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Proceedings of the IRW7, | PP Garching, 9"- 12t May 2005

Editorial
G.D.Conway (IPP) — June 2005

The seventh International Reflectometry Workshop for Fusion Plasma Diagnostics (IRW7) was held
at the Max-Plank-Institut fir Plasmaphysik in Garching, Germany from May 9" to 12", 2005. The
meeting was organized in cooperation with the International Atomic Energy Agency (IAEA).

The International Reflectometry Workshop (IRW) series is the main biennial forum for the fusion
plasma reflectometry community to present and review the latest experimental results, new
technological developments and advances in the area of theory and numerical ssmulation codes
applied to microwave and millimetre-wave reflectometry for diagnosing fusion plasmas. The
workshop series began as an IAEA Technical Committee Meeting on Microwave Reflectometry for
Fusion Plasma Diagnostics with the first meeting held at JET (Joint Undertaking), England in March
1992. Workshops have subsequently been held approximately every two years since.

Contributions to the workshop come from al areas of plasma microwave and millimetre-wave
reflectometry and radar, specificaly experimental applications such as density profile
measurements, plasma position control, density fluctuations and turbulence measurements, as well
as modelling, simulation and diagnostic response characterization etc. Basic techniques, from simple
homodyne circuits, through to advanced systems such as imaging and Doppler reflectometry and
other novel techniques are aso covered.

This latest workshop was attended by 43 reflectometry specialists from around the world, including
USA (4), Japan (2), Russia (3), France (6), Portugal (10), Germany (9), Italy (1), The Netherlands
(1), Spain (2), UK (1) and ITER/EFDA (2). For the first time the workshop also had representatives
from Korea (1) and Brazil (1). Numerous local scientists from the ASDEX Upgrade project (~5),
ITER and EFDA teams (2) based at the IPP site also participated in various sessions of the
workshop. A list of registered participantsisincluded in these proceedings.

In total, 40 oral papers (20 minute duration plus 10 minutes for questions) were presented in 8
consecutive sessions over three and a half days, making this the largest and longest workshop in the
series to date. On the last day, the workshop was followed by a meeting of the ITPA specialist
working group on reflectometry (RWG) to discuss issues and progress in the design of ITER
reflectometer diagnostics. This meeting was also well attended.

The workshop proceedings, published here as an IPP laboratory report, contains 37 papers (plus 2
abstracts) in roughly the order of presentation, grouped according to the session topics. The actual
sessions were: (i) Density profile measurements (chair: F.Clairet, 7 papers), (ii) Code, theory and
simulations (chair: G.J.Kramer, 3 papers), (iii) Doppler reflectometry — simulations & experiments
(chair: M.Hirsch, 8 papers), (iv) Microwave imaging (chair: E.J.Doyle, 2 papers), (v) 3 sessions on
Fluctuation measurements (chairs: T.Tokuzawa, R.Nazikian & G.Vayakis, 15 papers) and finally (vi)
Hardware developments (chair: G.D.Conway, 5 papers). Each session was followed by a 45 minute
summary and discussion period, led by the session chairman. The discussions were vigorous and
forthright. It is hoped that that written summaries of the discussions can be included in future
proceedings as they would provide arecord of the current dynamics in the reflectometry field.

The number of papers per topic, nevertheless, gives agood indication of the current trends within the
field. Compared to previous workshops there has been a substantial increase in the level of interest
in fluctuation measurements with density profile measurements remaining constant. Profile
measurements are now generally perceived as almost routine employing a relatively mature



technique. Reflectometry density profiles are in some cases now viewed as more robust than those
from the more standard Thomson scattering diagnostics. This is progress indeed! Most recent
development work has concentrated on just two measurement techniques. Fast swept FM systems
(operational on ASDEX Upgrade, Tore Supra, DIII-D, MAST, Hanbit mirror, and in design for
KSTAR) and Ultrashort pulse reflectometers (2 systems on the LHD stellarator and additional
systems on the GAMMA 10 mirror device and SSPX spheromak). AM profile systems are aso in
operation on Alcator C-Mod and the TJII stellarator, although they were not reported at this
workshop. The current emphasis is now on improving profile reliability, radial coverage or extent
(particularly to the tokamak core) and the processing speed of an ever increasing amount of data.

Fluctuation measurements are finding renewed interest, particularly in the study of MHD and fast
particle modes. The localized core measurement of Alfvén cascades is a specific example with major
applications to ITER. There is aso a growing trend of cross-over measurements, for example
extracting information on fluctuations and turbulence from the FM-swept group-delay data. Two
examples are reported here from Tore Supra measurements. Fixed probing frequency measurements,
however, remain the bedrock technique for plasma density turbulence and correlation studies.
Although significant progress has been made in the simulation and modelling of the fixed frequency
reflectometer response function, the final step of extracting an absolute density fluctuation level
dn/n and an associated correlation length from the phase and amplitude fluctuations remains
problematic and application dependent.

The new area of Doppler reflectometry and plasma velocity measurements has seen an explosive
growth in the last couple of years. There has been much analytic and 2D full-wave simulation work
on the Doppler concept which has now placed this technique on a firm footing. Several groups are
actively engaged in Doppler measurements and the results presented here demonstrate the ability of
Doppler reflectometry to provide high resolution radial electric field profiles and associated
shearing, together with E; fluctuations. It is expected that this new technique will have an increasing
impact on the wider fusion community in the coming years.

The second new area of development, Microwave Imaging Reflectometry, has unfortunately been
mired by a degree of controversy. In attempting to establish the technique, certain claims have been
made by some proponents which undermine the perception of traditional single line-of-sight antenna
fluctuation measurements. Although a sense of perspective has hopefully been restored, unnecessary
damage has been caused. MIR (based on large-lens optical imaging) attempts to capture two-
dimensional time-frame pictures (in the poloidal and toroidal directions) of density turbulence at a
specified radia location — just like a photographic picture. However, like a camera, optical MIR aso
experiences similar limitations, such as restricted depth of field, spatial/temporal resolution, and
optical aberrations etc. Nevertheless, impressive results have been obtained, as reported here from
the TEXTOR diagnostic. Also reported are simulation studies on both optical and synthetic imaging,
which show not just the limitations of imaging but also demonstrate the possibilities of alternative
techniques such as single-antenna synthetic aperture and multi-antenna measurements. This work
points the way towards tomographic reflectometer reconstruction of density fluctuations. Despite the
challenges it is expected that a wealth of new information can be provided by imaging techniques.

Finally, each workshop brings forward new hardware and software developments. Hardware fals
into two categories: Front-end, which deals with antennas and transmission line design; and back-
end, concerning the reflectometer transmitter/receiver eectronics and control. In the first category,
in addition to severa talks, 2 posters on Doppler devel opments on AUG and antenna systems on JET
were presented. These illustrate two areas of relevance for ITER: concept testing and performance
modelling. The report on the status of ITER reflectometer designs nevertheless highlights that it will
remain the driving force in hardware development. This applies equally to the back-end where
demand is expected to push component performance and availability.
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Automatic electron density measurements with microwave reflectometry during high-
density H-mode discharges on ASDEX Upgrade

A. Silva®, P. Varela®, L. Cupido®, M. Manso®, L. Meneses®, L.Guimardis', G. Conway?, F.
Serra® and the ASDEX Upgrade Team?

ICentro de Fusdo Nuclear, Associagdo EURATOM / IST, Instituto Superior Técnico,
Av. Rovisco Pais, P-1049-001 Lisboa, Portugal
’Max-Planck-Institut fiir Plasmaphysik, EURATOM Association,
Boltzmannstr. 2, D-85748 Garching, Germany

I - Current status of the microwave reflectometry system on ASDEX Upgrade

The first antennas of the ASDEX Upgrade microwave reflectometer system were
brought in-vessel by the summer 1991. Since then new channels have been added and several
modifications and improvements were made to get better or add additional measuring
capabilities. The system has four O-mode channels for measuring electron density profiles
and fluctuations on the High Field Side (HFS sectors 5 & 6) covering the density range
0.3x10™ t0 6.66x10"°m™ (see Figure 1).

Figure 1 — HF'S and LFS in-vessel antennas setup on sector 5 & 6.

At the Low Field Side (LFS sector 6) there are five O-mode channels for profiles (see
Figure 1) and fluctuation measurements covering the density range 0.3x10" to 12.4x10"° m™®,
There are two X-mode channels in the frequency range 35 to 73 GHz for electron density
profiles. The Q band channel (35 to 50 GHz) is not operational due to a damaged waveguide
that could not be repaired during the last summer vacuum break. On sector 5 there are two O-
mode channels fully dedicated to electron density fluctuation measurements in the range
3x10" t0 6.66x10"° m™,

With the memory limitations of the current acquisition system 3066 density profiles
can be calculated for the HFS and LFS with a repeating rate of 35us in single sweep or
combined in bursts. Simultaneous measurements of density profiles and fluctuations are
possible at the LFS. A frequency calibration signal is available for each band every 10 sweeps.

Il — Hardware improvements during summer 2004

During the summer vacuum break of 2004 several enhancements were made to
improve or extend the capabilities of the system.

A special design W band microwave power amplifier was include after the passive
frequency multiplier and the transmitted power was boosted from 0dBm to 10dBm. This
extended the measuring range of the upper band giving the ability to the system to follow
interesting plasma phenomena like pedestal formation on high density plasmas.

On FM-CW reflectometry accurate frequency calibration is an important subject due
to the fact that errors will affect the quality of the reconstructed electron density profiles. With
fast sweeping sources, sophisticated and fast electronic involved the risks of frequency
deviation are always present. They can be a consequence of thermal or post-tuning drifts,
hysteresis, and aging or a combination of all these. The problem can be more relevant if the
microwave sources don’t have a linear frequency characteristic. Aware of this problem we



have included since the beginning of the implementation of the system a dynamic calibration
circuit based on frequency markers referenced to a precision 500 MHz source, that can
provide a calibration curve with up to 25 points. But this was not sufficient to reproduce in
detail the tuning characteristic of the Hyperabrupt Tuned Oscillators (HTO). This lack of
detail can be clearly observed on the bumps present on the evolution of the beat frequency
curve of a reflection at a metallic mirror, which must be constant. In fact we can use this
information to recover the detailed calibration curve. Equation 1 shows that it is possible to
recover the real probing frequency step from the phase shift of a reflection at a mirror placed
at well known distance.

A 1
P
27[ tsample ( 1)
AF:j;).tsample jAFZ% 1
delay 272- tdelay

On the ASDEX Upgrade system this is only available during vacuum breaks. We can
overcome this major drawback of the method if we use a well calibrated coaxial line.

A line like this with #4.,=14.1643 ns was added to the existing markers circuit as
shown in red in Figure 2.

@Iﬁwjenq =

HTO 20dB

O

st

14.1643 ns

Figure 2 - Complete frequency calibration circuit.

The output of the interference signal and the frequency markers are shown in Figure
3(a) and (c). The instantaneous phase evolution of the signal in Figure 3(a) is obtained by
Hilbert Transform [1] and the resulting frequency step as an outcome of using Equation 1 is
shown in Figure 3(b). It is clear that the markers can not account for the fast changes of the
tuning sensitivity of the HTO like the one that takes place around 21 ps.

To get a complete calibration curve one start frequency must be given and we use one
of the frequency markers. The resulting calibration curve is shown in Figure 4. In this way a
better frequency linearization is obtained with the possibility to have a new calibration for
each band every 10 sweeps during plasma operation.

With the new frequency calibration a new microwave contribution to the group delay
was obtained for all density profile channels, improving band matching and profile inversion
precision.

The V X-mode antenna was modified to correct a construction error and the radiation
pattern is now the expected one.

Comb generator
0.5 - 18 GHz



The firmware of all of the eight control boards was upgraded to use a high level
language, like the one used in the fluctuations monitor control system. This makes the
communication more robust.

T - Vu calibration curve and markers
| | | | | (a,
- ; - 75

\

IR I A
(A

Interference [
Do s e
w

Freq. [GHz]

AF [MHz]

[P NP U PR SRR U SO BAPUN PR PO PO | 450 é 4‘1 é é lIO 12 14
0 2 4 6 8 10 12 14 16 18 20 22 24 26 tlus]
t{us]
Figure 3 - a) Interference signal. b) Frequency Figure 4 - Markers signal (blue) with the chosen marker for
step from the interference signal. ¢) Frequency start frequency (red) and the resulting calibration curve
markers signal. (green).

Frequency hopping was added to the fluctuation monitor channels and is now possible
to use several frequency steps that can be programmed independently for both channels
during one shot.

16 18 20 22 24 26

11 — Comparison with lithium beam and different density ranges

It is important to compare with other electron density diagnostics to validate and
discard the existence of possible errors, although sometimes this could be difficult due to
quite different time resolutions or physical positions around the torus. In this case we have
compared with the lithium beam in the scrape-off-layer region. There is good agreement
between the two diagnostics in terms of gradient and position (Figure 5). Reflectometry uses a
linear initialization for the non measured profile up to 0.3x10" m™ but this can be improved if
X-mode could be used to give the missing information. During the next long vacuum break
much effort will be placed in repairing and optimizing the Q band X-mode channel.
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Figure 5 - Comparison with lithium beam for two time instants in shot #19707.
Reflectometry can measure in a reasonable range of different electron densities as
shown in Figure 6. A flat gradient can limit plasma core access.
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Figure 6 - Group delay for the HFS and LFS in two different plasma regimes and the resulting electron density
profiles in shot #1991 1.

IV — ELM’s and profile relaxation

Due to its high time resolution reflectometry is particularly suitable to analyze fast
transient plasma phenomena like Edge Localized Modes (ELM). Instead of making the profile
inversion for all time instants we have chosen to select a density layer on each band and to
follow the related time evolution of the group delay (Figure 7).
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Figure 7 - Group delay evolution at the LF'S for five different density layers. Related DCN and H, time traces.

Between 2.41 s and 2.43 s of shot #19911 there is a natural ELM (t~2.416 s), a pellet
(t=2.419 s) and a pellet induced ELM (t=2.420 s). For the density 7.3x10"m3(W band) the
reflection is very weak until the ELM occurs. At this time we have a clear evolution of the
group delay that increases also on the other high density layers (4.5x10"° and 2.5x10"°m?)
and a decrease for the lower density layers (1.4x10"° and 0.6x10"°m™) revealing the presence
of a profile pivot point between 1.4x10" and 2.5x10"m™. The profile recovers the initial
shape around 2.4185s some 3 ms after the start of the ELM. This is consistent with previous
results [2] [3]. At 2.419s a pellet is injected that induces an increase of the mean density as
shown by the DCN signal and this can also be clear observed by the evolution of group delay
related to the density layer 7.3x10*m™ with a clear reflection overcoming the spurious
reflection present around 0.5 ns. The induced ELM shows a similar behavior to the natural
one. The same effects are observed at the HFS (see Figure 8), but in this case it is clearly
observed the perturbation of the group delay around 2.4195s at the lower density layer



(0.6x10°m™) induced by pellet. The pellet injector is located at the HFS just a few
centimeters below our antennas.
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Figure 8 - Group delay evolution at the HF'S for four different density layers. Related DCN and H, time traces.

V — Summary and future work

The new frequency calibration method improved profile inversion precision and is
available during plasma operation.

The W band channel is now routinely measuring and can give input to edge pedestal
studies on high density discharges.

Much effort will be placed on repairing the hardware and analyzing the X mode
signals to provide a better initialization for the O-mode channels.

The specifications for a new acquisition system with larger memory and better
dynamic response are on paper. Commercial or dedicated solutions are under study.

[1] A. B. Carlson. Communication Systems — An Introduction to Signals and Noise in Electrical Communication.
McGraw-Hill, New York, third edition, 1986.

[2] P. Varela. Automatic time-frequency analysis for plasma density profile evalution from microwave
reflectometry. PhD thesis, Universidade Técnica de Lisboa, Instituto Superior Técnico, 2002.

[3] I. Nunes. Edge density studies of ELMy H-modes in ASDEX Upgrade using reflectometry. PhD thesis,
Universidade Técnica de Lisboa, Instituto Superior Técnico, 2004.
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Community and “Instituto Superior Téccnico”, and has also received financial support from “Fundacéo para a Ciéncia e a
Tecnologia” and “PRAXIS XXI”.



Recent Development of Microwave Reflectometer for Density Profile and

Fluctuation Measurementson LHD
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and LHD Experimental Group®

! National Institute for Fusion Science, Toki 509-5292, Japan
% Osaka University, Suita 565-0871, Japan

1. Introduction
Several types of microwave reflectometer have been installed to Large Helical Device

(LHD [1]) for measuring the electron density profile and fluctuation [2, 3]. Recently we have
been devel oping a new type of reflectometer which is used an ultrashort sub cycle pulse. Itis
called as an ultrashort pulse reflectometer [4]. An ultrashort pulse has broad band frequency
components in a Fourier-space. It means one ultrashort pulse can take the place of a broad
band microwave source. Also thisultrashort pulse reflectometer is categorized in thetype of a
time-of-flight (TOF) measurement system. This TOF measurement has the advantage which
we can easily distinguish between the ordinary polarized wave and the extraordinary polarized
wavein thereflected wave, because each cut-off position is separated in the plasma. Currently
this ultrashort pulse reflectometer operates on ten channels using filter banks and a super
heterodyne detection system for measuring the edge density profile and slow plasma
oscillation. Also we have been developing the multi-channel heterodyne fixed frequency
reflectometer which measures the density and magnetic fluctuation in the core region [5].
When the extraordinary polarized microwave is launched, the frequency spectrum of the
reflected signal is found to be similar with that of the magnetic probe signal. By using this
reflectometer it is quite easy to observe MHD phenomena such as Alfvén eigenmodes [6]. In

this paper we present these two reflectometer systems and some experimental results.

2. Ultrashort pulsed radar reflectometer

The schematic of ultrashort pulsed radar reflectometer isshownin Fig. 1. Animpulse
of -2.2 V, 23 ps full-width half-maximum is used as a source. To extract the desired probing
range of the frequency, we utilize a Ka-band rectangular waveguide. When the impulse is
launched into the waveguide, it is transformed to the chirped wave including broad frequency
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frequency component. The
reflected waveis mixed with 42 GHz continuous wave of thelocal oscillator. The output from
the mixer is amplified by the intermediate frequency (IF) amplifier (2 — 18 GHz) and then
divided toten. Each IF signal isfiltered by band passfilters which the centre frequencies are 3,
5,6,7,9,10, 11, 12, 13, 14 GHz and they correspond to 39, 37, 36, 35, 33, 32, 31, 30, 29, 28
GHz, respectively, in theincident frequency components. Theten signals are detected by the
Schottky barrier diode detectorsto obtain the reflected signal pulses. The reflected pulses are
amplified by pulse amplifiers and leaded to constant fraction discriminators (CFD). A part of
the incident wave is extracted with adirectional coupler and is detected to obtain the reference
pulse. Both the reference pulse asthe start signal and the reflected pulse as the stop signal are
leaded to the time-to-amplitude converter (TAC). The output voltage of TAC is proportional
to the time difference between the start and the stop signal. The spatial ambiguity estimated
from the TAC output has been tested and defined lower than 6 mm.

By using the ordinary wave the measured flight time of each frequency pulse reflected
fromthe plasma hasbeen described by o (o) -(242)) _2°[1_o30) "

plasma has been described by 7 () [ J J' (1 s ] dx, with ra the

®
6w ), . C . ;g

edge of the plasma, ¢ the velocity of the light,  the probing frequency, w, the plasma
frequency, @, the plasma frequency corresponding to the critical density, and re( ®,) the

position where the plasma frequency equals the probing frequency, respectively. The result of
the time evolution of TOF measurement is shown in Fig. 2. The delay timeis defined by the
travelling time from the assumed plasma edge to each cut off layer. When the corresponding
cut-off layer is generated in the plasma, each reflected wave is observed in order. By using



Abel inverson the position of the
reflecting layer is given by

re(@o) = %Tr(w)/wlwg -w® dw. Figure3
0

shows the time evolution of the
reconstructed density profile. In this
inversion the  cubic spline
interpolation is used for connecting
the data points between the lowest
frequency cut-off layer and the

assumed plasma edge.

3. Fluctuation M easur ement
System

The heterodyne reflectometer
system is utilized for the fluctuation
measurement [5].  Currently the
system has three channels of fixed
frequencies of 78, 72, 65 GHz. In
LHD the real-time data acquisition
system has been able to be utilized
and the sampling rate is up to 10
M Sample/sec by using a compactPCl
based digitizer [7]. The systemisvery
convenient to observe MHD
phenomena such as energetic particle
driven Alfvén eigenmodes [6],
launching the extraordinary polarized
wave. In Fig. 4 the tempora
behaviour of the reflectometer signal
of 78 GHz and magnetic probe signal
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Figure 2 Time evolution of averaged electron
density and Time-of-flight of each frequency
reflected signal

Figure 3 Time evolution of the reconstructed
density profile

and these power spectra are shown. Coherent spectra of around 8 and 16 kHz are caused by

low-n mode oscillation. Inthe range of 100~150 kHz there are alot of coherent mode. These
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Figure4 Time evolution of reflectometer signal and frequency spectrum

(Left) and these of magnetic probe (right)
mode are identified the n=1 (n:toridal mode number) mode by the magnetic probe analysis.
Also onthereflectometer signal it isobserved higher mode around 230 kHz. Just after t=1.82s
MHD-burst is occurred and these frequency components are rapidly disappeared and then
passing 0.02s these mode are revived. It may be caused that the distribution of high energy
particle is changed by such a MHD-burst. Therefore reflectometer is easy to be utilized to
study the MHD phenomena.
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A frequency sweeping heterodyne reflectometer in the Hanbit mirror
Seong-Heon Seo

Operation and Research Division, Korea Basic Science Institute, Daejeon 305-333, Korea
E-mail: shseo@kbsi.re.kr

A frequency sweeping heterodyne reflectometer is being developed for the density profile
measurement of the Hanbit mirror. It consists of three Voltage Controlled Oscillators (VCO’s).
The frequency range of VCO’s are 4-8 GHz, 8-12 GHz, and 12-18 GHz, respectively. Plasma
density in the range between 0.2x10' cm™ and 4x10" cm™ can be measured by sweeping the
VCO’s frequencies simultaneously. Each VCO’s output is mixed with a 30 MHz local
oscillator’s output to generate an up-converted probing wave to form a heterodyne
reflectometer. A phase comparator is used to measure the phase of the Intermediate Frequency
(IF) signal. To avoid phase jump, the relative phase measurement technique is applied. The
design of the reflectometer, the signal analysis technique, and the preliminary result of the

plasma density profile measurements will be presented.



An Ultrashort-Pulse Reflectometry for LHD Plasmas
Y. Kogi, A. Mase, M. Ignatenko, K. Uchida, K. Kudo, K. Nishiyama, H. Hojo',
K. Kawahata®, Y. Nagayama?®, T. Tokuzawa’
KASTEC, Kyushu University, Kasuga 816-8580, Japan
'Plasma Research Center, University of Tsukuba, Tsukuba 305-8577, Japan
’National Institute for Fusion Science, Toki 509-5292, Japan

We have applied an ultrashort-pulse reflectometer (USRM) to large helical device (LHD) plasmas for density profile
measurement. This system can be controlled and monitored from remote site (Kyushu University) by using ultra wideband
science information network (super-SINET) that ideal bandwidth reaches up to 1 Gbps. As a result of the measurement, we
have confirmed reflection wave from the plasma, and succeeded to reconstruct density profiles corresponding to two plasma
operation condition by means of SRA method. Applicability of microwave imaging reflectometry (MIR) for the case of mirror
device was numerically studied. The questions concerning radial localization of measurements, optimal position of optical
system and imaging properties of MIR system were considered. The high curvature of the plasma cutoff layer and a relatively
small distance from the plasma to the port are known to improve the performance of a conventional reflectometer. Nevertheless
in the case of density fluctuations with wide wavenumber spectrum and large amplitude, the imaging reflectometry shows better

results than the conventional one.

I-1. INTRODUCTION OF USRM MEASUREMENT

Ultrashort pulse reflectometer (USRM) systems for density profile measurement are applicable in wide electron
density range such as from inductively coupled plasma (ICP)* to fusion experimental plasma'?. Since the
propagation duration of probing beam inside plasma is less than a few nano seconds, the signal obtained by the
USRM system is hardly influenced by density fluctuations. Since a sampling scope is utilized for a detection
system in the present experiment, which takes about 10 ms to acquire a set of waveform, plasma density must be
fixed during the measurement. However, utilizing the sampling scope will provide us cost effective solution to
reconstruct precise density profile by means of signal record analysis method (SRA)’. Furthermore, the injection of
an impulse enable us to measure a density profile over a wide spatial region since it contains broad-band frequency
range inside an impulse. We report here the USPR system, application of the system to the large helical device

(LHD), and remote operation system utilizing super-SINET.

I-2. USRM SYSTEM AND REMOTE OPERATION SYSTEM ON LHD

Figure 1 shows the USPR system on LHD. An impulse generator (Picosecond Labs Model 4015C) is utilized as a
source, which transmits Gaussian impulses. The pulse width, height, and repetition rate of the impulse are 22 ps, 3
V, and 1 MHz, respectively. The pulse is fed to 30 cm section of a waveguide and chirped inside the waveguide.
Bandwidth of the chirped pulse ranges from 7 GHz up to 20 GHz. The chirped pulse is then fed to an active

doubler after passing through a 15 m low-loss coaxial cable. The active doubler doubles the frequency component
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Figure 1 Schematic diagram of the USRM system on LHD

of the chirped pulse. The frequency range is between 26 GHz to 40 GHz. Then the chirped pulse is fed to a power
amplifier with a gain of 30 dB and 1dB compression point of 17 dBm, and then transmitted to a plasma in the
ordinary (O) mode by a conical horn antenna located at bottom port of section 3-O. The reflected wave from the
plasma is received by another conical horn located at the same port. The signal is amplified by a low-noise
amplifier, and further amplified by another low-noise amplifier after passing through a 15 m low-loss coaxial
cable. The signal is then digitized by a sampling scope with equivalent sampling frequency of 250 GHz. In this
measurement condition, it takes about 10 ms to acquire an array of 1024 data points with 2 times average. The
impulse generator is controlled by a timing system. The timing system consists of an arbitrary function generator
and a pulse-forming generator. The arbitrary function generator receives a master pulse, whose time is
synchronized with plasma sequence, and transmits rectangular waves during the plasma operation. The frequency
and duty cycle of the rectangular wave are 1 MHz and 50%, respectively. This rectangular wave is fed to a pulse-
forming generator as a trigger. The pulse-forming generator transmits rectangular pulse with a moderately short
pulse width less than 10 ns and rapid rise and fall time less than 100 ps at each trigger time. This rectangular pulse
is fed to the impulse generator and the sampling scope as a trigger. In order to avoid affection of magnetic
materials to helical magnetic field, most instruments of the USRM system are kept 10 m away from vacuum vessel
of LHD. The directly recorded signal is analyzed and reconstructed by means of SRA method®.

Remote control system using super science information network (super-SINET) has been introduced to the USRM
system since 2003 as shown in Fig. 2. This network is promoted by National Institute for Informatics (NII).
Bandwidth of the main backbone and branch line is 10 Gbps and 1 Gbps, respectively. The control client can
operate the control server by using this network. The general purpose interface bus (GPIB) card is installed in the
control server. The remote console, which has graphical user interface (GUI) as shown in Fig. 3, is prepared to
control the instruments of USRM via GPIB. The operations such as adjustment of supply voltage fed to amplifiers
and the doubler, timing control of the impulse, data acquisition and monitoring, adjustment of transmitter and

receiver angle can be performed from the remote site (Kyushu University).
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I-3. RESUTS OF THE MEASUREMENT

Figure 4 shows operational sequence of heating systems (a), time evolution of stored energy of the plasma (b), and
electron density by FIR(c). The plasma is generated from 0.5 second, and density reaches 1.5x10" m™ at 2.0
second, which corresponds to the cutoff frequency of 35 GHz. Figure 5 shows an output signal observed by the
sampling scope. Each figure corresponds to measurement time denoted in Fig. 4(b,c) as four gray lines and t1-t3
from top figure to bottom one. In the Fig. 5(a), we can confirm the reflected wave from the diagonal vacuum
vessel from 186 ns to 187 ns when the plasma does not exist (t1). Figure 5(b,c) are the signals when the plasma
exists. Two types of trace, which color is gray and black, indicate the raw observed signals and bandpass-filtered
signals by 2nd order digital Butterworth filter, respectively. Frequency range of the bandpass filter is between 26
and 40 GHz, which corresponds to bandwidth of incident frequency. Noise level observed in Fig. 5(b,c) increases
obviously compared to Fig. 5(a). This noise is considered to be detected due to interference of other microwave
diagnostic systems and electron cyclotron emission. By using the bandpass filter, we successfully confirm
reflection from the plasma as shown in Fig. 5(c). We can attribute the signal received around 178 ns to reflection
from the plasma since the detection time is 10 ns former than that from the vacuum wall. However, we can not
observe any obvious reflection in this temporal range as shown in Fig. 5(b), even though the value of the
plasma density at t2 and t3 are almost same. As we describe above, it takes 10 ms to acquire a trace of data
by using the sampling scope. From this reason, the cutoff layer should freeze during 10 ms in order to
measure the reflected wave keeping its phase information. Plasma density at t2 changes rapidly during the
measurement as shown in Fig. 4(c). We can not observe the obvious reflected waves since the cutoff layer
moves back and forth at t2. While, we can observe them at t3 since the cutoff layer seems to freeze during
the measurement as shown in Fig. 4(c). Fig. 6 shows preliminary results of density reconstruction by
means of SRA method in the case of two plasma operations. It is confirmed that density profile is
expanding to outside in high density operation regime compared to low one. We are scheduled to take

more data to investigate reliability of our system in the next experimental cycle.
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II-1. INTRODUCTION OF NUMERICAL STUDY OF MICROWAVE IMAGING REFLECTOMETER

The microwaves reflected from cutoff layer inside the plasma bear information about plasma parameters.
Microwave reflectometry utilizes the reflected signal for plasma density profile and fluctuations measurements. In
spite of long term usage and popularity of the method, extracting information from reflectometer signal is a
challenge up to nowadays, since scattering by random fluctuations leads to complicated interference pattern far
from a cutoff ¢ As a possible solution, an imaging concept was suggested in order to project the signal near the
cutoff to the receiving plane outside the plasma, and the feasibility of the method was proven for a wide range of

density fluctuation parameters ’®. An experimental and theoretical study was recently presented by Munsat et al. °



where the authors performed laboratory characterization of an imaging reflectometer system by using a metal
reflector with sinusoidal corrugations. The reflector was used as an approximation to the reflection by a plasma
cut-off layer with turbulent fluctuations. The authors found that for the long wavelength, small amplitude
corrugations both the conventional (without optics) and MIR systems accurately measure the target surface shape.
For the shorter wavelength and/or higher amplitude, the conventional system was able to accurately reproduce the
surface shape close to the target only. In contrast to conventional reflectometry, the imaging configuration was
able to measure the shape of corrugations even far from the surface. All the parameters related to plasma and the
machine geometry were selected in the original papers such as to correspond to tokamaks. We perform a numerical
study of the MIR system in order to assess the feasibility of the method and to estimate possible obstacles and
complications arising when microwave imaging reflectometry is applied to a smaller scale low density fusion

device, such as the GAMMA 10 tandem mirror device.

I1I-2. NUMERICAL MODEL
The model employed in this study takes into account a free-space propagation of the launched microwaves, a
phase front correction by the optical system, and a reflection from the plasma (Fig. 7). It comprises analytical and

numerical (FDTD) solutions of 2D Maxwell's equations in vacuum and the equation for the induced current
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where B, E are the signal magnetic and electric fields respectively, c is the speed of light in vacuum, g, is the
permittivity of vacuum, e, mc are the electron plasma frequency and cyclotron frequency, and by is a unit vector
in the direction of the external magnetic field. Plasma parameters are included in the current density equation (3).
Plasma profile is assumed in an exponential form:

n(r) = n, exp(-r’/A’) with n,=2x10"> cm and A, = 10cm. 4)
External magnetic By=0.45T is directed normally to the simulation plane. For the modelled parameters the cutoff
layer is located at 10.3cm. The random fluctuations §n/n were generated as a sum of N modes with random
amplitudes §n,; and uniformly distributed phases dow> O similar to reference 10:

8n )

\/70 Zl‘,sno cos{ky (7.0 = vy 1) +dy, ) x cosl k7 +,,)

Here v is a root-mean-square (RMS) amplitude of random fluctuations, ¢ is a standard deviation of 8., 7. is a

radius of normal incidence cutoff layer, vy = 6km/s is a rotation speed. The amplitude &n,;has a Gaussian shape
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poloidal (radial) wavenumbers, the shift of a wavenumber spectrum and spectral width respectively.

The imaging optics considered in this paper consists of a confocal two-lenses optical system. The two identical
lenses with correction of spherical abberation have zero widths and focus distances fi=£,=70cm. Such a system
transmits an image of the source with an enlargement factor equal to unity''. In order to check the imaging
properties of the different size optics, a Gaussian signal with sinusoidal phase was generated and numerically
projected through the optics in vacuum. The system with lenses of 100cm size reproduced the shape of amplitude
and phase perfectly (Fig.8), while small size optics distorted the signal. Reflections from wall of the chamber and

from the port window are not taken into account.

I1I-3. RESULTS OF THE SIMULATION

As it was shown in Fig.8, the simulated large lenses optical system can project microwave signal without
distortions within a region of -6cm < z < 6¢cm. The optical system thus restores a spacial distribution of density
fluctuations as shown in Fig. 9(a). In order to check the imaging property of the simulated system in more details
we put a single density disturbance of the amplitude 1% near the cutoff, shifted optics from cutoff by 3cm and
recorded the z-profile of received signal. The reflectometer signal phase fluctuations profile transmitted by optics
of 50cm size are found unable to reproduce the shape of density fluctuations at all (Fig. 9(b)). Large lenses system
revealed a better performance and projected the image of density fluctuations within the area of 3cm < z < 3cm
without strong distortion. It can be explained by the high curvature of reflecting cutoff layer, which leads to a
spread of the reflected signal over a wide angle. Small size optics miss huge part of scattered waves and thus
appear to be unable to build an image. Even 100cm size optics is able to restore density fluctuations profile in the
narrow region only. The rotation of the plasma in a mirror device can be utilized to create a time image of the
fluctuations in the cutoff point illuminated by the microwave beam. The time dependent phase fluctuations of the
imaging reflectometer replicate the shape of density fluctuations at the cutoff as it is shown in Fig.10(a). In order

to compare the time imaging properties of a conventional and MIR systems, a scattering from density
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Figure 9 (a) Principle of space imaging, (b),(c)
phase fluctuations of the reflectometer signal

transmitted by optics of 50 & 100cm respectively.

Figure 10 (a) Principle of time imaging, (b) Cross-
correlation coefficient between the fluctuations of the
received signal phase and the shape of density fluctuations

as a function of fluctuation amplitude.

fluctuations with a wide wavenumber spectrum was simulated. Antenna of conventional reflectometer was located

at x=60cm, which was close to the port window. As an estimation of imaging properties we used cross correlation

coefficient between the fluctuations of the received signal phase and the shape of density fluctuations (Fig. 10(b)).

At small fluctuation levels all the system show relatively high cross-correlation coefficient, but in the case of large

fluctuations it was only the imaging system with large aperture optics which could reproduce properly the

fluctuation shape.



III. SUMMARY

In summary, USRM diagnostics with remote operation system has been applied to LHD plasmas in order to
measure density profiles. As a result of the measurement, we have successfully confirmed the reflections from the
cutoff layer when the plasma is sustained in steady state. And we have succeeded to reconstruct the density
profiles by means of SRA method. We also confirmed followings in the MIR simulation study. For the geometry of
GAMMA 10 tandem mirror device the conventional reflectometer shows high performance even without any
optics as far as fluctuation spectrum measurements are concerned. Possible reasons for that are the high curvature
of the cutoff layer'®", relatively low working frequency and the small distance from the cutoff to the receiving
antenna. On the other hand a high cutoff curvature is an obstacle to the application of MIR system to the mirror
device due to the spread of the reflected microwaves over a wide angle. As a result, only a large aperture optics is
able to image the density fluctuation with a reasonable accuracy. For the case of tokamak devices the size of the
required imaging optics can be reduces due to smaller plasma curvature in a reflecting layer and higher working

frequencies.

ACKNOWLEDGMENTS
This work was performed as a collaborating research program at National Institute for Fusion Science. The part of
this work was also supported by Effective Promotion of Joint Research with Industry, Academia, and Government

in Special Coordination Funds for Promoting Science and Technology, MEXT.

REFERENCES

1. Y. Roh et al., Rev. Sci. Instrum. 72, 332 (2001)

2. S. Kubota et al., Rev. Sci. Instrum. 70, 1042 (1999)

3. A. Mase et al., J. Plasma Fusion Res. 78, 439 (2002).

4. Y. Kogi et al., Rev. Sci. Instrum. 74, 1510 (2003)

5. L. G. Bruskin et al., Jpn. J. Appl. Phys., Part 1 40, 705 (2001)

6. R. Nazikain et al., Phys. Plasmas, 8, p.1840 (2001).

7. E. Mazzucato, Rev. Sci. Instrum., 69, p.1691 (1998).

8. E. Mazzucato, Nucl. Fusion, 41, p.203 (2001).

9. T. Munsat et al., Plasma Phys. Control. Fusion, 45, 469 (2003).

10. L.G. Bruskin ef al., Plasma Phys. Control. Fusion, 45, 1227 (2003)
11. E.G. Steward, Fourier Optics: An Introduction, Allis Horwood Ltd, (1983).
12. Y. Lin et al., Plasma Phys. Control. Fusion, 43, L1 (2000).

13. L.G. Bruskin ef al., Plasma Phys. Control. Fusion, 44, 2305 (2002).



Adaptive window calculation for automatic spectrogram analysis of
broadband reflectometry data

P. Varela!, A. Silva!, M. Manso!, and the ASDEX Upgrade Team?

Associacdo EURATOMY/IST, Instituto Superior Técnico, 1049-001 Lisboa, Portugal
>MPI fiir Plasmaphysik, EURATOM/IPP Association, D-85740 Garching, Germany

Abstract

Electron density profiles of fusion plasmas may exhibit large variations due to different operating regimes as
well as fast changes due to transient plasma phenomena (e.g. ELMs), which modify the frequency content of
broadband reflectometry signals. For this reason, the evaluation of the density profile based on the spectrogram
technique usually requires: (i) the use of conservative sizes of the window of analysis, in order to cope with the
large/fast data variations, or (ii) direct user intervention to match the window size to the data content. In the first
case, accuracy is reduced, while in the second, the need for user intervention prevents the fully automatic evaluation
of the density profile. Here we present the application of a new technique that uses a time-frequency energy
concentration measure in order to estimate the optimum window length. In this way, the spectrogram analysis
may be automatically adapted to the frequency content of the data in each window, increasing the time-frequency
resolution in cases where the frequency exhibits fast/large variations, as for example just inside the pedestal region
of H-mode plasma profiles. The application to test signals and simulated profile data shows the importance of
the new technique in improving the accuracy of automatically evaluated density profiles. The advantages of the
technique versus its computing requirements are also discussed.

1 Introduction

Broadband reflectometry as a diagnostic of the electron density profile of fusion plasmas as reached a level where
profile availability to the physics community is of crucial importance for the full establishment of the diagnostic
technique. In this context, automatic data evaluation procedures play a major role, since they allow the density
profiles to be routinely available — depending on the characteristics of the diagnostic (e.g., the amount of data to
be processed, available computing power, etc.) the profiles might even be available immediately after each shot.
However, the automatic evaluation of the density profile from broadband data faces a major problem: due to profile
modifications the frequency content of the reflected signals (directly related to the group delay of the probing waves)
varies significantly which requires adjustments of the data processing parameters, that vary depending on the specific
technique used in the evaluation.

In the case of the spectrogram analysis used to evaluate the profile data on ASDEX Upgrade, the parameter to
be adjusted is the length of the window of analysis. By varying the size of the spectrogram window, it is possible to
adjust the time-frequency resolution to a specific feature of the signal being analysed. However, in cases where the
frequency content exhibits fast/large variations along the sweep a fixed-length analysis window is often not adequate
to provide the required time-frequency resolution. In these cases, the evaluation of the density profile based on the
spectrogram technique requires: (i) the use of large windows, in order to cope with the fast data variations, or (ii)
direct user intervention to match the size of the window to the data. In the first case, accuracy is reduced, while in the
second, user intervention disables the fully automatic evaluation of the data.

Here, we report on the application of a new technique that allows the length of the window of analysis to be
automatically adjusted to the frequency content of the signals being analysed. This is achieved through the use of an
energy concentration measure in the time-frequency plane. This measure is applied at each time sample to a given
set of possible lengths of the window of analysis, in order to determine the optimum window length. The technique,
first proposed in [1], is based on the assumption that the optimum window length (the one that results in good time-
frequency locatization and high resolution) is the one which provides the higher time-frequency concentration.



2 The adaptive spectrogram

2.1 Basic principles

Adaptive time-frequency representations require a means of determining an appropriate window length (in the case of
the spectrogram analysis) or kernel function (in the case of other distributions) without extensive a-priori knowledge
of the characteristics of the signal being analysed. The adaptive spectrogram technique presented here optimizes
the length of the window of analysis for each time slice by maximizing a short-time measure of time-frequency
concentration defined as

[I71Dy(7,Q)w(t —1)|*dTdQ

([ 1Dy, @)w(T —1)PdTdQ)*

C(t,p)= e9)
In the above, D,(7,) is the spectrogram distribution and w(7) is a one-dimensional concentration window centered
at T = 0. The optimal time-varying window length is thus defined as p*(r) = argmax ,C (t,p). Notice that the ratio of
the L4 and the L, norms of the spectrogram used in the concentration measure favors peaky distributions that place as
much signal energy into as small a region of time-frequency as possible.

The implemented algorithm works as follows. The short-time concentration is computed for discrete values p;,
i=1,...,P of the window length. The resulting concentration measures C(t, p;) represent samples of C(z,p). An
estimate of the optimal window length p*(z) is then obtained by taking the maximum value of C(z,p;). Once the
optimal window length p*(#) is computed at time #y, the time slice D, (fo,w) of the adaptive spectrogram can be
computed with window length p* (7).

The algorithm can be implemented more efficiently by rewriting C(z, p) in terms of the quantities
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and taking advantage of the localization effect of w(7). More details of the implementation can be found in [1].

2.2 Application example

In order to evaluate the performance of the new technique we applied it to the test signal shown in figure 1(a). The
signal has 256 samples and is composed of three diracs (located at samples 10, 20, and 250), a sum of two fixed-
frequency signals (limited to between samples 45 and 95), a fixed-frequency signal modulated by a gaussian pulse
(centered at sample 129), and a linear chirp with frequencies going from f =0.05 atn = 157 to f = 0.3 at n = 220.

Figures 1(b)—(d) show the spectrogram distribution computed with window lengths of 5, 15, and 41 samples re-
spectively. As can be observed, the small window is able to clearly localize the dirac pulses but fails to reproduce the
other frequency components. Using a larger window enable us to recognize the existence of the other frequency com-
ponents although the time-frequency resolution is rather poor. In addition, the dirac pulses are also poorly resolved.
Finally, a large window is able to resolve all the components except the dirac pulses, due to the resulting poor time
resolution.

Figure 1(e) shows the adaptive spectrogram distribution of the test signal computed using the technique described
in 2.1. As can be observed, the adaptive spectrogram is able to resolve all frequency components with good time-
frequency resolution throughout the signal. The corresponding evolution of the optimum window length is shown in
figure 1(f). As expected, a small window was used in the region where the diracs are present, providing good time
resolution. As soon as the sum of two frequencies is detected a large window is used in order to provide the necessary
frequency resolution. A smaller window is used between samples 157 and 220 in order to resolve the frequency
evolution of the linear chirp component.

3 Application to simulated profile data

For the ASDEX Upgrade broadband reflectometer, the application of the adaptive spectrogram to the automatic eval-
uation of density profiles has a major impact in suppressing the need to adapt the window length to the characteristics
of the reflected signals. This is especially true during sudden changes in the profile gradient such as the ones occuring
just inside the pedestal region in H-mode plasmas, during ELMs or due to changes in plasma density. Currently, the



window length is (manually) fixed at 256 samples for the K, Ka, and Q channels and 128 for the V and W channels,
where the pedestal region is expected to be in medium and high density H-mode plasmas respectively. Although
adequate for most cases, this setup does not provide good time-frequency resolution in the low/medium density part
of the discharges (such as before the L-H transition) where the profile flattening might occur in the Q and even in the
Ka channels. In these cases it would be best to use smaller window lengths in order to provide enough time-frequency
resolution to resolve the profile flattening.

To evaluate the effect of using a large window of analysis in the region where the gradient is changing rapidly we
used V-band data obtained from a simulated profile of the form

ne(r) = (1=(r/a)")" (2)

with n =2 and m = 4. The raw signal is shown in figure 2. As expected, the beat frequency exhibits a sudden increase
due to the profile flattening above f = 70 GHz. The spectrograms shown in figures 2(b)—(d) were computed with 64,
128, and 256 samples respectively. As can be observed, a large analysis window leads to an unacceptable decrease in
the time and frequency resolution in the region where the beat frequency is changing fast. As a result, the spectrogram
distribution is unable to reproduce the correct frequency behaviour. The corresponding adaptive spectrogram is shown
in figure 2(e) while the evolution of the window length across the signal is depicted in figure 2(f). In the region
where the beat frequency is changing slowly the adaptive technique estimated a large window providing essencially
frequency resolution. As soon as the beat frequency starts to increase the window becomes smaller and smaller to
provide the necessary time resolution. Notice also the clear improvement in frequency resolution in the range below
70 GHz due to the use of a larger window.

From these results one can conclude that the adaptive spectrogram is an efficient technique to automatically adapt
the length of the window of analysis to accomodate for possible beat frequency changes in broadband reflectometry
data.

4 Discussion

The adaptive spectrogram technique allow us to automatically adapt the window length parameter to the characteristics
of the reflectometry signals. By matching the window of analysis to the local time-frequency properties of the signals,
both time and frequency resolutions can be simultaneously and independently improved. As such, large/fast beat-
frequency variations induced by profile changes may be resolved, directly improving the accuracy of the inverted
profile. However, as expected, extra performance doesn’t come without a price: the adaptive spectrogram requires
about six times the computation time of a fixed-window spectrogram. Due to this additional computational effort, the
use of this technique in the routine evaluation of density profiles on ASDEX Upgrade will be limited to the frequency
band “containing” the profile flattening (the so-called last band). This alone represents a major improvement in the
accuracy of level-1 profiles (profiles computed with a minimum of data processing effort) since it provides a means
for adapting the data analysis parameters to changes in the electron density throughout the discharge.

Acknowledgments
This work has been carried out in the framework of the Contract of Association between European Atomic Energy

Community and “Instituto Superior Técnico”, Financial support was also received from “Fundacdo para a Ciéncia e
Tecnologia” and “Programa Operacional Ciéncia, Tecnologia e Inovagao do Quadro Comunitédrio de Apoio II1”.

References

[1] D. L. Jones and R. G. Baraniuk, “A simple scheme for adapting time-frequency representations”, IEEE Trans-
actions on Signal Processing, Vol. 42, No. 12, Dec. 1994.



~ w IS “«

Amplitude [a.u]
Frequency [Hz]
Frequency [Hz]

0 50 100 150 200 250 300

50 100 150 200 250
Time [s] Time [s] Time [s]

()

Frequency [Hz]
Frequency [Hz]

Window lengths
“w = @ 8 B 8 8

150 50 100 150 200 250 o 50 100 150 200 250 300
Time [s] Time [s] Time (5)
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Abstract
Hardware and software advances continue to be incorporated in the high-resolution FM-CW
density profile reflectometry system on DIII-D. A novel dual-polarization measurement technique
was utilized, to expand the density coverage 0-6.4x10'* m™ continuous, and with a time resolution
of =10 us and spatial resolution of =4 mm. The high memory-depth PC-based data-acquisition
system has been expanded to 6 digitized channels. A new between-shot automatic profile analysis
capability has recently been implemented, taking 4-5 minutes to automatically analyze X-mode
profiles between discharges and storing profiles into the DIII-D MDSplus database. System
capabilities are illustrated using results from a variety of areas such as L-H transition and pedestal

physics, ELM dynamics, plasma-wall interaction studies, disruptions and ITB studies.

1. Introduction

Profile reflectometry has been widely used in fusion study for density profile measurement, and is
planned for profile measurement as well as edge location control on ITER. Because of its high
time and spatial resolution, it is also successfully employed to investigate some plasma MHD
instabilities [1,2], as well as edge localized modes (ELMs). Currently, the major emphasis of work
with the high-resolution FM profile reflectometer system on DII-D has transitioned from
development of the hardware and measurement capabilities to physics utilization. Despite this
change in emphasis, both hardware and software advances continue to be incorporated in the

system. These advances include a full solid state system, simultancous O/X- mode launch,

"Work supported by the U.S. Department of Energy under DE-FG03-01ER54615 and DE-FC02-04ER54698.



increased fast digitizing capability, and a new between-shots automatic profile analysis. These

advances are described in detail below.

2. System Hardware Upgrades: Dual-polarization Technique

Since the IRW6 meeting in May 2003, a novel dual-polarization measurement technique has been
utilized in our profile reflectometry system, in which O- and X-mode polarizations are
simultaneously launched from a common solid-state microwave source. In addition, the frequency
coverage has been expanded from Q-band (32-50 GHz) to V-band (50-72 GHz) [3]. This increase
in frequency coverage (using high performance solid-state microwave sources) has expanded the
density coverage from 0-3.1x10" m™ in 2003 [4], with an unmeasured gap, to 0-6.4x10"” m™
continuous. The system now possesses good time (= 10 us) and spatial resolution (~ 4 mm). The
system consists of two sub-systems (Q-band and V-band). A schematic of one sub-system is shown
in Figure 1. The probe microwave beams are generated by a solid-sate source which can sweep full
frequency band in as little as 10 us, and which is launched at 45° polarization into the plasma. This
serves to couple to both O- and X-mode waves. Microwaves are simultaneously reflected from both
the X-mode right hand cutoff frequency layer and the O-mode electron plasma frequency layer.
Simultaneously, the reflected O- and X-mode waves are received by the two orthogonal horns, and
mixed with local beams separately. With this approach, the range in density that can be measured is

expanded.
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Figure 1 a schematic of profile reflectometry system on DIII-D

3. Analysis Improvements and X-mode Profile Between-shots Analysis



The data acquisition system has been upgraded by using three high memory-depth Gage CS 12100
PC-based data acquisition boards, with high sampling rate (50 MHz in dual-channel mode) and
with large on-board memory (512 MB/board, maximum total 1.5GB/shot). This high performance
system can be operated either in continuous digitization for a maximum 2.56 s data coverage at 50
MHz, or in “Burst” data acquisition mode with ~ 1 ms duration data bursts every 5-10 ms for up to

6s.

In order to quickly analyze the large volume of data, a between-shot profile analysis capability has
been implemented. The new analysis is based on a previous analysis program, employing digital
complex demodulation (CDM) [5] and other techniques [6]. By simultaneously using ten Linux-
based computers (Dual-Xeon 2.66 GHz processors, 2 GB RAM each), analysis of X-mode profiles
every 5-10 ms throughout the whole discharge takes 4-5 minutes, completing well before the next
discharge. Profile data is stored in the DIII-D MDSplus database and is ready for viewing between-
shots after ~ 10 minutes. An example of between-shots X-mode profile analysis is shown in Figure
2. The density contours (total of 800 profiles), with 4 s data coverage and 5 ms time resolution, are
shown in Figure 2(a), where the color curves represent different density layers. It is clearly
observed that the inner density layers move inward during the application of electron cyclotron
current drive (ECCD) and during locked modes occur later. The measured density decreases are

consistent with the CO; line average density measurement shown in Figure 2(b).
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Figure 2, an example of between-shot profile analysis, reflectometer density contours (a), and line average density (b)



4. Comparison Between Diagnostics and an Example of Selected Physics Applications

Currently, the physics applications of profile reflectometer measurements include plasma-wall
interaction studies, ELM dynamics, L-H transition and pedestal evolution. In plasma-wall
interaction studies, good agreement in the edge density profile is found between different
diagnostics on DIII-D as shown in Figure 3, where the black circles are Thomson scattering data,
the red squares are Langmuir probe data and blue diamonds represent reflectometer profile

measurements for shot 120350 at 4150 ms.
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Figure 3, edge profile measurement comparison among reflectometer, Langmuir probe and Thomson scattering

A detailed example of the density profile dynamic evolution through a single Type-1 ELM is shown
in Fig. 4. The ELM timing is shown by a divertor D, signal, Fig. 4(a), where the numbers and
vertical lines represent the times for the density profile sequence shown in Fig. 4(b). In Fig. 4(b),
profile 1 is taken just before the ELM onset, and shows a typical H-mode edge pedestal with steep
gradient. At the onset of the ELM, profile 2 shows an increase in SOL density, with the density at
the top of the pedestal slightly reduced. At the time of the ELM crash (profile 3), about 100 us
later, the SOL profile has expanded radially outward to the vessel wall, where there is a relatively
large density rise of ~2x10"* m™. During the recovery phase, profile 4 shows the pedestal gradually
rebuilding, and SOL density reducing. The final profile in the sequence, 5, shows a return to a well-
defined edge pedestal several ms after the ELM onset. Thomson scattering data obtained at the

same time as reflectometer profile 5 are shown via points with error bars, showing good agreement



between the two measurements. The illustrated evolution of the pedestal and SOL density profiles

demonstrates that the density rise observed in the SOL is directly linked to the pedestal loss during

the ELM.
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Figure 4, (a) D, signal with times for (b) indicated and (b) density profile dynamic evolution through a single Type-I
ELM for shot 118219,

S. Summary

Both hardware and software upgrades continue to be incorporated in the DIII-D FM density profile
reflectometer system. The density coverage has been expanded, 0- 6.4x10" m™, using simultaneous
dual polarization launch. New between-shot profile analysis capability has been implemented, and
X-mode profiles are stored in an MDSplus database. The increased system capability has expanded
the range of physics issues which can be addressed, e.g. plasma-wall interaction studies, ELM

dynamics, L-H transition and pedestal evolution.
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PROFILE REFLECTOMETRY ON MAST

G. Cunninghamt T. Edlingtont A. Silvat L. Meneses;

TEURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon, Oxon, OX14 3DB, UK
TAssociacao EURATOM/IST, Centro de Fusao Nuclear, Instituto Superior Tecnico,1049-001 Lisboa,
Portugal

The ‘Mega Ampere Speherical Tokamak’ (MAST), has a typical plasma volume ~ 7m? and aspect ratio 1.3 to 1.4. It is
equipped with a broad range of diagnostics including a high resolution, single pulse, Ruby laser TS system with 284 radial
points, and a lower spatial resolution Nd:YAG system with 19 radial points (presently being upgraded), running at 200Hz. These
are complemented by a scanning reflectometer, primarily intended for fast density profile measurement, and technically similar
to the one on AUG (Silva [1]), except that there are only 3 channels and they are all on the low field side of the plasma. A
schematic drawing of one channel is shown in figure 1, and the specifications are as follows.

Kband Kaband U band
Frequency range (GHz) | 17.6-26.7 26.4-40.1 39.3-55
Source power (dBM) +22 +19 +12
Detector bandwidth (MHz) 7 20 7

The characteristic features of this design are that a single antenna is used for transmit and receive, the two signals being split
by a 3dB coupler inside the vacuum, and the reference signal comes from an adjustable pin located in the antenna throat. The
virtues of this arrangement are that the antenna can be mounted normal to all the flux surfaces (MAST usually runs with up/down
symmetric, DND plasmas, and the antennas are on the mid-plane), and that first order reflections from the vacuum windows do
not reach the detector.

The RF sources are ‘hyper-abrupt tunable oscillator’ (HTO) type, multiplied up to give a fast sweep over each waveband.
In the typical configuration, the sources are swept across their range in 20us followed by 5us settling time. A burst of about 5
such sweeps is followed by an interval of about 2ms for operation at fixed, though programmable, frequency. The signals are
digitised at 50MHz and the fast ADC has enough memory for about 600 sweeps (eg. 120 bursts of 5 sweeps each). In parallel
with this ‘fast’ signal acquisition there is a second ‘slow’ channel, having additional gain (with reduced bandwidth), which is
digitised at 0.5MHz, for plasma turbulence studies. The HTOs are driven with linear ramps from a waveform generator, itself
programmed using GPIB. All the modules are synchronised using a sophisticated programmable pulse generator, and all the data
acquisition system apart from the waveform generator is mounted in a single VME crate and controlled using a single-board PC
under Linux. The crate is fairly close to the MAST vessel (inside the radiation shield wall), and communicates to the outside
world using fibre-optic Ethernet.

HTO source
+ 1 or 2 doublers Adjustable
reflecting
[H R j pin
] I ) 3dB coupler v
<« I
Detector
Vacuum windows
¢ D)

Plasma cutoff layer

Figure 1: Schematic of the MAST reflectometer (one channel only is shown)
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0 ‘ ‘ ‘ ‘ ‘ During the first period of operation of this system it proved impossible
K to get understandable fringes from the U band channel under any plasma
stiz1 1 conditions, including ELM-free H mode. At first this was thought to be due
512 to spurious reflections in the waveguides, but after a long investigation this

1 was found not to be the main problem. The actual problem was that the HTO
oscillator was generating significant levels of sidebands, especially %f in the
lower part of the band, which was only -10dB below the fundamental, as can
be seen in figure 2. This was enough to cause significant contamination of
the fringes. This HTO has now been replaced, although the new one only
reaches 13.5GHz so the upper limit of the system is reduced from 60 to
54GHz. It is thought likely that the modulation seen in the lower third of the
Ka band, which is more apparent in the analysed data, results from a similar
I3 «  problem although it is less severe.

The reason for the observed decrease in fringe intensity towards the
lower end of each frequency band is still unclear. The most likely candi-
date seems to be losses in the ex-vessel waveguides, and these are presently
being replaced in the hope of improving the signal.

Relative power (dB)
\

e 1‘1 1‘2 Fundamental flrzquency (GHz)14
Figure 2: HTO sideband spectra, relative to
the fundamental, showing high level of sideband

emission. This unit has been replaced.

Raw signals Inspection of the raw signals (not shown here) shows a humber of features:

e The K and Ka band signals are strong though still somewnhat variable from sweep to sweep,

The U band is much weaker and more variable when the plasma is in L mode,

In an H mode plasma the U band signal is much stronger,
All 3 channels have weaker signals at the low frequency end of their band than at the high frequency end,

The lower third of the Ka band shows strong amplitude modulation.

Data reduction - approaching Bayesian analysis

The detected signal is the difference frequency f; between the two signals, one from the plasma cut-off and the other from the
reference pin. The difference arises from the fact that the probe frequency f, is sweeping, and the difference in the two optical
paths, so

fa= o Ot = o
where 6t is the ‘group delay’ and X is the refractive index.

Thus the main task of data reduction is to measure f; as accurately as possible and over as short a time scale as possible. In
this type of reflectometer there is no ‘intermediate frequency’, so phase detection is not possible, and the number of cycles of f;
(the number of “fringes’) is fairly small, typically 20-50 in this case, so it is important to ensure that efficient use is made of the
data available. In the past ‘zero crossing’ was used to measure f4, but in recent years most workers (Varela [2] for example) have
progressed to the ‘spectrogram’ method which is preferable in that it uses the entire waveform rather than just the region close to
the zero crossing, although it does ignore the phase information.

Spectrograms can be seen in figure 3, upper. It is apparent that (a) there is a certain amount of low frequency noise, and (b)
there are some localised artifacts, for example in the U band at about 17us, 3.8MHz. Both of these can largely be removed by
making a similar spectrogram for a plasma-less shot, and subtracting it, as seen in figure 3, lower. Having done this, it is usually
adequate to simply take the highest point in each spectrogram slice as the peak.

Now, if our final plasma density profile is to be of value to a physicist, then it is not enough simply to make a ‘best estimate’
of the density profile, we must also provide some indication as to how trustworthy this estimate is. In many situations such a
confidence estimator can be provided by the estimate of the ‘error’ in the measurement, and this is appropriate when the errors
are fairly small, random, and normally distributed. With the data we have here this is clearly not going to be the case - there
are errors in the ‘best estimate’ but the more serious problem is that the measurement itself is liable to come and go, and to be
contaminated by spurious signals. In this case it will be more profitable simply to make an estimate of the ‘confidence level’ for
each measurement of d¢(f,) in our spectrogram. The best way of calculating this ‘confidence level’ is still under investigation,
but at present it is based on the peaked-ness of the peak itself, and the height of the peak compared with the standard deviation
in the background.

Such a confidence estimator is also useful in dealing with another situation seen here in the Ka band, where distortion of
the signal leads to a substantial second harmonic of f, in the spectrogram. If such a peak appears at a reasonable confidence
level, then its frequency can be used to improve the estimate of the frequency of the fundamental. By these means we are able to

iy [,
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Figure 3: Spectrograms
for single sweeps, (up-
per) before and (lower)
after background sub-
traction. The vertical
axis is fg, the horizon-
tal is time during the
sweep.

derive well behaved profiles without having to invoke continuity in either space or time, so that our confidence estimator remains
meaningful.

Time resolved profiles. There does remain a problem in that there is no conventional way of displaying ‘confidence’ instead
of error bars, so at present we are just omitting measurements which fall below a certain confidence threshold from our final plot.
Typical results can be seen in figure 4, this shot has density increasing steadily and enters ELM-free H mode at 0.234s. In the
left hand plot all the profiles are shown irrespective of the ‘confidence’ in each data point, while in the right hand plot a cut-off
is applied to eliminate data with low confidence. Clearly more work remains to be done as there is still an amount of obviously
faulty, spiky, data, but the method is largely successful in eliminating the unreliable data when the cut off layer is far from the
antenna, or perhaps non-existent. The rapid steepening of the density profile on entry to H mode is clear, as is the corrupt data in
the lower third of the Ka band.

Another set of data which illustrates the fast recording capability of the system is seen at figure 5, which is an H mode shot
with ELMs at 0.220, 0.223, 0.226s, etc., these data were recorded with the reflectometer sweeping continuously, the sweeps
being grouped into bursts of 4 sweeps each for analysis. In this case the ‘confidence’ level is generally high but falls just at
the deepest point of each ELM, nevertheless some good data remain within each ELM. Clearly further study is needed here to
determine the optimal confidence indicator and the proper, quantitative, confidence level. In these data there is also apparent a
certain consistent ‘ripple” in the delay with respect to f,, and this suggests that the calibration needs further attention.

Conclusion

The MAST reflectometer is now in working order and producing useful data especially for H mode plasmas. There remain certain
weaknesses especially in the U band signal strength, and these are being addressed at present. With regard to data reduction,
it is believed that it is important not only to make a ‘best estimate’ of the time-resolved density profile, but also to indicate the
confidence level in that estimate. Initial use of a simplified Bayesian approach to data reduction is proving very powerful and
promises to give the confidence indicator required.

Acknowledgements

This work is funded jointly by the UK Engineering and Physical Sciences Research Council and EURATOM. The reflectometer
electronics and antennas, and the fast ADC, were built by IST Lisbon.

References

[1] A.Silvaetal. Ultrafast broadband frequency modulation of a cw reflectometry system to measure density profiles on ASDEX
upgrade. Review of Scientific Instruments, 67(12), 1996.

[2] P.J. G. Varela. PhD thesis, Automatic time-frequency analysis for plasma density profile evaluation from microwave reflec-
tometry. Universidade Tecnica de Lisboa, Instituto Superior Tecnico, 2002.



REFERENCES 4

profile_11066, no threshold, profile_11066, threshold=0.6,

L-H transition

\\\\\ \‘,\\“\

@
&

Frequency(GHz)
@
8

0.3

01

Delay(ns) 0 05 - Delay(ns) 0 01
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Measurements localization in Poloidal Correlation Reflectometry
Gusakov E Z, Popov A Yu

loffe Institute, St-Petersburg, Russia

Introduction
Poloidal correlation reflectometry (PCR) utilizing microwave plasma probing by several

poloidaly separated antennae is used nowadays for plasma rotation diagnostics and turbulence

analysis [1]. The poloidal rotation velocity (PRV) V(r) is determined in this technique from

the temporal shift 7, of the maximum of the

J cross correlation function of scattered signals in

, two poloidaly separated channels
Receiver 1

(r=a,0=46,)

Cu["oﬁf r

V(r)=064al(z,,r.) (see Figl for the diagnostic

cor ¢
Transmitter

scheme and notations used). The localization of
Receiver 2

(r=a, 6=-0,) measurements and their interpretation is usually

based in PCR on the assumption that the

Figurel - Poloidal  correlation  reflectometry i wave scattering off long scale fluctuations

experimental scheme

dominating in the turbulence spectra occurs in
the cut-off layer. This assumption being correct in respect to backscattering, however fails in
the case of small angle scattering or forward scattering, which is possible all over the probing
wave trajectory. In spite of the fact the forward scattering is enhanced in the vicinity of cut off
[2], this localization is not sufficient to guarantee the suppression of the volume contribution
to the PCR signal for all density profiles. In the present paper the localization of PCR is
treated analytically for arbitrary density and turbulence profiles. The 3D WKB approach is

used to calculate the reflectometry signal and cross correlation function in cylindrical

geometry for Gaussian turbulence spectrum and accounting for the diffraction effects.

General approach
The analysis is performed in the cylindrical geometry taking into account the curvature

effects. The 1D background plasma density ny(r) distribution is assumed. The density

fluctuations on(7,t) = n(¥,t)—ny(r), characterized by the correlation function

<On(F,1)5n(F,t') >= n* (R)- exp _(”;;') _(('9—9')6;2—V(R)T) ’

cr

2




where 7=(r,%,z),R=r+r'/2, tv=t—t', are supposed small, satisfying the Born
approximation, whereas the turbulence radial correlation length satisfies condition

[, > (02 (a ~7, )/ o’ )1/3, allowing to neglect backscattering far from the cut off. Under above

assumptions the incident O mode wave field in plasma can be represented as a superposition
of WKB modes propagating at different angles. In particular, at the receiving antennae with
the accuracy to the first order in density perturbation amplitude one obtains the following

expression for the reflected wave:

E(9,2,1) ZjEexp ig, (m, k1)) dk

( 2

with @,(m,k,,t) being WKB phase consisting of the unperturbed term ¢, (m,k,,t) given in

sMNzs

paraxial approximation by the expression

@,(m,k_,t) = ij(r)dr'+m2d§ (0)/2a* +k2d2(0)/2+ m19+kzz—% ,

where k(r)=2\JI=n(r)/n, , d3(r) 2j . and d? (r)= 2— [ kGdr', n.=ng (1)
c k(l’ ) w* .
and the phase perturbation

op=—

’ _ ]95n(r’,9‘(r’),z'(r’),t) dr' I5n(r '9+(r) z'(r"),t) dr'
2¢? n k(r") k(r"

a c

calculated along the unperturbed trajectory that comes to the point ( 9,2) and is given by
relations 60 =9- m[dz (0)+d; (r)}/Zaz, zf=z—k, [dz (0)+d’ (r)]/2 . The upper and

lower signs in the above equations correspond to the parts of the ray trajectory after and
before the reflection from the cut off surface. Both the probing and the receiving antennae

beams are assumed to be Gaussian with equal the poloidal and toroidal width

202 2 2 2 2 2
a a9 z Vi dm dk, m k
Eo(.9,z): —5 &Xp| ———5 ’0 I —=exp ——’Z—i .
7o 207 2p 2w 27 2a 2

The expression for the scattering power in the standard reflectometer case can be represented

as

(1)




where P, is a probing power and the scattering efficiency 1/Q” (r) takes an explicit form

1
kz(r J=r, >
L ®
- ~ 2 2 _
Qz(r) i\/; 2 exp _(r—rc) : (r—rc) er <l L= dlnn, 1
@’ [, 2lfr 2162,4 c dr ror,
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Figure 2 (a) background density
profiles (convex and concave);
(b) density fluctuation level profile

It increases as 1/k°(r) in the cut off vicinity, however

this singularity is a week one and does not provide the
only input to the integral. In the case of linear density
profile and homogeneouse turbulence this so called
logarithmic singularity results in substantial contribution
of the plasma volume to the signal (1). In this case the
scattered signal is related to the density perturbation by
the following simple expression

L, +0.71
lcr a)Z

= {m [ i
T
4 4 > e
\/1+d9 (a)\/1+dz (?)\/1+2,2o ¢
4p lc\9

4p*
which can be used for reconstruction of turbulence

-1/2

on(r,)= ©)

n

distribution from the fluctuation reflectometry data. This

expression accounts for the contribution of the plasma volume to the signal, however neglects

the density profile nonlinearities
the edge. Relation

(3) is used below in

and turbulence inhomogeneity, which can be very strong at

figure 3 for recon-

struction of the tu-

onx10"2em™

rbulence distribu-

tion from measu-

nx1072cm™3

rements performed

at variable probing

frequency in the

case of plasma

Figure 3 Density fluctuation reconstruction (solid line — original turbulence
distribution, blue squares — reflectometry signal, red circles —according to (3)).
(a) the case of convex density profile; (b) the case of concave density profile.

density and turbulence profiles shown in figure 2. The following values of correlation length

and geometric parameters were used: [, =lem, |, =2cm, p=1lcm ,ad, =2cm . As it is seen



in figure 3, the fluctuation reflectometry signal dependence on the cut off position (blue
points) does not give an adequate approximation for the turbulence distribution for both
profiles. On contrary, expression (3) in the case of concave profile provides a fairly good
reconstruction of the turbulence in wide spatial zone. In the case of convex density profile the
reconstruction is less perfect, however it can be used as a zero order approximation for the
iteration procedure based on (1).

The CCF of two signals can be obtained explicitly as

4 a 2
CCF, (T): P \/;IC, 604J' cjr on 2(r) (Sf; vS +2S1_2+) ’ @
JBP, [ at(0) [ a'(0) 4 0 n
1+ 1+
4p4 4p4

where S, (r,r)+Sl’2’(r,T) and 2S), (r,r) are the contributions of different (incident-

incident, reflected-reflected and incident-reflected) branches of two rays trajectories to the

correlation function. These contributions are expressed in terms of elementary functions, in

particular
2
ré, I+M -V (r)r
4
Ly exp | 20303 4,);[“%(3)} (5)
P 4ps+ds(a) 4Py
S = 2 = exp| -
1+l“—92+—d‘9(r)
2p dg(a Ik dj(r
¢ 4p§[1+ 2(4)] 2p 1+2,ij2+9(d?‘@)
? ’ 4/0;(1"' :,04 J
4

As it is pointed out by (4) the scattering efficiency (2) enters the CCF expression, thus

providing some cut off localisation to the PRV measurements. However, as in the case of the
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Figure 4 Velocity profile reconstruction (solid line — original profile,
circles - profile extracted from PCR;
(a) and (b) — correspond to convex and concave density profiles).



reflectometry signal, it does not suppress completely the volume contribution, which can, in
principle, decrease the locality of the PCR technique. An example of velocity profile
reconstruction from the PCR data for density profiles of fig.2 are shown in figure 4. As it is
seen there, reconstruction of the velocity profile from PCR data under cut off localisation
assumption is more reliable in the case of convex profile, however even in this case the
localisation of strong velocity shear region is not perfect. A more reliable velocity profile can
be obtained from the PCR experimental data as a result of iteration procedure based on (4)

and (5).

Conclusions

Simple explicit analytical expressions for the poloidal correlation reflectometry signal and
cross correlation function accounting for probing wave diffraction in realistic 3D
experimental geometry are given for arbitrary plasma density and turbulence profiles. It is
shown that the reflectometry signal and turbulence spatial distributions can be very different.
The simple method for the density perturbation reconstruction from the experimental data is
proposed, however it is shown that for the concave density profile its accuracy decreases. The
accuracy of simplified method of poloidal velocity determination from the PCR data can be as
well affected by contribution of the plasma volume to the reflectometry signal for some
density profiles and velocity distributions. The obtained explicit expressions for the PCR
characteristics provide the effective theoretical tool for determination of the turbulence level

and velocity distribution from the experimental data for arbitrary density profiles.
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2D full wave simulation of poloidal and radial sensitivity of reflectometer
and estimation of density fluctuations absolute level.

D.A. Shelukhin, V.A. Vershkov, S.V. Soldatov, A.O. Urazbaev
Nuclear Fusion Institute, Russian Research Center “Kurchatov Institute”, Moscow, Russia

I. Introduction

A lot of attention is devoted to the investigations of plasma transport now. Recent
theories claim the turbulent transport as the reason of an anomalous transport in tokamak
plasma. The main instabilities that should be the responsible for the transport in plasma core
are Ton Temperature Gradient (ITG) instability' and Dissipative Trapped Electron Mode
(DTEM)*. The character poloidal wave numbers for there instabilities are k, xp;~ 1 that give
the character poloidal side of instabilities about 1 cm.

It was shown experimentally that reflectometry is a very sensitive to small-scale
perturbations of plasma density’. Application of the correlation reflectometry technique
allows to measure of character size of turbulence and its velocity. Yet non-locality of
reflectometry measurements significantly complicates the interpretation of results.

This paper devoted to attempts to reveal the possibility of using reflectometry as a
diagnostic for the measurements of the local parameters of density fluctuations. It became
possible with the development of analytical methods as well as 2D full wave codes. The first
part of the paper dealing with the 2D simulation of the O-mode reflectometry measurements
in real T-10 experiments geometry and the rest of the paper related to the comparison of
results of simulations with full wave codes and analytical approaches. The obtained results are
discussed in conclusions.

I1. 2D full wave simulation of reflectometry measurements.

One of the most important topics in reflectometry simulation is the set of perturbed
density field. It was used the model proposed for the simulation of reflectometry at plasma
periphery®. Due to this approach, the stochastic density field is calculated as:

7, (r,¢,0)=(n,(r,)) + Y on,(r,¢,1) (IL1),
where 7 is the minor radius, ¢ — poloidal angle and 7 — time. The first term corresponds to the
time-averaged density profile, the second one — to density perturbations. The density
perturbations are given by superposition of stochastically independent fluctuations:

on,(r,p,t) =nyxT(t)x R(r)xD(p,t) (I1.2)

T(0) = [exp(— ¢ ‘t% j —eXp(— t=w)/ jjx H(t-1,) (12.1) R(r)= exp[— ((r oA )J (112.2)

D(p,1) = exp(— ((¢ —(9+Q, - (t-1)) -%J2] x(a+b-cos(k, -(p—(,+Q, -(t—1,))-r,)) ((12.3)

The first term is the amplitude of single perturbation, second one is time evolution of single
perturbation, third and fourth — radial and poloidal shapes of perturbations. The perturbation
is appears in time moment #, with center situated at position ry, ¢y, and has character time of
rise tise and decay fgecay. Character radial and poloidal size are characterized by Gaussian
width A; and A,. Plasma supposed to rotate in poloidal direction with angular velocity Q.
Coefficients a and b give relative amplitudes of Broad Band (BB) and Quasi Coherent (QC)
oscillations amplitude in spectra respectively. The poloidal wave number for QC fluctuations
is k. Values of perturbation parameters were chosen close to the experimental ones and
varied along the minor radius.



Parameter| Simulation Expression Estimation This stochastic plasma
/BB 07 @ APE A?V _ density field was re-calculated in
r : r 3 e
plasma permittivity field that was
BB 0.7 ABB :% 0.61 . . . .
v -/ CIm i A (k) obem | ysed in full wave simulation. High
4,9 0.7 cm A Ay i effective 2D full wave
W2 electromagnetic code Tamic Rt
A,°¢ 40cm (AT = %(yz%c(k_ k| 3.8cm | Analyzer was used to calculate the
2.0 21 em 2 :2%0 5 1em | Propagation and  scattering (;f
g L electromagnetic waves from plasma’.
v 2.46x10° cm/s v=Ax/Az - The T-10 plasma and antenna array
K — (I1L.7) 0-350 geometry were used in simulations.
G-/ 0.75 % (II1.10) 0.81 % Electromagnetic wave launched from
Table 1. Character parameters of turbulence at the the central horn and reflected signals
reflection radius in 2D full wave simulations, from all three poloidally separated
expressions used in estimations of these parameters from  horns were analyzed.
experimental signal spectra and values parameters The most of simulations were
estimated from simulated specter made using the following parameters:

reflectometry frequency F = 37 GHz that corresponds to reflection at normalized minor
radius p = 0.65, character length of plasma permittivity profile L,= (d(In(ne))/dr)’ = 16 cm,
fraction of QC oscillation was 15 %, the turbulence parameters are shown in Table 1.

Locality of reflectometry was characterized by the cross-correlation coefficient
between received electric field vector E (t) and perturbed local density:

_(E@x7,(r,p.1)
o) (B 7.0 0.1)

The contour plots of this coefficient, calculated for all three poloidally separated antennas, are
shown in Figure 1. The confidence level is 0.06% and determined by a limited length of data
sequences. One should note that coherency maxima are laid at the reflection radius, shown by
the horizontal black lines. The poloidal positions of coherency maxima are in good agreement
with the positions of reflection spots for all three horns (black vertical lines). This means that
reflectometry measurements have a good locality in both radial and poloidal directions and
could allow providing the fluctuations size and velocity measurements.

The experimental radial correlation function is shown on Figure 2 a. The
measurements was made in T-10 tokamak, discharge parameters were I, = 155 kA, Br=2.0
T, <ne>=2.5x10" m™, reflection occurred at p=0.65. The radial correlation reflectometry

technique was  obtained by

(IL4)

08 3@ simulation of wave propagation at
07% % the different probing frequencies
o 06 B ~— 3‘%* on the same turbulent density field.
2 05 031 Turbulence properties were as
S 084 bl shown in Table 1, except only BB
é 077 ég fluctuations were used. The results
g ¢ % are shown in Figure 2 b) as red
é gg : pomts and approxmptmg curve.
S 14 Radial cross-correlation function
z 077 ‘i‘ of density perturbation at the
i S g — Efg reflection radius is shown on the
o P 00 0.1 02 008 same plot as green curve. The
Poloidal angle ¢ [rad] 08 parameters of turbulence were

Figure 1. Contour plots of correlation coefficient between used to compare the experimental
scattered electric field and local densitv.
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Figure 2. Radial cross-
correlation functions of
reflectometry signals obtained
in experiment (a), due to
results of 2D simulation (b)
and theoretical predictions (c).

results with analytic estimations®. Radial cross-correlation
function was calculated to using the same turbulence
parameters as in 2D simulation (Figure 2 c).

It is clearly seen that experimental, simulated and
theoretical radial cross-correlation functions of reflectometry
signals are in reasonable coincidence. Each function contains
some core that presents the cross-correlation function of a
density perturbations and long tail that arise from small
angle scattering. Both simulation and theory justify the fact
that reflectometry has a good radial locality and could give
estimation of perturbation radial size.

Other important topic is the turbulence spectra
measurements. Size of reflection spot could significantly
exceed the fluctuations size. It could lead to decrease of
reflectometry sensitivity to perturbations with small spatial
size. Typical experimental spectra in T-10 discharge is
shown in Figure 3 a. The parameters was /,= 200kA, Br=2.5
T, <pe>=2x10" m'3, reflection occurred at p=0.65. One
could see that spectra has a complex structure and contains
Low Frequency (LF) and QC oscillations maxima that are
superimposed on BB background.

First simulation run was made using BB turbulence only (Fig. 3 b). The simulated
spectra of the reflected signal (red) and spectra of density fluctuations at the reflection radius
(green) are in good agreement. This leads to conclusion that at least for BB oscillations
reflectometry sensitivity is not important for interpretation of measurement results.

Second run used both BB and QC perturbation in random density field (Fig. 3 c). It is
clearly seen that contrast of QC fluctuation peaks is significantly higher in spectra of local
density rather than in spectra of reflected signal. Therefore, reflectometry has a limited
sensitivity to QC oscillations and this fact should be taken into account in data processing.

Simulation of the poloidal correlation properties of
turbulence shows that not only experimental and

0.6

simulated turbulence spectra but also poloidal cross-phase
and poloidal coherency are in good quantitative and
qualitative agreement. It should be especially note that the
slope poloidal velocity calculated from slopes of
experimental and simulated cross-phase are coincide with
the poloidal velocity of turbulence at the reflection radius.
This leads to conclusion that estimation of poloidal
velocity using the poloidal correlation could give the
correct results.

I11. Estimation of the relative amplitude of density
perturbations

The results of 2D simulation of reflectometry
showed that reflectometry has a rather good radial locality
and sensitivity to perturbations with character sizes that
are predicted for ITG and DTEM. It is possible to
reconstruct the density fluctuations level at reflection point.

The simplest case will be considered. Let us
suppose that O-mode reflectometry signal reflected from
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Figure 3. Experimental specter
of reflectometry signal (a).
Spectra of simulated signals
(red) and local densities (green)
in the case of pure BB (b) and BB
and QC (c) oscillations.




the plasma with linear density and plasma "TF=36 s 70z
permittivity profile with character length L,. It ol 5 A % alorsem
was shown that in ID geometric optics °© A % A=10cm N
approach spectral power of radial correlation &%
function of density perturbation I',, and signal goé
phase T, are related by the following £
equation’: & 041
OZLE 2 2 0.2+
[,(k)=2x . [C°(W)+S (W], (k,) (IL.1)
. 0.0040 012 Oj4 Oj6 018 110 1.2

where ky=2m/Ay is the wave number of Theoreticaln. [rac]

o } A

incident electromagnetic wave, C(w) and S(w) Figure 4. Comparison of simulated phase
— Fresnel integralsg and w=/2k,|L, ) perturbations with theory predicted

a case of Gaussian, radial shape of perturbation the power spectrum of radial correlation

function has a Gaussian form with character width A" = A x~/2 . Integration of both part of

equation (III.1) using Gaussian spectra form leads to the following relation between the
amplitude of phase fluctuation 6, and relative amplitude of density perturbations c,/n:

1/2 Acor L Acor
:<52> = dnk, | Do | VeSO (I11.2)
L, Ay n
Coefficient K; is of order of unity and depends only on the ration of character size of

turbulence and permittivity profile length. Numerical integration was used in a wide range of
parameter to obtain the following approximation'

K{A”’j J[C (w)+S? Wl expl| — (Amj W \/0.251n( L,
g W 16 L AC()I‘

& r

cr

]+ 0.58  (IIL.3)

This approximation is similar to derived analytically, but numerical coefficient are different.
1D full wave simulation was used to verify derived expressions. Density perturbations
had uniform distribution with c,/n=0.5%. The results are presented in Figure 4 as a
comparison of the phase perturbation of simulated signal with the theory predictions. One
could see that in a case of weak turbulence with uniform distribution 1D geometric optics
approach could give a good estimation of the perturbation amplitude at reflection radius.

The estimation of reflectometry sensitivity to perturbations with high poloidal wave
number &, could be made using phase screen model’. The perturbations of density at the
reflection surface are considered in this case as a perturbation of electric field on a phase
screen, situated at effective optical distance from launched and receiving horns d. Let us
suppose that plasma has a poloidal cross-section with center in origin of coordinates, incident
beam has a Gaussian distribution of electric field with effective size w and front curvature of
beam when it incident on plasma is r,. If plasma permittivity profile is linear and horns
situated in horizontal plane at zy, the distance from horns to phase screen is equal
d = (z0- rs) + Ls, where 7y is the radius of reflection surface. Electric field in this case has a
following distribution on the phase screen:

E (&)= exp( ¢ J X exp(l oS’ J X exp[ \ra cos(k, &+ 6)] ( i J (IL.4)
N27w eff max
S\ +L) P P PtL,

The first term is the distribution of the electric field in incident beam, second one arises from
the curvature of the plasma surface and beam front, third one is the modulation of electric



field by the harmonic density perturbations and last one is the attenuation of the field due to
oblique incidence on the reflection surface. The electric field in receiving horn can be
calculated using Fresnel-Huygens formula. In weak turbulence regime with 6,<<1 and
ki <<k after averaging over —n<6 <m, the estimated relative perturbation of electric field in
receiving horn is give by the following integral:

oo (k) _ o 8 e 7 cexn| K&V [0 € e (LS
&, (0) —Flz(kL)—p'[axmwexp[ 2W2J exp[ Y J cos(k, &) exp[ 2 J (1 2pide§( )
NG

eff

We take into account also that in small &, limit perturbation of electric field tends to the value
of phase perturbation in 1D approach. If the radius of the reflection surface significantly
exceeds the beam width and L. — 0, equation resulted in analytical estimation.
2D full wave simulations were
14 F=50GHz made to justify the phase screen model.
T-10 antennas geometry was used,
harmonic oscillations with different k|
0.14 and relative amplitude o,/n=0.5%
were placed at different reflection
positions and resulted electromagnetic
0.01- filed perturbations were analyzed (Fig.
" o r-l0cm 5). One could see that phase screen
— : Z :ig on a model gives good estimation of
. . - \ reflectometer sensitivity.
0 2 4k [Cm_1]6 8 10 If turbulence spectra contains
L several components with different
Figure 5. Reflectometer sensitivity to density character size it should be take into
perturbations according to 2D simulation (points) account. Let us suppose that lifetime of
and phase screen model (curves) perturbation is infinite. In this case, the
frequency spectra could be re-calculated in &, spectra (Fig. 6). Using the perturbation shape
(IL.2.3) it is possible to estimate the character spatial size of turbulence (Tab. 1). The
experimental specter (black) in this case can be presented as a sum of statistically independent
QC (red) and BB (green) components:

GZD(k l)/ GZD(O)

oe,
= |

Yo, (k)= (L= i) Y2 (k) + Y SE (k) (IIL6)
where L is the effective fraction of QC in signal. The value of p could be estimated as:
2 BB ocC max
== - (IL7.1) K=2 AQlC Ywm affﬁ BB) (11.7.2)
I+x AT FL (67X, (0)

where Y27 (k™) and Y,22(0) are the amplitudes of QC and BB components in spectra. If

Yop is the experimental specter of turbulence and Yip is specter in a limit of infinite probing
frequency, they are related as:

Yp(k ) =Y, (k) -F,(k,) (I1L.8)
The effective correction for limited reflectometer sensitivity calculated as follows:

—o0

[Yip(k )dk
K,= |

(I1L.9)

—o0

[(vip ) £y ) e

—0

The level of density perturbations is estimated according to (II1.2) taking into account the
different radial scale length of BB and QC oscillations. In a case of statistically independent
fluctuations, it leads to following equations:
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Parameter Ae‘rff has a sense of effective radial length of perturbations.

This approach was used to estimate fluctuations parameters from the reflectometer
signals, obtained in 2D simulations. The density fluctuations parameters in this case are
known and it is possible to compare them with the estimated ones (Tab. 1). One could see
reasonable agreement between simulation parameters and estimations.

The method was used to estimate turbulence level in T-10 discharges with Ohmic and
ECR heating. The results are shown in Figure 7. The level of density perturbations is
increased in ECRH discharges in accordance with confinement degradation. It should be
noted that K, coefficient slightly varied along the minor radius and its value was close to
unity. Therefore, reflectometer sensitivity to high k; does not effect on the measurements.

&

IV. Conclusions

The using of reflectometry as a method of turbulence measurements was considered
by means of 2D simulation and various analytical approaches. It was found that in a case of
weak turbulence both simulations and theory shows good locality of this method. Both
simulation and phase screen model estimations shows that reflectometry has a good
sensitivity to perturbations with &, up to k¢/3. Therefore, reflectometry can measure spatial
size, velocity and relative amplitude of fluctuations at the reflection radius.
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Theory
If an electromagnetic wave with x-mode polarisation is incident at an oblique angle 6 with the
background density gradient the propagation is not symmetric with respect to the angle 0 [1].

d’E, dE,
dszﬂ +p(S)X+Q(S)Ey =0, s=kyx
where
d sin” 0

p(s):a(w;) : 5

(w? —w;)(cos’0, ———"—

W —w’
, W, d w, sin0, cos*0

g(s)=1——3 5 —sin’0, - (w,)—* 0 o

w—w, ds W ) , w?

(W™ —w, )cos™ 0 ———F—)

The asymmetry depends on the following parameters:
(1) the density gradient length,
(i1) the magnitude and sign of the angle of propagation 0,
(ii1)  the magnitude and sign of the static magnetic field B,
(iv)  the difference between wave frequency and uh-frequency.

Simulation

Full wave solutions for x-mode reflectometry are calculated using a FDTD (Finite—Difference-
Time-Domain) numerical code. Examples illustrating the effect of the asymmetry term are
given for both Standard reflectometry and Doppler reflectometry. In the case of Standard
reflectometry the asymmetry becomes noticeable for strongly focused beams with their
correspondingly large angular spectrum. The same result is obtained for a wave with large beam
waist (= small divergence) or a plasma with strong curvature.

The first example is for a laboratory experiment with fo/f.. = 10, with f.. the electron-cyclotron
frequency and f, the probing microwave frequency. These conditions are typical for helicon
plasma discharges [2]. In this case the right-hand cut-off frequency lies close to the upper-
hybrid resonance and the asymmetry is expected to be pronounced in this regime.



(a) positive magnetic field

(b) negative magnetic field

(c) zero magnetic field

Fig. 1: Plot for the rms-value of the electric field demonstrating the dependence of the
asymmetry on magnetic field.

Absorption at the uh-resonance (e.g. collisions) or conversion into Bernstein waves must also be
taken into account. Here a small amount of numerical viscosity provides damping of the uh-
resonance. Plasma parameters are similar to those in the linear VINETA experiment at IPP in
Greifswald [2]. Fig.1 shows the rms-field in the poloidal plane of the cylindrical plasma. The
circle around the centre indicates the radial position of the o-mode cut-off. As can be seen uh-
resonance and o-mode cut-off lie very close together. The transmitter antenna is situated at the
bottom of the discharge chamber.



If the magnetic field B = 0 the resonance is seen to be symmetric at the radius of the o-mode
cut-off. This case without magnetic field provides a check on the accuracy of the numerical

A N

Reflected power Positive B-field Negative B-field
for positive & 2-dirensional electric field
negative B-field (only positive values are shown)

Fig.2 : Doppler reflectometer (tilt angle 14 deg., fo/f.. = 1.5).

For x-mode reflectometers in fusion plasmas (stellarator, tokamak) the cyclotron frequency
usually is close to the probing frequency. In this case the right-hand cut-off frequency lies
sufficiently far from the upper-hybrid resonance and thus the asymmetry is not expected to be
pronounced in this regime.

The second example is for the case of a Doppler reflectometer with tilt angle 14 deg. and fo/fe.
= 1.5 as shown in Fig. 2. The difference in the electric field distribution mainly shows up in the
phase of the electric field close to cut-off. The reflected power is almost independent of the
asymmetry effects in eqn. (1).

The third example demonstrates the asymmetry effect for the standard reflectometer on the TJ-II
stellarator at CIEMAT with fy/f.. = 1.5. The transmitter horn antenna is situated on the left
boundary of the plot.
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Fig.3: Snapshot for Standard reflectometer on TJ-II with turbulence.
(a) positive B-field (b) negative B-field

Similar to the case of the Doppler reflectometer the difference in the electric field distribution
mainly shows up in the phase of the electric field close to cut-off.

Conclusion

The asymmetry is pronounced if the upper-hybrid frequency is close to the probing microwave
frequency. If part of the incident wave can tunnel trough the x-mode cut-off and reach the
position of the uper-hybrid resonance (via reflection as slow x-mode) then absorption at this
resonance (e.g. collisions) or conversion into Bernstein waves must also be taken into account.
For fusion relevant parameters the reflected power is almost independent of the asymmetry
effects in eqn. (1) which mainly show up in the phase of the electric field.
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A two-dimensional full-wave numericd code in the extraordinary mode of propagation hes been
developed to simulate refledometry. Redistic plasma shape and magnetic field dstribution are
introduwced in the mde using the theoreticd magnetic surfaces of TJ1I, while density profile and
turbulence daraderistics are extrapolated from thase obtained experimentally.

The de has been used to study the viahility of the Dopger refledometry technique to determine the
perpendicular rotation welocity of the density fluctuations in TJII. The numericd results obtained
modifying the plasma geometry allow us to conclude that the shape of the TJ-II plasmas (cut-off layers
with high curvature) makes the optimization o the Dopper refledometer difficult. Additionally,
simulation results suppat the posshility to perform reflecometry at large tilt angles and therefore to
charaderizing turbulence with high wave-numbers keegping the spatial locdi zation of the measurement.

Two-dimensional full-wave code
A two-dimensiona full-wave @de has been developed to simulate the propagation o
waves in turbulent and magnetised plasmas. The @mde cnsiders propagation in the
extraordinary mode of pdarizaion. A detalled description d the wde can be foundin
[1]. The numericd solution d Maxwell’s equations is
obtained using the Finite-Difference Time-Domain [2]
tedinique. The medium size of TJIl and the probing
frequencies invalved (33 — 50 GHz) make possble the

simulationsin aredistic period d time.

The redistic plasma shape ad magnetic field
distribution [3] are introduced in the cde using the

Figure 1: T}Tltm)plasma shape  theoreticd magnetic surfaces of TJII.
and constant magnetic field

lines.

Two independent waveguides and hans are
implemented, emitting and receving ores.



The density distribution has been implemented superimpaosing a density perturbation to
a stealy density profile similar to the experimental one [4]. The density perturbationis
given bythe expresson:

N (X, ¥,1) =<n,(X,y) > +dn. (X, y,t)

o (x, v, 1) =5 > ak,,k,)sinfk,x+ Ky (Y =Vyt) + @ apom(X, Y. 1))

The k-spedrum is fit by a Gaussgan function written as exp(— (k2 + kyz)/kj)) with a

spedral width k, = 540m™. Finally, the plasma perturbation rotates in the perpendicular

diredionat avelocity v, =3km/s.

Numerical results

To ill ustrate the results two examples are displayed in figure 2; it is $own the spedra

of the complex amplitude signal A€? obtained for antennas tilt angle of 18°and 30°.In

bath cases the spedra ae shifted to negative frequencies indicaing the existence of
rotating structures. However no

e I e clea separation exists between
. o the refleded and bacscatered
%Oﬂm g signals and therefore it is not

. &e possble to extrad information
e D o 4n s e 40 30 0 a0 4080 abou the magnitude of the
Figure 2: Corfn(l;)ex amplitude spedrafor T}fl(;d?I asma & rotation  welocity of  the
téNl?';ifferent tilt angles. The frequency of the waveis 40 fluctuations.

This result is a consequence of a
poa spedra resolution. An estimation d the wave-number resolution can be made
from geometricd considerations (figure 3).

The dfedive incident tilt angles range between

T Oimax =0 +a+ B and O . =60-a-[,beng
\\\ WM 0 the antennatilt angle, a the 3dB half beam-width
i.;/:/f:'/ \\‘; ; and B the ange due to the aut-off layer curvature.
\\"‘!\B-\/;\\f d Taking into aceourt that the 3dB half beam-width is
/ h a =10° (spot diameter close to 5 cm) and the
e plasma aurvature radius at the aut-off layer is abou

Figre 3: Geometry of the plasma R =20-25 cm, the increment in the tilt angle due to

cut-off layer and spot size



the plasma arvature is [ =6°.The orrespondng spedra resolution
Ak /Ky (= AF /fy) estimated as (SiNBy; oy —SiNBeq min )/ SING IS about 0.9for 6 = 30°

and still worse 1.5for 6 =18°.

The results for aplasma dlab, areill ustrated in figure 4. From these spedrait is passble
to separate the badkscatered signal from the refleded ore and therefore to extraa
information abou the perpendicular velocity. However, the perpendicular rotation
velocity estimated from the maximum in the Dopger frequency structure is lower than

the turbulencerotation.

0008 (@) titangie = 18° 0008, (b titt angle = 30°

amplitude (a.u)

Figure 4: Complex amplitude spedrafor slab plasma
a two dfferent tilt angles. The frequency of the
wave is40 GHz

This discrepancy can be partially explained in terms of the different amplitude of high
and low fluctuation wave-numbers.
To study this effed we have modified the spedral

tilt angle = 18°
0.016 width while keguing fixed the other parameters.
_ As an example figure 5 displays the acomplex
fu:, amplitude spedra for a slab plasma with tilt ange
é 0.008 18°and two dfferent spedra widths k, = 540m™
3 and 1000 m™. It is observed that the shape of
Dopger frequency structure dhanges to a more
0

~600 -400 200 0 200 400 600  Symmetric one (with resped to f, =250kH2)
f (kHz

2 when the wave-number spedra ae broader.

Figure 5: Complex amplitude

spedra for a dab plasma and two

different spedral widths. The

frequency of the wave is 40 GHz.



These simulations points to the possbility to measure turbulence with high wave-
numbers keeping the spatia locdizaion o the measurement. We have estimated the
enhancement fador of the dedric field in two cases: 8 =0° and 8 = 30° for a probing
frequency of 40 GHz. Two examples are shown in figure 6 for two dfferent density

profiles with scde lengths at the ait-off

0.02 — 12
[ 1 layer L,=3 and 1.7 cm, and two

D015
08

different tilt anges. This figure shows
.. thespatia variation d the dedric field
{02 a zeo tilt angle axd at tilt angle
o LAY -8 0 =30°, together with the refradion

26 265 27 275 28 285 29 295 30
index. The enhancement fador of the

@ 0ol 06 .

0.005

X (cm)

- 12 eledric field when approaching the ait-

b L =1.7cm

off depends on the density gradient scde
length [5]; it changes from abou 4 to

0.015

T 00l

e 04 abou 3when L, deaeasesfrom 3 cm to
L05

g 1.7 cm. Besides, the enhancement fador

] L

‘ 26 65 27 X158 28 285 0
X (cm)

is amost unchanged when comparing

Figure 6: Eledric field of the probing wave normal (6 =0°) and obique (6 =30°)
for normal @ = 0° and obique 8 = 30° incidence consequently its contribution

incidence and, two diff erent density scde . L
length. Also, it"s shown the refradion to the spatia locdizaion d the

index measurement remains.
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Abstract

Doppler reflectometry is able to provide information on plaspoloidal rotation from the frequency
shift of the backscattered spectrum at oblique plasma pgolhi is usually assumed that the Doppler ef-
fectis due to the fluctuation rotation at cut-off vicinityulFwave modeling of the Doppler reflectometry
signal is performed in a slab plasma geometry with a givearstelocity layer with inhomogeneous tur-
bulence having realistic wavenumber spectrum and radi#iillition. The first part of the presentation
is devoted to the description of the code and to a short ret#iie developed tools needed to simulate
Doppler reflectometry. The advantages and limitations @f&imulations will be also discussed.

1 Introduction

The reflectometry simulation code used in this work has beigimally build for CWFM broadband reflec-
tometry for profile evaluatior]1]. Here it will used for Ddgp simulations and we will discuss further on
some modifications made to perform this task.

2 Characteristics of the code

Considering a cold plasma approximation on two dimensiongglane) without gradients in the perpendic-
ular direction §/0z = 0) with the external magnetic field (plasma fidg) taken along the-direction, the
current density flow] is restricted to the same direction. The responsg tof the electric fieldE accounts
for plasma effects. Considering a transversal magnetipggation (TM) ., B,, B,) and using a FDTD
Yee scheme_]2] we obtain for the O-mode, for the electric figleh (0t E.)}; = (0x By — yBy — poJ2)};

and for the magnetic fiel(ﬁzth)?]tiﬁ2 = —(8yEZ)?ﬁ{?2; (8tBy)?j11/22j = (8:cEZ)?j11/22j. The equation

for the current density i(sath);?jl/Q = eQ/me(neEz)Z;rl/z, wheree is the electron charge;, the electron
mass and, the electronic density.

3 Plasma model

Coupling between the electromagnetic wave and the plasri@késn into account by the current density,
J., which depends on the plasma density The densityn.(r,¢) is in general a function of space and
time since the code allows time evolution of the density pFafiue to modifications of the base plasma
ne, (r,t) Ontime, coherent plasma modes. ,,, , (r, t) and turbulencén.,.,, (r,t): ne(r,t) = ne,(r, t) +
Meyop (T, t)+0ne, .5 (r, ). The plasma has a generic density profile across ellipgoatiensity lines. Tur-
bulence is modeled as a sum of modes with random phase augéodhe scheme proposed|in [3] . The den-
sity perturbation at each point obeysde,..,., = > M A, ) cos [ky (D) + ky(5)y + (4, 7)) -

1=1%m J=Jm

1



The amplitudeA(s, j) is chosen in agreement with experimental dBta [4] and may dmfied during the
simulation to accommodate several plasma scenarios. Kgéipé same amplitude spectrum and varying
dnern, With time allows the setting of several turbulersepshotsvith the same spectral conditions.

The shear model is implemented imposing, on the original
veicmpiude staticmatrix, a shear velocity profile (see Higy. 1). The columns

3t / | of the original turbulence matrix on the shear region aresti

35 T T T

251 1 poloidally, each column sliding at a speed given by the veloc
ity shear imposed. The process is illustrated in Elg. 2: The
columns of the original turbulence matréx..,.,, (top left),
Ll 1 as the simulation runs its course, slide with a velocity give
by the shear profile (Fidl 1). Its effect on the turbulencecstr
s ture is shown on Figl12 (bottom left). This model for veloc-
o 10 20 x[)\30 : 4 50 60 ity shear implies a modification of the angular wavenumber
spectrum k-spectrum) on the shear layer (both poloidal and
Figure 1: Radial cut of density profile withradially). On Fig[® the original spectrum (top right) ane th
velocity shear profile superimposed. spectrum at iteratiof0 x 10 are shown. The deformation on
the shear zone reflects the elongation of the turbulent-struc
tures along the poloidal direction and the radial squeeasthe matrix columns are slided. This choice of
model has been made to improve drastically the computatios t

2t

o
vic [%)]

15

ng [10° m?]

05
1-2

0

- O k, b0 radimi
K, [x10° radim] 2

[au]

Figure 2: Original turbulence matrix.,.,,, (top left) and the amplitudg-spectrum (top right). Matrix of
turbulence at iteratiofi0 x 103 (bottom left) and the modified spectrum at the shear regiotidin right).

4 Classic reflectometry versus Doppler reflectometry setups
The code is usually run using a monostatic setup (one antased both for emission and reception).

The emitting structure (antenna/waveguide) is obtaingubsing the electric field on the structure to null,
E., = 0. The signal is excited in the waveguide &8, waveguide mode using a Unidirectional Transpar-
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ent Source (UTS)]5] which allows unidirection injectiontbe probing wave (towards the plasma) while
allowing the returned wave to be pick-up beyond the injecpoint separated from the source excitation.
In Fig.[d, a monostatic setup for a 2D H-plane horn with a half@r beam width ofv 30° appears on the
left. The Doppler effects using this setup will be dudateral probing of the plasma through the relatively
large antenna radiation pattern. The response of the diflettion of the plasma (density iso-surfaces at
7 /2 with the axis of the antenna) is much strong than the Dopjffects.

y[Aao]

< --»m))))))))))) j ° """:ﬂ

C L L L L 1] C L L L L 1]
0 10 20 30 40 50 0 10 20 30 40 50
x[Aao] x[Aao]

Figure 3:Classicreflectometry antenna setup (left) and Doppler setup withneerging lens and prism to
launch beams with a high directivity (right).

To adopt the code to an angular plasma probing several jldsssttould be envisaged: (i) Antenna forming
an angle with the plasma other thay2; (ii) Plasma forming an angle with drorizontalantenna; (i) Use

of an optical system. The antenna with an angle would be giit@le to implement but we would lose
the UTS as it is implemented (the waveguide aligned with tfi jgoints) or would require a much more
complex reformulation of the UTS implementation to adapt lie plasma forming an angle with the antenna
would maintain the use of the UTS but calculations perforimethe plasma matrix would become very time
consuming since the plasma iso-density lines would notibaed with the columns (poloidal direction) and
lines (radial direction) of the matrix. The use of an optisgstem, as shown on Fig. 3 (right), to probe the
plasma appears as the solution more fast to implement. lédsextremely easy to implement on the code
requiring almost no modifications since we opt fgsglasma optical systenThe same code subroutine used
to perform calculations on thieue plasmaregion is used to calculate propagation on the lens regtos. |
only a matter of including the plasma optics on the same ratie the plasma is defined. Furthermore, the
code stability continues to hold. The first two solutions \dquresent an additional problem: due to the fact
that the antenna radiation pattern is somewhat large (robtnarrow diagram on 2D is a quite daunting
task [6]) the plasma will be simultaneously probed withafi#nt angles and consequently the antenna will
be integrating the response of a continuum of plasma angu@aenumbers. The use of a lens allows the
emission of a non-diverging beam with a planar wavefrontclwhwill respond to a single wavenumber
according to the injection angle chosen by the prism. Theesampulsive response (IR) technique used to
implement the UTS]5] is used to eliminate the spurious réfladrom the lens and prism. The beam used
has a with ofl4.7 A4 ¢, and the optics have a plasma frequency,pf= 20 GHz.

5 Results

The procedure used to process the results was to collecattsdattered signal on the waveguide (separated
from the probing wave due to UTS) and performing an FFT. Eighs with different instances of trstart
matrix are made and an average of all FFTs is performed tarotitafinal FFT result. Simulations were
made for different fixed frequencies, 35, 36 and40 GHz, probing the regions were the shear is maximum,
were it passes through null, the maximum counter-shear aatlyfia region beyond the shear region. The
8-runs averaged FFT for this different frequencies are showfig.[4 for probing angles &f° and 15°.
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The poloidal velocity used with5° (v,,/c = 0.054) was 1.5 times higher than the one used with
(vpor/c = 0.036), which accounts for the difference on the magnitude of topider shifts appearing on
Fig.d. These areode velocitiesvhich would correspond teeal velocities 0f21.6 Km and32 Km. With
this rescaling of velocities the Doppler shifts would beuset from theGHz (codg to around2 MHz
(real).
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Figure 4: Averaged spectra of returned signals prob&d éeft) and15° (right).

6 Discussion

The code and itDoppler adaptationshave proved adequate to study the effects of Doppler in géned

the problem of a shear layer in particular. The use ofglasma opticsdogether with the UTS and the
IR correction technique can be a useful tools to obtain aipgobeam to perform Doppler studies and it
was also used in a study of nonlinear effects in Doppler refteetry to compare the results of analytical
theory and simulationJ7]. The shear model used is a goodirgapoint for reflectometry simulations
on this subject where very few studies exist but clearly adatbrovements in particular on the spectral
modifications induced. This should be the subject of furthedeling. The spectral analysis techniques can
also be the object of further refinement.
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Consideration Doppler reflectometry in Born approximation

V.V.Bulanin, A.V.Petrov, M.V.Yefanov
St.Petersburg State Polytechnical University, St.Petersburg, 195251, Russia

Doppler reflectometry is now extensively employed as an effective tool for plasma
rotation measurements in toroidal devices [1]-[5]. The method is based on deriving of the
rotation velocity from the Doppler frequency shift of backscattered radiation expected under
an oblique incidence of microwave beam onto cutoff surface. It is assumed, that fair radial
resolution of the diagnostics occurs due to microwave field enhancement in the vicinity of
the cutoff. To verify this assumption 2D simulation of O-mode microwave backscattering
was carried out in Born approximation. This simulation is valid only for small amplitude of
fluctuations [6]. Nevertheless the considered simulation allows to reasonably determine a
range of diagnostic parameters to proceed, if necessary, with a full-wave analysis.
Developed 2D code is applicable for arbitrary radial profiles of background plasma density
and for the scattering from any size and shape of plasma density fluctuations. The
computation can be performed for any antenna tilt angle and for any phase and amplitude
distribution of electric field across the antenna mouth.

An approach to numerical integration
In a frame of Born approximation it is possible to introduce spatial weighting
function W(r) which links directly an output signal I(t) of IQ detector with plasma density
fluctuations on(r,t) [4].
I(t) = njén (r,t)W(r)d’r  W(r)= <E(r,t)E,(r,t) > (1)

Where: 1 is a dimensional constant; E; is electric field of incident beam and E, is electric
field of imaginary radiation launched into the plasma via receiving antenna; an averaging is
performed over microwave period. The weighting function is computed with a full electric
field of probing beam in a free space represented as a superposition of poloidal modes of
convergent and divergent cylindrical waves.

+00

E(r.ot)= Y (EMH2 @)+ AmHY(r))exp(ime-iet) (2)

m=—oo

Here: H®(r),H@(r) are Hankel functions; E(m) is m — spectrum of the incident beam
obtained with use of prescribed distribution of electric field across the antenna mouth. The
electric field in plasma is given by:

E (r.o,t)=> P(m)F,(rexp(imp—iat) (3)

where: Fy(r) is a solution of one-dimensional wave equation. The complex spectra A(m) and
P(m) are found by equalizing the vacuum electric field to the electric field on plasma



boundary. The imaginary electric field E; of receiving antenna beam was obtained in a
similar way.

Spatial and wave number resolutions

To quantitatively estimate spatial and wave number resolutions the two models of

plasma density fluctuations have

. 104
been employed given the R o= 9-5 €M R, =95cm |4
weighting function is computed. 8
. s 3
The fluctuations are represented © 6 s
- o
. . L4
by a superposition of either < 4 R._=295cm R =205cm |25
variously directed plane waves of 2 Rowo=2095cm |4
. . R .+ 209.5¢cm
random phases with specified 0
. 2 46 81121416 2 4 6 8 10 12 14 16
wave number k;, or various r ., cm r.em

horn horn’

poloidal modes. The fluctuations Fig.1 Plot of spatial /| r and wave number / k resolutions against
are localized in Gaussian shape  antenna size. Width of Gaussian layer is 1 cm. Model of isotropic
layer at radius ro. The first model plasma fluctuations is applied

represents isotropic plasma turbulence with correlation length of about reciprocal wave
number k,. The superposition of the poloidal modes is more relevant to plasma drift
turbulence in tokamak plasma. The squared response (I°(r,,k,)) or (I*(r,,m)) is
calculated with use of expression (1) being averaged over different realizations with various
sets of the random phases. The both radial Ar and wave-number /\k resolutions were taken at
a half maximum of the 2D functions <|2(ro,kl)> or <|2(r0, m)>. With use of such an approach
the influence of the cutoff curvature on the resolution has been studied. In Fig. 1 antenna
size (rnorn) dependence of the k-resolution is shown for various radius of the cutoff surface
Reuorf - Qualitatively similar dependences were lately obtained with use of phase screen
model [4]. The optimal antenna size corresponding to minimum of the wave number
resolution is evidently seen for a moderate cutoff curvature. The increasing of the cutoff
radius is followed by the improvement of the k-resolution. It is important that the spatial

resolution has also a minimum at the same antenna size.

Improvement of Doppler reflectometry resolution
The observed degradation of the diagnostics resolution at lower cutoff curvature
explicitly depends on width of the incident beam m-spectrum E(m), as the eigenfunctions
Fm(r) are strongly dependent on poloidal number m. The width /Am of the m-spectrum is
given in paraxial approximation for Gaussian beam by

r, 4ra2
(Am)2 = rzhorn (ﬁ+1)2 +ﬁ

horn

: (4)



where: r, is radial coordinate of the antenna and R is radius of wave front at antenna mouth.
The width of the m-spectrum has got a minimum at the antenna size corresponding to the

minimum  of  the 7 80
spatial and k- 6 -
resolutions observed in 5 60
Fig.l. On the other “g 4-
5 - L 40
hand /m hasalso gota  x 37
minimum  regarding 24 | 20
radius R. The Ly I
minimum condition i o --—r——r-—r——rto0 “4——r———F00
25 50 75 100 125 150 175 200 25 50 75 100 125 150 175 200
satisfied at R;, =T, . -Ra, cm -Ra, cm

Therefore. it is natural  Fig-2 Spatial and wave number resolutions as a function of wave front radius
Ra for various size antennas.
to expect the

improvement of resolutions at the concave wave front at antenna mouth. This has been
checked by computation of the resolutions as a function of the wave front radius. The results
are shown in Fig.2. The m-spectrum width /Am is also plotted here by dotted lines. The
essential improvement of the resolutions occurred for the convergent beam with the
predicted radius of the wave front. The effect of the improvement is more pronounced when
the cutoff is placed in the Rayleigh zone that is for relatively large aperture of the antenna.

In line with theoretical
L 2.4 prediction [6] the spatial resolution
22 improvement might be for the
2.0 convergent beam even at stratified

"0 o o0 i 0|18 £ distribution of the background density.
16> In Fig.3 the resolutions are shown as a

. 14 function the wave front radius for ITER

| [ Thorm= 12 cm | TTe——— 112 relevant distribution of the background

0 T T T T T T T T T T T T T T 1.0 i i i
o 40 80 120 160 200 240 280 density at plasma periphery. The spatial

-R,cm resolution is somewhat improved at the

Fig.3 Spatial and wave number resolutions versus wave  wave front radius equal to a distance
front radius R for background density distribution given in

insert. from the antenna to the cutoff.

However the k-resolution turns out
poorer than for the flat wave front. Therefore, a wave front radius reasonably follows from
the trade off between the spatial resolution and k-resolution.

The fair resolution improvement can be achieved with use of two-antenna
arrangement. The weighting functions computed for both monostatic and two-antenna
arrangements are plotted in Fig.4 for comparison. One can see that with use of two antenna
arrangement the probing and receiving antenna beams are not overlapped in the peripheral



regions leading to narrowing of the weighting function. The latter most probably results in
fair improvement of the resolutions illustrated in Fig.5. Further increasing of a distance
between antennas transfers the Doppler reflectometry to a collective scattering diagnostics,

in which effect of refraction has not essential importance.
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Fig. 4 2D plot of weighting function W(r,»?) (2=10° ) and
background density n(r) for monostatic ~=0° and two antenna
arrangement ~=10° . Spatial and wave number resolutions versus
angular distance between antennas (»=10°. <k> is a selected
k-value; <r> is radial position of scattering region.

Summary and conclusion

The developed 2D
code adequately describes the
Doppler reflectometry in the
conditions of tokamak
experiment. Under a moderate
cutoff curvature the
resolutions may be improved
significantly with use of the
convergent microwave beams.
The effect is more pronounced
for relatively large aperture of
an antenna. The code is
appropriate for analyzing the
two-antenna arrangement used
to improve the diagnostics
resolution. The problem still
exists in proper consideration
non-linear  scattering.  The
influence of virtual distortion of

beam fronts due to large amplitude MHD or/and ballooning modes is a disturbing factor to

be analyzed in a first turn.
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Nonlinear effects in the Doppler reflectometry
(analytical theory and numerical simulations)
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1. Introduction

One of widespread methods used at present for plasma pbl@hbeity measurements is Doppler
reflectometry [1-5]. This technique provides measuringtdiattons propagation poloidal velocity
which is often shown to be dominated by plasma poloidal imtavelocity [3, 4]. This method is
based on plasma probing with a microwave beam which is tiltitlal respect to the plasma density
gradient. A back-scattered signal with frequency diffgrfrom the probing one is registered by a
nearby standing or the same antenna. The information onléiseng poloidal rotation is obtained in
this technique from the frequency shift of the backscattespectrum which is supposed to originate
from the Doppler effect due to the fluctuation rotation.

Spatial distribution of the scattering phenomena, whichssally assumed to occur in the cut-
off vicinity, is the key issue for the diagnostic applicatso In case of low turbulence level, when
only single scattering is significant, this problem was stigated in the framework of linear theory
numerically in [3] and analytically in [6-8]. The diagnastilocality in this case was shown to be
better than for standard reflectometry. The approach ugéd&jis based on the Born approximation.
It assumed small enough amplitude of the fluctuations, whainsed the scattering, to neglect a
multiple scattering contribution to the received signal.

However this approximation can be incorrect in the plasmépery where the turbulence am-
plitude is usually high, or in large plasma devices, wheeegtobing ray trajectory is long. This is
the case when the following criterion is satisfied [9, 10]

2 sn )\ 2
g, <_) e s
C

C Eca)

wheren,. is the critical density corresponding to the probing fregpyey;, x. is the distance between
the plasma and the cut-offn is the turbulence amplitude arid. is the turbulence radial correlation
length. This situation of the high turbulent density pedsation level, when the multiple forward
scattering of the probing wave is dominant, was investgjatelytically in [11]. It was shown there
that even in this regime the diagnostics is able to measerpldsma poloidal velocity with a spatial
resolution close to that of standard fluctuation reflectoyedere we present the comparison of the
analytical results of [11] with the full-wave modelling dfe Doppler reflectometry.

2. The model considered

The consideration is performed in the frameworks of thedital approach [11]. Its limitations are
the following. The plasma is assumed to be lalye z.. The level of the turbulence is supposed

to be modest 5 ’
on _ fe 1)
Ne Te

which provides the existence of the only one cut-off for thebing wave. The backscattering in

radial and poloidal direction is neglected, which gives

e\ 3
loy > < C) , Ksinf > ¢,

2
w;



where/,, is the turbulence poloidal correlation lengthis the light velocity, andC = w;/c - sin 6
denotes the probing wavenumber poloidal component, wher¢he tilt angle. In addition, the ana-
lytical model is limited to the Gaussian antenna beafisx exp [—y?/(2p?)], wherep corresponds
to the width of the antenna beam. All these assumptions alkte take into account multiple small-
angle scattering supposing arbitrary density and polaielaicity profile, arbitrary turbulence spectra
and statistically inhomogeneous turbulence.

For the sake of simplicity we consider the plasma slab wighitrear density profile, = n.z/z.,
perturbed by the statistically spatially homogeneousulerice with Gaussian correlation function
with characteristic length,.

(2)

(5n (. y)dn(a' ) = bn® exp {_ o=ty =) }

In the code the turbulence was represented by the set of haaswith amplitudes, chosen to pro-
vide (2), and random phases. The poloidal plasma flow is asd@onbe homogeneous
dv
— =0
dx
The results of [11] for this simplified model can be represdrds follows. The registered signal
power takes the form

Pi 1+¢72€Lg

1/2
{(+o%) 1+ 22 ()]

whereP; is the incident power and is the nonlinearity parameter [9]

2 on\ 2 2 /5n\ 2
a:ﬁi—;&xc (n_n) [1+1n8xc—2}, Ulzw—l(—n> l.x,

2
. ml, 2 c® \ n,

and~ ~ 0.577 is the Euler constant.
One can easily see that due to the exponential suppresdietastial signal can be registered only
for the strong enough angular broadening of the probing beam

Other suppressing factots + 202/¢2) ™"/ [1 + (1 + 201p%/2) 222/ (4w2p*)]"'/* are associated
with the beam angular and spatial broadening correspolyding
In accordance with [11] the Doppler reflectometry spectram loe represented as

V271 (W — w; + Aw)?
Sw) = sw P [_ 2(dw)? ]
whereAuw is the frequency shift
2 /02
Aw = 2y . 200 /L (4)

1+ 20p%/02
which takes the form\w = 2Kv for o > ¢?/(2p?) anddw is the spectral broadening:

o —a (sl 2
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Figure 1: Absolute value of the antenna electric field on fasmpa border vs. poloidal coordinate.
Y,’}ui- T ' 5 ey i e 3 [ J T i ' 1
' @ 4 oyl . 5 O
it ; ..... ] % ... it sé
of Hm; r / // J'JII f !H! M .l..-‘- _ . umuurrrmrrHJJ'"“”|f"“'”“””"”'Ililtl?:{lj'w{{\% fﬂi&:‘é-g
s o v uli 27 i et -'.'.ii' v -
2] <0 N IS | == !
-60 — ¥ - -60 — |
r piese i e il 1 B 40— A
0 20 60 100 X/ 0 20 60 100 XA

Figure 2: Absolute value of the antenna electric field in thesima in the presence of the density
fluctuations with r.m.s. amplitudés./n. = 0.1% (a) andén/n. = 10% (b).

3. Full-wave simulation parameters and results

The probing wavelength was taken &s= 0.75 cm, which corresponds to the probing frequency
fi = 40 MHz and critical densityn, ~ 2 - 10'* cm™3. The probing beam poloidal structure is
represented in the figure 1.

The electric field in the plasma was calculated in the 2D repiéar area with dimensions
L, = 150\;, L, = 125); in the presence of the homogeneous turbulence with caoeléngth
¢, = 4.5 cm. The calculation results for different turbulence anuples are shown in the figure 2. It
can be noted that the probing beam is completely distorteétdturbulence in case 6f./n. = 10%
(figure 2(b)).

The registered signal power is plotted in the figure 3(a) uraulence amplitude. One can see
the correspondence between the analytical expressiom@)he numerical calculation results for
moderate turbulence amplitudes. Fast growth of the sightdeasmall turbulence amplitudes is
associated with the decrease of exponential factor infien€3). Following decrease of the signal
corresponds to the influence of the denominators in (3)udsed above. The divergence of analytical
formulae and numerical results in this region can be astatiaith the violation of the criterion (1).

The stationary structure, modelling the turbulence, mamegtie poloidal direction with a veloc-
ity v = 28.5 km/s, imitating the plasma poloidal rotation. This resuttghe Doppler shift of the
registered signal, which is plotted in the figure 3(b). It tenseen that the dependence of the spec-
trum shift on the turbulence amplitude, predicted by thdydital formula (4), is reproduced in the
simulation results.
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Figure 3: Registered signal power (a) and signal spectruftn(ehvs. turbulence amplitude: analyti-
cal dependence (solid line) and simulation resuljs (

4. Conclusion

Doppler reflectometry is considered in the nonlinear regghdominating multiple forward scat-
tering. Analytical expressions and full-wave simulati@sults for the power and spectrum shift of
the registered signal are compared and shown to be in agnéemie region of analytical theory
applicability.

The possibility to measure the fluctuation poloidal velpeiith Doppler reflectometry technique
even in regime of strong small-angle multi-scattering ¢gpifor large reactor-scale experiments is
confirmed.
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Observation of coherent plasma flow perturbations using Doppler
reflectometry on ASDEX Upgrade
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YInstitut fiir Theoretische Physik, Universitit Innsbruck, A-6020, Innsbruck, Austria

1. Introduction

By poloidally tilting the antenna of a microwave reflectometer, a Doppler frequency
shift fp = u,2sinf/ ), is induced in the reflected signal, which is proportional to the
tilt angle 6 and the perpendicular rotation velocity u, = vgxp + v, of the turbulence
moving in the plasma [1]. Since u, contains the E x B velocity, fluctuations in FE, will
translate directly to fp. Hence, in principle, the diagnostic can be used to measure E,
with high spatial and temporal resolution. fp will also register fluctuations in B, v, or
8. However, v,, = 0 since this requires a non-linear effect which is not evident. While
MHD can modulate B and 6 this effect can be detected since cutoff layer tilting will
also modulate the reflected signal power which can be measured separately.

2. Analysis method
To extract fluctuations in O-mode @ Microwave

20 MHz sampled I and @
signals from a dual chan-
nel V-band reflectometer [1]
to produce time sequences

~ fD
up AUG #19017 Ohmic
y nfft: 256

o,

fp two techniques are used. © Br antennas Mixer source
A sliding FFT is applied to y 4@_@ .
[(5) L = do/dt

of complex amplitude spec-
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Fig. 1 illustrates the mea-  yo8l 0ot o 0l <1 M MNMWWMWM"W 0 MM
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surement procedure. Alter- Frequency (kHz) Time (s)

natively, the instantaneous Figure 1: Schematic of measurement technique. Ohmic shot
Doppler shift can be esti-  #79017 in X-mode at 60 GHz, ppe = 0.97.
mated from the differential

phase fp(t) = {¢(t + At) — ¢(t)} /At where ¢ is obtained from the Q/I signals. Al-
though the reflectometer has a radial resolution of a few mm, the finite reflectometer
beam diameter (~cm) limits the poloidal resolution to long wavelength F, fluctuations.
This is nevertheless ideal for studying zonal flows.



3. Flow perturbations
Zonal flows (ZF) and associated geodesic (GAM) oscillations are turbulence-generated
time varying FE, x B rigid poloidal plasma flows with a m = n = 0 mode structure but
finite radial extent, k, # 0. They are of major interest for tokamak confinement since
they are predicted to moderate drift-wave turbulence [2], and hence edge transport.
Detection of ZFs and GAMSs is notori-
ously difficult since they have no mag-

10t @ [ N

netic feature, a negligible density pertur- .-
bation and appear predominantly as low

frequency (few kHz) coherent potential 103

or radial electric field E, fluctuations. ‘H/ lioozllzs
L

- ! ‘ ‘
Fig. 1 shows Doppler fluctuation data for 1o 04 -02 00 0 2 04 060 5
an AUG ohmic shot which illustrates a fo (MH2) amp. A (arb.)

narrow spectral peak in fND but not in A.  Figure 2: fp and A pdf for ohmic #19017.

4. Results

Fig. 2 shows PDFs of fp and A fluctuations for a typical ohmic discharge #19017
at ppo = 0.97. fD is nearly always Gaussian distributed while A is Rician or log-
normal - typical of Radar signals. Their spectra, shown in fig. 1 are generally flat below
~ 10 kHz then roll-off with a spectral index n ~ —1, which reflects the underlying
broad-band incoherent E, background. A GAM oscillation when present appears as an
exceptionally narrow dominant coherent peak around 5— 20 kHz, even in the absence of
MHD activity, with an amplitude of 1 to 2 orders of magnitude above the background.

If MHD is present then it appears

0
00 #B893L @ || 4 9 ‘ﬂ ﬁ (b) in both fp and A spectra as shown
ot e M ﬁ i G | “‘\w\f“"“{' in fig. 3 for a QH-mode shot. Just
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Figure 3: Effect of MHD in QH-mode shot #18931 inant. - Only the EHO appears in

the Mirnov coil signals.

A variety of AUG ohmic, NBI L-mode and ECRH L-mode discharges have been investi-
gated and a coherent single fp spectral peak is normally observed in the low kHz range,
close to the predicted GAM frequency. Theory [3] indicates that the GAM frequency
should scale as wgay = Geg/R where ¢, = {k(T, +T;)/M}'/? is the ion acoustic speed
and R the major radius. G is a scale factor of the order of 1. Experimentally fgans
is indeed seen to scale linearly with the local /T, + T;, as shown in fig. 4, also with
no obvious dependence on Br or n, - thus supporting the hypothesis that the oscilla-
tion is a GAM. T, measurements are from ECE while T is from Li-beam CXRS when



available. When T; is not available then it is scaled from 7, using similar shots. Fig. 4

shows considerable variation in the scaling constant G between various types of shots.

Both theory and modelling re-

sults suggest that the safety fac-

tor ¢ and plasma shape (elonga-

tion) are also important parame- ¥
ters [3,4] in ZF behaviour. Exper- i; 15
imentally fgan is seen to scale g
inversely with the elongation s ;‘-3 10
and directly with qg5. However, §
more data is required to fully de-
termine all the parameter depen-

dencies. Radially the GAM os-
cillation is only seen inside the
plasma boundary (GAMs exist

on closed field lines) in a narrow
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Figure 4: GAM frequency vs /T, + T; for ohmic, NBI
& ECRH L-modes.

region coinciding with the edge density pedestal. This is the same region of high radial
shear in the E' x B velocity, as shown in fig. 5 for the ohmic shot #18813.
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The u velocity flows in the ion diamag-
netic direction in the SOL but reverses
inside the separatrix to form an F, well

The well
depth increases in L and H-modes as

across the density pedestal.

the edge transport barrier strengthens
- see [1] for further details. Just out-
side the E, well is an increase in the
overall fp RMS fluctuation level. The
GAM frequency increases with decreas-
ing radius (as 7. and 7; rise) but stops
at the top of the density pedestal.

To date no coherent fp oscillations have
been observed in the plasma core re-
gion. A GAM oscillation is not always
found in the edge either. In highly col-
lisional plasmas (high density and low
temperature) GAMs are notably ab-
sent, which is consistent with collisional
damping of ZF. Further, GAMs have
so far not been observed in H-mode
conditions, c.f. the QH-mode case in
fig. 3. The GAM spectral peak intensity
also appears to be intermittent. Fig. 6



shows a time resolved spectrogram of fp where the 12 kHz GAM is modulated by 50%,
as shown by the frequency integrated traces below. Possible explanations for the inter-
mittency might include: a density variation sweeping the reflectometer cutoff across the
radially localised GAM (however, the cutof layer displacement to GAM radial width
would need to be substantial, which is not observed) or the GAM position may be
jumping radially, but again there is no evidence of T, modulation in ECE. More plau-
sibly, the GAM intensity envelope is time-modulated by the low frequency ZF, as is
predicted by modelling results [5] and indicated by the counter modulation in the A
level.

4. Discussion and conclusions 30 F (@) AUG #19017 60GHz fp spectrogram

The measurements presented here -
demonstrate the possibility to mea-
sure F, fluctuations in the tokamak
edge region. Coherent modes have

been observed in the perpendicular
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: |
H<

plasma flow in a range of ohmic and 20e-3

L-mode discharges, with no associ- aé 15e—3; / he 1
ated magnetic perturbation and neg- g 2 18
ligible density fluctuation. The mode %106'3i - o TN <1,
frequencies scale with the ion acous- = sesf &¥KHz~ ‘A‘ T

tic velocity. Two branches have been 2.205 2-%1”% © 2.215 2.220

identified: parallel sound waves and
Geodesic Acoustic Modes. However, Figure 6: fp spectrogram for ohmic #19017.
the “zero” frequency zonal flow has not yet been conclusively observed. GAMs are
seen only in the plasma edge density gradient region and appear to be linked with
the pedestal position. Coherent flow oscillations have not yet been found in the core
plasma region. The GAM has a finite radial extent which is consistent with the expected
k. # 0. Confirmatory measurements are in progress using a second Doppler reflectome-
ter channel to obtain the fp radial correlation length directly. The poloidally displaced
O-mode and X-mode antennas might also be used to check the m = 0 (potential) or
m = +1 (density) mode structure. L-mode data show notably larger GAMs, which
may be expected considering the stronger E, gradients and plasma vorticity present.
The absence of GAMs in QH-modes may be related to the lower turbulence levels (less
ZF drive) and/or the larger E, shearing present. A more extensive presentation and
discussion of these measurements may be found in a forthcoming paper [6].
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Introduction

Radial correlation Doppler reflectometry is a new diagnostic technique which has been de-
veloped on ASDEX Upgrade. It allows for the measurement of several plasma properties
such as the perpendicular rotation of the plasma (u ), the radial electric field (E;) and the
radial electric field shear (dE,/dr). The radial electric field shear in H-mode is believed to be
responsible for the confinement improvement and reduction of anomalous transport observed
[1] and hence, this measurement is of key interest. Presently, there is a lack of experimental
E; shear data available in tokamak devices and so a diagnostic which can provide such a mea-
surement is valuable. In addition, the diagnostic is capable of measuring characteristics of
the turbulence such as density fluctuations and the radial correlation lengths of the turbulence
(Ly). By correlating the properties of the turbulence with the magnitude of the E; shear, fur-
ther insight can be gained about the plasma confinement. In this paper, several results from
this new diagnostic technique will be presented, with particular focus on recent E; shear and
L, measurements.

Technique

The correlation Doppler reflectometry sys-
tem, installed on ASDEX Upgrade, consists

10000 1
of two identical V-Band heterodyne reflec- ! Experiment

tometers with steppable launch frequencies 5000 ¢
(between 50 and 75 GHz) and selectable O
or X-mode polarization [2]. In this tech-
nique, the two Doppler reflectometer chan- Fiyy I
nels are connected to the same antenna pair %0 | Haet

so that they launch microwaves with the same

line of sight simultaneously into the plasma. 10000 ~ = = 0 001 002 003
The microwaves have different launch fre- R-R,,, (M)

quencies and therefore reflect from differ-
ent radial positions in the plasma. From the
Doppler shifts in the received microwave sig-
nals, one obtains the perpendicular rotation of the turbulence in the plasma (« ). The velocity
is given by u; = fp A/ 2sin® where fp is the doppler shift, A is the wavelength of the inci-
dent microwave and 0 is the geometric tilt angle between the plasma flux surface normal and
the incident microwave beam. u | is the sum of the £ x B velocity, vgxp, and the intrinsic
phase velocity of the turbulence, vpn. In the edge region for drift wave turbulence, vy, is
negligible [3] and hence, the radial electric field can be determined from the equation E; = -
u| By Figure 1 shows an example of a radial electric field profile measured by Doppler re-
flectometry in an ohmic disharge [4]. The radial cutoff layer positions are evaluated from the

E, (V/m)
o
ﬂ;h.

Figure 1: Radial Electric Field Profile in an Ohmic
Discharge (#18737).



density profile and the magnetic field profile when using X-mode polarization. The n. pro-
file is obtained from other diagnostics such as Thomson-scattering, lithium beam and swept
frequency profile reflectometry. Also shown in Figure 1 is the radial electric field modelled
by the plasma fluid code B2 [5,6] for the same discharge. The code takes into account exper-
imental density and temperature profiles as well as the drifts involved. The good agreement
in both magnitude and position of the two profiles supports that the Doppler reflectometer is
indeed measuring the E; at the edge.

Two correlation measurement techniques have been developed: (1) Sweeping the two reflec-
tometer channels but keeping the frequency difference between them fixed and then taking
the difference between the two simultaneous E; values divided by the channel radial sepa-
ration gives a radial profile of the instantaneous E, shear (dE,/dr). Typically, a frequency
sweep pattern of 1 GHz steps from 50 to 74 GHz in 100 ms with a fixed 2 GHz separation
is used. (2) Alternatively, keeping the frequency of one reflectometer channel constant and
sweeping the frequency of the second permits the correlation properties of the turbulence to
be measured. Here, a sweep every 50 ms with a frequency difference between the two chan-
nels starting at 0.1 GHz (to avoid any cross talk between the two channels) and increasing
logarithmically was found to be sufficient. The channel separation when the cross correlation
between the two fluctuation signals drops to 1/e gives a measure of the spatial correlation of
the turbulence (designated the radial correlation length, L;) as a function of & .

Results: £, Shear
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Figure 2: dE/dr profiles showing enhanced edge shear in H and QH-modes. Note the different scale.

Figure 2 shows example E; shear profiles measured during an L-mode, an ELMy H-mode and
a Quiescent H-mode discharge. Three main observations can be made from these profiles.
First, the shear is localized at the plasma edge and practically zero elsewhere. Second, the
shear is positive near the separatrix and negative a few cm within the plasma edge coinciding
with the pedestal. Thirdly, an increase of the negative edge shear is linked to an increase
in plasma confinement. Typically at ASDEX Upgrade the maximum negative edge E; shear
measured in L-modes is between 0 and -75 V/cm?, in H-modes between -150 and -250 V/cm?
and, in QH-modes between -400 and -500 V/cm?. Biglari, Diamond and Terry (BDT model)
[7] predict that an increase in absolute shear suppresses density fluctuations and stabilizes



the turbulence. The data shown in Figure 2 is consistent with this model. Also, in Figure
2a, it can be seen that the H-mode E; shear profile is shifted inwards in comparison to the L-
mode profile. This may be due to the density pedestal which steepens and in this case moved
inwards during the H-mode.

Results: Radial Correlation Lengths of the Turbulence

Radial correlation lengths of the turbulence (L,) have also been measured using the Doppler
correlation system. Recent results are presented here. With heterodyne and quadrature de-
tection, there are a range of reflectometer fluctuation signals available to correlate. The re-
flectometer signals tested were the amplitude (A), phase (¢), homodyne in-phase (I = Acoso),
homodyne quadrature (Q = Asin¢), and complex (I 4+ iQ) signals. It was found that the com-
plex and homodyne signals consistently give larger L, than the amplitude and phase signals
[8]. This is most likely due to the fact that the homodyne and complex signals include both
amplitude and phase information and therefore do not assign too much weight to either pa-
rameter, particularly during periods of low reflected power. As a result, the L, measurements
presented here are obtained by cross correlating the complex reflectometer signals.

Figure 3 shows how L, varies with plasma

position. The data was collected in the early ?:7 - b
L-mode phases of ASDEX Upgrade’s Stan- ok " 1o ]
dard H-mode discharges. All plasma pa- aL ]
rameters were constant during the time the - [ 18799 18754 ]
Doppler correlation data was collected in O- ij« 1ok " . 16380 ]
mode configuration. The figure shows L, in- 08l u 19129 ]
creasing into the plasma core, ranging from o6l o120 ]
about 0.40 cm at ppo; ~ 0.92 to 1.75 cm at 04F =
Ppol & 0.35. The magnitude of L; is sim- o2 .
ilar to those measured on DIII-D using a T E o X
standard correlation reflectometer (k; =0) Normalized Radius (ppo)

[9]. Note that the radial position of the core Figure 3: L. measured as a function of normalized
measurements will be corrected using TOR- ;4145 during L-mode phases in ASDEX Upgrade’s
BEAM raytracing calculations [10] to ac-  Siandard H-mode discharges (#18739-19380).

count for the strong beam refractive effects occuring in the plasma core. It is expected that

the core L, measurements will move radially outward.

The relationship between L; and the turbulent wavenumber k | can also be examined with the
correlation Doppler system since the tilted antennae of a Doppler reflectometer introduces a
non-zero turbulent wavenumber, &k | . The wavenumber is given by the Bragg equation: k| =
4 7 sin/A where 0 is the geometric tilt angle between the plasma flux surface normal and the
incident microwave beam and A is the wavelength of the incident microwave. The antennae
on ASDEX Upgrade are fixed in tilt angle so to vary k , the plasma shape is scanned from
low to high triangularity. This was performed in two L-mode upper single null discharges
(#19146 and #19148) and the results are shown in Figure 4. Surprisingly L; increases with
k. Simple theory predicts the opposite since one would expect smaller wavelengths (larger
k) to probe smaller structures (smaller L;). A possible reason for this unexpected trend is
that by changing the plasma shape, the nature of the edge turbulence is changed. Previous
measurements have shown that the radial electric field and its associated shear changes with
plasma shape [11]. Another possibility is that the Doppler reflectometer is not measuring L,
alone but rather in addition some other component such as the poloidal correlation length L.



To test these hypotheses, a repeat of this experiment is planned with a new tiltable antenna.
This will allow the measurement to be performed under constant plasma conditions. As well,
2D Full Wave Finite Difference modelling of the reflectometer response has begun. The
2D code includes the experimental density, magnetic field and antenna charcteristics during
discharges #19146 and #19148. The overall goal will be to recreate the L, experimental
measurements and in particular, examine the dependence of L; on k| .
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Figure 4: L, measured as a function of the turbulent wavenumber k, during L-mode discharges
(#19146 and #19148)

Summary

In conclusion, using the new Doppler correlation reflectometer system on ASDEX Upgrade
successful measurements of dE,/dr and L, have been made in various plasma scenarios. The
edge E; shear measurements show an increase in absolute value in H-modes and QH-modes.
The L, measurements show an increase of L; into the plasma core as expected. However, the
relationship between L, and k| give surprising results as L, increases with k. This result
has motivated an investigation using a 2D Full Wave Finite Difference code to simulate the
reflectometer response and in particular recreate the experimental L, measurements.
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Abstract

Backscattering of a microwave beam close to the cut-off allows for measurement of
density fluctuations ﬁ(E 1) at a specified wave-number, selected by the scattering geome-
try k 1= —21%, where k; is the beam wave-number at the reflection layer. On the system
installed on Tore Supra, both the scattering wave-number k; and the scattering localisa-
tion 7/a can be changed during the shot for probing .5 < r/a < .95 and 2 < k < 15 cm™!,
owing to the steppable probing frequency and the motorised antenna. The perpendicu-
lar fluctuation velocity in the laboratory frame is obtained from the Doppler shift of the
frequency spectrum Aw = kv, . It is dominated by the plasma FE, x B velocity. In the
core, the latter is mainly due to the projection of the toroidal velocity, as this is shown by
comparison with measurements by charge exchange recombination spectroscopy. In the
set of analysed Tore Supra ohmic and ICRH plasmas, the observed rotation is consistent
with a poloidal velocity in the electron diamagnetic direction and/or a toroidal velocity
in the counter current direction. Strong modification of velocity profiles and turbulence
level are observed together with improved confinement in experiments with ICRH heating
at high power and high concentration of minority ions. Preliminary results on associated
wave number spectra will also be shown.

1 Introduction

Progress in understanding turbulence and anomalous transport requires localised mea-
surements of turbulence characteristics, i.e. amplitude and typical length scales, or better
the k spectrum, and their temporal dynamics. This is particularly the case for improved
confinement regime where the improvement is generally not global (in space, in wavenum-
ber, for ion or electron channel). In these regimes, the plasma velocity and its shear have
been shown to play a crucial role and are important to be simultaneously measured with
the fluctuation level. Furthermore, theoretical comprehension and modeling advances [1]
now make detailed comparison with experiments meaningful [2]: knowledge of turbulent
scales is especially crucial for identification of instabilities implicated that might have
different drives and scales.



Taking advantage of both scattering and reflectometry technics, Doppler backscatter-
ing has emerged as a promising means giving access to fluctuations at a specific scale,
and their velocity, in a volume small compared to plasma minor radius. It is based on
the possibility to separately detect the field backscattered on fluctuations along the beam
path from the field reflected at the cut-off layer (standard reflectometry), by launching
the probing beam in oblique incidence with respect to the cut off layer. Fluctuations
whose wavenumber matches the Bragg rule are selected k r = —2]2,;, where k; is the local
probing wavevector. The localised swelling of the incident field at the cut-off, amplifies
the scattering process and allows localisation of the scattering process near the cut-off
layer. At the cutoff, the probing beam wave-vector is determined by its angle 6 to the
cut-off normal: k; = k,sinf (slab geometry) where k, is the vacuum wavenumber. This
techmques thus prov1des the instantaneous spatial Fourier analysis of densrcy fluctuations,

ik, t) = Jy n(r,t)e kT, 7dF, acting as a band pass filter in k-space around k = —2k; at the
cut-off layer. The wavenumber selectivity Ak is related to the overlapping and shape of
the probing and scattered beams. The turbulence frequency spectrum is Doppler shifted
Aw=Fk £+ Uy, that allows to determine the fluctuation velocity. Also referred to as Doppler
reflectometry, it shares with standard fluctuation (CW) reflectometry good spatial and
temporal resolution, easy access and low cost.

2 The Doppler back-scattering system on Tore
Supra

The diagnostic has been designed to be able to measure the k-spectrum (from medium to
small scale) and the velocity profiles of the fluctuations: exploring k and r space yields
the choice of a tiltable antenna and a probing frequency in the V band (50-75 GHz range).
This corresponds to O-mode cut-off density from 3.1 to 7 10'® m—3 suitable for enhanced
performance regimes [3, 4].

The antenna pattern must be optimized to separate the reflected signal from the
backscattered one and to get a good k selectivity. Gaussian beams have been preferred
for their low divergence: a gaussian optics lens antenna associated with a corrugated
horn, yields a beam waist of 40 mm (divergence 2.2° HPBW) The whole system is at
125 cm from the plasma (potential heavy heat load on non actively cooled components
leads to limit plasma view angle from diagnostic ports, keeping away the windows and
limiting their size). The antenna and the attached millimetric unit (see below) is tiltable
and motorized, with an angular excursion from -1° to 10° (angle of the line of sight with
respect to the last closed magnetic surface in the range -3° to 20°).

In O mode, the selected wave number at the cut-off is mainly poloidal. However, since
the density fluctuations are nearly aligned along the magnetic field lines (k” << k), the
beam wavevector should have a small toroidal component to fulfill the Bragg selection
condition near the cut-off layer. The beam is thus launched with a small toroidal tilt
angle so that the wavevector makes at the cut-off an angle & with the poloidal plane
nearly equal to the pitch angle of the magnetic field lines (around 5° depending on the
safety factor profile). This condition is not critical due to the beam slight divergence, but
important to get a good sensitivity.

The actual incident angle varies with the plasma shape, cut-off layer position and
refraction. Ray tracing is therefore needed to evaluate the reflection layer location r



from where the scattered signal is expected to come and k at the reflection layer. It
is computed in 3D geometry with geometrical optics approximation [5], and takes into
account the divergence of a gaussian beam: the beam is simulated with multiple rays
diverging from the center ray , whose propagation is conditioned by its neighbors.

The microwave part of the system is based on a fluctuation reflectometer scheme with
heterodyne detection with a single side band modulator (modulation frequency 80MHz,
IQ detection) which allows for measuring the turbulence propagation velocity through the
Doppler shift S(k;,w) = Aw ~ kv .

Choice has been made of stable source, a synthesizer, in the 12.5 to 19 GHz frequency
range, with a typical switch time between steps smaller than 5 ms with a step duration
from 5 ms, that can also be linearly swept in 5 ms typically. This signal is set to the
50 to 75 GHz range by use of an active mulitplier which provides an output power of
the order of 10 mW. It is then sent to the plasma through the high gain antenna via
a high directivity coupler, to separate emission and reception signals. Modulation and
demodulation are performed with the same quartz oscillator. A 12 bits VME system
controls the data acquisition at 4 MHz acquisition rate, to account for the signal bandwidth
expected (Doppler shift up to 1 MHz).

3 Probing frequency and tilt angle combined scans

Changing the probing frequency F' changes both r/a and k and the same for §. Thus
obtaining radial profile at fixed k£ or wave-number dependence at fixed radius requires
combined scans that are realised on a stationary phase of the plasma as shown in figure 1,
by programing several sets of frequency steps during a tilt angle sweep. Figure 1(b) is a
zoom showing the frequency steps timing: acquisition is triggered at each pre-set probing
frequency step, recording typically 32k samples per step (10 steps require less than 200
ms), the whole pattern can be repeated several times during the shot; the angle sweep is
sufficiently slow (.5 to 2°/s) to ensure that the angle has not changed much during the
acquisition time (typically 8 ms).
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Figure 1: Combined probing frequency (in blue, b) and antenna tilt (red, a) scan
scenarios during stationary plasma phase; black line is the back-scattered signal rms value

For each (F, 6) and plasma conditions, ray tracing is used to determine (r/a, k) which
map is shown on figure 2.
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Figure 2: k, versus r/a for the probing
frequency and antenna tilt angle scan of
figure 1

3.1 Doppler spectra vs r and k|

Figure 3 shows the frequency spectra obtained for selected values of r/a(40.05) and
different £’s, for figure 1 plasma in the ohmic phase (a) and during ICRF heating at high
power (b). The sign of the Doppler shift corresponds to the electron diamagnetic direction.
There is no f = 0 component, i.e. the backscattered signal is separated from the reflected
one, except for the magenta and black line of figure 3 (b), which corresponds to large values
of the tilt angle. In these cases, the probing beam is deflected towards the wall, where
it intersects metallic elements (ripple protection...) and is probably reflected and come
back to the antenna experiencing forward scattering (and thus, frequency broadening).
However, the Doppler shift increases with k as expected (see § 3.2). The spectrum width
is rather small in the ohmic case, less than 100 kHz, increasing with k and heating power

as previously observed on other tokamaks.
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Figure 3: Frequency spectra at fixed r/a and various k for ohmic plasma, nl=7 10"
m~?2 (a) and during ICRH, P=8MW, nl=8 10" m~2 (b).

3.2 Perpendicular fluctuation velocity radial profile

Fluctuation perpendicular velocity is derived from the Doppler shift, v; = Aw/k and is
plotted as a function of k (figure 4(b)): fluctuation velocity very weakly depends on k

1000



(within the error bar) as expected for fluctuation velocity dominated by the flow velocity,
i.e. fluctuations play the role of tracers. The fluctuation perpendicular velocity profile
(figure 4) is the derived (for k = 4 4.5 cm™!) for the ohmic and heating phase of figure
1. Values and shape are consistent with previous measurement in ohmic [6]. v; decreases
towards the center, and sligthly to the edge. However the edge has not yet been probed
in this configuration and requires high density plasmas (the smallest probing frequency,

50 MHz, corresponds to a density of 3 101? m=3).
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Figure 4: Fluctuation perpendicular velocity profile (at fixed k = 4 + .5 ecm™!) for ohmic
and heating phase, nl=7 10" m~2 (a), and its dependence with k at fixed radius (b).

3.3 Fluctuation k spectrum

The power spectral density o ﬁ(lg 1) is then evaluated as a function of k by integrating
frequency spectra. The k-spectrum, plotted for a ohmic plasma at fixed radius in loga-
rithmic scale (5a) is similar to observations from COs laser scattering experiment on Tore
Supra [10] with a spectral index ~ 3 at low k, increasing at higher k, or an exponential

dependence as shown in semi-logarithmic plot (b).
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Figure 5: Fluctuation k spectra in ohmic plasmas.




4 fluctuation velocity compared with Vg, p

The Doppler scattering experiment gives a measurement of the perpendicular fluctuation
velocity in the laboratory frame: v; = Vgxp 1+ < w/k >. The radial component of the
electric field generates the perpendicular component V. p | = —E,/B. It can be derived
from the radial projection of the force balance equation: E, = vyBy —v9Bg — VF; /ng;.

The toroidal rotation velocity is measured by
charge exchange recombination spectroscopy. — |TS# 33937 8 b avw 1
Its contribution to Vgxp | = —vgBy/B is com- “l’ + FCI”
pared to v, in figure 6, showing close values “lJ + + ‘+
in various plasma conditions, as observed with ¢ EIJ ¢
other Doppler reflectometry systems [7, 8, 9]
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The plasma scenario of figure 6 and 7 corresponds to high density, high heating power
shots (SMW ICRH, 2MW LH) with a high concentration of minority ions (H). A good
confinement (with an improvement factor H around 1.5) is observed as well as a strong
spontaneous toroidal rotation (in the counter current direction). This is also seen from
the large increase of the fluctuation velocity, up to 4 to 5 km/s and strong modification of
the Vi« p, 1 profile, with a shearing zone around r/a=0.7. Fluctuation levels are evaluated
at different radii and show a drop for r/a <= 0.7.
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Figure 7: Profiles of fluctuation perpendicular velocity (diamonds) and —v4By/B
(stars) (a) ; profiles of vgBg/B and diamagnetic term (b).

Since the toroidal term of Vg g | dominates, small values of fluctuation phase velocity
< w/k >, are expected. It should be of the order of the remaining part of the £ x B
velocity < w/k >~ —vgBy/B + VP;/ng; B which is plotted on figure 7(b), where the
poloidal term vy is calculated from neoclassical evaluation. This part is seen to be rather
small and of the order of wy, in the electron diamagnetic direction. This is consistent
with linear stability code calculations (TEM around this frequency in this k range).



5 Conclusion and future plans

The Doppler scattering system is operating on Tore Supra since 2004 for measuring fluc-
tuation perpendicular velocity profile, turbulence level, and k spectra in various plasma
conditions: it can investigate particularly the role of the velocity shear and turbulence
scales improved confinement regime; the impact of Te/T1i ratio or other non dimensional
parameters on the level and the mean fluctuation frequency, their link to ion/electron
modes; the link with the density peaking and thermo-diffusion; and electron transport
related to small scale fluctuations.

On the diagnostic point of view, we are now testing X mode polarisation (105-150GHz)
configuration, for a possible operation in both O/X mode. A faster acquisition (20 to
100MHz) is also under development for higher Doppler shift (in case of probing higher
k) and also for developing instantaneous Doppler frequency evaluation from parametric
analysis for dynamical and statistical analysis.
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Abstract

Microwave beam back-scattering near cutoff layer
appears to be the most interesting diagnostic to
observe density fluctuations time evolution for a
given localization in the plasma and at a defined
wave vector. It also provides perpendicular veloc-
ity. Scattering only occurswhen the Bragg selec-
tion rule is fulfilled i.e. when the scattering wave
vector is perpendicular to the magnetic field.

In order to evaluate these scattering conditions,
ray tracing is required. In order to measure the
angle between the magnetic field and the wave
vector at the reflection, 3D geometry is neces-
sary. Ripple effect on iso-index layer curve cannot
be neglected. Scattering localization and wave
vector resolution can be approached if single ray
tracing is replaced with quasi-optical beam trac-
ing. Optical propagation is still considered in the
WKB approximation but the beam is described
as multiple connected rays. The beam radial ex-
pansion due to diffraction is well described.

This approach allows to compute beam param-
eters for all data acquisition (50 / shot) and all
shots (40 shots / day) during the following night
on a recent personal computer with MatLab(©).

1 Motivation

The Doppler back-scattering microwave diagnos-
tic installed on Tore Supra is able to observe den-
sity fluctuations in the plasma core: p varies from
0.3 t0 0.9, depending on plasma parameters. Den-
sity fluctuations are observed by an enhanced mi-
crowave back-scattering effect near the reflection
layer (close to the cut-off). The microwave beam
trajectory cannot be directly estimated. In or-
der to know the scattering localization and wave
vector in the reflection zone, wave propagation

Reflection
Kk Plane

»

Antenna 0,0

Figure 1: Poloidal section

evaluation is necessary.

It is also useful to estimate beam size and the
wave vector resolution. Since the scattering ef-
ficiency is not a linear effect, they do not cor-
respond to back-scattering resolution and expan-
sion, but these beam characteristics give a first
approach of back-scattering ones.

Density fluctuation properties should also be
taken into account: For the diagnostic typical
scattering wave-numbers range (3 to 20 cm™!),
density fluctuations are almost perpendicular to
the magnetic field. This condition has to be ver-
ified in the scattering zone.

Since this beam propagation computation has
to be done for each data acquisition sequence (in
the order of 50 per shots), full wave simulation is
not realistic. Ray tracing computation needs less
time, but single ray integration is not sufficient
to describe beam size evolution. Beam tracing,
as multiple ray tracing is necessary.

In the first part, we expose the ray tracing
integration with the complex eikonal method.
This method is then applied to Doppler back-
scattering in Tore Supra tokamak.



7th International Reflectometry Workshop, May 9-11th 2005 2

2 Beam tracing

The complex eikonal method to describe beam
evolution in plasma is derived from the usual ray
tracing method [1].

Eikonal function method for ray tracing

The plasma is described as a loss-less linear
isotropic non-dispersive medium with an optical
index n?%(r).
matic wave E,(r,t) = E(r)e™! where w is the
wave pulsation. With these assumptions, the
Helmholtz equation applies V2E + k:gnQE = 0.

With WKB approximation, valid when the
local wavelength A(r) is much smaller than
the electric field characteristic variation length
|E|/|VE(r)|, the zeroth order electric field ap-
proximation E(r) = Ee®05®) is considered.
S(r) is the eikonal function.

If this electric field expression is applied to the
Helmholtz equation, the eikonal equation is de-
duced: |VS(r)|? = n?(r). We introduce k =
koVS as a intermediate variable. k must then
be an irrotational solution of the dispersion equa-

2

tion: D(r,k,w) = k? — £zn?(r) = 0. The disper-

sion equation is solved by integrating rays along
which the dispersion equation is satisfied:

The incident wave is a monochro-

d _ 0D oD _ C?
at T ok ow
d,_ 0D 0D _ w .,

T=22)07 - Yy
dt Oor’ dw  2n2? "

—k=v rou;
an g P

Complex eikonal to describe electric field
envelope

The complex eikonal method was first proposed
for inhomogeneous plasmas by S. Choudhary and
L. B. Felsen [2]. This was extended to 3D vector
field by E. Mazzucato [3]. Here we expose the
more detailed application given by S. Nowak and
A. Orefice [4, 5].

This method is generalized by considering com-
plex form for the eikonal function: S(r) = R(r)+
iI(r). The eikonal imaginary part corresponds to
the electric field spatial variation, where the real
part corresponds to phase variations:

E(I‘) _ Eoekol(r) 6ikoR(r)

The eikonal equation still applies |[VS(r)|?> =
n?(r), but has real and imaginary parts:

IVR|> - |[VI*=n? VRVI=0

Once again, a dispersion equation is deduced
by introducing k = kyVR.

2
D(r,k,w) = k% — %[nQ +IVIP =0

kVI=0

The dispersion equation appears with an ad-
ditional term |VI|?, and an additional condition
k.VI = 0. Since k is tangential to the ray, this
condition means I(r) is constant along rays. It
only depends on initial conditions. The comple-
mentary phase function R(r), is constant along
group wavefront.

Beam tracing consists in multiple ray tracing
integration ¢ = 1...n. For each ray, I; is given
by initial conditions, but |VI(r)|? varies. It will
be estimated from neighbouring ray relative po-
sitions.

Gaussian beam description

For Gaussian beam, initial conditions are given
in the beam waist plane (z = 0). The propaga-
tion direction is u,. The beam waist radius is
wo. M x N rays are defined. M rays are in the
beam radius direction: r,,,—g. . p7—1 = 1.6 woﬁ
(r =+/x? 4+ y?). N rays are regularly distributed
around the beam: 6,-1. .y = 275. The initial
conditions for ray tracing are given by ray posi-
tions and common wave vector:

I'mn(z =0) = ry(cosbyu, + sinf,uy)

kin(z =0) = kou,

By identifying the electric field envelope with
its eikonal expression: E(r,z = 0) = Ege "/ =
Eyekol(r)gikoR(r) "~ initial values of I and R are
given by: L, = —r2 /kow? and Ry, n(z = 0) =
0.

Each ray integration equations are:

d__ c?

%rm,n - m m,n
D = 2 T2 4 VI
dt ™" 2n?

Since V|VIy,|? = 0, for central ray (m = 0),
ray tracing equations are the same as single ray
tracing equations.
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Runge Kutta integration

Rays can be integrated using adaptive step-size
Runge-Kutta algorithm. Since V|VI|? term is
computed from neighbouring rays, all rays are
computed altogether with the same step. The
step-size is then adapted to the most strained ray.

For region where the n?(r) function is not reg-
ular enough, like the plasma vacuum interface,
Snell law is applied for affected rays.

Validation for Gaussian beam expansion in
vacuum

Solutions of such beam tracing can be compared
to paraxial analytic solution of Gaussian beam
expansion in vacuum. In this case, the beam
waist varies along propagation axis: w(z)
woy/1+ 22/e2 (where e = Tw3/A\g). w(z) is the
distance between the central ray (where E(r) =
Ep) and the position where E(r) = Egpe '

Comparison between beam tracing and the an-
alytical solutions shows they are very close. For
beam initial waist equal to wg = 40 mm, over a
distance over 2 m, the relative difference between
both waists is less than 3 1074,

Analytical solution gives also phase wavefront
radius variations along propagation axis (R(z)
z(1+€2/2%)). But this expression cannot be com-
pared to the beam tracing, since the beam tracing
only considers group velocity and not the phase
velocity.

3 Plasma description

Plasma description

The plasma wave interaction is described with the
cold plasma approximation.

Plasma equilibrium is described by major and
minor radius, plasma height position, and Shafra-
nov shift. More complete equilibrium description
is forecast for the future.

Density profile is computed from central den-
sity ng and peaking coefficient p: n(p) = no(1l —
p*)P. Experimental data spline interpolation is
also possible, but profile irregularities can induce
ray tracing integration instability.

Poloidal section description is extended to 3D
with toroidal geometry. Ripple effect on equilib-
rium is taken into account.

z(cm) [vertical]

Poloidal Plane
T T T
R=2.40 m a=70 cm
ne(0)=5.5 10°m™

\
i
i ! o
;
,

F =60.0 GHz 6= 4.0° d§ = 2.2°
a=11.1°
ra=054 N°=0.13 2k;=8.93 cm-1

150 200

100
x(cm) [radial]

Figure 2: Ray tracing for cylindrical plasma

For X mode propagation, magnetic field is
computed from simplified expression of the main
toroidal and poloidal magnetic field, with first or-
der paramagnetic, diamagnetic and ripple correc-
tions.

The initial ray tracing program was developed
in MatLab@©by Y. Michelot, L. Colas and T.F.
Seak (CEA-Euratom) as 2D single ray tracing.

Ray tracing validation for specific cylindri-
cal plasma

Analytical solutions exist for single 2D ray trac-
ing, for O mode propagation in a parabolic den-
sity profile (n(p) = no(1 — p?)) with no Shafranov
shift (Private communication by L. Colas).

For cylindrical symmetry, rkg is constant along
the ray (it differs from slab geometry, where kg is
constant).

Ray minimum radius p;, and corresponding
poloidal wave-number kg,,;, expressions are:

vg— 1+ \/Vg + 1 — 2ygcos2a
2 _
Pmin =

2V0

kosin2a
k@min =
Pmin
€0Mmew?
02

where vy = ng/ is the density normalized
to its critical value, and « is the angle between
ray trajectory and plasma surface normal, where
the ray enters the plasma (Figure 2).

The ray tracing results (given on figure 2) may
be compared the corresponding analytical results:
Pmin = 0.53 and 2kgmin = 8.95 cm™!. The

relative difference is less than 2%. With the
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Figure 3: Poloidal and toroidal sections

slab approximation (kg = kgsina), we would get
2kgmin = 4.8 cm™L. It is almost 50 % false in this
example.

For more realistic plasma parameters, there is
no analytical solutions. But since beam central
ray tracing behaves like single ray tracing, the
condition k? = k3n?(r) must apply along the cen-
tral ray. This condition is verified during compu-
tation.

4 Beam tracing in Tore Supra
plasma parameters

Figure 3 shows computation results correspond-
ing to typical parameters for O mode 50-75
GHz Doppler back-scattering diagnostic on Tore
Supra. Plasma central density is 5.5 109m =3,
Density peaking coefficient is p = 0.6. Wave fre-
quency is 60 GHz. Antenna poloidal tilt angle 0
is 4.0°. In order to get scattering wave vector per-
pendicular to magnetic field, the antenna is also

toroidally tilted with ¢ = 2°. The beam is rep-
resented by 9 x 8 rays. Figure 3 shows poloidal
section (top) and the toroidal one (bottom). Wall
inner limits are represented in blue. Red lines rep-
resent iso optical index lines. black curves show
ray projection in the section. The legend of each
figure show the localization and scattering wave-
number at the central ray reflection (where the
index is minimum). It also gives the scattering
wave vector tilt angle & in the (6,¢) plane (as
defined on figure 1).

In order to estimate the resolution upon these
quantities, we compare the results between the
central ray and the rays initially distant by wy.
For this case, the relative resolution on position
is of the order of 10 to 20 %. The wave-number
resolution is of the order of 30 to 50 %. For most
studied cases, it appears that these wave-number
and position resolutions are in the same ranges:
206kg = 3 to 5 cm™!, and dp = .05 to .10.

The &, dispersion is quite high: 10°. It means
that the beam should perpendicular to the mag-
netic field.
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Abstract

Over the years, the efforts to develop Microwave Imaging Reflectometry (MIR) for
nuclear fusion devices, have been extensively documented in the literature [1-9]. This paper
intends to be a short overview of the MIR concept, the MIR instrumentation for TEXTOR,
and preliminary results obtained so far.

1. Introduction

Reflectometry is a highly sensitive diagnostic for the localized measurement of density
fluctuations in the core of tokamak plasmas. However, fluctuations (especially 2D
fluctuations where the plasma permittivity varies both perpendicular and parallel to the
direction of propagation of the probing beam) also complicate the interpretation of
reflectometry data, due to the interference between reflected wave components.

A model that has been proposed to handle the effects of fluctuations on reflectometry
measurements, describes the reflected field with a phase modulation that is caused by
fluctuations mostly close to the cut-off layer and which magnitude is given by 1D
geometric optics. Numerical studies [2, 4, 8] have shown this model to be valid when the
amplitude of the fluctuations is smaller than a certain value, set by the spectrum of wave
numbers. It has also been demonstrated that for an observer at the plasma edge, the
reflected waves seem to originate from a “virtual” cutoff, located behind the actual cutoff.
The reflected electromagnetic field consists of a group of scattered waves that propagate in
various directions and a wave propagating in the direction of specular reflection. The
amplitude of this specular reflection will decrease as the variance 0% of the phase
modulation becomes larger than unity. The scattered waves produce a complicated
interference pattern when observed at a distance from the virtual cutoff layer larger than the
diffraction length. Therefore, even when the above mentioned model is valid, the backward
field needs necessarily to be measured as close as possible to the virtual cutoff.
Experimentally, this could be achieved by collecting a significant part of the scattered
waves by a large-aperture optical system and by imaging the object plane of the system,
located at the virtual cutoff, onto a phase detector at the image plane. This concept has led
to the development of the microwave imaging reflectometry (MIR) technique.



2. MIR instrumentation at TEXTOR

A MIR instrument has been developed for the TEXTOR tokamak. The layout of the
diagnostic, which is combined with an Electron Cyclotron Emission Imaging (ECEI)
receiver, to measure simultaneously electron density and temperature fluctuations, is shown
in Figure 1. The ECEI part of the system is described elsewhere [10].

Figure 1: The combined MIR/ECEI system with the TEXTOR poloidal cross section.

The MIR employs large-aperture front-end optical components (the cylindrical mirrors a
and b in Figure 1) to collect the reflected waves over an extended range of scattered angles.
The limiting aperture is formed by the 42 cm x 20 cm TEXTOR vacuum window. The
same focusing mirrors are used to match the wave front curvature of the probing beam to
the cutoff surface, thus improving the robustness of the system to variations of the location
of the cutoff surface and reducing the effect of plasma refraction. A dichroic plate (c) is
used to separate the higher frequency (> 95 GHz) ECEI signal from the lower frequency (<
90 GHz) MIR signal. Each subsystem has its own detector system, located at (g) and (f)
respectively, including several lenses to improve the image quality and to match the image
to the detector characteristics. A significant advantage of the imaging scheme is the
possibility to perform multi-point measurements on an extended poloidal range of the
cutoff surface by using a multi-element detector array. This way, the instrument will not
only be able to perform measurements in the presence of poloidal fluctuations, but also of
the poloidal fluctuations themselves.

The TEXTOR MIR instrument has a fixed frequency probing beam, launched in X-
mode, of 88 GHz that covers a < 15 cm poloidal range. The reflected waves are measured
with a 16-channel detector array, leading to a spatial resolution of ~1 cm and a theoretical
poloidal wavenumber ke resolution up to 3 cm™.



Before installation, the MIR instrument has been tested in the laboratory using a rotating
corrugated reflecting target of known shape to simulate the fluctuating plasma reflection
layer [6]. This test clearly illustrates the property of the MIR technique where the detection
plane is moved to a location that is remote from the target surface and physically accessible
for a detection system

3. Preliminary results

Figure 2 shows the results of a pilot experiment, where the electron density was ramped
up during an Ohmic plasma discharge, to shift the virtual cutoff surface through and
beyond the focal plane of the MIR optics [5]. The focal plane of the optics was held fixed,
and all plasma parameters, apart from the density ramp, were held fixed. The figure shows
I/Q plots from a single channel recorded over several 3 ms time windows during the
density ramp. The striking difference between plots (a, d) and (b, c) is in the level of
amplitude fluctuations. The smaller level of amplitude fluctuations in plots (b, ¢) is
attributed to the in-focus condition of the virtual cutoff layer, as is confirmed by the
agreement between the calculation of the virtual cutoff position and and the position of the
MIR focal plane. Remarkable is also the difference between the power spectra of the signal
phase. When the cutoff is in-focus (Figure 2f), the phase power spectrum is dominated by
large coherent MHD fluctuations, while the spectrum becomes a featureless 1/f* spectrum
when the focus goes out-of-focus (Figure 2¢).
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Figure2: I/Q-plots of a single MIR channel during a density ramp in an Ohmic
discharge (a, b, c and d) and its phase power spectra (e and f).

Recently, preliminary results on the measurement of phase spectral coherence, poloidal
correlation lengths, poloidal wave number and poloidal phase velocity have been reported

[9].



4. Discussion and conclusion

The latest version of the MIR system has been installed on TEXTOR in the summer of
2002. Due to a number of unforeseen and lengthy shutdowns, the experimental time that
could be devoted to technical commissioning of the system was very limited. Moreover,
during the few scheduled MIR test sessions, it has been very difficult to achieve the
optimum plasma conditions. In the majority of test discharges, the system was out-of-focus,
where the focal plane does not overlap the virtual cutoff. Obviously, more experimental
time with improved plasma conditions is needed to fully explore the possibilities of MIR.

Recently, flexibility has been added to the MIR system to shift both the launching beam
focal position and the detection system focal plane independently. Plans for the near future
include the utilization of this flexibility to find optimum settings for both launching and
receiving focal positions under optimized plasma parameters.
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Simulation of optical and synthetic
imaging using microwave reflectometry
G.J. Kramer, R. Nazikian and E. Valeo
Princeton Plasma Physics Laboratory, Princeton, NJ 08543-0451

2-D full-wave time-dependent simulations in full plasma geometry are presented
which show that conventional reflectometry (without a lens) can be used to syn-
thetically image density fluctuations in fusion plasmas under conditions where
the parallel correlation length greatly exceeds the poloidal correlation length
of the turbulence. The advantage of synthetic imaging is that the image can
be produced without the need for a large lens of high optical quality, and each
frequency that is launched can be independently imaged. A particularly simple
arrangement, consisting of a single receiver located at the midpoint of a mi-
crowave beam propagating along the plasma midplane is shown to suffice for
imaging purposes. However, as the ratio of the parallel to poloidal correlation
length decreases, a poloidal array of receivers needs to be used to synthesize the
image with high accuracy. Simulations using DIII-D relevant parameters show
the similarity of synthetic and optical imaging in present day experiments.

A full report on synthetic imaging using microwave reflectometry is given in:
G.J. Kramer, R. Nazikian and E. Valeo, Plasma Physics and Controlled Fusion
46 (2004) L23-1.29.

Experimental results from optical imaging in TFTR are shown in:
R. Nazikian, G.J. Kramer and E. Valeo, Physics of Plasmas 8 (2001) 1840-1855.

A description of the Full Wave Reflectometer code and an application of it can
be found in:

E. Valeo, G.J. Kramer and R. Nazikian, Plasma Physics and Controlled Fusion
44 (2002) L1-L10.

G.J. Kramer, R. Nazikian and E. Valeo, Plasma Physics and Controlled Fusion
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IDENTIFICATION OF LOCAL ALFVEN WAVE RESONANCES WITH
REFLECTOMETRY AS A DIAGNOSTIC TOOL IN TOKAMAKS

A.G.Elfimov!, R. M.O. Galvio', L. F. Ruchko', M.E.C.Manso’ and A.A Ivanov’
nstituto de Fisica, Universidade de Sdo Paulo, 05315-970, SP, Brazil
2Centro Fusdo Nuclear-Instituto Superior Técnico, Av.Rovisco Pais, 1049-001, Lisboa, Portugal
*Keldysh Institute, Russian Academy of Sciences, Moscow, Russia

Local Alfvén wave (LAW) resonances are excited in tokamaks by an externally driven electro-
magnetic field, below ion cyclotron frequency. We show that combination of small power
deposition in LAW resonances, swept by plasma density variation or scanned by varying
generator frequencies, in combination with detection of the density fluctuations in the LAW
resonances by reflectometry can serve as diagnostic tool for identification of the effective ion
mass number 4., and g-profile in tokamaks. The idea is based on the simultaneous detection of
the position of m=% / local AW resonances, which are excited by M/N=*1/+2 antenna modes,
and m=0 generated by poloidal mode coupling effect in tokamaks. The m=0 resonance depends
only on the effective ion mass number and does not depend on the g-profile, so that the mass
number can be determined unambiguously. Then, we can determine g-factor at the position of
m=% 1 LAW resonances. Using multifluid ALTOK code, we identify mass number in TCABR
experiments and demonstrate the possibility of applying this method in Joint European Torus.

The idea of strong resonant absorption of RF fields, which are excited at the local Alfvén
wave (LAW) resonance in magnetically confined inhomogeneous plasmas, is based on a
series of the theoretical works carried out in seventh and eightieth (for example, [1-3]).
LAW resonance excitation is defined by mode conversion of an externally driven RF field
below the ion-cyclotron frequency, . , into the kinetic or electrostatic Alfvén wave
(shear AW) at the Alfvén resonance layer where the resonance density can be determined
by the equation in “cylindrical” form

2| An. /n A.n_/n B B
kP = e e = (NM/ ) = r—— ()
ci|1-—0’ /ol 1-0’ /o] B,R, q(r)) " Ai Juomn,
where m and N are toroidal and poloidal wave numbers, ¢ is the safety factor By , B; are
the modulus and toroidal magnetic field, and 4. is the main impurity mass number. Eq. (1)

can be reduced to w4 = c4k <<o. in the low frequency limit, where ¢, =¢ il «/Aef is the

Alfvén velocity, A¢=(A; n+ A. n)) /n. is effective mass number, and ®. is the ion
cyclotron frequency. The continuous spectrum (1) of the LAW resonances is known as the
Alfvén wave continuum. In the standard quasi cylindrical model for wave excitation in
tokamak plasmas, the oscillating RF field is represented as a sum of harmonics exp/i
(mB+N¢ - #)]. These fields are excited in the plasma by an antenna current sheet, Jy,
(1,0,0,t) = Zur Joy (M,N) 8(r-b) exp/i(MB+N¢ - ¢)]. The antenna spectra of Jo4(M,N)

driven in tokamaks are usually very wide both for the toroidal and poloidal wave
numbers; however, a few harmonics can satisfy the LAW resonance conditions (1). Due
to toroidal effects, the poloidal wave numbers m in the plasma may be different from M
that are excited by the antenna. In particular, although m=0 LAW resonance can not be
directly driven by an external antenna, poloidal mode coupling allows it to be excited as a
satellite mode of |mj=1 LAW resonance, in tokamak plasmas. Indeed, that has been
already demonstrated experimentally in TCA with a CO, laser interferometry [4] when it
was operating in Lausanne. Recently, power deposition in m=0 local AW resonance has
been also demonstrated by ECE heterodyne system in TCABR [5].

Moreover, AW can also be excited in a plasma as global Alfvén waves (GAW) [1-2] and
toroidicity induced Alfvén eigenmodes (TAE) at the position of bifurcation of the LAW



resonances, for given N and different m=0 numbers, with wave fields corresponding to the
discrete eigenfunctions of the proper boundary value problem. Easy identification of these
modes were explored as a diagnostic tool for definition of the effective ion mass number
Aer and g-profiles in a series of
tokamak  experiments  (for

example, [5-11]). This <
technique, called Magneto- o
Hydro-Dynamic (MHD) _8
spectroscopy, is usually based =
on external measurements by _E
magnetic probes and work in 2
the active (AW excitation by an 5
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(using AW instabilities driven 8 1 RF pulse
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density fluctuations at the local

LAW resonance m=% I, N=-2,3 with frequency f; =4 MHz and relatively small power
deposition of 30 kW were detected in the Tokamak Chauffage Alfvén Brésilien (TCABR)
[12]. The LAW resonances were excited by a fixed AW frequency generator, which
usually used for heating, together with a small density increase in these experiments.
However, this density increase during RF pulse does not produce a relative sweeping of
reflectometer reflection point over LAW resonance position, as follows from eq. (1)

2 -1
Bt m n/n An. /n m )
n,=|—| N+— ! e 4 2z e n = D)
! |:4TE mi(DRO( QJ] [1—032/032 -’ /COLZ,ZJ f e’ S 2)

Here ne~1.3°10"” cm™ is the density at the reflection point, and n4 is the one at LAW
resonance position. In Eq.(2), g factor and an impurity density variation may only allows
to meet the condition 7n,= fiyer.

In this paper, based upon results of calculations carried out with the two dimensional
multi-fluid ALTOK code [13] and taking into account that the ¢ variation was rather small
during the RF pulse, we show that the average mass number could be determined in the
experiments [14], and we discuss the possibility of frequency sweep of m=0,+ I, N=%2
LAW resonances, within the frequency band 0.5-0.9 MHz, to explore this effect in JET.




Fig.2. Plot of Alfvén radial
density profile ny for Ay=1.1,
qo =1.07, m/N=-1/3 mode
(dash-dot-dot line), and for
Ay =1.17, g=1.08, m/N=-1/-2
(solid line), electron density
distributions  for n =
1.2x10”m? (dashed) and n

=1.5x10"” m> (short dashed
lines), the reflectometry cut
off density in TCABR s
marked by dotted line (a);
amplitudes of the AW density
Sfluctuations calculated with
ALTOK for 4 MHz frequency
m/N=-1/3 mode (dash-dot-dot
line , respective to (a), and
m/N=-1/-2 (solid line)
resonance for n = 1.5x10" m

density n_and n, (10" m?)

I (b). G
(b) e
Plasma Model of TCABR ©
and JET A
The calculations with the =

ALTOK code have been

carried out assuming circular, 00 o Y
in TCABR, and D-shape 70,00 0,05 0.10 0.15
cross-section (x=1.43, radius (m)

0=0.25) in JET. To obtain

good accuracy, 473x99 mesh

points are used in the numerical calculations. Here, we analyze the AW absorption in
TCABR shot N°10668 [11] (minor radius a=0.18m, major radius R,=0.615m, toroidal
magnetic field B = 1.15T, plasma current /, =78-80 kA, with safety factor in the center g,
=1-1.1, line averaged plasma density n =1.2-1.5x10" m (gas hold hydrogen), central
electron and ion temperatures 7.,=450 eV and 7;,=150eV). The TCABR antenna module
has two groups of RF current carrying straps, which are positioned in two toroidal cross-
sections separated toroidally by an angle about 22°, creating mainly the spectrum of the
poloidal M= +1, £2 and toroidal N=*1, +2, £3... modes. Their LAW resonances are
strongly separated by choosing the generator frequency 4 MHz. In JET calculations, we
use shot #60895 as a reference (minor radius a=1.05m, major radius R,=2.85 m, toroidal
magnetic field B = 1.T, plasma current /, = 1.2 MA, safety factor ¢(0) =1.1, central
plasma density n/=5x10" m~ (gas hold deuterium), central electron and ion temperatures
T./=3000 and T;0=2000 eV, respectively. The generator frequency has been swept in the
band /=0.2-0.5 MHz. The antenna module is proposed to have two groups of RF current
carrying straps. These groups are situated at two opposite toroidal positions creating
mainly the spectrum of the poloidal M= 0, 1,2 and toroidal N=+2, +4 modes. The
plasma profiles used in the code calculations are quasi parabolic temperature profile 7=T)
(1-¥) *, density profile of TCABR n=ny(1-¥)"’, and of JET n=n,(1-¥) **, and current
profile is j=j,(1-¥ *’) 2, where ¥ is the normalized poloidal magnetic flux.



Identification of Local AW Resonance with Reflectometry

The density fluctuation rise in the LAW position can be detected by a reflectometer (for
example, Ref.16-17). In the simple case, the relative amplitude of the density fluctuations
on/n is proportional to the parallel component of the electric field, in accordance with
Boltzmann distribution, and to the square root of the absorbed power density p ,

on | kg ~ ek, = Bk vy,
ol TR s s |E 2 —F 5P 3)
n, |4men, mekuvie nijie

where n., vr, and ®,. are the electron mass, thermal speed, and plasma frequency,
respectively. For power density of 0.2kW/m’ at the resonance surface 7,=0.65(R-R;) (or
about of 1kW of total absorbed power), we obtain dn/n.~1.10*, which is of the level that
can be detected by a modern reflectometer (for example, Ref.13). The sensitivity of the
system may be improved with locked frequency detection related to the AW frequency. In
Fig.1, we show the time traces (70-100 ms) of the loop voltage, line averaged density,
toroidal current, and respective amplitude of 4MHz oscillating phase measured with the
32.4 GHz O-mode reflectometer in TCABR discharge # 10668 with AW heating. The
density trace during RF pulse was in accordance with the variation of the bolometry signal
oc Z* . n’/ T*? assuming that there is small Z rise from 1.5 to 1.8, as found from ASTRA
calculations, using the small loop voltage increase oc Zy /T°? and B., value at the
beginning of the RF pulse (diminishing later) in comparison with the similar ohmic
discharge # 10669. We observe that, consistently with the calculated increase in Z,; , the
loop voltage for discharge # 10668 shows a strong increase well correlated with the first
spike in the density oscillation detected by reflectometer (the negative loop voltage spike
at + = 86 ms is due to converting of different load resisters in the ohmic circuit to extend
the plasma current). The central electron temperature does not increase during the RF
pulse, as indicated by the ECE signal in this experiment. In Fig.1c, the observed maxima
of the amplitude of 4 MHz microwave phase should be interpreted as local AW
resonances for m/N= -1/3 (4.=1.1), in the initial stage, and as a superposition with m/N=
-1/-2 (4=1.17) in the final stage of the RF discharge # 10668.

Alfvén Wave Absorption in JET

The AW continuum is calculated for JET, using ALTOK code and parameters already
specified. The results for m=0, +1, N= -2 are shown in Fig.3(a) It is specially relevant to
note that the continuum line for m=0 extends most of the inner region of plasma, for the
0.5- 1.0 MHz frequency band, offering the possibility to determine the effective mass
number in JET through the detection of the LAW resonances by a reflectometry. Another
possibility is related to detection of the [m|=1 LAW resonance. In Fig.3 b and ¢, we show
specific dissipation profiles for these cases, as an example. The respective absorption
profiles for 800 kHz and for 720 kHz frequencies are presented in Fig. 3 b and c,
respectively, being both excited by the M=-1, N=-2 antenna. The absorption in Fig.3c is
due to the GAW resonance of the m/N=-1/-2 mode. There is a correlation of the local AW
resonance position of the N=2 and m=0 in Fig.3a with the first absorption spike at R-R)=
0.8 a in Fig.3c, calculated for the m=0 mode. A typical absorption in the m/N=-1/-2 AW
continuum is shown in Fig.3b for 800 kHz frequency. The power deposition profiles
corresponding to these cases are shown in Fig.4. The half width of those spikes are 3% of
the plasma minor radius, i.e., smaller than 4cm, and therefore offering good possibility for
identification of the resonance position by reflectometry.

Discussion
To find out the effective mass number, the variation of the m=0 local AW resonance
position, in accordance with sweeping the AW frequency, should be mapped by scanning



the reflectometry frequency, to identify the local AW density n4 (7). Then, using the
cylindrical equation (2) simplified for ®<<w.;, we have

1 B, m ’
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where By is the toroidal magnetic field on the magnetic axis, m; is mass of the main
plasma specie, f4 is the generator frequency at the moment of identification of the LAW
resonance position, and 7, should be averaged over the magnetic surface where the LAW
resonance is detected. A more precise option is to calculate AW continuum curve using
exact equilibrium parameters and the main plasma specie mass with the ALTOK code
(like shown in Fig.3a) and compare them with the code calculations using the 7,
distribution over radius as found from the reflectometry measurements. Then, using the

ratio of one curve to the other, we obtain the value of Aef(l”) . Further, identifying radial

position of the m= -1, n=-2, 3 AW resonances, we can find the cylindrical q from Eq. (5),
which should be adjusted with the code calculations for different neighbor g profiles in
the next step. Here, we note that identification of m=0 LAW spectrum has strong
advantages for calculation the effective mass number in comparison with the other modes
because the m=0 AW continuum does not depend on g-factor and it is not interrupted by
TAE modes for low m.

Conclusion

e Using ALTOK code we find the mass number A.=1.1-1.17, in fixed frequency AW
heating experiments in TCABR, where the density at the m= -1, n=-2, 3 local AW
resonances was identified with a fixed frequency O-mode reflectometer.

e Calculations with ALTOK code show that AW frequency sweeping, in the band 0.2-0.5
MHz for m=0,-1, N=-2, accompanied by scanning the frequency of reflectometer, is quite
viable scheme to identify the LAW resonance positions over the major part of the plasma
cross section. Localization of the m=0 AW continuum helps to identify the effective mass

number and g profile can be found from m=* I AW continuum in JET.

e Finally, we conclude that a combination of sweeping the frequency of the AW
excitation system with sweeping of the reflectometer frequency may be a very powerful
diagnostic tool to find effective mass number A.rand g-profiles in tokamaks.
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Abstract

The experimental studies of the application of the frequency scanning
microwave reflectometry to the analysis of the local Alfvén wave (AW)
resonances are presented. These resonances are excited close to the magnetic
surfaces, at which the local plasma Alfvén velocity

C,(r)= B is equal to the phase velocity of the electromagnetic
Juamn (OM.,

wave, which is excited by the AW antenna system. These AW resonances
manifest themselves as spatially radially localized plasma density oscillations at
the AW frequency, and can be registered by the microwave scanning
reflectometer technique. The experiments in the TCABR tokamak were carried
out with the excitation of the AW modes M=+t1, N=t1, £2, £3 at the frequency
f=4.5 MHz. It is shown that the modulation of the reflectometer output signal at
the AW frequency is increased when the position of the local Alfvén resonance
is close to the plasma zone where the reflectometer microwave signal is
reflected. The continuous sweeping of the reflectometer frequency in the course
of the plasma discharge makes it possible to track the Alfvén zone position.

Introduction

Nowadays the microwave reflectometry is routinely used for probing the structure of
magneto hydrodynamic and turbulent fluctuations in fusion plasmas due to their
sensitivity to plasma density oscillations in the cutoff layer. Wide possibilities of this
diagnostic technique can be realized by integrating it with AW excitation by external
antennae. In this case coherent plasma density oscillations are excited in predefined
plasma regions, and the registration of the related perturbations by the reflectometry
technique can be used for diagnostic purposes.

The magnitude of plasma density oscillations in the course of the AW excitation has
maximum value in the vicinity of the AW resonance layer. Its position can be found from

2
the equation 3, =k; (r,)C’(r,)(1 - Orr Cozi) , where k,(r) = (%Il + %q(r)] (Here

o 1s the effective cyclotron frequency taking into account impurities). The numerical
calculations show that the density fluctuations are concentrated within few ion gyroradii
of the resonance layer. It is seen that the localization of this zone depends both on the



frequency o,, and wave numbers M, N of the excited wave, and on the local plasma
parameters n,(r), q(r), M ;. In the case of the O-mode reflectometer the AW

dispersion in the plasma region, where the reflectometer signal is reflected, can be

simplified [1]
E|:1+ M } e _o Orr

It is seen that this expression does not depend on the plasma density explicitly, but
only implicitly through ¢(7,) . This fact helps us to identify the excited mode numbers M,

N and to find the g(7) values. For example, if plasma density increases in the course of
discharge, the AW resonance zone moves to the plasma boundary, where g(r,) is larger.
In this case, if AW modes with M/N >0 are excited, the reflectometer will detect the
increased AW modulation of the reflected signal at lower frequencies . This effect is not
present for AW mode with M=0, which can be excited due to the toroidal effects.

Experimental setup
The experiments were carried out in the tokamak TCABR (a=0.18m, R=0.61m, B =
1.1T). The basic parameters in this investigation were the following. Plasma current: Ip =
70 - 95 kA; edge safety factor: q(a) = 3.1 - 4; line averaged plasma density:

<n, >=(0.9-1.5)x10”"m"; working gas: hydrogen. In the basic regime of operation,
the AW antenna straps in the same toroidal cross-sections are fed by RF currents with
(0,7) phasing so that they can excite mainly the modes M = 1 N ==%1,£2.. The
RF power absorbed by the plasma was limited to P,,. < 40 kW.
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Fig.1 Schematic representation of the reflectometer diagnostic scheme: 1- microwave
oscillator, f=16 -25.5 GHz, 2 - attenuator; 3 - directional coupler; 4 - diode detector; 5 -
amplifier; 6 - phase shifter; 7 - resonance amplifier; 8 - horn antenna; 9 - RF Alfvén
antennae, 10 - plasma column.

The registration of the AW driven density oscillations was carried out by a microwave
reflectometer, which was developed in IST/CFN (Lisbon, Portugal), and operates at the
frequency band of 16 to 25.5 GHz. Its scheme is shown in Fig.1

These rather low frequencies have limited the operational regimes of TCABR to low
plasma densities, and only the plasma periphery was studied. The reflectometer was



adapted to the AW experiments in the TCABR. In order to register small signals in the
AW frequency band, additional high sensitive selective amplifiers were constructed.
The output signal from the diode (4) is amplified by the wide band amplifier (5) and
then is divided into two parts. One part is directed to VME through the low pass filter.
This signal is used for plasma radial profile reconstruction. Second part is amplified by
the selective amplifier (7) with pass-band frequency f=(4.5+0.5) MHz, which
corresponds to the excited AW frequency. Then this signal is rectified, integrated with
Tre = Susecand acquired by the VME. The VME sampling frequency was f;=3 MHz.

The data analysis includes the determination of the amplitude and spectral characteristics
of these signals and their dependence on the variation of plasma current /, and line

averaged plasma density <n(7)>.

Results
The registration of Alfvén wave resonances by microwave reflectometry was studied
in the typical experimental conditions of the tokamak TCABR. Because of the low
frequency band of the reflectometer 16-
Shot 8 17477 25.5 GHz the initial rather low value of
T the line averaged plasma density

§ sl T la)  (n)=(0.9-1.2)x10" m™ was chosen.

. . The typical traces of the plasma

x10'%0 60 80 100 120 140 180 parameters are shown in Fig.2. The time
Vo e window, in which the AW was excited, is

b b)  shown in Fig.2(b).
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is seen that maximum repetitive increases
of the reflectometer signal occur at the frequencies '~ 20-20.5 GHz. They correspond to
increase of density oscillations induced by AW absorption near the resonant surface,
which can be identified as M=1, N=-2 resonant surface.

Conclusions

Low frequency range of the reflectometer f = 16-26.5 GHz gives the possibility to

study AW power deposition only at the plasma periphery in the low density regimes of
the TCABR tokamak;



Experiments have shown that intensive density oscillations at the AW frequency are
detected by the reflectometer close to the plasma boundary.
Selective excitation of the monochromatic AW with definite M, N and the utilization
of the more wide range reflectometer is necessary for the implementation of this method
for the plasma diagnostics.
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Fig.3 a) Contour plot of the AW signal from the reflectometer as function of the
discharge time and of the reflectometer frequency.

b) line averaged plasma density <ne>

Acknowledgment

This work has been supported by The National Council for Scientific and Technological
Development, The State of Sdo Paulo Research Foundation, and The International
Collaboration Council of University of Sdo Paulo.

Referencies

[1] L. F. Ruchko, R. M. O. Galvao, E. A. Lerche, A. G. Elfimov, V. Bellintani Jr, J. I.
Elizondo, A. N. Fagundes, A. M. M. Fonseca, Yu.K. Kuznetsov, I. C. Nascimento, W. P.
de Sa, E. Sanada, R. P.da Silva, R. Valencia, Rev. Sci. Instrum. 75, 655 (2004).



Proceeding of the 7" International Reflectometry Workshop in Garching, 9-12" of May 2005

Further development of reflectometry diagnostics for measur ement of

Alfvén Cascadeson the JET tokamak

S. Hacquin', S. Sharapov?, B. Alper?, D. Borba’, C. Boswell®,
J. Fessey?, L. Meneses', M. Walsh? and the JET EFDA Contributors

! Associacdo EURATOM / IST, Centro de Fusdo Nuclear, Lisboa, Portugal
’EURATOM / UKAEA Association, Culham Science Centre, UK
3MIT-PSFC, Cambridge, MA USA

1. Introduction

A new class of Alfvén Eigenmodes, so-called Alfvén Cascades, was recently observed in
the JT-60U, JET, TFTR and Alcator C-Mod tokamaks. The excitation and observation of
these Alfvén Cascades is important for the diagnosis of advanced plasma scenarios. In
addition to the determination of the magnetic field topology, the time evolution of the
minimum of the safety factor — which is an useful parameter for the triggering of the internal
transport barriers - can be inferred from their measurement. It was shown on TFTR that X-
mode reflectometry could provide more information on the Alfvén Cascades than the external
magnetic pick-up coils generally used for their detection ™. On JET anew approach based on
O-mode measurement in the interferometry regime proved to give an unprecedented clear
picture of the Alfvén Cascades [3. In this paper are discussed the main characteristics of the

technique used and some illustrative results are presented.

2. Description of the fixed frequency multi-channel reflectometer diagnostic on JET

A 12-channel narrow-band reflectometer system probing the mid-plane plasma with the
O-mode polarisation was used for density profile measurement on the JET tokamak . This
system now works with 10 channels at fixed frequencies (from 18.6 up to 69.6 GHz
corresponding to the critical density range 0.43 — 6 x 10" m®) and is purely dedicated to
study of the density fluctuations. Each channel uses two Gunn oscillators, whose frequency
difference is maintained equal to 10.7 MHz by a phase-locked loop, for heterodyne detection.
Each channel is aso equipped with 1/Q detection, thus allowing the determination of the
amplitude and phase signals. 1/Q data from up to 7 channels can be acquired with a digital
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converter at a frequency rate of 1 MHz and for a maximum of 3s. In addition, another
acquisition system offering the possibility of recording all the channels at a frequency rate of
2 MHz during all the discharges was recently implemented.

The advanced scenarios developed at JET generaly lead to flat density profiles. In this
case it is not possible to probe the core and the high field side regions of the plasma with O-
mode reflectometry, since the probing waves cannot be reflected in these regions. This is
illustrated on Figure 1, where the various frequencies of our multi-channel reflectometer are
compared to the radial profile of plasma frequency for a typical JET discharge. From this
figure it can be noticed that only the lowest probing frequencies (those lower than the
maximum of the plasma frequency) are reflected by the plasma. This is the conventional use
of a reflectometer but in these scenarios with flat density profiles the probing wave is
reflected in the extreme edge region of the plasma (in the pedestal region) and consequently
no information on the plasma core can be inferred. On the other hand, the probing frequencies
higher than the maximum of the plasma frequency propagate without being reflected by the
plasma. Reflected by the inner-wall, they come back to the detector after a round trip along
the probing line of sight in the whole plasma region. In this situation, the reflectometer acts as
an interferometer and all the plasma (including the core and high field side regions) can be
probed. As shown in the next section, the interferometry regime proves to be quite efficient to
observe MHD modes, such as the Alfvén cascades. Provided that the probing beam is
launched perpendicularly to the inner-wall, the reflected beam is especialy sensitive to the

plasma fluctuations with a probing frequency approaching the plasma frequency.
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Figure 1: Frequencies of the different channels (horizontal lines) of the O-mode reflectometry
diagnostic with respect to the plasma frequency at various times.
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3. Measurements of Alfvén cascadesin theinterferometry regime

As discussed in [1], the density fluctuations induced by the Alfvén cascades are mainly
localised in the high field side region so that only the channels in the interferometry regime
(i.e. with probing frequency higher than the maximum of the plasma frequency) could detect
them. In Figure 2 a spectrogram (sliding FFT) of the reflectometer “homodyne” signa a(t) x
sin(¢(t)) at frequency f = 45.2 GHz is depicted. From Figure 1, which corresponds to the same
plasma discharge, we can notice that the diagnostic is in the interferometry regime during the
time of interest (as the probing frequency f = 45.2 GHz is aways higher than the plasma
frequency maximum). Different classes of Alfvén Eigenmodes — such as the Alfvén Cascades
(ACs) and the Toroidal Alfvéen Eigenmodes (TAES) in the 40-150 kHz range and the
Elliptical Alfvén Eigenmodes (EAES) in the 300-400 kHz range - can be observed in this
spectrogram. In particular, the Alfvén cascades are detected with high time and frequency
resolutions, far clearer than from other diagnostics as the magnetic pick-up coils and electron
cyclotron emission radiometer. After calibration of the | and Q signals to remove the offsets
and the amplitude and phase unbalance, the amplitude and phase signals can be extracted. A
picture of the different Alfvén Eigenmodes as clear as in Figure 2 can till be obtained from

the spectrograms of the amplitude and phase signals respectively.

Time (s)

Figure 2: Observation of different classes of Alfvén Eigenmodes from the spectrogram of the
homodyne signal (ACs/ TAEs in the 40-150 kHz range and EAEs in the 300-400 kHz range)

Due to the high resolution of the interferometry-like measurements, the dynamics of the
Alfvén cascades can be assessed. For instance, a clear Doppler shift of the frequency of the
Alfvén cascades (up to 300 kHz) induced by the plasma toroidal rotation in the presence of
strong neutral beam injection (NBI) heating was observed in [2]. As exemplified in Figure 3,
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it was also shown that the Alfvén cascades, usually driven by super-Alfvénic ions accel erated
with ion cyclotron resonance heating (ICRH), could aso be driven by sub-Alfvénic ions in
the presence of NBI.

Frequency (kHz)

43.0 43.2 43.4 43,
Time (s)

Figure 3: Observation of Alfvéen cascades driven by NBI heating

4. Conclusions

When used in the interferometry regime, an O-mode multi-channel reflectometer
diagnostic allows the measurement of the Alfvén Cascades on JET with high frequency and
time resolution much clearer than from any other diagnostic, as for instance the magnetic
pickup coils. However the Alfvén Cascades cannot be localised with this technique. In the
next JET experimental campaigns (starting in November 2005), it is planned to complement
these results with measurements in the reflectometry regime from the X-mode correlation
reflectometer diagnostic using new low attenuation transmission lines.
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Abstract

In addition with traditional electron density radial profile
measurements, fast frequency sweeping reflectometry technique can
handle the fluctuations of the reflected signal to recover plasma density
fluctuation measurements with a high spatial and temporal resolution. This
paper illustrates how the large size turbulence related to magneto-
hydrodynamic (MHD) activity and the associated magnetic islands can be
recorded.

|. Introduction

Plasma turbulence is among the most important issues, which have to be addressed to
appreciate the plasma equilibrium questions of magnetic fusion experiments. Problems of
plasma discharge sustainment [1] can be destabilized by MHD activity, which can drive
damaging fast electron towards the inner wall and/or conduct major plasma disruption. For
example, plasma confinement regimes with full wave current drive experiment, specially used
to achieve long duration plasma discharges, are particularly exposed to MHD stability
problems. Innovative and comprehensible diagnostic measurements are required and
reflectometry is a diagnostic permitting detailed research on this particular topic and benefits
on awell-established technique.

II. Magneticisland and phase perturbation

Tore Supra is equipped with fast frequency sweeping (20 ns) X-mode heterodyne
reflectometers [2] dedicated to electron density profile measurements and covering the
frequency range from 50 to 110 GHz. These reflectometers provide electron density profile
measurements routinely and automatically on a shot to shot basis. Fast and repetitive sweeps
(with 5 s dead time between sweeps), named burst mode technique, provide an equivalent
sampling rate of 40 kHz at a given probing frequency and allow fast plasma events to be
measured. The heterodyne and sine/cosine detection allows separate measurements of phase
and amplitude of the reflected signal with a S/N sensitivity of about 40 dB. Reflectometry
relies on the fact that, as an electromagnetic wave propagates through the plasma, its phase is
shifted due to the departure of the local refractive index from the vacuum value. At a certain
critical density corresponding to the cut-off layer, this refractive index goes to zero and then
the probing wave is reflected. The plasma density fluctuations bring phase and amplitude
fluctuations onto the recorded reflected signal. The presence of MHD activity can thus be



observed from the variation of the time of flight (ToF) t :iﬂ, because of the local

2p TF
flattening of the density profile produced by the magnetic islands (Fig.1).
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Figure 1 : Simulation of the time of flight response with a X-mode propagation
for a perturbed (solid line) and non-perturbed density profile (dashed line).

Figure 2 is an experimental example of the variation of the ToF of the propagating
probing wave. Thus, the derivative of the phase clearly exhibits the phase fluctuations induced
by the density fluctuations.

TS 32030

Low k fluctuations
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Figure 2 : Time of flight (phase derivative) of the probing electromagnetic wave
propagating through the plasma. Two kinds of perturbations (large and small
scale density fluctuations) can be identified.

Despite the continuous variation of the probing wavenumber value we will classify these
fluctuations into two categories, large size (low k) due to large magnetic island of MHD
activity and small size (high k) turbulence, which is analysed in [4].

Il. Rational surface localisation
Tore Supra is particularly suited to perform long plasma duration over several

minutes. The plasma current is then fully non inductive and totally sustained by the LHCD
additional heating system. However, such discharges exhibit hollow current profiles with



double tearing modes sensitive to MHD activity and the control of the plasma current profile
is thus challenging. Figure 3 illustrates the measurements of the low mode number MHD
islands (g= 3/2, 2/1 and 3/1) during such a plasma discharge. A comparison with plasma
equilibrium code (CRONOYS) (Fig. 3b) offered a valuable confrontation with measured data
from FM-CW reflectometry.
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Figure 3 : @) ToF jumps recorded during the whole plasma discharge duration with
low rational surfaces calculated from CRONOS superimposed. b) Comparison
between CRONOS q(r) hollow profile (solid lines) and measured radial positions of q
=3/2, 2/1 and 3/1 rational surfacesusing FM-CW reflectometry.

V. Temporal dynamic of the MHD and magnetic island structure determination

High spatial and temporal resolution of fast sweep reflectometry makes possible to
investigate dynamic of the MHD magnetic islands rotation up to 20 kHz [4]. Furthermore, an
analysis of the amplitude variations of the reflected signal points out precious indications on
their poloidal shape. There can be a particular interest in identifying modes with low values of
the integers m and n in order to constraint equilibrium code during calculations of the plasma
current profile.

Experimental observation and radial localisation of magnetic islands is performed
through the detection of the major group delay jumps. Figure 4a and 4b illustrates the q(r)
profile evolution recorded by the reflectometry during a plasma current ramp-up experiment.
Localised perturbations are radially detected and agree with the g=2/1 and g=1/1 rational
surfaces calculated by the equilibrium code. However, at t = 9s, the g=2/1 surface is no longer
visible and it points out the limit of this method since magnetic islands have to be present into
the plasma discharge to be recorded.



3
/ "
1r ;ﬁ ,J/M Plasmacwrgn\} L9
bl ot Mpﬂ)acﬂgﬁ; e xx
° : : N
0 5 10 15
time (s)

Figure 4a : Tore Supra plasma discharge
where each vertical bars represent 1000
acquisitions of frequency sweeping during
a current ramp-up.
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Figure 4b : Contour plot of detected ToF jumps
that coincide with rational q safety factor value
radial positions calculated with equilibrium code
(horizontal red lines).

A detailled analysis of the reflected signal during the second burst of data at t=5s
exhibits clearly the dynamic of the island rotation of the g = 2/1 MHD mode. On figure 5 is
shown the opposite phase oscillations of the phase derivative for probing frequencies on each
side of the density plateau (as expected from figure 1); a significant loss of the amplitude of
the reflected signal occurs when the reflectometer probes the O-point of the magnetic island.
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Figure 5 : a) Recongtructed dendty profiles when the reflectometer is probing
the O point and the X point of the magnetic island. b) Perturbation of the phase
derivative on both side of the density plateau and the corresponding reflected

amplitude.

The time evolution of the above phase derivative and amplitude is Fourier analysed for each
probing frequencies (Fig. 6). The radial position is retrieved from the reconstructed density
profile, which is an averaged of the 1000 profiles over the burst period. The modulation of the
amplitude at the plateau position strongly suggests the presence of a sub-structure inside the
magnetic island, which has to be confirmed with 2D full wave propagating code.
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Figure 6 : Fourier analyss of the time evolution of the phase derivative and the
amplitude of the reflected signal for probing frequencies between 92 and 100 GHz

V. Summary

Fast frequency sweeping reflectometry has been routinely running to perform density
profile measurements onto tokamak devices for many years now. Due to the high technical
performances of Tore Supra set-up, accurate determination of the reflected phase signal is
achieved with a high radial resolution. MHD activity can be clearly observed as long as
magnetic islands are present into the plasma. This situation gives relevant experimental
information to constrain the plasma current profile calculated from equilibrium codes. Very
detailed analysis of the temporal dynamic and radial and poloidal shape of the magnetic
islands is available with this technique.
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Introduction

On Tore Supra, FM-CW X-mode Reflectometry provides electron density profile routinely and
automatically on the shot to shot basis [1]. It can provide, as well, localised information on the plasma
fluctuations. Up to now the fixed frequency reflectometer was used to give good relative evolution and
quantitative information if the local characteristic length of the fluctuations is known in the vicinity of
the cut-off layer [2-3], as the refractive index gradient length, and assuming the corresponding
wavelength can be associated to an oscillation of the cut-off. We explore here the possibility to obtain
quantitative information about the radial evolution of the density fluctuation, either plasma turbulence,
deduced from the wavenumber spectrum (ki-spectrum) of the density fluctuation based on the analysis
of the phase fluctuation of the reflected signal obtained during fast frequency sweeps [4]. To extract
the density fluctuation profile from the X-mode reflectometer data, a new data processing method has
been built taking the advantage that the local index gradient length is computed with the same data
used for extracting the phase fluctuations more exactly from the time of flight fluctuations. This fact
assures the coherency between the needed parameters used to extract the density fluctuation profile
except for the magnetic field profile, which is provided by an equilibrium code or an analytical
formula including all the corrections used to reconstruct the density profile [5]. After a brief recall of
the basic physics processes and the aim of the method the data processing procedure is given. Then to
validate this method and to determine the validity domain, simulations have been done. Finally, some
examples of density fluctuation profile evolutions are shown as function of different parameters such
as the plasma current in the ohmic shots, the central density and during ion cyclotron heating at

different input power.
Basic physical processes and aim the method.

During the frequency sweep, each incident frequency selects a wave number at a given radial
position in the density gradient owing to the Bragg selection rule k= 2k(x) that relates the incident
local wave number and the k; component of the fluctuation spectrum. The results thus obtained show
that all the wave numbers up to the Bragg detection limit (k; < 2k, where k, is the wave number in
vacuum) contribute to the phase fluctuations in a wide &, spectrum of the density fluctuations as shown
previously on O-mode FM-CW reflectometer [4]. An important point has been put forward in the

paper of Y. Lin et al [6], 1D simulations still remain useful, relevant and necessary to understand the



numerous physical processes involved in tokamak plasmas. The method relies upon between radial
wave-number spectrum (ki-spectrum) and phase fluctuation spectrum of the signal of a swept
frequency reflectometer. Due to the Bragg selection rule k= 2k(x) between the incident local
wavenumber and the ki-component of the fluctuation spectrum, every incident frequency selects a
wavenumber at a given radial position in the density gradient. For O-mode reflectometry [2,7-8]
analytical expressions of the phase variations induced by monochromatic density perturbations are
then used to rely the phase spectrum to the density fluctuation spectrum under the Born approximation
associated to monochromatic density perturbations. The phase perturbation varies as d¢ o« k' as
expected for extended density perturbations [7], the main contribution comes from the small k,, i.e. the
vicinity of the cut-off layer. The local density gradient length L, renormalises also the phase variation,
&¢ « L,". For X-mode reflectometry, there is no simple dependence of the phase on the wavenumber
or gradient lengths except in the vicinity of the cut-off where 8¢ o k' like in O-mode. Thus a
transfer function is needed to link the density fluctuation spectrum to the phase fluctuation spectrum.
The way used to build the transfer function consists in the computation with a full-wave code [7,9] of
the phase fluctuation spectrum S;4(k,) from a known density fluctuation spectrum S,,(k,) with the
experimental magnetic field and density profiles. We can then computes the ratio F,= S,,(k,)/S;s4(k,) in
the case of low density fluctuation amplitude. In order to access the absolute value of the density
fluctuation, an integration over an appropriate range of S;,(k,) is performed using the Parceval's
theorem. The choice of the integration range in wavenumber k is determined by the fact that at very
low wavenumber some contribution comes from poloidal wavenumber [9] and the upper bound in & by
the ratio signal-noise or by the detection limit corresponding to the upper frequency of the probing
wave. The signature and the role of the MHD activity (magnetic islands) have been discussed in the
reference [4] for the Tore Supra O-mode reflectometer [10] and these conclusions can be extended to

the X-mode reflectometer by substituting the density gradient length by the index gradient length.
Validation of the method by simulations and determination of the validity domain.

The simulations of the Tore Supra X-Mode reflectometers have been done with the experimental
profiles except for density fluctuations with a given turbulent spectrum, which is built to reproduce as
close as possible the knowing density fluctuation spectrum on Tore Supra. The data processing used is
the same as those applied on the X-mode reflectometer data, which can be described as following: an
average over 100 frequency sweeps is done to extract an averaged phase which is subtracted to the
phase profile given by each single sweep. In order to obtain a phase fluctuation profile over the entire
probing zone, a FFT is performed to determine the phase fluctuation spectrum (see Fig. 1). Then the
transfer function obtained from the ratio of the input density fluctuation spectrum over the computed
phase fluctuation spectrum is built for each sweep with experimental profiles and experimental
parameters of the given shot as inputs of 1D full-wave code and applied on the phase fluctuation
spectrum to recover the density fluctuation spectrum. The input density fluctuation spectrum has to be
the highest

omax

taken wide enough to be higher than the detection limit of the X_mode k; > 2 k,,,,.( k
probing wavenumber). However, the method applied on the Tore Supra reflectometer data uses the

spatial derivative of the phase (equivalent to the time of flight) to determine the wavenumber



spectrum. This spatial derivative introduces only a multiplication by k; of the wavenumber spectrum
after the FFT. This correction is directly taken into account in the transfer function.
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Figure 1: a) Phase fluctuation as a function of the major radius obtained from one sweep on 'V and W-
band during the 32025™ Tore Supra shot and b) the deduced radial wavenumber spectrum from
Fourier transform for single sweep and an average spectrum over 100 sweeps.

This method has been tested over a wide set of simulations to determine its validity domain and its
limits. At low-density fluctuation amplitude, the input density fluctuation spectrum is recovered up to

the detection limit. Some distortion in the rebuilt spectrum appears for density fluctuation amplitude
greater than 1-2 % in the Tore Supra-like cases. However the integral of the spectrum
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Figure 2: a) Density profile of the 32398™ Tore Supra shot deduced from X-mode reflectometer and
window positions used as inputs in the simulation and b) the deduced radial wavenumber spectra for
different window positions in good agreement with input spectra at low turbulence level (<1%).

seems to be conserved up to 20-30% of the density fluctuation level at the edge. Up to this value only
the shape of the spectrum is modified. Using the fact that the Bragg backscattering is localised, a
sliding window applied on the phase fluctuation gives local information on the density fluctuation
amplitude and spectrum. However, the width of sliding window Ar determines the range of
wavenumber [21t/Ar, k,or 2n/dr] used to reach the density fluctuation amplitude, where dr is the
radial step and k,, is a chosen value of the wavenumber lower than 27t/dr. In this case it is possible by
using the Parceval's theorem to reach the radial evolution of the absolute density fluctuation

amplitude. The simulations have shown this possibility and also another possibility to extract



information on the radial evolution of the wavenumber spectrum at low-density fluctuation level (see
Fig. 2).

Some Experimental results deduced from the X-mode reflectometer data.
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Figure 3: a) Radial evolution of the density fluctuation amplitude of the 32398" Tore Supra shot
deduced from X-mode reflectometers on V and W-band and b) Evolution of density fluctuation profile
for the same shot at different values of the plasma current in ohmic discharges.

Our method has been applied to the Tore Supra X-mode reflectometers to extract the radial profile of
the density fluctuation over all the probing zone as shown on the figure 3a. A reduction of the relative
density fluctuation amplitude is clearly seen in the gradient zone when the plasma current increases
without significant change of the density profiles. This evolution follows the energy confinement time
scale established [11]. This method using a transfer function is a very promising tool to access to the
density fluctuation profile and to the wavenumber spectrum of the density fluctuation on a more
restricted domain. The density fluctuation profile has been obtained also for different plasma

conditions with or without heating.
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CORRELATION REFLECTOMETRY MEASUREMENTS IN T-10 TOKAMAK
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Nuclear Fusion Institute, Russian Research Center “Kurchatov Institute”, Moscow, Russia

1. Introduction

Paper summarizes the results of turbulence investigation with correlation
reflectometry (CR) in T-10 tokamak [1-7]. The main goal of the experimental program was
identification of the physical mechanisms of the plasma turbulence. The T-10 diagnostic
capabilities enable to investigate relatively long waves with K, xp; < 1 due to low sensitivity
for the wavelengths less then 1 cm. The investigations of turbulence physics supposed the
determination of the temporal and spatial turbulence characteristics of density fluctuations.
This was realized by means of the use of the correlation reflectometry, including poloidal,
radial and long distance toroidal correlations. The restrictions of reflectometry are discussed
in the second paper at this Workshop [7].

2. Experimental set up
The locations of (CR) antennas and T-10 limiters are shown in Fig.1. T-10 has circular
plasma cross-section with the major and the minor radius of 1.5 and 0.3 m. respectively. The
graphite permanent circular and movable rail limiters at radii 0.33 and 0.3 m defined the
plasma column. The CR [3] was able to measure poloidal and radial turbulence
characteristics. The CR had two antenna arrays, probing the plasma from the Low Field Side
(LFS) and High Field Side (HFS). All antennas were aligned to the centre of the plasma
column. It was possible to probe the plasma simultaneously from both the HFS and the LFS
in order to measure the poloidal asymmetry of the turbulence and long distance poloidal and
toroidal correlations [2,3]. The reflection of O-mode in the frequency range 22-78 GHz was
covered with the four independent systems. The quadrature detectors were used to record the
electric vector of the reflected waves. All signal processing was made in complex form. The
available 8 ADCs with the sampling rate 800 kHz enable to record simultaneously the signals
from four arbitrary antennas. The investigations of the radial and poloidal CR locality showed
that for all radii sensitivity do not decrease significantly for the wave numbers k; < 3, which
is typical for T-10. The estimation of the turbulence velocity may be found from the ratio of
the antennas reflection spots separation dx and the time delay of the two reflected signals At
as V = dx/At. It should be stressed that due to the long extension of perturbation along the
magnetic field line, the measured
velocity principally always has poloidal e fecse
and toroidal contributions.

3. Radial variations of turbulence
characteristics

The OH and ECRH discharges
show the distinct transition from the
core turbulence to the SOL. Figure 2
presents the results of the complex |
poloidal correlation analysis. The typical
amplitude Fourier spectrum of the first
signal (top traces) and cross-spectra
between two signals, including the
poloidal cross-phase (middle) and

Scheme of correlation
reflectometer

Low Field Side
Antenna system

Circular limiter

Rail limiter

Figure 1. The schematics of correlation
reflectometer diaanostics and limiters in the T-10
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frequency. The special fluctuations at
20 — 30 kHz (not shown in Fig. 2) are
also seen at low densities in core
regions [1,4,6]. Therefore, it 1is
possible to distinguish five components in the core spectrum. The core edge turbulence retains
only LF QC, while HF QC vanishes. In difference to the core, SOL fluctuations have a single
spectral maximum at zero frequency and turbulence rotation changes the sign to the ion
diamagnetic drift direction.

Figure 2. Typical spectra of CR signal from polidally
separated antennas from plasma center (left), reflection
from the core edge plasma (middle) and SOL (right).

4. Characterization of turbulence types by radial correlations

Two quantities are obtained in the measurements of the radial correlation: the radial
correlation length and the variation of the time delay with the radial separation. These data are
presented in Fig. 3 for three turbulence types. The left column corresponds to LF, the middle
one for the LF QC and the right one for the BB turbulence. It is clearly seen that BB has the
shortest correlation length of 0.5 cm with zero time delay. It may arise due to the stochastic
excitation of a single mode with high poloidal m number. In difference to BB, the radial
correlation length of LF QC turbulence is the three times longer and the time delay is
pronounced. This result can be formally treated as the radial propagation of QC with the
velocity 2.3x10° m/s in addition to poloidal velocity 2.8x10° m/s. Nevertheless, the other
hypothesis seems more real. It explains the observed phase shift of QC by rotation of helical
“fingers”, inclined to the radial direction, which arise in 3D gyrokinetic simulations due to the
toroidal coupling of several modes with close poloidal m numbers [10]. The LF has the
longest correlation length about 4 cm. with zero time delay. These properties are similar to
“streamers”, which arise in theory [11].
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Figure 4. Radial distributions of ‘15 Acoustic Modes [16], which are the branch of

— 30" kHz and MHD modes for discharges “zonal flows” [15]. It is important to present also a
with plasma current 200 kA and 300 KA. number of experimental T-10 data, which seems
not consistent with the simple theory of “zonal flows”. The amplitude of the mode strongly
localized near rational surfaces, especially q=2. Figure 4 shows the radial distribution of the
mode and of the MHD m/n=2/1 density oscillations for two discharges with different q(a)
value. Clearly seen that mode located near =2 region and shifted outward with the decrease
of q(a). Moreover, the mode has finite structure inside m/n=2/1 island [17].

6. Characterization of LF and HF Quasi-Coherent fluctuations

The typical core amplitude spectrum of fluctuations is shown in Fig. 2 exhibits two
spectral maxima. The LF QC usually observed at 70-120 and HF QC at 150-250 kHz. The
strong difference of their spatial structure was found in experiment [3]. The radial scan of
k. xp; values for both QC types together with the linear growth rates of ITG [8], DTEM [8]
and BRI [9] instabilities are presented in Fig. 5. Experiment showed only LF QC at the core
edge (0.8<r/a<l), where only ITG is unstable, while in the plasma core both LF and HF QC
maxima are seen in accordance with the increments of ITG and DTEM. It should be stressed
that the appearance of HF QC at r/a=0.8 just coincides with the rise of DTEM growth rate. It
is important that in core plasma the Kk, xp; values approach 0.3 for LF QC and 0.7 for HF QC
as are expected from theoretical estimations
for ITG and DTEM. The radial distributions
of the amplitudes of both modes and values

ne(r) broad ne(r) peaked

of linear growth rates are shown in Fig. 6 for
the two phases of Ohmic discharge. The data
of the left column was taken during the
strong working gas influx at the density
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e
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o =
5
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Figure 5. Radial distribution of k,xp and DTEM in two phases of Ohmic discharge:

values for LF and HF QC oscillations (Top).
Radial profiles of estimated growth rates of ITG,
DTEM and BRI instabilities (Bottom).

with broad plasma density profile (I, left) and
peaked one (ll, right). Bottom: amplitude of
density fluctuations of LF and HF QC.



build up phase. The measured density profile is broad in this case. The right column
corresponds to the stationary discharge conditions with more peaked density profile. The
radial distribution of the LF QC amplitude is in good agreement with the growth rates values.
The HF QC is maximal at &/2 at maximal DTEM increment. Figure 6 clearly show that after
evolving of the discharge to the stationary conditions with more peaked density the LF QC is
stabilized from 12 to 17.5 cm. This behavior again is consistent with stabilization of ITG by
the density gradient. At the same time, the amplitude of HF QC is increased in accordance
with DTEM growth rate increases. So both the radial behavior and reaction to the density
peaking are consistent with ITG and DTEM instabilities. This correspondence is also
supported by the values of k;xp; = 0.3 for LF QC in core regions of discharges. Extremely
wide scan was obtained by comparison of T-10, TEXTOR and FTU results in [5]. For r=a/2
all values were near to 0.3 in the wide range of magnetic field up to 8 T, as predicted for ITG
instability.

7. Turbulence rotation

Figure 7 presents the radial dependence of turbulence parameters in the Ohmic
discharge. Figure 7a shows the radial variation of the angular turbulence rotation and Fig. 7b
the poloidal m numbers of the LF and HF QC turbulence. One can see that the angular
turbulence rotation is remarkably constant over the whole plasma radii. Moreover it coincides
with that of MHD m/n=2/1 island rotation. Figure 7b shows that poloidal m numbers are also
constant. Thus the turbulence rotates over all radii like rigid body with the angular velocity of
m/n=2/1 mode. It should be stressed that rigid body rotation together with the m/n=2/1 mode
is the most general feature in OH discharges. It breaks in velocity shear layers and under
additional toroidal momentum input with NBI heating in TEXTOR [5]. The turbulence
rotation decreases during ECR heating.

8. Long distance toroidal correlations

The presence of the two antenna arrays separated poloidally at 55° gives possibility for
observing long distance correlation along the torus, when the magnetic field line issued from
one antenna, hit the sensitive spot of the other after one turn around major torus axis. The
schematics of the possible resonant conditions are shown in Fig. 8 on the unfolding of the
tokamak in toroidal/poloidal plane [2,3]. It is seen that in geometry of T-10 antennas toroidal
correlations should be observed at the magnetic surfaces with q =0.87 and q = 1.18, provided
that the turbulence do not deviate strongly from the magnetic field line.

The first results were published in [2,3]. The new series of experiments were carried
out in a special reflectometer configuration that eliminates the effect of parasitic cross- talk of
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angular velocity, poloidal m numbers for LF and toroidal resonant conditions on the unfolding of
HF QC oscillations and k, xp; values. T-10 tokamak in toroidal/poloidal plane.
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the antennas in one port. The experiments proved the
previous data, taken with reflection layer near g = 1 radius
[2,3].

The second resonant condition was also achieved in
new experiments. The results for this case are shown in
Fig. 9. The reflection radius was at p~0.45 with the
sawtooth inversion radius at p ~ 0.2, which guarantees the
reflection well outside of the sawtooth mixing region.
There were no special  measurements at the resonant
conditions, but estimations of the current profile with the
measured electron temperature gave the value close to
g=1.18. The cross-spectra in resonant conditions
(maximum of cross-correlation) are shown in Fig. 9 a, b, c.
One can see high coherency level after the one turn over
the torus (= 10 m).

9. Turbulence behavior in transient e-ITB after the
end of off-axis ECRH

The recent T-10 experiment with off-axis ECRH
showed that the amplitude of density fluctuation in the
center during ECRH are higher in 2-3 times then in OH
phase, in spite of low R/Lt=4 (Lr-temperature scale
length). The modeling with ASTRA code reveals the high
influx of the neutrals to the plasma center. This is in good
correlation with the strong increase of LF QC, which
typically associated with high particles convection. Strong
electron temperature gradient R/L1=16 and local minimum
of turbulence amplitude and coherency are observed at
r/a~ 0.3 15 ms after ECRH switch off. This proves e-ITB
formation. The radial distributions of the turbulence
amplitude and poloidal coherency are shown in Fig. 10.
The measured constancy of the angular rotation excludes
the mechanism of the turbulence suppression with
velocity shear (Fig. 11). One of the possible mechanism
of ITB formation is the decrease of a number of rational
surfaces near =1 at low magnetic shear [7].

10. Conclusions

The experiments showed that poloidal, radial and
toroidal correlations give important information about
turbulence structure. The turbulence spectra retain the
features of the linear instability in high OH confinement
discharges. These features steadily vanish with the
transition to strong non-linear regime with the increase of
the heating power. The “Broad Band” turbulence with
minimal radial scale arises due to stochastic excitation of
a single high m mode, while “Quasi-Coherent” represent
toroidal coupling of several modes. Experiment
consistent with the existing of three different instabilities:
in core - ITG (LF QC) and DTEM (HF QC); and



Ballooning Resistive Interchange in SOL; LF QC (ITG) typically associated with the regions
with high level of particles fluxes at plasma edge and low density, or with flat density
gradient in center zone; HF QC (DTEM), in difference, typical for low particles fluxes region
and high electron temperature gradients; OH and ECRH discharges showed the transition
from LF to HF QC with increase of density from low up to critical. Special modes near 15 —
30 kHz were observed with properties of Geodesic Acoustic Mode, which is the branch of
“zonal flows”. However, its radial localization at rational surfaces contradicts to existing
theories. The QC tend to rotate as a rigid body with velocity of MHD m/n=2/1 island.
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Fluctuation measurements in TJ-II using a broadband fast frequency
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A broadband fast frequency hopping reflectometer designed for measuring plasma
turbulence has been recently installed at TJ-1I. The main feature of the reflectometer is its
possibility to be tuned, within a fraction of a millisecond, to any selected frequency while
keeping synchronized the Local and Radiofrequency oscillators with the same stability as
a fixed frequency system would do. The system includes heterodyne detection.
Reflectometry measurements have permitted the characterization of the velocity shear
layer that develops spontaneously in the edge of TJ-II plasmas above a certain critical
density. Simultaneously, a second velocity shear layer develops at inner radial locations
that moves radially inwards when the plasma density further increases. The interpretation
of these experimental results has been crosschecked with results obtained using a 2-
dimensional full-wave code. Changes the spectra shape linked to low order rational
surfaces in the rotational transform profile are also reported.

Reflectometer description

A broadband fast hopping reflectometer designed for measuring the plasma turbulence is in
operation at TJ-II. The system works in the frequency range 33-50 GHz with propagation in
extraordinary mode and uses heterodyne detection. A detailed description of the system can
be found in [1]. The antennas are standard gain horn type with a 3dB beamwidth of about 20°.
The antenna arrangement was designed to view the plasma perpendicularly to the cut-off
layers, however a small misalignment may exist as it is seen in the measurements. The
reflectometer covers the density range from about 0.3 to 1.5 10" m™, almost the whole density
range of the TJ-II plasmas heated by ECH (B=1 T, fy,=53.2 GHz, n_, 4=1.75 10" m™).
However, due to the shape of the ECH plasma density profiles (flat in the range p < 0.6) and
to the low gradient of the magnetic field, the radial range covered by the reflectometer is
limited in most cases to p = 0.6. Most of the experimental results discussed in the next
sections refer to the spectra of the complex amplitude Ae'*®, but it is worth mentioning that the

conclusions do not change when considering the complex phase e®.

Characterization of perpendicular velocity shear layers

As it has been recently reported [2] a perpendicular velocity shear layer develops
spontaneously in the plasma edge of TJ-II above a certain plasma density. To study this
phenomenon a set of experiments has been done modulating the plasma density around the

critical value. In these experiments the plasma is created and heated by ECH with a total



power of about 400 kW. During the experiments the reflectometer is tuned to a low frequency
(34 GHz) to probe a layer close to the Langmuir probe radial position (p = 0.8). The reversal
in the perpendicular phase velocity measured by the Langmuir probes when the plasma
density reaches the critical value is also seen in the reflectometer signal. Figure 1 shows the
time evolution of the line density in a standard magnetic configuration discharge and the
mean frequency of the complex amplitude spectra at p = 0.8. In this example, as the line
density increases from 0.4 to 0.6 10" m”, the perpendicular phase velocity measured by

1 Langmuir probes reverses from +10° to -10°
T T

11275 60 .
#11275 95 m/s [3]. The comparison of the
0.8 140 . .
o j reflectometer measurements with Langmuir
£ 0.6 10 2 . . .
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1040 1080 1120 1160 1200
t (ms) frequencies stand for rotation in the

Figure 1. Time evolution of the density and mean

: electron/ion diamagnetic direction (negative
frequency of the reflectometer signal spectra.

/positive radial electric field).
Experimentally, the behaviour of the turbulence rotation for inner radial locations has been
studied changing the reflectometer probing frequency in a staircase mode during the discharge
and changing the plasma density in a shot to basis. For plasma densities below the critical
value, the mean frequency of the reflectometer signal spectrum is positive independently on
the probing frequency. When the plasma density is slightly above the critical value the
reversal in the perpendicular velocity is only seen for the lowest probing frequencies while the
mean frequency of the reflectometer signal spectrum stays positive for the high probing
frequencies. In these conditions the radial position where the perpendicular velocity reverses,
computed as the radial location where the asymmetry changes sign, is located at p = 0.8.
Increasing the plasma density further, this velocity shear layer moves to inner radial locations.
As an example figure 2.a shows the staircase variation of the reflectometer probing frequency
and the evolution of the line-averaged plasma density in three discharges with densities below
(#11289), close (#11291) and above (#11294) the critical density (<n.> = 0.5 10"’m”). The
mean frequency of the reflectometer signal spectrum as a function of the radial cut-off
location is displayed in figure 2.b for these three discharges; also a fourth discharge with

higher line density (<n,> = 0.9 10"°’m™) is included. These measurements show that when the



velocity shear layer develops at the plasma
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Figure 2: (a) Three discharges with densities close . L
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of the probing frequency, (b) Mean frequency of
the spectra vs. cut-off radius in these discharges
and in a fourth one with higher density.

and incorporates the antennas arrangement of

the experimental system. Realistic plasma
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Figure 3: Perpendicular velocity and mean
frequency of the simulated spectra as a function of

the maior and normalised radius. study we consider a perpendicular velocity v,

localized in a very narrow region. For this

= -3000 m/s at the plasma edge that changes linearly to v, = +3000 m/s within a narrow
region Ox and stays constant further inside. The reflectometer signals are simulated for
different probing frequencies within the band 33-50 GHz. The result for dx = 4 mm is
displayed in figure 3. This figure shows the perpendicular rotation velocity and the mean
frequency of the simulated complex amplitude spectra as a function of the major and

normalised radius. These simulation results demonstrate the capability of the reflectometer to



measure the velocity shear layer with a spatial resolution of about 1 cm, better than twice the

probing wavelengths in vacuum (A,: 0.7 — 0.8 cm).

Modification of the reflectometry signals spectra linked to rational surfaces
Modifications in the spectra have been observed in configurations having a low order rational

surface in the rotational transform profile within the radial range covered by the reflectometer.

0.025 An example is displayed in figure 4. The spectrum

at the most internal radial location (p = 0.55)

0.02 shows a coherent mode of about 10 kHz and the
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2 increased in the perpendicular rotation velocity of
0.005 the fluctuations: due to the small misalignment of
the antennas and to the long probing wavelengths,

91000 500 0 500 1000 the perpendicular velocity should be as high as 15-
f(kHz
(Fz) 20 km/s to reproduce the experimental spectra.
Figure 4: Spectra measured in a magnetic . . .
configuration with iota = 3/2 at p~ 0.6 (in  Lhis phenomenon could be explained if we

vacuum) consider that the magnetic island produce an
enhancement in the electron diffusion higher than the ion diffusion and consequently the
plasma reacts creating a positive radial electric field to preserve the ambipolarity. A similar
phenomenon has been measured using the HIBP diagnostic during the formation of electron

internal transport barriers triggered by low order rational surfaces [6]: the positive radial

electric field increases in a factor of three in the central plasma region when the e-ITB forms.
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Up to now, density measurements in Tore-Supra using the reflectometry was available in the
low field side (LFS). These measurements were achieved by two fast sweeps reflectometers covering
the 50-110 GHZ bands. In addition, a reflectometer has been set up in order to study density
fluctuations in the core and in the high field side (HFS) using the 105-155 GHZ band. A recent
upgrade on this reflectometer allows it to perform fluctuations measurements at fixed frequency and
density profiles in the same shot by switching between frequency steps and fast sweeps.

Density profiles covering the whole plasma using the 3 reflectometers is be presented. The filtering
treatments are be described. The better knowledge of the core and HFS density allows a higher
reliability in fluctuations measurements : both for the localisation of the cutoff layers and for the
evaluation of the local index gradient length. Density fluctuation profiles enhanced by these new
density profiles are shown.

I. INTRODUCTION

Reflectometry can perform density profiles or density fluctuation measurements. Most of the time, a reflectometer
is dedicated to only one of these studies. The Tore-Supra D-band reflectometer has now the ability to perform both
measurements. This paper will present the capability of this reflectometer to achieve these measurements. In a first
part, the reflectometers used in Tore-Supra will be briefly described, the upgrade of the D-band one will be detailed.
Then, the density profiles obtained with this new setup will be presented. Finally, the link between these new density
profiles and the fluctuation localisation improvement will be explained.

II. EXPERIMENTAL SETUP

Tore-Supra is equipped with 4 reflectometers [1] : 2 profiles reflectometers covering the V.and W bands, a fluctuation
one on the D band and a Doppler setup [2] using the V band. The last one launches its waves in O-mode, while
the others probe the plasma in X-mode. All the Tore-Supra reflectometers have the same design : an heterodyne
detection achieved thanks to a Single Sideband Modulator (SSBM). This article will focus on the new evolutions of
the D-band reflectometer.

This reflectometer was primary designed to study density fluctuations by doing steps of fixed probe frequencies.
An upgrade has been achieved in September 2004 in order to let it make fast frequency sweeps for density profile
measurements. Thanks to a fast switch, the D-band reflectometer can now perform during the same shot frequency
steps and fast sweeps. Frequency steps are generated by an synthesizer which can do fast hopping : from 1 to 32
steps of 8 ms to 1 s. Acquisition is performed by a 1 MHz VME card. Fast frequency sweeps are produced by a VCO
coupled with an arbitrary waveform generator. Sweeps length are typically from 60 to 100 us and the heterodyne
signals are digitalised with a dedicated 100 MHz VME card. At least, during a shot, the D-band reflectometer produce
up to 1000 density profiles and fluctuation measurements.

III. DENSITY PROFILE MEASUREMENTS

The heteroydyne detection provides a complex signal : S(t) = A(t) [cos (®(t)) + isin (D(t))] = A(t) exp (i®(t)). In
order to perform a density profile reconstruction, the phase ®(¢) must be extracted from the complex signal which
is treated and filtered. First of all, the waveguide dispersion and the vacuum propagation is removed using a wall
reflection signal which is acquired before each shot. At this step, the window echo is also removed. A sliding filtering
is then performed : using a sliding FFT, the beaten frequency is located during the sweep. The signal is then filtered
along this beaten frequency. The width of the filter is automatically adapted function of the signal quality : when
the beaten frequency is well defined, the filter is narrow. The phase is then extracted by unwrapping the angle of
the complex signal. Finally, the density profiles are reconstructed with an inversion algorithm [3] taking account of
the relativistic effects [4]. Initialisation of the profiles is done by using either the V-W band reflectometer or the
interferometer.
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FIG. 1: Density profile in Tore-Supra during an ohmic phase.
Plain line : D band reflectometer, dotted line : V-W band reflectometers
a) and b) : fixed frequency measurements during the same shot with the D band reflectometer

The figure 1 shows a density profile covering almost the whole plasma. The dotted line represents the profile
obtained with the V-W band reflectometers while the plain line is from the D-band reflectometer. The ¢ = 1 surfaces
are clearly visible on each side of the central hot core. The profile is more noisy at the beginning and the end of
the band, due to a weakness of the VCO output. This profile is performed during MHD activity. During this shot,
acquisition in fixed frequency mode is also available. The figures 1-a-b show these measurements at two different
frequencies on both side of the centre. The large oscillations are the evidence of the presence of a coherent MHD
mode. The shape of the hot core, most of the time localised in the centre of the plasma, is not yet well understood.
Next upgrades of the reflectometer will permit higher temporal resolutions which should gave the ability to follow the
MHD dynamic before a sawtooth crash.

IV. FLUCTUATIONS MEASUREMENT

The D-band reflectometer was primary designed to achieve fluctuation measurements. By launching different fixed
probing frequencies, density fluctuations can be studied at different positions in the plasma. The link between phase
measurement and density fluctuation is done by this relation :

ks n

where @ is the phase measured by the reflectometer, ky the vacuum wavenumber of the probing frequency, L. the
index gradient length close to the cutoff layer, k, the wavenumber of the fluctuations and n the local density. In this
article, we will assume the fluctuation spectrum is peaked around 1cm™?', so we will choose this value for k.

For a good fluctuation evaluation, L. has to be well calculate. This leads to a good accuracy in the density profile.
In the past, we used the interferometer data. In Tore-Supra, there is only 5 chords for interferometry and density
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FIG. 2: a) Two measures of the density profile : interferometry and reflectometry
b) Fluctuation profiles : influence of the choice of the density profile for fluctuations interpretations

measurement is achieve from integral measures with assumptions on the plasma equilibrium. The figure 2(a) shows
the same density profile measured with the reflectometry and interferometry. Reflectometry provides detailed profiles
which permits better localisation of the measurements and better evaluations of the fluctuation levels.

In order to evaluate the impact of a better density profile for fluctuation measurements, we treat our fluctuations
data using the interferometry profiles and the reflectometry ones. Results are shown on figure 2(b). Fluctuations
levels have nearly the same amplitude but localisation can be shift up to 5 cm. This enhancement of the localisation
is important for the p-asymmetry fluctuation studies.

V. CONCLUSIONS

Last upgrade of the D-band reflectometer permits us to now have density profiles from reflectometry covering the
whole plasma. Plasma centre is now nearly always covered by reflectometers in Tore-Supra. A better understanding
of the core MHD dynamic is expected with the next enhancement. These accurate density profiles are also used to
improve the evaluation and the localisation of the fluctuation measurements.

[1] R. Sabot, F. Clairet, C. Honoré, C. Bottereau, J.-M. Chareau, F. Gabillet, P. Hennequin, S. Heuraux, G. Leclert, A. Sirinelli,
A. Truc, and L. Vermare. Advances of Reflectometry on Tore-Supra: From Edge Density Profile to Core Density Fluctua-
tions. International Journal of Infrared and Millimeter Waves, 25(2):229-246, 2004.

[2] P. Hennequin, C. Honore, A. Truc, A. Quemeneur, N. Lemoine, J.-M. Chareau, and R. Sabot. Doppler backscattering system
for measuring fluctuations and their perpendicular velocity on tore supra. Review of Scientific Instruments, 75(10):3881—
3883, 2004.

[3] H. Bottollier-Curtet and G. Ichtchenko. Microwave reflectometry with the extraordinary mode on tokamaks: Determination
of the electron density profile of petula-b. Review of Scientific Instruments, 58(4):539-546, 1987.

[4] E. Mazzucato. Relativistic effects on microwave reflectometry. Physics of Fluids B: Plasma Physics, 4(10):3460-3461, 1992.



Fluctuation Measurements at TEXTOR during Operation of
the Dynamic Ergodic Divertor (DED)

A. Kramer-Fleckerl, S. Soldatov-2, H.R. Koslowski, M. Lehnen!, Y. Liang', V. VershkoV, R.
Wolf!, O. Zimmermann and the TEXTOR-Team
Hnstitut fur Plasmaphysik, Forschungszentruitich GmbH,

EURATOM Association, D-524251lich, Germany
2Nuclear Fusion Institute, Kurchatov Institute, Kurchatov Square, 123128 Moscow, Russia

1 The O-mode Reflectometry at TEXTOR

Since several years the heterodyne O-mode reflectometry system [1] at TEXTOR is in operation. It can
investigate the plasma turbulence properties in a range8dfx 109 < n, < 1.74 x 10”m=3 using

poloidal cross correlation techniques. The system consists of two phase coupled microwave generators
with an intermediate frequency of 20MHz. The system is connected to two antennae arrays, one in the
equatorial plane and the other one on top of the vessel. Each antennae system consists of 5 antennae,
a launching antenna and four receiving and antennae. Since the power of the launching path is split
and feeds both antennae arrays the system is capable to measure short correlation length with in one
antennae array as well a long correlation length by using a combination of antennaes from the upper
and the equatorial position. The frequency of the reflectometer system can be varied in the range
26 < f < 37 GHz on a shot to shot base. In Fig. 1 the scheme of system is shown. For the antennae
and TEXTOR geometry the sensitivity ky is restricted tdkg < 4.

25-37.5GHz
_______________ =@ ey = Power
-------- =@ ——=] N HoPY
== &= Impatt 1
= ©Ostc=" ® PLL
N Impatt +
T Power
o £ el *7|_supply
T IF=20MHz 25-37.5GHz
— . waveguide L JQuadratue | — -
- Sin & cos
@®  mixer Detector | -7 % ¥° , DAQ
. isolator
., . 3dB coupler

Figure 1: A sketch of the heterodyne O-mode reflectometry system operated at TEXTOR. The
system operates with two antennae arrays in the equatorial plane and on top of the vessel. Short
and long poloidal correlations can be investigated.

2 Turbulence during DED operation

The dynamic ergodic divertor (DED) [2] at TEXTOR consists of a set of 16 coils wrapped helically
around the torus on the high field side (HFS). It generates a magnetic perturbation field which disturbs

*partner in the Trilateral Euregio Cluster



the plasma at the rational= 3 surface. The DED can be operated in the 12/4 configuration and in the

3/1 configuration. For the 12/4 configuration the perturbation has a short radial range, whereas in the
3/1 configuration the perturbation has a large radial range. In 12/4 configuration the plasma is shifted to
the HFS and the plasma parameters are such thatha surface is close to the plasma edge. For the
typical plasma parameters used in 3/1 configuratiorythe3 surface is located in the gradient region.

In both cases the properties of the turbulence are studied. The DED can be operated with different cur-
rents and frequencies according the needs of the experimentalists. Also the perturbation is generated at
the HFS the turbulence is studied on the low field side (LFS) assuming that the perturbation is poloidally
symmetric. The next sections discusses the results obtained in the one or the other configuration.

2.1 DED in 12/4 configuration

In this configuration the plasma is shifted to the HFS to enhance the effect of the near field of the
DED on the plasma. Witli, = 370 kA and B, = 1.9 T theq = 3 surface is found at the very edge
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Figure 2: Poincare plot for the toroidal position Figure 3: Turbulence rotatidi for DED and non

of the reflectometer. The dashed line indicateED operation. The change of the rotation direc-
the poloidal position of the reflectometer on thetion forr/a > 0.9 is clearly seen.

LFS. The HFS corresponds & = 180°. Out-

sider = 39 cm the ergodic region is seen.

of the plasma. The onset of the DED creates a steep density and temperature gradient at the plasma
edge, where the connection length to the wall are largely decreased and the last close flux surface is
shifted inwards. In Fig. 2 the Poincare plot of the perturbation field [3] is shown. The position of the
reflectometer measurements is indicated by dashed lines. In the observed slice, areas with increased
connection length so called fingers are visible and intersecting the sight line of the reflectometer. The
diameter of the fingers i8 ~ 1 cm, however the reflectometer exhibits an increased coherency when
measuring in the finger.

In Fig. 3 the turbulence rotatiofl,,,,, calculated from quasi coherent [4] (QC) turbulence and low
frequency (LF) turbulence, as function ofa is shown for the case with and without DED. Without

DED (2 stays constant at the plasma edge. In the radial regitm € 0.9), affected by substantial
tangential neutral beam injectio®{z; = 800 kW) in co—current directiort2,,,,, changes its rotation
direction but keeping its magnitude. During DED operation,fod ~ 0.9, the poloidal connection

length in units of poloidal turns drops fromn > 20 ton < 10 (indicated by the vertical dashed line

in Fig. 3). There the rotation direction changes compared to the non DED case. The measurements of
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Figure 4: Decorrelation time for QC—turbulence Figure 5: Decorrelation time for LF—turbulence
without DED. For the ohmic edge the estimatedwith DED. An increase ofr,,,, by a factor of
decorrelation time is in between the dashed lineswo in the ergodic region is observed Most of
for 7 = 2 us andr = 3 us respectively. For the measured values are between the blue dashed
NBI dominated plasmas (positiv&t) 7 = 2 us  lines with5 < 74,5, < 7 us. For NBl dominated

is estimated. plasmar,,» = 3 us is found (red dashed line).

the poloidal plasma rotation from Doppler shifted carbon impurities, comparedjth, show also a
change in the rotation direction at the plasma edge and yield within the error bars similar values. The
change in the sign of the rotation as well as the absolute value confirms that the turbulence is frozen in
the plasma. This opens the possibility for the calculation of the radial electric fig)d3] according,

E.=Q-r—uvg,) B Q)

wherevy;, is the diamagnetic velocity, and yield8 < E, < 100 V/cm in the laminar region outside

the last closed flux surface. This confirms earlier indication of an inward movement of the inversion
point of E,., observed at Tore Supra [6] with ergodic limiter operation.

Since the antennae set—up offers the possibility to measure the cross correlation for different anten-
nae combination the turbulence decorrelation timg, as well as the correlation length,,, can be
determined in none DED (Fig. 4) and DED (Fig. 5) plasmas. Without DED The QC- as well as LF-
turbulence having the san{&,,,., yielding 2.0 < 74,4 < 3.2 us. A decrease iy, is observed in

the transition layer where the rotation direction changes. When NBI injection dominates the plasma
rotation (positveAt), similar value forr,,, is found compare with the ohmic plasm edge. With the
DED 73 = 6 = 1 us is estimated from the LF—turbulence in the divertor region. However for the
innermost reflection layer dominated by NBI co—injection the decorrelation time dropsfe= 2 us.

The correlation length, for the innermost reflection layet;9f, = 0.008 m and the outermost reflec-

tion layer ofl;,,, = 0.013 m, is not changed significantly in cases with and without DED. Assuming

a diffusion step width in the order db,.,, = I2,,, /7w @n indication for a decrease of the turbulent
transport step width is obtained.

2.2 DED in 3/1 configuration

The plasma for the 3/1 configuration differs substantially from those in the 12/4 configuration. With
I, = 300kA and By = 2.25T g, = 4.8 is achieved. Also the horizontal plasma position is kept
constant. For the measurement of the toroidal plasma rotation, charge exchange spectroscopy CXRS
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at Pyp; = 300 kW is injected tangential in co—current direction. A main observation of the 3/1
configuration in dc operation is the generation of a large lockgd = 2/1 mode in the plasma at

a threshold off ppp = 0.8 kA for those plasmas. For the experiments reported in this se€tom

was well below the threshold for the generation of a furthein = 3/1 island, which is found at

Ipgp = 2.4 kKA. The island width and position of the X— and O-point is estimated from SXR and
ECE measurements. A width af = 0.06 — 0.08 m is observed and the X—point is found close to the
position of the reflectometry antennae array in the equatorial plane. The reflectometry observations are
performed at the plasma boundary in the rabgé < r/a < 0.9, well outside then/n = 2/1 island.

Within this radial range the electron temperature gradient decreases and the electron density gradient
increases compared to the plasma without DED. From the coherency spectrum two main observations
can be made (i) the reduction of the coherency with the onset of the locked mode and (ii) the decrease of
the central frequency of the QC turbulence and the increase of the low frequency turbulence. From the
calculation of the turbulence rotatiéh,,., at three different time slices within the discharge it is found

that theQ);,,,; is influenced first in the gradient region by a small but significant decrease with onset of
the DED. With the onset of the locked moflg,,,, is reduced to half of the value before mode onset and
furthermore at thg = 3 surface the rotation direction changes (see Fig. 6). From the radial progression
of the coherency (Fig. 7) the decrease of the QC—turbulence, in frequency and coherency, towards the
q = 3 surface is clearly seen. Also the generation of the LF—turbulence rotating in a different direction
in the vicinity of theq = 3 surface is seen. The radial electric field calculated from the turbulence
rotation giveE, ~ 40 V/cm at theq = 3 surface. The change fn,,,, goes along with a reduction in

the density fluctuation level fro% to nearly3%.

Calculating the de—correlation time of the turbulence for the DED and the non DED plasma yields in the
none DED casey,,, = 7.0 us for QC- as well as for the LF—turbulence, independent from the radial
position of the measurement. The same analysis for the LF-turbulence applied to the DED plasma
results inm,, = 17 us, but only for reflection layers is close to thhe= 3 surface. For reflection layer

more far away from thg = 3 surfacer;,,, < 2 us is estimated. The correlation length in DED and

non DED cases however shows no significant change as already observed in the plasmas with DED in



12/4 configuration. Therefore we conclude that for the 3/1 configuration an decreased diffusion step
width for the turbulence is found, however this is only observed in the vicinity of the3 surface.
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Figure 8: Estimation of the de—correlation time Figure 9: Only for the f=27GHz and f=28GHz

without DED. For the whole radial observation the LF turbulence de—correlation time could be

rangerr,» = 7.0 us is calculated. estimated. It is considerably larger (factor 2)
compared to the non DED case.

3 Turbulence during slow rotating m/n = 2/1 islands

From the experiments in 3/1 configuration it is not clear wether the observed phenomena are due to the
DED itself or due to the large generation of the/n = 2/1 island. Therefore the turbulence properties

for a pulse without DED and a large/n = 2/1 island is studied. The plasma parameters for this pulse
were the same as used as given in section 2.2. The reflection layer was located outside the island at
r/a =~ 0.9. For this pulse the turbulence rotation and the 2/1 island rotation are determined and found
to be of the same order as long as the mode does not start to lock. As soon as the island decreases in
frequency < 1400 Hz) and the width of the island increases £ 0.06 m) turbulence and 2/1 island
rotation start to decouple. Whereas the 2/1 island rotation decreases the QC—turbulence vanishes and
the LF—turbulence changes its sign. This observation extends measurements at T-10 and FTU where
the 2/1 island rotation and the turbulence rotation are found of the same order, however in that cases the
island width was smaller and island rotation was stable. The de—correlation time of the LF-turbulence
changes from 1@xs to very small lifetimery,,,., < 2 us.

The experiment shows similar observations as in 3/1 configuration of the DED are made in the presence
of large islands. Whereas in the DED operation the perturbation field itself together with the 2/1 island
generates a ergodic layer with a small connection length, an intrinsic error field at TEXT@Ro&

3/1 island coupled together with the large 2/1 island seems to be responsible for the existence of an
ergodic layer.

4 Summary

The O—mode reflectometer at TEXTOR is a good tool for the investigation of the DED induced effects
at he plasma edge. It gives the possibility to measure the turbulence rotation, which is equal to the
poloidal plasma rotation and to deduce with certain assumptions the radial electric field. Due to the



multi—horn set up also de—correlation times and correlation length can be estimated.

The experiments with the DED in the 12/4— and 3/1—configuration show similar turbulence features in
the ergodic region as in the scrape off layer. In the amplitude spectrum the QC—turbulence vanishes and
the rotation changes from electron diamagnetic to ion diamagnetic drift direction. The de—correlation
time is increased with DED operation by a factor of 2 whereas the correlation length is nearly un-
changed.

In the 3/1—configuration the main effect are not generated by the DED itself but due to the large
m/n = 2/1 island which is generated at a certain DED current.
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Abstr act

Two fixed-frequency (42 and 65 GHz) quadrature reflectometers have recently been installed on
the DIII-D tokamak for density fluctuation measurements. Both systems have horns that can be
orientated to launch and receive either O- or X-mode cutoffs in order to probe different regions of
the plasma. The reconstructed phase information successfully identifies MHD activity. For an
m=3/n=2 tearing mode, the calculated density fluctuation levels from reflectometry using a 1-D
phase screen model agree well with Beam Emission Spectroscopy (BES) measurements. Initial
comparison of turbulent density fluctuation spectra in the edge pedestal with BES shows qualitative
similarity; however there are differences in the details, which are under further investigation.

l. Introduction

It has long been recognized that reflectometer density fluctuation measurements have numerous
advantages, e.g. highly localized measurement, highly sensitive, flexible spatial coverage, non-
perturbative, and it is now anticipated to play a much enhanced role in the harsh burning plasma
environment in the next generation devices like ITER. Reflectometer density fluctuation
diagnostics have not been completely understood so far [1] and have been the focus of intense
investigation. Recently, two fixed-frequency (42 and 65 GHz) quadrature reflectometers have been
installed on the DIII-D tokamak. In this paper, density fluctuation measurements of MHD activity,
and turbulent density fluctuation measurements in the edge pedestal using these reflectometers are
presented and directly compared to Beam Emission Spectroscopy (BES) measurements with similar
location and localization. The results show that the calculated density fluctuation levels of an
m=3/n=2 tearing mode from reflectometry using a 1-D phase screen model agree well with BES
measurements. Initial comparison of turbulent density fluctuation spectrain the edge pedestal with
BES shows qualitative similarity, however there are differences in the details, which are under
further investigation.

I1. Fixed-Frequency Quadrature Reflectometer System on DIII-D

Figure 1 is a schematic plot of one of the two similar fixed-frequency quadrature reflectometer
systems on DIlI-D. The second system is similar with the exception of a different frequency. Most
of the microwave power from the source, a Gunn Oscillator, is launched into the plasma by passing
through a directional coupler and 2 isolators which are used to prevent reflected power into the
source. The received reflection from the plasma cutoff layer mixes with the local oscillation from



the source, and the quadrature mixer output provides the complex electric field, E(t) = Ae's® i.e.
A(t)cosd(t) and A(t)sing(t) where ¢ i.e. is the phase delay between the launched microwave and its
reflection from the plasma cutoff layer. The phase contains the density fluctuation information in
the cutoff layer, e.g., the basic 1-D phase screen model predicts that the density fluctuation is
proportional to the phase fluctuation, but they could have a more complicated relationship
depending on the real geometry according to various models (see e.g. [1] and references therein).

The microwave and electronic components for each reflectometer are contained inside portable
boxes. For initia tests, output waveguides are coupled to existing antennas normally used in the
UCLA profile reflectometer systems [2]. Both systems have horns that can be orientated to launch
and receive either O- or X-mode polarization in order to probe different regions of the plasma. The
launch and receive antennas are in the outboard midplane of DIII-D.

A new agorithm [3] is applied to reconstruct the phase information from A(t)cosh(t) and A(t)
sing(t). It calculates the relative phase differences between two subsequent measurements and
accumulates them to get the absolute phase. The method can be illustrated as follows. Assume two
successive measurements (x;, y1) and (X1, Yi+1), wherex, and x.., are rea parts (i.e. A(t)cosd(t)), and
yi andyi.; are imaginary parts (i.e. A(t)sing(t)), their phase difference can be derived [3] as:

8¢ = 28 [( X Yier— Yier Xr) / V{((% + Xa2)® + (Vi + Your)® )(%ea? Yier2)} .

Note that this method can recover phase information if the phase variation between successive
measurements is within +r, which can be compared to the normal method which recovers the phase
between -7/2 and ©/2. High data sampling rates (normally 10 or 25 MHz) are employed to avoid
phase jumps exceeding 2 between successive measurements.

Beam Emission Spectroscopy (BES) [4] data will also be shown with similar location and
localization for comparison in this paper. It measures a similar wave number range of k;~ 0-3cnr™.

Grifrn Directional
Ozl ba bor Coupler A

| solztar Wi xer 4

Figure 1 A schematic plot of quadrature reflectometers on DIII-D



[11. Coherent Density Fluctuation M easurements

MHD activity (e.g. tearing modes and compressional Alfvén eigenmodes) has been successfully
identified from the phase information. An example of detection of a tearing mode is shown in
Figure 2.
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Figure 2(b) is a contour plot of the magnetic fluctuation spectrum measured by a magnetic loop,
showing the existence of an m=3/n=2 tearing mode (m and n are the poloidal and toroidal mode
numbers respectively) between 25-30 kHz in the time window of 4000-4100 ms of shot 121962.
This is an H-mode discharge with frequent ELMing activity as indicated by the photodiode time
history in Figure 2 (a). Figure 2(c) is a contour plot of the phase fluctuation spectrum measured by
65 GHz reflectometer at O-mode polarization and clearly illustrates detection of the mode. It should
be pointed out that from the Thomson Scattering density profile measurement between ELMs that
the reflectometer detection locations are almost constant, i.e. at p~0.8, but during the occurrence of
the ELMs, the edge density profiles are affected and does cause the detection location to move
radially inward/outward, as can be seen from the spectrum change in Figure 2(c), especially around
4010, 4028, 4052, and 4080 ms.



Using the basic 1-D phase screen model [1], the density fluctuation level induced by the mode
can be calculated as dndn. = 3¢/(2 ko Ln), where 8¢ is the phase fluctuation level, k is the vacuum
wave number of the source wave, and L. is the density scale length. The solid curve in Figure 2 (d)
is the result of the calculated density fluctuation level for the m=3/n=2 mode. With a time
resolution of 0.655 ms, d¢ is obtained from integrating the mode spectrum shown in Figure 2(c)
over 22-30 kHz and subtracting the turbulent density fluctuation background which is calculated by
integrating the spectrum over 30-38 kHz due to the fact that the spectrum is quite flat in the
frequency range of 22-38 kHz. L. is calculated from the Thomson scattering density measurement
with 12.5 ms time resolution but interpolated to the time grid of 3¢. For comparison, measurements
from BES were plotted as red rectangles with each averaged over a 10 mstime window. These BES
measurements (and those shown in the following part of this paper) were obtained with the recently
upgraded BES system [5]. The two diagnostics agree well with a few exceptions. The observed
discrepancies could be related to 1) the possible uncertainty in the calculated turbulent density
fluctuation background; 2) the afore mentioned effect of ELMs during which the actual L, may
have changed dramatically from the value interpolated from the sparse Thomson scattering density
measurement; and 3) the mode amplitude has changed substantially as the detection location
MoVes.

V. Turbulent Density Fluctuation Measurementsin Edge Pedestal Region

Initial analysis has aso been done for the broadband density fluctuations in the edge pedestal.
Figure 3(a) is adensity profile measured by Thomson scattering, showing a case where the 65 GHz
O-mode detection location is in the edge pedestal region. The raw data, A(t)cosp(t) and A(t)sing(t)
(data sampled at 25 MHz) are plotted in Figure 3(b) for t=4000-4002 ms. The figure shows afairly
well defined annulus, indicating a good phase measurement. The auto-power of the phase
fluctuation for these data is plotted in Figure 3(c). The spectrum decays with an index of -3.3 in the
frequency range of 85-800 kHz, again indicating non-random phase measurement (phase runaway
would tend to increase the index to -1). Figure 3(d) shows the density fluctuation spectrum from
BES measurement at the same location of p~0.8 but averaged over a much longer time scale (4000-
5000 ms). The plasma is in a steady-state condition in this time period. It is evident that the two
diagnostics show qualitative similarity in the density fluctuation power spectrum, but a difference
in the details can aso be found. The difference might be due to several reasons, e.g., the 1-D phase
screen model may not be applicable in this case, different instrument response and the difference of
the averaging time windows of the two diagnostics, etc. For abetter understanding, a 2-D full wave
calculation [6] of the density fluctuation level and fluctuation spectrum is underway.

V. Summary and Conclusion

In summary, two fixed-frequency (42 and 65 GHz) quadrature reflectometers have recently been
installed on the DIII-D tokamak for density fluctuation measurements. The reconstructed phase
information successfully identifies MHD activity. For an m=3/n=2 tearing mode, the calculated
density fluctuation levels using a 1-D phase screen model agree well with BES measurements.
Initial comparison of turbulent density fluctuation spectra in the edge pedestal with BES shows
gualitative similarity, however there are differences in the details. A 2-D full wave calculation of
the density fluctuation level and fluctuation spectrum is underway for a better understanding.
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Introduction

The high-confinement mode (H-mode) is foreseen as the basic operation scenario for ITER.
Unfortunately it usually drives transient, edge localized modes (ELMs), causing periodic
expulsion of plasma energy and particles. In particular the type-I ELMs, can generate large
energy losses from the main plasma, which can lead to unacceptably high heat power loads
on the first wall elements, especially on the divertor target plates. ASDEX Upgrade is
carrying out experimental studies to control the ELM frequency by mean of an appropriate
technique in order to mitigate them. The most successful one was achieved triggering
ELMs by cryogenic pellets that has also shown to be a promising technique to investigate
ELM physics'. Reflectometry, due to its high temporal and spatial resolution, is a
diagnostic specially suited for this type of experiments. The ASDEX Upgrade FM-CW
reflectometry system has 9 swept channels in K, Ka, Q, V and W frequency bands at the
low field side (LFS) and in K, Ka, Q and V bands at the high field side (HFS), probing the
plasma simultaneously. In swept mode these channels operate with a minimum repetition
rate of 35 ps and in fixed frequency mode with a sampling rate up to 1 MHz. Previous
reflectometry analyses of pellet experiments were focused on the study of density profiles
(especially at LFS) in the regions between ELMs, where profiles are not distorted by the
ELM activity. Comparing intrinsic and triggered ELMs phases no significant differences
were found. In order to understand the plasma behavior it became clear that it was
necessary to analyze also the density changes occurring during both types of ELMs. For
example, it was previously demonstrated that intrinsic ELMs in ASDEX Upgrade start to
evolve at the LFS™™ but no indications exist about the evolution of their triggered
counterpart. Usually during ELMs strong perturbations are present at the plasma edge and
profile evaluation can become difficult, especially at the peak of the ELM. For this reason
it was necessary to develop a new method that could visualize in a simple and direct way
detailed local profile changes, without the need to evaluate the density profile. The method
uses the spectrogram derived from swept frequency data (basic information for density
profile inversion) and gives the temporal evolution of spectrogram slices centered at
selected plasma densities. In order to have the best time resolution, dedicated experiments
were made with all the sweeps at the maximum repetition rate of 35 pus (sweep duration
25 us), corresponding to a total data acquisition window of 107.24 ms (limitation imposed
by present system memory). New information could also be obtained at higher densities (up
to 1.2:102° m™) after the recent improvement of the W-band channel at the LFS.

Novel method to analyze local density variations
The new method is based on the time evolution of slices of the reflected signal
spectrograms taken at selected density layers. The spectrograms representing the spectral



content of the reflected signals (over the entire probed plasma region), are obtained with the
simultaneous operation of the different swept channels. They are the basic tool to extract

Fig. 1
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the group delay for
profile evaluation and
display also the spectral
features due to plasma
density perturbations,
namely due to ELMs.
Using spectrograms from
consecutive sweeps it is
possible to analyze the
temporal evolution of the
local spectra at selected
probing frequencies (or
densities). To illustrate
the method we present
examples obtained in

ASDEX Upgrade H-mode discharge #19821 (plasma current 1 MA, average density
8.8:10™"" m™) where pellets were launched between 1.4 and 3.4 s with 5 Hz frequency and
240 m/s velocity. In fig. 1 are shown the time traces for average n., outer divertor H, signal

and the pellet ablation monitor signal between 3.020
and 3.090 s. The first three ELMs are intrinsic, the
last one is triggered by pellet injection. An example
of one of the spectrograms obtained between
t=3.025515 s and t=3.025865 s (sweeps 730+740) is
depicted in fig. 2; in red it is marked the slice of the
spectrogram at 59 GHz. The temporal evolution of
the spectrogram slice at 59 GHz (n.~4.3-10"" m™)
obtained from sweeps 730-+765, corresponding to
the time interval t=3.025515+3.026740 s, is re-
presented in fig.3. The three vertical lines
correspond, respectively, to sweep 736 (65 s
before the ELM), sweep 748 (355 us after the
ELM) and sweep 761 (810 us after the ELM). The

Fig. 2

response of the selected plasma layer to the onset of the intrinsic ELM at to11,=3.025790 s
can be clearly seen from the figure. The increase of the group delay starting at sweep 740

Fig. 3
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(t=3.025865 s) indicates the inward movement of the density layer (away from the



launching/receiving antenna) and therefore the density profile flattening caused by the
ELM. It should be noted that, although important changes of the profile (group delay) occur
and strong density perturbations are usually seen at the peak
of the ELM, the selected plasma layer is not affected
(spectral energy well concentrated around the group delay
curve). To clarify the procedure, three of the thirty-six
spectrograms utilized to perform the previous analysis are
displayed in fig. 4 (they correspond to the sweeps indicated
by the vertical lines in fig. 3). The slices at F=59 GHz are
represented by the red vertical lines. The density profiles
derived from these spectrograms (sweeps 736, 748 and 761)
are shown in fig. 5, where the selected density layer is also
indicated. It should be noted that only O-mode data was used

Fig. 4

Fig. 5
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to invert the profiles and the minimum probed density is
Aoy = 0.45-10" m>. Below that density the profiles are
initialized using a linearly approximation of the group delay curve and a fixed position 7y
for the first plasma layer. Although this procedure introduces some errors in the absolute
position of density profile, the errors are more significant closer to n.; and they decrease for
higher densities.

Profile changes due to intrinsic and triggered ELMs

In the following we present the results concerning the first ELM (natural) and the fourth
one (triggered) shown in fig. 1. With EO and E1 we define, respectively, the beginning and
the peak of the H, signal. With PO and P1 we indicate the beginning and the end of the
pellet ablation in the plasma. We have chosen eight frequencies (density layers) and
computed the temporal evolutions of eight group delay spectrograms slices (GDSS) for the
intrinsic and the triggered ELM at the HFS (shown in fig. 6). For the intrinsic ELM (left
part of fig.6) a clear inward movement is seen at plasma layers 7,=3.8-10" m> and
n~4.3-10"" m™, corresponding to probing frequencies F = 55 GHz and F = 59 GHz. For
frequencies 66 (n.=5.4-10"° m™>), 69 (n,=5.9-10" m™) and 71.5 GHz (1,~6.4:10" m™) the
reflected signal cannot be detected because the density is not sufficiently high to reflect the



probing microwaves. At 71.5 GHz the detected spectrum corresponds to the noise base line
of the heterodyne detection. In the case of the pellet triggered ELM, we first notice that the
movements of the plasma are shifted to higher frequencies (66, 69 and 71.5 GHz).

Fig. 6
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Moreover for these three frequencies we can see that just after the pellet injection resulting
in the peaking of the density profile at the HFS, the entire V band channel comes into
operation. The GDSS plots also show how the density profile continues its flattening after
the peaking of the H, signal, E1.

In fig. 7 are shown the HFS Fig. 7
density profiles corresponding to 7 ‘ |
the main ELM phases. The | 1
plasma density profile is the
same before the ELM and before
the pellet injection (red line). Just
after the pellet injection (orange
line) the density peaking allows
to measure the profile up to
ne=6.4~10'19 m>. In the phase
after E1 the profile (blue line) is
still flat but for the triggered
ELM it is steeper; this is due to a
double effect: the flattening due
to the ELM and the density 0 : ‘ ‘ ‘
fuelling due to the pellet ablation. 105 11 115 12 195 13
Phase between EO and FEl R

(yellow line) and peak E1 (green [m]

line) are also depicted. Concerning the LFS (fig. 8) the general behavior is similar to the
HFS except that all plasma layers are more turbulent after the beginning of the ELMs.




Moreover the density peaking due to the pellet injection is not immediate as it happens at
the HFS. This is also confirmed from the LFS density profiles plotted in fig. 9.

Fig. 8

e st gt o gt

.A‘%. ‘A ®

s M e i e
.-ﬁ—u‘— A--pa.‘-n—- g
4 -
Sl N P Rty i [ i o, 00 S CHPALNS,
et &= . ] “ # L . - -
o ﬁ:-u.‘. * BB - J-“:-tﬂ‘t‘- "’ -nP .'Va

3.024885 _ 3.027055 3.083160 ' 3.085330
time [s] time [s]

Conclusions Fig. 9

The above study demonstrated 10
that the new data analysis : : :
method has the advantage of a 8 IntrlnSIC (---)

direct and simple evaluation trlggered (====-)
(fully automatic). As it does not ‘ ‘
require the evaluation of the
density profile, it is independent
of any initialization procedure
(O-mode operation only) or
errors associated with X-mode
(when X-mode is utilized to
complement O-mode at the very
edge). The method is very useful
to track fast local profile changes
and it can provide also the 2 205 21 215 22 225
localization (in space and time)
. . R [m]

of density perturbations asso-

ciated with fast plasma events, such as ELMs. It has the advantage that it can be used even
when high resolution (25 ps) single sweep density profiles are distorted due to plasma
turbulence. The first analysis, here presented, clearly demonstrates how reflectometry can
contribute to the study of the dynamics of intrinsic and triggered ELMs. This study seems
to indicate that the two types of ELMs are very similar but to answer definitively this
question more investigation is needed. For example it is important to detect where the




triggered ELMs occur first, at HFS or at LFS? For this more dedicated plasma experiments
are foreseen. The analysis of the space time evolution of the plasma turbulence during the
two types of ELMS is another relevant issue.
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1. Introduction

The analysis, characterisation and explanation of turbulence and turbulent transport
in plasmas is an important physical task to enhance fusion devices. At the same time
it is of fundamental interest in physics as plasma turbulence is among the most com-
plex systems currently investigated. In this paper we indicate how to use multifractal
analysis as a tool to characterise turbulence. We apply the formalism of structure
functions [Frisch(1995), del Castillo-Negrete et al.(2004) | and inverse structure func-
tions [Jensen(1999), Biferale et al.(1999) | to edge reflectometer data from the ASDEX-
Upgrade tokamak. The results for the multifractal spectrum can be used for compar-
ison with results from numerical simulation and further for modelling turbulence in
plasmas. Naturally, one important goal is the interpretation of the results in terms of
basic turbulence theory. Below, we briefly present the data we used for analysis, and
the multifractal formalism used. The results from analysis are presented in a compact
way and finally, we close with a discussion.

2. The data

Data from two ASDEX Upgrade discharges where used, one with ohmic and (0.8 MW)
ECRH L-mode phases #18726 (designated S1 in the following) at -2.4 T /0.8 MA with
line ave. density of 7x10' m~2, and one shot with a 2.5 MW NBI L-mode phase #19240
(S2) at -2.4 T/1.0 MA and 6 x 10! m™3. Two heterodyne (I & Q) O-mode reflectometer
signals were available in Q-band at 42 GHz and V-band at 55 GHz, giving two radial
points per discharge at roughly normalised radii of 0.94 and 1.05. Schematically one
has the following 6 signals:

Ohmic | L-mode

V band | S1 S1,52

Q band | S1 51,52

The reflectometer signals displayed a small constant amounts of phase ramping
during the periods of study, which was subtracted before analysis. The amplitude and
phase signals were obtained from the I/Q signals in the usual way (A = I? + Q? and
® = tan"'(1/Q)). The phase signal was then corrected for phase jumps. Fig. 1 shows
an example of the Q-band phase signal during the ohmic stage of shot S1.

3. Multifractal analysis

The signals were analysed using the multifractal analysis techniques which have been
developed in the frame of turbulence theory [Frisch(1995)], or statistical physics

[Beck and Schlégl(1993)]. A turbulent signal typically does not follow a Gaussian dis-
tribution of the investigated quantities (in our case the density fluctuation as measured
by reflectometry). Considering turbulence as an incremental process [Frisch(1995)],
one is interested in the statistical properties of the increments of a signal s: As(t) =
s(t + At) — s(t) Its statistical properties characterise the underlying process and allow
for stochastic modelling, e.g., by a fractional diffusion process. For statistical informa-
tion one can determine the probability density function P(As, At), or equivalently the
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Figure 1: Phase signal S1, ohmic mode in Q-band. The base trend has been subtracted.

structure functions or moments of the increments, S,(At) =< (As)? >. In a cascade
process, non-Gaussianity of the increments is found in the moments scaling as:

S,(At) ~ Atc® (1)

with ((p) = ap a linear function for a fractal process and ((p) nonlinear for a multi-
fractal. To determine ((p), the slope of S,(At) is determined in a log-log plot as

log [S,(At)] ~ ((p) - log(At) . (2)

Usually good scaling is observed in a certain range of scales, without that range different
processes are dominant, e.g. at the scale where energy is fed to the system.

When the function ¢ is known for all orders p the process is fully characterised
in a statistical sense. The well-known Brownian motion in one dimension is a non-
fractal process (i.e. an ensemble of trajectories fills space completely) with Sy, (At) =
1-3---(2p—1)(DAt)? , and Sy,_1 = 0 i.e., ¢ = 0.5p.

In recent years a complementary approach has been suggested using the concept of
exit-times, or residence times, respectively [Jensen(1999), Abel et al.(2000) |. The exit
time is defined as the time the trajectory needs undergo a fluctuation of a given size
As. With these times, one can calculate the corresponding statistics by the use of the
so-called inverse structure functions, or exit-time moments

I,(As) ~ AsS@ (3)

The analog for the Brownian motion are the moments of the first passage times, where
one calculates analytically I, = ¢ - IS,—1(xz) = ¢q--- 1(DAs)™? for all values of ¢
[van Kampen(1992)]. A fractal/multifractal process can be characterised in terms of
the inverse structure functions by the linear/nonlinear function £(g). Depending on the
situation one or the other method might be favourable.

Often, experimental data do not show perfect scaling, or have a very limited scaling
range. In these cases, one can try to extract scaling exponents using the concept
of extended self-similarity (ESS) [Benzi et al.(1993) |. Essentially, one assumes that
individual structure functions behave similar, then one divides the common behaviour
out by normalising to one structure function:

log(Sg4n) _ Clg+n)
log(S,) C(g)

(4)
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Figure 2: Log-log plot of a) Structure functions and b) inverse structure functions of
various order for signal S1, L-mode, V-band measurement.

This way, a scaling relative to ((¢q) can be extracted.

4. Results

In this section, we will present the main results for the signals analyzed. We show results
for all structure functions in the case of signal S1 in L. mode/ V band measurement.
Then, we give in one plot a comparison for the different signals and finally plot the
multifractal spectrum as obtained from the data for structure functions and inverse
structure functions.

For each constellation given in Table the structure functions S5 — Sy and the inverse
structure functions I; — Ig are calculated. As an example, in Fig. 2 a) the structure
functions for signal S1, for L-mode and V-band are plotted. The corresponding result
for the inverse structure function is shown in Fig. 2 b). We observe that for the usual
structure functions, no scaling is found, rather the functions are curved, but as it occurs,
in a similar way such that ESS is applicable. The inverse structure functions show
two different scaling regions with slightly different slope, with a transitory region in
between. This requires more detailed investigations, a possible reason are “unnatural”
phase shifts from the conversion of the signal. It turns out that ESS does not scale
away the effect.

In Fig. 3, a comparison of the ESS scaling for all investigated signals (log(Sy4) vs.
log(S5,)) is shown. Clearly, the signals S1, Q-band and S1, V-band show very similar
behaviour for ohmic or L-mode. Signal S2 does not collapse on the graphs for signal
S1. The same behaviour is observed for the inverse structure functions.

To extract the multifractal spectrum, one must determine the slopes in graphs Fig. 3
a) and b). The corresponding local slopes are plotted in Fig. 4 a) and b). One obvious
problem is the identification of the scaling region. This is almost an art, one typically
has no good scaling for small and large values of the increment due to bad statistics
and limits of the scaling. Only values are taken for which an approximately constant
slope exists over 2 decades or more. The final spectrum for the structure functions is
given in Fig. 5; it is clearly multifractal. At this point, further analysis is needed to
ensure that the result is typical for the signals investigated .
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5. Discussion

The basis of the analysis is that fluctuations in a reflectometer phase signal repre-
sent localised density fluctuations at the point of reflection. An analysis of the frac-
tal/multifractal behaviour of reflectometry edge data from ASDEX Upgrade show
anomalous scaling for different confinement modes and radial positions. Clear mul-
tifractal behaviour is observed in the spectrum of scaling

In this contribution we showed that it is possible to apply the multifractal analysis
to reflectometer data. In a first attempt we analyzed data with small amount of ramp-
ing. Problems concern artificial phase jumps which are physically not expected and a
clear identification of scaling ranges. As a result we clearly find multifractal behavior
in the spectrum of scaling exponents, which is different for different radial positions.
The difference between ECRH L-mode and ohmic confinement seem to be less impor-
tant than the radial position for the signal. The data from the NBI L-mode shot show
a different behaviour, possibly due to the strong toroidal rotation. A more extensive
analysis on a larger database of shots is required before further conclusions can be
drawn. In the initial selection of data a small amount of phase ramping was present.
Artificial phase jumps, which are physically not realistic, and the clear identification of
scaling ranges are concern remaining to be resolved. Finally, a longer term goal is to
use the spectrum of scaling exponents as input to numerical studies of turbulence and
the signal propagation in a turbulent plasma.
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A dual source reflectometer for density profile and fluctuations
measurements in Tore-Supra core
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Abstract The stepped fixed frequency X-mode reflectometer operating between 105-160 GHz that was
designed for density fluctuations measurement has been modified to measure the density profile. It runs now
with two sources in parallel: a fast swept source and a frequency synthesizer to measure during the same shot the
density profile and density fluctuations. Using fixed measurement, modes in the range 20-80 kHz have been
detected in various plasma conditions and at various locations. The nature of theses modes is still under
investigation.

1. Introduction

Density fluctuation measurement from fixed frequency measurements asks for a precise
density profile to locate precisely the cut-off layer [1]. The density gradient is also required to
evaluate the level of density fluctuations from the phase fluctuation level using Bretz like
expressions [2].

The 105-155 GHz X-mode heterodyne reflectometer that was designed for core density
fluctuation measurements [3] can now measure during the shot density profile and density
fluctuations. It operates with two sources: a frequency synthesiser for frequency steps and a
fast swept VCO for density profile measurements. The reflectometer will be described briefly
in this proceeding, a longer article will be submitted to Nuclear Fusion special issue on
reflectometry that should appear in 2006.

2. Microwave set-up
2.1. Fluctuation measurements

The 105-155 GHz reflectometer (figure 1) is based on the set-up developed for Tore-Supra
profile reflectometers: low frequency source, frequency multipliers and Single Side Band
Modulator [4]. The 105-155 GHz multiplier is made of a V-band active quadrupler and a
passive doubler. The output power is low: —10<P<0dBm. A high performance single sideband
modulator (SSBM) shifts the frequency ahead of the octupler for heterodyne detection. On the
reference arm, a second quadrupler drives a second harmonic mixer. High gain Gaussian
antennas (38 dB) were chosen to increase the reflected signal since the antennas are 2 meters
from the plasma centre and to produce an almost parallel beam (divergence ~1° HPHW).
With bistatic antennas parasitic reflections are minimised.
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Figure 1: Microwave set-up for the 105-155 GHz reflectometer

The source should be very stable for fluctuations 50
measurements because of the frequency multipliers. The ;’;geég:”
source phase noise is indeed multiplied by 64, the square of s

the multiplication order. Frequency synthesisers are very
suitable for fluctuation measurements. They have very low
phase noise and can describe stair frequency pattern with 1
to 30 milliseconds between steps. A fast hopping
synthesiser is currently used (dwelt time below 1 ms), 15
steps of 8.2 ms are described in less than 200 ms. The phase
noise after a inner wall reflection is only few degrees as ,
shown figure 2. With a VCO, the phase noise is more than 50 0 50
180 degrees during an 8.2 ms step although the delay line  £igure 2: phase stability during
is optimised for zero delay at outer plasma edge. 8.2 ms afier inner wall reflection

synthesiser

2.2. Profile measurements

The VCO being not suitable for fluctuation measurements, the frequency synthesiser in swept
mode was tested for profile measurements, but that was not a satisfying solution. The
5 millisecond sweeping time was too long and the synthesiser did not allow step and sweep
mode operation in the same shot.

The frequency synthesiser being not suitable for profile measurements and VCO being too
noisy for fluctuations measurements, we modify the reflectometer to run with two sources in
parallel. The reflectomer uses also two acquisition systems. Fixed frequency measurements
are recorded with a 1 MHz VME card. A 100 MHz acquisition is used for profile. Up to 1000
profiles equally sampled during the plasma discharge can be measured.

The VCO is usually swept in 60 to 100 microseconds to limit the beat frequency below 50
MHz. A microwave switch changes the source to the synthesiser at the time predefined for
density fluctuations measurements.

The reconstruction relies on the Bottolier-Curtet method [5] and uses the density profile
measured with the 50-110 GHz reflectometers or the interferometry diagnostic for
initialisation. Combining the 3 X-mode reflectometers covering the band 50 to 150 GHz, the



density profile from the edge on the low field side up to the high field side can be measured if
the magnetic field is high enough (B>3T) [1].

A burst mode is now in operation fast profile evolution. The dwelt time between two profiles
can be reduced to 5 ps. This mode will be used for MHD studies like g=1 [6] and to compare
to method proposed by S. Heuraux to measured density fluctuations from fast swept
reflectometer [7] to the classic fixed frequency method.

3. Detection of high frequency modes

High frequency coherent mode in the range 30 to 80 kHz have been observed in various
plasmas configuration (Ohmic, LH or ICRH heating) and at various locations (gradient zone
on the low and/or the high field side, centre). Figure 3 shows the frequency spectrum of the
complex signal for one of the best example in a high power discharge (Picry=4MW +
PLH=2 MW)
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Figure 3: Example of a high frequency (54 kHz) mode detected in the centre (r/a=0.06)

On the frequency spectrum of the phase, harmonics of the mode are very low showing that
they are Bessel harmonics on the complex signal. A radial movement of the cut-off layer thus
probably causes these phase oscillation. In helium plasma, the frequency of these modes is
lower, maybe an indication of a mass dependence.

The nature of the mode is still under investigations. The frequency range and the mass
dependence could point to Geodesic Acoustic Modes [8] but theory predicts GAMS are stable
in the core. It could also be coherent lon Temperature Gradient modes, but in the centre, the
temperature gradient is very low.

These modes are not Alfvén modes since Alfveén frequency in the core are much higher. At
high power ICRH, they have been observed in the range 150-500 kHz with the 105-155 GHz
reflectometer.

4. Conclusion

The microwave source incompatibility between agility for profile measurements and stability
for fluctuation measurements was solved using two sources in parallel for the 105-155 GHz
reflectometer. Commercially sources being imperfect, the reflectometry community needs a
versatile source to measure with the same reflectometer the density profile and density
fluctuations.



Although fast swept reflectometer can detect low MHD modes and a method has been
developed to measure the level of fluctuations, only fixed frequency measurements can detect
high frequency modes.
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A user friendly interface for a fast wave solver in realistic
plasma geometry

R.Nazikian

Princeton Plasma Physics Laboratory, Princeton, NJ 08543-0451, USA

This talk describes progress made at PPPL in developing a multi-user interface for large
scale 2-D full wave reflectometer smulations in redistic plasma geometry. The software
uses a JAVA interface and can be run from any WEB browser. A graphical interface
guides the user through the necessary step to produce a batch job that executes potentially
thousands of independent full wave runs on the PPPL PETREL cluster. The software then
displays appropriate statistical analysis of the simulation results. It is intended that this
tool be available to the international community for use in reflectometer data simulation
and analysis. Suggestions for improvement and expansion in the capability of the code
will be welcomed.
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Reflectometry for Wendelstein 7-X
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The fully optimized stellarator Wendelstein 7 - X, now under construction in Greifswald,
Germany, explores stellarator optimization and high-performance steady-state operation. In a
first stage Pecri=10 MW for 30 min. planned. The diagnostic equipment (Hartfuss et al 1996)
involves areflectometry system dedicated to measure edge density profiles and to characterize
density perturbations and their poloidal propagation velocity. Preparatory work such as design
activities and the installation of a single antenna pair are included in the set of the so-called
start-up diagnostics. First plasma operation is expected early 2012.

The position of the main reflectometer planned (Fig.1) is chosen such to minimize the
curvature of the probed flux surfaces and where the B-field gradient increases continuously
along the line-of sight like in atokamak. The latter gives best access to the plasma core in x-
mode either via the right-hand cut-off with low-field-side launch or via the left-hand cut-off
launching at the same toroidal position from the high-field-side. In standard operation the
local on-axis magnetic field is B=2.59 T with a variation of 235 T < B <294 T aong the
sightline. Due to the strongly elongated plasma shape and the nearly vertical Bmo Surfaces, the
x-mode cut-off in the vicinity of the equatorial plane can be well approximated by the flux
surfaces. Their poloidal curvature is low and varies as 80 cm < R, <100 cm with cut-off
layers r/a > 0.5. Thetoroidal curvature can be neglected. The variation of the conditions for
reflectometry within the set of standard configurations of the stellarator vacuum magnetic
field (Andreeva 2002) is small and neglected at this state of the design.

Expected cut-offs and resonances are given on Fig.2. For this design a density profile with
central density n(O) =1.10* m~ and steep edge gradients is estimated based on W7-AS
results. A reference cut-off layer is assumed to be at (r-a)= -3 cm in effective magnetic
coordinates equivalent to r/a=0.94 where the average minor radius @ =52 cm corresponding to
the position of maximum velocity shear in an H-mode edge layer. Due to the elliptical plasma
cross section the flux compression within the equatorial plane is about a factor of 2 such that
one obtains AR = Ar,, / 2. Correspondingly the reference cut-off layer is located only 1.5 cm
inside the separatrix. For the reference density profile this layer yields the x-mode cut-off for a
frequency f =90 GHz (center of the W-band) probing a density of 2.6 10" m™.
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The diagnostic port AEA21 allows for three pairs of toroidally neighboured antenna pairs
each with focussing elliptical mirrors with maximum diameter of 10 to 12 cm. Directly opposite
on the high-field side carbon covered tiles at the inner vessel wall are designed as microwave
mirrors (surface 10x10cm?) in order to calibrate the time delay measurements (Fig.3).
Thermal effects on their radial position are small: If during operation the plasma vessel heats up
from 20 to 60 C° the tiles move radially outward by about 2.4 mm. The launching mirror
positions are expected to remain almost unchanged as they are fastened to the flange which is
assumed to stay at room temperature. These reflector tiles also would allow for an integrated
HFS antenna - however with very restricted space available (about 3 cm to the vessel wall) (see
Fig.3, left).

One of the antenna systems is planned to operate in an early state of W7-X operation. A
high-directivity dual-antenna arrangement is proposed where the tilt angle of both sightlines

with respect to the cut-off layer 0,, can be varied independently to provide flexibility. High-

directivity can well be realized by a Gaussian antenna characteristic with nearly parallel wave
fronts and a spot size taking into account the curvature of the reflecting laye: The latter yields a
compromize between maximum number of perturbation maxima illuminated and minimum

curvature within the spot (Hirsch and Holzhauer 2004). For example with f =90 GHz probing
a density of 2.6 10" m™ in x-mode and a tilt 0, = 13.8 deg which selects perturbations K, =9
cm-1 the calculated optimum beam width is w?' =2.3 cm (1/e-decay width of the E-field
amplitude) resulting in a resolution of (AKX, /K, )™'=5.2. The optimum beam waist varies as
w? oc [p-L where P is the effective curvature radius and thus inherently fulfils the

condition w,(A)oc +/A which allows for a broadband Gaussian optics with arbitrary mirror

positions (Hirsch and Holzhauer 2005). A lower boundary f >70 GHz arises only from the
finite aperture which can be realized for the focussing mirrors within the port environment. To
guide the beam in the long port to the vacuum flange a quasioptical transmission line is planned
which also has the advantage that there is no need for cooling waveguides. The variable antenna
orientation is achieved by a steerable plane first mirror which decouples the sightline geometry -
in particular the tilt angle - from the optimization of the spot size resulting from the second

fixed elliptical mirror. Here the 0, defines the selected density perturbations K, via the Bragg

condition whereas the spot size determines the spectral resolution AK . The steerable antenna
sightlines allow for a number of different arrangements: a) Density profile measurements with
separate antennas for signal launch and reception oriented to a common beam spot (bistatic
arrangement), b) conventional poloidal correlation reflectometry where the two antennas are
each oriented perpendicular to the cut-off layer probing long-wavelength perturbations such as

MHD, c) Doppler reflectometry for a variety of different tilt angles 0, with the two sightlines
oriented in opposite poloidal directions such that the frequency shifts resulting from varying
0,, (induced by varying configuration or by MHD) can be separated from the Doppler shift
resulting from a variation of the propagation velocity of the perturbations v, (Hirsch and

Holzhauer 2004). As two poloidally separate spots are probed this arrangement can be used for
poloidal correlation Doppler reflectometry simultaneously. Poloidal correlation Doppler

reflectometry measures the poloidal correlation length of small scale (finite K ) perturbations
and delivers a time-of-flight measurement which is the complementary method to determine the
poloidal propagation velocity v, (Hirsch and Holzhauer 2004). d) The K -spectrum of

turbulence is obtained with the proposed system by means of a temporal scan of 0, (see Hirsch
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et al 2001, Hennequin et al 2005). Finally a fast monitoring of the K | -spectrum is possible by
simultaneously tracking the signal with two different values of 0,, which is of interest in the
context of fast changes of the K| -spectrum induced by shear flow for example. Limitations for

the accessible 0,, arise from shadowing and crosstalk between the two antenna patterns
involved.
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Fig. 3: Possible geometry for integration of a HFS antenna in the first-wall high-heatloads
tiles (200 to 250 kW/m? ). The corresponding waveguides leading towards the next port
distance to the port 1.2 m, portlength 1.4 m are indicated in yellow. In the right figure the tiles
are shown from the high-field side (vessel wall omitted), CuCrZr cooling bodies in red,
cooling pipes in purple. The graphite surface of the tiles right opposite the three antenna pairs
is oriented as calibration mirrors for the time-of-flight measurement.

The antennas must withstand a heat-load of about 50 kW/m?> which requires active
cooling. The level of microwave stray radiation resulting from non-absorbed 140 GHz ECRH
heating power is expected up to 100 kW/m? near the ECRH launching planes depending on
heating scenarios and the position in the vessel considered (The reflectometry antennas are
toroidally 72 deg apart from the ECRH launching plane). All in-vessel parts will be tested
under these conditions in atest-chamber (Ullrich S. et a 2005).

Outside the vessel a bundle of oversized quasioptical transmission lines are planned to
guide the microwave signals to the diagnostic cabin right outside the bioshield (Fig.4). The
single-path length is about 27 m, 5 mitre bends are necessary to account for radiation
shielding and space requirements in the torus hall. In the diagnostic cabin quasi-optical beam
splitters (Simonetto et al 2004) will offer the flexibility to adapt different transmitter/receiver
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systems and use the full spectrum of reflectometry measurements.
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Fig.4 Transmission linesto port AEA21. The bioshield (concrete with thickness 1.8 m) is
omitted. From the diagnostic cabin outside only the radiation protection is shown.
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Millimeter-wave reflectometers to perform density fluctuations measurements have been for
quite a long time either fixed frequency (heterodyne and homodyne) systems in tunable or
traditional multi-channel fixed frequency arrangements. Only recently novel systems were
brought into operation with the ability to hop from frequency to frequency over a large
bandwidth, during each plasma discharge, while retaining the quality of fixed frequency
phase locked sources. The new hopping reflectometer system recently installed at ASDEX
upgrade to study the radial distribution of turbulence characteristics is here briefly
described and the proposed operation schemes envisaged are detailed.

1. Introduction

Millimeter-wave reflectometry has been used for a long time as a monitor for density
fluctuations in fusion plasmas. In ASDEX Upgrade, density fluctuations were measured by
fixed frequency homodyne and heterodyne systems, both in multi-channel fixed frequency
arrangement. Homodyne swept systems to obtain density profiles cover the frequency range
(18 — 100 GHz) and can be used also for density fluctuations studies [1]. Fixed frequency
heterodyne systems are installed in Q (33 — 50 GHz) and V (50 — 75 GHz) band in O-mode
propagation offer some advantages over homodyne systems: higher sensitivity as well as
the ability to separate phase and amplitude at the receiver.

Recently, two broadband fast hopping mm-wave reflectometers were installed in Q and V
bands to hop from frequency to frequency over a large bandwidth during each plasma
discharge. These new heterodyne systems can cover the whole frequency band and have
continuous spatial coverage by hopping from one frequency to another (measuring points
can be selected as close as required). Its novel design avoids complex coupling elements
required by multi-channel arrangement to feed several reflectometers into a single antenna
system [2].

Due to the specific requirements of the new broadband fast hopping systems, the control
software had to be upgraded. Actually, each band can operate, independently, on one of the
two modes of operation: fixed frequency and frequency hopping. In fixed frequency mode,
only one density layer is probed during the whole discharge. In hopping mode, several
density layers are probed by hopping through the selected frequencies.

In the following sections, we describe the configuration of the ASDEX Upgrade frequency
hopping system, the mm-wave hardware and the control software.

2. System configuration

The current configuration of the frequency hopping system is depicted in Fig. 1. It has three
main blocks: mm-wave hardware, CAMAC crate and workstation “suref”. The mm-wave
hardware generates the probing signals to the plasma and detects the reflected signals. The
CAMAC crate hosts: two PPGs (Programmable Pulse Generator) and four Kynetic System



boards (ADCs) capable of acquiring 4 Mword of data with a sampling frequency of 500
kHz or 1 MHz. One PPG sends clock signals to mm-wave controllers triggering the
transition to the next selected frequency while the other PPG sends clock signals to
acquisition boards. The control software is running in the diagnostic workstation “suref”
which programs the microcontrollers in the mm-wave hardware and configures PPGs and
ADCs in the CAMAC crate.

mm-wave

- hardware i
- @
H 2 z
E : .§

9
[PPG ] [ ADCs

Workstation suref @_4
CAMAC crate

SBUSICAMAC interface

Fig. 1 Block diagram of the broadband fast hopping system in ASDEX Upgrade

3. Mm-wave hardware

The frequency hopping reflectometer has synthesized signal generation for both main signal
and local oscillator signal and incorporates a receiver that maintains a coherent reception
with in-phase and quadrature output signals (I and Q). The main feature of the system is its
possibility to be tuned, within a fraction of a millisecond, to any selected frequency within a
broad range of frequencies within a full waveguide band. To allow fast frequency switching
fast frequency synthesizers are employed (CFN proprietary design).

The Q band system uses 8-12 GHz synthesizer while the V band employs 12-18 GHz. Each
system uses two independent frequency synthesizers, one for the main signal and one for
the local oscillator generator, ensuring a spurious and crosstalk free response in broad band
operation.
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Fig. 2 Overall diagram in Q band

Each synthesizer uses a single agile hyper-abrupt tuned oscillator (HTO) within a phase
locked loop (PLL) control loop. The output signal is generated by active or passive
multipliers (or combination of both) and the reception uses a mixer or harmonic mixer.

The phase reference signal, used for the coherent demodulation, was obtained by mixing
down the main synthesizer outputs. In this way coherence is maximized and operation after
frequency switching can happen as soon as the signals are within the IF filter bandwidth.

4. Control software

The control software is based on a client/server architecture [3] and configures the mm-
wave hardware and the elements hosted in the CAMAC crate (PPGs and ADCSs). The server
developed in C++ runs in the workstation “suref” and accepts multiple connections from
clients through TCP/IP (Transmission Communication Protocol/ Internet Protocol)
protocol, however only one client can actually change the settings in the diagnostic. The
client application has a Graphical User Interface written in C using Xforms library and can
be executed in any computer. Due to the existing firewalls in IPP, the remote operation of
the diagnostic in particular at CFN was enabled with the implementation of Secure Shell
(SSH) tunneling protocol. A predefined protocol is used for exchanging messages between
server and clients and was described in Ref. 4.

Due to the implementation of broadband fast hopping system in Q and V bands, two
operation modes are now possible: fixed frequency and hopping. In fixed frequency mode,
the operator introduces one frequency. In hopping frequency mode, the operator chooses a
pattern of frequencies with a maximum of twenty frequencies, the period for probing each
density layer and the number of repetitions of this pattern throughout the shot. Actually,
only one PPG is available for two bands, so each band has the same number of frequencies,
the same period and the same number of pattern repetitions. In both modes, the operator
specifies the Intermediate Frequency (IF) gain in each band. When the server receives the
configuration of the system, it programs the mm-wave hardware, the PPGs and ADCs in
CAMAC crate.



For configuring IF gain and frequencies in mm-wave hardware, two microcontrollers (one
for each band) are used and connected to the workstation “suref” through a serial port. A
simple protocol is implemented to allow communication between server and
microcontrollers.

The configuration of acquisition channels, acquisition rates, acquisition time windows and
the sequence of pulses to trigger the frequency change in mm-wave hardware are written in
a diagnostic shot-file-header (the header of a shot configuration file). A diagnostic program
called RFL running in the workstation “suref” has two phases. In the first phase, prior to the
shot initialization, RFL reads the shot-file header and sends information to PPGs and
ADC:s. In the second phase, at the end of the discharge and after the acquisition is finished,
RFL reads the acquired data and builds a shot-file which it sends to the ASDEX Upgrade
shot-file server.

5. Conclusion

In ASDEX Upgrade, the fast hopping frequency system is implemented for Q and V bands
and the control software was upgraded to overcome these new changes and to make the
diagnostic more flexible. Presently the new system is being commissioned and first results
of the radial distribution of turbulence characteristics during the ongoing experimental
campaign on ASDEX Upgrade are expected.

[1] A. Silvaetal., Rev. Sci. Instrum. 70, 1072 (1999)

[2] L. Cupido et al., Rev. Sci. Instrum. 75, 3865 (2004)

[3] V. Grossmann et al., Fusion Engineering and design 48, 25 (2000)
[4] S. Graca et al., Rev. Sci. Instrum. 75, 3852 (2004)



JET Density Profile Reflectometer , new design.

L. Meneses, L.Cupido, A.A. Ferreira, M. Manso, L. Guimaraes
Associagcdao Euratom/IST ,1049-001 Lisboa, Portugal.

New transmission lines and antennas have been recently installed at JET under the
EFDA enhancement project "Millimeter Wave Access (MWA)" to meet the
performance requirements of broadband reflectometry for density profile
measurements. Taking advantage of this new facility a profile reflectometer is being
developed. The new design consists of a fast swept FMCW reflectometer using
coherent detection of the reflected signal. This reflectometer uses a single VCO
oscillator as the main swept source and employs a heterodyne receiver configuration.
Here we describe the operating principles of the new system and its expected
performance taking in consideration the performance of the new waveguides and
antennas. It is presented also the design topology for this swept reflectometer that is
capable of operating on bistatic antenna arrangements over long waveguides using a
local generated reference which are operating conditions that are likely to be those of
ITER reflectometers.

Millimeter Wave Access (MWA)

A new transmission line and antennae have been recently installed at JET, under the
EFDA enhancement project "Millimeter Wave Access (MWA)", it consists of four
lines of corrugated waveguides for Reflectometry and two of circular waveguide for
oblique ECE studies.

The main characteristics of the MWA for Reflectometry are [1]:

4 corrugated waveguides transmission lines

Approximate 40 meters long — 9 Miter bends — Approx 260 nsec delay
Bandwidth 60 to 160 GHz

Antennae — Open Waveguide (0 31.8 mm) - Gaussian beam

Antennae cluster with two rows of 3 antennae in the Toroidal direction
Quasi Optical coupling to waveguide

oooooo

With the installation of theses new transmission lines and antennae a reduction of at
least 20 dB on the losses is expected.

All the extraordinary mode propagation (X mode) JET reflectometers will be installed
in theses new lines (KG8D radial correlation).

A study of the reflecting conditions using ray tracing was performed for JET plasmas
in order to evaluate the performance of the antennae cluster. As a result it was decided
to use the central pair of antennae for all reflectometers; the four instruments of radial
correlation measurements and the new profile reflectometer. For this we need to
combine 5 systems to share the same antennae / waveguides with the use of Quasi
Optical Combiners (QOB) [2].

The proposed arrangement of the QOBs is presented in fig 1



Transmission Reception

Figure 1 Quasi Optical box arrangement

The arrangement presented in figure 1, for frequencies we use allowed the operation
of all instruments at the same time (50 -75 GHz FMCW, 76-78, 85-87, 92-96, 100-
106 GHz radial correlation).

Diagnostic requirements

The requirements for the density profile Reflectometer summarized bellow:
U Measure the edge profile — X mode propagation
O Overcame plasma emission (1.5 Kev)
O 2 antennae setup
L Make use of existing parts, used in the past in other diagnostics:
— Microwave (50 — 75 GHz)
— Acquisition (CAMAC)
— RF components

With the specified frequency range plasma with 8x10" m™ and magnetic filed from
1.75 T could be probed and density profiles obtained for the plasma edge.

The suggested scenario is a consequence of the experience gained on previous
attempts of density profiles measurements by FMCW (1995, 2001).

Design choices

The characteristics of the MWA and the diagnostic requirements presented above,
lead to the design choices presented below that represent a ITER like scenario (long
oversize waveguide and two antenna system).

U The use of two antennae
— Local reference (LO) for down conversion
— Delay compensation
— Detection bandwidth limited due to plasma ECE emission
U Use only one VCO to minimize the detection bandwidth
O Use heterodyne detection with I and Q detection
O Output power < 10 dBm



O With this set of characteristics two types of choices could be proposed for
delay compensation;
— in time (delay line)
— in frequency (frequency offset)

The compensation in time could be done in waveguide (JET- KG3) [2], or in coaxial
cable (Tore Supra) [3].

On this design we decided to use the frequency offset compensation.
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Figure 2 Proposed design for a new FMCW profile Reflectometer with auto coherent detection

With the proposed design we aim to compensate the time delay between the emission
and reception of the generated signal and to generate an intermediate frequency (IF),
necessary to have a heterodyne detection.

The local oscillator used for the IQ (In-phase and Quadrature) detection compensates
for the time delay however the big advantage of such technique is the ability to place
a virtual reference at any position from the plasma.

To minimize the plasma emission a narrow band filtering of 40 MHz band pass filter
centered around 260 MHz will be used, we expect to have a signal to noise ratio great
than 15 dBm, for an edge temperature of 1.5 Kev, However the IF bandwidth would
be selected to guarantee a good signal to noise ratio (S/N).

Instrument main characteristics

The main characteristics of this new instrument are summarizing below.
U Using MWA to density profile measurements
*  Only central pair useful
* 5 system installed sharing WG
X mode operation (1.75 to 2.5 Tesla)
Bi- static antennae
Coherent I & Q detection
— Phase and Amplitude detection
Up to 128 profiles (1024 point 8 bit ADC 100MHz)

o oood



Delay compensation by frequency conversion (approx. 260 nsec)
Temporal resolution 35 psec

— Sweep rate 25 psec

O Spatial resolution less 1 cm

oo

Conclusions

New design that takes advantage of the delay for IF conversion

Less expensive that other designs

Frequency compensation must be stable & precise (20 KHz resolution)
The time delay compensation related to plasma position

—Test with mirror

Change in sweep rate — change frequency compensation

LU 0000
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COHERENT SIGNAL GENERATION AND DETECTION FOR
MILLIMETER WAVE REFLECTOMETRY SYSTEMS

L. Cupido, L.Meneses, A.A.Ferreira
EURATOM/IST Association, Centro de Fusdo Nuclear, Instituto Superior Técnico, 1049-001 Lisboa, Portugal

In view of the more demanding measurements to be performed on next fusion devices a
new generation of reflectometer systems must be developed for both density profile and
turbulence studies.

The new generation reflectometry systems should be able to integrate sweeping and
hopping capabilities and should also cope with complex broadband transmission lines
and bistatic antenna arrangements. Signal purity and stability becomes a very important
issue when the use of compensation networks such as delay lines become impossible. This
is the scenario for reflectometry on ITER using ultra broadband frequency operation,
bistatic antenna arrangements and long corrugated waveguide lines.

The present paper describes a novel system for signal generation and detection (of both
main plasma signal and local oscillator signals) capable of fast sweeping, frequency
hopping as well as fixed frequency operation. It is based on a single synthesized source
and utilizes several oscillators which are locked to a stable reference standard, resulting
in line widths of few KHz at millimeter-wave frequencies.

This short paper summarizes the ongoing development effort undertaken at CFN-IST
towards the next generation of reflectometers.

Introduction

Many millimeter wave signal generation devices and techniques have been used on
plasma reflectometry diagnostics over the years. In most of the cases the broadest band
possible was exploited in order to cover the maximum range of plasma densities, while in
some other cases narrow band devices were used namely to achieve higher power and
therefore the necessary signal to noise ratio. Sources that have been used range from the
early BWO (backward-wave oscillator) to the modern frequency synthesizers, being the
HTO (hyper-abrupt tuned oscillator, a voltage controlled oscillator using hyper-abrupt
tuning diodes) the most widely used source.

Frequency synthesizers do employ internally HTO oscillators (when fast switching times
are required) or YIG oscillators (when maximum signal purity is required) but locking to
a stable and low phase noise reference.

The frequency generation for broad band has been using microwave signal generation
followed by active and passive frequency multiplication into the millimeter wave bands
since 1998[1].



The signal detection using phase and quadrature has the most desirable characteristics
and usually requires an heterodyne receiver topology and as a consequence a matching
LO (local oscillator) of similar performance is required.

In swept systems mainly two techniques have been used to ensure a good matching LO:
a) the tracking oscillator technique (used at ASDEX upgrade main reflectometer[1] in
bands V and W) - b) the SSB conversion to derive the offset LO (used at Tore Supra [2]).

A design using coherent signal generation and detection

Generating all signals (both RF and LO, plus the carrier for phase-quadrature detection)
in a coherent manner gives the possibility of coherent phase/amplitude detection while
maintaining the lowest phase noise possible. This however requires the main tunable
signal to be synthesized, along with locked sources for all the auxiliary signals.

Synthesized frequency generation over a broad frequency range results also in calibrated
frequency sweeps and also enables a fast frequency hopping mode of operation.

Also, both conventional frequency hopping operation and fixed frequency operation will
benefit from the very low phase noise of the synthesized source.

This topology also solves the requirement of a matched LO (without PLL (phase locked
loop) drag that we may encounter at ASDEX like systems or the potential spurious and
crosstalk problem that SSB converters may exhibit) since it will use only one synthesized
source and derive all other signals by frequency conversion and frequency multiplication
into the mmW(millimeter wave) range (30-300GHz).

The generation of the local reference becomes independent from the main signal and
allows us to place it virtually at any distance from the plasma. This is particularly
interesting while considering the bi-static antenna arrangements that we will encounter on
ITER and we already have at JET if we consider using the recently installed MWA
lines[3].

Why do we need it?

There are a few reasons why some of the usual topologies are not suitable for the next
fusion machines such as ITER, namely the use of long lines and bi-static antenna
arrangements, but also the number of systems that can operate on the same lines is
limited by interference or interaction or simply by coupling power loss. A system with
the proposed topology will operate in FM(frequency modulation, frequency sweep), FH(frequency
hopping), FF(fixed frequency) modes and less access to the machine is required for
transmission lines and antennas.

Also long waveguide runs will place problems on the coherency of the sources as the big
round-trip delay will result difficult to compensate while using a conventional
reflectometer. Note the phase noise above 1/tyy will appear at output spectrum of the
detected signals and compensating for that with a delay line may become unpractical, and



certainly, an identical line as delay line will be impossible. The use of a conventional
delay line it will be possible but will not match well at all frequencies, and difficult to
implement over large bandwidths.

There is also a need to have the output spectrum within a reasonable bandwidth to enable
good quality/resolution data acquisition systems. By placing the reference virtually at any
distance from the plasma we also shape the bandwidth of the acquired data which is a
quite convenient feature when we deal with several types of signal to noise ratios and
turbulent plasma scenarios.

The design challenge

In order to achieve de above outlined goals we do require a single broadband synthesized
source capable of fast sweep and FF. Commercial units with the features required are not
available on the market and specific custom designs tend to have excessive cost and still
leave us to do all the fast control to set the frequencies according to the modes of
operation. Also, disciplined ultra fast sweep is something we do not encounter on any
synthesizer topology from the microwave industry.

The previous experience with the synthesized sources used on the frequency hopping
systems at both ASDEX[4] and TJII-CIEMAT][5] encouraged us to develop our own
solution of frequency synthesized source that could operated in the way described above.
The main difficulties are still to maintain a low phase noise, to operate within a broad
band, and to perform a disciplined linear (or linearized) sweep.

While in broad band swept or hopping mode the system will be trigger activated and
there will be no analog ramp frequency control.

The use of frequency conversion and multiplication is also something we must consider
carefully in order to achieve low spurious content of the output signal (better than -40dBc
was already proven to be possible during prototype tests done at CFN).

Low harmonics contents are depends on the last multiplier / amplifier and in this case the
situation in not different from any other reflectometer topology. Also the high output
power requirements will come from the use of broadband mmW MMIC(monolithic
microwave integrated circuits) amplifiers that become available recently.

On figure 1.0 we can see a block diagram of the system under developments that shows
the main synthesizer along with the fast digital electronics to control it the frequency
converters and all the rest that configures a standard heterodyne reflectometer. Note the
use of a locally generated signal reference for 1.Q. Detection that allows us to relocate the
bandwidth of acquired signals.



Reflectometer using coherent signal generation and IQ detection.
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Figure 1 — Block diagram of the coherent reflectometer under development at CFN-IST

Conclusions

The present system is under development at CFN-IST and aims at the construction of a
heterodyne reflectometer using phase-amplitude detection. It employs a topology with a
single synthesizer for the main signal generation and can operate in fixed frequency,
frequency hopping and fast frequency sweep modes of operation. It employs the latest
technology and techniques in order to achieve clean signal generation.

It is particularly suited for the operation on long transmission lines and bi-static antenna
arrangements as will be encountered on an ITER like scenario.

Presently (May 2005) a prototype is under construction at CFN-IST and it is expected to
be tested on ASDEXup or at JET using the recently installed MWA lines.
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I. Introduction

Reflectometry will be used in ITER to measure the density profile in the main plasma and divertor
regions, and to measure the plasma position and shape in order to provide a reference for the
magnetic diagnostics in long pulses. An outline description of a system to achieve these goals was
compiled in 1997[1] and has since been updated [2-8]. It includes Low and High Field Side (HFS
and LFS, respectively) O-mode systems for the measurement of the density profile in the main
plasma, a LFS X-mode system for the edge profile, a HFS X mode system operating in the left
hand cutoff to measure the core profile, a dedicated O-mode system for plasma shape measurement
and a multi-band, multiple line of sight O-mode system to measure divertor density profiles.

Recently, as part of the preparations for ITER procurement, the systems have been re-organised,
with development for the main plasma LFS and HFS systems now proceeding separately and a
clear separation between the divertor interferometry and reflectometry being implemented.
Engineering design work has begun in the ITER participant teams on the details of the
implementation of the in-vessel waveguide runs that form part of the main plasma HFS launch
systems and of the reflectometer for plasma position. Both these systems have to be procured
relatively early as their assembly is linked with that of the ITER vessel.

For the LFS main plasma and divertor systems, which follow the standard port module approach,
the process of defining the front-end functionality is not yet complete. As well as profile systems,
two-point fluctuation and Doppler sub-systems are also planned for the main plasma, while multi-
chord profile measurements in the region 15-300 GHz are envisaged for the divertor.

I1. Role and limitations of reflectometry on ITER

Reflectometry is expected to be a major contributor for several measurements required for basic
(Category la, [9]) and advanced (Cat. 1b) control of ITER, including plasma shape and position for
long pulses, edge density profile, ELM density perturbation and divertor density, in addition to
measurements for physics understanding (Cat 2), such as core density fluctuations and edge
turbulence. It is also expected to make key contributions for other measurements in these
categories, such as low (m,n) MHD activity, TAE and other perturbations with a high n core
presence, core density profile and plasma rotation.

For measurements in the core, reflectometry is limited by poor access: X-mode launch from the
LFS is constrained by absorption, but also by relativistic profile flattening (Figure 1); O-mode is
limited by relativistic cutoff profile flattening for the standard flat ITER density profiles. Core
access is, however, still possible using the HFS X mode left-hand cutoff. Direct measurements of
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plasma rotation by reflectometry are not possible, but one can deduce the rotation velocity of the
fluctuations rather reliably and investigate the detailed features of velocity shear layers [10].

For the divertor, mm-wave access is not an issue, but frequency range is: To deduce the LFS
(outer) leg profile in O-mode, frequencies up to ~1 THz are needed, well past the limit of
demonstrated swept reflectometry (which lies below 200 GHz) and beyond reasonable
extrapolations of such swept systems (to 250 — 300 GHz). For this reason, a comb reflectometer has
been assumed in the past for the divertor above 300 GHz [1,2].

Physical access to the plasma depends on the location of the antennas and is summarized in Figure
2. In all cases, the waveguide is routed through one of the ITER ports and in most cases at least part
of the in vessel waveguide must be removed for port maintenance.

ITI. Progress with in-vessel systems

The reflectometer for plasma position and the HFS main plasma reflectometer include components
mounted inside the ITER vessel, between the vessel inner wall and the neutron absorbing blanket.
In addition to these systems, there are proposals for systems needing similar access, in particular a
time-of-flight refractometer [11] to measure an analogue of line average density and a high-field-
side antenna system for a collective scattering experiment [12]. All these systems have similar
access problems and the design groups involved are in communication with each other.

Access to the inner wall is available through the ITER upper ports. The space available for
waveguides is approximately 80 mm (tor.) by 15 mm (rad.) running in a poloidal plane on each side
of the port centerline. This allows a pair of waveguides of ~23 mm x 12.5 mm ID to be fitted.
Recently, this path has been improved by the removal of all but one toroidal bend, and the
simplification of the exit path to just 7 bends in the poloidal plane, including just two flexible bends
to take up thermal and other machine movements for which further optimization is clearly possible.

The curvature of the inner part of waveguide is imposed by the vessel and therefore the
performance of this common component has to be investigated first. Direct mock-up tests of this
line have been made at the KIAE and show that the performance is dominated by the 1* (90°) bend
which will therefore require further optimization; the rest of the line is suitable for use between 18
and 120 GHz. Calculations at Nijnii Novgorod show that the hyperbolic secant bend with a
minimum radius in the range 100 — 125 mm might be suitable and a first inspection suggests that it
can be fitted to the ITER blanket.

On the basis of results so far, it is expected that, for the full line, the performance in O-mode will
be good and in X-mode acceptable. It seems even possible to design a “universal” transmission line
with acceptable performance in X —mode (~9 to 90 GHz) and O-mode (~ 15 — 150 GHz) for full
plasma access. This would allow greater flexibility in the use of the limited number of launch
positions available, provided that a suitably versatile antenna can also be designed.

2D calculations are being used at KIAE and LPMIA jointly with IST to optimize the antenna.
Preliminary results suggest that a simple antenna as originally proposed [1] is usable but that the
gain is rather low for core access in X-L mode and the secondary reflections may limit the position
reflectometer performance at small blanket-to-plasma distance. Further work is underway at IST
and KIAE to quantify the performance of the transmission line and antenna.

A key variable in the designs is modification of the ITER blanket module. This is a thermally and
mechanically stressed component with a composite (Be, Cu, Steel) first wall structure [9]. Present
designs have assumed an available gap between blanket modules of up to 30 mm, which is then
reduced to allow for blanket and antenna installation and manufacturing tolerances as well as
vacuum and plasma sprayed insulation layers. This gap is achieved by local widening of the
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nominal 10 mm gap and is also limited by local peaking of neutron irradiation levels in the TF coil
insulator caused by the presence of the gap. The limits of this process are now being explored
within the ITER IT with a view to accommodating higher gain designs, such as that proposed for
the plasma position system. At the same time, engineering calculations are underway or planned in
the EU and RF to investigate the thermal and electromagnetic loads for the various antenna
proposals.

IV. Status of the main plasma reflectometer (LFS)

The main plasma reflectometry retains the high-redundancy universal wavguide approach outlined
in the ITER 2001 design and previously described [1,2]. There are 6 waveguide pairs, with simple
truncated waveguide antennas of 89.5 mm dia used for all functions. Multiple 90 or near 90° mitre
bends are used to form in-port labyrinths and corrugated waveguide is used throughout for low loss
transmission to ~ 300 GHz. The primary vacuum boundary now uses a combination of inclined
quartz or similar window and a waveguide valve to satisfy ITER safety criteria and to allow for
remote testing of the window.

The antennas (Figure 4) are provisionally grouped in two main clusters to give redundancy for
profile measurements and a range of distances for poloidal and toroidal correlation measurements
and mode studies. In addition there is an extra pair of lines for Doppler reflectometry
measurements, inclined £7° to the horizontal. This layout has not been optimized for the large set
of measurements in principle possible from this location; this is expected to be the first task of the
detailed design phase for this diagnostic. In particular, there are possibilities for imaging the
gradient region plasma by a poloidal antenna array; this could lead to more robust profiles as well
as a useful fluctuation diagnostic for a region of the plasma that has a strong impact on overall
tokamak performance.

V. Status of the divertor reflectometer

The needs of ITER for divertor measurements arise from the critical nature of divertor performance
on machine operation. The divertor design for ITER [1] assumes “semi-detached” operation with
good control of the degree of detachment. It is also expected that the divertor in a reactor will be an
expensive replaceable part, and ITER will be the only device that can be used to benchmark
divertor codes in near-reactor conditions. At the same time, progress with divertor reflectometry
worldwide has stagnated and it is not practical presently to design the combined reflectometer /
interferometer envisaged previously [1], even though it is the only diagnostic able, in principle, to
meet the resolution requirement across the divertor leg (3 mm). The present approach has been to
divide functionally and physically, the interferometry from the reflectometry function and limit the
reflectometry target density to below ~ 10*'/ m’ (~300 GHz). The implementation of a laser
interferometer is under study [13] and an outline reflectometer system to cover a reduced density
range from just one divertor port is planned within the ITER IT for the near future.

V1. Conclusions

In the last few years, there has been very encouraging progress with the ITER reflectometry designs
for the in-vessel systems, that is, the reflectometer for plasma position and the reflectometer for the
main plasma (HFS): The space allocation is known, preliminary designs exist, simulations and
mockup tests are underway and there are plans to tests critical new measurement aspects (X-L
mode HFS launch) to be tested on a tokamak (T-10). At the same time, the required engineering
studies have been initiated, and the parties involved have agreed to collaborate closely. All these
aspects bode well for the future of these systems, despite a number of yet to be resolved technical
problems.
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The ITER main reflectometer (LFS) remains essentially unchanged since 2001, although small
technical improvements have been implemented, and the space allocation modified to allow a
Doppler system. It is clearly feasible to provide an extensive system, and a workable, though not
optimal, outline design example exists. However the detailed design of the front end is missing and,
as there are many possibilities, the whole system is ready for review and update.

The divertor reflectometer remains an orphan in the parties despite the fact that it addresses key
ITER needs. The resultant lack of progress has led to some space allocation reduction. On the
present path, there is a high risk that this system may be implemented in a very reduced way, or not
at all as (i) the system is not demonstrated (ii) the system will likely have to compete with other
systems for late R&D funds. Any loss in projected divertor reflectometry performance directly
degrades the only planned measurement of the density profile across the divertor leg.
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