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We propose the model which can explain the runaway phase. The model
takes account of the scattered wave which is caused by the denstiy fluctuation
near the cut-off layer. We should take a new approach instead of the conventional phase measurement in order to derive the information of the density
fluctuation from the data with the runaway phase. The complex spectrum and
the rotary spectrum analyses are useful tools to analyze such data.
The density fluctuation in L-mode and H-mode plasmas is discussed by
using this new approach. We have observed that the reduction of the density
fluctuation is localized in the edge region where the sheared electric field is
produced. The fluctuations in the range of frequency lower than 100kHz are
mainly reduced.
Two interesting features have been observed. One is the detection of the
coherent mode around 100kHz in H-mode. This mode appears about 10 ms
after L to H transition. The timing corresponds to the formation of a steep
density and temperature gradient in the edge region. The other is the enhancement of the fluctuations with the frequency higher than 300kHz in H-mode in
contrast to the reduction of the fluctuations with the frequency lower than
100kHz.
Doctral Thesis Accepted in Department of Physics, Graduate School of Science, University
of Tokyo in December, 1996.
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The Doppler shift is observed in the complex auto-power spectrum of the
reflected wave when the plasma is actively moved. We have confirmed that the movement of the
plasma is appropriately measured by using the low pass filter. The reflectometer can be used to
measure the density profile by using a low pass filter even when the runaway phase
phenomenon occurs.
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1. Introduction
1.1

Tokamak

The charged particle undergoes cyclotron motion along a magnetic field line. It seems
that the plasma is confined in the system with a closed magnetic field line. However,
a simple torus consisting of only closed toroidal magnetic field lines can not confine a
plasma, as the curvature drift and the gradient B drift of the particles produce a charge
separation which generates an electric field and this electric field drives an outgoing plasma
flow across the toroidal field, where B means the magnetic field (see Appendix A about
the terms of the coordinate). This process can be suppressed by introducing a poloidal
magnetic field in the plasma. The resultant magnetic field line (composed of toroidal and
poloidal components) is helically twisted and the particles moving along the field lines
cancel the charge separation, so that the electric field does not grow [1].
Tokamak is one such toroidal confinement system and was proposed by the researchers
in the Soviet Union in the 1950's [2]. The poloidal field of the helical magnetic field is
produced by a plasma current flowing along the toroidal field in the tokamak system.
The toroidal current is driven by magnetic induction using the electric transformer. The
toroidal current also heats the plasma by ohmic heating.

1.2

Transport of Plasma

The observed electron energy confinement time is much less than the confinement time
predicted by neoclassical transport theory in torus plasma. This phenomenon is called
anomalous transport. The understanding of the physics of the anomalous transport and
the physics of the control of the transport is one of the most important topics in the
physics of the magnetic confined plasma. It is believed for a long time that the anomalous
transport across the magnetic field lines may be due to electrostatic turbulence associated
with pressure gradient or due to magnetic turbulence [3,4].
For example, the particle flux F by the electrostatic turbulence is expected to be
described as,

where h is the density fluctuation, V is the fluctuation of the flow of the plasma. It is
considered that V is determined by the electrostatic turbulence such as the drift wave
- 1 -
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and can be described by V = E/B
Improved confinement regimes have been discovered such as H-mode [5], IOC (Improved Ohmic Confinement) [6], High I3P mode [7], VH-mode [8], NS (Negative Shear)
mode [9], ERS (Enhanced Reversed Shear) mode [10] and their hybrid [11]. These are
categorized by the way of the operation and their characteristic parameters. The source
and mechanism of the transport are not yet understood. A leading candidate for the transport mechanism is low amplitude microturbulence in the plasma driven by electrostatic
instabilities such as drift waves. These instabilities manifest themselves as localized fluctuations of physical quantities such as density, potential, and temperature in the plasma.
Most of the transport theories assume that transport is determined by the local physical
quantities. These are deduced by solving the equations whose parameters are homogeneous in the narrow region in comparison with the scale length of the global parameter.
However some experimental results show that the transport changes globally in a very
short time. It is a question whether the local or global physical quantities describe the
mechanism of the transport. Thus it is important to measure the physical quantities with
good spatial and time resolution in order to test the current theories as well as to construct
a more appropriate and sophisticated theory. We must identify the drive and suppression
mechanisms responsible for tokamak microturbulence in order to control turbulence and
transport.
Presently the measurements with good spatial and time resolution are limited to the
very edge or outside the separatrix l in a hot fusion plasma. However the recent topics of
fusion plasmas relating to the enhanced confinement modes such as H-mode, ERS require
a detailed measurement of the main hot plasmas.
Despite many observations made with wave scattering techniques, there exists a pressing need to develop a means of measuring plasma density fluctuations at longer wavelengths in the hot core plasma of tokamaks. Detailed studies with microwave scattering
on large tokamaks indicate that the integrated fluctuation amplitude increases monotonically with decreasing wave number, and the bulk of the power spectrum is concentrated
around low values of K±, where K± is the component of the wave number perpendicular
to the toroidal field [3]. In addition, nonlinear theories of instability-driven plasma turbulence indicates the need to determine the long-wavelength characteristics of the turbulent
spectrum in order to have a clear understanding of the resulting transport.

1.3

L-mode and H-mode Plasmas

Ohmic heating is used as the source of initial heating in tokamaks. The resistivity r]
of the plasma decreases as the electron temperature Te increases (rj ex Te~3^2), so that
J

see Fig. A.2 in Appendix A
-
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ohmic heating is limited to Te — 1 - 2 keV range [1,12].
The ignition temperature ,which is the temperature at which the heating power by
a-particle produced by the fusion reaction is equal to the power losses from plasma, is
more than about 30 keV, therefore additional heating is required. Presently two methods
are used. One is the injection of the wave such as ECRH (Electron Cyclotron Resonance Heating) [13], ICH (Ion Cyclotron Heating) [14]. The other is NBI (neutral beam
injection) heating [15].
The energy confinement time
TE~W/(P,n-dW/dt)
initially became shorter than that for ohmic discharge when the additional heating was
applied. Here P, n is the input power and W is the stored energy. This state of low
confinement is now called L-mode. It seemed difficult to achieve the fusion plasma because
of L-mode. In 1982, however, the ASDEX group [5] discovered a new state in which the
energy confinement time was as long as in ohmic discharge. This state is called H-mode.
It is observed that there exits a power threshold of NBI on the L to H transition. The
power of NBI was below the threshold in the initial experiments.
The experimental signatures of the H-mode are a reduction in the H a light emission,
a decrease in edge density fluctuation levels, an increase in edge density and temperature
gradients, increment in bulk energy and particle confinement times, and changes in the
radial electric field profile [16-20].
The H-mode has aroused many experimental and theoretical interests. Now the Hmode is obtained not only in tokamaks, but also in the helical devices and the mirror
devices. The observed bifurcation structure is explained in connection with the change of
the edge electric field structure by Ito et al. and Shaing et al. [21,22]. The suppression of
the microturbulence by the velocity shear is considered as the mechanism of the H-mode
plasma [23]. The suppression of the microturbulence by the velocity shear is derived from
the two-point evolution equation. It is considered that the sheared flow originates in the
shear of the electric field and the flow is a E x B /B2 drift motion.
It is considered that the cause of H-mode exists in the region of 0.8 & r/a <^ 1, where
a is the minor radius. Thus information with good resolution of interior region of the
plasma is needed.

1.4

Reflectometer

Langmuir and magnetic probes are the most popular diagnostic to investigate plasmas.
Several kinds of probes can measure density, temperature, potential and magnetic field.
They also have a good time and spatial resolution [20,24,25]. However they are applied
-
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only to the plasma edge or the scrape-off layer as they suffer damages in hot plasmas and
contaminate the plasmas.
Another effective diagnostic, the laser or microwave scattering is used for measuring
wavenumber spectrum of the fluctuations in the core region [26-30]. This method revealed
that the fluctuation increases as its wavelength becomes longer. However, the scattering
method is unsuitable for the investigation of fluctuation with long wavelength ( ^ 5cm),
because such a measurement of small angle scattering needs large scattering volume as a
result of which the spatial resolution reduces.
BES (Beam Emission Spectroscopy) can measure long wavelength density fluctuations
and obtain K$ and Kr spectrum of the density fluctuation simultaneously in the core
plasmas [31,32]. This method is attractive but the other diagnostics can suffer from the
fact that a beam is used in order to acquire sample volume and the relatively large port
is necessary to obtain the good time and spatial resolution because the emission power is
small.
HIBP (Heavy Ion Beam Probe) [33] is also a powerful diagnostic. This measures density and potential fluctuations with the good time and spatial resolution. The drawback
is that the acceleration system to inject the beam into the high magnetic field becomes
very big and the implementation is difficult. For example, the beam energy of ~ tens
MeV is needed when the magnitude of the magnetic field is more than 5 T and the radius
of the plasma is about 2 m.
Microwave reflectometry is thus one of the promising methods for measuring the radial
density profile and/or the radial local fluctuations with long wavelength with high time
resolution in the core plasmas as well as at the edge. Reflectometry is a technique based
on the radar principle, with a response mainly sensitive to the plasma regions where the
microwave are reflected. This method has been intensively used for ionospheric studies.
The plasma density can be probed internally from the edge to the bulk plasma as the zone
where reflection occurs depends on the local plasma density and can be varied simply by
changing the incident wave frequency. The plasma is not contaminated as the probe wave
of the reflectometer is a microwave with power of less than mW order. The microwave
reflectometry is quite a simple diagnostic system and have easy access to the plasma.
There is only the antenna, the vacuum window and the wave guide from the plasma to
the wave detection system. The size of these components is a few centi-meters. This
accessibility will prove to be useful in the next-step experimental reactor which will have
many components such as the blankets, the radiation shield, the cryostat vessel and so
on.
Reflectometry has thus become a commonly used diagnostic and the results and problems have already been reported [34,35]. So here we review the reflectometer measurements in fusion devices.
- 4 -
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1.4.1

Principle of Reflectometer

Reflectometry is a technique based on the radar principle. The relative movement of
the cut-off is deduced from the change of the phase difference between the reference wave
and the reflected wave (Fig. 1.1). The phase difference is computed by solving the wave
equation [36,37] . Here we use the one-dimensional equation,
rPF
The WKB solution of this equation is
rR

-i(kol
where UJQ =
expressed by

2TT/0

y/edR +

TT/4)),

(1.3)

is a frequency of the launched wave. The round-trip phase difference is
°" 'n"°

TT/2.

(1.4)

Here fco is a wavenumber of the launched wave, Rantenna is the position of the antenna,
Rcut-o/f is the position of the cut-off layer and e is the dielectric constant. The dielectric
constant differs for the 0-mode (B r \\ E ) and X-mode (B T J- E ) .

P

eo = 1 - jZ-

0-mode.

:

(1.5)

o
£

x = 1 - ~h~T2
J

JO

P

'• X-mode,

f2

f2

Jp

Jet

(1.6)

fp = (n e e 2 /eom e ) 1 / 2 /27r,

(1.7)

fee = eB/2irme,

(1.8)

where eo is the permittivity of vacuum. The wave is reflected at the cut-off where e = 0.
In the 0-mode case, the cut-off exists at the density,
ne(Rcut-ofj)

— nc = —

The density profile is determined by solving the Eq. 1.4. In 0-mode, it is solved by
using Able inversion,
c ffcut-off

1 d(p

df
t-off

But in the X-mode case, the absolute position of the cut-off is determined by solving Eq.
1.4 [38].
-
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Figure 1.1: Principle of reflectometer
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The relation between the displacement of the cut-off layer, ARcut-o//, and the change
of the phase difference between the reflected wave and the reference one due to the displacement of the cut-off layer, A</?, can be approximated as follows:

e(f,R)dR,
antenna

Hcut—o]J JRcut—off

(1.12)
where p, is referred as the mean refractive index. A value of p, = 0.6 can be used in our
cases [36]. When L~l = -—jf- at the cut-off layer can be considered to be constant, local
density fluctuations at the cut-off layer, ne/ne, can be expressed as

Local density fluctuations ne/ne at the position of cut-off layer is able to be estimated by
the measurement of Atp.
In this way, the relative positions of the cut-off layers with the different densities can
be measured and the density profile can be reconstructed if the source frequency is swept.
Alternatively, movements of the cut-off layer with a specific density can be measured if
the source frequency is held constant.

1.4.2

Profile Measurement

We need an accurate profile of the physical quantity such as temperature and density
to understand the turbulence because the inhomogeneity becomes the driving source of the
turbulence such as a drift wave. The density profile can be determined by using Langmuir
probe, interferometer and Thomson scattering method. Probe measurement is difficult in
the hot plasma; namely inside separatrix. The interferometer has a poor spatial resolution
because it measures the line integrated value. (Multichannel interferometer can improve
the spatial resolution by using Abel inversion. Abel inversion needs the assumption of
the poloidal symmetry.) It is difficult to measure the time evolution with the short
time interval, £> 100 ms, by using Thomson scattering method. The refleetometer has
advantages about these points. Since the first data of TFR (the Tokamak of Fontenay
aux Roses) was presented [39], many researchers installed the reflectometer in order to
measure the density profiles [37,38,40 -58].
Most of the reflectometers have used BWO (Backward Wave Oscillator) or YIG
(Yttrium-Iron-Garnet) as the swept oscillator. Some reflectbmeters use IMP ATT (Impact Avalanche Transit Time) oscillator [53], HTO (Hyperabrupt Varactor Tuned Oscillator) [59], which can be swept faster. It is necessary to sweep the frequency in the shorter
-
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time than the typical time scale of the density fluctuation because the phase is disturbed
by the fluctuations.
The phase can be obtained in many different systems:
In the case of FM (Frequency Modulation) radar technique, the frequency is swept
linearly and the round trip delay is converted to an easily measured beat frequency, so
that this technique can be called self-modulated heterodyne [41]. The change of phase
of the wave with the beat frequency is measured. In this system the reference wave
can be obtained in three ways: The first way is to use the delay line which has the
same length with the total path length of the way through which the signal wave goes
and comes back. The second way is to tune the length of the waveguide so as to make
the beat frequency equal to the sweeping frequency. The third way is to use another
oscillator whose frequency is same with the beat frequency in the absence of plasma. If
we use the beat frequency of such a no plasma condition as the reference, we do not
need the reference wave and can apply the digital complex demodulation (CDM) analysis
software [56]. In the case of a two-frequency reflectometer, the reflectometer launches
two different frequency signals into the plasma and then measures the difference of their
individual phase delays after reflection from the plasma [48]. These detection method is
homodyne which consists of one oscillator.
In the heterodyne system, the change of phase of the wave whose frequency is equal to
the frequency difference between the main oscillator and the local oscillator is measured,
and the signal-to-noise ratio increases because the power of the reference wave can be
large by using the local oscillator. The system needs the oscillators which produce the
frequency difference with high accuracy and stability. However, it is difficult to obtain
broadband oscillators which satisfy the condition. Thus four types of approaches are used
in order to use the heterodyne detection system in the wide range of frequency: The first
one is a multichannel reflectometer [49], in which the frequency is swept but the range
is narrow. We can easily use the conventional heterodyne detection in each channel.
The profile is reconstructed by interpolating the each group delay. The second one is
to use a system with multipliers which make harmonics of the fundamental frequency of
the oscillator with high accuracy [59]. The third one is a feedforward tracking system.
This system consists of multiple heterodyne systems. The oscillator with the frequency
of the incident wave , ^ tens GHz, need not have very high accuracy because the wave
with this frequency is downconverted by the oscillator with the lower frequency, <J a few
GHz, which has a high accuracy [60]. This oscillator with the lower frequency is easily
available. The fourth one is a AM (Amplitude Modulation) reflectometer. The envelope
whose frequency is same with amplitude modulation is detected by a diode detector at
the last stage. Before this stage, the local oscillators can be added to use the heterodyne
- 8 -
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detection system [61].
We can reconstruct the density profile if we have obtained the phase using one of the
above systems. However the fluctuations disturb the measured phase and the reconstruction is not straightforward. Usually the reconstruction involves iterative approaches in
order to measure the "mean" density profile and needs long computing time. Sanchez
et al. [50] proposed to use a Neural Network algorithm. Neural Networks need a long
computing time for the training process but once that stage is over they can be used for
reconstruction with a reduced number of operations.
The system mentioned above measure the phase difference. Another system which is
based on quite a different concept is the pulse radar technique [62-67] . The concept of
this method is similar to the time-of-flight measurement. The measured quantity is the
time which the pulse takes to go and come back. There are two ways of measuring density
profile by this method. One way is via a multichannel system [66]. The pulse is produced
by turning the microwave oscillator on during a short time, ~ 500 ps. The cut-off layer
is determined by the frequency of the microwave oscillator. The other way is to use an
ultrashort pulse, ~ 2 ps [65]. Such an ultrashort pulse contains many Fourier components.
Each Fourier component of the incident wavepacket is reflected from a different cut-off
layer. By separating the different frequency components of the reflected wavepacket and
obtaining the time-of-flight measurement for each component, the density profile can be
determined with just one source and a single set of measurements.
Results of the density profile measurements by the reflectometer are listed below:
Bottollier-Curtet et al. have observed that the application of the LHCD results in a
peaking of the profile due to an increase of the density near the magnetic axis [38].
Wagner et al. show the time evolution of the density profile of L-mode and ELM [16].
Doyle et al. show the density profile of OH, L-mode, H-mode plasmas [47]. Sips et al.
show the effect of gas-puffing on the density profile [49]. Sips et al; and Kim et al.
show the time evolution of the density profile throughout the L to H transition [49,56].
Skibenko et al. and Hirsch et al. report the results of the Stellarator which has a complex
magnetic field [51,58]. In such a condition, both the 0-mode and X-mode reflected waves
can exist. Hirsch et al. also show the profile of an ECRH plasma [58]. Most reflectometers
have their antenna at only low field side because of the accessibility. Manso et al. show
asymmetry in the behavior of the profile when the MARFE occurs [57].

1.4.3

Density Fluctuation Measurement

Density fluctuation has been measured by using reflectometer [43,46,58,66,68-85] .
There are two major approaches to measure the profile of the density fluctuation. One
- 9 -
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is a multichannel arrangement and the other is a broadband step-by-step frequency-swept
arrangement. The former is more advantageous as regard the time resolution and the
robustness for the spurious microwave production coming from the various microwave
components as each channel can be optimized. However its weakness lies in the cost and
the reduction of the launched power because of the character of the microwave combiners
such as directional coupler. The latter, on the other hand, has exactly the opposite advantage and disadvantages to the former.
Results of the density fluctuation measurements are below:
Hanson et al. report that the simple mixing length estimates are not appropriate
in ECH plasma of ATF and that a comparison with a more detailed estimate for the
pressure gradient driven resistive interchange turbulence yields reasonable agreement with
the results [77].
The comparison with probe or HIBP has been performed [73,77,82] .
Hamberger et al. have demonstrated the existence of electrostatic fluctuations whose
amplitude and spectra can explain the observed anomalous particle loss [69]. Many reflectometers report that the observed fluctuation has drift wave properties [70,78] .
The time evolution of the edge density fluctuations at the L to H transition has been
reported [75,86] . The authors regard the fluctuation of the homodyne signal as the density
fluctuation but the reason is not shown in their paper. The system is multichannel. The
fluctuation of the homodyne signal coming from the small cut-off density, <, 1 x 1019irT3, is
reduced at the L to H transition, whereas the reduction of the fluctuation of the homodyne
signal coming from the large cut-off density, ~ 2 x 1019m~3, is delayed from the L to H
transition. They say that this result means the turbulence suppression occurs primarily
in a limited edge region. Their system is homodyne and the movement of the cut-off layer
can not be estimated. The width of the edge region is not estimated from the position of
the cut-off layer when the fluctuation of this cut-off layer is reduced.
Sips et al. report the existence of an inward propagating density pulse after a sawtooth
collapse. By considering this result in a 1 D numerical transport model including diffusive
and convective terms, the cross field particle diffusion coefficient Dp has been estimated
[87].
The broadening of the injected radio frequency (RF) line in the frequency spectra
detected during the lower hybrid experiment in ASDEX has also been studied by Schubert
et al. [88].
Pulse radar technique can also measure the density fluctuation because the repetition
rate of the system is 500 kHz. This repetition rate is determined by a time-to-amplitude
converter. RTP has a four channel pulsed radar system. The disruption induced by the
pellet ablation has been observed. It shows that the edge profile does not change about
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2 ms after a disruption and the plasma disappear 6 ms after the disruption.
The reflectometer systems of ASDEX, CCT, DIII-D also have the antenna at the high
field side (CCT has more antennas at top and bottom). Manso et al. (ASDEX) [57]
report that perturbations of the ELM coincide at both high and low field sides with the
beginning of the H a emission at the divertor. The reflectometer of CCT and DIII-D show
asymmetry characteristic of the fluctuations at L to H transition. [86,89] .
The correlation measurement is important in order to understand the physics of the
transport. This topic is also researched [46,69,73,77,78,82,90-94].
Cripwel et al. show that the measurements on JET under specific ohmic plasma
condition give a wave phase velocity of 500 km/s and a correlation length in the range 2
< lc < 4cm [90]. Costley et al. show correlation increases from OH to L-mode [46]. There
is also an increase as the NB injected power is increased.
Mazzucato et al. report the correlation of OH and NB heated plasma in both edge
and core region [78]. In OH plasmas, fluctuations in the drift wave frequency range
have been observed with long radial scale lengths (~ 4 cm) and fluctuation levels vary
from less than 0.1 % in the plasma core to ~ 1% at r/a ~ 0.8. In NB heated plasmas,
fluctuations in the outer plasma region exhibit very broad frequency spectra which bear
little resemblance to drift wave frequencies and appear uncorrelated on a scale length of
~ 4 cm. On the contrary, in the central region of Supershot plasma [95], low amplitude
(< 0.1 %) fluctuations with very long (~ 15 cm) correlation lengths and frequencies in
range of energetic ion bounce frequencies have been observed.
Estrada et al. use another method of correlation measurement involving homodyne
detection and based on the slow sweeping of one oscillator while the other remains at a
fixed frequency [73,94].
Recently, a major topic is the improvement of the confinement of the plasma with
a reversed magnetic shear. Mazzucato et al. reports about this topic [84]. There are
two types of plasmas with a reversed magnetic shear: ERS (enhanced reversed shear)
mode and RS (reversed shear) mode. These shear profiles are very similar just before
bifurcation. However reflectometer measurement shows that the characteristics of density
fluctuation differ each other after the bifurcation. The suppression of turbulence in the
ERS mode is consistent with the suppression of turbulence by the E x B velocity shear.
Another recent area of study regards the TAE mode (Toroidal Alfven Eigen mode).
This instability is enhanced by the presence of high energetic ions, In fusion plasma, the
confinement of alpha particles is a key issue, and TAE may deteriorate the confinement.
Deuterium-Tritium experiment is carried out in TFTR to study the physics of TAE.
Nazikian et al. enumerate the results of this experiment and also refer the contribution
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of the reflectometer as the tool to investigate the core plasma. The n=3 TAE mode is
clearly observed at r/a ~ 0.42, here n is the toroidal mode number, however no coherent
mode activity is observed at r/a ~ 0.57 or at larger radii [85].
It must be also mentioned here that the results of Ref. [43,71,73-76,90] is obtained
from a simple homodyne system. So in their data, the fluctuation of the reflected power
and the phase are not separated.
Reflectometer has some unanswered questions as a diagnostic tool. One of them is
a spatial resolution. A controlled laboratory plasma experiment has been performed in
order to investigate this question [96,97]. The ion acoustic wave with various wavenumber
has beenused as the perturbation. The reflected wave brings back the information of the
perturbation at the cut-off layer independent of the wavenumber of the perturbation. The
result is contradictory with the prediction by Bretz [98].

1.4.4

Other Applications

The correlation reflectometer is mainly used in order to understand the transport. The
poloidal correlation reflectometer of FT-2 has been used to measure the current profile
by identifying the mode number of MHD activity [99].
The magnetic shear suppresses MHD instability. A controlled magnetic profile is one
of the requirements to obtain fusion plasma. Thus a monitor of the total magnetic field
profile is needed. The application of existing techniques to measure internal fields such as
polarimeter to an ignition device will be extremely difficult because of the limitation of
the access to the fusion plasma. The reflectometer can be a suitable alternative technique
because the cut-off layer of the wave with X-mode polarization is related not only to the
density profile but also to the magnetic field. This idea has been experimentally confirmed
by Costley et al. [46].
This capability of magnetic field measurement is also used by Mase et al. [100]. Mase
et al. have estimated the magnetic fluctuation and specified Alfven ion-cyclotron wave.
RF (radio frequency) current drive is an attractive method by which we can control
the current density profile and also obtain steady-state of long pulse operation. However, there is not enough experimental data to understand RF wave physics issues, such
as wave trajectory, heating mechanisms, RF wave deposition profile and wave number.
The reflectometer is used as the monitor of the RF heating by using its localized and
nonperturbing feature [101].
Conway et al. have proposed another density fluctuation measurement. The technique
uses the distorted-mirror model [83]. The coherent reflection coefficient and the incoherent
reflection coefficient have been measured. The density fluctuation has been estimated from
these coefficients.
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1.4.5

Runaway Phase Phenomena

Problems of the reflectometer have been reported. One is the rapid change of the
reflected power [102-104], and another is the runaway phase phenomena, which are sometimes referred as phase shift or phase ramp. [49,77,81,84,102-107].
The runaway phase is a phenomena in which the phase difference between the reflected wave and the reference wave increases monotonically and can not be explained
by the movement of the cut-off layer. Reflectometers, except those that use the pulse
radar method, generally measure the phase difference according to the geometrical optics
approximation. The runaway phase is a problem related to the essence of the reflectometer diagnostic. The relation between runaway phase and the poloidal rotation has been
investigated by Brafias et al. [106,107].
Two-dimensional simulation also shows that the poloidal rotation and the misalignment of the antenna can cause the runway phase [108].
The data with the runaway phase have been analyzed mainly by two methods until
now. One method uses the low pass filter or the averaging. This method is applied to the
signal before the phase is calculated. The filtered or averaged signal is expected to reflect
the slow movement of the cut-off. The other method uses only the data in the period
when the runaway phase does not exist. Reasonable results have been obtained by using
these methods.
However these methods have drawbacks. The former cannot measure the fluctuations
because the cut-off frequency of the low pass filter is lower than that of the frequency of
the typical fluctuation or the averaging time is longer than the inverse of the frequency
of the typical fluctuation. In the latter case, it is difficult to measure the fluctuations,
whose frequency is mainly less than 100 kHz, with the good frequency resolution because
the length of the period when there does not exist the runaway phase is short. These two
methods are based on the geometrical optics even though the runaway phase phenomena
cannot be explained from the image of the geometrical optics. The reason why the geometrical optics can be used in the situation when these methods are used must be shown,
however the reason has not been accounted for until now.
The method of analysis, especially the method of fluctuation analysis, during the
period of the runway phase has not been yet established.

1.4.6

Simulation

Many simulations have been performed not only in one dimensional scheme [98,109116] but also in two dimensional scheme [117-120].
There are many unanswered questions about the feature of the localized measurement
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because the scale length of the physical phenomena in the fusion plasma is comparable
to the wave length of the incident wave. The feature of the localized measurement is one
of the most frequently discussed subjects.
The results of the simulations show that the phase response strongly depends on
the radial wavenumber, the position, the shape and the size of the fluctuation and the
localization is guaranteed when the radial wavenumber of the fluctuation is small. Fanack
et al. has performed the simulation related to the subject of the localization [116]. They
say they can reproduce the "non wavenumber dependence" experimental results [96,97]
by considering the sharp shape of the fluctuation.
Theoretical treatments of sensitivity and resolution of correlation reflectometry presented by Bretz and Hutchinson [98, 109], led to the conclusion that the accuracy of
correlation measurements can not be better than ~ 4Ao, where Ao is the wave length of
incident wave in vacuum.
However experimental results often show the correlation length to be less than Ao. Using the random phase screen model, Mazzucato and Nazikian show that this phenomenon
is caused by the large fluctuations [93,121]. Bruskin et al. show that this discrepancy
between the experimental results and the previous one dimensional theoretical prediction
comes from the two dimensional effect [122].
RFP (Reversed Field Pinch), helical devices and small aspect ratio tokamak have high
sheared magnetic field. Coupling between the 0-mode and X-mode and the simultaneous
reflections from the 0-mode and X-mode cut-off layer in the plasma with such magnetic
field must be considered. Mode coupling can be also useful for the magnetic fluctuation measurement. These have been discussed in Ref. [123-126]. The analysis method
when the simultaneous reflection occurs has been also proposed and examined by Nagatsu
et al. [127]. They use maximum entropy method (MEM) in order to separate the two
beat signals coming from the 0-mode and X-mode cut-off layer.
One dimensional simulation of the ultrashort-pulse reflectometer has been also reported [128].

1.5

Purpose of This Paper

The purpose of this paper is the establishment of a method to analyze the data with
the runaway phase phenomena. This widens the scope of application of the reflectometer
as a diagnostic to measure the density fluctuation and profile.
In this paper, we firstly have analyzed the data by method based on the geometrical
optics. Here also we have observed the problems such as the runaway phase phenomena
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and the rapid change of the reflected power.
Secondly we discuss the relation between the runaway phase and the scattering. The
runaway phase can be explained by the scattering by the density fluctuation. The fluctuation measurement by using the reflectometer should be analyzed as the data of the
scattering wave. The rotary spectrum and the complex spectrum analysis are proposed
as the tools.
Thirdly the density fluctuations in L-mode and H-mode plasmas are discussed. The
data is analyzed from the point of view that the reflected wave bring back the information
of the density fluctuation as the scattered wave. It is also confirmed from this point of
view that the low pass filtering method is effective, when the density profile is estimated
from the data with the runaway phase.
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2. Instrument
2.1

JFT-2M

JFT-2M (JAERI Fusion Torus - 2 Modified ) [129] is a medium-sized tokamak with a
D-shaped vacuum vessel of major radius 1.31 m made of stainless steel of 25 mm thickness.
The inside wall and top divertor are completely covered while the outside wall is partially
covered with the graphite plates in order to reduce the metal impurities. The bottom
divertor is modified to improve a divertor performance with a closed configuration. The
divertor and baffle plates for the closed configuration are made of stainless steel to study
a transport of high-Z impurity in the scrape-off layer (SOL).
Both circular or D-shaped limiter and single or double null divertor configuration is
available. The minor radius, a, is 0.35 m for full size D-shaped limiter discharge and 0.26
m for the smallest divertor configuration. The available toroidal field is B? < 2.2 T.
There are three additional heating systems. They are NBI whose maximum input
power into the torus is 1.6 MW, ECRH system of 60 GHz whose maximum generation
power is 1 MW and the fast wave heating system of 200 MHz.
Main diagnostics are conventional magnetic measurements, FIR interferometer with
vertical path and 2 mm microwave interferometer with horizontal path for line averaged
electron density ne measurements, ECE (Electron Cyclotron Emission) system using the
second harmonics of the electron cyclotron frequency for the electron temperature Te measurement, and soft/hard X-ray measurement for the electron energy distribution measurements, TV thomson scattering system for the electron density and temperature profile
measurements, charge-exchange spectroscopy system for the plasma rotation and the ion
temperature measurements, TOF (Time-of-Flight) system for the ion energy distribution
measurement, visible and vacuum ultraviolet spectrometers for impurity analysis, probes
on the divertor plate, in the SOL or the edge plasma for the electron density, temperature
and potential measurements, bolometer arrays for radiation monitor, and infrared camera
system for the power flux measurement on the divertor plate.
In this paper, we discuss the L-mode and H-mode plasmas. Some interesting works
about these modes on JFT-2M have been reported in Ref. [130-136].
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Figure 2.1: Top view of JFT-2M device and the arrangement of the plasma diagnostics.
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Figure 2.2 shows the schematic diagram of the installation of the antenna on the JFT2M tokamak. Two antennas are used; one is for launching the probe wave and the other is
for receiving the reflected wave. The probe wave with the frequency of 50 GHz, amplitude
of 10 mW, and with the electric field parallel to the horizontal plane (0-mode) is launched.
As the ratio of the magnitude of the poloidal magnetic field to that of the toroidal one is
less than 6.5 %, the X-mode component of the launched wave is negligible. The cut-off
density is 3.1 x 1019m~3. The cut-off layer is located at r/a — 0.2 - 0.8 (where a is the
minor radius on the mid-plane) in the steady OH phase or L-mode phase of the typical
discharges of JFT-2M tokamak. The cut-off layer moves to r/a ^ 0.9 in the H-mode
phase due to the change of density profile. The transmission loss of the microwave in the
free space reduces the signal to noise ratio. The distance between the tip of an antenna
and the most outer flux surface is as close as 46 mm in the case of limiter discharge and
30 - 100 mm in the case of divertor discharge. The launching path and the receiving
path have their own vacuum windows. The vacuum window is made of sapphire glass
whose thickness is 0.3 ± 0.02 mm and they are welded at the vacuum interface. A plate of
stainless steel installed between two antennas prevents the launched wave from directly
entering the receiving antenna.
Schematic view of the homodyne reflectometer system is shown in Fig. 2.3. A solid
state Gunn oscillator is used. The Gunn oscillator is easy to handle and is insensitive to
the strong magnetic field.
The quadrature phase detection is used for the measurement of the phase difference
<p between the reflected wave and the reference. The quadrature phase detection system
consists of two balanced mixer systems and one phase shifter.One balanced mixer system
is made of two single ended mixers, one magic tee and one differential DC amplifier whose
bandwidth and gain is 10 MHz and 60 dB, respectively. The reflected and the reference
wave are mixed in a single ended mixer. As the linear envelope detection is employed,
the mixer diode is biased by the reference wave with power of 3 mW. The linear envelope
detection is more sensitive than the square-law detection [137]. The power of the reflected
wave is much smaller than that of the reference. The output of the mixer diode consists of
a large offset (~100 mV) and a small signal (~ a few ^V). The large offset component can
be canceled by differentially amplifying these two outputs of single ended mixers, because
only signal outputs from the two mixers have a phase difference of n with each other due
to the characteristic of the magic tee. A phase shifter produces the n/2 difference of phase
between the two reflected waves which come into the mixers. The output of one balanced
mixer system is proportional to V^PRCOS^ and the other y/Pns'm(p [137]. Here PR is the
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Figure 2.2: Arrangement of the antenna of 1 channel reflectometer system in the vacuum
vessel of the JFT-2M. Two antenna are placed side by side in the toroidal direction.
The probe wave is launched into the mid-plane of the plasma. A plate of stainless steel
installed between two antennas prevents the launched wave from directly entering the
receiving antenna. The position of the Langmuir probe is also shown. The probes and
the antenna of the 1 channel reflectometer system are separated by 10 cm both in the
toroidal direction and vertical direction.
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power of the reflected wave.
Two signals are recorded on the memory of the ADC (Analog-Digital Converter) whose
capacity is 512 k samples with the sampling rate from 500 k samples/s to 25 M samples/s.
Typically the sampling rate of 5 M samples/s is used. The data window is about 100 ms.
The memorized data are subsequently transformed to the time series of PR and ip by
using work station. We consider that the sampling rate is high enough for the phase not
to change more than n during a period between two sequential data when we track the
time evolution of the phase as shown in Fig. 2.4.
The outputs of two balanced mixer systems is calibrated in order to improve the
accuracy of measurement. The two raw outputs is expressed by A\\/P~n cos(</? + 8) + B\
and A2-\/PR sm (p-\-B2, respectively. The values of A\ and A2 depends on the performance
of the mixers. The value of 8 is the deviation from the TT/2 phase difference. The values
of B\ and B2 are the residual offset components of the outputs of the single ended mixers.
The calibration is carried out as follows:
1. The output of the calibrated oscillator fixed on 50 GHz -f 100 kHz is fed to the
quadrature phase detection system instead of the reflected wave, (see Fig. 2.3.)
2. Two signals of the two balanced mixer systems are acquired in the same way as the
signals coming from the reflected wave are acquired.
3. The auto-power spectrums and the cross-phase are calculated from two signals.
4. The values of A\ and A2 are obtained from the amplitude of the peak at the frequency of 100 kHz.
5. The value of 8 is obtained from the cross-phase at the frequency of 100 kHz.
6. The values of B\ and B2 are obtained from each average of the two time series.
The calibrated data are obtained by using these values as follows:

_ i _ f l sin£ \ / (xr~B1)/A1 \
"cos* ^ 0 cos8 ) { {yr-B2)IA2 ) '
(2.1)
where a pair of xr and yr is the raw outputs of two balanced mixer systems and a pair of
xc{= V~P~Rcoslp)a n d Vc{— \/pRsinyO is the calibrated data. The calibration is carried
out every ten shots, because the balanced mixer systems are subject to changes in the
values of B\ and B2 over a long period of time.
Two kinds of tests have been performed for the purpose of verifying the reflectometer
system itself. One test is as follows: the reflecting mirror made of copper was placed in
front of the antenna. The distance between the antenna and the mirror were changed
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from 0 to 2000 mm. When one signal from one balanced mixer was plotted in the x
direction and the other was plotted in the y direction, the data point rotated by the value
of 2n every 3mm in a distance from the antenna to the mirror. This fact agrees with the
principle of the refiectometer, which shows that the phase increases by the factor of 2TT
when the reflector moves by the factor of Ao/2.
The other test uses a copper reflector which was oscillated by an audio speaker with
the frequency of 200 Hz in order to test the dynamic characteristic of the reflectometer.
The signals from two balanced mixers were acquired and processed in the same way with
the measurement of the density fluctuations. The auto-power spectrum of the phase data
acquired in this test have a peak at 200 Hz. This test is an overall check of the reflectometer
system. We have confirmed that both the hardware and the software components of the
reflectometer system work properly.

2.2.2

Heterodyne System

It is important to know the offset level accurately in order to obtain phase accurately
when the reflected power becomes small. The phase accuracy is less than 10 degree
when the reflected power is 1 /LJW owing to above mentioned calibration. This method
of calibration has a drawback that we frequently waste the discharge on performing the
calibration.
In order to overcome this drawback, we upgrade the reflectometer system to the heterodyne system. Figure 2.5 shows the block diagram of the system. The frequency of the
probe wave is 50 GHz, the same as that of the homodyne system and 50 MHz is the frequency difference between the probe wave and the wave generated by the local oscillator,
namely IF(intermediate frequency). Here we label the output of the mixer which mixes
the reference wave and the wave generated by the local oscillator as the reference output
and the output of the mixer which mixes the reflected wave and the wave generated by the
local oscillator as the signal output. The reference output is stationary and its frequency is
fiF — 50 MHz, ( JPTej sin(27r//F<)). The signal output includes the phase and amplitude
of the reflected wave in the carrier wave whose frequency is fip, {JPsig sm(2nfipt -f c/?)) .
These two outputs are fed into the phase sensitive detector through an AC amplifier. The
inputs of this phase sensitive detector are \fPref sin(27r//ftf) and JPsigs'm(2irfrFt+<p) and
the outputs are JPsig cost/? and JPsig siny> . The outputs of Jp^cosxp and JPsig sin v
are the same with the outputs of the quadrature phase detection of the homodyne system.
The quadrature phase detection is performed in the range of the downconverted frequency.
The same system with the homodyne system in processing the signal is used. The AC
amplifier between the mixer and the phase sensitive detector is effective in suppressing
the change of the offset level of the mixer. The phase accuracy of this system is less than
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1 degree when the reflected power is 1 ^W without the calibration.
The heterodyne system usually has a phase lock loop system or a super heterodyne
system in order to be unaffected by the fluctuation of the IF. Our system has neither but
the frequency of Gunn oscillators are quite stable and the fluctuation of the frequency is
less than a few MHz which is allowed by the phase sensitive detector. The wave transmission system and antennas is same with the homodyne system because the frequency
of the launched wave has not been changed.

2.2.3

2 channel Heterodyne System

The delay of the reduction of the density fluctuation at the L to H transition has
been observed by the 50 GHz fixed frequency, 1 channel system as mentioned later. From
Langmuir probe measurement, the edge turbulence reduces at the same time when the
intensity of Ha signal reduces. The profile of the turbulence reduction at the L to H
transition is an interesting topic because the turbulence seems to be the cause of the
anomalous transport and the essence of the improvement of the H-mode plasma seems to
exist in the edge region. In order to investigate the profile of the turbulence reduction at
the L to H transition, we have constructed the frequency tunable 2 channel heterodyne
reflectometer system. The tunable range of the frequency of the incident wave is from
28 to 50 GHz. The corresponding cut-off density is from 0.97 to 3.10 xl0 19 rn~ 3 . The
cut-off layer of 0.97 x 1019m~3 exists in the edge region where the probe measurement is
performed.
Figure 2.6 shows the block diagram of the 2 channel reflectometer system. The system
consists of three reflectometer systems. One is a U-band system and the other two are
Ka-band systems. The U-band system comes from a fixed frequency, 50 GHz, 1 channel
reflectometer system as mentioned above. One Ka-band system and the U-band system
are exchanged by the waveguide switch according to our point of interest.
Here U-band and Ka-band are the categories into which the microwave components
are classified. The suitable range of the frequency of U-band is 40 ~ 60 GHz. The suitable
range of the frequency of Ka-band is 26.5 — 40 GHz.
The frequency of the launched wave is changed from 28 to 50 GHz by changing the
Gunn oscillator which is a narrowband, ~ 3 GHz, mechanically tunable one. This type
of oscillator has higher power of <; lOOmW, higher stability and is cheaper than other
tunable oscillators.
The Ka-band system consists of almost the same components as the U-band system.
Ka-band components are "oversized" components for waves in the frequency range of the
U-band. The waves in the frequency range of the U-band can pass through the Ka-band
isolators or other components for which isolation is important. In the Ka-band system
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which is used with U-band system, we have installed a low pass filter which rejects the
waves with higher frequency than that in the Ka-band.
We measure signals which has smaller power than the output power of the oscillator
by -60 dB typically. It is also important to avoid cross talk caused by the leak of the
higher power waves. We have reduced such kind of the cross talk to a negligible level
for our electrical signal processing system by covering the components with a microwave
absorber.
A combination of heterodyne and quadrature phase detection is used in order to
measure the time evolution of the phase difference and the amplitude of the reflected
wave in the same way as a 1 channel heterodyne system. The IF is stable if we do
not change the frequency of the incident wave. The tunable system often changes the
frequency. The IF drifts a few MHz for about 20 ~ 30 minutes after the frequency has
been changed. It is expected that the operation frequency is frequently changed in this
system. The IF is changed from 50 MHz to 150 MHz in order to increase the tolerance
to the stability of the IF. The IF signals are filtered by using low pass filter with an
attenuation of -40 dB at the 300 MHz because the signals with higher frequency than IF
include cross talk with other channels and the spurious higher harmonics caused by the
mixer.
Figure 2.7 shows the antenna system of the 2 channel heterodyne reflectometer, which
is different from the previously mentioned antenna system in which the U-band was used
and the waves of the Ka-band could not propagate. The Ka-band antenna is set outside
the vacuum vessel because Ka-band components are larger than U-band components and
it is difficult to set the antenna system inside the vacuum vessel.
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Figure 2.3: Block diagram of the JFT-2M refiectometer system.
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Figure 2.4: Procedure of the determination of the time evolution of the phase and the
power. We assume that the phase does not change more than TT during a period between
two sequential data.
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Figure 2.5: Block diagram of the JFT-2M heterodyne reflectometer system. The phase
sensitive detector outputs -JPaig cos (p and JPaig sirup. These data are acquired by ADC
of CAMAC with the sampling rate of 5 M samples/s.

-26-

JAERI-Research 97-045

Inside Vacuum Vessel
Flexible
W.G.

To
Y h,nH
X-band
W.G.

Plasma
~~lOmW

1
Taper

Plasma
S Tens jiW

'hase Sensitive
Detector

P.
Jig

COS,

P

sin,

Kg

Figure 2.6: Block diagram of the 2 channel reflectometer system.
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Figure 2.7: Arrangement of the 0-mode 2 channel heterodyne reflectometer system. Two
antennas are set in the toroidal direction outside the vacuum vessel. A aluminum plate
has been installed between two antennas in order to prevent the launched wave from
entering the receiving antenna directly
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3. Experimental Results
of Runaway Phase
3.1

Homodyne System Results

3.1.1 Typical Results
A typical result is shown in Fig. 3.1. The toroidal field is about 1.2 T. The electron
cyclotron resonance of the launched wave does not exist in the plasma in this toroidal
field. The plasma current (Ip ~ 230 kA) and the radial position of plasma center are kept
constant from 450 ms to 850 ms. The minor radius grows till about 500 ms and remains
almost constant at a ~ 27 cm to the end of the discharge. The time evolution of line
integrated density, Jnedl, measured by the microwave interferometer on the mid-plane is
shown in Fig. 3.1 (a). The line averaged electron density n e reaches a cut-off density of the
launched wave (3.1 x 1019 m" 3 ) at about 600 ms. The neutral beam (NB) of 600 kW (co:
320 kW,counter: 280 kW)is injected from 700 ms to 900 ms, where co-injection means the
direction of the NB injection is parallel to the direction of the plasma current and counter
injection means the direction of the NB injection is anti-parallel to the direction of the
plasma current. The L to H transition is characterized by the reduction of the intensity
of the H a line emission (Fig. 3.1(b)). The L to H transition occurred at about 730 ms
and the H to L transition occurred at about 850 ms.
Figures 3.1(c) and (d) show the time evolutions of the received power, PR, and the
phase, ip, respectively, measured by the reflectometer. The phase and the power before
50 ms and after 970 ms is those of the wave reflected from the wall facing the antenna
because there is no plasma in this period. The power of the reflected wave changes by
a large amount of about 30 d-B in a very short period of about 10/xs like a burst. It
should be noted that the -monotonic decrease appears in the time evolution of the phase.
The total change in the phase reaches a maximum of about —10000 radian between 600
and 700 ms, which corresponds to the displacement of the cut-off layer by 10 m. This
displacement is much larger than the minor radius (a ~ 0.3 m). The slope of the time
evolution of the phase becomes steeper when n e ;> 2.8 x 1019m~3. Such phenomena as
this have been observed at several reflectometer systems on ATF [77,91], JET [49], JIPP
TII-U [103], W7-AS [81] and TFTR [84] and are called runaway phase phenomena.
The runaway phase begins from the early time, ^ 1 0 0 ms, of the discharge. The cut-off
layer does not exist from 0 ms to about 400 ms. The runaway phase occurs even if there is
no cut-off layer. This means the mechanism of the runaway phase does not need a cut-off
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Figure 3.1: Measured signals in the H-mode discharge, (a) Time evolution of line integrated density, Jnedl, measured by microwave interferometer. The minor radius remains
almost constant at a ~ 27 cm from about 500 ms to the end of the discharge. The line
averaged electron density ne is 3.1 x 1019 m~3 at about 600 ms. (b) Time evolution of
the intensity of the H a line emission. L/H transition occurred at about 730 ms and H/L
transition occurred at about 850 ms. (c) and (d) show the time evolutions of the received
power PR, and the phase y>, respectively. BT= 1.2 T. / p =230 kA. The discharge gas is
D 2 . The configuration is the lower single null.
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Figure 3.2: The data is sampled by the sampling rate of 25 M samples/s. The runaway
phase phenomena have been observed in the same way in the same discharge condition.
layer.
The runaway phase does not happen in the following cases:
Case 1. There is no plasma, although a strong magnetic field exists.
Case 2. The microwave oscillator is stopped. The signal in this case shows noise of electric
circuits and radiation from plasma.
Case 3. Microwave is not injected into plasma. In this case, the radiation is detected by
the heterodyne detection system.
Case 1 indicates that a strong magnetic field does not have a serious effect on the detection
system and the magnetic field is not the cause of the runaway phase. Case 2 shows the
runaway phase is not caused by the noise described above or bugs of the program which
calculates PR and q>. Case 3 shows that the runaway phase is not caused by the radiation
of the plasma. The runaway phase does not result from simple mistakes of the system. It
is essential that the microwave is injected and received.
The runaway phase phenomena have been observed even with very fast sampling rate
of 25 M samples/s as shown in Fig. 3.2. It is possible to deny that the phenomena result
from the fact that there are very fast changes of phase and that the failures of reading
phase happen due to the low sampling frequency.

3.1.2

Non-runaway Phase Period

Observing the phase data in detail, there are periods when the phase does not run
away, and the phase just fluctuates as seen in the region marked by the circle in Fig. 3.3.
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Figure 3.3: Time evolution of the phase in the extended time scale. Sampling rate is 5 M
samples/s. The runaway phase phenomena do not occur during the region enclosed by the
circle. The step-like runaway phase occurs in this figure, however it is not a discontinuous
jump. There are some points between the consecutive step.
It is noted that the runaway phase seems to occur like a step function in this figure, but
the phase changes gradually in another time range as shown in Fig. 3.4.

3.2
3.2.1

Heterodyne System Results
Experimental Results

The accuracy of the measurement has been increased by using heterodyne system.
However, the runaway phase phenomena and the fast and large change of the reflected
power have also been observed in heterodyne system. We have confirmed that these
phenomena are inherent in neither homodyne system nor heterodyne system. This fact
has been confirmed by the homodyne system and the heterodyne system which have the
common wave transmission system and antennas.

3.2.2

Detection of Movement of Plasma

We can actively move plasma radially by controlling the vertical field. It is expected
that the cut-off layer moves radially with a little change of the density profile on this
movement. We have moved plasma radially in order to check whether the reflectometer
see the movement of the cut-off layer. The calculated phases have showed the runaway
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Figure 3.4: The runaway phase does not consists of only step-like structure.
phase phenomena and we can not see the movement of the plasma at a glance. The
movement of the plasma has been buried under the large runaway. We can obtain the
change of the phase corresponding to the movement of the plasma in fragments, namely
non-runaway phase data. We have used the method of connecting these fragments as one
approach to measure the movement of the plasma. As another approach, the low pass
filter has been used as used in JET [49].
Method of Connecting Non-runaway Phase Data
Figure 3.5 (a) shows the time evolution of the position of the magnetic axis. The
plasma has been actively moved outward 10 mm at the center from 800 ms to 830 ms.
Figure 3.5 (b) shows the time evolution of the phase which has been constructed by
connecting the non-runaway phase data. The movement of the plasma was detected from
800 ms to 815 ms. This is one indication that the reflectometer receives the "reflected
wave" coming from the cut-off layer during non-runaway phase period even though it is
difficult to regard the received wave as only the "reflected wave" at the cut-off layer when
the runaway phase occurs.
The phase is reconstructed by just connecting the fragments of the non-runaway phase
data. Some points in the edge of that fragment can suffer from the effect of the runaway
phase and deviate from the trend of the each fragment. The sequential fragment has been
connected to the deviating point when the reconstruction has been performed. The reconstructed phase suffer from such a few deviating points and is not "smoothly" connected.
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For example, we can see such effects at 808 ms in Fig. 3.5 (b). The sequential fragment
can also have such deviating points and the direction of the deviation often reflect the
direction of the runaway phase. Because of the deviating points caused by the runaway
phase, the reconstruction failed when the original phase has strong runaway phase, for
example from 820 to 860 ms. Thus this method of just connecting the non-runaway phase
data has scope for improvement.

Low Pass Filtering Result
It has been said that we must avoid the effect of the fluctuation when the density
profile measurement is performed by the refiectometer. To do this, low pass filtering
method, smoothing method, time averaging method and shot averaging method have been
used. We have used numerical low pass filtering method. The measured couple of data,
yfPR cos ip and v ^ i sin </?, are filtered, respectively. The cut-off frequency is changed from
0.1 kHz to 100 kHz. The amount of runaway phase decreases and the movement of plasma
is revealed clearly as the cut-off frequency decreases. The movement of plasma cannot
be detected when the cut-off frequency becomes less than 0.3 kHz. This is reasonable
because the movement toward the antenna by 10 mm in 10 ms corresponds to a change
of the fringe by 0.3 fringes/s, which is detected as a Doppler shift of 0.3 kHz. Figure 3.6
(a) shows the time evolution of the position of the magnetic axis again. Most plausible
result has been obtained when the cut-off frequency is 1 kHz as shown in Fig. 3.6 (b).
We can see the movement of the plasma from 800 to 818 ms. The plasma moved toward
the antenna and was in the H-mode during this period. The H to L transition occurred
at about 815 ms. The turbulence caused by L-mode has disturbed the signals and it
has become impossible to measure the movement of the plasma. We can see the change
of the phase from 750 ms to 790 ms which does not have the corresponding movement
of the magnetic axis. This movement of the cut-off layer corresponds to the change of
the density profile caused by the L to H transition. This movement of the cut-off layer
is consistent with the change of the density profile measured by TV thomson scattering
system.

3.3
3.3.1

Results of 2 channel Heterodyne System
Experimental Results

We have changed the oscillator from the fixed frequency oscillator to the frequency
tunable oscillator. We have also modified the antenna arrangement from the inside of
the vacuum vessel to the outside as mentioned in Chapter 2. The runaway phase has
not disappeared though the frequency has been changed from 28 to 48 GHz. This means
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Figure 3.5: (a) shows the time evolution of the position of the magnetic axis. The plasma
has actively moved outward 10 mm at the center from 800 ms to 830 ms. (b) shows the
time evolution of the phase which has been constructed by connecting the phase data
without the runaway phase. The movement of the plasma as shown in (b) has been
detected from 800 ms to 815 ms.
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Figure 3.6: (a) shows the time evolution of the position of the magnetic axis, (b) Time
evolution of the phase obtained by using the data filtered by the low pass filter. The
cut-off frequency is 1 kHz.
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the runaway phase is not peculiar to the particular frequency. The runaway phase has
not disappeared though the angle of the antenna has been also changed. This means the
cause of the runaway phase is not a trivial misalignment of the antenna.

3.3.2

Dependence of Runaway Phase on BT

It is expected that the runaway phase phenomena is caused by the interaction between
the incident wave and the plasma. This interaction always need the fluctuations of the
plasma. The characteristic of many instabilities of plasma which cause fluctuations is
changed when the toroidal magnetic field BT are changed.
The dependence of runaway phase on the toroidal field is measured in the OH phase.
The frequencies of the launched wave are 37 and 38.5 GHz. The corresponding cut-off
densities are 1.70 x 1019m~3 and 1.84 x 1019m~3, respectively. The results are shown in
Fig. 3.7. The sign of the change of the phase, namely the direction of the runaway phase,
changes when the toroidal field is reversed and the degree of the runaway phase, which is
defined as the change of the phase per milli-second, is proportional to the toroidal field.
To conclude that the degree of the runaway phase is proportional to the toroidal
field is inconsistent with the fact that The phase velocity of the drift waves are inversely
proportional to the toroidal field when the runaway phase is assumed to be caused by the
drift waves. For example, the electron diamagnetic drift velocity is described in the form,
Te B x Vn e

~^T

B

'

and B ~ Bj in tokamak, where e is the elementary charge, B is the amplitude of the
magnetic field, n e is the electron density, Te is the electron temperature and B is the
unit vector in the direction of the magnetic field.
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Figure 3.7: Toroidal magnetic field dependence of the runaway phase phenomena. The
vertical axis is the change of fringes of the runaway phase in a milli-second. The degree
of the runaway phase is proportional to the toroidal field BT- BT is negative when the
direction of the toroidal magnetic field is counter clock-wise (CCW) viewing from the top
of the torus and positive when the direction is clock-wise (CW) (see Fig. 2.1) . The
direction of the Ip is always CW. The frequencies of the launched wave are 37 and 38.5
GHz.
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4. Analysis
4.1
4.1.1

Runaway Phase Phenomena
Observed Characteristics

The phenomena of runaway phase do not depend on a specified detection systems. We
have checked this by using two most major kinds of detection system. Our heterodyne
system is the simplest. More complicated reflectometers such as AM (amplitude modulation) system [107], super heterodyne system [103], PLL (phase lock loop) heterodyne
system [49] also suffer from the runaway phase phenomenon.
The step-like runaway phase can be often seen in H-mode phase, however the most of
the runaway phase occurs in the gradual manner in OH phase and L-mode phase. Fig. 4.1
shows details of a typical runaway phase. The runaway phase is not step-like or "fringe
jump". Instead the phase gradually changes. The amplitude is relatively small when a
fast change of the phase occurs, but the level of the small amplitude is well above the
noise level of the refiectometer system, 50 mV, which is a feature of the fast change of the
power of the reflected wave.
The movement of the plasma has been detected when we process the data set of cosine
and sine by low pass filter.
These facts suggest that the reflected wave can be expressed as the sum of two components; one being a WKB solution Eq. 1.3 and the other a series with each term having
a frequency CJO + fi s . The waveform at the detector is expressed in the form,
nat + ipa),

(4.1)

because the detector excludes the high frequency component exp(iu>ot) whose frequency
wo is same with that of the incident wave. Here ip0 is </?(/o) in Eq. 1.4, the values of E(Q,a)
and ifa are the amplitude and initial phase of the wave with the frequency of u>o + fl s ,
respectively. We measure the real part of the above expression as cosine and the imaginary
part as sine.
The runaway phase can occur when the contribution of the term(s) other than the
first term is larger than that of the first term, i.e. E(tts) > Eo.
For example, if we assume the following expression:
ER = exp(i<p0) + 1.2 x expifat

+ <pt),

(4.2)

the simulated time evolution of the phase and amplitude is shown in Fig. 4.2 ( we set
/ = u>i/27r 100 kHz.). This waveform is very similar to the waveform of the typical
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Figure 4.1: Typical gradual runaway measured by the reflectometer. (a) shows the change
of the phase by the fringe, (b) shows the change of the amplitude of the reflected wave.
The runaway phase is not "fringe jump". The phase gradually changes. The amplitude
is relatively small when the fast change of the phase occurs, but the level of the small
amplitude is enough above noise level of the reflectometer system.
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Figure 4.2: The simulated time evolution of phase, (a), and amplitude, (b). The phase
change is shown by the fringe.There exist periodical fast changes as the phase changes.
The period is 2TT/U;I = lOfis. The amplitude is relatively small at that time but is enough
above the noise level of the experiment.
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Figure 4.3: Principle of Doppler wheel. This is also called the rotating grating. The
wave or light is launched into the rotating grating. The wave is reflected by the reflector
coming, in this figure, and goes back to the wave source. The frequency of the reflected
wave is upshifted by the Doppler effect.
gradual runaway phase as shown in Fig. 4.1. The change of the simulated amplitude also
resembles the observed change of the reflected wave.
We can see the change of the phase of the first term, if we process Eq. 4.1 with the
low pass filter whose cut-off frequency is less than ui\. This means the slow movement
can be seen by using the low pass filter and is consistent with our results.
The expression of Eq. 4.1 is plausible when there is the scattering of the density
fluctuation because the frequency of the scattered wave is changed by the frequency fla
of the fluctuation. In this situation, the first term comes from the normal reflected wave,
other terms come from the scattering.
It may be considered that the cause of the runaway phase is a Doppler shift due to
a rotating structure like a Doppler wheel (Fig. 4.3). However, the results of the 50 GHz
homodyne/heterodyne system can not be explained by this model because the antenna is
set on the very mid-plane (see Fig. 2.2) and the beam width of the incident wave at the
cut-off layer is as narrow as ~ 3cm. Further, the runaway phase phenomena have been
observed even in the early time of the discharge, when there is no cut-off layer.
The treatment of Eq. 1.13 is inappropriate. We reconsider the principle of the reflectometer and the interaction between the wave and the plasma. Next the appropriate
treatment of the data with the runaway phase is discussed and applied to the experimental data. We call the normal reflected wave, i.e. the first term of Eq. 4.1, as the coherent
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wave and others, i.e. the other terms of Eq. 4.1, as the incoherent waves.

4.1.2

Formalism of the Reflected Wave

Born Approximation
Equation 1.13 coming from geometrical optics cannot express the runaway phase. The
fluctuation of the phase difference is proportional to the density fluctuation. The phase
changes only around the zero level and does not increase or decrease monotonically.
We investigate the effect of the density fluctuation on the reflected wave by solving
Eq. 4.3 using the Born approximation.
h (e o + e)k2QE = 0.

(4.3)

Here eo is the dielectric constant of plasma for 0-mode in the situation in which the
density profile is written as n 0 = nQc(l - R/LN)(R < LN) and n 0 = 0{R > LN), where
nOc is the cut-off density (Fig. 4.4). This is a good approximation as seen from the density
profile measured by TV thomson scattering system, e is the perturbed dielectric constant
induced by the density fluctuations. We set E - Eo + Es. EQ is the coherent wave and
Es is the perturbed incoherent wave by fluctuations.
• 4 3 -
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When we assume £ o > £ and EQ ^> Ea, we can obtain the two equations of the first
Born approximation:
J2

J2

^

n

r>

+Eok
eklE0Ea — —ek
ekl
0Eo.

(4-5)

The solution of Eq.4.4 can be expressed using the Airy functions A,, B{ [138]. We
express this solution by EOvipi, EQv being the amplitude of the electric field of the launched
wave, according to the expression of Ref. [109].
Eq. 4.5 is solved by using the method of Variation of Parameters, the solution being
given by
Ea{R,ua) ~ c(R) fR iko2Eo^dx
J—oo

=

c(R)EOvko2 fR e^-dx
J

=

{R^>LN)

(4.6)

W

(4.7)

W

4nc(R)r0E0v

[

h{x,ua - uQ)^-dx

J — oo

(4.8)

W

where r 0 = e2/4neomec2, the classical electron radius, W is the Wronskian of the solution of Eq. 4.4 and c{R) is a linear combination of the Airy functions normalized to
unit amplitude in the vacuum region. The scattered wave Ea(R,u}a) mainly brings back
the information of the density fluctuation in the vicinity of the cut-off layer [139] because
ipl/W is swelling in the vicinity of the cut-off as shown in Fig. 4.5. Equation 4.8 shows
us that the perturbed wave by the density fluctuation is essentially the scattered wave.
The ensemble average of E3(R,u)a)Es*(R,uia') gives the selection rule of the wavenumber. In WKB approximation, the selection rule become K = 2koyx/L,N, where K is a
wavenumber of the density fluctuation. This is the Bragg condition in the 1 D scheme
because the wavenumber of launched wave become koyx/L^. If we use the Airy functions
coming from the Born approximation, the selection rule is not so well-defined. But the
contribution of the low K holds large in the vicinity of the cut-off layer [112,140].
At this point we try to correlate the result of the Born approximation, Eq. 4.8, and
the intuitive result obtained from the geometrical optics, Eq. 1.13.
When EQ ^> Ea in the Born approximation, the phase of E — EQ + Ea is expressed by
]m[E.{x,u>,)/Eo]

[

l

(4.9)

Theoretical analysis has been done by using this expression [109,122]. When we change
il>2/W to l/2v/£o"fco, we obtain the expression,
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Figure 4.5: The weighting function 4>\IW is compared with the corresponding WKB approximation l/2y/e^kQ. ipj/W swells in the vicinity of the cut-off, R = 0. R is normalized
by the wavelength in this figure, (quoted from Ref. [109])
(4.10)
The waveform of rpf/W and l/2y/£oko are as shown in Fig. 4.5. The last expression of
Eq. 4.10 has the form based on geometrical optics (Eq. 1.4).
It is plausible that the runaway phase comes from the scattering of the density fluctuation, but the condition of £0 3> Es in the above scheme prevents the occurrence of the
runaway phase phenomena.
It is difficult for the runaway phase to exist in the one dimensional scheme even if
EQ < Ea(£l), because Ea(Q,) = Ea(—Q) in this scheme and the complex amplitude of

draws the line, y = tan((<p+ + (p-)/2)(x — Eo), on the Gaussian plane as shown in Fig. 4.6.
Here Es(Ct) is the Fourier component with the frequency, £1 = u3 — u0, of the reflected
wave at the detector. Some noise on the experiment can trigger the fringe jump in the
bipolar direction because the noise broaden the above line as shown in Fig. 4.6, but the
runaway phase phenomena in which the phase increase in a one-sided direction does not
occur.
Therefore, for the runaway phase to occur, the following conditions must be satisfied:

Es

(4.12)
(4-13)
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Im

Figure 4.6: Trajectory of the Eo + Ea(U)eiilt+lfi+ + £,(-f))e i f i t + ^- without noise is drawn
by the dashed line. Here Ea(£l) ~ Es(—Q,) and Es > Eo. The movement on this trajectory
does not increases the fringe. Trajectory of the Eo + Es(n)eint+<fi+ + Ea(-n)eint+*with
noise is drawn by the solid line. The noise can cause the fringe jump in the situation of
E, > Eo. The fringe increases by one fringe in this figure.
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We now investigate a three dimensional scheme from the view point of the basic process
of the scattering in order to achieve these conditions.

Scattered Wave
The electron temperature is about 1 keV in the plasma of JFT-2M. The value of vthjc
is less than 0.05, where vth is the electron thermal velocity and thus the relativistic effect
is negligible. In this situation, the electric field radiated by the accelerated electron is
(4.14)
retarded

where /3 = v /c,R = R jR [27, 29,141] . The acceleration of the electron by the
•X -iu/t . Substituting this
incident wave, Ei (x ,t) = Ei e' ° -X —iwt , is 0 =
into Eq. 4.14, multiplying this by the distribution function and integrating this, we get
the scattered wave,

E.{R,t)

= £ / d3rn(r ,t')R
ti

Jv

x [R x Ei (r ,*')],

(4.15)

where t' is retarded time. By performing a Fourier transform in time, we obtain,
E, (R ,w.) = [R x(R

xEi

) ] - ^ - /°° h(r ,w, - u * ) ^ (r ,t)dr .

(4.16)

If we use the wave near cut-off as the incident wave Ei (r , £), this equation describes the
scattered wave at the cut-off.
The ratio of the amplitude Es of the scattered wave by the density fluctuation h(K , Q),
to the amplitude £non - scatter ed(= (£o 2 + Es2)1/2) of the reflected wave when there is no
scattered wave by the density fluctuation is given by

E.

ro\Q \n(K,Q,)\Ai(z »

0)Lscatter/2

- scattered

r0XQncLscatterAi{z

« 0)\/2 n(K,
(4.17)

10
nc

where Ao is the vacuum wavelength of the incident wave, LSCaUer is the characteristic
length of the scattering volume in the direction to which the wave propagates,

nr

\

n.

We have used no approximation about the amplitude such as the Born approximation,
Es <?C EQ. We can achieve the condition of Eq. 4.12, but we can not use the expression of
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Eq. 4.17 in the region where the density fluctuation is relatively large, because the ratio
of Eq. 4.17 exceeds 1 when the density fluctuation is larger than 10 %. The reason is
that the amplitude of the incident wave, which is scattered by the fluctuation, is fixed in
the estimation of the integral over the scattering volume. The amplitude of the incident
wave will be smaller as the incident wave propagates in the scattering volume. Taking
this effect into consideration by renormalization, we estimate the ratio to be,
10
—scattered

n(K,ft)

I

n.

10

n{K,ft)

1/2

(4.18)

n.

which does not exceed 1.
Equation 4.18 produces,

EL

10

h(K,ft)

(4.19)
n.
When the density fluctuation level is larger than 10 %, the runaway phase can occur
because Eq. 4.12 is satisfied. This density fluctuation level can explain the reason why
the density fluctuation level estimated by the phase data in the non-runaway phase period
has been limited to about 10 % in our case. The runaway phase occurred and the method
could not be used when the density fluctuation level exceeded 10 %.
As the equation of Ea(ft) = E,(—ft) is satisfied, one dimensional scattering does
not cause the runaway phase as mentioned above. However usually Es(ft) is not equal
to Es(—ft) in two-dimensional scattering case. When the incident wave E{(k0 ,w0) is
scattered by the density fluctuation h(K , fi), the scattered wave Es(k' ,us) fulfill the
following condition:
r us - ui0 + ft

Ui = #±

(4.20)

or
a

= u>0 — ft

(4.21)

where ksL is the component of k' perpendicular to k0 , K± is the component of K
perpendicular to fe0 [29]. E(ft) ^ E(-fl) if h(KL) / n(-K±).
The position and
direction of the antenna decide the k' to be detected and the corresponding frequency
shift caused by the density fluctuation h(K , ft). This is the principle of the conventional
scattering system.
The antenna has a finite aperture and the microwave beam has a finite beam width.
The scattered waves of Es(ft) and E3(—ft) caused by the same fluctuation with relatively
small wavenumber K±_ can be completely detected as shown in Fig. 4.7. However as
the wavenumber becomes larger, the corresponding scattered waves of Es(ft) and E3(—ft)
can be partially detected, as the waves partially move out of the field of view of the
antenna. In this case, the slight tilting of the cut-off layer produces the condition of
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Figure 4.7: The antenna has a finite aperture and the microwave beam has a finite beam
width. The scattered waves of E3(il) and Es(—fi) caused by the same fluctuation with
relatively small wavenumber can be completely detected. However as the wavenumber
becomes larger, the corresponding scattered waves of Ea(Q) and Ea(—O) can be partially
detected, as the waves partially move out of the field of view of the antenna.
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Es( —il). The situation is unavoidable in the realistic experimental environment.
Here the situation is referred to as the "microscopic" misalignment and the situation in
which only one of Ea(O,) or Ea(—Q) is detected as the "macroscopic" misalignment. The
Doppler wheel system is an example of "macroscopic" misalignment.
There are two-dimensional simulations that show that the fluctuations with K±_ cause
the runaway phase [108,117]. They have stated that misalignment of the antennas could
result in the runaway phase. The situation of their simulation is the "macroscopic"
misalignment.
Some people say the "macroscopic" misalignment is essential to the runaway phase.
They consider the runaway phase will disappear and the correct measurement can be
performed in the correct alignment.
This statement is not correct. The correct measurement can not be performed even
if the correct alignment is established. The runaway phase phenomena occur under two
conditions. One is Ea > EQ, which is the result of relatively large density fluctuations.
The other is E3($l) ^ Ea(—0) due to the misalignment of the antenna. Thus even if the
perfect alignment is established, the effect of the scattered wave, E3 > Eo, remains and
the trajectory of the data set which consist of cosine and sine draws a line as mentioned
above (Fig. 4.6). In this case, the reflected power varies largely in time and the change of
the phase does not show the density fluctuation correctly. Therefore the correct measurement is not possible even if the runaway phase looks like to disappear due to the correct
alignment.

However we need not discard such data. We can treat the data as the signal of the
scattered wave even though the runaway phase phenomena occur. And even in this case,
the localization of the reflectometer holds because of the swelling effect of the incident
wave near the cut-off.

4.1.3

Runaway Phase without Cut-off Layer

Scattering can occur if the Bragg condition is satisfied [112,140]. The incident wave
propagates with the wavelength Ao/y^ ~ 1 — 1.5A0 when there is no cut-off layer. The
Bragg condition is satisfied if there are density fluctuations with the wavelength of ~
0.5 —0.75Ao. In this situation, there is no coherent component and all the received signals
consist of the waves scattered by the density fluctuations. The received signals cause the
runaway phase.
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4.1.4

Desired Arrangement of Antenna

We conclude that the runaway phase is caused by the wave scattered by the large
density fluctuations propagating in a direction perpendicular to the direction in which
the incident wave is propagating. In order to avoid the effect of the density fluctuations,
the arrangement of the antenna must satisfy the following condition:
L>antenna 5

(A.11)

,min

where R is the distance between the cut-off layer and the antenna, Lantenna is the characteristic length of the antenna aperture, k0 is the amplitude of the wavenumber of the
incident wave, Kx,min is the minimum wavenumber of the incoherent wave, whose amplitude is greater than the amplitude of the coherent wave, perpendicular to the fco . It
corresponds to the wavenumber of the density fluctuation which cause this incoherent
wave. In this condition, the two-dimensional effect such as the runaway phase and the
large change of the reflected power can be reduced by avoiding the effect of the wave
scattered by the density fluctuations with K±imin.
Lantenna is usually about 10Ao. The distance between the cut-off and the antenna
needs 1 m if X_Lifnin(= 2?r//fx.m.n) is 0.1 m.

4.1.5

Interpretation of Non-runaway Phase Period

The trajectory of the complex amplitude, E(Sl)eiat+lfi+ + E(-il)e-iai+v-,
of the scattered wave in the Gaussian plane does not show an arc shape. Its trajectory is an ellipse
or a line. This non-arc shape is observed in the trajectory of the reflected wave in the
non-runaway phase period as shown Fig. 4.8.
The arc shape is the characteristic of geometrical optics. Geometrical optics describes
the global movement of the plasma; namely the global changes of the dielectric constant
eo rather than the perturbation of the dielectric constant eo + £•
The precursor of the sawtooth crash causes the perturbation with poloidal mode number m — 1 ,which leads to the global change of the density profile. The arc shape is
observed when the precursor of the sawtooth occur as shown in Fig. 4.9.
The same arch shape is observed when plasma moves if there is no runaway phase, as
shown in Fig. 4.10
In the non-runaway phase period, the feature of the Born approximation is clearly
revealed. The reflected wave consists of the coherent component which is explained by
the geometrical optics and the relatively small incoherent wave which is caused by the
density fluctuation,
ER = Eo exp(i(ujot + <p0)) + J2 E(Vs)
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Figure 4.8: (a) Trajectory of the complex amplitude in the non-runaway phase period,
(b) Time evolution of the phase in the same period as in (a). The cut-off density is
1.84 x 10 19 nT 3 .
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Figure 4.9: (a) Trajectory of the complex amplitude when the precursor of the sawtooth
occurs, (b) Time evolution of the phase in the same period as in (a). The cut-off density
is 1.84 x 1019rn~3.
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Figure 4.10: (a) Trajectory of the complex amplitude when the plasma moves, (b) Time
evolution of the phase in the same period as in (a). The plasma has been actively moved
by about 8mm in this period. This movement corresponds to the change of the phase by
1 fringe. The cut-off density is 1.79 x 1019irT3.
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However, the fluctuations of the phase of the reflected wave can be considered as the
density fluctuations as mentioned above ( Eq. 4.9 and 4.10). The analysis using the data
of the non-runaway phase is consistent with the interpretation of the runaway phase.

4.2

Spectrum Analysis of the Reflected Wave

Following our earlier arguments, we should treat data as a scattered wave. The homooo
dyne signals, J2 E(il) cos(ilt + <pn), give us some information about the density flucn=-oQ

tuation. However, the important quantity to measure the density fluctuation is E(±il).
E(£l) and E(~tt) cannot be separated in the homodyne signal. In order to separate them
to obtain £J(±fi), we must treat two independent signals,

oo

Yl E(Q)cos(ftt + (pa) and
n=-oo

oo

oo

n=-oo

n=-oo

J2 E({l)s'm(Qt+(pn); namely we must treat the complex amplitude, J2

E(ft)expi(£lt+

<fsi). The rotary spectrum and complex spectrum are tools for our purpose.
The rotary spectrum is convenient to analyze the rotating structure of the vector data
(see Appendix C). We can see the spectrum characteristic of the runaway phase.
One of the results in the runaway phase period is shown. Figure 4.11 (a) shows the
clockwise (CW) spectrum Scw{f) and the counter clockwise (CCW) spectrum Sccw(f) of
the reflected wave. If the "macroscopic" misalignment of the antenna causes the runaway
phase phenomena, the Doppler shift of about 30 kHz would be detected. It is expected
that the highest peak of the spectrum appears around 30 kHz and the peak appears in
only one of the Scw(f) or Sccw(f)- However, such a peak is not observed. Figure 4.11
(b) shows the difference between CCW spectrum and CW spectrum, Sccw(f) — Scw(f)The asymmetry around 100 kHz cause the phase to advance predominantly in one direction. Figure 4.11 (c) shows the rotary coefficient CR(/). The value of \CR(/)\ becomes 1
when either E(Cl) or E(—Q) is equal to 0. The rotary coefficient CR(/) is not zero more
than about 100 kHz. This fact is consistent with the model of Eq. 4.1, in which it is
considered that the scattered wave brings back the information of the density fluctuation,
rather than the model based on the geometrical optics, because \Cft(f)\ is always equal
to 0 in geometrical optics except in the case of "macroscopic" Doppler shift.
The complex spectrum is the complex version of the conventional spectrum analysis
(see Appendix D). The scattering feature can be detected because the positive and
negative frequencies are separated in the complex spectrum unlike the spectrum of the
real data. The coherence of two reflected signals from different cut-off layer can be also
measured.
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Figure 4.11: Rotary spectrum, (a) shows Scw(f) and Sccw(f) of the reflected wave
by the log scale, (b) shows Sccw(f) ~ Scw(f) by the linear scale, (c) shows rotary
coefficient C
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The fluctuation level can be estimated by rewriting Eq.4.18 as follows:
(4.24)
n.

Efnon—acattered

If almost all of the scattered waves are received by the antenna, the density fluctuation
level can be estimated considering the square root of the integrated complex auto-power
spectrum density of the all frequency above the white noise level as a denominator of
Es(Cl)I Enon-scattered in Eq.4.24, and the square root of the integrated complex auto-power
spectrum density in the noticed range of frequency as a numerator.

4.3

Characteristic of Spectrum when Plasma Moves

We have measured the to-and-fro motion of the plasma by using a low pass filter.
At first, the complex auto-power spectrum is shown in Fig. 4.12(a) as the image
plot for the case where all the to-and-fro motion can be detected. Here, brightness is
used as an indicator of the power and is decreasing from white to black as the power is
decreasing. Thus the white path shows the trajectory of the highest peak. There is the
Doppler shift which corresponds to the movement of the plasma. The peak frequency of
the received wave is shifted in frequency by a frequency of +0.5 kHz, corresponding to
the movement of the plasma by 4 mm in a milli-second toward the antenna and -0.5 kHz
corresponding to the movement of the plasma back the original position. It is reasonable
that the movement of the plasma is detected by using the low pass filtering whose cut-off
frequency is 1 kHz.
Our system will detect the Doppler shift if there exists a "macroscopic" misalignment
of the antenna. However, such a kind of the Doppler shift is not observed though this
data also show the runaway phase phenomena, so that there is not the "macroscopic"
misalignment in our case.
The spectrum does not show the shift of the peak frequency and the other low frequency components are relatively high as shown in the period from 709 to 725 ms of
Fig. 4.13(a) in the case where the to-and-fro motion cannot be detected. The coherent
components have been buried by the incoherent components in this case.
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Figure 4.12: (a) is the image plot of the complex auto-power spectrum in the case where
all the to-and-fro motion can be detected. The power is log-scaled. Power is indicated by
the brightness, white being the maximum and black the minimum. The right label shows
the exponent when the base is 10. (b) is the change of phase obtained by using the data
filtered by a low pass filter whose cut-off is 1 kHz. The change of phase corresponding to
the movement of the plasma is detected during 700 to 720 ms.
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Figure 4.13: (a) is the image plot of the complex auto-power spectrum in the case where
the to-and-fro motion cannot be detected, (b) is the change of phase obtained by using the
data filtered by a low pass filter whose cut-off is 1 kHz. The change of phase corresponding
to the movement of the plasma is partially detected during 700 to 709 ms. The change
during 675 to 695 ms is caused by the change of the density profile at L to H transition.
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5. Density Fluctuation
in L«mode and H-mode
The transport is improved at the L to H transition. It is considered that the microturbulence dominates the transport of the fusion plasma, so that the H-mode would relate to
the suppression of the microturbulence. The suppression of the microturbulence by the
velocity shear is considered as a mechanism of the H-mode plasma [23]. It is considered
that the sheared flow originates in the shear of the electric field.
Density fluctuations in L-mode and H-mode have been observed by reflectometer on
JFT-2M tokamak. At first, the density fluctuation is estimated by the conventional
method based on geometrical optics. In order to avoid the runaway phase effect, we have
used the data in the non-runaway phase period. Next we apply the method proposed in
Chapter 4 to the data. This method can be applied not only to the data in non-runaway
phase periods but also to the data including the runaway phase. The results obtained by
this new method are consistent with those obtained by using the data in the non-runaway
phase periods.

5.1

Radial Profile of the Density Fluctuation

The probe can measure the density fluctuation with high time and spatial resolution
in the edge region of less than about 1 cm inside the separatrix. The reflectometer, on the
other hand, can measure the density fluctuation in the interior region of plasma and does
not contaminate the plasma. The consistent data obtained by using these two different
methods can give more reliable radial profile of the density fluctuation.
The density fluctuation profiles were measured in the edge, rja J> 0.9, by Langmuir
probes [142]. The probes were fixed at 3 cm outside the separatrix. The plasma was
moved to the probe by 4 cm transiently and engulfed the probes. As the result, the
probes are inserted 1 cm inside the separatrix. The probes and the antenna of the 1
channel reflectometer system are separated by 10 cm both in the toroidal direction and
vertical direction as shown in Fig. 2.2. The density fluctuations were measured by the
reflectometer in the same discharge. The density profile measured by the TV Thomson
scattering [143] is used in order to decide the value of Ln required in Eq.1.13 and the
position of the cut-off layer,r.
The fluctuation levels measured by the reflectometer and the Langmuir probes are
similar at the same radial position in the H-mode case, shown in Fig. 5.1. The fluctuation
level measured by the reflectometer is nearly same as the extrapolated value at r/a ~ 0.8
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Figure 5.1: The fluctuation levels measured by the reflectometer and Langmuir probes are
similar at the same radial position in the H-mode plasma. The fluctuation level measured
by the reflectometer is nearly same as the extrapolated value at r/a ~ 0.8 of the density
fluctuation profile obtained by probes in L-mode.

of the density fluctuation profile obtained by the probes in the L-mode case. The density
fluctuation measured by the reflectometer did not change when the probe was inserted
into the plasma.
The auto-power spectrum of the density fluctuation measured by the reflectometer
have been also compared with that measured by the probes in Fig. 5.2. The comparison
has been performed in the same discharge at the same radial position in the H-mode. The
peak at 120 kHz can be clearly observed in both figures.
The density fluctuation measured by the reflectometer differs from that measured by
probes in terms of the measurable wavenumber. The measurable range of wavenumber in
the perpendicular direction to the launched wave of the reflectometer K\. is ^ 0.7cm"1
because of the geometry of the antenna. The measurable range of wavenumber in the
radial direction Kr is £> 2TT/\Q ~ 5cm"1. The measurable range of wavenumber with the
probe is K^ <, 30cm"1 and Kr ^ 15cm"1. The agreement of the results derived from the
reflectometer and the probes suggests that the wavenumber of the fluctuations is small
enough to be detected by both the reflectometer and the probe.
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Figure 5.2: (a) and (b) show the auto-power spectrums of the density fluctuations measured by the reflectometer and the probes, respectively. The similar peak around 120 kHz
is seen.
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Time Evolution of Fluctuation Level

We have introduced a new indicator to show the degree of the runaway phase phenomena as below:
1 r°°
c(t) = —
Phase(t + r)h(r)dr,
1

s

(5.1)

J—OO

where

f-1
h{r) = \ 0

(-T,<T<0)
(r = 0)

I 1

(5.2)

(0<r<T,)

We have automatically rejected the periods during which the runaway phase occurs because these periods can be deduced from this indicator data. The details of this indicator
is given in Appendix E.
The analysis of this section is based on this method.

5.2.1

Result of the 50 GHz Reflectometer System

We show the result of the 50 GHz, 1 channel, heterodyne reflectometer system. The
cut-off density of the probe wave is 3.1 x 1019m~3.
Figure 5.3(a) shows the time evolution of the phase. Figure 5.3(b) shows the time
evolution of c(t) defined by Eq. 5.1. The value of c(t) becomes large when the runaway
phase occurs. The non-runaway phase periods are deduced from c(t). We collect samples
at the time when \c(t)\ is less than 5.8 radian and obtain the non-runaway phase data.
The durations of the periods are all different. Figure 5.3(c) shows the time evolution of the
fluctuation of the phase using the phase data during the non-runaway phase period. There
are certain periods over which the time evolution of the fluctuation remains constant but
the durations of such periods differ from one to the next. This is because the fluctuations
are time-averaged over each non-runaway phase period. We do not split the data which
is relatively large because the result obtained from all the data is more accurate than
that obtained from the split small data. The runaway phase occurs frequently when the
fluctuations of the phase are relatively large. Figure 5.3(d) shows the time evolution of
the intensity of the signal of H a line. The L to H transition has occurred at about 750 ms
and the H to L transition has occurred at about 815 ms. We can see two ELMs around
800 ms. The fluctuations of the phase increase in about 5 ms after the H to L transition
and the ELM has occurred. However the fluctuations of the phase gradually decrease
after L to H transition has occurred. It takes about 15 ~ 20 ms. The reproducibility of
this feature is good. ( The check of the reproducibility for many shots has been realistic
owing to the above mentioned automatic runaway phase rejecting method. )
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Figure 5.3: (a) shows the time evolution of the phase measured by the reflectometer. (b)
shows the time evolution of c(t) defined by Eq. 5.1. The value of c(t) become large when
the runaway phase occurs, (c) shows the time evolution of the fluctuation of the phase,
(d) shows the time evolution of the intensity of the signal of H a line. The L to H transition
has occurred at about 750 ms and the H to L transition has occurred at about 815 ms.
We can see two ELMs around 800 ms. The discharge gas is D 2 , BT - 1.3 T, Ip = 190
kA, NB which consists of D2 is injected from 700 ms to 850 ms and the injected power is
650 kW. The configuration is the upper single null.
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Figure 5.4: The time evolution of the density profile measured by TV Thomson scattering
system shot by shot. The profile does not change in the core region just before and after
the L to H transition. The reflectometer observes the density fluctuation at the cut-off
layer whose density is 3.1 x 1019 m~3, and thus observes almost the same position radially
just at transition.

The reflectometer data appear to be inconsistent with the Langmuir probe data. The
probe measurements at the edge region show that the density fluctuations are reduced in
tens of //s after L to H transition.
The cut-off density of the reflectometer is ne — 3.1 x 1019 m~3. This layer is usually
located around r/a ~ 0.5 as shown in Fig. 5.4 at the time when L to H transition occurs.
It is inferred that the fluctuations of the phase do not change just after L to H transition
because the mechanism of the L to H transition does not contribute to the suppression
of the density fluctuations in this region. This may indicate that L to H transition is
localized at the edge region. Multichannel system and incident waves with lower frequency
are needed in order to know the spatial dependence of the reduction of the fluctuation.
This experiment has been performed by the 2 channel reflectometer system. The results
is described below.
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Figure 5.5: Delay of the reduction of the density fluctuation from L to H transition. The
reduction of the fluctuation at the higher cut-off density than 1.5 x 1019m~3 is delayed
compared with the reduction of the H a signal. The injected power of NB is about 750 kW.
The H-mode begins about 30 ms after NB is injected. The configuration of the plasma is
lower single null divertor configuration. BT is 1.15 T and Ip is 180 kA. The discharge gas
is D 2 .

5.2.2

Delay of Reduction of Density Fluctuation

The frequency of the incident wave is changeable in 2 channel heterodyne system. We
have investigated the delay of the reduction of the density fluctuation.
The frequency of the incident wave was changed from 28 to 44 GHz. The time when the
fluctuation is reduced depends on the frequency of the incident wave, namely the cut-off
density. The reduction of the fluctuation at the higher cut-off density than 1.5 x 1019rn~3
is delayed compared with the reduction of the HQ signal as shown in Fig. 5.5. The relative
delay between the two channels can be measured. The delay between the channel whose
frequency is set at 28 GHz and the other whose frequency is swept was also investigated
and the results were same; the reduction of the fluctuation at the higher cut-off density
than 1.5 x 1019m~3 is delayed compared with the reduction of the fluctuation at the cut-off
density 0.97 x 1019m~3 which corresponds to the probe frequency of 28 GHz.
In the inner region, this result is consistent with the result of the 50 GHz reflectometer
which shows the delay. In the edge region, this result is consistent with the result of the
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Langmuir probe which shows no delay. These results show that the reduction of the
density fluctuation just at L to H transition occurs only in the edge region.

5.3

Time Evolution of Complex Spectrum

It is difficult to measure the time evolution of the spectrum of the fluctuation from the
phase difference since each duration of the non-runaway phase period differs and the time
when the non-runaway phase period occurs is not periodic. Furthermore the duration of
the non-runaway phase period is too short, typically 100 us, to obtain enough frequency
resolution.
Analysis using the rotary spectrum and the complex spectrum is proposed in Chapter
4. Here we use the complex spectrum (see Appendix D). The complex amplitude Eit(t)
of the reflected wave ER{1 )etwot is obtained in our case as below:
Eii(i)

— ( cosine output of phase sensitive detector )
+

i( sine output of phase sensitive detector ),

(5.3)

where u>o is the frequency of the incident wave.
Time evolutions of complex auto-power spectrum are shown in Fig. 5.6 - 5.8. The
cut-off densities in Fig. 5.6 - 5.8(a) are 1.43 x 10 1 9 nr 3 , 1.70 x 10 19 m" 3 and 1.83 x 10 19 m" 3 ,
respectively. All of the cut-off densities in Fig. 5.6 - 5.8(b) is 0.97 x 10 1 9 nr 3 . These
auto-power spectrums are drawn in the range of frequency from -400 kHz to 400 kHz in
order to observe the low frequency feature.
The power is log-scaled. The amplitude becomes large as the color becomes black,
dark purple, red, orange, yellow, white and blue like the color of a fixed star.
Two interesting features can be observed. One is the delay of the reduction of the
main fluctuations with the low frequency, / ^ 100 kHz. The other is the coherent mode
which appears from about 10 ms after L to H transition. These features are discussed
later.

5.3.1

Reduction of Edge Turbulence

The density fluctuations are reduced in the low frequency range, / £> 100kHz, in the
case of cut-off density lower than 1.5 x 1019m~3 at the time when the signal of H a drops
as shown in Fig. 5.6, while the reduction of the density fluctuations with low frequency
is delayed in the case of cut-off density higher than 1.5 x 1019m~3 as shown in Fig. 5.8.
The detected signals ( ex cos ip(t) ) have been low-pass-filtered with 90 kHz cut-off
frequency based on the results that the reduction of fluctuation levels at L to H transition
mainly comes from fluctuations with low frequency. These filtered signals are shown in
67
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Figure 5.6: Time evolution of the complex auto-power spectrum, (a) shows the spectrum
of the reflected wave from the cut-off layer of 1.43 x 1019m~3. (b) shows the spectrum of
the reflected wave from the cut-off layer of 0.97 x 10 19 m" 3 . The power is log-scaled. The
amplitude becomes large as the color becomes black, dark purple, red, orange, yellow,
white and blue like the color of a fixed star. The right label shows the exponent when
the base is 10. (c) shows the signal of H a .
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Figure 5.7: Time evolution of the complex auto-power spectrum, (a) shows the spectrum
of the reflected wave from the cut-off layer of 1.70 x 1019m~3. (b) shows the spectrum of
the reflected wave from the cut-off layer of 0.97 x 1019m~3. (c) shows the signal of H a .
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Figure 5.8: Time evolution of the complex auto-power spectrum, (a) shows the spectrum
of the reflected wave from the cut-off layer of 1.83 x 1019m~3. (b) shows the spectrum of
the reflected wave from the cut-off layer of 0.97 x 1019m~3. (c) shows the signal of H a .
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Fig. 5.9(a),(b). The movements of the cut-off layers estimated by using the low pass
filter ( the cut-off frequency is 1 kHz ) are shown in Fig. 5.9 (c). The absolute position
of the cut-off layer is not obtained by the reflectometer of this type. We determine the
absolute position of the cut-off layer by using the typical edge density profile measured
by the TV Thomson scattering system at the time when the edge profile has become the
steady profile in H-mode. The error of the absolute position is about ± 5 mm due to
the errors of the TV Thomson scattering system and the reproducibility of the discharge.
The position of the cut-off layer is shown as the relative position, ds, from the separatrix.
The sign of ds is negative inside and positive outside the separatrix. The error of the
estimation of the position of the separatrix is about ± 5 mm.
The width of the line shows the fluctuation levels in Fig. 5.9 (a),(b). The slow change
of the Fig. 5.9 (a) with the time scale of ^ 1 ms is caused by the change of the phase
coming from the movement of the cut-off layer as observed in Fig. 5.9 (c). The reduction
of the fluctuation of the signals occur in the edge. The edge region is less than 3 cm which
corresponds to the ion poloidal Larmor radius, pi = M{Vi/eBp, where M, is the mass of
the ion, V{ is the thermal velocity of the ion and Bv is the poloidal magnetic field. This
region coincides with the region where a negative electric field is expected to be produced
by the ion orbit loss [144] and also with the region where the shear of the electric field
has been observed by using charge-exchange spectroscopy measurement [134] as shown in
Fig. 5.10.
This results support the model of the turbulence stabilization by the E x B-induced
poloidal flow shear; coupling between poloidal shearing and turbulent radial scattering of
fluctuations results in the reduction of the radial correlation length and the quenching of
fluctuations [23].
The turbulence could be driven by inhomogeneity such as a density gradient. It seems
that the steep gradient of the density profile in the edge region may enhance the turbulence
in the H-mode, but the enhancement does not happen in the very edge region of ds^> —2
cm. This is because there is the shear of the radial electric field Er and the E x B-induced
shear flow which prevents the turbulence from growing in this region.

5.3.2

Coherent Mode

The coherent feature ( about 100 kHz ) is seen about 10 ms after L to H transition.
This mode is also detected by a Langmuir probe at the edge as shown in Fig. 5.11. The
coherent feature resemble the fluctuation on ASDEX [16] and PBX [24], A Steep density
gradient exists and the cut-off layer exists in this steep density gradient region when
this mode occurs. This mode can be caused by the steep density gradient or by a steep
pressure gradient.
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Figure 5.9: Reduction of turbulence. The signals ( oc cos <p(t) ) which are passed through
the low-pass filter with 90 kHz cut-off frequency are shown in (a), (b). The width of the
line shows the fluctuation levels, (c) shows the movement of the corresponding cut-off
layer. The position of the cut-off layer is shown as the relative position, ds, from the
separatrix. The sign of ds is negative inside the separatrix. The error of the position of
the cut-off layer is about ± 5 mm and the error of the position of the separatrix is about
± 5 mm.

-76-

JAERI-Research

97-045

100
50

OH

0

I
-50
H-mode

-100
-150
separatrix
<—
>

-200
-3

-2

-1

0
ds (cm)

Figure 5.10: Radial profile of edge electric field as a function of the distance from the
separatrix, for OH (open square), L-mode (open circle) and H-mode (closed circle) plasmas. The sign of ds is negative inside and positive outside the separatrix. (quoted from
Ref. [145])
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Figure 5.11: The coherent mode whose frequency is about 100 kHz is observed in H-mode
from about 10 ms after L to H transition, (a) is the spectrum of the data measured by
the reflectometer whose probe frequency is 38 GHz and corresponds to the cut-off density
of 1.79 x 1019m~3. The position of the cut-off layer is about 2 cm inside the separatrix.
(b) is the spectrum of the data measured by the Langmuir probe. The measured position
is about 1 cm inside the separatrix.
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The frequency of the mode is about 80 kHz just before the H a signal increase as shown
in Fig. 5.12. The frequency drop at H-L transition may mean the decrease of the poloidal
rotation if this mode is almost standing on the system which moves with the plasma. It
can be helpful to know the role of the poloidal rotation in H-mode.
This is the expected range for drift wave type instabilities. Assuming the peak at
100 kHz comes from a drift wave, the wavelength of the drift wave can be estimated
as ~ 80 mm (K ~ 0.75cm"1) using the values Te ~ 100eV,£? ~ IT and Ln ~ 10mm.
The wavelength is consistent with the result of the correlation measurement by using a
Langmuir probes.

5.4

Correlation Measurement

The measurement of the radial correlation length is interesting at L to H transition
related to the reduction of the transport and the fluctuation level.
The profile of Der is always estimated indirectly by solving the equations,

^

l

(5.4)
De,r = - r y v n e ,

(5.5)

where Te is the electron particle flux, Sein is the electron source coming from the neutral
transport and SCINBI is the electron source coming from the neutral beam injection. The
global information is needed. However, the diffusion coefficient can be estimated directly
with random walk,

Dr = £-,

(5.6)

with / r the radial correlation length and rc the correlation time. These values are measured
locally. The latter method is useful as it is considered that the drastic improvement of
the transport at the L to H transition occurs locally at the edge corresponding to the
generation of the electric field.
Biglari et al. [23] say that the radial correlation length is reduced by rotational shearing
relative to its value as determined by ambient turbulence alone and that the reduction in
the radial correlation length results in the quenching of fluctuations. The relation between
the reduction of the fluctuations and the reduction of the radial correlation length is a
subject to be investigated.
The 2 channel reflectometer can be used as a correlation reflectometer. In correlation
reflectometry, two independent reflectometers operating with microwave frequencies f\, / 2
probe the plasma along the same line of sight and in the same polarization. The reflecting
layers are at R\ and R?, separated by a distance Sx. The reflected waves come back with
the information of density fluctuation of the two cut-off layers. The correlation between
these two channels is calculated.
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Figure 5.12: The frequency of the coherent mode changes from about 100 kHz to about
80 kHz just before the H a signal increase, (a) is the spectrum of the data measured by
the reflectometer at about 2 cm inside the separatrix. (b) is the spectrum of the data
measured by the Langmuir probe at about 1 cm inside the separatrix.
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Correlation Length Measurement

The frequency of one reflectometer is set at f2 corresponding to the position which we
want to investigate ( Fig. 5.13 ). The other frequency / t is changed shot by shot around
the frequency fa. The correlation is estimated for each cut-off density. The profile of the
correlation is determined once density profile is known. The density profile is obtained
by TV thomson scattering system. From this profile of the correlation, we can estimate
the correlation length, which is usually defined as the e-folding length of the profile of the
correlation.
By using the data during the period when the runaway phase does not occur, the profile
of the correlation of the measured phase difference is obtained. Figure 5.14(a) corresponds
to the case where frequency / 2 = 38.45GHz (cut-off density: 1.83 x 1019m~3) and f\ is
varied from 38.3 to 28 GHz. Figure 5.14(b) corresponds to the case where frequency
f2 = 28GHz (cut-off density: 0.98 x 1019m~3) and ft is varied from 28 to 37 GHz. For the
H-mode, the points corresponding to the next 4 ms after L to H transition are plotted.
Thus Fig. 5.14(a) shows the profile of the correlation in the region of r/a ~ 0.8, about 5
cm inside the separatrix and Fig. 5.14(b) shows the profile of the correlation in the region
of r/a <> 1, just inside the separatrix. The periods without the runaway phase are short
and typically shorter than 100 /zs on the points in the Fig. 5.14.
The coherence analysis based on the fast Fourier transfer method (Eq. B.5 ) has not
been used because of the following reason: as it is important to perform enough ensemble
average on this method, Eq. B.5 becomes

\A(f)\\B(f)\
i,

(5.7)

if the ensemble average is not performed. The value of #{,(/) — 0a(f) in Eq. 5.7 can have
a shot dependence because of, for example, a little difference in the position of the cut-off
layer. Therefore the ensemble average should be performed by time averaging, not by shot
averaging. However in our case, it is difficult to know the characteristic of the coherence
because the period when the runaway phase does not occur is short and the frequency
resolution is not good.
We used the correlation function,
C-(T)

5

a?{t)
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Figure 5.13: Principle of the correlation length measurement. The profile of the correlation
can be obtained by changing the frequency f\ of the one channel with the frequency fa
of the other channel fixed.
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Figure 5.14: (a) is the profile of the correlation in the region of r/a ~ 0.8, about 5 cm
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r)b{t)dt

where T is the duration of the period when the runaway phase does not occur. Ca6(r) is
reliable in the range of the T <£ T, which is less than 20 fxs in our case (T <J 100/xs).
As the scattering is large in Fig. 5.14, it is difficult to differentiate among OH,L-mode
and H-mode. The reason why the scattering is large is considered as below:
• Only the phenomena higher than 50 kHz can be observed by the method of Eq. 5.9
in our case, however it is expected that the fluctuations with the frequency lower
than 50 kHz is essential.
• The zero level has to be calculated by time averaging over the phase data we actually
measured. We can not determine the correct zero level since the large fluctuations
with low frequency exist partially.

It seems that the correlation length, lr ~ 10mm, in the outer region is shorter than
that, lr ~ 15mm, in the inner region though the scattering is large. The diffusivity
can be estimated with random walk ( Eq. 5.6 ). The diffusivity is smaller in the outer
region than inner region if we assume the correlation time is not changed, because the
correlation length in the outer region is shorter than that in the inner region. This result is
inconsistent with the well-known results [146,147]. The turbulence with frequency higher
than 50 kHz may not contribute to the transport.

5.4.2

Coherence of the Complex Amplitude

The coherence estimated by using the phase difference does not show the difference
between L-mode and H-mode. However, the coherence of the complex amplitude is clearly
reduced in the range of frequency lower than 80 kHz at the L to H transition and in Hmode as shown in Fig. 5.15(a) when the frequencies of the probe waves are 38 GHz and
39 GHz, respectively. On the other hand, the coherence is not reduced as shown in Fig.
5.16(a) when the frequency of the probe wave is 28 GHz and 29 GHz, respectively.
The coherence around 100 kHz is enhanced in both figures in H-mode though the
asymmetry of the spectrum is large in Fig. 5.16. The frequency corresponds to the
frequency of the above mentioned coherent mode.
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Figure 5.15: Time evolution of the coherence of the complex amplitude, (a) is linear
scaled image plot of the coherence between the cut-off layer of 1.79 x 1019m~3 (38 GHz)
and that of 1.89 x 1019m~3 (39 GHz). The amplitude changes from 0 to 1 as the color
becomes black, dark purple, red, orange, yellow, white and blue, (b) is the signal of H a .
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Shape of Spectrum

The H-mode is due to the improved transport and the transport is predicted to be
mainly due to the turbulence. It is expected that the reduction of the turbulence is
strongly related to the L to H transition. Because of this, the most attention has been
paid to the reduction of the fluctuation level at the L to H transition.
The dashed line shows the spectrum of the density fluctuation in L-mode, and the solid
line shows the spectrum of the density fluctuation just after the HQ drops, namely the L to
H transition, in Fig. 5.17. Here the total spectrum of the rotary spectrum is used as the
auto-power spectrum (see Appendix C). The components with the frequency higher than
about 300 kHz are enhanced while the components with the frequency lower than about
300 kHz, which are the main components of the fluctuations, are clearly reduced. This
feature is unchanged even if the coherent mode with the frequency of 100 kHz appears.
This characteristic frequency has changed from 300 to 600 kHz shot by shot.
Figure 5.17 shows the case where the cut-off density is 0.97 x 1019m~3. The same
feature is observed in the spectrum at other cut-off densities.
The enhancement of the fluctuations with the frequency higher than 300 kHz has never
been reported and may give us some information about the mechanism of the transport
caused by the turbulence. It is an interesting feature to investigate in future works.
Another interesting feature is the slope of the spectrum. The slopes of the spectrums
in the range of frequency of J> 800 kHz in L-mode, J> 1 MHz in H-mode and <i 20 kHz
in H-mode always resemble each other. In other range of frequency, the slope does not
always resemble these slopes. The spectrums it the range of frequency of J> 800 kHz
(L-mode), *> 1 MHz (H-mode) and ^ 20 kHz (H-mode) are fitted with the form
S(f) oc / - 6 ± 2 .
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Figure 5.17: Characteristic of the shape of the spectrum. The dashed line shows the
spectrum of the density fluctuation in L-mode, and the solid line shows the spectrum
of the density fluctuation just after the L to H transition. These spectrums are log-log
scaled. The enhancement of the components with the frequency higher than about 300
kHz is observed.
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6. Discussions
6.1

Coherent Mode

The coherent mode structure is observed around 100 kHz in H-mode. The mode
appears about 10 ms after L to H transition. This timing corresponds to the formation
of the steep density and temperature gradient in the edge region.
The coherent mode is detected throughout the range of the operation frequency of our
reflectometer system, from 28 GHz to 50 GHz. The range of the corresponding cut-off
density is from 0.97 x 1019m~3 to 3.1 x 1019m~3. These cut-off layers lie in the region from
just inside the separatrix to 5 cm inside the separatrix. The trajectory of the complex
amplitude of the reflected wave draws the arc shape when the mode occurs. The mode
is also detected by Langmuir probe at just inside the separatrix. The coherent mode is
detected in the very wide region, 0.8 & r/a <J 1 where a is the minor radius of the plasma.
This wide region corresponds to the region in which the density and temperature profiles
have a steep gradient. The global feature is consistent with the fact that the trajectory of
the complex amplitude of the reflected wave draws the arc shape when the mode occurs.
The similar mode structure have been detected by the magnetic probe.
From these facts, it is inferred that the coherent mode is the global MHD activity
which is caused by the steep profile of the density or the temperature, or both. The mode
may be driven in the interior region where there is no Er shear, so that this mode is not
suppressed in H-mode and only the global effect may be detected in the very edge region.

6.2

Coherence

In the model of the turbulence stabilization by the E x B-induced poloidal flow shear,
the radial correlation length is "reduced" by rotational shearing relative to its value as
determined by ambient turbulence alone and the reduction in the radial correlation length
results in the quenching of fluctuations and a reduction in the transport level [23].
The reduction of the coherence has been expected at the L to H transition, especially in
the edge region where the radial electric field is enhanced. The experimental result shown
in Fig. 5.16 is inconsistent with this expectation. The coherence is relatively low in Lmode and has not been reduced in H-mode. The cut-off density is about 1.0 x 1019m~3.
It is expected the cut-off layer lie in the region where the radial electric field is enhanced.
This low coherence feature in L-mode may be explained by the random phase screen
model [93].
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This model is based on the ID geometrical optics. In this mode, two reflected wave is
written in the form,
Ex = e1Vl,
E2

(6.1)

= eiv>,

(6.2)

where tpi is the phase of the reflected wave. The fluctuation of ipi corresponds to the
density fluctuation in this scheme. The coherence is written in the form,
e"%1v

- 1

(6 3)

^ = -pTTf'

"

I/O

where 7^, is the coherence of the phase and a^ — (ip2) . For large <TV, taking 7^ «
exp(—r 2 /2/ 2 ) and making approximation 7^ w 1 — r 2 /2/^, for small r (i.e., for small cutoff layer separations compared to the correlation length of the phase screen lv) leads to
the result,
2
2
(6.4)
7£;«exp(-rV /2/ ).
Equation 6.4 says that the coherence is reduced if the density fluctuation is large. In
the edge region in L-mode, the coherence 7# can be small because the density fluctuation
is large.
Though this model is based on the ID geometrical optics, the same analogy can be
kept in our model based on the scattering through (fs in Eq. 4.1. We have not yet been
able to understand the physical significance of (ps. This is a future work

6.3

Shape of Spectrum

Kolmogorov spectrum,
S(k) oc AT5/3,

(6.5)

is satisfied on the wavenumber spectrum S(k) when the local isotropy is satisfied. KolmogorovKraichnan two-dimensional type spectrum,
S(k) <x AT3,

(6.6)

is satisfied when two-dimensional isotropy is satisfied.
If we assume f on k like the dispersion relation of the sound wave, Eq. 6.5 becomes
/ - 5 / 3 and Eq. 6.6 becomes f'3.
The the complex auto-power spectrums in the range of frequency higher than about
800 kHz in L-mode, higher than about 1 MHz in H-mode and lower than 20 kHz in
H-mode are fitted with the form
S(f) oc / " * " .
(6.7)
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This is far from /~ 5 ^ 3 or f~3. This fact may indicate the turbulence is not isotropic in
these frequency regions.
If we assume Eq. 6.7 is consistent with Eq. 6.5 or Eq. 6.6, we obtain the dispersion
relation of / oc fc°-3±01 or / oc fc°-5±0-25. The feature of these dispersion relation resembles
that of the dispersion relation of the electromagnetic wave in plasma in the range of the
frequency u> <> 0.8u>ci, where u>ci is the ion cyclotron frequency and about 10 MHz in our
case.
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7. Conclusion
The runaway phase phenomena is explained as follows: the complex amplitude ER as
the signal of the detector is described in the form,

ER = £oexp(*Vo) + ££(ft,)expi(ft.* + <ps),

(7.1)

where the first term is the reflected wave coming from the geometrical optics and the
other terms are the waves scattered by the density fluctuations whose frequencies are ils.
The ratio of E(n s ) to Eo is,
(7.2)

10
n.

when the density fluctuation of frequency J7S exists at the cut-off layer. Equation 7.2
means the contribution of the term with the frequency of f2s is larger than that of the
first term in Eq. 7.1 when the level of the density fluctuation of frequency fts is larger
than 10 %. The complex amplitude EH can rotate around the origin on the Gauss plane
when the density fluctuation level is larger than 10 %. This is the runaway phase. We
should take a new approach instead of the conventional phase measurement in order to
derive the information of the density fluctuation from the data with the runaway phase.
The data with the runaway phase should be analyzed as the data of the scattered wave.
Furthermore the fluctuation measurement by the reflectometer should also be performed
by regarding the received signals as the data of the scattered wave. The rotary spectrum
and the complex spectrum analyses are tools to analyze such data.
The reflectometry based on the geometrical optics is realized by setting the receiving
antenna far from the plasma in order to avoid the effect of the scattering waves caused
by the fluctuations propagating in a direction perpendicular to the wavenumber vector of
the incident wave. However this will be difficult because the alignment of the antenna is
difficult.
The density fluctuation in L-mode and H-mode plasmas is discussed. The density
fluctuation is analyzed by two methods. One is a conventional method which uses the
data in the period when the runaway phase does not exist. The other is our new method.
The results obtained by this new method are consistent with those obtained by using the
data in the non-runaway phase periods and also give us additional information about the
fluctuation. We have confirmed this method is effective especially when there exists the
runaway phase.
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We have observed that the reduction of the density fluctuation is localized in the edge
region where the sheared electric field is produced. This supports Biglari's model that
the sheared flow caused by the sheared electric field reduce the fluctuations [23]. The
fluctuations in the range of frequency lower than 100 kHz are mainly reduced.
Two interesting features have been observed. One is the detection of the coherent mode
around 100 kHz in H-mode. This mode appears about 10 ms after L to H transition. The
timing corresponds to the formation of a steep density and temperature gradient in the
edge region. The other is the enhancement of the fluctuations with the frequency higher
than 300 kHz in H-mode in contrast to the well-known reduction of the fluctuations with
the frequency lower than 100 kHz. This result has never been reported. The investigation
of these two features remains as future work to be investigated.
The feature of the Doppler shift is observed in the complex auto-power spectrum of the
reflected wave when the plasma is actively moved. We have confirmed that the movement
of the plasma is appropriately measured by using the low pass filter. The reflectometer
can be used to measure the density profile by using a low pass filter.
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Appendix A

Tokamak Coordinate
Plasma

B

T

Radial direction
Poloidal direction
High field side

Minor radius
Increasing B
Figure A.I: Tokamak coordinate
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Separatrix

X-point
(Null Point)

Lower Single Null
Divertor Configuration
Figure A.2: Divertor Configuration: X-point (Null Point) is the point where the poloidal
magnetic field becomes zero. Separatrix is the flux surface which pass through the X-point.
Lower single null (LSN) configuration has the X-point in lower side of the equatorial plane.
Upper single null (USN) configuration has the X-point in upper side of the equatorial
plane.
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Appendix B

Spectrum of Scalar Time Series [148]
The auto-power spectrum, the cross spectrum and the coherence of two scalar (real)
time series a(t) and b(t) are defined as below:
Auto-power spectrum:
Saa(oj)

= 2n(A(u)A*(uj))/T

Sbb(u;) =

2ir(B{u)B*(u))/T

(B.I)
(B.2)

Cross spectrum:
Sab(u>) = 2n(A(u)B*(u>))/T

(B.3)

Coherence:
Coh(u>) =

|Coh(w)|el"'«»<w)
)/(5 aa (a;)5 w (a;)) 1/2

(B.4)

Coherency

(B.5)

:Cross phase

(B.6)

7=|Coh(w)|
Oabioj)

where < > means the ensemble average.
Here A{UJ) and B{u>) satisfy the following equations:

1

B(u) =

roo

«-/
2.-K J-oo

The equation,
A(-u)

1 f°°
= — / dwa{t)eiwt = A*(w),

(B.7)

holds because a(t) is real. Thus auto-power spectrum of the scalar time series has symmetry of Saa(-u)

- Saa(uj).
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Appendix C

Rotary Spectrum

[148]

The time series of z(t) = x(t) + iy(t) is the complex time series, or vector time series.
We define Zccw(u)) and Zcw(u>) so that they satisfy the following relation:

z{t) = x{t) + iy(i)

= ~ i" du [Zccw(u)e'^ + Zcw(u)e-XUJt].
zn Jo

L

(C.I)

J

In this appendix, we set u> > 0.
We define 9ccw(u>), 0cw(u), Wccw(u) and Wcw(u) as
Zccw(u) = \Zccw(u)\el$^{uJ\

(C.2)

Zcw(u) = \Zcw(u)\ete^\

(C.3)

w w ) = |ZCCWH|,

(c.4)

Wcw{u) = \Zcw{u)\.

(C.5)

Eq. C.I is rewritten using 0ccw(u>), 9cw(u>), Wccu(u>) and Wcw(u>) as below:
1 t°°
x(t) = —• / do; [ W c ^ H cos(w/ + ^ccw(w)) + V^(w) cos(-u;i + ^(o>))],
(C.6)
Z7T JO

r

* lWH

( < + ^ ( ) ) + V K ( ) s i n ( - w t + 6CW{LO))}.

(C.7)

From these expressions, we notice that z{t) consists of many circular motions. One of
them rotates in the counter clockwise (CCW) direction with the angular frequency u and
the radius Wccw(u>) and another of them rotates in the clockwise (CW) direction with the
angular frequency u and the radius Wcw(u>).
We consider the circular motions for each frequency. At first, we consider the case
where 0ccw(u>) = 9CW(OJ) = 0. We define X(u>) and Y(u) as

and thus obtain,

*!
(W
('"

A-W V
CCW T ^ "' CW )

XI

+
(W
{''CCW

2

j

(C9)

—W )
WCW )

This is an ellipse with the principal axis coinciding with the real axis.
We consider the case where 9CCVJ(u>) ^ 0 and 9cw(u>) ^ 0 and redefine X(u) and Y(UJ)
as
X{u) - WCCW(UJ) cos(ujt + 9CCW) + Wcw{to) cos(-w< + 6CW)
(c . „,
{
Y{u) = Wccw{u) s i n M + 9CCW) + WCW(UJ) Sm{-ut + 9CW)
'
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We set t = t' + (Ocw(u) — 6CCW(U>))/2UJ in each frequency of Eq. C.6 and C.7, then,
X(u)\

_

/cos((0 ccu , + 0£

x w^,y r r ,

+w

Comparing with Eq. C.8, we know this equation draws an ellipse with the principal axis
making an angle of (0cw(cv) — 0ccw{u))l2 radian with the real axis.
Therefore Eq. CIO or Z(u) — Zccw(u>) + Zcw(u>) means that the point (X(OJ),Y(UJ))
rotates with a period of 2n/u on the ellipse with the principal axis making an angle of
(0CW(UJ) — 9ccw(u)))/2 radian with the real axis.
We can now understand the meaning of rotary spectrum defined as follows: (<>
means the ensemble average.)
Counter clockwise spectrum:
Sccw(") = 2TT (Z;CJUJ)ZCCW("))

IT.

(C.12)

This corresponds to the positive frequency component of the complex auto-power spectrum (see Appendix D).
Clockwise spectrum:
S ^ M = 2TT (Z:W(U)ZCW(U>))

IT.

(C.13)

This corresponds to the negative frequency component of the complex auto-power spectrum.
Total spectrum:

Rotary coefficient:
CR{u>) = (Sccw(u) - Scw(u)) /St(u),

(C.15)

which means the ratio of the power of the rotation to the total power. ( The value of
Scc-wi^) ~~ SCw{u) is proportional to the area of the ellipse. ) A perfect circle coming from
CCW motion is drawn if CR{U) — 1. A perfect circle coming from CW motion is drawn
if CR(LO) = — 1. A line whose gradient is tan(0ccu, + 0cw)/2 is drawn if CR(U>) — 0.
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Appendix D

Complex Spectrum

[148]

We can also define the auto-power spectrum and the cross spectrum of two complex
time series, or vector time series,z(t) = x(t) + iy(t) and w(t) = u(t) + iv(t) in the same
way as two scalar (real) time series. ( < > means the ensemble average.)
Auto-power spectrum:
Sww{u)
S«M

=

2n(W{u)W'{uJ))/T

(D.I)

= 2n(Z(u,)Z*(u>))/T

(D.2)

Cross spectrum:
Swz(uj) = 2n(W{u>)Z'(u>))/T

(D.3)

Coherence:
Coh(u;)

\Coh(u)\ei9v"{w)

=
-

SWZ(U>)/(SWW(")SZZ(UJ))1/2

7 = |Coh(w)|
Qwz(u)

(D.4)

Coherency

(D.5)

:Cross phase

(D.6)

Here W(u>) and Z(u>) satisfy the next equations:
/•oo

w(t)

=

/

(LuW(u>)elUit,

z(t)

=

r

dLjZ(u)eiuit.

J—oo

The positive frequency components and the negative frequency components of the
complex spectrum do not have symmetry while those of the spectrum of the scalar time
series have symmetry (Appendix B). The value of Sww(w) (u> > 0) shows the power of the
counter clockwise rotation with frequency u>, included in the movement of the complex
time series w(t), on the Gaussian plane and the value of S^u^u;) {to < 0) shows the power
of the clockwise rotation, (see also Appendix C)
To apply the method of the complex spectrum to data from our reflectometer, we set,
z(t) = ( cosine output of phase sensitive detector of ch.l)
+ i( sine output of phase sensitive detector of ch.l),
(D.7)
iv(t)

— ( cosine output of phase sensitive detector of ch.2)
+

i( sine output of phase sensitive detector of ch.2),

(D.8)

where z(t) and w{t) show the complex amplitude En.{i) of the received signal Eft(t)etuJot,
and UJQ is the frequency of the incident wave.
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Appendix E

Automatic Method of Rejecting
Runaway Phase Period
We have obtained the evaluation of the spectrum and the level of the fluctuation from
the phase data obtained during the flat phase in the step-like runaway phase as shown in
Fig. 3.3. This method of excluding the phase runaway have been performed manually.
The time scale of the step-like structure varies from a few /is to tens of /is, while
there are changes of fluctuating phase whose differential coefficient with respect to time
is similar to that of the step-like structure. It is inappropriate to reject the change of
the phase by setting the upper limit in the phase difference between the sequential data
points or in the differential coefficient of the change of the phase with respect to time.
For example, we let the upper limit be 7r/2 in the phase difference between the sequential
data points. We can not obtain the density fluctuation whose frequency is 100 kHz and
h/n ~ 8% because this fluctuation change no less than 2n/3 radian during a period, 0.2
/i, between two sequential data points at the peak.
There appears a difference between the time averages of phase before and after the
runaway occur. The difference between the time averages of phase can be a good indicator
of the appearance of the runaway phase. The data without the runaway phase is obtained,
when the threshold is set to the difference and we collect only the data at the time when
the difference is smaller than the threshold. Automatically we can exclude the data which
include the runaway phase by using this method. The difference between the time averages
of phase is described by the following equation:
1 r°°
c(t) = ^Phase{t + T)h(T)dT.
Here

f-i
h(r)=\

(E.I)

(-r s <r<o)

0

(r = 0)

I 1

,

(E.2)

(0<r<T s )

and Ts is the time needed by the averaging. This equation has a form of convolution
of the time evolution of phase, Phase(r)^ and the kernel function, h(r) [149,150]. This
means that Eq. E.I can be used to classify the way of runaway phase by using various
h(r).

It is an interesting extension, however we only use Eq. E.2 as h(r) here.

Fig. E.l(a) and (b) show Phase(t) and c(t), respectively. c(t) has a large value when
the runaway phase occurs and is a good indicator of the runaway phase.
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1

o

•a
a

1a
©

814.6

814.7

814.8

814.9 81S
Time (ms)

815.1

815.2

Figure E.I: (a) shows the time evolution of phase. The step-like runaway phase occurs
at 814.79 ms. (b) shows the time evolution of c(t). Ts = 60/J.S is selected as the result of
some trials. The value is large when the phase suddenly increases. This shows that c(t)
is a good indicator of runaway phase phenomena.
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