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Abstract

Electron Bernstein waves (EBWs), generated by a coherent motion of elec-
trons, are a special kind of short-wavelength electrostatic waves in magne-
tized hot plasmas. EBWs do not have density limits, express a strong cy-
clotron damping at all harmonics, and can achieve parallel refractive index
much larger than one. Therefore, they are very suitable for heating and
driving currents in high-beta plasmas in various types of magnetic confine-
ment devices such as stellarator or spherical tokamak, in contrast to the
conventional electromagnetic waves. Previous evidence of successful EBW
generation mainly came from indirect measurements, such as measurements
of plasma energy, density, temperature, soft/hard X-ray, electron Bernstein
emission (EBE), H-α, stray microwave radiation, etc. Direct measurement
of the wave field was only performed in a few experiments. Up to now, there
is no direct observation of two-dimensional (2-D) wave pattern in torus con-
figuration. For this reason, direct measurement experiments were conducted
in Low Aspect ratio Torus Experiment (LATE). The purpose of this research
is to experimentally verify the whole process of electromagnetic mode prop-
agation, mode conversion, EBW excitation, propagation and damping.

The EBW excitation and detection system consists of a waveguide launcher
with arbitrary polarization, a specially designed five-pin probe antenna, a
two-dimensional (2-D) mechanical probe driving system, and a homodyne-
type mixer circuit. The excitation and detection process is as follows: (1)
2.45 GHz heating microwave (∼400 W) is generated by a continuous-wave
(CW) magnetron and injected from 8R port in O-mode obliquely to the
toroidal magnetic field. Via O-X-B conversion scheme, an overdense ECR
plasma can be produced by EBW of 2.45 GHz microwave, which is uniform
along the ECR layer and fills the vacuum vessel. (2) 1.5 GHz detecting mi-
crowave (∼20 W) is generated by a RF power generator, mode converted to
desired polarization in an open circular waveguide launcher, and eventually,
injected into the target plasma from 6R port for EBW excitation. (3) The
five-pin probe antenna inserted from the lower part of the LATE device is
swept by the 2-D mechanical probe driving system, so the wave field pattern

i



inside the plasma is measured. (4) The signal received by the probe antenna
is sent to the mixer circuit, and time-independent wave pattern is detected
by interferometric method.

In the case of O-mode injection, an EBW-like wave pattern has been
detected for the first time, in a localized region near the UHR layer. 1-D
variation of phase shows that the pattern has a short wavelength of about 2
mm, the pattern has a phase velocity which is directed towards the low field
side (outside), and the pattern is electrostatic as the pin detection direction
is nearly the same as the wave propagation direction (both almost radial).
These characteristics suggest that EBW has been directly observed. The
reason for localized observation of the EBW wave pattern is considered to
be the critical requirement for achieving high O-X-B mode conversion effi-
ciency, and high collisional damping rate of EBW. In the case of X-mode
injection, 2-D wave pattern is quite different from O-mode injection case and
no short-wavelength wave pattern can be observed. Under present experi-
mental conditions, the X-B mode conversion efficiency is at a very low level
and EBW is not expected to be excited effectively. By slightly adjusting the
toroidal magnetic field, both the position and size of the localized EBW re-
gion have changed, in accordance with the efficient O-X-B conversion region.
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Chapter 1

Introduction

1.1 Energy crisis and fusion power

Since the middle of the 20th century, global energy consumption has increased
dramatically due to economic development and population growth. In 2018,
the world’s main primary energy sources consisted of petroleum (34%), coal
(27%), and natural gas (24%), amounting to an 85% share for nonrenewable
fossil fuels in primary energy consumption in the world. The burning of
fossil fuels produces around 35 billion tonnes of carbon dioxide (CO2) per
year, or about 89% of all carbon dioxide emissions. Since carbon dioxide is a
greenhouse gas that increases radiative forcing, fossil fuels are the main source
of greenhouse gas emissions causing global warming and ocean acidification.
Non-fossil sources included nuclear (4.4%), hydroelectric (6.8%), and other
renewable energy sources (4.0%, including geothermal, solar, tidal, wind,
wood, and waste). The share of renewable sources (including traditional
biomass) in the world’s total final energy consumption was 18% in 2018 [1].

Since renewable energy sources power density per land area is at best
three orders of magnitude smaller than fossil or nuclear power, renewable
power plants tends to occupy thousands of hectares causing environmental
concerns and opposition from local residents, especially in densely populated
countries. Besides, renewable electricity production from sources such as
wind power and solar power, is variable which results in reduced capacity
factor and require energy storage, dispatchable generation and base load
power sources from non-intermittent sources. Although nuclear power is
considered to be a sustainable energy source that reduces carbon emissions,
it poses many threats to people and the environment (i.e., Chernobyl disaster
in the Soviet Union in 1986, the Fukushima Daiichi nuclear disaster in Japan
in 2011), and it is also too expensive and slow to deploy when compared to
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alternative sustainable energy sources.
Fusion power is a proposed form of power generation that would generate

electricity by using heat from nuclear fusion reactions. In a fusion process,
two or more atomic nuclei are combined to form one or more different atomic
nuclei and subatomic particles (neutrons or protons), while releasing energy.
Nuclear fusion is also the process that powers active or main sequence stars
and other high-magnitude stars. As a source of power, nuclear fusion is ex-
pected to have many advantages over nuclear fission. These include reduced
radioactivity in operation and little high-level nuclear waste, ample fuel sup-
plies, and increased safety. Research into fusion reactors began in the 1940s,
but to date, no design has produced more fusion power output than the elec-
trical power input. The current leading designs are the tokamak and inertial
confinement (ICF) by laser. Both designs are under research at very large
scales, most notably the International Thermonuclear Experimental Reactor
(ITER) in France, and the National Ignition Facility (NIF) in the United
States.

1.2 Spherical tokamak and electron cyclotron
waves

Thermonuclear fusion processes require fuel and a confined environment with
sufficient temperature, pressure, and confinement time to create a plasma.
The combination of these figures that results in a power-producing system is
known as the Lawson criterion. In a tokamak, a powerful magnetic field is
used to confine plasma in the shape of a torus. A measure of success across
the magnetic fusion energy world is the beta number β. Every machine
containing plasma magnetically, can be compared using this number.

β =
p

pmag

=
nkBT

(B2/2µ0)
(1.1)

This is the ratio of the plasma pressure to the magnetic field pressure [2].
Improving beta means that you need to use, in relative terms, less energy
to generate the magnetic fields for any given plasma pressure (or density).
The price of magnets scales roughly with

√
β, so reactors operating at higher

betas are less expensive for any given level of confinement. Conventional
tokamaks operate at relatively low betas, the record being just over 12%,
but various calculations show that practical designs would need to operate
as high as 20%. The limiting factor in reducing beta is the size of the magnets.
Tokamaks use a series of ring-shaped magnets around the confinement area,
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and their physical dimensions mean that the hole in the middle of the torus
can be reduced only so much before the magnet windings are touching. This
limits the aspect ratio, A = R/a, of the reactor to about 2.5; the diameter of
the reactor as a whole could be about 2.5 times the cross-sectional diameter
of the confinement area.

During the 1980s, researchers at Oak Ridge National Laboratory (ORNL),
led by Ben Carreras and Tim Hender, were studying the operations of toka-
maks as A was reduced. They noticed, based on magnetohydrodynamic
considerations, that tokamaks were inherently more stable at low aspect ra-
tios [3]. In 1984, Martin Peng of ORNL proposed an alternate arrangement
of the magnet coils that would greatly reduce the aspect ratio while avoiding
the erosion issues of the compact tokamak [4]. Instead of wiring each mag-
net coil separately, he proposed using a single large conductor in the center,
and wiring the magnets as half-rings off of this conductor. This layout was
named the “spherical tokamak”, or ST. These studies suggested that the ST
layout would include all the qualities of the advanced tokamak, the compact
tokamak, would strongly suppress several forms of turbulence, reach high
beta, have high self-magnetism and be less costly to build. Construction of
the Small Tight Aspect Ratio Tokamak (START) began in 1990 at Culham,
UK, it was assembled rapidly and started operation in January 1991. Its
earliest operations quickly put any theoretical concerns to rest. Using ohmic
heating alone, START demonstrated betas as high as 12%. START proved
Peng and Strickler’s predictions; the ST had performance an order of mag-
nitude better than conventional designs, and cost much less to build as well.
This sparked off a series of ST developments around the world. In particular,
the National Spherical Torus Experiment (NSTX) and Pegasus experiments
in the US, Globus-M in Russia, and the UK’s follow-on to START, MAST.

In a ST, non-inductive start-up without assistance of central solenoid
(CS) is required for realization of low-cost fusion reactors. Among start-up
scenarios without CS, use of electron cyclotron heating and current drive
(ECH/ECCD) by means of electron cyclotron waves (electromagnetic waves
in the electron cyclotron range of frequency, ECWs) is promising, because
breakdown and current initiation can be fulfilled simultaneously and the
required equipment for microwave power injection is only a small launcher
remote from the plasma. The characteristic ability of ECH and ECCD to de-
posit power or current in a highly localized, robustly controllable way makes
these techniques applicable to many objectives not addressable by other heat-
ing or current drive approaches. ECH and ECCD have been applied to such
objectives as plasma generation and global heating, the support and mainte-
nance of desired profiles of current density and plasma pressure in tokamaks
and neutralization of the bootstrap current in stellarators, stabilization of
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magnetohydrodynamic (MHD) instabilities like neoclassical tearing modes,
and studies of plasma transport through localized heating [5].

The use of electron cyclotron waves has practical advantages as well.
Chief among these is that the ECW propagates in vacuum and couples effi-
ciently to the plasma at its boundary, unlike other rf techniques. Further-
more, the wave may propagate as a narrow, well-defined beam. This means
that the wave launcher may be distant from the plasma and that the coupling
is insensitive to the conditions at the plasma boundary [5].

Although electron cyclotron waves have many distinct advantages, they
cannot reach the core region of a high-beta plasma. When the plasma fre-
quency becomes larger than the microwave frequency, ECWs are reflected at
the plasma cutoff layer. To overcome this disadvantage, an alternative is the
use of so-called electron Bernstein waves (EBWs), which will be introduced
next.

1.3 Electron Bernstein waves
Electron Bernstein waves (EBWs) are a special kind of short-wavelength
electrostatic waves in magnetized hot plasmas. Unlike the conventional elec-
tromagnetic waves, EBWs do not have density limits, so they can efficiently
heat over-dense plasmas. Due to their electrostatic character, EBWs can
achieve parallel refractive index much larger than one, which is favorable for
efficient current drive. The EBWs also express a strong cyclotron damping
at all harmonics, which enabled efficient plasma heating [6].

The theory of EBWs was proposed by I. B. Bernstein [7] after whom
the waves were named in 1958. EBWs are space charge waves. They do
not exist in vacuum and can only be excited inside a magnetized plasma.
In a table-top experiment, EBWs can be excited by electrostatic antennas,
which are inserted into the plasma. This is not useful for millimeter waves
which are necessary in high temperature fusion plasmas, since the antenna
structures have to be of the order of the electron gyro radius (<0.1 mm).
Such structures cannot survive in the high temperature fusion plasma envi-
ronment. Therefore, only mode conversion from electromagnetic waves is the
adequate method to produce EBWs in fusion plasmas. Three mode conver-
sion methods had been proposed: high field side launch, X-B, and O-X-B.
The detailed theoretical overview is given in chapter 2. Here we introduce
some experiments utilizing these schemes in fusion plasmas.

In 1997, the first EBW heating experiment was demonstrated at the W7-
AS stellarator [8]. The experiments were performed with two 70 GHz gy-
rotrons with 110 kW power each. The central magnetic field was set between
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1.25 and 2.0 T and the edge rotational transform, taken from the magnetic
reconstruction, near 0.35 according to the experimental requirements. The
central density of the neutral beam injection (NBI) sustained target plasma
was up to 1.6 × 1020 m−3, which is more than twice the 70 GHz O-mode
cutoff density. Co- and counter-NBI, with 380 kW power each, were used to
compensate the momentum transfer to the plasma.

Efficient O-X-B heating with 70 GHz electron cyclotron waves was clearly
demonstrated for resonant and nonresonant fields. Both, the angular depen-
dence of the O-X conversion and the parametric instability which is typical
for X-B conversion, could be experimentally verified. In addition to the heat-
ing effect, clear evidence for both mode conversion steps was detected for the
first time. Density fluctuations at the cutoff layer play a significant role in
the O-X conversion process and need to be taken into account. The results
are shown in figure 1.1.
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EBW Verification

• Indirect Verification

• measurement of plasma energy, density, temperature, etc

• plenty of evidence from previous heating experiments

• Laqua et al., 1997, W7-AS (O-X-B)

• Maekawa et al., 2001, WT-3 (high field side launch)

• Shiraiwa et al., 2006, TST-2 (X-B)
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FIG. 4. Increase of the plasma energy content by O-X-B
heating versus the longitudinal vacuum refractive index Nz of
the incident O wave. The solid line is the calculated trans-
mission function multiplied by the maximum energy increase.

boundary conditions. This has an influence to the density
profile shape and the density fluctuation activity. In order
to investigate the influence of both to the O-X conversion
efficiency and to proof our statistic model, a scan of the
edge rotational transform i was done. The flexibility of
W7–AS allows one to investigate both extreme cases, i.e.,
target plasmas with k0L # 10 and with a relative density
fluctuation amplitude of more than 25% or peaked density
profiles sk0L ≠ 60dwith a relative fluctuation amplitude of
less than 2%. For both cases, high conversion efficiencies
s.70%d were experimentally measured, while for target
plasmas with k0L . 30 and high fluctuation amplitudes
s.20%d only low or no O-X-B heating could be achieved
as predicted by our statistic model (see Fig. 3).
(2) Variation of the launch angle.—The launch angle

of the incident O-mode polarized wave was varied at
fixed heating power (220 kW) at a nonresonant magnetic
field. The increase of the total stored plasma energy
(from the diamagnetic signal) depends strongly on the
launch angle (see Fig. 4), which is typical for the O-X
conversion process, and fits well to the calculation. Here
the power transmission function was normalized to the
maximum energy increase. The central density was
1.5 3 10

20 m23, which is more than twice the cutoff
density; the central electron temperature was 500 eV.
Heating at the plasma edge could be excluded since, at
the nonresonant magnetic field of 1.75 T, no electron
cyclotron resonance existed inside the plasma. Because
of the technical limitation of the maximum launch angle,
only the left part of the reduced transmission function
could be proved experimentally. Nonresonant heating
was clearly observed at magnetic fields up to 2.0 T. At
the maximum field the plasma energy content increased
by about 1.5 kJ compared to a similar discharge with
neutral beam injection only as shown in Fig. 5. Two
70 GHz beams in O-mode polarization (110 kW power
each) were launched with an angle of 40± with respect to

FIG. 5. Energy content (diamagnetic signal) of a NBI dis-
charge with and without nonresonant O-X-B heating.

the perpendicular launch into a NBI (760 kW) sustained
target plasma with a central density of 1.6 3 10

20 m23

and a central temperature of 560 eV. More than 70% of
the heating power was found in the plasma if the power
scaling of the energy confinement sP20.6d was taken into
account. Thus O-X-B heating turned out to be very
efficient.
(3) Density variation and parametric instability.—In

these experiments, it should be demonstrated that a density
threshold (O-cutoff) exists for the O-X-B heating process.
For this, the plasma was built up by one 70 GHz gyrotron

FIG. 6. Temporal development of some plasma parameter
during a O-X-B heated discharge. From the top: plasma energy
estimated from the diamagnetic signal, average density from
the interferometric measurement, heating power, intensity of
ECE and PI, and central soft X signal. The markers show the
O-X-B-heating interval.

3469Laqua et al., 1997, PRL

Figure 1.1: Temporal development of some plasma parameters during an
O-X-B heated discharge. From the top: plasma energy estimated from the
diamagnetic signal, average density from the interferometric measurement,
heating power, intensity from ECE and PI, and central soft X signal. The
markers show the O-X-B heating interval. Figure from [8].

Later O-X-B experiments were conducted in LHD [9], CHS [10], TCV
[11], WEGA [12], MAST [13], LATE [14], etc.

In 2007, the first demonstration of electron-Bernstein-wave heating by
double-mode conversion from the O to the X mode in an overdense H-mode
tokamak plasma was achieved in the Tokamak à Configuration Variable de-
vice [11]. The sensitive dependence of the O-X mode conversion on the mi-
crowave launching direction has been verified experimentally, and localized
power deposition consistent with theoretical predictions has been observed
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at densities well above the conventional cutoff.
High field side launch experiments were performed and shown effective

for both heating and current drive in WT-3 [15], COMPASS-D [16], LHD
[17] and MAST [18].

In 2001, extraordinary waves were perpendicularly injected for electron
Bernstein wave heating into an Ohmically heated plasma from the inboard
side in the WT-3 tokamak [15]. The toroidal field is Bt0 < 1.75 T at R = 65
cm. The ECH power is generated by a gyrotron (48 GHz, 150 kW maximum),
transmitted to a top port via corrugated wave guides, guided into the vacuum
vessel through a ceramic vacuum window, and injected perpendicularly to the
toroidal field in the form of a Gaussian beam by a couple of mirrors toward
a corrugated polarizer attached on the inboard vessel wall.

Measurements show that absorption does not take place at the electron
cyclotron resonance layer nor the upper hybrid resonance layer, but does hap-
pen midway between them. The poloidal field and poloidal inhomogeneity of
toroidal field lead the EBWs to have a large parallel refractive index, and the
EBWs are damped away via the Doppler-shifted cyclotron resonance. The
results are shown in figure 1.2.
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FIG. 5. Radial profiles of (a) B wave power deposition from
multiray calculation and (b) decremental ECE radiation tem-
perature. Calculation parameters are n0 ! 2.16 3 1013 cm23,
T0 ! 480 eV, Ip ! 60 kA, and nn ! 2.

the present short pulse and take the observed decay time
td as the energy confinement time, the corrected power,
which should be balanced with the absorbed power, is
estimated to be 85 kW for the present injection power
of PEC ! 100 kW. These results suggested that the in-
jected X waves are efficiently mode converted to the B
waves, which are absorbed by Doppler-shifted cyclotron
resonance via Nk upshift. The peripheral electron tempera-
ture may be higher than the radiation temperature, since the
optical depth is low at periphery. If we employ the Spitzer
resistivity for the radiation temperature profile just before
ECH in Fig. 4(c), the central safety factor is estimated to
be q0 ! 0.7, but no sawteeth appear in these high edge
qa "! 7# discharges. Sawteeth appear for the discharges
in the range of qa , 5.5. Therefore, in the ray calculations
we use the current profile indices in the range of nJ !
3 6, which gives q0 ! 1 1.75. The change of radia-
tion temperature DTR due to the change of local tempera-
ture DTe is given by DTR ! DTe$1 1 "t 2 1# exp"2t#%,
where t is the optical depth and proportional to the local
Te. This formula gives DTR&DTe ! 0.7 ' 1.15 for the
peak region in Fig. 5(b), where t . 0.5. Therefore, the
estimated absorption power for the temperature change is
approximately correct.

The change of Nk of B waves near the UHR layer is ap-
proximately analyzed as follows. The refractive index per-

pendicular to the toroidal direction, "N , increases quickly
during the mode conversion process and the B wave rays
leave the UHR layer perpendicularly as shown in Fig. 3(a).
The vector "N is also perpendicular to the layer but its di-
rection is opposite to the ray direction. Therefore, the
poloidal component Np near the UHR layer is given by
Np&N ! ŝ ? û ! sinu"2b≠b&≠R#&j=Sj. Here, ŝ is the
unit vector perpendicular to the UHR layer and û the
unit vector parallel to the poloidal field, u is the poloidal
angle measured from the midplane, S ! 1 2 a 2 b2,
a ! v2

pe&v2, and b ! Ve&v. At the UHR layer, S !
0. Thus, Nk ! NpBp&Bt stems from the gradient of the
toroidal field Bt ~ R21 along the poloidal direction and
increases as sinu increases. An estimation of Nk of B
waves near the UHR layer is obtained by substituting
the dispersion relation of B waves in the warm plasma
approximation, N2 ! " 2

3 # "c&yt#2S"1 2 4b2#&a, into the
above relations. Especially, there would be no Nk upshift,
if B wave rays were on the midplane. Thermal emis-
sion of B waves from the ECR layer was reported in this
configuration [9].

In summary, we have shown that B waves are efficiently
mode converted from X waves and absorbed midway be-
tween the UHR and ECR layers, consistently with the ray
tracing prediction, i.e., the poloidal field and the poloidal
inhomogeneity of toroidal field lead B waves having a large
parallel refractive index Nk and B waves are damped away
by Doppler-shifted cyclotron resonance.
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Figure 1.2: Radial profiles of (a) EBW power deposition from multi-ray
calculation and (b) decremental ECE radiation temperature. Calculation
parameters are n0 = 2.16× 1013 cm−3, T0 = 480 eV, Ip = 60 kA, and νn = 2.
Figure from [15].

In 2002, electron Bernstein waves were excited in the plasma by mode con-
verted extraordinary waves launched from the high field side of the COMPASS-
D tokamak at different toroidal angles [16]. It has been found experimentally
that X-mode injection perpendicular to the magnetic field provides maximum
heating efficiency. Noninductive currents of up to 100 kA were found to be
driven by the EBW mode with countercurrent drive.

Direct X-B heating experiments had been performed at TST-2 [19] and
MST [20].

In 2006, an EBW was excited by mode conversion of an X-mode cyclotron
wave injected from the low magnetic field side of the TST-2 spherical tokamak
[19]. Toroidal magnetic field at major radius (R = 0.38 m) Bt = 0.3 T, and
plasma current Ip = 0.14 MA. Microwave power (200 kW at 8.2 GHz) was
injected through eight horn antennas located on the low-field side of the
torus.

Evidence of electron heating was observed as increases in the stored en-
ergy and soft x-ray emission. The increased emission was concentrated in the
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plasma core region. A heating efficiency of over 50% was achieved, when the
density gradient in the mode conversion region was sufficiently steep. The
results are shown in figure 1.3.

from Ohmic heating is 300 kW on average from 30 to
35 ms, the increase of WK corresponds to 45–60 kW of
additional heating, assuming no degradation of energy
confinement with power. The absorbed power can also be
estimated from a break-in-slope analysis, which indicates
that the heating power increased by 35–45 kW at rf turn-
on. In addition, WK saturated after about 1 ms after rf turn-
on. This time scale is similar to the energy confinement
time. An increase of the line-averaged density was also ob-
served, suggesting an increased particle source. However,
the time scale of the density increase is much longer than
that of WK and cannot be considered as the main cause of
WK increase. These results consistently indicate that the rf
power heated the plasma with over 50% efficiency.

The electron densities measured by Langmuir probes are
shown in Fig. 3(d). Probe (1), which is closest to the
plasma, is not completely shadowed by the local limiter,
while probes (2) and (3) are completely shadowed by the
local limiter. An electron temperature of 30 eV was ob-
tained in a similar discharge by sweeping the voltage
applied to probe (1) and this temperature was used to
calculate the electron density from the ion saturation cur-
rent (Is). The density scale length Ln inside the local limiter
is shown in Fig. 3(e). The measured Ln was about 6 mm.
Noting that the scale length naturally created outside the
local limiter was about 30 mm, the local limiter indeed
shortened Ln and 70%–80% MC is expected from Fig. 2.
Assuming the same Te for all three probes introduces an
uncertainty in the estimation of Ln. However, even if the
temperature scale length (LTe

) were assumed to be equal to
Ln, Ln would be only 1.5 times larger than LIs and 30%–
40% MC is still expected. The observed increase of WK is
consistent with Ln between these two cases.

An indication of high energy electron generation was
also observed. In the discharge shown in Fig. 4, rf power
was injected into a target plasma with approximately 30%
lower line-averaged density ( !ne ! 0:7" 1019 m#3). A
more complete set of diagnostics was operating. Shown
in the figure are nel, H! emission, radiated power Prad
(measured by an absolute extreme ultraviolet detector),
and soft x-ray (SX, 1–10 keV) emission measured by a
surface barrier diode with a beryllium filter and the plasma
stored energy WK, all of which increased at rf turn-on. The
increase of SX emission indicates that high energy elec-
trons are generated by EBW injection at the beginning of rf
injection. However, a direct electron temperature measure-
ment was not available (a previous measurement of Te
using x-ray pulse height analysis in plasmas with 100 kA
plasma current was 400 eV). During the rf pulse, SX turned
over, while Prad continued to increase, suggesting that the
loss of heating may be caused by increased radiation. A
step-function–like response observed in H! emission
(0.6 ms rise time) indicates that some power is deposited
directly in the plasma edge. The timing of the stored energy
turnover was approximately the same as the SX signal
turnover, indicating that heating is effective while high
energy electrons are generated.

Figure 5 shows the evolution of the SX emission profile
for the #302787 discharge shown in Fig. 4. The emission
was measured by a 20-channel positive-intrinsic-negative
(PIN) diode array, viewing the plasma from the low-field
side. A clear increase of the emission from the core region
after rf turn-on can be seen in Fig. 5. The movement of the
intensity peak towards lower channels after 37 ms is con-
sistent with the motion of the magnetic axis calculated by
equilibrium reconstruction. Figure 5(b) shows the evolu-
tion of the peak intensity of the SX profile. Two other PIN
diode arrays of the same type, viewing the plasma from the
top and the bottom of the torus, respectively, also showed
significant increases of the signal only in the channels
viewing the plasma core region. Hence, the emission in-
crease is localized in the plasma core region (r=a $ 0:4)
where an EBW is expected to be absorbed via the cyclotron
damping.

The heating efficiency was lower in the discharge shown
in Fig. 4 (WK increased from 150 to 170 J, by 13%). This
can be explained by considering the effect of the shallow
density gradient region outside the local limiter. Figure 6
shows the MC efficiency calculated using a model density
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FIG. 4. Time evolutions of discharges with 90 kW net rf
injection (#302787 in black) and without rf power (#302788 in
gray). (a) Plasma current and rf leakage power, (b) forward,
reflected, and net rf powers, (c) SX (1–10 keV) emission,
(d) line-integrated density at R % 0:38 m (l ’ 0:55 m), (e) H!,
(f) Prad (broadband radiation over the range 0.01–7 keV), and
(g) plasma stored energy.
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Figure 1.3: Time evolutions of discharges with 90 kW net rf injection (302787
in black) and without rf power (302788 in grey). (a) Plasma current and rf
leakage power, (b) forward, reflected, and net rf powers, (c) SX (1–10 keV)
emission, (d) line-integrated density at R = 0.38 m (l u 0.55 m), (e) H-α (f)
Prad (broadband radiation over the range 0.01-7 keV), and (g) plasma stored
energy. Figure from [19].

In 2017, the first observation of rf heating in the reversed field pinch
(RFP) using the electron Bernstein wave was demonstrated on the Madison

9



Symmetric Torus, for fundamental and higher harmonics (n = 17) utilizing
X-B mode conversion in the near field of a waveguide antenna [20]. Propa-
gation across and heating in regions of magnetic stochasticity were demon-
strated.

Previous evidence of successful EBW generation mainly came from in-
direct measurements, such as measurements of plasma energy, density, tem-
perature, soft/hard X-ray, electron Bernstein emission (EBE), H-α, stray
microwave radiation, etc. Direct measurement of the wave field was consid-
ered to be difficult due to its short wavelength, and was only performed in a
few experiments.

In 1981, Sugai observed conversion into short-wavelength Bernstein waves
near the UHR in a linear machine with a short wire antenna [21]. The plasma
characteristics were κTe u 1.5 eV, κTi u 0.2 eV, density n = 109−1012 cm−3,
diameter d u 70 cm, lengthu 3 m, and uniform axial magnetic field B0 < 500
G. Microwaves of frequencies 0.75-3.0 GHz were launched radially from open-
waveguide antennas located outside the plasma column. Spatial profiles of
microwave field in the plasma were detected with a short (3 mm) coax-fed
wire antenna movable radially. The detected signal was amplified and applied
to an interferometer circuit whose output is proportional to the wave power
p(r) cos(k⊥r). The results are shown in figure 1.4.

10



EBW Verification

and phases of the wave fields in the mode conversion
region. When an O mode is converted into an X wave,
the waves radial E-field amplitude rises close to the UHR
layer and its phase jumps along the radial coordinate R. We
measured the electric field of the waves with a small
electrostatic probe [12] and their magnetic field with two
magnetic loop probes oriented perpendicular and parallel
to the toroidal magnetic field. The electrostatic probe is
designed to be sensitive to short wavelength of longitudinal
waves, expected in the SX mode near the UHR layer [13].
The phase of the E field is measured with a heterodyne
system that mixes the rf wave frequency down from

2.45 GHz to 128 MHz. The ne profile and thus the position
of the UHR is simultaneously measured with a set of
Langmuir probes near the heating antenna at the position
of the HF probe.

Figures 3(a) and 3(b) show good agreement between the
measured and calculated (FDTD) phases and amplitudes of
theEy component (X wave). The Ey amplitude peaking and
phase jump of !180" near the UHR confirm the existence
of the UHR layer in the WEGA plasma and could be
reproduced by the FDTD calculations. Figures 3(c) and
3(d) show the HF magnetic field components (Bx and Bz)
of the wave measured by the loop probes in comparison
with the FDTD results. Bx and Bz correspond to the O mode
and the X mode, respectively. The results of the HF B-field
measurements also agree well with the full-wave calcula-
tions. Bx decreases near the cutoff layer and Bz increases
between the cutoff and UHR layers indicating the O to SX
mode conversion near the cutoff region. Bz also increases
between the UHR layer and the chamber wall [Fig. 4(d)]
indicating the presence of parasitic X-mode component in
the source emission.

The presence of the Bernstein wave—the final step of
the conversion—is shown in heating power modulation
experiments. The power is modulated at 12 kHz on a time
scale faster than the typical !1 ms confinement time in
WEGA. The perturbation amplitude represents the power
deposition, while the slope in the phase shows the direction
of energy propagation away from the power deposition
region. Both are measured with Langmuir probes, which
are positioned in the equatorial plane of the WEGA 144"
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FIG. 3 (color online). Radial profiles of measured and full-
wave calculations of Ey amplitude (a), Ey phase (b), Bx (c), and
Bz (d) wave components. Calculated (full wave) and measured
values are compared. Also the density profile is shown and the
locations of the cutoff and the UHR are given.

FIG. 4 (color online). Plasma parameters measured by
Langmuir probes during power modulation experiments:
(a) relative electron density profile, (b) relative thermal electron
temperature profile, (c) relative phase, and (d) amplitude of the
perturbation of the fast electron population for a range of
magnetic fields, where Bres # 87 mT corresponds to the electron
cyclotron resonant field at 2.45 GHz. The positions of the last
closed flux surface (LCFS), the O-mode cutoff layer, and UHR
layer are indicated with vertical lines. Heating power is 3 kW.

TABLE I. Calculated O to SX mode conversion efficiency for
WKB- and full-wave approximations along with measured elec-
tron densities (ne normalized to the cutoff density) and tempera-
tures (Te) for the open waveguide and the optimized double-slot
antennas. The efficiency calculations use the antenna patterns
computed with the HFSS code shown in Figs. 2(b) and 2(c).

Open waveguide Double slot

!O-SX [10] 6.7% 20%
!O-SX full wave 5.2% 25%
n=ne cutoff 1.5 (hollow profile) 12 (peaked profile)
Te (eV) <6 <20
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angles. If the injection angle slightly differs from θ  = °71.1 , 
the short-wavelength mode becomes quite weak, and seems to 
be disappearing. This experimental results might suggest that 
the window of the injection angle for the O-X-B conversion is 
quite narrow, and the optimum injection angle for the experi-
mental condition in !gure 11 might be around θ = °71.1 .

In the O-X-B conversion, the optimal injection angle is 
theoretically determined with density pro!les and magnetic 
!eld. The theoretical O-X conversion ef!ciency T in the 2D 
geometry was calculated by Møjlhus [15] as follows;
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where Ω      ∥k L N, , ,n e0  and ∥N opt denote the wavenumber in 
the vacuum, the density scale length, electron cyclotron fre-
quency, the parallel refractive index and the optimum value 
of the parallel refractive index, respectively. In addition, 
the optimum injection angle of the O wave to the plasma is 
approximately given as θ Ω ω Ω= +−cos / .e eopt

1

Since the density scale length Ln strongly affects on the 
O-X conversion ef!ciency, as shown in equation  (1), the 
optimum injection angle has been examined for various 
plasmas with different density scale lengths. The optimum 
injection angle for the O-X conversion has been examined 
experimentally for four cases with different electron density 

pro!les, shown in !gure 12. The scale length of the density 
gradient and the magnetic !eld strength at the P-cutoff give 
us the conversion ef!ciency and the optimal injection angle 
by using equation (1). Figure 13 shows the optimum injection  
angles experimentally observed as a function of the theoreti-
cally evaluated ones. Error bars are evaluated as extent of the 
spread of the injected microwaves. We might say that the 
tendency between experimental results and theoretical ones 
would be qualitatively in agreement, although the quantitative 
coincidence would be poor because of paucity of available 
data and large error bars. Since dependence on the oblique 
injection angle is an important property of O-X conversion, 
experimental results shown in !gure  13 might suggest that 
injected microwaves would be converted into SX mode that 
have the blanch connecting to the EBW mode.

3.3. SX-B conversion

In SX-B conversion, it is necessary to restrict the density 
pro!le so that the L-cutoff layer does not appear between 
excitation antenna and the UHR layer, as shown in !gure 1. 
In addition, the frequency of the incident X waves has to be 

Figure 9. Phase pro!les for different frequencies of the diagnostic 
microwave, corresponding to plasmas in !gure 8. The reversals of 
the phase appear at the position of the UHR. Figure 10. (a) An electron density pro!le, (b) electromagnetic Bz 

and (c) electrostatic Ex components, and (d) the refractive index 
for O-X-B conversion experiment. The diagnostic microwave with 
the frequency of 1.0 GHz is injected from the upper region of the 
vacuum vessel with the inejction angle of θ = °71.1 . The P-cutoff 
for the O-mode is located around RP = 320 mm.
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FIG. 2. Interferometer traces for the microwave

incident (a) from outside the plasma at &/'&, = 1.95, and
(5) from within the plasma at &1~, = 1.97, together
with (c) gentle and (d) steep radial profiles of the plasma
density.

gyroharmonic (&u/&u, &2). Figure 2 shows the
conversion from the fast X mode to the Bern-
stein mode, which is observable in such a steep
density profile as shown in Fig. 2(d). The fast
X mode is launched from x= —38 cm, is re-
flected at the cutoff layer (r =- 21 cm), and
forms the standing wave which gives rise to
visible distortion in the interferometer pattern.
The apparent damping of the X mode is attri-
buted to the geometrical divergence of waves
from the launcher. Beyond the upper-hybrid
layer (r =- 20 cm), the short-wavelength (-5
mm) Bernstein mode is observed with the long-
wavelength component of the transmitted slow
X mode. Figure 2(b) shows the conversion from
a slow X mode to a Bernstein mode in the gentle
density profile shown in Fig. 2(c). In this case,
the X mode is incident from within the plasma,
from a shielded magnetic loop a.ntenna (1.5 cm
in diameter) at r =2 cm. At the hybrid layer
(r= —24 cm), the X mode converts into the Bern-
stein mode which propagates back to the higher
density side.
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To identify the excited wave of short wave-
length, I measured the perpendicular wave num-
ber k~ by interferometry and in Fig. 3(a) typical
radial interferometer patterns are shown for the
fast X mode incident from outside the plasma.
The wave exhibits a cutoff (A.~-~) for &u =2&v„
and A. ~ decreases with ~/cu, . The wavelength
at constant ~/&u, decreases with increasing ar
(increa. sing the density). In Fig. 3(b), I have
plotted the wave dispersion measured at a fixed
radial position and find excellent agreement with
the theoretical curve for ~T, =1.5 eV (consistent
with the Langmuir probe measurement). Theo-
retical curves are demonstrated for parallel
wave number k ~~(= 271/A„) =0, since . the finite
k „(&I cm ') does not modify appreciably the
dispersion for k~ &5 cm '. Electron-neutral and
electron-ion collisions are so rare (v/&u-10 ')
that the wave damping is governed by cyclotron
da, mping. In Fig. 3(a), the damping rate is found
to become large as co/cu, -2. Agreement with
the theoretical damping rate is obtained for
A

~~

-10 cm, which is comparable to the parallel
dimension of the launcher. From these mea-
surements I conclude that the excited wave is
indeed the Bernstein mode.
The conversion efficiency P from the fast X

mode to the Bernstein mode can be estimated by

FIG. 3. (a) Interferometer traces for several values
of cu/~ . Arrows indicate the hydrid-resonance points.
&u, /2x = 411 IVIHz. (b) Experimental points and theoreti-
cal curves of Bernstein-wave dipersion relafion. cu /
2&= 347 MHz. (c) Efficiency p of mode conversion into
a Bernstein mode of an extraordinary wave incident
from outside the plasma.

1900

Sugai, 1981, linear machine

absorption of EBW cannot be 

verified

Podoba, et al. 2007, WEGA

direct measurement of O-X 

conversion

Uchijima, et al. 2015, Mini-RT

measured EBW wavelength 

is 10 times larger than theory

There is no direct observation of two-dimensional wave pattern in torus configuration! 
two-dimensional measurement in LATE → mode conversion and EBW verification

Figure 1.4: Interferometer traces for the microwave incident (a) from outside
the plasma at ω/ωc = 1.95, and (b) from within the plasma at ω/ωc = 1.97,
together with (c) gentle and (d) steep radial profiles of the plasma density.
Figure from [21].

In 2007, Podoba et al. demonstrated conversion from an O-wave to an X-
wave by probe measurements of amplitude and phase of the wave field in the
WEGA stellarator [12]. The plasma was generated by up to 26 kW of 2.45
GHz electron-cyclotron-resonance heating (ECRH) power in a steady state
discharge typically for 30 s in hydrogen, helium, and argon. The electric field
of the waves was measured with a small electrostatic probe and the magnetic
field of the waves was measured with two magnetic loop probes oriented
perpendicular and parallel to the toroidal magnetic field. The results are
shown in figure 1.5.
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EBW Verification

and phases of the wave fields in the mode conversion
region. When an O mode is converted into an X wave,
the waves radial E-field amplitude rises close to the UHR
layer and its phase jumps along the radial coordinate R. We
measured the electric field of the waves with a small
electrostatic probe [12] and their magnetic field with two
magnetic loop probes oriented perpendicular and parallel
to the toroidal magnetic field. The electrostatic probe is
designed to be sensitive to short wavelength of longitudinal
waves, expected in the SX mode near the UHR layer [13].
The phase of the E field is measured with a heterodyne
system that mixes the rf wave frequency down from

2.45 GHz to 128 MHz. The ne profile and thus the position
of the UHR is simultaneously measured with a set of
Langmuir probes near the heating antenna at the position
of the HF probe.

Figures 3(a) and 3(b) show good agreement between the
measured and calculated (FDTD) phases and amplitudes of
theEy component (X wave). The Ey amplitude peaking and
phase jump of !180" near the UHR confirm the existence
of the UHR layer in the WEGA plasma and could be
reproduced by the FDTD calculations. Figures 3(c) and
3(d) show the HF magnetic field components (Bx and Bz)
of the wave measured by the loop probes in comparison
with the FDTD results. Bx and Bz correspond to the O mode
and the X mode, respectively. The results of the HF B-field
measurements also agree well with the full-wave calcula-
tions. Bx decreases near the cutoff layer and Bz increases
between the cutoff and UHR layers indicating the O to SX
mode conversion near the cutoff region. Bz also increases
between the UHR layer and the chamber wall [Fig. 4(d)]
indicating the presence of parasitic X-mode component in
the source emission.

The presence of the Bernstein wave—the final step of
the conversion—is shown in heating power modulation
experiments. The power is modulated at 12 kHz on a time
scale faster than the typical !1 ms confinement time in
WEGA. The perturbation amplitude represents the power
deposition, while the slope in the phase shows the direction
of energy propagation away from the power deposition
region. Both are measured with Langmuir probes, which
are positioned in the equatorial plane of the WEGA 144"

. . . . . .
.
.
.
.

.

.

.

.

.

.

.

.

.

.

.

..

.

.

.

.

.

.

.

.

.

.

.

.

.

FIG. 3 (color online). Radial profiles of measured and full-
wave calculations of Ey amplitude (a), Ey phase (b), Bx (c), and
Bz (d) wave components. Calculated (full wave) and measured
values are compared. Also the density profile is shown and the
locations of the cutoff and the UHR are given.

FIG. 4 (color online). Plasma parameters measured by
Langmuir probes during power modulation experiments:
(a) relative electron density profile, (b) relative thermal electron
temperature profile, (c) relative phase, and (d) amplitude of the
perturbation of the fast electron population for a range of
magnetic fields, where Bres # 87 mT corresponds to the electron
cyclotron resonant field at 2.45 GHz. The positions of the last
closed flux surface (LCFS), the O-mode cutoff layer, and UHR
layer are indicated with vertical lines. Heating power is 3 kW.

TABLE I. Calculated O to SX mode conversion efficiency for
WKB- and full-wave approximations along with measured elec-
tron densities (ne normalized to the cutoff density) and tempera-
tures (Te) for the open waveguide and the optimized double-slot
antennas. The efficiency calculations use the antenna patterns
computed with the HFSS code shown in Figs. 2(b) and 2(c).

Open waveguide Double slot

!O-SX [10] 6.7% 20%
!O-SX full wave 5.2% 25%
n=ne cutoff 1.5 (hollow profile) 12 (peaked profile)
Te (eV) <6 <20
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angles. If the injection angle slightly differs from θ  = °71.1 , 
the short-wavelength mode becomes quite weak, and seems to 
be disappearing. This experimental results might suggest that 
the window of the injection angle for the O-X-B conversion is 
quite narrow, and the optimum injection angle for the experi-
mental condition in !gure 11 might be around θ = °71.1 .

In the O-X-B conversion, the optimal injection angle is 
theoretically determined with density pro!les and magnetic 
!eld. The theoretical O-X conversion ef!ciency T in the 2D 
geometry was calculated by Møjlhus [15] as follows;
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where Ω      ∥k L N, , ,n e0  and ∥N opt denote the wavenumber in 
the vacuum, the density scale length, electron cyclotron fre-
quency, the parallel refractive index and the optimum value 
of the parallel refractive index, respectively. In addition, 
the optimum injection angle of the O wave to the plasma is 
approximately given as θ Ω ω Ω= +−cos / .e eopt

1

Since the density scale length Ln strongly affects on the 
O-X conversion ef!ciency, as shown in equation  (1), the 
optimum injection angle has been examined for various 
plasmas with different density scale lengths. The optimum 
injection angle for the O-X conversion has been examined 
experimentally for four cases with different electron density 

pro!les, shown in !gure 12. The scale length of the density 
gradient and the magnetic !eld strength at the P-cutoff give 
us the conversion ef!ciency and the optimal injection angle 
by using equation (1). Figure 13 shows the optimum injection  
angles experimentally observed as a function of the theoreti-
cally evaluated ones. Error bars are evaluated as extent of the 
spread of the injected microwaves. We might say that the 
tendency between experimental results and theoretical ones 
would be qualitatively in agreement, although the quantitative 
coincidence would be poor because of paucity of available 
data and large error bars. Since dependence on the oblique 
injection angle is an important property of O-X conversion, 
experimental results shown in !gure  13 might suggest that 
injected microwaves would be converted into SX mode that 
have the blanch connecting to the EBW mode.

3.3. SX-B conversion

In SX-B conversion, it is necessary to restrict the density 
pro!le so that the L-cutoff layer does not appear between 
excitation antenna and the UHR layer, as shown in !gure 1. 
In addition, the frequency of the incident X waves has to be 

Figure 9. Phase pro!les for different frequencies of the diagnostic 
microwave, corresponding to plasmas in !gure 8. The reversals of 
the phase appear at the position of the UHR. Figure 10. (a) An electron density pro!le, (b) electromagnetic Bz 

and (c) electrostatic Ex components, and (d) the refractive index 
for O-X-B conversion experiment. The diagnostic microwave with 
the frequency of 1.0 GHz is injected from the upper region of the 
vacuum vessel with the inejction angle of θ = °71.1 . The P-cutoff 
for the O-mode is located around RP = 320 mm.
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FIG. 2. Interferometer traces for the microwave

incident (a) from outside the plasma at &/'&, = 1.95, and
(5) from within the plasma at &1~, = 1.97, together
with (c) gentle and (d) steep radial profiles of the plasma
density.

gyroharmonic (&u/&u, &2). Figure 2 shows the
conversion from the fast X mode to the Bern-
stein mode, which is observable in such a steep
density profile as shown in Fig. 2(d). The fast
X mode is launched from x= —38 cm, is re-
flected at the cutoff layer (r =- 21 cm), and
forms the standing wave which gives rise to
visible distortion in the interferometer pattern.
The apparent damping of the X mode is attri-
buted to the geometrical divergence of waves
from the launcher. Beyond the upper-hybrid
layer (r =- 20 cm), the short-wavelength (-5
mm) Bernstein mode is observed with the long-
wavelength component of the transmitted slow
X mode. Figure 2(b) shows the conversion from
a slow X mode to a Bernstein mode in the gentle
density profile shown in Fig. 2(c). In this case,
the X mode is incident from within the plasma,
from a shielded magnetic loop a.ntenna (1.5 cm
in diameter) at r =2 cm. At the hybrid layer
(r= —24 cm), the X mode converts into the Bern-
stein mode which propagates back to the higher
density side.
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To identify the excited wave of short wave-
length, I measured the perpendicular wave num-
ber k~ by interferometry and in Fig. 3(a) typical
radial interferometer patterns are shown for the
fast X mode incident from outside the plasma.
The wave exhibits a cutoff (A.~-~) for &u =2&v„
and A. ~ decreases with ~/cu, . The wavelength
at constant ~/&u, decreases with increasing ar
(increa. sing the density). In Fig. 3(b), I have
plotted the wave dispersion measured at a fixed
radial position and find excellent agreement with
the theoretical curve for ~T, =1.5 eV (consistent
with the Langmuir probe measurement). Theo-
retical curves are demonstrated for parallel
wave number k ~~(= 271/A„) =0, since . the finite
k „(&I cm ') does not modify appreciably the
dispersion for k~ &5 cm '. Electron-neutral and
electron-ion collisions are so rare (v/&u-10 ')
that the wave damping is governed by cyclotron
da, mping. In Fig. 3(a), the damping rate is found
to become large as co/cu, -2. Agreement with
the theoretical damping rate is obtained for
A

~~

-10 cm, which is comparable to the parallel
dimension of the launcher. From these mea-
surements I conclude that the excited wave is
indeed the Bernstein mode.
The conversion efficiency P from the fast X

mode to the Bernstein mode can be estimated by

FIG. 3. (a) Interferometer traces for several values
of cu/~ . Arrows indicate the hydrid-resonance points.
&u, /2x = 411 IVIHz. (b) Experimental points and theoreti-
cal curves of Bernstein-wave dipersion relafion. cu /
2&= 347 MHz. (c) Efficiency p of mode conversion into
a Bernstein mode of an extraordinary wave incident
from outside the plasma.
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Figure 1.5: Radial profiles of measured and full-wave calculations of Ey am-
plitude (a), Ey phase (b), Bx (c), and Bz (d) wave components. Calculated
(full wave) and measured values are compared. Also the density profile is
shown and the locations of the cutoff and the UHR are given. Figure from
[12].

In 2015, Uchijima et al. conducted direct measurement experiments on
the mode conversion to EBW in the Mini-RT by three mode-conversion sce-
narios. Plasmas were produced and heated by ECH with continuous mi-
crowaves at the frequency of 2.45 GHz with a power of 1.0-2.5 kW. Electric
and magnetic field profiles were measured by inserting small antennas into
plasma. Although observed signals have most characteristics of the EBWs,
their wavelengths are about one-order larger than theoretical one [22]. The
results are shown in figure 1.6.
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EBW Verification

and phases of the wave fields in the mode conversion
region. When an O mode is converted into an X wave,
the waves radial E-field amplitude rises close to the UHR
layer and its phase jumps along the radial coordinate R. We
measured the electric field of the waves with a small
electrostatic probe [12] and their magnetic field with two
magnetic loop probes oriented perpendicular and parallel
to the toroidal magnetic field. The electrostatic probe is
designed to be sensitive to short wavelength of longitudinal
waves, expected in the SX mode near the UHR layer [13].
The phase of the E field is measured with a heterodyne
system that mixes the rf wave frequency down from

2.45 GHz to 128 MHz. The ne profile and thus the position
of the UHR is simultaneously measured with a set of
Langmuir probes near the heating antenna at the position
of the HF probe.

Figures 3(a) and 3(b) show good agreement between the
measured and calculated (FDTD) phases and amplitudes of
theEy component (X wave). The Ey amplitude peaking and
phase jump of !180" near the UHR confirm the existence
of the UHR layer in the WEGA plasma and could be
reproduced by the FDTD calculations. Figures 3(c) and
3(d) show the HF magnetic field components (Bx and Bz)
of the wave measured by the loop probes in comparison
with the FDTD results. Bx and Bz correspond to the O mode
and the X mode, respectively. The results of the HF B-field
measurements also agree well with the full-wave calcula-
tions. Bx decreases near the cutoff layer and Bz increases
between the cutoff and UHR layers indicating the O to SX
mode conversion near the cutoff region. Bz also increases
between the UHR layer and the chamber wall [Fig. 4(d)]
indicating the presence of parasitic X-mode component in
the source emission.

The presence of the Bernstein wave—the final step of
the conversion—is shown in heating power modulation
experiments. The power is modulated at 12 kHz on a time
scale faster than the typical !1 ms confinement time in
WEGA. The perturbation amplitude represents the power
deposition, while the slope in the phase shows the direction
of energy propagation away from the power deposition
region. Both are measured with Langmuir probes, which
are positioned in the equatorial plane of the WEGA 144"
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FIG. 3 (color online). Radial profiles of measured and full-
wave calculations of Ey amplitude (a), Ey phase (b), Bx (c), and
Bz (d) wave components. Calculated (full wave) and measured
values are compared. Also the density profile is shown and the
locations of the cutoff and the UHR are given.

FIG. 4 (color online). Plasma parameters measured by
Langmuir probes during power modulation experiments:
(a) relative electron density profile, (b) relative thermal electron
temperature profile, (c) relative phase, and (d) amplitude of the
perturbation of the fast electron population for a range of
magnetic fields, where Bres # 87 mT corresponds to the electron
cyclotron resonant field at 2.45 GHz. The positions of the last
closed flux surface (LCFS), the O-mode cutoff layer, and UHR
layer are indicated with vertical lines. Heating power is 3 kW.

TABLE I. Calculated O to SX mode conversion efficiency for
WKB- and full-wave approximations along with measured elec-
tron densities (ne normalized to the cutoff density) and tempera-
tures (Te) for the open waveguide and the optimized double-slot
antennas. The efficiency calculations use the antenna patterns
computed with the HFSS code shown in Figs. 2(b) and 2(c).

Open waveguide Double slot

!O-SX [10] 6.7% 20%
!O-SX full wave 5.2% 25%
n=ne cutoff 1.5 (hollow profile) 12 (peaked profile)
Te (eV) <6 <20
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angles. If the injection angle slightly differs from θ  = °71.1 , 
the short-wavelength mode becomes quite weak, and seems to 
be disappearing. This experimental results might suggest that 
the window of the injection angle for the O-X-B conversion is 
quite narrow, and the optimum injection angle for the experi-
mental condition in !gure 11 might be around θ = °71.1 .

In the O-X-B conversion, the optimal injection angle is 
theoretically determined with density pro!les and magnetic 
!eld. The theoretical O-X conversion ef!ciency T in the 2D 
geometry was calculated by Møjlhus [15] as follows;

⎜ ⎟ ⎜ ⎟
⎧⎨⎩

⎛
⎝

⎞
⎠

⎡
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⎛
⎝

⎞
⎠

⎤
⎦⎥

⎫⎬⎭π Ω
ω

Ω
ω

= − + −∥ ∥T k L N Nexp
2

2 1 ( ) ,n
e e

0

1/2
2

opt
2 2 (1)

where Ω      ∥k L N, , ,n e0  and ∥N opt denote the wavenumber in 
the vacuum, the density scale length, electron cyclotron fre-
quency, the parallel refractive index and the optimum value 
of the parallel refractive index, respectively. In addition, 
the optimum injection angle of the O wave to the plasma is 
approximately given as θ Ω ω Ω= +−cos / .e eopt

1

Since the density scale length Ln strongly affects on the 
O-X conversion ef!ciency, as shown in equation  (1), the 
optimum injection angle has been examined for various 
plasmas with different density scale lengths. The optimum 
injection angle for the O-X conversion has been examined 
experimentally for four cases with different electron density 

pro!les, shown in !gure 12. The scale length of the density 
gradient and the magnetic !eld strength at the P-cutoff give 
us the conversion ef!ciency and the optimal injection angle 
by using equation (1). Figure 13 shows the optimum injection  
angles experimentally observed as a function of the theoreti-
cally evaluated ones. Error bars are evaluated as extent of the 
spread of the injected microwaves. We might say that the 
tendency between experimental results and theoretical ones 
would be qualitatively in agreement, although the quantitative 
coincidence would be poor because of paucity of available 
data and large error bars. Since dependence on the oblique 
injection angle is an important property of O-X conversion, 
experimental results shown in !gure  13 might suggest that 
injected microwaves would be converted into SX mode that 
have the blanch connecting to the EBW mode.

3.3. SX-B conversion

In SX-B conversion, it is necessary to restrict the density 
pro!le so that the L-cutoff layer does not appear between 
excitation antenna and the UHR layer, as shown in !gure 1. 
In addition, the frequency of the incident X waves has to be 

Figure 9. Phase pro!les for different frequencies of the diagnostic 
microwave, corresponding to plasmas in !gure 8. The reversals of 
the phase appear at the position of the UHR. Figure 10. (a) An electron density pro!le, (b) electromagnetic Bz 

and (c) electrostatic Ex components, and (d) the refractive index 
for O-X-B conversion experiment. The diagnostic microwave with 
the frequency of 1.0 GHz is injected from the upper region of the 
vacuum vessel with the inejction angle of θ = °71.1 . The P-cutoff 
for the O-mode is located around RP = 320 mm.
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FIG. 2. Interferometer traces for the microwave

incident (a) from outside the plasma at &/'&, = 1.95, and
(5) from within the plasma at &1~, = 1.97, together
with (c) gentle and (d) steep radial profiles of the plasma
density.

gyroharmonic (&u/&u, &2). Figure 2 shows the
conversion from the fast X mode to the Bern-
stein mode, which is observable in such a steep
density profile as shown in Fig. 2(d). The fast
X mode is launched from x= —38 cm, is re-
flected at the cutoff layer (r =- 21 cm), and
forms the standing wave which gives rise to
visible distortion in the interferometer pattern.
The apparent damping of the X mode is attri-
buted to the geometrical divergence of waves
from the launcher. Beyond the upper-hybrid
layer (r =- 20 cm), the short-wavelength (-5
mm) Bernstein mode is observed with the long-
wavelength component of the transmitted slow
X mode. Figure 2(b) shows the conversion from
a slow X mode to a Bernstein mode in the gentle
density profile shown in Fig. 2(c). In this case,
the X mode is incident from within the plasma,
from a shielded magnetic loop a.ntenna (1.5 cm
in diameter) at r =2 cm. At the hybrid layer
(r= —24 cm), the X mode converts into the Bern-
stein mode which propagates back to the higher
density side.

I I

0 2 4 6
POSITION Al (Cm)

0
0 0.4 Q8 1.2

"7 = (~/c)DX

To identify the excited wave of short wave-
length, I measured the perpendicular wave num-
ber k~ by interferometry and in Fig. 3(a) typical
radial interferometer patterns are shown for the
fast X mode incident from outside the plasma.
The wave exhibits a cutoff (A.~-~) for &u =2&v„
and A. ~ decreases with ~/cu, . The wavelength
at constant ~/&u, decreases with increasing ar
(increa. sing the density). In Fig. 3(b), I have
plotted the wave dispersion measured at a fixed
radial position and find excellent agreement with
the theoretical curve for ~T, =1.5 eV (consistent
with the Langmuir probe measurement). Theo-
retical curves are demonstrated for parallel
wave number k ~~(= 271/A„) =0, since . the finite
k „(&I cm ') does not modify appreciably the
dispersion for k~ &5 cm '. Electron-neutral and
electron-ion collisions are so rare (v/&u-10 ')
that the wave damping is governed by cyclotron
da, mping. In Fig. 3(a), the damping rate is found
to become large as co/cu, -2. Agreement with
the theoretical damping rate is obtained for
A

~~

-10 cm, which is comparable to the parallel
dimension of the launcher. From these mea-
surements I conclude that the excited wave is
indeed the Bernstein mode.
The conversion efficiency P from the fast X

mode to the Bernstein mode can be estimated by

FIG. 3. (a) Interferometer traces for several values
of cu/~ . Arrows indicate the hydrid-resonance points.
&u, /2x = 411 IVIHz. (b) Experimental points and theoreti-
cal curves of Bernstein-wave dipersion relafion. cu /
2&= 347 MHz. (c) Efficiency p of mode conversion into
a Bernstein mode of an extraordinary wave incident
from outside the plasma.
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There is no direct observation of two-dimensional wave pattern in torus configuration! 
two-dimensional measurement in LATE → mode conversion and EBW verification

Figure 1.6: (a) An electron density profile, (b) electromagnetic Bz and (c)
electrostatic Ex components, and (d) the refractive index for O-X-B conver-
sion experiment. The diagnostic microwave with the frequency of 1.0 GHz is
injected from the upper region of the vacuum vessel with the injection angle
of θ = 71.1o. The P-cutoff for the O-mode is located around Rp = 320 mm.
Figure from [22].

All these direct measurement experiments were limited in one dimension.
Up to now, there is no direct observation of two-dimensional (2-D) wave pat-
tern in torus configuration. For this reason, direct measurement experiments
were conducted in Low Aspect ratio Torus Experiment (LATE). The purpose
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of this research is to experimentally verify the whole process of electromag-
netic mode propagation, mode conversion, EBW excitation, propagation and
damping.
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Chapter 2

Theoretical overview

2.1 Electron cyclotron waves
In the electron cyclotron range of frequency, ion motion can usually be ne-
glected. For a single electron in an electromagnetic field, the equation of
motion is

m
dv

dt
= q (E + v ×B) (2.1)

The Maxwell equations are

∇×E = −∂B
∂t

∇×B = µ0

(
j + ε0

∂E

∂t

) (2.2)

The total current is

j = nqv (2.3)

Since the plasma has been presumed to be uniform and homogeneous in both
space and time, we may Fourier transform these equations as

E = E1e
i(k·r−ωt)

B = B0 +B1e
i(k·r−ωt)

v = v1e
i(k·r−ωt)

(2.4)

and B0 is the static magnetic field and is taken to be in the z-direction, and
|B1| � |B0|. With these inserted into equation 2.1, we may rewrite that
equation in linear form as

−iωmv1 = q (E1 + v1 ×B0) (2.5)
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where the second order terms have been neglected because we have assumed
the waves are of sufficiently low amplitude that the linear approximation is
valid. The solution of equation 2.5 for the velocity and current density are

vx =
iq

m (ω2 − ω2
c )

(ωEx + iωcEy)

vy =
iq

m (ω2 − ω2
c )

(−iωcEx + ωEy)

vz =
iq

mω
Ez

(2.6)

jx = iε0
ω2
p

(ω2 − ω2
c )

(ωEx + iωcEy)

jy = iε0
ω2
p

(ω2 − ω2
c )

(−iωcEx + ωEy)

jz = iε0
ω2
p

ω
Ez

(2.7)

where

ωc =
qB0

m
(2.8)

is the cyclotron frequency for electrons and

ωp =

√
nq2

mε0
(2.9)

is the plasma frequency for electrons.
Now combine the plasma current and the displacement current such that

j − iωε0E = −iωε0K ·E (2.10)

then the resulting equivalent dielectric tensor is given by

K =

 K1 −iK2 0
iK2 K1 0
0 0 K3

 (2.11)

where the dielectric tensor elements are defined by
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K1 = 1−
ω2
p

ω2 − ω2
c

K2 =
ωcω

2
p

ω (ω2 − ω2
c )

K3 = 1−
ω2
p

ω2

(2.12)

The Maxwell equations of equation 2.2 are now written as

ik ×E = iωB

ik ×B = −iωε0µ0K ·E
(2.13)

the wave equation is

N × (N ×E) +K ·E = 0 (2.14)

where N = kc/ω is the index of refraction vector whose direction is the
direction of the wave vector k and whose magnitude is the index of refraction.
Equation 2.14 can be written as K1 −N2

y −N2
z NxNy − iK2 NxNz

NxNy + iK2 K1 −N2
x −N2

z NyNz

NxNz NyNz K3 −N2
x −N2

y

 Ex

Ey

Ez

 = 0 (2.15)

In order to have a nontrivial solution, one requires that the determinant of
coefficients vanish. This condition gives the cold plasma dispersion relation
for the electron cyclotron waves

K1

(
N4

x +N4
y + 2N2

xN
2
y

)
−
[(
K3 −N2

z

)
(K1 +K3)−K2

2

] (
N2

x +N2
y

)
+K3

[(
K1 −N2

z

)2 −K2
2

]
= 0

(2.16)

From the dispersion relation, we can calculate the positions of the cutoff
and resonance.

For Nx = Ny = 0, we have

K3

[(
K1 −N2

z

)2 −K2
2

]
= 0 (2.17)

which gives the plasma cutoff (PC)

ω = ωp (2.18)
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left-hand cutoff (LC)

ω =
1

2

(√
ω2
c +

4ω2
p

1−N2
z

− ωc

)
= ωL (2.19)

and right-hand cutoff (RC)

ω =
1

2

(√
ω2
c +

4ω2
p

1−N2
z

+ ωc

)
= ωR (2.20)

For Nx → ∞, we have

K1 = 0 (2.21)

which gives the upper hybrid resonance (UHR)

ω =
√
ω2
c + ω2

p (2.22)

The roots of equation 2.16 are plotted in figure 2.1, which gives the fast
X (FX), O and slow X (SX) branches.
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OFX

Figure 2.1: The dispersion relation of the electron cyclotron waves for dif-
ferent Nz. Nzc =

√
ωc/ (ωc + ω), ωc/ω = 0.9, Ny = 0. The FX, O and SX

branches are marked. The positions of the UHR (xUHR) and PC (xPC) are
also marked by vertical dashed lines.
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2.2 Electron Bernstein waves
Near the UHR, the wavelength becomes comparable to the electron Larmor
radius and the cold plasma approximation breaks down, so it is necessary to
consider the finite Larmor radius effect of electrons.

In the unperturbed state, the electrons are motionless in cold plasma.
However, in hot plasma, the electrons move along spiral trajectories even in
the unperturbed state. The analysis of the behavior due to a perturbation
of the system must be based on Boltzmann’s equation. The distribution
function f(r,v, t) of electrons is given by

∂f

∂t
+ v · ∇rf +

q

m
(E + v ×B) · ∇vf = 0

∇ ·E =
1

ε0
q

∫
vfdv

1

µ0

∇×B = ε0
∂E

∂t
+ q

∫
vfdv

∇×E = −∂B
∂t

∇ ·B = 0

(2.23)

We indicate zeroth order quantities (the unperturbed state) by a subscript 0
and the 1st order perturbation terms by a subscript 1. The 1st order terms
are expressed in the form of ei(k·r−ωt).

f = f0(r,v) + f1

B = B0 +B1

E = 0 +E1

(2.24)

We can linearize equation 2.23 as follows:
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v · ∇rf0 +
q

m
(v ×B0) · ∇vf0 = 0

q

∫
f0dv = 0

1

µ0

∇×B0 = q

∫
vf0dv = j0

∂f1
∂t

+ v · ∇rf1 +
q

m
(v ×B0) · ∇vf1 = − q

m
(E1 + v ×B1) · ∇vf0

ik ·E1 =
1

ε0
q

∫
f1dv

1

µ0

k ×B1 = −ω
(
ε0E1 +

i

ω
q

∫
vf1dv

)
B1 =

1

ω
(k ×E1)

(2.25)

The dielectric tensor of the hot plasma is defined by

E1 +
i

ε0ω
j = E1 +

i

ε0ω
q

∫
vf1dv = K ·E1 (2.26)

The linear relation of E1 is

k × (k ×E1) +
ω2

c2
K ·E1 = 0 (2.27)

and the dispersion relation is obtained by equating the determinant of the
coefficient matrix of the linear equation to zero. Consequently if f1 can be
solved from equation 2.26, then, K can be obtained.

We assume a Maxwellian velocity distribution function and neglect rel-
ativistic effects. After a lengthy and formidable derivation, the hot plasma
dielectric tensor can be obtained as

K = 1+
ω2
p

ω2
ζ0

∞∑
n=−∞

Sn (2.28)

where

Sn =


n2

µ
ĨnZn inĨnZn −n

√
2
µ
Ĩn (1 + ζnZn)

−inĨnZn

(
n2

µ
Ĩn − 2µĨn

)
Zn i

√
2µĨn (1 + ζnZn)

−n
√

2
µ
Ĩn (1 + ζnZn) −i

√
2µĨn (1 + ζnZn) 2ζnĨn (1 + ζnZn)


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(2.29)

and

ζn = (ω + nωc) /
(
|kz| v2th

)
µ = 0.5k2⊥v

2
th/ω

2
c

vth = (2kBT/m)1/2

Ĩn = e−µIn(µ)

Zn = Z (ζn)

Z (ζj) =
1√
π

∫ ∞

−∞

e−s2

s− ζj
ds

(2.30)

kB is the Boltzmann constant and In is nth modified Bessel function of the
first kind.

The hot plasma dielectric tensor is a not only a function of ωc and ωp

but also a function of the temperature and the wave vector k. This leads to
a new kind of solutions of the dispersion relation, the electrostatic modes.
The sum over the Bessel functions gives rise to a large number of possible
roots for a given N . These new waves are named electron Bernstein waves
(EBWs), in honor of I. B. Bernstein and of his fundamental paper in 1958
[7].

EBWs are electrostatic waves propagating at right angles to B0 at har-
monics of the electron cyclotron frequency. They are generated by a coherent
motion of electrons around their guiding center, which are characterized by
wavelength of the order of four times the electron Larmor radius, as shown
in figure 2.2.

ECW and EBW

• Electron Cyclotron Wave (ECW)

• localized power and current deposition 
• efficient coupling to the plasma at its boundary 
• reflected at the plasma cutoff layer


• Electron Bernstein Wave (EBW)

• electrostatic mode, generated by a coherent motion of electrons 
• no density limit → suitable for heating in over-dense plasmas

• N|| is much larger than 1 → suitable for driving plasma currents

• excited by mode conversion from ECW (O-X-B, X-B)


• Verification of EBW

• indirect verification (mainly) → measurement of plasma energy, density, temperature, etc

• direct verification (few) → measurement of wave pattern by probe antenna (Sugai, 1981, linear machine; 

Podoba, et al. 2007, WEGA; Uchijima, et al. 2015, Mini-RT)

ee ee

E
k

B

There is no direct observation of two-dimensional wave pattern in torus configuration! 
two-dimensional measurement in LATE → mode conversion and EBW verification

Figure 2.2: A schematic diagram of the EBW propagation (periodic charge
accumulation).

To get the dispersion relation of EBW, the electric field E of waves is
expressed by electrostatic potential φ

E = −∇φ (2.31)
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Since

∂B1

∂t
= ∇×E

B1 =
k ×E

ω
= 0

(2.32)

the dispersion relation is reduced from Poisson’s equation to

k2xKxx + 2kxkzKxz + k2zKzz = 0 (2.33)

After simplification, we obtain the general dispersion relation for electron
Bernstein waves:

1 +
ω2
pk

2
x

ω2
cµ

1

k2x + k2z
e−µ

∞∑
n=−∞

In(µ) (1 + ζ0Zn) = 0 (2.34)

For high-frequency waves in which the ions do not move, they are not
sensitive to small deviations from perpendicular propagation, and we may
set kz = 0, so that ζn → ∞. For large ζn, we may replace Zn by −1/ζn. The
n = 0 term in the second sum of equation 2.34 then cancels out, and we can
divide the sum into two sums, as follows:

k2x+
ω2
pk

2
x

ω2
cµ

e−µ

(
∞∑
n=1

In(µ) (1− ζ0/ζn) +
∞∑
n=1

I−n(µ) (1− ζ0/ζ−n)

)
= 0 (2.35)

or

k2x +
ω2
pk

2
x

ω2
cµ

e−µ

∞∑
n=1

In(µ)

(
2− ω

ω + nωc

− ω

ω − nωc

)
= 0 (2.36)

The bracket collapses to a single term upon combining over a common
denominator, which is the well-known kz = 0 dispersion relation

1 =
ω2
p

ω2
c

2

µ
e−µ

∞∑
n=1

In(µ)

(ω/nωc)
2 − 1

(2.37)

as shown in figure 2.3.
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Figure 2.3: The dispersion relation of EBW.

The main characteristics of EBW are: (1) no cutoff density, (2) electro-
static mode, (3) short wavelength (same order with electron Larmor radius),
(4) backward wave.

2.3 Mode conversion
EBWs are space charge waves. They do not exist in vacuum and can only
be excited inside a magnetized plasma. Therefore, mode conversion from
electromagnetic waves is required for excitation. Three mode conversion
methods had been proposed.
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The first method, called high field side launch, is to launch the first
harmonic X-wave from the high field side. The slow X-wave (SX-mode)
approaches the upper hybrid resonance (UHR) and is converted to EBWs.
The second method, called direct X-B conversion, is to launch an X-wave
from vacuum into plasma. The fast X-wave (FX-mode) tunnels through the
evanescent region between the right-hand cutoff (RC) and UHR and couples
to the SX-mode, which eventually converts to EBWs at the UHR [23]. The
third method, called O-X-B conversion, is to launch an O-wave (O-mode)
from the outside with an oblique angle of incidence. For an optimal injection
angle there is a coincidence of the plasma cutoff (PC) and left-hand cutoff
(LC), which means that the O-mode will be totally converted to the SX-
mode. Then the SX-mode propagates back to the UHR and is converted to
EBWs [24, 25].

Here we discuss the O-X-B mode conversion in some details. The O-X-
B mode conversion consists of two processes, the O-SX conversion and the
SX-B conversion.

2.3.1 O-SX conversion
For the O-SX conversion, assume that both the electron density and magnetic
field changes linearly in one dimension as

ω2
p = ω2

(
1 +

x

Ln

)
ωc = ωc0

(
1 +

x

LB

) (2.38)

where Ln and LB are the density and magnetic field scale lengths, respec-
tively. If these inhomogeneity scale lengths are much larger than the wave-
length, k0Ln � 1 and k0LB � 1, the solution of the wave equation can be
expressed as the WKB approximation

E = E0(x) exp

[
ikyy + ikzz +

∫
ikx (x

′) dx′ − iωt

]
(2.39)

where E0 and kx are slow-varying functions of x. The coordinate system is
shown in figure 2.4.
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0

Figure 2.4: The coordinate system.

The localized dispersion relation from the WKB approximation has the
same form as equation 2.16. To understand the behavior of the dispersion
relation near the plasma cutoff with an injection angle close to the optimal
value, the following assumptions are made

Nx ∼ O(ε)

Ny ∼ O(ε)

K3 ∼ O(ε)√
K1 +K2 −Nz ∼ O(ε)

(2.40)

where ε is first-order small variable.
Now we can neglect third-order and fourth-order terms in equation 2.16,

the simplified dispersion relation is

N2
x = −N2

y +
4
(√

K1 +K2 −Nz

)
K3√

K1 +K2

(2.41)

Substitute equation 2.38 into equation 2.41, expand near x = 0 and
neglect third-order and fourth-order terms, we have

N2
x = −N2

y +
2ω (LB −N2

zcLn)x
2

ωc0LBL2
n

+
4 (Nz −Nzc)x

NzcLn

(2.42)

where

Nzc =

√
ωc0

ωc0 + ω
(2.43)
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The O-SX conversion efficiency can be obtained by continuing the WKB
solution through the evanescent region along the decaying branch as

CO−SX = exp

(
−2

∣∣∣∣Im∫ xLC

xPC

kxdx

∣∣∣∣) (2.44)

where the integration domain is the width of the evanescent region between
the PC and LC. By using the following formula∫ xLC

xPC

[(x− xPC) (x− xLC)]
1/2 dx = i

π

8
(xPC − xLC)

2 (2.45)

the O-SX conversion efficiency can be calculated as

CO−SX =exp

[
−πk0Ln

√
ωc0

2ω

×2(1 + ωc0/ω) (Nz −Nzc)
2 +Ny

2 (1− LnNzc
2/LB)

(1− LnNzc
2/LB)

3/2

] (2.46)

When LB → ∞, ωc0 = ωc, equation 2.46 reduces to the well-known
formula for the O-SX conversion efficiency [25]

CO−SX = exp

{
−πk0Ln

√
ωc

2ω

[
2
(
1 +

ωc

ω

)
(Nz −Nzc)

2 +N2
y

]}
(2.47)

From equation 2.46, it can be seen that the magnetic field gradient de-
creases the O-SX conversion efficiency and it has opposite effect to the density
gradient. According to equations 2.46 and 2.47, the conversion efficiencies as
functions of Nz are plotted in figure 2.5. Clearly, the optimal parallel refrac-
tive index for the O-SX conversion is not affected by LB, but the conversion
window is slightly narrowed due to the increase of the tunneling length.

For comparison, a kinetic full wave simulation is performed. The details
are given in chapter 5 and the numerical results are also plotted in figure 2.5.
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Figure 2.5: The O-SX conversion efficiency as a function of Nz. The param-
eters are chosen as k0Ln = 40π, k0LB = 200π, ωc0/ω = 0.7, Ny = 0. The
solid and dashed lines are results from equations 2.46 and 2.47, respectively.
The dots are the numerical results.

It is shown that in the WKB regime, the analytical expression of the
O-SX conversion efficiency given in equation 2.46 agrees very well with the
numerical results. For large fusion devices, k0 ∼ 500 m−1, LB ∼ 1 m, and
effect of the magnetic field gradient is negligible. For small fusion devices,
k0 ∼ 50 m−1, LB ∼ 0.1 m, while Ln ∼ 0.05 m, so the conversion window is
much wider and effect of the magnetic field gradient is still negligible.

2.3.2 SX-B conversion
For the SX-B conversion, the dispersion relation for the X-mode is

N2
x =

d1 −
√
d2

2K1

(2.48)

where

d1 =− 2K1N
2
y − (K1 +K3)N

2
z +

(
K2

1 +K1K3 −K2
2

)
d2 =

(
−K2

1 +K1K3 +K2
2

)2
+N2

z

[(
N2

z − 2K1

)
(K3 −K1)

2 + 2 (K3 +K1)K
2
2

] (2.49)
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Choose the position of the UHR as x = 0 and assume that both the
electron density and magnetic field changes linearly in one dimension as

ω2
p = ω2

pU

(
1 +

x

Ln

)
ωc = ωcU

(
1 +

x

LB

)
α =

ωpU

ωcU

(2.50)

The dielectric tensor components can be expanded at the UHR as

K1 = K ′
1x

K2 =
1√

1 + α2
+K ′

2x

K3 =
1

1 + α2
+K ′

3x

(2.51)

where

K ′
1 = − 2

α2LB

− 1

Ln

K ′
2 =

2Ln + α2 (LB + Ln)

α2LBLn

√
1 + α2

K ′
3 = − α2

(1 + α2)Ln

(2.52)

The dispersion relation for the X-mode can be modeled as a cutoff-
resonance pair (which is equivalent to the Budden potential)

N2
x = d3 +

d4
x

(2.53)

where

d3 = − N2
z

1 +N2
z

α2

1 + α2
− N2

zK
′
3

K ′
1

−N2
y − 2K ′

2√
1 + α2K ′

1

d4 = − 1 +N2
z

(1 + α2)K ′
1

(2.54)

The modeled cutoff-resonance pair is shown in figure 2.6.
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Figure 2.6: The modeled cutoff-resonance pair for the X-mode dispersion
relation.

The normalized distance between the UHR and the RC (the width of the
evanescent region) is

∆ = k0 |xUHR − xRC| (2.55)

For LB → ∞ and Ny = 0, equation 2.55 can be reduced to

∆ =
k0Ln (1 +N2

z )
2

α2N2
z (2 +N2

z )
(2.56)

It is clear that for k0Ln � 1, the width of the evanescent region between
the UHR and the RC is large, so the tunneling loss of the SX-mode can be
neglected and the SX-B conversion is almost perfect. However, for k0Ln < 1,
the tunneling loss cannot be neglected and the SX-B conversion is not perfect.

For the Budden problem, the tunneling factor is given by

η = k0d4/
√
d3 (2.57)

Since the process only involves conversion and transmission, the SX-B
conversion efficiency can be given as

CSX−B = 1− exp(−πη) (2.58)

For LB → ∞ and Ny = 0, equation 2.58 can be reduced to

CSX−B = 1− exp

{
−πk0Ln (1 +N2

z )√
(1 + α2) [2− α2N2

z − α2N2
z / (1 +N2

z )]

}
(2.59)
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From equation 2.59 it can be seen that the SX-B conversion efficiency
increases with paralel refractive index monotonically.

The total O-SX-B conversion efficiency can be written as

CO−SX−B = CO−SXCSX−B (2.60)

Since CSX−B is smaller than unity and increases with Nz monotonically,
the O-SX-B conversion window will be suppressed and shifted compared
with the O-SX conversion. That is, the optimal parallel refractive index for
the O-SX-B conversion should be larger than conventional optimal value in
equation 2.47.

Assume Ny = 0, the optimal parallel refractive index for the O-SX-B con-
version can be approximately obtained by finding the maximum of CO−SX−B

Nzc−O−SX−B ' Nzc +
e−πη(Nzc)η′ (Nzc)

a [1− e−πη(Nzc)]
(2.61)

where

a =
2k0Ln

√
2(ωc0/ω)(1 + ωc0/ω)

(1−N2
zcLn/LB)

3/2

η′ (Nzc) =
∂η

∂Nz

∣∣∣∣
Nz=Nzc

(2.62)

To further show the influence of this shift, the O-SX, SX-B and O-SX-B
conversion efficiencies as functions of Nz are plotted in figure 2.7. The O-
SX-B conversion efficiencies calculated from kinetic full wave simulation are
also plotted in figure 2.7.
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Figure 2.7: The O-SX (dashed), SX-B (dotdashed) and O-SX-B (solid)
conversion efficiencies as functions of Nz. The parameters are chosen as
k0Ln = 0.5, α = 1, ωc/ω = 0.7, Ny = 0. The solid, dashed and dotdashed
lines are results from equations 2.60, 2.47 and 2.59, respectively. The dots
are the numerical results.

Here in figure 2.7, k0Ln = 0.5, the degradation of the total conversion
efficiency and the shift of the optimal parallel refractive index are both ob-
vious. For large fusion devices, k0 ∼ 500 m−1, Ln ∼ 0.5 m, and these effects
are negligible. For small fusion devices, k0 ∼ 50 m−1, Ln ∼ 0.05 m, and
these effects are non-negligible for certain cases, such as steep density profile
where k0Ln < 1.
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Chapter 3

Experimental setup

3.1 LATE device
The Low Aspect ratio Torus Experiment (LATE) is a spherical tokamak
which has no central solenoid and aims to generate plasmas using only mi-
crowaves in the electron cyclotron range of frequency. Major and minor
radius of the device are 28 and 22 cm, respectively. The main components
of LATE consist of the vacuum vessel, the vacuum pump, the gas introduc-
tion system, the toroidal and vertical magnetic field coils, and the microwave
injection system.

3.1.1 Vacuum vessel
The vacuum vessel of LATE is a stainless steel cylinder with an inner di-
ameter of 100 cm and an inner height of 100 cm. The vessel has 6 circular
ports on the top, bottom, and radial side (called T port, B port, and R port,
respectively). Each port is numbered clockwise when viewed from above, as
shown in figure 3.1. In addition, the coordinate system is selected as that
3R is in the positive direction of the x axis, 12R is in the positive direction
of the y axis, and the vertical upward direction is in the positive direction of
the z axis.
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Figure 3.1: Topview of the LATE device.

3.1.2 Gas introduction system
The vacuum vessel is constantly exhausted by the turbo molecular pump
(TMP) installed at 12R port, and maintains a vacuum degree of about
5× 10−5 Pa. In the experiment, hydrogen gas is introduced by the gas puff-
ing method through the piezo valve installed at 12T port. The timing and
amount of gas introduction are controlled by the number of cycles, period,
and pulse length of the pulse voltage applied to the piezo element.

3.1.3 Toroidal and vertical magnetic field coils
The center post of LATE is a stainless steel cylinder with an outer diameter
of 11.4 cm and an inner diameter of 10.8 cm, and 60 copper pipes (outer
diameter 10 mm and inner diameter 6 mm) are fixed inside it with epoxy
resin. The copper pipe is continuous via a copper return rim (width 100
mm and thickness 3 mm), and the toroidal magnetic field Bt is generated by
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passing the electric current It in the same direction. The toroidal magnetic
field can be calculated as

Bt = 60× µ0It
2πR

(3.1)

The power supply for generating the toroidal magnetic field can be energized
for up to 10 seconds at a maximum rating of 120 V and 1 kA.

The vertical magnetic field is formed by passing currents in the same
direction through three pairs of independent annular coils (Bv−in, Bv−out,
Bv−R) shown in figure 3.2. The center position and number of turns of each
coil are shown in table 3.1.
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Figure 3.2: Sideview of the LATE device.
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Table 3.1: The center position and number of turns of the vertical magnetic
field coil.

R (mm) Z (mm) number of turns
Bv−in coil 178 ±583 41
Bv−out coil 553 ±658 20
Bv−R coil 652 ±275 20

Three pairs of coil current values are determined by using the values of
the vertical magnetic field strength Bv, decay index, and Iv−in/Iv−out ratio
as control parameters. The individual coil systems are excited by different
constant current sources and preprogrammed using a computer-controlled
arbitrary waveform generator.

3.1.4 Microwave injection system
Plasma is generated by electron cyclotron resonance heating using microwaves.
The microwave source is a continuous-wave (CW) magnetron with a fre-
quency of 2.45 GHz and a maximum output power of 5 kW. The microwave
generated by the magnetron is in the rectangular TE01 mode, and then con-
verted to the circular TE11 mode by the rectangular-circular mode converter.
After passing through the arbitrary polarization tube combined with a Teflon
plate, the microwave is injected obliquely with respect to the toroidal mag-
netic field into the vacuum vessel from 8R port. In present experiments, the
injection mode is counterclockwise circularly polarized wave and the injection
angle is 75o.

3.2 EBW excitation and detection system
The EBW excitation and detection system consists of four parts: a waveguide
launcher with arbitrary polarization, a specially designed five-pin probe an-
tenna, a 2-D mechanical probe driving system, and a homodyne-type mixer
circuit. Sideview and topview of the whole system are shown in figure 3.3
and figure 3.4, respectively.
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Figure 3.3: Sideview of the EBW excitation and detection system. Both the
LATE device, waveguide launcher, 2-D driving system and mixer circuit are
shown here.
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Figure 3.4: Topview of the EBW excitation and detection system. The
measurement area of the probe antenna is shown by the dashed curves, while
the antenna direction is indicated by a cross. The pin number is marked on
the right bottom side. The density and temperature measurement system
(70 GHz interferometers and movable Langmuir probe) is also shown here.

The excitation and detection process is as follows: (1) 2.45 GHz heating
microwave (∼400 W) is generated by a continuous-wave (CW) magnetron
and injected from 8R port in O-mode obliquely to the toroidal magnetic field.
Via O-X-B conversion scheme, an overdense ECR plasma can be produced by
EBW of 2.45 GHz microwave, which is uniform along the ECR layer and fills
the vacuum vessel. (2) 1.5 GHz detecting microwave (∼20 W) is generated
by a RF power generator, mode converted to desired polarization in an open
circular waveguide launcher, and eventually, injected into the target plasma
from 6R port for EBW excitation. (3) The five-pin probe antenna inserted
from the lower part of the LATE device is swept by the 2-D mechanical probe
driving system, so the wave field pattern inside the plasma is measured. (4)
The signal received by the probe antenna is sent to the mixer circuit, and
time-independent wave pattern is detected by interferometric method.
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3.2.1 Waveguide launcher
In order to excite EBW, the O-X-B method by oblique microwave incidence
from the low magnetic field side (outside) is used in this study. 1.5 GHz
microwave is generated by an RF power generator, converted to waveguide
mode by a waveguide launcher, and eventually, injected into the plasma from
6R port of LATE for EBW excitation.

The launcher is made of SUS304 with an outer diameter of 215 mm,
an inner diameter of 208.3 mm and a total length of 995.7 mm. ICF034
conflat flanges are attached to the horizontal (x) side and vertical (y) side of
the launcher, which are 103.4 mm from the bottom end, respectively. Two
stainless steel rods with a diameter of 7 mm and a length of 44.7 mm are
installed inside, to form a coaxial waveguide converter. A schematic diagram
of the waveguide launcher is shown in figure 3.5.

995

Ø
21

5

70°
103 N-Type Coaxial 

Feedthrough
UF300 
Flange

Figure 3.5: A schematic diagram of the waveguide launcher. All dimensions
are in units millimeter.

When a high-frequency current flows through the stainless steel rod, the
TE11 mode, with the electric field oscillating in the same direction as the rod
(x, y direction), is generated. The electric field in the x and y directions can
be written as

Ex = Ax cos(φx − ωt)

Ey = Ay cos(φy − ωt)
(3.2)

By adjusting the relative amplitude Ax/Ay and phase φy − φx, arbitrary
polarization (linear, circular and elliptical) can be generated. In the experi-
ment, a variable attenuator and a phase shifter are used for such adjustment.
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The polarization of the waveguide launcher is tested in the air by using a ro-
tating monopole antenna, which is placed at the center position, about 10
cm in front of the launcher. The test results are shown in figure 3.6.

Ay/Ax=0

0°φy-φx 45° 90° 135° 180° 225° 270° 315°

Ax/Ay=2

Ay/Ax=1

Ay/Ax=2

Ax/Ay=0

Figure 3.6: Waveguide launcher polarization test results. Measured and
theoretical results are shown in purple and black curves, respectively.

The RF power is fixed at 4 W in the test. Measured results are normalized
by linear polarization and fixed antenna direction test results. From figure
3.6, it is noted that theoretical and measured results of the polarization agree
relatively well, which means the launcher performance is reliable. The differ-
ences between them are partly due to incomplete excitation of the waveguide
launcher, and partly due to inaccurate placement of the monopole antenna
(not exactly at the center position and vertical to the horizontal plane).

The reflectance of the launcher is also investigated by using a network
analyzer (Agilent 8719ET), which is shown in figure 3.7. Measurement results
show that the reflection rate in the frequency range of 1.45 to 1.55 GHz used
in present experiments is -8 dB (16%) or less.
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Figure 3.7: The reflectance of the waveguide launcher.

3.2.2 Five-pin probe antenna
Monopole and dipole antennas used in previous experiments [12, 21, 22] are
pretty suitable for detecting long-wavelength electromagnetic modes, but not
suitable for detecting short-wavelength electrostatic modes. In the case of
LATE experiment, the electron temperature, toroidal magnetic field, and
cutoff density for 1.5 GHz microwave are about 5 eV, 300 G, and 2.8 × 1016

m−3, then the wavelength of EBW is about 3.6 mm. Therefore, a monopole
antenna with the antenna chip oriented in the direction of the electric field
cannot obtain sufficient spatial resolution for this short-wavelength wave, as
the chip length is comparable to the wavelength. To detect EBWs directly,
a specially designed five-pin probe antenna is developed.

A schematic diagram of the five-pin probe antenna is shown in figure
3.8. The antenna consists of five mineral-insulated (MI) cables, two ceramic
tubes, one stainless steel pipe and one boron nitride (BN) cap.
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Figure 3.8: A schematic diagram of the five-pin probe antenna. All dimen-
sions are in units millimeter.

For the MI cable, the core wire is made of tungsten with a diameter of
0.1 mm, the sheath is made of stainless steel with an outer diameter of 1.14
mm, and the dielectric insulator between them is silicon dioxide (SiO2). The
characteristic impedance of the MI cable is 65 Ω, which is expected to be well
matched to the mixer circuit’s 50 Ω impedance. The center MI cable (center
pin) is cut off at about 2 cm, and the core wire and sheath are electrically
connected by scraping out the insulator from the end and crushing the sheath.
By inserting it into the gaps between the four corner MI cables (four corner
pins), the core wire of the center MI cable and the sheaths of the four corner
MI cables are equipotential.

Five pins are guided vertically at the end, fixed and protected by a BN
cap (with five holes). The exposed core wire length is 3 mm, and the distance
between the center pin and each corner pin is 1 mm.

Five MI cables pass through a ceramic tube for insulation, and outside
there is a stainless steel pipe connected to the vacuum vessel, which acts
as an electromagnetic shield. And the outermost part is a ceramic tube for
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protection from the plasma.
To prevent the pins from shaking during antenna movement, the stainless

steel pipe that shields the MI cable is fixed to a stainless steel box below by
using a small flange. The MI cables switch to the coaxial cables inside the
box, through SMA connectors, which are fixed to a PEEK plate so that the
sheath does not touch the box. The coaxial cable is Fujikura RG188A/U
type with a PTFE protective film for heat resistance. The cables go through
a flexible stainless tube and exit to the atmosphere from the current inlet
terminals at 6B port.

The basic idea of the five-pin probe antenna comes from a two-pin antenna
method, in which two pins are perpendicular to the electric field and the
potential difference between the pins is measured [12]. In principle, a current
that is proportional to the potential difference between the center pin and the
corner pin is induced in the corner MI cable, therefore, four corner pins can
measure electric fields in two orthogonal directions (from the corner pin to
the center pin). Since the distance between the center pin and each corner pin
is only 1 mm, the antenna is highly sensitive to mm-level short-wavelength
modes.

3.2.3 2-D mechanical probe driving system
Previous experiments of EBW measurement [12, 21, 22] were all limited in
one dimension. In the O-X-B method, microwave is injected obliquely with
respect to the magnetic field, so it is necessary to measure wave electric field
two-dimensionally. In order to perform 2-D measurement of the wave pattern
on the mid-plane, a 2-D mechanical probe driving system is developed and
installed at 6B port of LATE device.

The mechanical system has two rotation axes, which are driven by two
stepping motors, respectively. Axis 1 is a hollow-type rotation introduc-
tion machine KRP-70 (Kitano Seiki), and axis 2 is a bellows-type rotation
introduction machine IRC-70 (Irie Koken). Axis 1 rotates the pulley box
itself, while axis 2 rotates the stainless steel pipe and associated antenna box
through the belt and pulley in the pulley box. A schematic diagram of the
2-D mechanical probe driving system is shown in figure 3.9.
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Figure 3.9: A schematic diagram of the 2-D mechanical probe driving system.

In order to know the position of the probe antenna, the gear of each axis
is attached to a variable resistor, whose resistance depends on the rotation
angle. With DC voltage applied to the variable resistor, the rotation angle
of each axis and the position of the probe antenna can be easily determined
from the voltage change.

It should be mentioned that backlash for axis 1 can be neglected due to
tight connection between the pulley box and motor 1, and backlash for axis
2 cannot be neglected as the arm is driven through multiple transmissions.
However, such backlash effect can be compensated if extra steps are added
when motor reverses direction, and then the arm is rotated back to the zero
position. The variable resistor for axis 1 is next to motor 1, while the variable
resistor for axis 2 is next to the arm (inside the pulley box, in the vacuum),
so both outputs are considered to be accurate.
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In the experiment, axis 2 is fixed at a certain value first, while axis 1 is
rotated to sweep the antenna during one shot. The sweeping trajectory is
shown by a dashed curve in figure 3.4. Then axis 2 is rotated to change the
sweeping radius Rs (the distance between the probe antenna and axis 1 as
shown in figure 3.4), and axis 1 is rotated again during next shot. In present
experiments, the sweeping radius is in the range of Rs = 70 to 440 mm, and
the interval between the sweeps is 10 mm, so there are 38 sweeps in total for
one complete 2-D measurement. The measurement area is approximately 25
× 30 cm as shown by the dashed curves in figure 3.4.

It should be noted that the cross on the trajectory in figure 3.4 indicates
the relative direction of the five-pin probe antenna, and the direction changes
as the antenna moves. This direction is important as it determines the de-
tecting direction of the antenna, and it can be calculated from the rotation
angle of axis 1 and 2.

The spacial resolution of the antenna position is determined from the
angular speed of axis 1, the sweeping radius Rs and the sampling rate of the
analog-to-digital (A/D) converter. In present experiments, the angular speed
of axis 1 is 27o/s and the sampling rate is 100 kS/s, so the spatial resolution
is 0.0003 to 0.002 mm in the measurement area, which is much smaller than
the EBW wavelength.

3.2.4 Mixer circuit
Homodyne detection is a useful method of extracting information as phase
and amplitude of an oscillating signal, by comparing that signal with a stan-
dard oscillation. For direct measurement experiments, a homodyne-type
mixer circuit is used to obtain phase and amplitude of the wave pattern.
A schematic diagram of the mixer circuit is shown in figure 3.10.
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Figure 3.10: A schematic diagram of the mixer circuit.

1.5 GHz microwave is generated from the RF oscillator and divided into
two parts by the directional coupler, which can be written as

VRF = ARF cos(ωt+ φRF) (3.3)

The output part goes to the phase shifter and variable attenuator, and even-
tually, to the waveguide launcher for EBW excitation. The coupling part
goes to the circuit as a reference 1.5 GHz RF signal.

Detected wave signal from the probe antenna goes to the DC block and
band pass filter first, to cut out the large DC voltage from the plasma and
keep only 1.5 GHz signal which is of interest. Then this signal,

V = A cos(ωt+ φ) (3.4)

is mixed with a reference 1.57 GHz LO signal generated from the local oscil-
lator,

VLO = ALO cos[(ω +∆ω)t+ φLO] (3.5)

The mixing signal goes to the low pass filter and amplifier, to keep only 70
MHz signal which contains wave signal information and increase the signal
to noise (S/N) ratio, which can be written as

V70 = AALO cos(∆ωt+ φLO − φ) (3.6)
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Reference 1.5 GHz RF signal and 1.57 GHz LO signal are mixed and low
pass filtered so that a reference 70 MHz LO signal is generated as

V70−Ref = ARFALO cos(∆ωt+ φLO − φRF) (3.7)

These two 70 MHz signals are imported into the in-phase/quadrature-phase
(I/Q) demodulator, so time-independent sine and cosine signals are exported,
as

I = A cosφ

Q = A sinφ
(3.8)

Here constant factors for amplitude and constant shifts for phase are both
omitted. Therefore, phase and amplitude information of the wave pattern
can be extracted, as

φ = tan−1(Q/I)

A =
√
Q2 + I2

(3.9)

There are four pins in total, and each pin measures phase and amplitude
for certain direction and trajectory as shown in figure 3.9. Eight-channel
I/Q outputs go to the analog-to-digital (A/D) converter (NI9215) with a
sampling rate of 100 kS/s. A schematic diagram of the signal processing for
one channel is shown in figure 3.11.
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VRF = ARF cos(!t+ �RF)

<latexit sha1_base64="OBRv0r8pcYcbSRVGGKInW2XBWQ4=">AAAB/3icbVDLSgNBEJyNrxhfq4IXL4NBiAhhV4J6ESJePEYwD8guYXYySYbMY5mZFcKag7/ixYMiXv0Nb/6Nk2QPmljQUFR1090VxYxq43nfTm5peWV1Lb9e2Njc2t5xd/caWiYKkzqWTKpWhDRhVJC6oYaRVqwI4hEjzWh4M/GbD0RpKsW9GcUk5KgvaI9iZKzUcQ8aV9cBlroUSE76CJrTIB7Qk45b9MreFHCR+Bkpggy1jvsVdCVOOBEGM6R12/diE6ZIGYoZGReCRJMY4SHqk7alAnGiw3R6/xgeW6ULe1LZEgZO1d8TKeJaj3hkOzkyAz3vTcT/vHZiepdhSkWcGCLwbFEvYdBIOAkDdqki2LCRJQgram+FeIAUwsZGVrAh+PMvL5LGWdk/L1fuKsVqJYsjDw7BESgBH1yAKrgFNVAHGDyCZ/AK3pwn58V5dz5mrTknm9kHf+B8/gBokZUJ</latexit>

V = A cos(!t+ �)

<latexit sha1_base64="RDjBjenbCR3nXvOGTf76/Ou92a8=">AAACMXicbVBNSwMxEM36bf2qevSyWIRKoexKUS+CogcPggq2Ct2lZNNpG0w2SzIrlKV/yYv/RLx4UMSrf8L041BbHwTevDdDZl6UCG7Q896dmdm5+YXFpeXcyura+kZ+c6tmVKoZVJkSSj9E1IDgMVSRo4CHRAOVkYD76PG8798/gTZcxXfYTSCUtB3zFmcUrdTIX9YagaTY0TK7uu6dnI1XAVOmXgyUhDYtBRcgkA6LfSwFSYeP94aNfMErewO408QfkQIZ4aaRfw2aiqUSYmSCGlP3vQTDjGrkTEAvF6QGEsoeaRvqlsZUggmzwcU9d88qTbeltH0xugN1fCKj0piujGxnf0cz6fXF/7x6iq3jMONxkiLEbPhRKxUuKrcfn9vkGhiKriWUaW53dVmHasrQhpyzIfiTJ0+T2kHZPyxXbiuF08oojiWyQ3ZJkfjkiJySS3JDqoSRZ/JGPsin8+K8O1/O97B1xhnNbJM/cH5+AXOcqvA=</latexit>

VLO = ALO cos[(! +�!)t+ �LO]

<latexit sha1_base64="elXDzubLA/Q1ehBQPN1lvLa0+Eg="></latexit>

V70 = AALO cos(�!t+ �LO � �)

<latexit sha1_base64="syZStWbd53Fthh/lVCSEEc3qeVA="></latexit>

V70�Ref = ARFALO cos(�!t+ �LO � �RF)

<latexit sha1_base64="14HxMwemQ2MT8Bv7S0cB25Bl+S8=">AAAB8nicbVBNS8NAEJ34WetX1aOXxSJ4KokU9SJUvOitgv2AJJTNdtMu3eyG3Y1QQn+GFw+KePXXePPfuG1z0NYHA4/3ZpiZF6WcaeO6387K6tr6xmZpq7y9s7u3Xzk4bGuZKUJbRHKpuhHWlDNBW4YZTrupojiJOO1Eo9up33miSjMpHs04pWGCB4LFjGBjJf/++iYgUgfpkPUqVbfmzoCWiVeQKhRo9ipfQV+SLKHCEI619j03NWGOlWGE00k5yDRNMRnhAfUtFTihOsxnJ0/QqVX6KJbKljBopv6eyHGi9TiJbGeCzVAvelPxP8/PTHwV5kykmaGCzBfFGUdGoun/qM8UJYaPLcFEMXsrIkOsMDE2pbINwVt8eZm0z2veRa3+UK826kUcJTiGEzgDDy6hAXfQhBYQkPAMr/DmGOfFeXc+5q0rTjFzBH/gfP4AyoCQ6A==</latexit>

I = A cos�
<latexit sha1_base64="IS3kb7FE9GF0NGMnW/k81CE1EXQ=">AAAB8nicbVBNS8NAEN34WetX1aOXxSJ4KokU9SJUvHhswX5AEspmu2mXbnbD7kQooT/DiwdFvPprvPlv3LY5aOuDgcd7M8zMi1LBDbjut7O2vrG5tV3aKe/u7R8cVo6OO0ZlmrI2VULpXkQME1yyNnAQrJdqRpJIsG40vp/53SemDVfyESYpCxMylDzmlICV/NbtXWC4DNIR71eqbs2dA68SryBVVKDZr3wFA0WzhEmgghjje24KYU40cCrYtBxkhqWEjsmQ+ZZKkjAT5vOTp/jcKgMcK21LAp6rvydykhgzSSLbmRAYmWVvJv7n+RnEN2HOZZoBk3SxKM4EBoVn/+MB14yCmFhCqOb2VkxHRBMKNqWyDcFbfnmVdC5r3lWt3qpXG/UijhI6RWfoAnnoGjXQA2qiNqJIoWf0it4ccF6cd+dj0brmFDMn6A+czx/espD1</latexit>

Q = A sin�

<latexit sha1_base64="1oZTXSqYjmkHQR7YlHL34RePi3s=">AAAB+XicbVBNS8NAEJ3Ur1q/oh69LBZBEEpSinoRKl701oL9gDYtm+22XbrZxN1NoYT+Ey8eFPHqP/Hmv3Hb5qCtDwYe780wM8+POFPacb6tzNr6xuZWdju3s7u3f2AfHtVVGEtCayTkoWz6WFHOBK1ppjltRpLiwOe04Y/uZn5jTKVioXjUk4h6AR4I1mcEayN1bfv2pq2epE6qneLFQ6c47dp5p+DMgVaJm5I8pKh07a92LyRxQIUmHCvVcp1IewmWmhFOp7l2rGiEyQgPaMtQgQOqvGR++RSdGaWH+qE0JTSaq78nEhwoNQl80xlgPVTL3kz8z2vFun/tJUxEsaaCLBb1Y450iGYxoB6TlGg+MQQTycytiAyxxESbsHImBHf55VVSLxbcy0KpWsqXS2kcWTiBUzgHF66gDPdQgRoQGMMzvMKblVgv1rv1sWjNWOnMMfyB9fkDU4aSxw==</latexit>

A =
p

Q2 + I2

IQ

Plasma

<latexit sha1_base64="gIKvI6xn6yXt3kpwyyx87MFdAtE=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF721YGuhDWWznbRrN5uwuxFK6C/w4kERr/4kb/4bt20O2vpg4PHeDDPzgkRwbVz32ymsrW9sbhW3Szu7e/sH5cOjto5TxbDFYhGrTkA1Ci6xZbgR2EkU0igQ+BCMb2b+wxMqzWN5byYJ+hEdSh5yRo2Vmnf9csWtunOQVeLlpAI5Gv3yV28QszRCaZigWnc9NzF+RpXhTOC01Es1JpSN6RC7lkoaofaz+aFTcmaVAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU147WdcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03JhuAtv7xK2hdV77Jaa9Yq9VoeRxFO4BTOwYMrqMMtNKAFDBCe4RXenEfnxXl3PhatBSefOYY/cD5/AJ21jMg=</latexit>

I
<latexit sha1_base64="9tO2EJCVUv2X6FXAywpsdDgPVhA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2RyUK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasJbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqp619Vas1ap1/I4inAG53AJHtxAHe6hAS1ggPAMr/DmPDovzrvzsWwtOPnMKfyB8/kDqdWM0A==</latexit>

Q
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<latexit sha1_base64="yuRnFxKyJnznPIGK3LigvJI5Xys=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME84BkCbOTTjJmdmaZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1wwZTQul2RA0KLrFhuRXYTjTSOBLYisa3M7/1hNpwJR/sJMEwpkPJB5xR66RmV8U4pL1S2a/4c5BVEuSkDDnqvdJXt69YGqO0TFBjOoGf2DCj2nImcFrspgYTysZ0iB1HJY3RhNn82ik5d0qfDJR2JS2Zq78nMhobM4kj1xlTOzLL3kz8z+ukdnATZlwmqUXJFosGqSBWkdnrpM81MismjlCmubuVsBHVlFkXUNGFECy/vEqal5XgqlK9r5Zr1TyOApzCGVxAANdQgzuoQwMYPMIzvMKbp7wX7937WLSuefnMCfyB9/kDjumPFg==</latexit>!
<latexit sha1_base64="9T4PXGuVNr2FAl1agKKAhTOVK+o=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeCF48V7Ae0oWy2m2bp7ibsboQS+he8eFDEq3/Im//GTZqDtj4YeLw3w8y8IOFMG9f9diobm1vbO9Xd2t7+weFR/fikp+NUEdolMY/VIMCaciZp1zDD6SBRFIuA034wu8v9/hNVmsXy0cwT6gs8lSxkBJtcGiURG9cbbtMtgNaJV5IGlOiM61+jSUxSQaUhHGs99NzE+BlWhhFOF7VRqmmCyQxP6dBSiQXVflbcukAXVpmgMFa2pEGF+nsiw0LruQhsp8Am0qteLv7nDVMT3voZk0lqqCTLRWHKkYlR/jiaMEWJ4XNLMFHM3opIhBUmxsZTsyF4qy+vk95V07tuth5ajXarjKMKZ3AOl+DBDbThHjrQBQIRPMMrvDnCeXHenY9la8UpZ07hD5zPHxJAjjo=</latexit>

�

<latexit sha1_base64="QKjx0xNirGIvr5M/OQSXmCDSEyY=">AAAB/HicbVDLSsNAFJ3UV62vaJdugkUQhJJIUZcFXbisYB/QhDKZ3rRDJzNhZiKEUH/FjQtF3Poh7vwbp20W2nrgwplz7mXuPWHCqNKu+22V1tY3NrfK25Wd3b39A/vwqKNEKgm0iWBC9kKsgFEObU01g14iAcchg244uZn53UeQigr+oLMEghiPOI0owdpIA7vqixhG+Ny/Babx4jGwa27dncNZJV5BaqhAa2B/+UNB0hi4Jgwr1ffcRAc5lpoSBtOKnypIMJngEfQN5TgGFeTz5afOqVGGTiSkKa6dufp7IsexUlkcms4Y67Fa9mbif14/1dF1kFOepBo4WXwUpczRwpkl4QypBKJZZggmkppdHTLGEhNt8qqYELzlk1dJ56LuXdYb941as1HEUUbH6ASdIQ9doSa6Qy3URgRl6Bm9ojfryXqx3q2PRWvJKmaq6A+szx922pSf</latexit>

! +�!
<latexit sha1_base64="WJTAuhPZVkUr5r+RgitiCX911ow=">AAAB+XicbVDLSsNAFL3xWesr6tJNsAiuSiJFXRbcuBCsYB/QhDCZTtqhM5MwMymU0D9x40IRt/6JO//GSZuFth4YOJxzL/fMiVJGlXbdb2ttfWNza7uyU93d2z84tI+OOyrJJCZtnLBE9iKkCKOCtDXVjPRSSRCPGOlG49vC706IVDQRT3qakoCjoaAxxUgbKbRtPx3R0OdIjyTP7x9moV1z6+4czirxSlKDEq3Q/vIHCc44ERozpFTfc1Md5EhqihmZVf1MkRThMRqSvqECcaKCfJ585pwbZeDEiTRPaGeu/t7IEVdqyiMzWURUy14h/uf1Mx3fBDkVaaaJwItDccYcnThFDc6ASoI1mxqCsKQmq4NHSCKsTVlVU4K3/OVV0rmse1f1xmOj1myUdVTgFM7gAjy4hibcQQvagGECz/AKb1ZuvVjv1sdidM0qd07gD6zPH8m7k7o=</latexit>

�LO

<latexit sha1_base64="NHNvjw1Ld8BV+aRxlNp/J0oRzMQ=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBA8hV0J6jGgB48RzAOyS5id9CZD5rHMzAphyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFKWfG+v63t7a+sbm1Xdop7+7tHxxWjo7bRmWaQosqrnQ3JgY4k9CyzHLophqIiDl04vHtzO88gTZMyUc7SSESZChZwiixTgrDO+CWhErAkPQrVb/mz4FXSVCQKirQ7Fe+woGimQBpKSfG9AI/tVFOtGWUw7QcZgZSQsdkCD1HJRFgonx+8xSfO2WAE6VdSYvn6u+JnAhjJiJ2nYLYkVn2ZuJ/Xi+zyU2UM5lmFiRdLEoyjq3CswDwgGmglk8cIVQzdyumI6IJtS6msgshWH55lbQva8FVrf5QrzbqRRwldIrO0AUK0DVqoHvURC1EUYqe0St68zLvxXv3Phata14xc4L+wPv8AfHqkZg=</latexit>

�!
<latexit sha1_base64="8MdT2Sm6HazVJiZAPjJGvyacUpU=">AAAB/nicbVDLSsNAFL3xWesrKq7cBIvgxpJIUZcFNy4EK9gHNKFMppN26MwkzEyEEgr+ihsXirj1O9z5N07aLLT1wMDhnHu5Z06YMKq0635bS8srq2vrpY3y5tb2zq69t99ScSoxaeKYxbITIkUYFaSpqWakk0iCeMhIOxxd5377kUhFY/GgxwkJOBoIGlGMtJF69qGfDGnP50gPJc9u7yZnU8GuuFV3CmeReAWpQIFGz/7y+zFOOREaM6RU13MTHWRIaooZmZT9VJEE4REakK6hAnGigmwaf+KcGKXvRLE0T2hnqv7eyBBXasxDM5nnVPNeLv7ndVMdXQUZFUmqicCzQ1HKHB07eRdOn0qCNRsbgrCkJquDh0girE1jZVOCN//lRdI6r3oX1dp9rVKvFXWU4AiO4RQ8uIQ63EADmoAhg2d4hTfryXqx3q2P2eiSVewcwB9Ynz9dLJW2</latexit>

�LO � �

<latexit sha1_base64="ziwbJoI7Oeaj3qKO+SMO2N9fHfs=">AAAB+XicbVDLSsNAFL3xWesr6tJNsAiuSiJFXRYEcVnFPqAJYTKdtENnJmFmUiihf+LGhSJu/RN3/o2TNgttPTBwOOde7pkTpYwq7brf1tr6xubWdmWnuru3f3BoHx13VJJJTNo4YYnsRUgRRgVpa6oZ6aWSIB4x0o3Gt4XfnRCpaCKe9DQlAUdDQWOKkTZSaNt+OqKhz5EeSZ4/3s1Cu+bW3TmcVeKVpAYlWqH95Q8SnHEiNGZIqb7npjrIkdQUMzKr+pkiKcJjNCR9QwXiRAX5PPnMOTfKwIkTaZ7Qzlz9vZEjrtSUR2ayiKiWvUL8z+tnOr4JcirSTBOBF4fijDk6cYoanAGVBGs2NQRhSU1WB4+QRFibsqqmBG/5y6ukc1n3ruqNh0at2SjrqMApnMEFeHANTbiHFrQBwwSe4RXerNx6sd6tj8XomlXunMAfWJ8/xTKTtw==</latexit>

�RF

<latexit sha1_base64="yuRnFxKyJnznPIGK3LigvJI5Xys=">AAAB7XicbVDLSgNBEOz1GeMr6tHLYBA8hV0J6jHgxWME84BkCbOTTjJmdmaZmRXCkn/w4kERr/6PN//GSbIHTSxoKKq66e6KEsGN9f1vb219Y3Nru7BT3N3bPzgsHR03jUo1wwZTQul2RA0KLrFhuRXYTjTSOBLYisa3M7/1hNpwJR/sJMEwpkPJB5xR66RmV8U4pL1S2a/4c5BVEuSkDDnqvdJXt69YGqO0TFBjOoGf2DCj2nImcFrspgYTysZ0iB1HJY3RhNn82ik5d0qfDJR2JS2Zq78nMhobM4kj1xlTOzLL3kz8z+ukdnATZlwmqUXJFosGqSBWkdnrpM81MismjlCmubuVsBHVlFkXUNGFECy/vEqal5XgqlK9r5Zr1TyOApzCGVxAANdQgzuoQwMYPMIzvMKbp7wX7937WLSuefnMCfyB9/kDjumPFg==</latexit>!

<latexit sha1_base64="pzzaPZay+/qM1sX+zHtbcXocz+0=">AAACCnicbVDLSsNAFJ34rPUVdelmtAhuLIkUdVkQxIVgFfuAJoTJdNIOnUnCzEQoIWs3/oobF4q49Qvc+TdO2ixs64ELh3Pu5d57/JhRqSzrx1hYXFpeWS2tldc3Nre2zZ3dlowSgUkTRywSHR9JwmhImooqRjqxIIj7jLT94WXutx+JkDQKH9QoJi5H/ZAGFCOlJc88cOIB9RyO1EDw9OY2O5kS7q8yz6xYVWsMOE/sglRAgYZnfju9CCechAozJGXXtmLlpkgoihnJyk4iSYzwEPVJV9MQcSLddPxKBo+00oNBJHSFCo7VvxMp4lKOuK878xPlrJeL/3ndRAUXbkrDOFEkxJNFQcKgimCeC+xRQbBiI00QFlTfCvEACYSVTq+sQ7BnX54nrdOqfVat3dUq9VoRRwnsg0NwDGxwDurgGjRAE2DwBF7AG3g3no1X48P4nLQuGMXMHpiC8fUL6uKbAg==</latexit>

�LO � �RF

<latexit sha1_base64="NHNvjw1Ld8BV+aRxlNp/J0oRzMQ=">AAAB83icbVDLSgNBEJz1GeMr6tHLYBA8hV0J6jGgB48RzAOyS5id9CZD5rHMzAphyW948aCIV3/Gm3/jJNmDJhY0FFXddHfFKWfG+v63t7a+sbm1Xdop7+7tHxxWjo7bRmWaQosqrnQ3JgY4k9CyzHLophqIiDl04vHtzO88gTZMyUc7SSESZChZwiixTgrDO+CWhErAkPQrVb/mz4FXSVCQKirQ7Fe+woGimQBpKSfG9AI/tVFOtGWUw7QcZgZSQsdkCD1HJRFgonx+8xSfO2WAE6VdSYvn6u+JnAhjJiJ2nYLYkVn2ZuJ/Xi+zyU2UM5lmFiRdLEoyjq3CswDwgGmglk8cIVQzdyumI6IJtS6msgshWH55lbQva8FVrf5QrzbqRRwldIrO0AUK0DVqoHvURC1EUYqe0St68zLvxXv3Phata14xc4L+wPv8AfHqkZg=</latexit>

�!

Figure 3.11: A schematic diagram of the the signal processing for one channel.

Semi-rigid cables are used for high-frequency signal transmission to sup-
press losses. The entire circuit is placed inside a shielded box covered with
copper mesh to further reduce electromagnetic noises.

The power loss of the band pass filter, mixer, low pass filter, I/Q demod-
ulator and cables is about 15 dB, the power gain of the amplifier is 25.6 dB,
so the total power gain of the circuit is about 10.6 dB. For output amplitude
level of about 10 mV, the sensitivity of the circuit is about 3 mV.

To verify the reliability of the mixer circuit, 1.5 GHz microwave is con-
nected with a phase shifter and divided into four parts, which are injected
to four channels of the circuit. By adjusting the phase shifter from 0 to 360
degree, variations of eight-channel I/Q outputs are recorded. Phase of the
wave signal can be calculated from output I/Q signals as φ = tan−1(Q/I).
A schematic diagram of the circuit test is shown in figure 3.12.
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<latexit sha1_base64="Kie+DAqpkLVT00OTUCSfQy9hXXk=">AAACDnicbVA9SwNBEN2LXzF+RS1tDkMgFsY7CWojBGy0S8B8QO4Me5tJsmR379jdE8KRX2DjX7GxUMTW2s5/416SQqMPBh7vzTAzL4gYVdpxvqzM0vLK6lp2PbexubW9k9/da6owlgQaJGShbAdYAaMCGppqBu1IAuYBg1Ywukr91j1IRUNxq8cR+BwPBO1TgrWRuvmiFw1p1+NYDyVPOGAVS+hNLj2NxV1y7E5K9ZObo26+4JSdKey/xJ2TApqj1s1/er2QxByEJgwr1XGdSPsJlpoSBpOcFyuIMBnhAXQMFZiD8pPpOxO7aJSe3Q+lKaHtqfpzIsFcqTEPTGd6t1r0UvE/rxPr/oWfUBHFGgSZLerHzNahnWZj96gEotnYEEwkNbfaZIglJtokmDMhuIsv/yXN07J7Vq7UK4VqZR5HFh2gQ1RCLjpHVXSNaqiBCHpAT+gFvVqP1rP1Zr3PWjPWfGYf/YL18Q3pLpvx</latexit>

�measured = tan�1(Q/I)

<latexit sha1_base64="7a8WMh3CNbIumBUPd/14GyjqCck=">AAAB/3icbVDLSsNAFJ3UV62vqODGzWARXJVEirosuHFZwT6gCWEymbRjZyZhZiKU2IW/4saFIm79DXf+jZM2C209MHA4517umROmjCrtON9WZWV1bX2julnb2t7Z3bP3D7oqySQmHZywRPZDpAijgnQ01Yz0U0kQDxnphePrwu89EKloIu70JCU+R0NBY4qRNlJgH3npiAYeR3okeY6i+0xpEk0Du+40nBngMnFLUgcl2oH95UUJzjgRGjOk1MB1Uu3nSGqKGZnWvEyRFOExGpKBoQJxovx8ln8KT40SwTiR5gkNZ+rvjRxxpSY8NJNFULXoFeJ/3iDT8ZWfU5Fmmgg8PxRnDOoEFmXAiEqCNZsYgrCkJivEIyQR1qayminBXfzyMumeN9yLRvO2WW81yzqq4BicgDPggkvQAjegDToAg0fwDF7Bm/VkvVjv1sd8tGKVO4fgD6zPH/dulq8=</latexit>

�adjusted

Figure 3.12: A schematic diagram of the circuit test.

The relationship between measured phase calculated form output I/Q
signals and adjusted phase from the phase shifter is shown in figure 3.13.
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Figure 3.13: Mixer circuit test results.

From figure 3.13, it is noted that there is a very good linearity between
the measured phase calculated form output I/Q signals and adjusted phase
from the phase shifter, and there is also a good identicalness between four
channels.

3.3 Density and temperature measurement sys-
tem

The density and temperature measurement system consists of one movable
Langmuir probe and two 70 GHz microwave interferometers, which is shown
in figure 3.4.

The movable Langmuir probe is installed at 2T port and used to measure
the electron density and temperature profiles. The probe is controlled by two
stepping motors, which enable it to rotate around and slid along its vertical
axis. Therefore, the probe tip covers the whole range form R = 10 to 47.5 cm
and also from Z = −24 to +24 cm. But in present experiments, the probe
tip is fixed on the mid-plane and only one motor is used, since only profiles
on the mid-plane is of our interest.
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The probe tip is made of tungsten with a diameter of 0.5 mm and a length
of 5 mm. Other parts of the probe are nested with an SSA-S protective
tube with an inner diameter of 0.8 mm and an outer diameter of 1.2 mm, a
SUS304 pipe with an inner diameter of 1.45 mm and an outer diameter of
1.81 mm, and an SSA-S protective tube with an inner diameter of 2.0 mm
and an outer diameter of 3.0 mm. It is covered so that it does not contact
with the plasma. In addition, the base of the probe tip and the base of the
outer ceramic tube are fixed with Aron Ceramic, a heat-resistant inorganic
adhesive. The tungsten wire is inserted into a copper pipe inside the box
and crimped to the core wire of the coaxial cable, and the coaxial cable is
connected to the circuit on the atmosphere side via the current introduction
terminal. For this coaxial cable, RG188A/U made by Fujikura, which has a
PTFE protective film, is used in consideration of heat resistance. The pickup
resistance can be switched between 10, 51, 100, 510, 1000 and 5000 Ω, and
is selected according to the magnitude of the probe current.

At tangency radius Rt = 35.5 cm (system A) and 27 cm (system C) on
the mid-plane, two 70 GHz microwaves are injected into the plasma and
the line-integrated electron densities along two chords are measured. The
line-of-sight lengths of system A and system C are about 83 cm and 70 cm,
respectively.

In the experiment, two methods are used to measure the electron density
and temperature profiles: the ion saturation current profile measurement
and the I − V characteristics measurement. In the first method, the probe
is rotated during the discharge with a constant negative voltage applied to
it, and the ion saturation current profile is measured in one shot. Under the
assumption that the electron density is proportional to the ion saturation
current, ne = factor× Iis, the multiplication factor can be obtained from the
interferometer data as follows,

nlRt = 2×
∫ √

R2
0−R2

t

0

factor× f
(√

x2 +R2
t

)
dx (3.10)

where nlRt is the line-integrated electron density along chord at tangency
radiusRt, R0 is the radius of LATE vacuum vessel, f(R) is the fitting function
of the ion saturation current profile over large radius. In the second method,
the probe is fixed during the discharge with a sawtooth voltage applied to
it, and the electron density and temperature are obtained from the I − V
characteristics and effective area of the probe. The density and temperature
profiles can be measured in multiple shots by changing the position of the
probe.
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Chapter 4

Experimental results

4.1 O-mode injection
For the O-X-B experiments, the RF power generator is connected to the
horizontal side of the waveguide launcher and 1.5 GHz microwave is injected
as O-mode. Both the electron density and temperature profiles, 1-D and 2-D
wave pattern of phase and amplitude are measured and analyzed.

4.1.1 Target plasma and discharge waveform
A typical discharge waveform is shown in figure 4.1. Toroidal magnetic field
coil current is set to 900 A, so the second harmonic ECR layer for 2.45 GHz
microwave is at R2nd−ECR = 246.8 mm. Vertical magnetic field Bv and its
decay index −(R/Bv) · (∂Bv/∂R) are set to 10 G and 0.15, respectively, for
the production of trapped high energy electrons and suppression of density
fluctuations. Puffs of hydrogen gas are introduced into the vacuum vessel
at 0.1 s, for a filling gas pressure of 2.0 × 10−2 Pa. 2.45 GHz microwave is
injected at a constant level of 400 W between 0.3 to 4.3 s. After microwave
injection, gas pressure quickly decreases to the level of 0.6 × 10−2 Pa, while
plasma current ramps up to 50 A, and an overdense plasma (for 1.5 GHz
microwave) is generated. The target ECR plasma is similar to the one pro-
duced in previous low power experiments [27]. For EBW excitation, 1.5 GHz
microwave is injected at a power level of 20 W between 0.75 to 4.0 s, when
the plasma is at steady state. The probe antenna starts sweeping from 0.8 s,
at a constant angular speed of 27o/s with respect to axis 1 (after about 0.2
s acceleration), and stops before 4.0 s according to the sweeping trajectory
length, for the measurement of the wave pattern.
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Figure 4.1: A typical discharge waveform for O-mode injection: (a) 2.45
GHz heating microwave power and 1.5 GHz detecting microwave power, (b)
vertical magnetic field Bv and its decay index −(R/Bv) · (∂Bv/∂R), (c) gas
pressure, (d) plasma current, (e) plasma light, (f) radial position of the probe
antenna, (g) and (h) line-integrated electron densities along 27 and 35.5 cm
chord. The steady state period (0.75 to 4.0 s) is marked by vertical dashed
lines.

Typical I/Q signals during one sweep Rs = 220 mm are shown in figure
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4.2. Between 0 to 0.75 s and 4.0 to 5.0 s, I/Q signals are at a constant level of
zero with only a background noise of about 4 mV. Since 1.5 GHz microwave is
not injected in these periods, such results indicate that unwanted signals (not
1.5 GHz) are almost completely filtered by the mixer circuit. Between 0.75
to 4.0 s, I/Q signals reach a level of about 80 mV and show clear variations
over time, indicating a high S/N ratio of about 20.
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Figure 4.2: Typical I/Q signals for O-mode injection during one sweep Rs

= 220 mm. The suffix numbers indicate the antenna pin numbers, and there
are eight channels for four pins.

The electron density and temperature profiles obtained from two methods
are shown in figure 4.3. It should be mentioned that in the experiment, the
movable Langmuir probe has a much larger disturbance to the plasma than
the EBW antenna in the range of R ≤ 220 mm, as the plasma usually breaks
down and the discharge is terminated once the probe reaches in the core
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region. Therefore, the measurable range is limited to R = 230 to 475 mm in
present experiments. For the electron density profile, it is noted that the two
methods are almost the same in the range of R = 270 to 475 mm, so the ion
saturation current measurement is considered effective and efficient, which
will be used in later analysis. The multiplication factor is calculated to be
10.7 × 1016 m−3/mA. It is also noted that the plasma is highly overdense for
1.5 GHz microwave, as the peak density (1.8 × 1017 m−3) is about 6 times
the cutoff density (2.8 × 1016 m−3), and the peak position approximately
coincides with the second harmonic ECR layer for 2.45 GHz microwave. Since
the UHR, PC, and ECR (for 1.5 GHz microwave) layers are well separated
at RUHR = 362.5 mm, RPC = 337.6 mm, RECR = 201.5 mm, respectively,
the whole process of excitation, propagation and damping of EBW can be
studied in detail. For the electron temperature profile, it is noted that the
electron temperature is at a pretty low level of about 3.6 eV in the range
of R = 330 to 475 mm, and it gradually increases to about 6.8 eV at R =
270 mm. Such low electron temperature will protect the probe antenna from
being damaged by the plasma, but it will also decrease the EBW wavelength
and increase the EBW collisional damping rate.
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Figure 4.3: The electron density and temperature profiles for O-mode injec-
tion. The ion saturation current measurement results and the fitting curve
(after 10.7 × 1016 m−3/mA factor multiplication) are plotted by purple points
and a black line, respectively. The electron density and temperature obtained
from the I − V characteristics are plotted by black stars and red crosses, re-
spectively. The UHR and PC layers are marked by vertical dashed lines.

4.1.2 2-D wave pattern
Two-dimensional plots of phase and amplitude pattern measured by four pins
are shown in figure 4.4 and figure 4.5. For each plot, the sweeping radius
is in the range of Rs = 70 to 440 mm with 10 mm interval, so there are 38
sweeps in total. The measurement region is almost the same as in figure 3.4.
It should be mentioned that the reliability of 2-D measurement depends on
the reproducibility of both the plasma and wave pattern. To verify these, the
electron density profile is measured multiple times after different sweeps and
compared, while I/Q signals are also measured multiple times for the same
sweep and compared. The comparison results indicate that both the plasma
and wave pattern can be well reproduced and 2-D measurement is reliable.
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Figure 4.4: Two-dimensional plots of phase pattern measured by four pins
for O-mode injection. Phase calculated from I/Q signals of pin 1 is shown
by ph1, and so on. The LATE wall, UHR, PC, ECR layers and center
post are marked by five solid curves from outside to inside, respectively.
The phase and coordinate unit are degree and millimeter, respectively. The
short-wavelength region is encircled and expanded for ph2 and ph4.
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Figure 4.5: Two-dimensional plots of amplitude pattern measured by four
pins for O-mode injection. Amplitude calculated from I/Q signals of pin 1 is
shown by amp1, and so on. The LATE wall, UHR, PC, ECR layers and center
post are marked by five solid curves from outside to inside, respectively. The
amplitude and coordinate unit are millivolt and millimeter, respectively.

From figure 4.4 and figure 4.5, several results can be noted.
First, the overall wave pattern of phase and amplitude is pretty similar

for both pins, yet some small differences can still be viewed. To understand
this phenomenon, 2-D wave pattern in vacuum (without plasma, with only
1.5 GHz microwave injected as O-mode) is also measured, which shows that
highly similar wave pattern is detected by four pins once again. As mentioned
before, the potential difference between the center pin and the corner pin
can induce current in the corner MI cable, while the measurement results
in vacuum suggest that current can also be induced by the electric field in
the vertical direction (parallel to the corner pin). Since four pins are all
guided vertically, the overall wave pattern will be similar in regions where

60



the vertical electric field is dominant for detection. However, in regions where
the short-wavelength electrostatic waves become dominant, differences of the
wave pattern for different pins will emerge.

Second, a short-wavelength wave pattern is detected by pin 4 in a small
region near the UHR layer. From phase 4 in figure 4.4, a rapid phase change
pattern appears in a small region of about 30 × 35 mm near the UHR layer (x
= 155 to 185 mm, y = −300 to −335 mm). An expanded plot of this region
is shown in figure 4.6. In the experiment, the probe antenna is fixed on the
antenna box and the detection direction of pins cannot be adjusted. But with
appropriate initial setting of the antenna, the detection direction and moving
direction of pin 2 and 4 are both almost radial in this region as shown in
figure 3.4. Therefore, such short-wavelength wave pattern is electrostatic and
mainly radially propagating, as the wave electric field is parallel to the wave
vector (both almost radial). It is noted that there is similar pattern in phase
1, phase 2, and phase 3, and there is no such pattern in vacuum. It should be
mentioned that both EBW and X-mode are present near the UHR layer, and
the wave may have a small but nonzero parallel wave number as the original
O-mode is injected obliquely, so there should be signals not only in the radial
direction. Besides, the sensitivity of each pin and pin arrangement may also
affect the measured phase pattern for short-wavelength electrostatic waves.
In present experiments, clear and most convincing 1-D short-wavelength wave
pattern (section 4.1.3) is only detected by pin 4, which is used for further
analysis.
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Figure 4.6: An expanded plot of the short-wavelength region for pin 4 in
figure 4.4.

4.1.3 1-D variation of phase and amplitude
Since the wavelength of EBW is only a few millimeters in present experi-
ments, such short-wavelength wave pattern cannot be precisely verified from
the wide 2-D plot as shown above. Therefore, for sweeps which pass through
the short-wavelength region in phase 4 of figure 4.4, 1-D variation of phase
and amplitude are plotted with the horizontal axis as the large radius, which
is shown in figure 4.7. The sweeping radius Rs of each sweep is also marked.
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Figure 4.7: 1-D variation of phase (ph4) and amplitude (amp4) calculated
from I/Q signals of pin 4 for several sweeps which pass through the short-
wavelength region in figure 4.4. The sweeping radius Rs of each sweep is
marked on the left top side. The UHR layer is marked by a vertical dashed
line.

Here in figure 4.7, phase and amplitude are calculated after taking a
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moving average along the sweeping trajectory over 0.2 mm, which clarify the
short-wavelength pattern around 2 to 4 mm in the signal. The moving speed
of the probe antenna is different for each sweep since the angular speed of
axis 1 is fixed while sweeping radius Rs is different. The average number m
of sampled data is chosen as the average length mv/105 s−1 becomes 0.2 mm,
where v is the moving speed of the probe antenna.

First, let’s inspect phase variation in figure 4.7. In the range of R ≥
350 mm and R ≤ 320 mm, phase variation is pretty slow. In the range of
R = 320 to 350 mm, a rapid phase variation is detected by pin 4 in four
sweeps, as shown in the masked region in figure 4.7. The corresponding
wavelength of this rapid phase variation is about 2 mm. By substituting the
toroidal magnetic field of 317.6 G, the electron density of 2.8 × 1016 m−3, and
the electron temperature of 4 eV at R = 340 mm into the EBW dispersion
relation [28]

1 =
ω2
p

ω2
c

2

µ
e−µ

∞∑
n=1

In(µ)

(ω/nωc)2 − 1
(4.1)

the wavelength of EBW is calculated as λ = 2π/k⊥ = 2.4 mm. The group
velocity direction of such short-wavelength wave pattern cannot be directly
verified from measurement results since homodyne-type circuit is used and
I/Q signals are time-independent. However, it is noted that the group veloc-
ity direction is same as the wave energy flow direction. Since the UHR layer
is located outside the short-wavelength region and the electron temperature
is only about 4 eV, it is considered to be nearly impossible that the wave
energy flow direction is from inside to outside as there is no strong source
inside for exciting such short-wavelength wave pattern. Therefore, through
elimination of possibilities, the group velocity direction is considered to be
from outside to inside, so the monotonic decrease of phase 4 from outside to
inside indicates that it is a backward wave, as the wave has a wave vector
k directed outward to the plasma edge, and the phase velocity direction is
opposite to the group velocity direction. As mentioned before, the detec-
tion direction and moving direction of pin 4 are both almost radial in this
region, so the wave is also electrostatic and radially propagating. With all
these characteristics, it is believed that the detected short-wavelength wave
pattern is EBW.

It should be mentioned that such clear pattern only appears in these four
sweeps as shown in figure 4.7, and lasts for several centimeters in each sweep,
so the pattern is localized in both toroidal and radial directions. The reason
for such localized observation of the EBW wave pattern is considered to be
the critical requirement for achieving high O-X-B mode conversion efficiency,
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and high collisional damping rate of EBW. First, the parallel refractive index
of the injected microwave is expected to have a wide distribution at the PC
layer due to its curvature, and the LC layer is not parallel to the PC layer
in contrast to conventional 1-D case, therefore, EBW can only be excited in
a localized region near the intersection point between the PC layer and the
LC layer, which is discussed in more detail in section 4.3. Second, to study
the collisional damping effect, the general EBW dispersion relation can be
written as [29]

1 +
1

k2λ2D
×

1 + z0
∑∞

n=−∞ e−µIn(µ)Z(zn)

1 + izc
∑∞

n=−∞ e−µIn(µ)Z(zn)
= 0 (4.2)

where k = (k2z + k2⊥)
1/2 is the wave number, kz = Nzω/c, λD = vth/

√
2ωp

is the Debye length, zn = (ω + iν − nωc)/kzvth, ν is the collision frequency,
zc = ν/kzvth, Z is the plasma dispersion function. The collision frequency is
estimated to be ν ∼ 5× 107 s−1 under present warm plasma conditions with
the electron temperature of 4 eV and gas pressure of 0.6 × 10−2 Pa [30] (both
electron-ion and electron-neutral collisions are considered with the possibility
of impurities from the wall), and the parallel refractive index is also estimated
to be Nz ∼ 0.611 (section 4.3). By substituting these parameters into the
dispersion relation, the complex value of the perpendicular wave number
can be solved as k⊥ = 2679.5 − 334.5i m−1, and the collisional damping
length of EBW is estimated to be λdamping = 2π/Im(k⊥) = 1.9 cm in present
experiments, so the EBW wave pattern is expected to quickly damp and
disappear within several centimeters after being excited locally.

Next, let’s inspect amplitude variation in figure 4.7. In the range of R
= 320 to 350 mm, overall amplitude level becomes small and the variation
shows similar periods as phase variation. As mentioned before, the probe
antenna is able to detect two types of electric fields, one is electromagnetic
type which is parallel to the pin, the other is electrostatic type which is
perpendicular to the pin. Since the diameter of the pin is only 0.1 mm, the
electrostatic type is expected to induce weaker currents in the pin than the
electromagnetic type, which may be the reason of small overall amplitude
level in the EBW region. To understand the amplitude variation, general
relationship between EBW wave fields and phase and amplitude of each pin
is described. The EBW wave potential can be written as

ψ(r, t) =
∑
j

Aj(r) exp[i(φj0 + kj · r)− iωt] (4.3)

where j denotes multiple waves in different directions. The probe antenna
detects the potential difference between the corner pin and the center pin as
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∆ψi(r, t) = ψ(r + di, t)− ψ(r, t) (4.4)

where i = 1, 2, 3, 4 for four pins, di denotes the vector from the center pin
to each corner pin. A schematic diagram of the detection scenario is shown
in figure 4.8.

• EBW potential


• potential difference between center and corner pin


• real part of potential difference is detected wave signal

Wave Signal
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Figure 4.8: A schematic diagram of the detection scenario. i = 1, 2, 3, 4 for
four pins, di denotes the vector from the center pin to each corner pin, and
j denotes multiple waves in different directions.

Now assuming that the wave amplitude is constant in the small distance
of di (1 mm), the potential difference can be written as

∆ψi(r, t) =
∑
j

2Aj sin

(
kj · di

2

)
× exp

[
i

(
φj0 + kj · r +

kj · di

2
+
π

2

)
− iωt

] (4.5)

I/Q signals are the time-independent parts as Ii = Re(∆ψi(r)), Qi = Im(∆ψi(r)),
so phase φi = arg(∆ψi(r)), amplitude Ai = |∆ψi(r)|. It is clear that the pin
detection direction, pin moving direction and wave propagation direction
can both affect phase and amplitude pattern. In the ideal case where there
is only one wave and the these three directions are the same for one pin,
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φ = φEBW0 + kEBWr + kEBWd/2 + π/2 as phase decreases monotonically in
the period of the wavelength for a backward EBW, A = 2AEBW sin(kEBWd/2)
as amplitude is constant. It should be mentioned that here it is assumed
kj ·di 6= 2nπ, where n is an integer. In the case of kj ·di = 2nπ, the potential
difference between the center pin and corner pin is zero, and no pattern vari-
ation should be detected. It should also be mentioned that for waves with
wavelength shorter than 2di (2 mm), they should be detected as a spatially
under-sampled pattern with effective length of variation equal to 2di.

From figure 4.7, it is noted that amplitude shows clear variation with
similar periods as phase variation. This suggests that the wave potential
forms an interference wave pattern rather than a pure plane wave, and the
pin detection direction, pin moving direction and wave propagation directions
are not exactly the same. In theory, wave interference may occur between
EBWs from different directions, or between EBW and SX-mode. However,
the PC layer is at RPC = 337.6 mm, and the short-wavelength region is in
the range of R = 320 to 348 mm. Since the SX-mode is not likely to exist in
the inner side of the PC layer, the interference wave pattern should be due
to EBWs only. In the experiment, the density fluctuation effect cannot be
neglected, and the UHR layer is not expected to be smooth, so there may
exist multiple electrostatic waves in different directions near the UHR layer,
which could form the interference wave pattern and result in such amplitude
variation.

4.2 X-mode injection
For comparison with O-mode injection, the RF power generator is connected
to the vertical side of the waveguide launcher and 1.5 GHz microwave is
injected as X-mode. Both the electron density and temperature profiles, 1-D
and 2-D wave pattern of phase and amplitude are measured and compared
with O-mode injection results.

4.2.1 Target plasma and discharge waveform
The typical discharge waveform and I/Q signals during one sweep for X-
mode injection are shown in figure 4.9 and figure 4.10, respectively. The
control parameters are the same as in figure 4.1 and the sweeping trajectory
is the same as in figure 4.2. Comparison between figure 4.1 and figure 4.9,
figure 4.2 and figure 4.10 show that the target plasma is almost the same
for both cases, while I/Q signals are quite different. For X-mode injection,
typical I/Q signal level is smaller than O-mode injection case.

67



 0

 0.2

 0.4 (a)
P

2
.4

5
G

H
z

(k
W

)

 0

 15

 30(a)

P
1
.5

G
H

z

(W
)

 0

 0.1

 0.2 (b)

d
e
c
a
y

in
d
e
x

 0

 5

 10(b)

B
v

(G
)

 0

 0.8

 1.6 (c)

P
H

2

(1
0

−
2
P

a
)

 0

 0.1

 0.2 (d)

I p

(k
A

)

 0

 0.3

 0.6 (e)

p
h
o
to

tr
a
n
s
is

to
r

 0

 0.2

 0.4 (f)

R
a
n
te

n
n
a

(m
)

 0

 0.1

 0.2 (g)

n
l 2

7
c
m

(1
0

1
7
m

−
2
)

 0

 0.1

 0.2

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5  5

(h)

n
l 3

5
.5

c
m

(1
0

1
7
m

−
2
)

time(s)

Figure 4.9: A typical discharge waveform for X-mode injection: (a) 2.45
GHz heating microwave power and 1.5 GHz detecting microwave power, (b)
vertical magnetic field Bv and its decay index −(R/Bv) · (∂Bv/∂R), (c) gas
pressure, (d) plasma current, (e) plasma light, (f) radial position of the probe
antenna, (g) and (h) line-integrated electron densities along 27 and 35.5 cm
chord. The steady state period (0.75 to 4.0 s) is marked by vertical dashed
lines.
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Figure 4.10: Typical I/Q signals for X-mode injection during one sweep Rs

= 220 mm. The suffix numbers indicate the antenna pin numbers, and there
are eight channels for four pins.

The electron density and temperature profiles are shown in figure 4.11.
Compared with O-mode injection case, the UHR and PC layers move slightly
from RUHR−O = 362.5 mm to RUHR−X = 367.3 mm, and RPC−O = 337.6 mm
to RPC−X = 345.3 mm, respectively, while the electron temperature profile
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is almost the same.
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Figure 4.11: The electron density and temperature profiles for X-mode injec-
tion. The ion saturation current measurement results and the fitting curve
(after 10.7 × 1016 m−3/mA factor multiplication) are plotted by purple points
and a black line, respectively. The electron density and temperature obtained
from the I − V characteristics are plotted by black stars and red crosses, re-
spectively. The UHR and PC layers are marked by vertical dashed lines.

4.2.2 2-D wave pattern
Figure 4.12 and figure 4.13 show two-dimensional plots of phase and am-
plitude pattern for X-mode injection. The plot setting is the same as in
figure 4.4 and figure 4.5, except that the first five sweeps near the waveguide
launcher (Rs = 70 to 110 mm) are not measured, as the plasma is difficult to
be maintained and discharge is terminated during these sweeps for X-mode
injection. It is noted that the overall wave pattern of phase and amplitude is
quite different from O-mode injection case for all four pins. For the 2-D wave
pattern of phase, no short-wavelength wave pattern can be observed. Under
present experimental conditions as the X-mode is injected obliquely, the X-B
mode conversion efficiency is at a very low level of about 8.6% [31, 32] and
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EBW is not expected to be excited effectively. In the case of perpendicular
injection of the X-mode, the X-B mode conversion efficiency is estimated to
be about 88.6%, which is much higher. The formation of a resonant cavity be-
tween the R-cutoff, UHR, and L-cutoff is the reason for such high conversion
efficiency, even though the evanescent region and wave tunneling are always
involved. Since the process is not fully understood in detail, the detection
system is expected to be used for future study of the X-B mode conversion
process with microwave perpendicularly injected. For the 2-D wave pattern
of amplitude, the overall amplitude level is smaller than O-mode injection
case, as FX-mode is quickly blocked at the RC layer and cannot penetrate
inside the plasma. A standing wave pattern appears near the wall (R = 380
to 460 mm) with a wavelength of about 15 cm, due to the reflection of the
FX-mode between the RC layer and the 4R and 5R ports of LATE.
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Figure 4.12: Two-dimensional plots of phase pattern measured by four pins
for X-mode injection. Phase calculated from I/Q signals of pin 1 is shown by
ph1, and so on. The LATE wall, UHR, PC, ECR layers and center post are
marked by five solid curves from outside to inside, respectively. The phase
and coordinate unit are degree and millimeter, respectively. The first five
sweeps near the waveguide launcher (Rs = 70 to 110 mm) are not measured
compared with figure 4.4 due to discharge termination.
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Figure 4.13: Two-dimensional plots of amplitude pattern measured by four
pins for X-mode injection. Amplitude calculated from I/Q signals of pin 1 is
shown by amp1, and so on. The LATE wall, UHR, PC, ECR layers and center
post are marked by five solid curves from outside to inside, respectively. The
amplitude and coordinate unit are millivolt and millimeter, respectively. The
first five sweeps near the waveguide launcher (Rs = 70 to 110 mm) are not
measured compared with figure 4.5 due to discharge termination.

4.3 Toroidal magnetic field adjustment
To further investigate the EBW wave pattern observed in figure 4.4, the
toroidal magnetic field coil current is slightly adjusted to 920 A while other
control parameters are kept the same as in figure 4.1, and 1.5 GHz microwave
is injected as O-mode. Both the electron density and temperature profiles, 1-
D and 2-D wave pattern of phase and amplitude are measured and compared
with 900 A case. The results are shown in figure 4.14 and figure 4.15.
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Figure 4.14: The electron density and temperature profiles for O-mode injec-
tion for 920 A toroidal magnetic field coil current. The ion saturation current
measurement results and the fitting curve (after 10.7 × 1016 m−3/mA factor
multiplication) are plotted by purple points and a black line, respectively.
The electron temperature obtained from the I − V characteristics are plot-
ted by red crosses. The UHR and PC layers are marked by vertical dashed
lines.

From figure 4.14, it is noted that the electron density profile is slightly
changed after increasing the toroidal magnetic field, while the electron tem-
perature profile is almost the same. The UHR, PC, and ECR layers move
from RUHR−900 = 362.5 mm to RUHR−920 = 372.0 mm, RPC−900 = 337.6 mm
to RPC−920 = 349.8 mm, and RECR−900 = 201.5 mm to RECR−920 = 206.0
mm, respectively. However, the plasma is still highly overdense and three
layers are also well separated.
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Figure 4.15: Left: comparison of 2-D wave pattern of phase measured by
pin 4 for (a) 900 A and (b) 920 A toroidal magnetic field coil current. The
LATE wall, UHR, PC, ECR layers and center post are marked by five solid
curves from outside to inside, respectively. The phase and coordinate unit is
degree and millimeter, respectively. The approximate wave trajectories from
the launcher to the plasma are shown by black curves. Right: comparison of
1-D wave pattern of phase measured by pin 4 for (c) 900 A and (d) 920 A
toroidal magnetic field coil current. The sweeping radius Rs of each sweep is
marked. The UHR layer is marked by a vertical dashed line.

From figure 4.15, several results can be noted.
First, the overall wave pattern of phase 4 for 920 A is highly similar to

900 A case. The EBW wave pattern near the UHR layer appears once again
after increasing the toroidal magnetic field.

Second, the position of the EBW region changes for different toroidal
magnetic fields. From both 2-D and 1-D wave pattern of phase in figure
4.15, it is noted that the position of the EBW region moves not only radially
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but also toroidally (sweeping radius becomes different) after increasing the
toroidal magnetic field (from x900 = 155 to 185 mm, y900 = −300 to −335
mm, to x920 = 150 to 175 mm, y920 = −320 to −345 mm). While the radial
movement is easily understood as the postion of the UHR layer is shifted, the
toroidal movement of the EBW region suggests the existence of a localized
region where O-X mode conversion efficiency is high. In the O-X conversion
process, the O-mode tunnels through the evanescent region between the PC
layer and the LC layer and converts to the X-mode. In conventional 1-D
case, the evanescent region will disappear at an optimal injection angle when
these two layers overlap. In present 2-D case, however, the evanescent region
will not disappear since these two layers are not parallel to each other, as the
parallel refractive index of the microwave is not constant at the PC layer,
due to the plane wave assumption and PC layer curvature. In fact, there is
an intersection point between the PC layer and the LC layer, and O-X mode
conversion efficiency is expected to be high only near this intersection point.
A schematic diagram of the intersection between the PC layer and the LC
layer in 2-D case is shown in figure 4.16.

Localized Observation

PC PC

LC

31

topview

plane wave injection localized O-X conversion
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Figure 4.16: A schematic diagram of the intersection between the PC layer
and the LC layer in 2-D case.

It should be mentioned that both the plasma current and vertical mag-
netic field are very small in present experiments, so the total magnetic field
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profile is mainly determined by the toroidal magnetic field coil current, and
the electron density gradient direction is almost the same as the magnetic
field gradient direction. The parallel refractive index of the microwave at the
intersection point can be calculated as follows,

ω =
1

2

(√
ω2
c +

4ω2
p

1−N2
z

− ωc

)
= ωL (4.6)

At R = RPC, ωp = ω, the equation gives the well-known Nz = Nzc =√
ωc/(ω + ωc). By substituting with the toroidal magnetic field at the PC

layer B900 = 320.0 G and B920 = 315.6 G, one gets Nz−900 = 0.611, Nz−920

= 0.609, so the corresponding angle between k and kz is θ900 = 52.3o, θ920 =
52.5o. It is noted that both shifts are very small due to slight adjustment of
the toroidal magnetic field. In the experiment, such slight adjustment will
keep the plasma and 2-D wave pattern highly similar and make it possible
for intuitive comparison. Larger adjustment of the toroidal magnetic field
will unavoidably change the plasma profile and 2-D wave pattern will also
become dramatically different. The position of the intersection point be-
tween the PC layer and the LC layer is difficult to be calculated accurately
as the wave trajectory cannot be determined from conventional ray tracing
technique (wavelength is comparable to LATE radius). However, such ray
tracing calculation is still performed and approximate wave trajectories from
the launcher to the plasma are plotted in figure 4.15, in order to demonstrate
the process. The microwave is obliquely injected to the plasma, while only
certain wave trajectories may reach the region adjacent to the intersection
point between the PC layer and the LC layer where O-X conversion effi-
ciency is high. After O-X conversion, converted SX-mode propagates back
to the UHR layer, and eventually converts to EBW. Therefore, the position
of the EBW region becomes localized and is determined by such certain wave
trajectories.

Third, the size of the EBW region changes for different toroidal magnetic
fields. From 1-D wave pattern of phase in figure 4.15, it is noted that there
are only three sweeps where the EBW wave pattern is clearly observed after
increasing the toroidal magnetic field as shown in the masked region, while
the length of the masked region is almost the same. It should be noted that
the interval between the sweeps is 1 cm, so much smaller size change may
not be verified precisely in present experiments. By substituting with the
plasma parameters in 920 A case, the complex value of the perpendicular
wave number can be solved as k⊥−920 = 2597.6 − 341.9i m−1, so the colli-
sional damping length of EBW is nearly the same with 900 A case. Besides
collisional damping, the size of the EBW region depends on the total O-X-B
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conversion efficiency, which includes two processes. For the first process, as
mentioned before, O-X mode conversion efficiency is high near the intersec-
tion point between the PC layer and the LC layer. The total O-X conversion
efficiency, however, cannot be calculated by Mjølhus’ formula [25]

CO−SX = exp

{
−πk0Ln

√
ωc

2ω

[
2
(
1 +

ωc

ω

)
(Nz −Nzc)

2 +N2
y

]}
(4.7)

Since the evanescent region between the PC layer and the LC layer only
disappears at the intersection point and the wave energy has a spatial distri-
bution, the total penetration rate for O-X conversion is dependent on both
the evanescent region shape and wave energy spatial distribution. For the
second process, there is a possibility that the converted SX-mode tunnels
through another evanescent region between the UHR layer and the RC layer
and propagates outside, which will decrease the conversion efficiency. Sim-
ilarly, the total tunneling rate is also dependent on the evanescent region
shape and the wave energy spatial distribution. Though the total O-X-B
conversion efficiency is difficult to be calculated precisely, it should be men-
tioned that the EBW wave pattern is still observed for much higher toroidal
magnetic field (It = 1000 A), and the size becomes slightly smaller (only two
sweeps). Such results suggest that localized efficient O-X-B conversion can
always be achieved in present 2-D case due to the existence of the intersection
point, while the total conversion efficiency may be different.
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Chapter 5

Discussion

5.1 Comparison with 1-D full wave simula-
tion

For comparison with the experimental results in the EBW region, 1-D full
wave simulation is performed by solving the simplified kinetic full wave equa-
tion [23]. The kinetic full wave equation is

dFK

dξ
= iAK · FK (5.1)

where

ξ = ωx/c

FK = [Ex, Ey, Ez, (iχ̃E
′
x) , cBz, (−cBy)]

T

AK =


0 0 0 −χ̃−1 0 0
Ny 0 0 0 1 0
Nz 0 0 0 0 1
K1 −iK2 0 0 Ny Nz

iK2 K1 −N2
z NyNz 0 0 0

0 NyNz K3 −N2
y 0 0 0


χ̃ =

−3ω2
p (ω + iν)2[

(ω + iν)2 − ω2
c

] [
(ω + iν)2 − 4ω2

c

] (vth
c

)2
(5.2)

The full wave equation 5.1 cannot be solved until the appropriate bound-
ary conditions for the differential equations are specified. In order to formu-
late these boundary conditions, it is first necessary to investigate the wave
propagation in a homogeneous plasma.
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In a homogeneous plasma, FK(ξ) can be written as

FK(ξ) = F 0 exp (iNxξ) (5.3)

Inserting equation 5.3 into 5.1 reduces the differential equation to the linear
eigenvalue problem

AK · F 0 = NxF 0 (5.4)

The eigenvalues belonging to equation 5.4 can be written in the form

N2
x1 =

−b− 2
√
A cos(θ/3)

3a

N2
x2 =

−b+
√
A(cos(θ/3) +

√
3 sin(θ/3))

3a

N2
x3 =

−b+
√
A(cos(θ/3)−

√
3 sin(θ/3))

3a

(5.5)

where

a = χ̃

b = K1 + χ̃
(
N2

y +N2
z −K1 −K3

)
c = K2

2 +K1

(
2N2

y +N2
z −K1 −K3

)
+K3N

2
z − χ̃

(
K1N

2
y +K3N

2
z −K1K3

)
d = −K2

2

(
K3 −N2

y

)
+
(
N2

y +N2
z −K1

) (
K1N

2
y +K3N

2
z −K1K3

)
A = b2 − 3ac

B = bc− 9ad

C = c2 − 3bd

T =
2Ab− 3aB

2
√
A3

θ = arccosT

(5.6)

In figure 5.1 we show the variation of N2
x with normalized density.
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Figure 5.1: Variation of N2
x with normalized density. Nz = Nzc, ωc/ω = 0.6,

Te = 500 eV.

We recognize that in the low density region, the N2
x1 solution corresponds

to the decaying wave, the N2
x2 solution corresponds to the O-wave, and the

N2
x3 solution corresponds to the fast X-wave. While in the high density

region, the N2
x1 solution corresponds to the decaying wave, the N2

x2 solution
corresponds to the electron Bernstein wave, and the N2

x3 solution corresponds
to another decaying wave.

Once the eigenvalues Nx corresponding to equation 5.4 are found, we can
calculate the eigenvectors F eigen(Nx) = (p1, p2, p3, p4, p5, p6)

T as


−Nx 0 0 −χ̃−1 0 0
Ny −Nx 0 0 1 0
Nz 0 −Nx 0 0 1
K1 −iK2 0 −Nx Ny Nz

iK2 K1 −N2
z NyNz 0 −Nx 0

0 NyNz K3 −N2
y 0 0 −Nx

 ·


p1
p2
p3
p4
p5
p6

 =


0
0
0
0
0
0


(5.7)

The total solution for FK(ξ) in a homogeneous plasma can now be written
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as a linear combination of the six independent eigenmodes:

FK(ξ) =
6∑

j=1

FKj exp (iNjξ) =
6∑

j=1

cjP j exp (iNjξ) (5.8)

where cj is a complex constant with the dimensions of an electric field. The
components p1j, p2j, p3j, p4j, p5j and p6j of the polarization vector P j are
determined by equation 5.7 with Nx = Nj. And FKj is determined by

AK · FKj = NjFKj (5.9)

In table 5.1 we show the distinction between N1, N2, N3, N4, N5 and
N6. Here, outgoing and incoming refers to propagating waves with their
energy flow density towards the low density and the high density regions,
respectively.

Table 5.1: Distinction between N1, N2, N3, N4, N5 and N6.

value representation
low density region (ξ1) high density region (ξ2)

N1

√
N2

x1 decaying wave growing wave 1
N2 −

√
N2

x1 growing wave decaying wave 1
N3

√
N2

x2 incoming O-wave outgoing EBW
N4 −

√
N2

x2 outgoing O-wave incoming EBW
N5

√
N2

x3 incoming fast X-wave decaying wave 2
N6 −

√
N2

x3 outgoing fast X-wave growing wave 2

Now, the two boundaries are taken to be away from the mode conversion
region where the perpendicular wave vectors, obtained from the WKB dis-
persion relation, change slowly compared to the density scale length. Then,
at the two boundaries, the six waves are assumed to be independent and
uncoupled, and the solutions to equation 5.1 can be obtained by using the
WKB approximation.

The solutions at the two boundaries FK(ξ1) and FK(ξ2) are determined
by the amplitudes of the eigenmodes cj at the two boundaries as

c1 exp (iN1ξ)
c2 exp (iN2ξ)
c3 exp (iN3ξ)
c4 exp (iN4ξ)
c5 exp (iN5ξ)
c6 exp (iN6ξ)


ξ=ξ1

=
(
P 1 P 2 P 3 P 4 P 5 P 6

)−1

ξ=ξ1
·FK(ξ1) (5.10)
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
c1 exp (iN1ξ)
c2 exp (iN2ξ)
c3 exp (iN3ξ)
c4 exp (iN4ξ)
c5 exp (iN5ξ)
c6 exp (iN6ξ)


ξ=ξ2

=
(
P 1 P 2 P 3 P 4 P 5 P 6

)−1

ξ=ξ2
·FK(ξ2) (5.11)

For present experiments of mode conversion and excitation of EBW, the
boundary conditions are set as follows.

At the low density boundary, the field amplitude of the incoming O-mode
is preset, and the field amplitudes of the incoming X-mode and spatially
growing wave are set to zero.

IO = IO

IX = 0

G = 0

(5.12)

At the high density boundary, the field amplitudes of the spatially growing
O-mode and X-mode, and of the outgoing EBW are set to zero.

GO = 0

GX = 0

IB = 0

(5.13)

The formation of a standard two-point boundary value problem is now com-
plete. The kinetic full wave equation 5.1 can be solved subject to the alge-
braic boundary conditions. A schematic diagram of the boundary conditions
is shown in 5.2.
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Figure 5.2: A schematic diagram of the boundary conditions. The EBW
is indicated by the letter B. The arrows indicate the direction of the energy
flow density. The other labels are, respectively, as follows: G and D represent
spatially (exponentially) growing and decaying modes, and I and R indicate
the inward and outward propagating waves.

The time-averaged energy flow density is given by

〈s〉 = 1

4

√
ε0
µ0

F †
K ·R · FKx̂ (5.14)

where the dagger denotes complex conjugate and

R =


0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1
1 0 0 0 0 0
0 1 0 0 0 0
0 0 1 0 0 0

 (5.15)

Therefore, the conversion efficiency can be calculated by comparing the time-
averaged energy flow density of different eigenmodes at the two boundaries.

The setting parameters of the toroidal magnetic field, electron density
and temperature profiles are
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B(R) = 60× µ0It
2πR

ne(R) =
ncore − nedge

2
tanh

(
−R−Rn0

Ln

)
+
ncore + nedge

2

Te(R) =
Tcore − Tedge

2
tanh

(
−R−RT0

LT

)
+
Tcore + Tedge

2

(5.16)

where It = 900 A, ncore = 1.8 × 1017 m−3, nedge = 3.6 × 1015 m−3, Ln = 5.1
cm, Tcore = 7.1 eV, Tedge = 3.7 eV, LT = 3.8 cm, Rn0 = RT0 = 29.8 cm. Such
parameters are similar to figure 4.3 in the range of R = 310 to 380 mm where
the PC and UHR layers are included, and 1.5 GHz microwave is injected as
O-mode with a parallel refractive index of 0.611. The collisional frequency
is ν = 5× 107 s−1. The calculation results are shown in figure 5.3.
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Figure 5.3: 1-D full wave calculation results: (a) the electron density profile,
(b) the toroidal magnetic field profile, (c) the electron temperature profile,
(d), (e) and (f) real and imaginary part of the wave field Ex, Ey and Ez, (g)
the total wave energy flow density. The UHR (RUHR = 358.3 mm) and PC
(RPC = 345.4 mm) layers are marked by vertical dashed lines.

From figure 5.3, it is clear that EBW can be excited near the UHR layer
under present experimental conditions, and the wavelength is about 2 mm,
which is in agreement with measurement results. The reflection rate is cal-
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culated to be 10.2%, so the O-X-B mode conversion efficiency is 89.8%. It is
also noted that the total wave energy flow density quickly decreases after the
UHR layer, due to the collisional damping of EBW, and the damping length
is about several centimeters, which is also in agreement with measurement
results.

From figure 4.7, it is noted that measured EBW region is about 1 cm
inside the UHR layer and highly localized within about 2 cm, while the
wavelength of EBW is almost the same in the whole region. However, com-
parison with figure 5.3 in the same region shows that EBW wavelength should
decrease about several tenths of a millimeter from outside to inside, due to
the increase of the toroidal magnetic field and electron density. The reason
for such difference is not clear. It may be partly because the probe antenna
moves in a curve and the angle between the pin direction and wave propaga-
tion direction also change as mentioned in chapter 3, although such effects
on the EBW wavelength are pretty small as the region is highly localized and
the change of directions are also slight.

5.2 Limitations and future plans
Here we discuss some limitations of present experiments and future plans.

First, the five-pin probe antenna itself cannot be rotated in the experi-
ment. There are only two rotation axes in the 2-D mechanical probe driving
system, which rotate the pulley box and the arm, while the probe antenna
is fixed on the antenna box. Although the probe antenna can cover a large
region for 2-D measurement, the detection direction is fixed at each point.
Since there may exist multiple electrostatic waves in different directions near
the UHR layer, it is difficult to verify the exact portion and direction of each
wave as the antenna direction cannot be adjusted.

Second, both the frequency and injection angle of the microwave cannot
be adjusted. The waveguide launcher is designed for a pretty narrow fre-
quency band, and the angle between the injection line and 6R port is fixed.
Therefore, only 1.5 GHz and 70o are used in present experiments. It is noted
that adjusting the toroidal magnetic field will unavoidably change the target
plasma, so it is of interest how the wave pattern will change if only the wave
frequency and injection angle are adjusted while the target plasma is kept
the same.

There are several potential plans for the future experiments.
First, the excitation and detection system can be upgraded. Microwave

frequency adjustment, microwave injection angle adjustment, and five-pin
probe antenna rotation experiments can be performed.
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Second, the X-B mode conversion can be measured directly. The X-B
mode conversion process is not fully understood in detail yet, as it always
involves wave tunneling but perfect conversion can still be achieved. Besides,
EBW trajectory in a spherical tokamak is important.

Third, 3-D kinetic full wave simulation can be developed. Present 1-D
simulation cannot reflect 2-D effect in the experiment, and 3-D geometry is
considered to be more realistic.

At last, scattering detection of EBW can be compared with antenna
detection results. Collective Thompson scattering method is another direct
detection method for EBW measurement, and it relies on sub-THz gyrotron
development.
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Chapter 6

Summary

In order to detect the wave pattern of electron Bernstein waves (EBWs),
an excitation and detection system has been developed in Low Aspect ratio
Torus Experiment (LATE). The system consists of a waveguide launcher
with arbitrary polarization, a specially designed five-pin probe antenna, a
two-dimensional (2-D) mechanical probe driving system, and a homodyne-
type mixer circuit. The system has been tested in the air and shows reliable
results.

By using the excitation and detection system, the 2-D wave pattern of
phase and amplitude has been directly measured in LATE, for an overdense
ECR plasma with 1.5 GHz microwave obliquely injected. The electron den-
sity and temperature profiles are measured by using a movable Langmuir
probe and two 70 GHz microwave interferometers.

In the case of O-mode injection, an EBW-like wave pattern has been
detected for the first time, in a localized region (30× 35 mm) near the UHR
layer. 1-D variation of phase shows that the pattern has a short wavelength
of about 2 mm, the pattern is backward as the phase velocity direction is
opposite to the group velocity direction, and the pattern is electrostatic as the
pin detection direction is nearly the same as the wave propagation direction
(both almost radial). All these characteristics suggest that EBW has been
directly observed. The pattern only appears in several sweeps and lasts for
several centimeters in each sweep. The reason for localized observation of the
EBW wave pattern is considered to be the critical requirement for achieving
high O-X-B mode conversion efficiency, and high collisional damping rate
of EBW. The parallel refractive index of the injected microwave has a wide
distribution at the PC layer due to its curvature, and the LC layer is not
parallel to the PC layer in contrast to conventional 1-D case, therefore, EBW
can only be excited in a localized region near the intersection point between
the PC layer and the LC layer. Under present warm plasma conditions
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with the electron temperature of 4 eV and gas pressure of 0.6 × 10−2 Pa,
the collision frequency is at 5 × 107 s−1 level, and the complex value of the
perpendicular wave number solved from the general EBW dispersion relation
is k⊥ = 2679.5 − 334.5i m−1, so the collisional damping length of EBW is
estimated to be about several centimeters in present experiments. Amplitude
variation shows similar periods as phase variation, which indicates that the
wave potential forms an interference wave pattern rather than a pure plane
wave. In the experiment, the density fluctuation effect cannot be neglected,
and the UHR layer is not expected to be smooth, so there may exist multiple
electrostatic waves in different directions near the UHR layer, which could
form the interference wave pattern and result in such amplitude variation.

In the case of X-mode injection, 2-D wave pattern is quite different from
O-mode injection case, although the electron density and temperature profiles
are almost the same. For phase pattern, no short-wavelength wave pattern
can be observed. Under present experimental conditions, the X-B mode
conversion efficiency is at a very low level and EBW is not expected to
be excited effectively. For amplitude pattern, the overall amplitude level is
smaller than O-mode injection case, as FX-mode is quickly blocked at the
RC layer and cannot penetrate inside the plasma. A standing wave pattern
appears near the wall (R = 380 to 460 mm) with a wavelength of about 15
cm, due to the reflection of the FX-mode between the RC layer and the 4R
and 5R ports of LATE.

By slightly adjusting the toroidal magnetic field coil current from 900 A
to 920 A in O-mode injection, while keeping other control parameters the
same, it is found that both the position and size of the localized EBW region
have changed. The position of the EBW region moves not only radially but
also toroidally, due to the movement of the intersection point between the
PC layer and the LC layer where O-X conversion efficiency is high, and the
change of wave trajectory which passes through this point, propagates back
to the UHR layer and eventually converts to EBW. The size of the EBW
region becomes slightly smaller as there are fewer sweeps where the EBW
wave pattern is clearly observed in 920 A case. While the EBW collisional
damping length is calculated to be nearly the same as in 900 A case, the
total O-X-B conversion efficiency cannot be precisely calculated in present
2-D case, which depends on both the evanescent region shape and the wave
energy spatial distribution. It is noted that, however, the EBW wave pattern
can still be observed for much higher toroidal magnetic field coil current 1000
A. Such results suggest that localized efficient O-X-B conversion can always
be achieved in present 2-D case due to the existence of the intersection point,
while the total conversion efficiency may be different.

For comparison with experimental results, 1-D full wave simulation is
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performed by solving the simplified kinetic full wave equation. ω in χ̃ is
replaced with ω + iν to include the EBW collisional damping effect, and
the setting parameters of the toroidal magnetic field, electron density and
temperature profiles are similar to 900 A O-mode injection case. Comparison
between the simulation results and the experimental results confirm that
EBW can be excited near the UHR layer under present conditions with a
high O-X-B conversion efficiency of 89.8%, and the EBW wavelength is about
2 mm. The collisional damping of EBW is also confirmed as the total wave
energy flow density quickly decreases after the UHR layer, and the damping
length is about several centimeters.

The present excitation and detection system can be upgraded in the fu-
ture, for microwave frequency adjustment, microwave injection angle adjust-
ment, and five-pin probe antenna rotation experiments. The X-B mode con-
version process can also be measured directly with perpendicular injection
and steep density profile.
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