = 3.0s) to that before injection (t = 2.9s) at different
major radial locations. No large difference is observed among different cases.
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Fig. C.1: Evolutions of plasma current (a), Ha line emission (b), OII line emission (c), and line
integrated density (d) for CT injection into an inboard null configuration plasma sustained by
8.2 GHz RF power (Bt = 0.18 T, shot no. 21067).

82



600 T T T
500
_ 400 -
>
& 300
Fﬂ.’
200
100 P — §
—./T}; ! =) - 1 L
0 == —
2.8 3 3.2 3.4
Time [sec]
(a)
12 T T T T T T
R=340[mm] ———
10 R=488[mm] ———
R=636[mm] ——x—
_ 8 R=784[mm] 1
=
) 6 -
EQJ
4 - -
2 F —T . = = . N
0 I =
2.8 3.4 3.6 3.8 4 4.2
Time [sec]
(b)

Fig. C.2: Evolutions of electron temperature (a) and density (b) for CT injection into an
inboard null configuration plasma sustained by 8.2 GHz RF power (Bt = 0.18 T, shot nos.
21062 — 21067).
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Fig. C.3: Evolutions of plasma current (a), Ha line emission (b), OII line emission (c), and
line integrated density (d) for CT gas puff alone into an inboard null configuration plasma
sustained by 8.2 GHz RF power (Bt = 0.18 T, shot no. 21077).
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Fig. C.4: Evolutions of electron temperature (a) and density (b) for CT gas puff alone into
an inboard null configuration plasma sustained by 8.2 GHz RF power (Bt = 0.18 T, shot nos.
21077 — 21080).
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Fig. C.6: Evolutions of electron temperature (a) and density (b) for CT injection into an
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