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Abstract

Density is one of the main parameters to characterize a plasma. Mi-
crowave reflectometry has been used for the electron density profile and fluctua-
tion measurements in many plasma devices. The advantages of the reflectometry

ara.

1. obtaining information about local plasma electron density (not line aver-

aged value like in the case of interferometry);
4. requiring only a small port for access to the plasma ;

[n this thesis a very young type of microwave reflectometry is treated: pulsed
radar reflectometer. We have developed the pulsed radar reflectometer for Com-
pact Helical System (CHS). Major emphasis will be placed on technical aspects.
[t must be also stressed that this work is the first trial for helical systems.

In the conventional reflectometry a wave of the specific frequency is
launched towards the plasma to be reflected from the layer in the immediate
vicinity of the critical density. The phase difference of the launched wave and re-
flected wave contains the information on the position of the reflecting layer. In the
case of pulsed radar reflectometry, short (~1ns) microwave pulses are launched
into the plasma. The pulse is reflected from a corresponding critical density layer
and received by the time of flight measurement system. The measured quantities
for those types of reflectometers are phase or time delay. The advantages of the

pulsed radar are as follows in comparison with the conventional reflectometry:
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. temporary losses of the reflected signal are not so serious, each pulse carries

all information about the position of the critical density layer;

2. false reflection from window, horn lens or waveguides could be easily filtered,

because they all occur outside of interested time window;

3. due to the very short time for the microwave propagation, plasma fluc-
tuations seem to be "frozen” and they will not affect the measurements

significantly;

4. effect of mode coupling becomes less critical because reflected ordinary and
extraordinary mode pulses arrive at the different time; simultaneous mea-
surements of O- and X-mode reflection are in principle possible yielding the

total magnetic field;

Mumerical simulation has been done to study the propagation and de-
tection processes of the microwave pulses. Due to the dispersion in plasmas, the
pulse shape of the microwaves is deformed. This deformation causes timing error
in the Constant Fraction Diseriminator (CFD), which yields a logic pulse. This
diseriminator is inevitable for our system to do amplitude insensitive measure-
ments. The pulse deformation is more serious for shorter pulse width, and leads
to a larger error in the timing. We have found that the errors decrease with
the increase of the pulse width and errors are negligible (less than 1%) for pulse
width longer than about 1 ns.

A l-channel (with changeable frequency 51, 54, 57 GHz) pulsed radar
system has been designed for CHS. It is similar to that developed by RTP tokamak

group, where pulsed radars were introduced for the first time. The difference is
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that our system uses bandpass filters at the IF stage, and can be upgraded to a

multichannel system more easily. The system consists of:
l. microwave pulse production part;
2. microwave transmission, vacuum window and antenna, bandstop filter;
3. mixer and IF pulse electronics;
4. time of flight measurement electronics

To produce a suitable microwave pulse (short, large amplitude and well
shaped) we tested special nonstandard fast switches (Millitech fast PIN switch
and IRE varactor-diode fast modulator). The minimum pulse widths are 1.9 ns
and 0.28 ns, respectively with heterodyne type detection, and the output power
is around 50 mW at the peak of amplitude. Since a serious pulse broadening
occurs in the long fundamental waveguide (WG), its length has been minimized.
Although two independent launching and receiving antennas are used for most
reflectometers, we use only one antenna for launching and receiving. This causes
the problem that a small reflection {~ 2%) at the vacuum window makes a false
pulse. In principle, the problem does not affect the measurements, because the
false reflection occurs at a time window different from that for the true reflection
(from plasma). This is the advantage of pulsed radar reflectometry. By using
another PIN switch in front of the mixer we have succeeded for the first time
in reducing the effect of false reflection to a practically acceptable level. Since
the frequencies of ECH and reflectometer are rather close each other, we use a

bandstop filter to reject strong ECH microwaves. Instead of an RF detectors, we



use a mixer and IF electronics, so that the system has a good signal to noise ratio
(SNR), and the potential for the multichannel system. A CFD yields the peak
timing of the reflected pulse, and the timing is independent of the amplitude.
This is very useful for the measurements, because large amplitude change oceurs
often. A Time-to-Amplitude Converter (TAC) is used to measure the time delay
of the reflected pulse. The output of the TAC is sampled by an Analog-to-Digital
Converter (ADC).

Free space time measurements have been done to calibrate the timing
electronics. Instead of the plasma cut-off layer, a metallic mirror is used and
moved by 50-90 ¢m in front of the antenna. A spatial resolution of 0.3 ¢cm has
been reached, that comes from the accuracy of TAC output reading,.

A 51GHz 1-channel pulsed radar reflectometer has been installed in CHS.
As a wave polarization, ordinary and extraordinary modes are launched. We
probed the plasma with microwave pulses of 1.9 ns. The plasmas were initiated
by IBW (lon Bernstein Wave) or ECH and heated by NBI and ECH. These
measurements were done for discharges with the magnetic field of 0.85 T and the
maximum electron density of about 6 x 10'? m~*. At the first stage, we used an
oscilloscope instead of CFD-TAC time of Hight measurement electronics. Due to
the function of oscilloscopes, we could get only one waveform for each discharge.
The result showed that the reflected waveform was distorted but not significantly,
and that in most cases the amplitude of the reflected pulses is rather small. When
we read the peak timing by eyes, the relation between the time delay and the line
averaged density agreed with the calculated curve both for O-/X-modes launching

experiments.
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As the next step, we used the CFD-TAC electronies by which we could
get the time behavior for cach discharge. The repetition rate of the pulse launch-
ing and measurement is 200 kHz. The launching polarity is adjusted to X-mode
to measure relatively low density plasma. When the discharge starts, the den-
sity gradually increases. Below the critical density, the pulse passes through the
plasma and is reflected at the back wall of the vacuum vessel. The reflected pulse
passes through the plasma again and detected by the receiving system. This sit-
uation is called as delayometry. When the density increases, the cut off appears
and moves towards the antenna. The time behavior of the time delay agrees with
the calculation of this scenario by assuming the parabolic density profile. Instead
of assuming the whole profile, we assume a linear profile between the plasma edge
and the cut-off layer. Then the estimated position of the cut off layer coincides
well with Thomson scattering measurements. The spatial accuracy of the deter-
mination of the position of the reflected layer during plasma measurements was
about 5-8 mm.

While the reflectometer can follow the fast and large changes in density,
the HCN interferometer fails, which is partly shown in the ice pellet injection
experiment. The fast movement of the cutt-off density layer during the density
collapse was successfully measured with the pulsed radar reflectometry. This fact
demonstrates the reflectometer has a high temporal resolution.

The first pulsed radar measurements in a helical system have been done.
We have succeeded in measuring the density with one antenna system, that means
reflectometry requires only a small port. The density fluctuations could also be

measured because of its high spatial and temporal resolution of pulsed radars.
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Chapter 1

Introduction

"The last thing that we find in making a book is fo know what

we must puf first.”

Blaise Pascal. 1625-1662.

Thermonuclear fusion with its almost inexhaustible re-
sources has the potential of satisfying the ever-increasing
need for energy in the world. In the attempt to achieve
controlled thermonuclear fusion, 'helical systems' (stellara-
tors) are considered being serious contenders to tokamaks.
The plasma confinement in helical systems requires reliable
control and diagnostic tools. This chapter will describe ther-
monuclear fusion basics and will give a short tour on Com-
pact Helical System stellarator, although it will provide main

aim of this thesis.
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1.1 Plasma and nuclear fusion

In recent years there has arisen considerable interest in the plasma state of matter.
The rapidly expanding research areas include thermonuclear fusion, high-energy
particle acceleration, magnetospheric physics and cosmic ray physics. Fusion is
the process that energizes the sun and stars. Future energy needs will require con-
tributions from many sources, and fusion might become one of the most attractive
sources. Basically, plasma is a collection of charged particles that interact with
each other by means of the 'long-range’ Coulomb force. These give rise to collec-
tive modes not found in neutral gases. One characteristic plasma scale length is
the Debye length
Ap ={KT/ (4?.'71,3:32)}”2

where K is the Boltzmann'’s constant, T is the electron temperature, ng is the
electron density, and e is the electron charge. There are also two characteristic
frequencies, the plasma frequency and eyelotron frequency, that prove to be useful
in our description of plasma. The plasma frequency wp. = dthmuﬂzf_m; and is
the frequency at which particles displaced from their equilibrium positions will
oscillate due to the electrostatic Coulomb restoring force. For electrons [, =
wye/(2m) = B.98 x 1{]3‘/m. The cyclotron frequency w, = ¢B/ (myc) is
the frequency at which charged particles gyrate about the magnetic field lines of
strength |B|. For electrons fa. = we/ (27) = 27.99 x B(T)|GHz].

Much effort aimed at understanding the plasma state has been oriented
toward the achievement of controlled thermonuclear fusion. Controlled thermonu-

clear fusion utilizes hydrogen and its two isotopes, deulerium and tritium, for its



Chapter 1. Introduction 3

fuel.

The first-generation fusion reactors will use deuterium and tritium for
the fuel because they will fuse at lower temperature. In the fusion reaction deu-
terium and tritium nuclei combine together, or fuse, to form helium nucleus and
energetic neutron. During the fusion reaction, a small amount of mass appears
to be lost, but the matter has been converted to energy following Einstein’s
famous equation E = mc?. Even a very small mass can yield a considerable

amount of energy.

"Dy +'T3 = ?Hey (3.52 MeV) 4% (14.06 MeV)

'D, +'D; = Hes (0.82 MeV) +%n; (2.45 MeV) (50 %)
Dy +'Dy = T3 (L.O1MeV) +'py (3.02MeV) (50%)
D, +2Hey = “Heq (3.6TMeV) +'p; (14.7MeV)

Three methods for plasma confinement are currently known — gravitational con-
finement which is used in stars but is not possible on the earth, inertial con-
finement, and magnetic confinement. [nertial confinement uses pulsed energy
sources (e.g. laser beam) to concentrate energy on a small frozen pellet of fusion
fuel. This pulsed energy source compresses the pellet up to a thousand times of
the normal solid density and heats the fuel to ignition temperature. Magnetic
confinement uses magnetic fields to hold plasma (ionized gas) in place while it is
heated to ignition temperature by external sources. There are several types of
devices to produce and confine the plasma. The most promising devices among

them are tokamak and helical system.
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1.2 Helical Systems

The helical systems are generally considered to be the most hopeful alternative
to the tokamak. Since the concept is inherently of steady state, it would not have
the tokamak’s problems; thermal and mechanical eyeling, current drive, and dis-
ruptions. To achieve these promising performance features, stellarator sacrifices
the toroidal symmetry of tokamaks and is fully three-dimensional toroidal plasma
devices.

Device named stellarator was invented in 1951 by Lyman Spitzer [1].
Today helical systems have a vide variety in the configurations. They could
be divided into two main groups depending on the type of the magnetic axis

formation method.

s Planar axis configuration: classical stellarator, heliotron/torsatron;
s Spatial axis configuration: figure-8 like, modular coil system, Heliac, Helias.

In the helical devices with planar axis, the confining magnetic field
is produced by a combination of the helical, vertical and toroidal field coils. The
closed magnetic surfaces, could have different cross section shape. It depends
on the poloidal coils number' I The vertical field coils are necessary to cancel
vertical part of the field produced by the helical coils. This approach was realized
inHeliotron E toroidal device. However, the toroidal field coils are not necessary
to produce the confining field, but can be used to change such the field properties
as rotational transform, shear and volume of the confining region. It should be

' . .closed magnetic surfaces have elliptical =2, triangular — =3 |, or rectangular - =4

shape. ..
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noted than only the helical and vertical coils are required to produce a closed
magnetic surfaces ( approach that realized in ATF, CHS, LHD machines).

Helical systems with spatial axis are the competitive modification of
the helical device. This idea was realized the in Wendelstein 7-AS stellarator.
The magnetic surfaces could be created by the set of non-planar, non-circular
coils. In this device there is some flexibility for changing the configuration with
respect of rotational transform, magnetic ripple and plasma position, by using
the independent power supplies in the additional planar coils, the modular corner
coils and the vertical field coils respectively.

The largest magnetic fusion machines that were just built or under con-
struction are two superconducting stellarators: Large Helical Device (LHD) in
Japan® [2] and the Wendelstein 7-X (W7-X) in Germany® [3]. The plasma param-
eters achieved in present stellarator experiments are second to those in tokamaks:
the energy confinement time is as long as 43 msec [4], the ion temperature as high
as 1.6 keV [5], the electron temperature as high as 6 keV [6], the plasma density
as high as 2 x 10®m=? [5], and the volume-averaged plasma beta (3 - plasma

pressure over magnetic pressure) up to 2.1% [7].

2 .. at National Institute for Fusion Science; which started operation on Mareh 31, 1998
3. .at Max-Planck-Institut fiir Plasmaphysik; which is to start operation in 2004
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1.3 Compact Helical System (CHS)

1.3.1 Magnetic configuration in CHS

The Compact Helical System (CHS)in the National Institute for Fusion Science
is one of the heliotron/torsatron type devices [8]. It is characterized by its low
aspect ratio. The main device parameters are as follows; major radius Ry =
100cm, plasma minor radius @, = 20cm, toroidal magnetic field B, = 2T, [ = 2,
m = 8 (the full set of the CHS parameters is given in Table 1.1). The rotational
transform ¢ in the vacuum condition monotonically inereases from 0.3 at the
magnetic axis to around 1.0 at the last closed flux surface. Three of poloidal coils
which can be controlled individually (coil current and its direction) enable the
magnetic configuration (the rotational transform, the magnetic well, shear and
field ripple profiles) to vary over a wide range. This flexibility, which consists in
magnetic axis shift and elongation of the plasma minor cross-section, is the key
tool for studying the helical plasma confinement.

The target plasma is typically produced by the electron cyclotron heating
(ECH) of mainly 53.2 GHz and the power up to 500 kW. The ion cyclotron
resonance heating (ICRH) system of 7.5 MHz is also available for the plasma
production. Two neutral beam injectors (NBI) are installed on CHS to sustain
and heat the target plasma. NBI #1 is typically operated with the injection
cnergy of 40 kV and the port through power of 1.1 MW. The injection angle can
be varied from tangential to perpendicular. NBI #2 is operated with the injection
energy of 36 kV and the port through power of 0.7 MW. As another auxiliary

heating equipment, five antennas of the ion cyclotron range of frequency (ICRF)
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Parameter Value  Units

DEVICE PARAMETERS

major radius of the vacuum vessel, Hy 100 cm
helical coil radius, a. 313 cm
averaged minor plasma radius, 2, 20 cm
aspect ratio, A, = Ro/iy 5

toroidal magnetic field at the helical winding center, B,(0) 07-20 T
multipolarity, ! 2

toroidal period number, m 8

pitch parameter, 7. 1.25

pitch modulation, o* 0.3
rotational transform angle (axis), ¢y 0.3
rotational transform angle (edge), t.qqe 09-1.1
plasma current, [, 0

HEATING SYSTEMS

NBI #1 (co-injection, in standard operation) 1.10 MW
NBI #2 (counter-injection, in standard operation) 0.70 MW
ECH #1, 53.2 GHz 0.50 MW
ECH #2, 106.4 GHz 0.50 MW
ICRF (IBW), 7.5 GHz 0.25 MW

Table 1.1: Main parameters of the CHS device and heating systems
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of 26 MHz were installed in the outboard high field side. Via above mentioned
antennas the power of 1.5 MW could be transferred to the plasma.
During last years in CHS the following experimental subjects have been

primarily studied:
e MHD equilibrium and stability;
e energy and particle transports;

s high-energy-particle confinement;

1.3.2 Overview of CHS main diagnostics

In order to measure the plasma parameters in CHS, many different diagnostic
systems have been developed and installed. With these diagnostics either electro-
magnetic radiation or particle released from the plasma are measured, in other
words, the plasma is probed without disturbing the main parameters. Here we
briefly describe the main CHS diagnostic. In general we can divide all diagnostics
into two main classes: monitoring diagnostics and profile diagnostics. Main CHS

diagnostics are plotted in Figure 1.2

The HCN laser interferometer system

The HCN laser interferometer system, used to measure the line averaged plasma
electron density, utilizes the wavelength of 337 pm. The laser beam is directed
along different paths, some through the plasma and one through the reference

path outside the plasma. The electron density changes the optical path length
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ECH {106 GHz)

Figure 1.2: The schematic plot of the main CHS diagnostics
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of the waves in the plasma and this change is compared with the reference path
length. The HCN laser interferometer has three horizontal chords, with non-
equidistant spacing over the plasma diameter. The information obtained corre-
sponds to the line-integrated density; this information is used to determine the
density profile by an Abel inversion routine. In the inversion procedure the cal-
culated position of the magnetic flux surfaces in CHS is used; it is assumed that
the electron density is constant on those surfaces. Profiles are obtained with the

typical measuring time of 10 usec.

The YAG Thomson scattering measurement system

The YAG Thomson scattering measurements are based on the fact that electro-
magnetic radiation at the employed wavelength of 1.6 um is scattered by free
electrons in the plasma. The scattered waves are shifted in frequency due to
thermal velocities of electrons. In CHS five Nd:YAG lasers with high power are
pulsed at 50 Hz repetition rate to produce a 10 cm long wave package which is
launched along the midplane, from the outboard side of the torus. The intensity
of back-scattered radiation received is proportional to the electron density. The

electron temperature can be determined from the frequency shift of the radiation.

The heavy ion beam probe (HIBP)

A 200 keV heavy ion beam probe (HIBP) [10, 11] is a useful diagnostic instrument
to measure the local plasma potential and its fluctuations with fast time response
in magnetically confined plasmas. In potential measurements a singly charged

HIB (primary beam) is injected in the target plasma and then a doubly charged
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ion created due to of an electron impact ionization (secondary beam) comes out
with the energy change corresponding to the plasma potential at the ionizing
point. For full radial potential profile measurements it takes 4 msec to scan
the plasma. Radial electric field profiles of the CHS plasmas are obtained from
the measured space potential profiles. Also by use of this diagnostic potential

fluctuations (up to 100kHz) in hot (>100 eV) plasma could be measurecd.

The fast neutral particle analyzer (FNA)

Because of low aspect ratio of the CHS device the orbit loss of high energy
particles (due to non-axisymmetric magnetic field ripple structure) could be sig-
nificant. This loss of high energy particles should make large contribution to
the global energy confinement of the high temperature plasma in helical systems.
The fast neutral particle analyzer (FNA) [14, 15] is developed to measure the
energy spectrum of the high-energy ions. Also this diagnostic is very useful to
get an important information on the heating efficiency during various heating
experiments in CHS. The FNA has 20 micro-channel plates for ion energy up to
50 keV. The supporting structure of the FNA could be moved to both vertical
and horizontal directions. 2-D ion distribution in the velocity space (¥j and 7
with the respect to the magnetic field) could be obtained by the horizontal scan
for different pitch angle ions. By vertical scan it is possible to measure the energy

spectrum of ions from different parts of the plasma.
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The charge exchange recombination spectroscopy (TVCXS)

For the evaluation of plasma energy transport the ion temperature must be known
as well as the electron one. The radial profiles of ion temperature for various
plasma scenarios in CHS are measured with the television charge-exchange spec-
troscopy (TVCXS) by the use of the neutral beam heating in CHS [12, 13]. Ion
temperature profiles have been obtained with the CY! charge-exchange recombi-
nation (CXR) line using a space- and wavelength-resolving visible spectrometer
installed on the CHS. Two sets of 30-channel optical-fiber arrays, one viewing a
fast neutral hydrogen beam (CXR channels) and the other viewing off the neutral
beamline (background channels), are arranged on the entrance slit of the spec-
trometer. This spectrometer is coupled to an image intensifier and CCD detector
at the focal plane, and provides the temperature profile every 20 msec. The ion
temperature is derived from the Doppler-broadened line profile after subtracting
the simultaneously measured cold component (background channels), which is
due to electron excitation and/or charge-exchange recombination in the plasma

periphery.

1.3.3 Various heating scenarios and typical discharges

During past years of operation CHS has been equipped with various heating
systems. Neutral beam systern installed on CHS has two beam lines, NBI#1 and
NBI#2. The injection angle of NBI# | can be changed from nearly perpendicular
to parallel. ECH system consists of two gyrotrons. One of the gyrotrons oscillates

at 53.2 GHz with the power of 400 kW and the other at 106.1 GHz with 450 kW.
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This allows performing different plasma experiment scenarios.

The operation conditions in CHS could be divided into several parts:
# ‘standard operation’;
s high 4 plasma;
e high T;-mode;

Standard operation mode is realized [or various plasma experiments.
It is characterized by low magnetic field (typically 0.8 0.9 T), any plasma axis
position?, with ECH{IBW) plasma production and NBI#1 (co-injection) heating.
The central electron density varies from 3 to 4 x 10""m=2. To control the plasma
density (n.) both gas puffing and Ti-gettering could be used.

High / plasma regime is characterized by inward shifted (0.921 m-
0.949 m) plasma (because of additional 3 related plasma shift). Plasma is pro-
duced by [BW and heated with consequent injection of both neutral beams (sec-
ond NI starts injection after sufficient increase of the electron density). For further
increase of the plasma density gas puffing is implemented as well as strong wall
conditioning.

The high ion temperature mode (High-T;-mode) operation scenario
aims on getting of high performance plasma without gas puffing. Such kind of
regime utilizes heating power from both 53.2 GHz gyrotrons with combination
of NB. Because of high performance high-magnetic field operation {up to 1.8 T)

is chosen. High-T;-mode in the low density ® regime, and inward shifted plasma

- “1tinle.pt;5ma axis position could be changed from 0.874 m to 1.02 m
Swith typical central electron density 1.0 — 1.5 x 10'%m~3
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position is characterized by high ion temperature in the core plasma and peaked

electron density profile.

1.4 Purpose of this thesis

Recently growing attention to the reflectometry [18, 19, 21, 29], as the suit-
able diagnostic for plasma density profile and density fluctuations measurements,
has been given. In the past several years, reflectometry introduced several new
promising approaches such as amplitude modulation, ultrafast frequency sweep-
ing and others [22, 23, 24| . One of them was pulsed radar [25, 26, 27]. It has
been shown that in tokamak plasma experiments the pulsed radar works reli-
ably giving density profiles which are comparable to those from other diagnostics
(Thomson scattering and interferometry).

At the proposal phase of project we took into account the available
information on the range of plasma densities of interest on CHS, required space
and time resolution of profile measurement, possible porting of launch/receive
antennas and available funding for project.

For the first trial we have chosen a frequency range in the vicinity of
50 GHz that allows probing plasma layers with the electron density in the range
of 10"m™. (See Figure 1.3). As existing diagnostics on CHS have a radial
resolution of profile measurements in the range of 0.02 m (Thomson scattering)
and this resolution is not enough for measurement of steep gradient edge plasma,
we aimed on achievement of radial resolution in the range of 0.005 m. This goal

required the use of microwave pulses with the width of well below 1 ns.
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Figure 1.3: The characteristic frequencies for the main regimes of
CHS operation (a) low field case (B,=0.89 T); (b) high
density case (B,=1.67 T), where wy, - electron plasma
frequency, we. — electron cyclotron frequency, 2w, - elec-
tron cyclotron frequency second harmonic, wp - elec-
tron plasma frequency (O-mode), wyn — upper-hybrid fre-
quency, wxy — upper cut-off (X-mode), wxp — lower cut-
off (X-mode)

16
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The pulsed radar project has started on CHS when the most diagnostic
ports were already used by a numerous important diagnostics. Therefore the
room for single antenna porting on outer diagnostic port (#70) was allowed
in the first phase of project. This port allows to launch a microwave beam
along the large axis of elliptically shaped CHS plasma column. As it will be
seen from results this probing direction imposed an additional severe problem
of reflected signal power diminution due to microwave beam refraction when
it is reflected from the plasma layer with the stronger curvature than that in
cylindrical tokamak with the same average plasma radius. But this problem is
inevitable for 1=2 Heliotron/torsatrons (CHS, LHD) and should be overcome to
prove the applicability of pulsed radar for these devices. Having in mind previous
experience on tokamaks we suggested that microwave oscillators with the output
power of 50-100 mW and the heterodyne receivers of reflected signal will be used
as well as a time-of-flight techniques similar to previous experiments.

All previous systems of pulsed radar used the separate launching and
receiving antennas. The possibility to port only the single launching/receiving
antenna for pulsed radar imposed the problem of reflection of launching pulse
from vacuum window of channel. The successful solution of this problem could
give the information valuable for implementation of pulsed radar on ITER where
the use of the single launch/receive antennas for pulsed radar diagnostic was

strongly recommended as one of topics of R&D on the ITER CDA phase.
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Reflectometry

In magnetically confined plasmas, the application of the radio fre-
quency waves (interferometry, reflectometry, radiometry) is consid-
ered to be one of the most promising methods for plasma diag-
nostics. To date, microwave reflectometry has been widely used to
measure the density profile and the density fluctuations in various
fusion experimental devices. All the methods in the modern ref-
lectometry determine the time delay through the phase difference
measurement. In order to overcome the fluctuations problem, an
alternate solution (pulsed radar) is to launch a short pulse at a given
frequency and directly measure the time of flight of the reflected

echo.

13
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2.1 Introduction to reflectometry

Since 1959, research programs in controlled nuclear fusion, have induced a great
progress in the study of plasma properties. To understand a number of funda-
mental processes occuring in the plasma, the knowledge of the electron density
spatial distribution is of major interest.

For laboratory plasmas, electron density has been measured by a mi-
crowave technique which uses the reflection of the wave from the layer where the
incident frequency f = w/2mw is equal to the plasma frequency [ = wp./2m.
In other words reflectometry is based on the total reflection experienced by mi-
crowave from the plasma layer where the refractive index (7, B;) vanishes. This
phenomenon has been known as the microwave cutoff.

In magnetized plasmal there are two posibilities of the wave polarization.
In principle, both of ordinary mode E || By (with its electric field paralle] to
the external magnetic field) and erfraordinary mode B By (with its electric
field perpendicular to the external magnetic field}) may be used for reflectometry
applications. The plasma refractive indexes for the ordinary and extraordinary

modes are given by the formulas:

;&‘2} = 1- }.2; (2.1)
(2.2)
; 2 J|r2 2 Jr::
3 o _dwf_ i
s Iz (F “7- f.i.) 33

Here f,, fe are corresponding plasma and electron cyclotron frequencies.

a2 N4
/) 1 (4 e nc) (2.4)

2T M,
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Ml
In the reflectometry the relative movement of the cut-off layer could be
obtained either form the change in the phase difference between the reference and
the reflected waves (conventional reflectometry) or from deducing the delay time
between incident and reflected microwave pulses (pulsed radar reflectometry). As
the pulsed radar technique is the main subject of this thesis we will discuss it in
the separate section. Here we want only to introduce the basis of conventional
reflectometry.
It was mentioned above that the quantity that is measured by reflec-
tometer is phase of the microwaves reflected from the plasma (with comparison
with the phase of the ‘reference’ signal). To obtain phase difference theoretically

(in one dimensional approximation) one must solve the wave equation,

d*E
F + jlizkgE = {26)

WEKB solution' is well known for this equation, where the changes in the refractive
index are small compared to the wavelength (| Vk | /k?) < 1

E(r,t) = Epexp (iuﬂt tilko [ udr -+ %]) (2.7)

where wy = 27 fp is the angular frequency of the incident wave. The corresponding

phase [16, 17] could be presented by

Feaf f Teolf
2w m
plwn) =2k [ ur)dr+%==2 [ uiryar+ 2 (2.8)
Tant Tant

1. ..approximate solution to wave equation for inhomogeneous media is usually called

Wentzel-Kramer-Brillouin (WKB) approximation, it holds when inhomogeneities are small . ..
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Here kg is the incident wavenumber, ry, is the antenna position, re, is the

position of the cut-off layer. For O-mode reflectometry, the phase change due to
the plasma is given by [16, L7]:
Teafp [ 2
w(wﬂ=% f J—%dﬁ% (2.9)

1]

The integral in Eq. 2.9 does not take into account the breakdown of the 'geo-
metrical optics’ (the WKB-approximation) near the reflection point. However,
one-dimensional full-wave calculations show that it is usually allowed [37]. The
'extra factor’ 7 /2 shows the additional phase 'jump’ due to the reflection. To ob-
tain the position of the reflection that occurs in the plasma, the probing frequency
is needed to be swept (gradually changed). The phase change with respect to
the frequency sweeping gives a time of flight of the microwave signal during the
propagation through the plasma [16, 17|:

i (M) il PTJ; i (2.10)

Tpe { S

2.2 Detection technique in the reflectometry

Recently many different reflectometer systems have been developed. They utilize
different techniques to measure plasma phase shift. Some of them will be dis-

cussed here. We have no intention to give the full overview of this field of plasma

diagnostic, but we only want to mention the most common one of them.
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2.2.1 Homodyne detection

The homodyne detection technique is the oldest and the simplest one. The basic

oscillator =

\

Y

detector

Figure 2.1: The schematic plot of the single homodyne reflectometer

detection scheme is shown in Figure 2.1. This system utilizes only single detector.
The signal reflected from the plasma (e (t) = A(t) cos{wt + ¢(t))) and the signal
going through the ‘reference’ arm of the reflectometer (e;(t) = B cos(wt), here
@(t) - the phase change due to the path through the plasma) are combined at

this squared-law detector. The output signal at the detector becomes,
|
Dhomodyne (1) — 5@ (A%(t) + B* + 2A(t) B cos(i(t)) ) (2.11)

In this expression Q) represents the detector sensitivity. It is common practice to
use the detectors with low-pass characteristics, so all high frequency components
of the ‘mixed’ signal are filtered out. It is well known that this ‘mixed’ signal
depends on both phase and amplitude of the signal reflected from the plasma. The
disadvantages of this technique are that only in the case where (t) exceeds 7 the
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absolute level of the reflected power could be determined®?. And it is impossible
to evaluate the direction of plasma reflected layer movement.
To perform the absolute phase difference measurements the so-called

‘quadrature-phase detection’ technique was invented. In this case (see Figure

oscillater f=—=

detector

Figure 2.2: The schematic plot of the quadrature-phase detection re-

fectometer

2.2), the signal in the reference arm is split equally into two parts. Both parts
are fed into equal detectors, and: before one of them additional phase shifter

(with phase shift of @ / 2) is inserted. In this case the outputs from the detectors

2,..let’s imagine that in ’stationary’ case (there is no movement of the plasma reflected
layer, so plasma density profile has a constant shape) the phase difference between reflected
and reference signal becomes 2r x n, where n - number of wavelengths. Then cos{(t)) = 1.
After the start of the plasma movement the phase difference will occur between those two

signals. The output of the detector will decrease no matter in what direction plasma will move
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will be,
Dhomedyne(y)  — %@ (4%(t) + B? + 2A(t) Beos((2))) (2.12)
phomodyme () %Q (42(0) + B + 2A(t) Bsin(p(t))) (2.13)

so ‘sine’ and ‘cosine’ parts of the signal can be measured independently. By
removing the DC components and fulfilling the condition of A(t) < B, Equations

2.12, 2.13 can be rewritten to:

Dlomedme(y) = QA(t) B cos(p(t)) (2.14)
Dlemedme (1)~ QA(t)Bsin(ip(t)) (2.15)

The power dependence characteristics of the detectors must be exactly the same
to perform reliable measurements with this scheme. Also small dynamic range
of the system (it comes from 1/f noise dependence of the detectors) could be a

limitation in plasma measurements for big tokamaks and stellarators.

2.2.2 Heterodyne detection

To overcome the above mentioned limitation in detecting the reflected microwaves
from the plasma, ‘heterodyne detection technique’ was introduced. For this case
two oscillators must be used. One is used as a transmitter and the other is in-
serted in the reference arm. Those oscillators must be kept at constant frequency
difference. This could be made by a phase lock loop (PLL). The RF signal (sig-

nal from launched oscillator that is reflected from the plasma) is fed through
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RF

oscillatorf=
F

3

Local

oscillator

detecior

Figure 2.3: The schematic plot of the heterodyne detection reflectome-
ter; RF — source oscillator, LO - local oscillator, PLL -

phase lock loop
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the waveguide system to the RF input of the mixer, while the LO signal comes
directly from local oscillator. IF power detection is made by the [F detector.
This power depends linearly on input power from the plasma (power from the
RF port). The advantages of the heterodyne detection are in very high dynamic

range.

2.3 Density profile measurements via reflecto-
metry

Full wave calculations show that the total phase delay of an O-mode during pro-
pagation in the plasma and reflection at the cut-off layer is governed by Equation
2.8. In the O-mode case the density profile is determined by solving the Equation

2.8 by using Abel inversion technique,

fld
(- A— f T . (2.16)

2w df \/ﬁ
[n the case of X-mode, the situation becomes more difficult. There is no analytical
solution. The reason is that the plasma refractive index depends on the magnetic
field (Eq.2.3) and on the plasma density as well. The profile reconstruction
technique for X-mode was described in references [30, 52, 53|.

As a general remark we want to add that reflectometers measure the
phase difference of the carrier frequency. The main drawback is that the absolute
phase difference becomes undetermined. So, it is impossible (without calibration
of the reflected signal from some well known points in space) to obtain the ab-

solute values of the plasma reflecting layer position. Some reference point that
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could be given by means of other diagnostics is needed. Also it is very common
situation that losses of the signal occur and it is no longer possible to reconstruct
the density profile. For more reliable measurements some advanced methods were

established, recently.

2.3.1 FM reflectometry

In order to determine the position of the reflecting layer, it is necessary to mea-
sure (d/d f) for the range of frequencies between 0 and f,. But in the real
experiment it is not possible to provide measurements down to zero frequency
and the missing data must be provided from other diagnostics (probes, for in-
stance). There are two main approaches to scan major part of density profile.
In one case the frequency is swept over the broad range and (dy/d f) is mea-
sured as a function of the frequency [24, 47, 46, 56]. Also it could be done by
multi-frequency narrow-band sweeping reflectometry [41, 40], where the density
profile is probed with 12-channel reflectometer. All channels are swept over 1% of
the carrier frequency. The main important improvement that was done in recent
years was introducing the ultra-fast frequency sweeping system that can sweep
in > 10usec (previously the sweeping time was about 5-10ms). Linearity is not
important because the (d/d f) curve is measured accurately with an automatic
calibration procedure and is included in the data evaluation algorithm. As the
plasma is nearly frozen during the probing interval, the effect of temporal fluctua-
tions is greatly reduced. Amplitude and phase modulations originated by spatial
turbulences are still observed and cannot be eliminated by sweeping faster, but

this does not prevent the measurements even with high turbulence. A complete
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profile is obtained from a single-frequency sweeping, without any sophisticated
filtering or averaging procedure. Average profiles can also be obtained either
from smoothing each (d @(f)/d f) curve or averaging over some selected number
of (dg/d f) curves.

2.3.2 AM reflectometry

The ambiguity in phase measurements in the conventional reflectometry could
be overcome by significant decrease of the phase change. In AM reflectometry
the amplitude of the carrier wave is modulated by a long wave (about 100 MHz).
The carrier frequency is reflected from plasma and the phase of the modulated
signal war.q 18 measured. Because of very long waves of the modulating signal
it is possible to keep phase difference less than 27, It must be noted that the
velocity of the wave propagation is group velocity, not the phase velocity that is
commeonly used in conventional reflectometry. From this measurement the time

delay in plasma could be obtained,

g g f_:’. ) d{fou(r)) (2.17)

dfo

and the density profile could be measured by using the multifrequency or single
frequency sweep setup. However, the disadvantage of this method is that the
wave envelope can be easily deformed by the false reflections from waveguides

and windows. So it can reliably operate in two-antenna implementation only.
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2.3.3 Pulsed radar

Recently a new approach for plasma density profile reconstruction was introduced
[25, 26, 27]. In the case of pulsed radar reflectometry, short (~1ns) microwave
pulses are launched into the plasma. The pulse is reflected by a corresponding
critical density layer and received by the time measurement system. The mea-
sured quantities for those types of reflectometers are phase or time delay. Those
experiments show that this rather young approach of the reflectometry becomes
a promising tool for plasma profile evaluation. Previously pulsed radars were
successfully operated on several tokamaks (RTP (Netherlands), START (UK),
T-10 (Russia) and TEXTOR-94 (Germany)).

Here we present the first trial to port this diagnostic to the helical sys-
tem. The advantages of the pulsed radar are as follows in comparison with the

conventional reflectometry:

1. temporary losses of the reflected signal are not so serious, each pulse carries

all information about the position of critical density layer

2. false reflection from window, horn lens or waveguides could be easily filtered,

because they all occurred outside of interested time window;

3. due to the very short time [or the microwave propagation, plasma fuc-

tuations seem to be "frozen” and they will not affect the measurements

significantly;

4. effect of mode coupling becomes less critical because reflected ordinary and

extraordinary mode pulses arrive in different times; simultaneous measure-
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ments of O- and X-mode reflection are in principle possible yielding the

total magnetic field;

As this diagnostic forms the main subject of this thesis it will be discussed in the

separate part.

2.3.4 Ultra-short pulsed radar

Ultra-short pulsed radar (USPR) reflectometry becomes a variation of the above
mentioned technique. Recent developments in microwave components made it
possible to reduce pulse width to several picoseconds. It means that the USPRR
in principle can reduce the complexity of the pulsed radars considerably by re-
placing several microwave sources. The ultrafast pulse (1-50 psec) wavepacket
consists of wide Fourier spectrum that is enough to cover the major part of den-
sity profile (each frequency reflects the corresponding density in the plasma).
By separating them in the receiving channel one can obtain the time delay for
the sufficient number of frequencies. Those experiments were recently started at

GAMMA 10 tandem mirror [57].

2.3.5 Noise radar

Noise correlation radar is a relatively new approach to refectometry systems |58,
59]. A broadband noise signal around a chosen central microwave frequency is
transmitted to the plasma and detected after reflection. A fraction of the original
signal is fed into an adjustable delay line, which is tuned such that its delay

matches that of the plasma path. This is done by determining the correlation
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between the plasma and the reference signal as a function of the delay in the
reference path. The correlation function is an oscillating signal. The position at
which the envelope of the correlation function has a maximum corresponds to

the position of the refecting layer.

2.4 Basic principles of pulsed radars

2.4.1 Introduction

Pulsed radar reflectometry was proposed simultanecously in 1990 by two different
groups (RTP at FOM, Nieuwegein and TRINITI, Troitsk) in the framework of
the diagnostic work for the ITER CDA phase. In pulsed radar reflectometry [54]
short microwave pulses (with duration of 1 ns) are launched into the plasma. The
basic quantity that is measured is the flight time of the microwave pulses towards
the critical density layer and back. In order to obtain the full electron density
profile, pulses at many different carrier frequencies have to be launched into the
plasma, either simultaneously or successively. Because of its short duration, the
pulse has a frequency spectrum with a finite bandwidth f£6f/2 (usually with a
(Gaussian distribution, if the pulse itsell is Gaussian). §f is equal to the inverse

of the pulse width.

2.4.2 Advantages and drawbacks of pulsed radars

The advantages of the pulsed radar will be described in the Section 2.4.3. Never-

theless, if Auctuations with short spatial scale lengths are present in the plasma,
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the reflected pulse will be like the pulse reflected from a mirror with small-scaled
structures frozen into it. Therefore. occasionally destructive interferences may
occur and the amplitude of the reflected pulse may become too small to be de-
tected. Since even for very turbulent plasmas a certain number of reflected pulses
will still have a high enough amplitude to be detected, it is possible to measure
the density profile, albeit at the cost of a decreased temporal resolution. As far as
the repetition rate of the pulses is high enough, many data points can be used to
compute one time delay with sufficient accuracy. Strong signal losses are mainly
observed if one tries to probe the central part of the density profile in low density
discharges. In these cases the noise caused by the large quantity of suprathermal
electrons in the plasma can prohibit any sensitive measurements to be done with
the pulsed radar system [26]. When the pulsed radar refectometer is used to
probe the density profile at r = a > 0.25, which is usually the case, signal losses

are small, even for very turbulent plasmas.

Project background

The presented work here is the first attempt to implement the pulsed radar ref-
lectometry for the helical system. At the present time pulsed radar reflectometry

was adopted only for tokamaks and mirror devices.

PULSED RADAR SYSTEMS PRESENTLY INSTALLED IN OTHERS DEVICES

1. 4-channel pulsed radar reflectometer
for the RTP tokamak *

IFOM-Institute for Fla:sma Physics, Rijnhuizen, Nicuwegein, Netherlands
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e it has been used to diagnose steady state density profiles;
e as well as to follow strong density variations, it detects magnetohydro-
dynamic instabilities, disruption and pellet injection;

system is presently moved to the TEXTOR tokamak

2. Multifrequency pulsed radar reflectometer

for the START tokamak *

s at present it was operated as a monitoring tool of a density profile

evolution
first results

3. Ultrashort pulse reflectometer

for the GAMMA 10 tandem mirror °

® system is now under development

2.4.3 Comparison with other diagnostics

There are several other diagnostic to obtain the information about electron
plasma density. The brief comparison of the diagnostics which are relevant to

the plasma density measurements is shown in Table 2.1.

YUKAEA Fusion, Abingdon, UK
*Plasma Research Center, University of Tsukuba, Tsukuba, Japan
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2.5 Short pulse propagation in plasmas

2.5.1 General remarks

In the conventional reflectometry a nearly monochromatic wave is launched into
the plasma. Another situation occurs in pulsed radar reflectometry where systems
utilize the signals with much larger frequency bandwidth. One has to decompose
short pulses into the frequency spectrum for calculation of plasma-pulse interac-
tion. For each [requency the phase delay due to the plasma (see Eq. 2.8) must be
found. After this the reflected signal has to be restored by using inverse Fourier

transform.

2.5.2 Basics of the broadband pulse propagation

The electric field of the short microwave pulses transmitted to the plasma uy,., (t)
could be presented as a superposition of the Gaussian-shaped amplitude modu-

lation function ® and an oscillating signal of frequency wg,”

1 R
Ugridl) = E—; exp (—2—05) gt (2.18)

where 1/v/2r¢ is the normalizing factor of the Gaussian function. The travel of
the pulse through the plasma could be presented as independent propagation of
the set of CW oscillations. Mathematically it could be represented as Fourier

Sin reality this amplitude modulation could be done by driver pulse of the fast inicrowave

switch/amplitude modulator
Tthe quasi-sine continued wave oscillation {CW) of the microwave source (klystrons, BWOs,

IMPATT diodes, Gunn-oscillators...)
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decomposition of the short pulse,
Sirm (@) = f Uerm (£) €0t (2.19)
-t

The power spectrum of the short pulse that has Gaussian shape has to be

(zaussian-shaped also,

Sirm (W) = exp (-M) (2.20)

After the reflection from the plasma each frequency from the power spectrum of

the launching pulse ., (t) obtained the additional phase shift @, (w), given by

Eq.2.8:
Sref (w) = Strm (w) x e7n) (2.21)

and reflected pulse u,.¢ () could be reconstructed by the inverse Fourier transform

from its spectrum:

—oo 2
We designed pulsed radar reflectometer for CHS with the pulse spectrum that is

o Elprgnd®Y oo oo o
uwm=%fempigiﬂ)mwmhﬁWw (2.22)

much smaller than the probing frequency. So, it is unnecessary to evaluate Eq.
2.8 for all frequencies. One can substitute the phase expression to its Taylor-

expansion around the probing frequency wy:

o

op) = 3 1 (= wo)” (o) (2.23)

n=0 """

where @7 (wp) the n-th derivative of pu{wg) with respect to w calculated around
wy. For the reliable description of the phase let us use first three terms in its

Taylor-expansion. Here we only present final expressions for those terms.

o (@) = Pplwo) (2.24)



Chapter 2. Reflectometry 36

The zeroth-order term gives a phase shift for the carrier frequency. It is measured

in the case of the conventional fixed-frequency reflectometry.

Dy L) (o y ) ) = A B (225)

Oy

The first-order term (linear in frequency) gives a phase shift which corresponds

to the time delay as given in Eq.2.26:

relwa)
&y 2 1
= (%) %[ g (220
wEsdg Tant 1 wo ;E

7]}

After reflection from the plasma critical density layer the shape of the microwave
pulse remains Gaussian. Due to the plasma dispersion the pulse becomes more
broad.

; 2
2, (w) = 6 n(w) (1 + W) (2.27)

This is the second-order term of the phase. It is quadratic in frequency and
represents the effect of the pulse broadening. The expression G4, (w) is defined

as 'full width half maximum' (FWHM) of the launching pulse:

Bprm (W) = (vﬁlnﬂ) Cirm (2.28)
The third-order term represents the asymmetry in the reflected pulse shape.
Feaf f a 4
i ﬁ w 1 w
©"(wo) = = j pe/ % sz dr (2.29)

£ Tant (1 Bl wge.ffw&)
To predict the values all these terms were calculated for typical operational pa-
rameters of CHS. All calculations were done at fixed frequency f, = 51GH z, with

O-mode polarization, for parabolic density profile with scanned central density
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in the range from that just equal to the ’critical density’ to that which has the
value higher by 100 times . The results of these calculations are shown in Figure

2.4, It is well seen that only for plasma radius where density equals to 97.5% the
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[radians]

01 F

0.01

plasma center

0.001 f
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Figure 2.4: The first three terms in Taylor exrpansion for the phase
of the reflected wave for the CHS plasma with parabolic
density profile

third-order term is equal for the second-order one. So for this and smaller radii
the pulse width is not governed by Eq.2.27. However, here WKB-approximation
also fails. For the same plasma parameters the time delay and reflected pulse
width as a function of CHS plasma minor radius are plotted in Figure 2.5. For

the quick caleulation of the pulse width and time delay in the one-dimensional
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WHEB-approximation break down
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approximation it is enough to calculate those values from Eqs.2.26,2.27 and it is
not necessary to perform full calculations with Fourier transform.,

As it was shown previously significant breakthrough in decreasing the
computational efforts was done by replacing FFT calculation of the reflected
pulse width and delay time by Eqs.2.26,2.27. But an integral in Eq.2.26 has to

be evaluated. However, for some class of plasma density profiles,

T

oy 3
ne(r) =n(0) (1- (%)) (2.30)
it is possible to get analytical solution for this integral. This method was invented

by Dr. Pavol Pavlo [60]. We have no intentions to discuss this approach here.

Only for reference calculations as for the accuracy we present those formulas here:

Tpe(o) = 2n (: tjf,ﬂ) . (a=2) (2.31)
- "—c‘fxg, (a=1) (2.32)
il o %Xﬁ (1 - % 5), (a=05) (2.33)

where, Xy = wy/wpe(0).

2.5.3 Accuracy of time of flight approximations

Let us compare the results obtained through the so-called "full calculation with
those obtained by evaluation in Fqs.2.26, 2.27. The results of such comparison
are presented in Figure 2.6. Both calculations were made for the 51 GHz O-

mode pulse with the width ©,,,,,(w)=1.0 nsec. The performed calculations show

§__ calculations of the reflected pulse delay and its pulse width using the Fourier-transform

technique are given in Eq.2.22
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== Fourier transform
soo Approximation

time of flight [nsecg]

frequency [GHz]

Figure 2.6: Comparison of the time of flight for Fourier trans-
form calculations and analytical solutions from Fqs.2.31,
2.32,2.33, calculated for CHS plasma with parabolie, lin-

ear and square root density profiles.
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that there is a fine coincidence between both approaches, except for highest fre-
quencies in parabolic density profile. For the higher frequencies (I>50.3 GHz),
where wy/wg(0) > 0.93 WKB-approximation is not valid. Although compari-

D [r—r————————T T T T
Fourier transform
a Approximation
181 ]

16 "

1.4

1.2

reflected pulse width {nsec]

U1B.L.n.l._....l.....
0 10 20 30 40 50 &0

frequency [GHz]

Figure 2.7: Comparison of change in the pulse width for Fourier trans-
form calculations and analytical solutions for the case of

Eq.2.33, calculated for CHS plasma with parabolic density
profile

son calculations for pulse broadening were done. (The results are presented in
2.7). Differencies between both calculations are completely negligible up to the
wo/wpe(0) < 0.93. For the more central part of the profile (more high frecuencies)

WHKB-approximation is not valid.
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Diagnostic Spatial Time Advantages Drawbacks
resolution resolution
Interferometry & & easy to build big plasma access,
(standard components)  with two separate ports
FM K& & can measure the major  flat or nonmonolithic
reflectometry part of the density profiles; false
profile; reflection in
transmission lines
AM R® PR easy to build flat or nonmonolithic
reflectometry (standard components) profiles; false
reflection in
transmission lines
Pulsed & HERE direct measurements; flat or nonmanalithic
radars small plasma access profiles; several data
points; a lot of
technical problems
Thomson RRIR &R multipoint difficult to
scattering diagnostic calibrate

Table 2.1: Main advantages and drawbacks of the electron density di-

agnostics
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CHS pulsed radar reflectometer

Pulsed radar reflectometry has been widely developed for
plasma density measurements in tokamak plasmas. This
work will introduce a first trial to implement this diagnostic
for the helical systems. In this chapter we will provide the
full description of the CHS pulsed radar reflectometer. An
overview of the system components will be followed with
the free space propagation measurements. Some specific
points of the pulsed radar for the helical systems will be

emphasized.

43
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3.1 General introduction

Much attention to the pulsed radar reflectometry and its recent progress were
shown by the plasma fusion diagnostics community. Recent experiments, that
were carried out at RTP, T-11, START tokamaks, show that pulsed radars could

become the promising diagnostic for plasma density profile measurements. The

T
]
T
=
sub-nanosecond| © &
Antenna driving pulse g
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Mixer + RF

Power divider oscillators

I I
IF Band-pas
12;16;18 GHz ; r LO
'ﬂ' m ,ﬂ filters oscillator 4 s
IF Amplifiers
; Clock
Drivers
IF Detectors generator
Pulse
Amplifiers
TOF System

( CFD+TAC+ADC )

Figure 3.1: The designed pulsed radar reflectometer for the CHS ex-

periments

pulsed radar reflectometer, that was designed for CHS experiments, is a one chan-

nel (with changeable frequency) system operating in a U-band (40-60 GHz). The
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continuous wave oscillation from the transmitters is modulated by fast 'driver’
pulse, which is produced by fast pin-switch. Short microwave pulses (with the
width of about 1 ns ') are launched into the plasma. The time delay between
the launched and received (after reflection from the corresponding critical density
layer) pulses is measured with a high accuracy. The receiver is of the heterodyne
type. It has high dynamic range and large frequency bandwidth. The system is
placed 2 m away from the CHS device inside the lead shielding against X-rays.
The transmission line mostly consists of Ka band components. To perform the
measurements for ordinary and extra-ordinary mode the antenna of the conical

horn type is used.

3.2 Transmitter. Driving pulse optimization

The probing signal of continuous wave oscillation is generated by Gunn-type
oscillators with the output power of 95 mW for 51 GHz? and 80 mW for 55 GHz®.
At the output of both oscillators an isolation unit is inserted. This prevents the
oscillators from the backward radiation. The short microwave pulse is formed
by Millitech® pin-switch. For producing the short pulse the pin-switch in the
Transmission State is being biased with +6.5 V. During isolation state -1.65 V is

applied to the pin-switch. As an alternative approach the ultra-fast IRE varactor-

Yactually the Full Width Half Maximum

“Millitech Voltage-Controlled Gunn Oscillator CDV-19 series
SMDT (Microwave Device Technology Corporation) MGMSS series
"Millitech High Speed PIN Switch PSH-19 series
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Figure 3.2: The scheme of the pulsed radar transmission system

diode modulator® was used for the CHS experiments. The main advantage of
this modulator is to have extremely small pulse width. We could achieve the
value of 210 ps with the same isolation/insertion loss characteristics. The weak
point of this device is its narrow band (55+0.25 GHz), compared with Millitech
PIN switch (543 GHz). As the driver for fast switches the PicoSecond Labs
2000D series generator has been used. The output amplitude is 45 V. In the
case of Millitech the rise and fall times of the driver pulse were 0.65 and 1.06 ns
(FWHM=1.05 ns) respectively. To decrease the rise and fall times of the driver,
the 300 ps, -6 dB rectangular-network unit was inserted. This allowed decreasing

the driver pulse width down to 800 ps. To get an appropriate input amplitude at

E‘r:li'u@si‘ng,|.7.:e'd and assembled by. the -grnup of Dr.G.Ermak in Institute of Radicphysics and

Electronics of the Ukraine, Ak.Proscura st. 12, Kharkov, Ukraine
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Figure 3.3: The measured isolation and insertion loss of the pin-

switches for U-band

the pin-switch and to avoid the backward reflection to the driver -6dB additional
attenuator was inserted. The insertion point was chosen in the front of PIN-
switch. After the modulation of the PIN-switch the 75 mV pulse of 1.02 ns or
0.21 ns (for Millitech or IRE switches respectively) width is launched through
the transmission line into the plasma. Because the ON/OFF ratio depends on
the frequency the isolation and insertion losses of the pin-switches in the U-band
were measured. The results are plotted in Figure 3.3.

Two microwave pulses produced by both switches (Millitech and IRE)

are also presented in Figure 3.4.
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Figure 3.4: The comparison of the output microwave pulse shape be-

tween Millitech and IRE switches/modulators
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3.3 Transmission line and antenna system

At the beginning we tried to place the system outside the lead wall. For this
we installed a set of X-band (22.86 x 10.16 mm?) and Ka-band (7.112 x 3.556
mm*) waveguides. The total length of the WG system was 8.8 m. The total
attenuation in the waveguide system has to be found from calculation and from
direct test measurements. The theoretical attenuation in a rectangular copper

air-filled waveguide operating in TE; mode is given by [61] :

147 x 107" . 2% ({:)1-5 T (.{_ - dB -

s a5 2
(£) -1

m! (3.1)

It was found that there are a strong backward multiple 'false’ reflections from
the WG corners, tapers, etc. These reflections decreased the performance of the
system. Therefore it was decided to withdraw the WG system and to put the
pulsed radar more close to CHS.

As an antenna we used standard 20 dB gain conical horn antenna. This
allows us to use both polarization modes as the injected wave. To increase the
gain of the antenna the Teflon lens was tested and installed. This gives us a
possibility to increase the outgoing power to the plasma by 15%, and to increase

the reflection from plasma by 24%.

3.4 Vacuum break i1ssues

For vacuum break the thin 0.5 pm MICA window was installed. It was assembled

in the special flange. Because waveguides of a circular cross section must be at-
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Al dimansicng am in mm

Figure 3.5: The diagnostic port for the CHS pulsed radar reflectometer

tached to the antenna, special rotation waveguide unit was inserted. It is possible
to gradually change the incoming wave polarization. It is very useful because of
significant shear of CHS ©. The measurements of the reflectivity coefficient (it is

shown in Figure 3.6) were done to get a value of the power reflected backward.

3.5 ECH band rejection filter

In the CHS experiments the main plasma production method is with ECH. The
ECH system operates at the frequency of 53.2 GHz and could significantly dete-
riorate pulse radar measurements. To protect receiving system from high ECH
power the band rejection filter is used. This filter has a sharp peak of the attenu-
ation at the frequency of 53.2 GHz. The theoretical and measured characteristics
of the filter are shown in Figure 3.7. The measured insertion losses are plotted

6see Table 1.1 in the Chapter 1
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Figure 3.6: The reflectivity of the MICA vacuum break window in U-band fre-

quency range

in the same figure and they show the attenuation of the receiving signal due to
filter insertion. It seems that this insertion loss has not a significant influence on

the SNR or the reflected microwave pulses.

3.6 Detection by a balanced mixer

Because of the complicated three-dimensional structure of the plasma in CHS
much higher attenuation of the reflected signal is expected. For getting of the
suitable SNR of the reflected pulses heterodyne techniques are applied. This
yields higher dynamic range than when the direct microwave detection is used.
The local oscillator (LO) that drives mixer consists of Gunn oscillator of 39 GHz.

The IF frequency is 12 and 16 GHz for 51 GHz and 55 GHz RF oscillators,
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Figure 3.7: The theoretical and measured characteristics of the band-

reject filter

respectively. The power output from LO is set to be 13dBm that allows to
achieve the best performance level of the mixer. The conversion loss of the mixer
is -4dB.

After the reflection from the plasma a short pulse travels backward
through the antenna system. At the -3dB directional coupler one half of the
reflected power comes to the balanced mixer input. Before detection, IF signal
from the mixer is filtered with 12 or 16 GHz band pass filter and amplified with
[F amplifier with the gain of 23dB. After that the signal was detected by Spaceck
A302 fast response video detector. To get a sufficient pulse amplitude for driving
the time of flight measurements system we use an additional video amplifiers with
total gain of 22d4B.

It must be noted that for the first preliminary measurements we used a

single RF detection technique instead of balanced mixer. The SNR for this type
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of detection was 240 times smaller than that of heterodyne one. This difference
is presented in Figure 3.8.

Because of placing the detection part of the reflectometer close to CHS
the problem of the non-disturbed pulse transmission occurs’. To overcome the

significant pulse broadening the special types of cables® are used.

R S
RF detedior x 10
-2 0 2 4 ] B 10 12

time [ns]

Figure 3.8: The detection of the reflected pulse by using balanced mirer
(a) and RF detector (b).

3.7 Free space propagation tests

Before installing the pulsed radar in CHS it was tested at the laboratory. The

plasma reflection was simulated by the aluminum plate that was placed in front

Tto transmit the pulses from the detection part to the electronics without shape changes
8semi-rigid 50 Ohm coaxical cables
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of the antenna at the distance of about 1 m. The position of the reflecting

plate could be changed with the precision of Imm. To perform the test under
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Figure 3.9: The free space propagation test of the pulsed radar

the condition, much more close to CHS plasma experiments, the vacuum break
unit was also inserted in waveguide system. To simulate large pulse amplitude
modulations, that could happen in the plasma, the transmitted power from the
RF oscillators is varied from 25 to 1 % (approximately to 1 mW). The experiments
show the good agreement of the measured values with theoretical time of flight in
the free space. It is seen that measured time of flight values look like multi-step
function. One can easily obtain the errors in the reflector position from this step
length. Those errors are from 2 to 4 mm. So, during this free space propagation
test it was found that the position of the reflector could be measured within the

accuracy of 3 mm.
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3.8 Timing pick-off technique

The criteria for spatial resolution of modern fusion diagnostics could probably
be set as 1 em. This spatial accuracy (in vacuum) means a timing accuracy
of 70 ps in the time of flight measurements. To investigate the fast changing
plasma phenomena the modern diagnostic must have 1 — 5 x 10° measurements
per second. All sub-nanosecond time measurements are based on the precise time
definition of the start-stop event. In the case of the pulsed radar it means the
picosecond range precision in determination of the arrival time for pulses reflected
from the plasma. For our measurements the Constant Fraction Discrimination
(CFD) technique was chosen. This was done because the main advantage of this
method is that the timing is the same for the constant shaped pulses with high
amplitude changes (insensitivity for amplitude fluctuations due to the attenuation

of the reflected pulses by the plasma).

3.8.1 Constant fraction discrimination technique

The measurements , presented in this work, are performed by using of EG&G
Ortec Model 9307 pico-Timing discriminator. It defines the arrival time of the
analog pulses from ultra-fast detectors with picosecond precision. It accepts the
pulses with amplitude ranging from -50mV to -5V, and pulse width from 400 ps
to 5 ns FWHM. However, CFD is affected by the pulse shape deformation, which
arises from the dispersion of plasma. Another source of errors comes from the
plasma density Auctuations and microwave beam refraction.

CFD outputs generate a negative NIM standard pulse. The leading
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edge of the outputs precisely marks the time of the arrival of the pulse from
the detector (reflected pulse from plasma (or inner wall of the device)). This
CFD output through the cables connects to the STOP input of the Time-to-
Amplitude Converter (TAC). The reference pulse from the main CLOCK of the
timing system has been used as START pulse for the TAC. The TAC measures
the time interval between START/STOP pulses and produces the analog output
pulse proportional to the measured time, because it is based on the principle of
charging the capacitor with a constant current source during the time between
START and STOP pulses. The TAC we used in the experiments is EG&G Ortec
Model 566. [t has an accuracy of about 10 ps and a highest repetition rate of

about 400 kHz.
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plitude timing pickoff techniques
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A numerical simulation has been done to estimate the CFD timing er-
rors (see Figure 3.10). From these calculations we can conclude that the pulse
deformation is more serious for shorter pulse width, and this deformation leads
to a larger errors in the timing. We have found that the errors are negligible for
the pulse width longer than 0.5ns for a specific CHS case. The accuracy of the
pulsed radar timing comes from the SNR of the reflecting signal. Noise due to
the plasma or electronics gives the additional, sometimes significant errors. The

time accuracy could be represented by:

__Oreplw)
In2v25NR'

where ©,.5(w) is FWHM of the reflected pulse. For the case of 1 ns microwave

(3.2)

pulse to achieve the spatial resolution (in vacuum) of 1 cm? the time accuracy

should be as f[ollows:

At =2.3183 x 1071 - ©,.5(w), (3.3)

which implies that the SNR must be at least 232 or 23.65 dB. This value is less

that the measured one during detection technique comparison test (SNR;.e =240).

?. .. this spatial resolution corresponds to 67 ps in the timing accuracy ...
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Experimental results

In this chapter we present the main experimental results from the pulsed
radar reflectometry. An experimental investigation into electron plasma
density measurements via pulsed radar reflectometer with monostatic an-
tenna arrangement has been done for the first time in helical systems.
Those experiments have been performed for different regimes of the CHS
operation. Measurements with a good temporal and spatial resolution co-
incide with those from Thomson scattering and interferometer data. In the
case of X-mode measurements the calculated radial profile of the magnetic
field is used. By means of the pulsed radar fast density changes during
pellet injection have been observed. Localized MHD oscillations were mea-

sured during low-3 plasma experiments.

58
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4.1 Reflectometry in CHS

In this section measurements with pulsed radar reflectometer are presented. The
measurements were done in two campaigns. At first the measurements were done
without time of flight (TOF) measurement system. This situation was originated
from existence of the false reflection from the vacuum break MICA window. The
amplitude of those reflected pulses was higher than or the same order as those
from the plasma. During second campaign the dual-switching technique was im-
plemented (this will be discussed in section 4.1.2} that allowed the successful run
of TOF system. Also the measurements in low density discharges are presented.

This is so-called ‘delayometry’ regime of operation for pulsed radar.

4.1.1 Measurements of the time delay of the microwave
pulses

Because of the extremely strong attenuation of the reflected pulse from the CHS
plasma, (due to unfavorably complicated (3-dimensional) plasma shape in the
helical system') the amplitude of the reflected signal was much smaller than the
amplitude of the pulses that were reflected from the vacuum break MICA window.
This fact does not allow the use of timing electronic because the reflection from

the window occurs earlier than the reflection from the plasma in the interested

L .. the previously reported experiments, that were carried out in several tokamaks, did not
have those problems, because of quasi-cylindrical plasma configuration. In the above mentioned
experiments the amplitude of the false pulses reflected from the vacuum break was smaller, that

allowed direct use of time pickoff systems from the very beginning.
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time domain. That is why, at the first stage of experiments for timing measure-
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Figure 4.1: The envelopes of the reflected pulse from the vacuum break
window and from the plasma obtained with sampling (a)

and digital (b) oscilloscopes

ments, the detection via fast oscilloscopes has been used. In our experiments
we tried sampling ? and fast digital® oscilloscopes. Because of characteristic of
sampling oscilloscope, it requires about 10,000 pulses (10 ms) to make a reflected
pulse waveform. When the amplitude modulation is very large, each point, which
corresponds to a single pulse measurement, scatters and the resultant waveform

é-‘.ﬁ:.:ic.ugnml DI 'Emiﬁ series sampling oscilloscope, with the bandwidth of 10 GHz
Jultrafast LeCroy 9362 digital oscilloscope with the bandwidth of 0.75 GHz
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becomes noisy (Figure 4.1(a)). This scatter makes us to measure the time delay
accuratelly. The error came from the scatter of each point in the waveform, and
they are much larger than those obtained at a free space propagation test with a

flat mirror and with time measurement electronics (TAC).
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Figure 4.2: Reflected pulse delay (open circles - IBW+NBI plasma,
solid circles - ECH+NBI plasma), calculated pulse delay
for parabolic density profile (solid line) and reflected pulse
amplitude (diamonds) as a function of the central electron

density for ordinary mode case.

The measurements of the time delay in CHS plasma were done for both
polarization modes. The plasmas were initiated by IBW (lon Bernstein Wave) or
ECH and heated by NBI and ECH. These measurements were done for discharges
with the magnetic field of 0.85 T and maximum electron density of about 6 x

10¥m 3. To obtain the dependence of the time of Aight (delay of pulses) on the
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plasma for different central density we changed the ‘observation window’ (with
the time duration of 10 ms) for the shots when plasma conditions are fixed.
Without plasma the reflected pulses are stable and the measurement is accurate.
The small difference between the measurement and calculation is probably due
to unsmooth surface of the inner wall (there is port with the figure-8 like shutter
at the inner side of the vacuum chamber), so it is difficult to define the accurate

distance to the inner wall.
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Figure 4.3: Reflected pulse delays (open circles - ECH+NBI plasma,
solid circles - ECH+NBI plasma), calculated pulse delay
for parabolic density profile (solid line) and reflected pulse
amplitude (diamonds) as a function of the central electron

density for extraordinary mode case.

Figures 4.2, and 4.3 show the time delay and amplitude of the reflected

pulses as a function of the central electron density. The measured data can be di-
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vided into three regions. The region [ is the low density one, where the CDL does
not exist in the plasma and launched wave passes through the plasma. In this
case the system is operated as an interferometer. The amplitude of the reflected
pulses decreases with the density. This is probably due to the refraction of the mi-
crowaves in low-density plasma. The region 1T is the high density one, where the
CDL exists and the amplitude increases as the CDL moves towards the antenna.
In the region Il adjacent to appearance of reflecting layer the reflected pulses are
not observed (possibly due to the strong refraction of microwaves). Figures 4.2
and 4.3 also show calculated time delay for both modes. The density is estimated
from the data of line density obtained by an HCN laser interferometer [6], by as-
suming a parabolic density profile. The measured data on reflected pulse delay
follow the calculated curves, but error bars are rather large. This comes from
the strong amplitude modulation of the reflected pulse during measurements?.
As shown by the measurements and calculations, the densities where reflected
pulses begin to appear are different for O/X modes. To change the microwave
polarization an additional 90 degree twisted waweguide section must be inserted.
This was the main reason of the mismatch of the time delay at the *zero’ density

(at the begining of the discharge).

4_..let us remind that those pulse delay measurements were averaged (due to the measure-

ments with the sampling oscilloseope) in a 10 ms time window. ..
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4.1.2 Dual-switching technique.

Canceling of false reflection.

There are several possibilities to diminish an influence of false reflection from
the MICA window. First, it is by increasing the effective reflected power from
the plasma. This could be done by tuning the antenna alignment. But this
operation is very restricted because of small diagnostic port which is utilized for
the pulsed radar. From the same point of view the installation of the double-
antenna system is not allowed, too. The only thing we could do in this situation
was the replacement of the antenna with the lens loaded one. This antenna
combines conical horn (with diameter of 45.72 mm and length of 83.82 mm) and
plano-convex Teflon lens. This antenna offers a high gain, narrow beamwidth

with Gaussian beam shapes and low sidelobes. Another significant improvement
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Figure 4.4: The double-switching (gated receiver) pulsed radar reflec-
tometer
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is to change pulsed radar setup to the dual-switching scheme. Those scheme is
shown in Figure 4.4. The idea of this improvement lies on the additional ‘time-
gating’ of the reflected signals. As was shown, two reflected pulses come from
single launched one. One is reflected from the vacuum window and arrives earlier
than that reflected from the plasma. The second ‘gating’ switch is inserted in
front of the mixer. It is allowed to be opened only for times corresponding to

the reflection from the plasma and from CHS inner wall. That is why the ‘false’

window plasmea winidow plasma reflectad
; i pulsas
{old)

TAL gate

\ J g L LO 5W
i gate
o : S reflected

v V L3 FH.I'EEﬁ
i "0 power level of
L 2518 : LO SWITCH

time

Figure 4.5: Schematic waveforms of the gated receiver

pulse from the window does not come to the mixer and is not accepted by the

electronics®.

5 ..it must be noted that previously we tried the same kind of gating at the electronic
stage, but because of long ON/OFF transaction time of the TAC gate function > 5ns, it was
impossible to implement it; another possibility to suppress reflection from the window is to

construct the ‘additional’ reflected pulse with the same timing but opposite polarity...
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4.1.3 Plasma density measurements

O-mode experiments The CHS pulsed radar performance is presented at
first by an overview of its response to the various plasma discharges, and sec-
ondly by comparison of the obtained data (after "time to density inversion’) from
pulsed radar with the density profiles measured with Thomson scattering and
far-infrared interferometry [11, 12].

As it becomes clear from probing frequencies range of pulsed radar, a
high density plasma is needed for the successful operation as a reflectometer. In
the case where the polarization of the microwaves has been chosen as ordinary, for
51 GHz operation, the density of 3.22 x 10"m ~? is required. High density regimes
were obtained in plasma with ECH production and NBI (co. inj) heating, some-
times with additional ECH heating. Measurements were done for the discharge
that is presented in Figure 4.6. The time evolution of pulsed radar reflectometer
and the time behavior of the line averaged density obtained by means of HCN
laser interferometer is shown. From the beginning of the discharge, during first
several milliseconds, there is no plasma and clear reflection from the inner wall
of the device is observed. The time of flight completely matches the theoretical
one of the pulse propagation in a free space. From 11-12 ms of the discharge the
heating systems begin to produce plasma, but the density in those time period
is rather low and is below the critical density for pulsed radar reflectometer. As
the group velocity in the plasma is smaller than in vacuum, the time of flight
increases compared with the vacuum situation. Pulsed radar reflectometer oper-

ates like interferometer®. The 53.2 GHz ECH radiation disturbs the radar signal

B...this is so-called delayometry regime, which will be discussed below. ..
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significantly. After some time the density exceeds the critical one and a fast sud-
den decrease in flight time occurs. From this moment pulses launched into the
plasma are reflected from the corresponding critical density layer and additional
point (per one frequency) can be calculated from pulsed radar measurements.

An inversion of the measured time of flight to density values was made
by Abel-inversion routine, with the assumption of the plasma boundary position
from the Thomson measurements. The profile plotted for the time 90 ms is shown
in Figure 4.7. Rather good agreement between the plasma density measured with
the pulsed radar and that from Thomson scattering, is observed. Note that for
those measurements the maximum central density in the discharge was higher by
only 15% than the critical density for the frequency of 51 GHz. And the reflection
at that time occured at the central part of the plasma.

It was decided to change polarization to the X-mode for the next cam-
paign. This allows the reflection of the pulses from comparatively low plasma
density. The alignment of the polarization was chosen in such a way, that the

wave has quasi-pure X-mode orientation at the edge of the CHS plasma.

X-mode profile reconstruction [t is impossible to reconstruct plasma den-
sity profile from the single-channel pulsed radar data only. This is because of
utilizing one launching frequency in present configuration. Nevertheless, it is
possible to estimate the spatial position of the reflecting point in the plasma. If
the magnetic field profile is known and plasma density profile could be already
determined (from any other diagnostic, i. g. multichannel interferometry, Thom-

son scattering or O-mode reflectometry) then the position of reflection layer is
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Figure 4.8: Temporal evolutions of time of flight of the short ma-
crowave pulse measured by pulsed radar reflectometer for

X-maode polarization, for the discharge 71630

possible to derive.

In the case of CHS experiments for time-to-distance conversion plasma
densily profile obtained from the Thomson scattering data. For the densities
below the cut-off one, ‘virtual time delay’ is calculated for the assumed profile
(linear and parabolic functions have been used for the profile fitting”). The Abel
transform procedure could not be applied (becouse of structure of the dielectric

function) but must be derived from recurence formula instead:

1 il 1 1
Tn = Tn-1 + ~T(Wa )V (W, x;) — i+l — &
i S, 1+4T(w W (W, T:) g{thwmxi) +vf’{m,,,:r:.+1]}{m =)
(4.1)

where v9" is group velocity and z; is the position of i-th cutoff layer correspond-

"The initial parameters of the plasma density profile have been varied to check the influence

the edge gradient on the time-of-flight,
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ing to the frequency w;. The reconstruction is starts from plasma edge, where
we can assume v¥" = ¢. The comparison between plasma density obtained from
the pulsed radar measurements and Themson scattering profile reconstruction is
presented in Figure 4.8, Those experiments were carried out for IBW plasma
production. Without ECH radiation the scattering of the radar data becomes
much smaller, that comes from the better reflection conditions due to the favor-
able plasma density (two times higher than the eritical density) for those experi-

ments. [t was found from timing error (scattering of the data) that the temporal
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Figure 4.9: The comparison of pulsed radar data with density profile
from Thomsen scattering, for the discharge 71630

resolution of 100 ps was achieved. This corresponds to the spatial resolution of

1.25 cm in free space.
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4.2 Ice pellet injection experiments in CHS

High repetition rate of the pulsed radar reflectometer measurements makes it
possible to follow the rapid changes of plasma density after the pellet injection in
the CHS plasma. In Figure 4.10 the time evolution of the main plasma parameters
during such kind of experiments is presented. The hydrogen ice pellet with the
diameter of about 1 mm is injected into NBI plasma with low density. HCN
laser interferometer could not follow fast changes of density and gave unphysical
data. Here we will discuss those experiments. For several shots, which depend on
pellet dimensions, pulsed radar reflectometer successfully measures time of flight
during these fast phenomena (rapid changes in the plasma density). The changes
in the time delay mean that the cut-off density layer moves rapidly to the edge
of the plasma. It is seen that larger pellets caused bigger additional fueling of
the plasma density, but it seems that the 'penetration’ length is keep constant.
By those experiments it was shown that the pulsed radar can follow high-speed

density transition in the plasma even when the interferometer does not work.

4.3 Delayometry in CHS

In the regimes with the maximum density above the cut-off density, a pulsed
radar relies on the total reflection of the electromagnetic waves by the plasma.
The time neccessary for transmitted narrow pulse to complete a round trip to

the critical layer in the plasma and back to the antenna is directly measured and
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is given by a formula:

dp(w) _ 2 o dr
o) = =5 loman f o (4.2)

In low density plasmas, where the maximum density is below the critical density
corresponding to the probing frequency, pulses launched into the plasma will not
be reflected but pass through the plasma. They will be reflected by the inner wall
of vacuum vessel, returned and detected. As the group velocity v, of the pulses
in the plasma is lower than that in vacuum v, = £ (p(w) - w), an increase in the
time of flight with respect to the vacuum situation is detected. The incremental

pulse delay (for O-mode) is given by:

e ZToped 1 :
TF{W} — E -/._“ (;{?..d_} i l) dr (43)
[n both formulas (for both equations Eq. (4.2), Eq. (4.3) and v, ) p(w)

means plasma refractive index for O-mode pulses, and could be written from the

Appleton-Hartree formula %:

"’-’34: E‘r} (4.4)

]

plw) = 11—

in Eq. (4.2) the factor two is originated from the double pass through the plasma.

If we expand Eq. (4.3) around the pmbing frequency wp we can obtain:

2 ™"
(W) = f f’;' L (“‘zg]) s (4.5)

The first term in the sum is prnpurt.iunal to the average plasma density.

no = [ ntryar (4.6)

i

Sanly in the cold plasma approximation, e.g. the phase velocity vy, = pw)-w/k of the wave

is close to the vacuum speed of light, and the motion of the jons can be neglected
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The remaining terms can be neglected. Equations (4.2) and (4.5) represent func-
tionally independent branches of 7(w) which is discontinuous at w = wy(maxz).
So, we can rewrite the average density expression in terms of the incremental

time of flight in such a way:
CTpeTer
2a

where n_. is the cut-off density of the corresponding cut-off frequency. Using the

1

e (4.7)
value for the CHS plasma diameter (53.5 em) and a relation criteria between

launching frequency fo = 54.9 GHz ? and plasma critical density:

neit = n, = 1.24 x 10712 | [x10"em™?] , [fo in GHz] (4.8)

£

equation Eq. (4.7) yields:

iy = 1.04 x 10%7,, , [rpe in ng (4.9)

The limitation of applicability of this formula comes from the fact that the second
term in Eq. (4.5) must be less than 10 percent of the first term. It means that the
line-average density in the CHS discharges must be below 0.4 x 10" em™. For
the densities that become closer to cut-off it is necessary to include more higher
term in Eq. (4.5). For wide range of profiles it is possible to calculate the increase
in the time of flight analytically. For parabolic profile the increased (with respect
to vacuum) time of flight is:

. Wop Wﬂ"'“’w@}, e ;
T(wp) = To (Ewpe{ﬂ} In (wu = w_p:{n}) 1) , (4.10)

where w,(0) - central plasma frequency, 7y = 4a/c — vacuum time of flight.

? fo = 2mwg
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As an example of delayometry operation the low density discharge is
depicted in Figure 4.11. For the time that does not overlap with ECH pulse the

agreement is rather good.

4.4 Observation of the MHD activity in CHS
plasmas

Another area, where pulsed radar could be applied, is measurement of the plasma
MHD oscillations. The understanding of the nature of these phenomena gives
additional information for the configuration optimization , stability and transport
properties of the CHS plasma. The observation of the local plasma electron
density fluctuation was performed during low-3 experiments (3 ~ 0.2%). Figure
4.12 shows the temporal behaviour of the reflected pulse delay. One can see the
clear fluctuations of time delay during 70 - 85 ms. It was found that these fast
changes in the time delay strongly correlate with magnetic probe measurements.
In Figure 4.13 one can see the expanded view of those traces, These oscillations
could be originated from the magnetic islands rotation. As another confirmation
of this idea, we present the comparison of the spectra for the magnetic probes
and reflectometry data in Figure 4.14.

In this chapter we just introduced some of the possibilities of the pulsed
radar as a diagnostic tool for investigation of the various plasma parameters.
These experiments had the primary aim to check the performance of PRR op-
eration in the helical systems. [t was found that the general behaviour of this

diagnostic tool is very close to those that operate on the tokamaks. Among dis-
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tinctive features for the helical systems that must certainly be mentioned we must

point out several items.

e real three-dimentional topology of the reflected surfaces (it means small
reflected power and additional problems with antenna arrangement, limited

port access);

e non-negligible shear (the deduction of the magnetic field and the effect of

mode coupling becomes more difficult);
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Summary

In this thesis we presented results of the first application of the pulsed radar
reflectometer for helical confinement system- CHS device. In the process of de-
velopment of the CHS pulsed radar reflectometer and its use in experiments on
CHS we met and solved some problems specific for helical plasmas (diminution
of plasma backscattered pulse due to strong plasma reflecting layer curvature)
and for CHS radar porting (strong vacuum window reflection in a single launch-
ing /receiving antenna scheme).

'False’ pulse canceling was done by use of the probing beam [ocusing
and by elimination of window reflection via the dual-switching technique. Single
frequency radar can measure the position of only one plasma layer and for the
real plasma density profile reconstruction the number of radar channels has to be
increased. Nevertheless first experiments with single frequency pulsed radar on
CHS showed its benefits in regimes with rapid changes of plasma density (pellet

injection experiments). It's worthwhile to mention that the pulsed radar in CHS
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is working in the most difficult conditions as compared with other operating
pulsed radars: smallest plasma radius, strongest curvature of reflecting plasma
layer, single antenna scheme.

All these difficulties will be strongly diminished for pulsed radar oper-
ating on larger helical devices. There is no hesitation that the multifrequency
pulsed radar reflectometer can be developed and used on LHD for plasma density
profile reconstruction with the radial accuracy of 0.005 - 0.01 m. Multifrequency
radar can be used also for correlation reflectometry fluctuation studies of the edge
plasma in LHD.

Due to high repetition rate of the measurements it becomes possible to
evaluate the fast plasma phenomena such as plasma collapse during pellet abla-
tion and middle range (up to 50 MHz) plasma density fluctuations. It was found
that during low-/3 experiments those fluctuations may have magnetic islands ro-
tation as their origin.

During specific CHS regimes with low density (less than 102em ™ it is
possible to use pulsed radar as delayometry/interferometry measurements. The
data obtained during delavometry experiments perlectly agree with HCN inter-
ferometer ones.

Finally we showed the feasibility of the monostatic antenna arrangement
(single launching /receiving antenna) approach for ITER pulsed radar reflecto-
metry.

For the new medium-sized [=2 helical devices (CHS-ga) much more at-
tention must be paid for the proper antenna (antennas) alignment. Because those

devices aim at the further understanding of plasma matter (not fusion reactor
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capability demonstration) two antenna scheme of the pulsed radar reflectometer
is preferable. Also much improvement could be done by the installation of the
‘special type’ antenna which will allow to probe the elliptically shaped plasma
along the small axis.

From the technical point of view this work has introduced the construc-
tion of the microwave pulse that is two times shorter' than that used in previous

experiments (moderate pulsed radars only) in other laboratories?.

L. .. microwave pulse of 210-230 ps was obtained
%, .. here we mean the moderate pulsed radar, not their ultra-short pulsed competitors. ..



Comments on the pulsed radars

for the LHD and CHS-qa

The experience of operation of the CHS pulsed radar reflectometer (PRR) allows
considering a possibility of application of PRR on other helical devices of NIFS -
LHD and CHS-ga. Taking into account the set of diagnostics already developed
or proposed for these devices the PRR systems for LHD and CHS-ga could be
used for solution of specific task - determination of edge plasma electron density
profiles with high spatial and time resolution. Our experience and state of art
of development of PRR components allow to make a suggestion that the spatial
resolution of 0.005 - 0.01 m and time resolution of 1 us are feasible. All ad-
vantages of PRR could be used if the multifrequency systems with the number
of frequency channels of 10-15 are used. Our experience allows to suggest that
the single launch/receive antenna for each channel of PRR could be used with
porting of each antenna on special flange placed in equatorial plane of devices.
As we have an experience of using one antenna for plasma probing by 2 different
[requencies, the special R&D aimed on development of antenna/waveguide sys-

tems with larger number of PRR frequency channels (3-5) will be beneficial for
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diminishing number of antenna ports. The development of antenna/waveguide
systems with enlarged frequency pass-band will be beneficial also for implemen-
tation of correlation reflectometry in these devices. This will allow studying edge
plasma Huctuations - the very popular and informative theme of toroidal con-
finement research. Plasma probing by both - O- and X- modes is possible. The
same kinds of gated superheterodyne receivers can be used for the reflected signal
detection. Larger plasma radius of these new devices will result in a diminution
of refraction effects on reflected power (it scales as ~ rﬁ;}, In its turn it will result
in more favorable ratio of " plasma-to-window” reflected signals and will diminish
problem of suppression of false reflection in single launching/receiving antenna

system.
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