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Foreword

The technical reports in this collection of papers on "Microwave
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International Atomic Energy Agency Technical Committee Meeting,
with the same title, held at the JET Joint Undertaking in Abingdon,
Oxon, the United Kingdom, March 4-6, 1992. The meeting was
attended by 37 participants from ten countries (and two international
organizations).

This collection of papers is prepared from direct reproductions
of the authors' copies. It is hoped that publication of the document
in this way will provide timely information to participants of the
meeting, as well as to others who may have not been able to attend
but are interested in the proceedings.

Inadequate, but special acknowledgements are recorded here to
Dr. Peter Stott and Dr. Alan Costley, the technical organizers of the
Meeting, and to Greta Blankenback and Carol Simmons, who so ably
and efficiently handled administrative and secretarial details before,
during, and after the meeting.
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A: MEASUREMENT OF DENSITY
PROFILES



Fast sweep multiple broadband reflectometers on

ASDEX and ASDEX-Upgrade

M E . Manso, A. Silva, F. Serra, J. Matias, F. Soldner*, L. Cupido, J. Pereira, J.Neves, F.
Nunes, L. Leitao, P. Varela, A. Moreira, C. Fernandes, C. Correia, C. Loureiro and J.

Santos

Centro de Fusao Nuclear, Euratom/IST Association, 1096 Lisboa Codex, Portugal
*Max-Planck-Institut fur Plasmaphysik. Euratom/IPP Association, Garching, FRG

Abstract

Here we present the main characteristics of two reflectometric systems: i) the ASDEX
system, in operation between December 1988 and August 1990; ii) the ASDEX Upgrade
system presently under development.

1- ASDEX reflectometric system

1.1 General description

A microwave reflectometry system (O mode), was developed for the ASDEX Tokamak

/I / consisting of six channels covering the frequency range 18 to 60 GHz, and probing electron

densities from 0.4 up to 4.5 X 1013 cm "3 (see Fig 1).

Simultaneous operation of different channels was performed for the first time in
broadband reflectometry, delivering complete density profiles (- 8 < r < 42 cm), with three

reflectometers; 24 density profiles with good temporal (2 ms) and spatial ( 1 - 2 cm) resolutions

could be measured in each shot. Density fluctuations were detected simultaneously with four

reflectometers probing 15 different plasma locations during each shot. Fluctuations up to 300

kHz could be resolved.

Several diagnostic techniques were used: (i) broadband operation (homodyne detection);

(ii) fixed frequency operation (homodyne and heterodyne detection); (iii) toroidal, poloidal and

radial correlation reflectometry.

1.2 System hardware

The system was provided with several hardware innovations that were the basis of

successful measurements. Solid state YIG tuned oscillators were used for the first time in

microwave reflectometry, ensuring low noise stable signals, and broadband operation in 2 ms

(specific fast drivers were developed for this purpose). Focused hog-horn antennae were

designed and constructed having high efficiency and narrow incident microwave beams. The



outcoming transmission line was decoupled from the incident one, in order to minimize the

contributions to the plasma signals from spurious reflections (Fig. 2).

1.3 Data analysis techniques

Linear digital filtering and tunable filtering techniques were implemented in order to

obtain density profiles; data from the three reflectometers was automatically fitted. Standard

filtering techniques are not effective in cases of strong plasma fluctuations, and either faster

sweepings or more sophisticated filtering techniques must be used. New intelligent signal

processing techniques have being studied and are presently being tested on the ASDEX data;

these new algorithms are also to be implemented on the ASDEX Upgrade data.

1.4 Plasma Physics studies

The combined measurements in broadband and fixed frequency operation provided

valuable complementary information about both density profiles and density fluctuations, in a

wide range of plasma regimes. Based on the experimental results, plasma physics studies have

been carried out, with special emphasis on Lower Hybrid Current Drive scenarios, and H-mode

regimes 121.

2. A Reflectometry System for ASDEX Upgrade

2.1 Purpose of the diagnostic

The aim of the ASDEX Upgrade tokamak is to achieve a reactor-compatible open

divertor , in contrast to the ASDEX closed divertor. A key issue for investigation on ASDEX

Upgrade will be therefore the edge region. The development of a microwave reflectometric

system meets the specific needs of measuring density (namely in the edge) with high spatial and

temporal resolutions. The main purpose of the diagnostic is to measure density profiles ..nd

density fluctuations, aiming at the study of the transport properties in the plasma. The

following tasks are foreseen:

* measurement of density profiles in the peripheral and scrape-off layer plasma, and

comparison of high field and low field side profiles;

* study of magnetic modes and density fluctuations in the peripheral and scrape-off layer

plasma;

* measurement of density profiles near the ICRH antenna;

* density measurements in the magnetic X-point region.

With the proposed reflectometry system for ASDEX Upgrade some of the R & D issues

for the operation of reflectometry in next step devices can be addressed, namely: (i) fast sweep

operation; (ii) methods of minimizing the effect of fluctuations on profile measurements; (iii)



methods to obtain quantitative physics information on fluctuations; (iv) full remote control, and

a fast data acquisition system including data compression facilities.

2.2 Choice of the system

The main parameters concerning the ASDEX Upgrade are shown in Table 1. The full

range of magnetic fields (Bt < 4 T) was considered in the study of the frequency domains of

operation that are presented in Table 2.

major radius Ro

minor radius a

plasma height b

plasma current Ip

toroidal magnetic field Bt

plasma density ne

1.65 m

0.5 m

0.8 m

< 2 MA

< 3 MA

1.5 x 1020m-3

Band [ GHz |

K ( 16 - 25 )

Ka ( 25 - 36 )

Q ( 32 - 50 )

V ( 5 0 - 72 ;

W ( 72 - 108 )

Low field

O

O

o
O / X

O / X

High field

O

O

O

O

O

Table 1 Table 2

With O-mode the probed densities are between ne -0 .32xl0 1 3 crrr3 and -14.5xl0 1 3

cnr3 , corresponding to frequencies from 16 to -110 GHZ (see Fig. 3). X-mode will be used

on the low field side only, as the accessibility condition on the high field side would require

very high probing frequencies (> 120 GHz); it will enable to probe the plasma edge from
densities close to zero with frequencies above 60 GHz (for Bt - 3T).

With O-mode operation, spatial resolutions typically of -1 cm for the density profiles are

expected at the edge (x/a > 0.8), and -1.5 cm in the bulk plasma, considering

ne(0)=5xl0 1 4 cm"3 and a parabolic profile. In the case of X mode, with the same plasma
parameters, and for Bt -2T, the. values expected are 0.5 cm at the edge and 1 cm in the bulk.

The spatial resolution will be improved botn for O and X-mode for higher density and magnetic

field regimes (as it will be the case of ASDEX Upgrade operation foreseen beyond 1993, with

n e - 1 5 x l 0 1 4 c n r 3 , B t - 4 T ) .

The WKB approximation for propagation in the plasma will be valid in most of the cases

for the gradient and edge regions. For the lowest frequencies (f = 16 GHz, A = 1.875 cm) the

breakdown of the WKB shall occur for L < 0.6 A - 1 cm; this might be the case of improved

confinement H-mode regimes where the gradients at the edge are quite steep (L -2 cm). In the

X mode the lowest frequencies are F - 60 GHz, so A - 0.5 cm; in this case the WKB

approximation should be satisfied for the whole range of probed densities. In very flat profiles

the central plasma region may only be accessible with X-mode reflectometry.



2.3 Experimental set-up

2.3.1 Configuration of the reflectometers

The ASDEX Upgrade reflectometry system will operate both in fixed frequency and

broadband sweep, and will have the capability of performing correlation measurements. In

order to minimize the influence of fluctuations during broadband operation fast frequency

sweeping will be used (< 100 jUs). The typical configuration of a reflectometric channel can be

seen in Fig. 4, where the V-band reflectometer is schematically drawn.

For profile measurements the detection will be homodyne. In fixed frequency operation it

will be used either an homodyne or an heterodyne detection. Heterodyne detection includes

down conversion of both the reference and the plasma signals to an intermediate frequency (IF)

of 1.5 GHz. The IF frequency is stabilized by a phase/frequency locking to a stable quartz

reference enabling narrow band filtering. A coherent phase detector will eliminate phase

ambiguities.

The system is provided with independent paths for the incident and reflected signals. The

reference signal to be used in profile measurements, and the plasma reflected signal will follow

the same outcoming path. In this way phase contributions from the microwave circuits will

affect equally both signals, and so the relative phase between them will be mainly due to the

propagation in the plasma.

2. 3. 2 Microwave sources

One critical item of the reflectometry system is the microwave source. As one of the

main objectives of the measurements on ASDEX Upgrade is to understand the effect of the

plasma fluctuations on the reflectometric signals, the sources should provide signals with high

phase purity. So, our approach was to avoid oversized waveguides which could lead to phase

mixing due to higher mode conversion.

Hyperabmpt Varactor-Tuned oscillators (HTO) were chosen. These are solid state

devices whose behavior is not affected by magnetic fields and can therefore be placed close to

the tokamak (some 5 meters away). Presently HTO oscillators are only available up to 18 GHz,

and so the implementation of the sources for each frequency band (between 16 and 108 GHz)

will require frequency multipliers as listed in Table 3 . The doublers are active devices and in

K and Ka bands they will produce a very "clean" output up to 40 GHz, with relative high level

(+15 dB;: minimum. For Q, V and W bands additional multipliers will be required; the output

power will be in this case > 1 mW (at 110 GHz). Improved drivers will be developed for the

oscillators allowing full band sweeping in 10 /is.



BAND

K

Ka

Q

V

W

1 "-
1 s t FREQUENCY |GHzl

8 - 12.4

12.4- 18

8 - 12.4

12.4- 18

12.4- 18

FREQUENCY

x 2

x 2

x 2 x

x 2 x

x 2 x

MULTI.

2

2

3

FINAL FREQUENCY |GHzl

16-

24.S

32 -

49.6

74.4

24.8

-36

49.6

-72

- 108 |

Table 3

2. 3. 3 Antennae

( i ) Characteristics

Focused hog-horn antennae of the same type developed for ASDEX shall be used in the

retlectometers probing the low field and the high field sides of the plasma (Fig. 5 a); the hog-

horns are heing designed taking into account the results of a numerical study of the antennae

radiation characteristics in the Fresnel region. For the two channels probing the plasma region

in front of the ICRH antenna, pyramidal horns were designed in order to fit the reduced space

available inside the ICRH antenna. For the X-point region strong refractive effects are expected

to occur, and ray-tracing studies are needed in order to determine the antennae configuration.

(ii) Ray tracing studies

Ray tracing studies were performed aiming to study the more adequate positioning of the

focusing region of the antennae and their localization in both single null and double null

experiments. The main conclusions are: initial wavefronts should be focused beyond the

reflecting layer (namely at the plasma center), otherwise refraction previous to the plasma

cutoff would cause unwanted divergence; the antennae should face the plasma mid-plane in

both plasma geometries. The second conclusion implies different positioning for single null and

doubfe null geometries . fn Fig. 5 b it is shown schematically the localization of the antennae

in both cases.

2 . 3 . 4 Data acquisition system

The reflectometric system shall be operated by remote control. Optical fibre links will

ensure the transmission of the selected probing signals to the plasma, and of the measured

signals to the data acquisition system.
Considering a number of 400 fringes per sweep (maximum value, foreseen for the upper

band, W) and 20 samples per fringe (error < 5%), the following values are obtained for a
sweep time of 100 jis :

% [ MHz 1

4

taq = 1 / (20 x fb ) [ ns 1

12.5

fs [ MHz ]

80



For a minimum sweep time of 10 /.'s (as provided by the microwave system), fb = 40

MHz and the sampling frequency would therefore reach 800 MHz. A system is being

implemented based on (i) commercially available CAMAC modules (100 MHz) for the lower

reflectometer bands (K and Ka) to operate by mid 1992; (ii) the development of prototype

acquisition channels at 200 MHz and 800 MHz sampling rate based on transputers, for the

exploitation of the reflectometry system beyond 1992.

(i) CAMAC solution

An acquisition system composed by 100 Msamples/s, 8 bit ADC modules, and 512K

memory modules, will provide 100 MHz sampling rate and I Mb storage space per channel. In

the case of Ka band (50 fringes, leading to 1000 points per sweep) the available memory will

enable the acquisition of 1000 profiles per shot. This system, however, would not fully exploit

the technical possibilities of the microwave system for the uoper bands, due to the large

number of fringes (< 400). The time window of measurements with high temporal resolution

(< 100 jUs) would be rather limited. Further extension of a CAMAC system in a later phase is

limited by the large amount of data to be handled.

(ii) Dedicated solution

The minimum sweep time of 10 us should be considered as it will enable measurements

on the background of 100 kHz fluctuations which are to be expected on ASDEX Upgrade with

full heating power. In such cases the system should allow for sampling frequencies that migh'

reach 800 MHz.

Modules with 200 MHz and 800 MHz sampling rates and fast real-time processing

capabilities are not commercially available and have to be developed. The proposed transputer

system will consist mainly of three components: (1) 200 or 800 MHz 8 bit ADC's as input

channels; (2) a data storage and reduction computer per channel; (3) a UNIX VME-Bus host

computer as frontend for the complete system.

The 200 MHz device will consist of one 8bit flash converter and a fast memory of 4x2

kilobytes, that is provided by an architecture based on 4 fast clocked FIFOs (see Fig. 6).

Control operation of this input device including readout of memory and forwarding of data to

the next stage is done by two T801 transputers which can be programmed to allow various

modes of data acquisition (e.g. preprogrammed, triggered, posttriggered).

The 800 MHz devices for the upper channels can be developed in analogy to the 200

MHz devices. The four times higher sampling rate is achieved by using a sample and hold

circuit with a demultiplexer which distributes the input signal to four 200 MHz ADC's. The

800 MHz acquisition channel is therefore designed to hold up to 32 kB data.

The storage and reduction computer is a multiprocessor of eight transputers in hypercube

topology. It provides memory to store at least 32 Megabytes, i.e about 4000 bursts of data, and



offers a computing power of about 20 Mips/8 Mflops to obtain the density profiles from the

reflectometry input signals.
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Figure Captions

Fig. 1 : Drawing showing the installation of the antennae inside the ASDEX vessel.

Fig. 2 : Configuration of the microwave circuit for a reflectometry channel on ASDEX.

Fig. 3 : Curves showing the radial dependence of the O mode cutoff (fpe), X mode upper

cutoff (fco), the electron cyclotron resonance (fee) and the upper hybrid resonance

(fuh), for two parabolic density profiles with (I) ne(0) = 0.5 x lO 1 4 cm"3, (II)

n e (0 )=2 .0x l0 1 4 cnr 3 .

Fig. 4 : Configuration of the microwave circuit for the V-band reflectometer channels on

ASDEX Upgrade.

Fig. 5 : (a) Section of a hog-horn antenna, (b) Schematic localization of hog-horn

antennae in the high-field and low-field sides.

Fig. 6 : J-ogic diagram for the 200 MHz data acquisition channel.
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MEASUREMENT OF DENSITY PROFILES

USING THE MULTICHANNEL REFLECTOMETER AT JET

A.C.C. Sips, G.J. Kramer1, M. Beurskens2, A. E. Costley, R. Prentice

JET Joint Undertaking Abingdon, U.K.

l: FOM-Instituut "Rijnhuizen", Holland
2

: Eindhoven University, Holland

Abstract

A reflectometer with twelve probing frequencies in the range 18 to 80 GHz is used on

JET. In this paper we report on our experience in using the device to measure density

profiles. In order to achieve routine and reliable operation modifications of the

hardware were necessary, and a special mode of operation (sweep/dwell) had to be

developed, in order to overcome the effects of density fluctuations. Also, accurate

calibration techniques had to be developed. In general, these have been successful

and the device now produces density profiles routinely on a wide range of JET pulses.

Systematic comparisons have been made with profiles measured by other diagnostics,

principally LIDAR Thomson scattering and the multichannel far infrared inter-

ferometer. In the paper, we present details of the developments and the results of the

comparisons with other diagnostics.

The multichannel reflectometer for JET

With the twelve-channel reflectometer, that has been developed and constructed for

JET [1,2,3,4], the plasma is probed along the midplane of the torus with radiation

polarized in the O-mode. The frequencies lie in the range 18 to 80 GHz,

corresponding to critical densities in the plasma between 0.4xl019 and 8xl019m-3.

Each channel of the system has two Gunn oscillators which are slightly separated in

frequency (10.7 MHz) which is maintained by a phase-locked loop. In this way a

heterodyne detection technique can be used. The reflectometer has two detection

systems. Coherent detectors which measure both the wave amplitude and phase with

a maximum time resolution of 2/iS. Fringe counters which measure phase with

accuracy of 1/128 of a fringe and a maximum time resolution of 10^s.

n



A basic advantage of this multichannel system is that in the fixed frequency
mode the local variations in the density profile can be obtained at various different
positions. The density profile can be measured by sweeping the sources of na.rrow
ranges (typically 100 MHz). From the phase changes induced by sweeping the source
frequencies the propagation delay in the plasma (rp(w)) can be calculated at all
centre frequencies ui. An interpolation or fitting routine is used to get continuous
information on rp( u) from the lowest to the highest frequency.

transmitters

channel-dropping filters

GHz

v plasma
\i

oversized
waveguide

_^J**"TiL - - - - - - ir- "1
I TT J

window taper
V ^ i—-JU—— w—I

antenna
channel-dropping filters

waveguide separator

CDF2.3

heterodyne
receivers

CDF4.5

39

Tlrlrirlf
45

_L
CDF6.7.8

50 57

iQrJrii:

75 — GHz

Fig. 1: Systematic representation of the multichannel reflectometer system.

Measurement techniques

The measurement of electron density profiles at JET, using reflectometry
encountered two major difficulties. First, due to the effects of the fluctuations the
radiation is reflected from the density layers in the plasma at various angles and can,
in some cases, not be received by the antenna. Second, to obtain a profile
measurement in the edge of the plasma with a uncertainty of only a few centimeters,
accurate measurements of the phase excursions (a 1%) during the frequency sweeps
are required.
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At JET the effect of the density fluctuations is reduced by positioning of the
launch and receive antennas close to the plasma, by strong filtering of the input
signals to the fringe counters (bandpass of 3 kHz) and by maximising the dynamic
range of the system, using high gain amplifiers. After the data is collected software
routines can correct for fringe jumps in the measurements. However, this is difficult
to apply generally and difficult in cases were the signal loss, which causes the fringe
jumps, is sustained for several milliseconds. The modifications to the system restrict
the time resolution since all the fast transitions in the plasma, on a time scale of less
than 0.3 ms, will be filtered out. As a result fast narrow-band sweeps are not possible
due this filtering. A typical sweep time which can be applied is 3ms-6ms, with a
frequency excursion of 100 MHz for each of the twelve sources. To compensate for
possible changes to the density profiles during the sweep a special technique in which
swept frequency intervals are followed by fixed frequency intervals has been
developed (sweep/dwell mode of operation) [5]. In order to measure the phase
excursions during the sweeps accurately enough the resolution of the fringe counters
was improved to 1/128 of a fringe. Using the sweep-dwell mode a 1% accuracy for
the propagation delay into the plasma can be obtained under most plasma
conditions, provided an accurate calibration the optical path difference of refereace
and plasma arm (use of backwall of JET) can be made.

20.0

10.0

fr
in

g
es

)

3

1. 8-°

4.0

0.0

_

I

I

I

I

v

lA/

I

channel 3

channel 1

51.1 51.2 51.5

Fig. 2:
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Sweep-dwell mode of operation to measure the density profile. Displayed

are the measured phase excursions for channel 1 (0.4 xlO19 mr1) and

channel 3 (
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44.0

36.0
24000 28000

Fig. 3: Calibration of channell of the reflectometer. Shown is the value for the

•propagation delay to the backwall of the Tokamak for ISO measurements.

The pulse numbers vary from 24000 to 28000 covering the operation

period of June 1991 to february 1992. At pulse number 26090 the new

fringe counter were installed with a factor four improvement in the phase

resolution.

Density profile measurements

The propagation delay (rp) into the plasma for each channel is calculated from the

measured changes of the phase during the frequency sweeps. This propagation delay

is a measurement, any resulting density profile an interpretation which depends on

various assumptions. One technique to calculate the density profile is an Abel

inversion of the measured r p values. The result of the inversion depends on the type

of interpolation between the individual rp values at various different frequencies and

an assumption for the edge profile. An second technique relies on the construction of

a density profile from a class of functions, for which the propagation delays for the

probing frequencies can be calculated. A comparison with the measured rp values is

used to construct the best density profile. This method assumes a typical shape for

the density profile.

The Abel inversion method is used for routine density profile calculations, because

the second method is too restrictive in the class of density profiles which cart be

obtained. Using a proper interpolation for the rp values an error on a single channel

of the reflectometer will remain clearly visible on the Abel inverted profiles. This

enables us to take corrective action for following measurements.

14



At JET the electron density profiles are calculated routinely for every pulse, without

manual intervention. A calibration is performed every so called ' dry run', at the

start of each day. Two examples are given in Figs 4 and 5. The accuracy of the

measurements is typically ± 4 cm.

Pulse No. 24116

12.5

IWltllllllllllllllllliniiii,,,!!,,,!,,!,,,!,,,,,, ,|,,,,,,II(II ||II | |I |IJI( |

mrniiiiiiiiiiiiiiiitiiiirtiii

x1019

3.5 4.0
Major radius (m)

Fig. 4: Typical example of the calculated electron density profiles from the

reflectometer data during a 8 second time window of a JET discharge. In

this discharge the density feedback to the plasma is switched off at 7. r>

seconds and switched back on at 12 seconds. Note that only the part of the

profile is plotted for which the reflectometer measures the density.

15



X 1 0

4 . 5

Fig. 5: An other example of the density profile measurements with the

reflectometer. The measurements are made during an L to H-mode

transition with the application of ICRF heating at 50.0 seconds:

The use of the fixed frequency intervals

In between sweeps the frequency of the sources is held constant to monitor the

movements of the plasma. These measurements can al:o be used to check the profile

calculations from the swept intervals; a calculated density profile should agree with

the next density profile computing the movement of the reflection layers from the

fixed frequency measurements. Using this technique a whole series of profiles can be

compared which will reduce the statistical uncertainty of the profile calculations

considerably. Secondly, density profiles are now also available in between the sweeps

to a maximum of 32700 profiles each discharge (operation period of 1991 contained

over 4000 discharges), this method is still under development. The results shown in

this paper are not checked with this fixed frequency part of the data.

16



Comparison with other diagnostics

An important check on the accuracy of the calculated electron density profiles is a

comparison with the data from other diagnostics. At JET the electron density is also

measured by LIDAR Thomson scattering and a Far Infrared multichannel

interferometer. An example of such a comparison is given if Fig 6, were three density

profiles are compared at the same time. A technique to make routine comparisons

between the diagnostics, computes the differences in the positions of several density

layers between two of the three diagnostics. The densit; layers used correspond to

the critical densities probed by the reflectometer. The differences in position between

the density layers can be computed at every time in the discharge where the

information from the diagnostics is available and for a large number of pulses. In Fig

7 the differences between the density layers of the reflectometer and LIDAR are

plotted for all the pulses during a one day session.

(xid8™"3)
40.0

30.0

tn
20.0

0.0

Reflectometer

LIDAR
1 0 0 " Interferometer

3.4 3.6 3.8 4.0

Radius (m)

4.2

Fig. 6: Comparison of three measurements of the electron density profile at the

same time in an L-mode discharge.
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The main result of this comparison is that there is a general good agreement at the

edge of the plasma (lower density), but that for this session LIDAR underestimates

the value of the density near the center by s 10%, (a difference between the

refiectometer and LIDAR which increases with density). A similar comparison

between the reflectometer and the multichannel interferometer is made in figure 8 for

the same session. There is a general good agreement in the profile shape between the

diagnostics. However, there is a systematic difference in the profile position of

« 7 cm, with the interferometer profile situated inside the reflectometer profile. This

difference is generally observed, also between LIDAR and the interferometer. This

shift may be due to the fact that both LIDAR and the reflectometer have a

calibration of the profile position from the backwall of JET while the inte. .erometer

is computed on the magnetic flux surfaces.

The application of the comparison technique to the JET data is rather scarce

yet. The technique needs to be improved and its full potentials to be explored.
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Systematic comparison between the reflectometer and LIDAR. Plotted

are the differences in the position of the density layers up to 5.0xl019 ri '3 .

The solid line at zero indicates a perfect agreement between the

diagnostics.
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the diagnostics.

Conclusions
Routine electron density profile measurements are obtained at JET with the
multichannel reflectometer. In order to achieve this the effects of density fluctuations
needs to be suppressed and accurate measurements of the propagation delay between
plasma and reference arm for each probing frequency are required. This has led to
substantial changes to the hardware, like position the antennas close to the plasma
and strong filtering of the signals. A special measurements technique, the so called
sweep/dwell mode is used. The required accuracy of the phase excursions during the
sweeps is obtained by correcting for profile changes during the sweeps and by
calibrating the system each day. Generally, good agreement is found with other
measurements of the density profile at JET.
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REFLECTOMETRY EXPERIMENT
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1. INTRODUCTION

Reflectometry experiment on TORE-SUPRA is designed to measure
routinely the electron density profile of the plasma and to follow all
change in the gradient /I/. Broadband technique is used, and, the
frequency range is 25-75 GHz for the 0 mode allowing us to measure
densities between 8.5 10 and 6.8 10 m . X mode technique is
under development with a frequency range of 75-110 GHz. It will be
used for the determination of the density near the scrape-off layer
according to previous experiments 121 and, fixed frequency
measurements for fluctuation studies. After a brief theoretical recall,
an overview of the experimental set-up, detection technique, and
signal analysis method is given, followed by some experimental results.

2. PRINCIPLE OF THE REFLECTOMETRY

According to the WKB approximation /3/-/4/, the phase variation
<3> of an ordinary wave of frequency F reflected at a critical density ( x =
xc), mesured at the edge of the plasma a is given by:

f j ) dx - | (1)
a

Where [i is the refractive index which is a function of frequency
and space.

The reflection point location xc(F) is deduced from 3>(F) using an

Abel inversion.
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c F dF ( f )

xc(F) = —^ | ( F 2 . f 2 ) i / 1 d f (2)
27U 0

One can see in equation 2 that the determination of xc depends
dO

only on the phase variation ~r^

3. EXPERIMENTAL SET UP

The diagnostic system is located outside the vacuum vessel and is
not linked to the tokamak. This solution allows to avoid DC breaks and
flexible waveguides due to the high VSWR of this components that can
disturb the quality of the received signal. However, the signal is very
sensitive to any mismatches along the microwave line, and it becomes
necessary to chose and calculate carefully all microwave components.
Care has been taken to decrease the origines of spurious signal such as:
the directivity leakage of the couplers, the VSWR of the antenna, the
transmission of oversized waveguides and the parasitic reflection on the
vacuum window.

The microwave set-up (see Fig.l), is composed of three single
antenna reflectometers located in the equatorial plane.They are
operated in O-mode within the following frequency ranges: 25-35 GHz,
35-50 GHz, and 50-75 GHz. All are made of fundamental waveguides
excepted the transmission lines which are oversized waveguides (mainly
WG 22).

The microwave sources are three SIEMENS backward wave
oscillators (BWO). The sources are located 5 meters away from the
machine because of the magnetic field (1 Tesla near the machine). At
this location, iron/mumetal magnetic shielding is possible (B < 200 G)
for the BWO and the ferrite isolators. Electrical isolation of BWO and
detector is obtained by using a 50 u.m mylar sheet. The linear frequency
sweeping with respect to the time is obtained with the help of a
programmable function generator. It delivers a low voltage ramp which
iss amplified and added to the high voltage line. The sweeping time for
each BWO can be as low as 200|is without disturbing the wobulation.
The voltage-frequency dependence has been measured with a Fabry-
Perot cavity with an accuracy of 2.10"5.To prevent strong amplitude
modulation on the signal, the BWO are power-leveled by feedbacks on
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PIN attenuators. Unfortunately, this technique limits the shortness of
the sweeping time to 1 ms in order to preserve an efficient levelling.
The reflectomelers are swept one after another in order to avoid
channel crosstalk. The whole profile is thus obtained in a time lag lying
between 5 and 20ms depending on the selected sweep time.

The non linear antennae had been calculated by Dr Thumm,
(Stuttgart university). They have a low VWSR and keep a pure TE10
mode. The phase reference is taken at the aperture of the antenna with
a dielectric plate made of ^nica, acting as a partial reflector. A 0.2 mm
thick mica sheet (n=2.63) is compatible with mechanical and thermic
constraints and the thickness is low enough to make the attenuation
negligible.

The measurement is disturbed by the parasitic signals due to the
reflection in the antenna, in the coupler and in the oversized
transmission line. After a careful choice of the electrical lengthes, all
these parasitic reflections show up mainly outside the frequency range
of the signal (see figure 2). The main problems came from reflections in
the adapter flange, where the antennae are located. So, the quartz
window ( 0 = 280 mm - 20 mm thick) has been inclined at 20° and
microwave absorbers are disposed all around.

The 3 dB directional couplers of high directivity (> 40 dB) allow the
wave reflected from the mica (reference) and the one reflected from the
plasma to be mixed in a Schottky diode, which is flat broadband
detector (Hewlett-Packard for the ranges 25-35GHz , 35-50 GHz, and
ALPHA-TRG for the range 50-75 GHZ).

In order to isolate the set-up from the reflection on the detectors
(VSWR< 5/1), 10 dB directional couplers (VSWR = l . l ) or calibrated
attenuators are used when the power level is high enough. This solution
is better than the use of isolators, where the reflection is higher (VSWR >
1.3). The detected signal is then sent to a low noise preamplifiers ( gain
= 500, in 1 MHz) and a programmable band pass filters . Results are
recorded in a Lecroy data acquisition system.

4. SIGNAL ANALYSIS

As the detected signal is generally disturbed by plasma
turbulences, it is not always easy to measure exactly the 2K variation
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corresponding to the maxima or the minima of the signal and it is
suitable to determine the beat frequency by spectral analysis /5/.

The detected signal takes the form cosO (t). As we wobulate
(F = Fo + A t) it appears an instantaneous beat frequency:

b~2n dt

1 dO
linearly related to the time delay T~ "77r , between the reference and

the reflected waves, used in equation 2.

A typical signal, V(t) coming out the detector is shown on figure
(3a). The beat frequency (10 to 400 kHz) is then determined from Fast
Fourier Transform of V(t) over time windows AT shifted with 8T
intervals (either AT/2, AT/4,...). The averaged beat frequency in the
time interval AT corresponds to the maximum of the modulus of the
Fourier Transform. Actually, this method is valid if the beat frequency
vary slowly with time t along the signal and can be considered as
constant over AT. It allows, this way, to get rid of parasitic signals (see
figure 3b). At the beat frequency Fb, measured between AT = t\ - t2 is
attributed the time t = (t\ + t2)/2.

To calculate the Abel inversion, we make a linear interpolation
(t versus F) between the experimental points. The accuracy of the
inverted profile is less than 3 cm. We also have to assume an edge
density profile for frequencies between 0 and 25 GHz.

Two assumptions for the edge profiles are commonly tested:

- Linear profile: ne(x) = ne(x0) (density equal to zero on the
x Q - a

last magnetic surface).
- Exponential profile: ne(x) = ne(x0) exp(-(x + a)/(x0 - a)),

(with x0 corresponding to the cut-off layer at 25 GHz).
We estimate the effect of the uncertainty on the density profile by

comparing different assumptions on edge profiles. The maximum error
is less than 1.5 cm and is negligible at about 15 cm into the plasma for
smooth profiles. For high curvature profiles (pellet injection, magnetic
islands, effect of ergotic divertor), the accuracy of the inverted profile is
typically less than 3 cm.
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5. EXPERIMENTAL RESULTS

Comparing to other methods of density profile measurement
(interferometry, Thomson scattering), the advantage of using the
refleciometry technique is its sensitivity to the local density profile
variation, density gradient change, and plasma edge displacement.

Figure 4, shows the different profiles obtained by reflectometry
and interferometry assuming the same edge position. We can see that in
the case of smooth density profile, the two methods are in good
agreement. On figure 5, the profiles given by Thomson scattering and
reflectometry experiments, show the complementarity between the two
methods.

On figure 6, the density profile is given at different time during a
shot in ohmi^ mode. The first one and the second one are during the
current rising, and the others during the current plateau.

The effect of the ergodic divertor is observed on figure 7, as a
decrease of the electron density.

6. CONCLUSION

The three reflectometers are routinely operated and we compute
the whole density profile. Problems remain when the gradient is very
strong at the edge, the waves are reflected and it is difficult to
decorrelate the useful signal from spurious reflections. New
investigations must be done in order to study the influence of the
density fluctuations on the profile.

The X mode reflectometer should give a more precise and lower
edge density profile. The measurement of fluctuations like M.H.D.
activities, microfluctuations, can be also envisaged.
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1.Introduction
Measurements of electron density profile via microwave

reflectometry using plasma probing by EM waves with ordinary
(0) mode polarization are widely used for both tokamaks and
stellarators. Extraordinary (X)-mode probing is less common
because the refraction index of this wave depends on an
additional parameter - magnetic field. In tokamaks the total
magnetic field depends strongly on plasma current profile and
is unknown a priori. It is not a case for stellarators where
plasma influence on the total magnetic field distribution is weak
(of order of beta). This allows to reconstruct the electron density
profile from measurements of X-mode cut-off position versus
probing frequency using data of the vacuum magnetic field
calculation along the wave trajectory.

2.Experiment
This approach was used for the electron density profile

reconstruction for RF heated plasma in the "Uragan-3M"
torsatron[l]. Measurements were done for one of operational
regimes (B = 1.2 T, i(0)=0.3, PR F =200KW and nemax(0)=5.10i2
cm-3),The homodyne reflectometer with the BWO tuned in the
frequency range of 36-40.5 GHz and X-mode launch was used.
Single transmit/receive antenna was installed into vacuum
chamber from the low field side (Fig.l). Simultaneously ne

profile information was obtained via 4 chord 0-mode microwave
interferometer (l=1.2mm).The electron density at plasma centre
was measured by laser scattering,

Fig.2 shows the time behaviour of the line-averaged electron
density and reflectometer signal for typical RF discharge (RF
pulse duration-17 ras). Information on reflected wave phase shift
was obtained from reflectometer signals by numerical signal
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filtering which removed high frequency fluctuations. Computer
simulation of experiment using data of average electron density
measurements allowed to define the moment of wave reflection
and to use this point as zero-point for phase shift determination.

Fig.3 shows results of electron density profile reconstruction
from reflectometer data and vacuum magnetic field distribution;
laser scattering data are shown also.The experimental points
are well described by simple profile function

ne(r/a)=ne(O) [l-(r/a)2]0.67

For conditions of experiment (electron density and magnetic
field values, probing frequency range) microwave reflection took
place at the near-axis part of plasma column (0.1<r/a<0.6)
where the density gradient was small. In this region the theorv
predicts rather large uncertainty A?cfor O-mode cut-off layer
position[2]:

c 2
47T

For X-mode a corresponding expression for Arc was calculated
usine the same approach as in [2] and resulted in formula:

1/3

X* . f n . . (u%-u') ,. 7n . (v'-v)u* . VB T 1

Ar =
c , V

where vu2/w2, u»u /u. .One can see from (2) that the magnetic
field gradient account diminishes the X-mode cut-off layer
position uncertainty. Fig.4 shows the comparison of cut-off layer
position determination uncertainties for X- and O-mode
reflections calculated for experimental n and B profiles.lt is seen
that X-mode reflectometry results in rather small position
errors (Arc=3-4mm) even in a region with a zero density

gradient.
Typical reflectometer signal showed existence of phase

fluctuations. An analysis of a high frequency component of
reflectometer signal was made using the presentation of the
reflected wave phase fluctuations L*f as a monochromatic one
having a frequency of to [3]:

The amplitude of phase fluctuation of &<fi was determined from
the ratio af harmonics in the spectrum of reflectometer signal
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fluctuations. Electron density fluctuations were determined
from relation

~n~ = [ 2ir J' o n
and it was ascertained that the density fluctuation amplitude is
increasing at the plasma periphery (Fig.5). Spectrum of
fluctuations is concentrated in the region of 4-5 KHz.This value
corresponds to the frequency of azimuthal (m=3) mode of drift
instability

. n.

3.Conclusion
We have shown that the upper X-mode reflectometry can be

used for electron density profile determination in stellarators.
The upper X-mode needs larger probing frequencies than O-
mode but it gives evident advantages in comparison with O -
mode reflectometry:

- it needs smaller range of frequency tuning (of order of 2a/R);
- it results in lesser errors in determination of cut-off layer

position (due to lesser wavelengths and magnetic gradient
influence).
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I - Abstract

Density profiles from reflectometry can be obtained, in principle, with phase or time
delay measurements. In the first case frequency-modulated continuous waves (FM-CW)
are launched into the plasma, and in the second one different types of signals, namely
pulses, are used. Whereas in the ionosphere density profiles are normally obtained with
pulsed radar techniques, in fusion plasmas FM-CW refiectometry has been mostly used.

In both techniques the localization of each reflecting layer cannot be deducted from
single measurements as, for the same measured phase shift or time delay, the location
depends on the density of the plasma that the waves have encountered in their propagating
path. So, in order to determine the correct position of each layer all the layers with lower
densities have to be probed.

As microwaves are very sensitive to plasma modes and broadband turbulence the
resulting phase or time delay perturbations may lead to the incorrect interpretation of the
data, causing large errors in the evaluated profiles. Also, in some cases, it is not possible
to probe the complete plasma and deviations may occur due to the missing information.
The evaluation of the profiles must, therefore, include data analysis procedures that take
into account both the effect of plasma fluctuations and the limitations of the diagnostic.

Here we present thj techniques developed to analyse the ASDEX data, and discuss
their potentialities for the routine evaluation of the density profiles from broadband reflec-
tometry.

II - Basic principles of profile measurements from reflectometry

With the ASDEX 0-mode system the density profiles were obtained in 2 ms with
the simultaneous broadband operation of three reflectometers.The frequency range from
Fi = 18 to FN = 60 GHz was covered, probing densities from 0.4 to 4.5 x 1013 cm'3, [1].

Profiles were evaluated by Abel integration of the measured phase shift, dip(F)/dF,
using eq. (2.1). Xo is the position of the first plasma layer, Xj(Fj) is the cut-off layer for
the probing frequency Fj and <p(F) is the phase shift undergone by the wave of frequency
F. In broadband measurements the plasma is continuously probed enabling to obtain the
beat frequency /B(£) = (d(p/dF)(dF/dt) or the phase derivative characteristic, d(p(F)/dF,
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for frequencies between F\ and FN- Since the plasma is only probed for frequencies above
F\ the integral Ii(Fj) in eq. (2.1) and the localization of the first reflecting layer Xi(Fi)
were estimated by assuming a given shape for the density profile between XQ and Xi, as
discussed in section III.

=2^ N-

(2.1)
For standard profile evaluation the local phase shift derivative, dip(F3)/dF, can be replaced,
in small intervals. [Fj, FJ+1], by the differential (AipfAF)j = [<p{Fj+i) -
(Fj+i — Fj), and the Abel integral equation can be accordingly written as

(2.2)

From eq. (2.2) it can be concluded that, in profile measurements, the phase effects of the
plasma on two probing waves, with close frequencies Fj-\ and Fj, are subtracted and the
phase shift difference, ip(Fj)-<p(Fj-i), is attributed to the effect of the plasma in the small
region between Xj(Fj) and Xj-\(Fj-\). From this point of view profile measurements are
differential interferometric measurements.

Ill - Sensitivity of the profile to the non-probed part of the edge plasma

As referred previously, the integral I\{F) in eq. (2.1) cannot be obtained from re-
flectometric measurements. In order to study the sensitivity of the measured profiles to
the non-probed part of the plasma, several shapes of the profile between Xo and X\, were
assumed according to the following equation, [2]

(3.1)

where the parameter s defines the profile shape. For s > 1 and s < 1 convex and concave
profiles are obtained, respectively, (see Fig. 1) . The case s = 1 represents a linear profile.

It can be proven that the density profile of eq. (3.1) yields

• ' * * • ( 3 - 2 )
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where F(-) is the Gamma function.
By making / = Fsin a and using eq. (3.2) the integral I\(F) is transformed into

where f3 = (3{F) = Fi/F < 1 is the normalized frequency.

Xl Xo

Fig. 1

As expected, for f3 = 1 eq. (3.3) gives /i(l; s) = Xo - Xj, V3 > 0. In most cases, the
integral can only be evaluated numerically. However, for s — 1/q, with q integer, solutions
may be obtained in closed form.

The value of I\{(i\ s) converges to zero when /3 —» 0, since the influence of the plasma
outer part in the computation of the density profile is negligible for frequencies F > F\.

Note: Eq. (3.2) can be applied to estimate the position Xi, if the measured phase
derivative dip(F\)/dF is used and a given shape s is assumed.

When the proposed shape of the outer part does not fit the correct one the position of
the reconstructed profile, (evaluated by eq. (2.1)), will exhibit errors due to wrong values
taken by h(F).

In order to understand how these errors affect the position of the reconstructed profile
the correct profile is assumed to be parabolic with ne(x) = ne(O)(l — {x/Xo)2), 0 < x < Xo.
In this case, the phase derivative is given by

( 3 - 4 )

with Fo = 8.979yne(0). Let the reconstructed profile be computed from the phase deriva-
tives given by eq. (3.4), for f > F\ and by eq. (3.2), (with a fixed value of s = 1/2),
for f < F\. XQ and X\ are considered to be known exactly. If XC{F) and XC(F) denote,
respectively, the correct position and the position obtained with the outer part shape
given by (3.1), the error in the profile location for the probing frequency F is given by
X'C(F) - XC(F) = h(F) - I'^F), as '
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Fig. 2(a) sketches three parabolic profiles with XQ = 0.42 m. (which is typical for
ASDEX plasmas), and different values of the maximum density: n,.(0) = 5 x 1019 m.~3.
(solid line). •/(.,.(()) = 2.5 x 1019 m" 3 . (dashed) and ne(0) = 1 x 1019 7».~3. (dash-dotted).
In the figure is also indicated, by a dotted line, the minimum density probed by the
rcflectometry in ASDEX, ( « 4 x 1018 ?n~3 corresponding to F\ = 18 GHz). The i)ositions
of X\ .ire 0.325 m, 0.385 m and 0.403 m, for the low, medium and high density profile,
respectively.
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Fig. 2

The errors in the location of these profiles are shown in Fig. 2(b). For the three
graphs the errors are zero when x — X\.

From this study the following conclusions can be drawn. The assumption of an incor-
rect shape for the outer edge profile produces errors in the position of the reconstructed
profile which: (i) are small, (typically < 1 cm in the case of ASDEX plasmas); (ii) are less
significant in high density profiles than in low density ones; (iii) decrease from the outer
part to the center of the plasma.

It can also be concluded that the linear model, (s = 1), is a good approximation to the
outer part of the profile, (and has been widely used in the ASDEX profile measurements),
except for steep profiles where a more realistic nonlinear convex shape must be used.

IV - Effect of modes and broadband turbulence

Magnetic modes produce localized periodic perturbations of the plasma density profile
resulting in amplitude and phase modulations of the reflectometric signals. In Fig. 3 four
raw data signals (28 - 39 GHz) are shown, measured with the Ka-band reflectometer
during the ELMy phase of an H mode plasma (ASDEX # 32060). Time interval between
samples is 10 ms and each signal was obtained in cz l.Sms. Localized amplitude and phase
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modulations with low frequency can be observed in the detected signals indicating that a
mode should be present in the plasma. The density profiles evaluated from the broadband
data shows that perturbations should be localized at r ~ 35cm.

, •, , From the signals the temporal evolution of
f •',ii I, V111;- 'i i the mode can be observed and its frequency can

.',,! be estimated (/ < 9kHz).< • • • • r

A i
V\VJ

>'}}

)

F ( G H J )

! , •' ' ' |i

111 •!

39

Fig. 3

Drift wave activity and broadband turbu-
lence leads to the scattering of the incident mi-
crowaves. The scattering process causes phase
mixing and the decrease of the incident electric
field. In Fig. 4 this effect is illustrated, where
two broadband raw data signals (42-49 GHz)
from the U band reflectometer are shown. The
signals were measured during the steepening of
the edge density profile in H-mode plasma of
ASDEX #32060. As can be seen from the cor-
responding density profiles, depicted in Fig. 5.
the signals are reflected respectively from the
low gradient plasma (a) and from the steep gra-
dient plasma regions (b). Signal (a) has a rather
low amplitude and phase perturbations can be
seen indicating that plasma fluctuations are pre-
sent in the probed plasma region.

Signal (b) exhibits an increased amplitude and a very low level of phase perturbations,
evidencing that plasma fluctuations have been significantly reduced following the steepen-
ing of the plasma profile. The above described effects of plasma modes and fluctuations
can lead to large errors in the profile evaluation as shall be discussed in the next section.
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V - Density profile measurements

Density profiles are obtained from the integration of the basic phase shift information
dip/dF according to oq. (2.1). In standard profile measurements the phase shift charac-
teristic is obtained from the frequency minima Fj, and dtp/dF is replaced in the small
interval [Fj - f>_1J by 2n/(Fj - Fj.!).

The phase shift characteristics obtained respectively in a low density plasma with
lower hybrid heating (ASDEX #27294), and during the quiescent phase of an H-inodc
plasma (ASDEX #32268) are depicted in Figs. 6(a) and 8(a). It should be noted the
great increase of A<p/AF with frequency in the first case and the small increase observed
in the second one, indicating respectively a flat and a steep density profile.

:s JO

FlCHz)

Fig. 6 Fig. 7

A localized phase perturbation can be observed in the low density plasma and two
regions of perturbations can be identified in the H-mode plasma. The density profiles
evaluated from the measured phase shift characteristics are presented in Figs. 7(a) and
9(a). It is also shown for comparison the filtered characteristics (as discussed in section
VI), and the corresponding density profiles, Figs. 7(b) and 9(b).

From the figures it can be observed that the density profile of the LH plasma is
not significantly distorted by the density perturbations whereas in the H-mode plasma
fluctuations originate important deviations of the profile.

The main difference between these two results is that in # 27294 the plasma density
perturbations affect only waves in a narrow frequency range, whereas in # 32268 waves
in a broader frequency range are disturbed. As each measured differential phase shift
Aip(Fj)/AF is used both to evaluate to position of the plasma layer Xj, and to estimate the
phase effect of the plasma layer ne(Xj) on waves with higher frequencies (F > Fj), (see eq.
(2.2)), the phase shift errors will "propagate" to the higher density regions of the evaluated
profiles. For this reason evaluation procedures of plasma profiles from reflectometry should
include filtering algorithms that minimize the effect of plasma fluctuations.
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VI - Beat frequency estimation techniques

In low density ASDEX plasmas, (ne(0) < 3.5 x 1013cm~3), density profiles could be
evaluated directly from the reflectometric raw data. For higher densities the phase shift
characteristic is always affected by plasma modes and fluctuations, and several methods
were developed to evaluate the plasma profiles.

1 - Methods using minima detection

The two methods described below use the minima of the detected signals, each local
minimum being identified through an amplitude criterion.

1.1 - Signal linear filtering techniques

Digital bandpass filtering with different bandwidths and central frequencies was ap-
plied to the reflectometric signals. In Fig. 10 it is presented the raw data signal (a) and
the filtered signal (b) of the K-band reflectometer (ASDEX # 27294).

The parameters of the F.I.R. filters have to be carefully selected; the filter bandwidth,
for example, must be large enough to preserve the relevant phase information but has to
be sufficiently narrow to provide an effective filtering of the signal perturbations due to
the plasma fluctuations.

In situations where the phase shift derivative due to the plasma exhibits large vari-
ations, as it is the case in H-mode plasmas with flat bulk profiles, it is rather difficult to
meet the requirements needed for the correct filtering, and a method based on the phase
filtering is more adequated.
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1.2 - Phase filtering

The phase shift characteristic is evaluated by integration of the distorted beat fre-
quency trajectory and a polynomial curve or a spline is fitted into that characteristic. The
fitting polynomial is then differentiated providing a first estimate, /B(<), of the correct beat
frequency. The "filtered" frequency curve is finally obtained as, /B(£) = fB(t)+g[e(t)].e(t).
where e(<) = fait) ~ fn[t) and g is a suitable even-type function. If a Gaussian function is
used, g(x) = exp(-0.5x2/a2), the variance parameter a2 controls the degree of smoothing:
for a2 = 0 the maximum smoothing is obtained, /B(*) = / B ( 0 ; f°r °2 — °° n o smoothing
is performed and /s(i) = /s(t). Other even-type functions, namely the rectangle function,
can also be used.

This method was applied to the evaluation of plasma profiles in a wide range of plasma
regimes. However, it cannot be used when the level of fluctuations is very high and a good
beat frequency fitting cannot be obtained.

In this situation the signal frequency spectra broadens preventing also the application
of bandpass filtering. A technique, based on the detection of the signal zero crossings, was
implemented allowing the disturbed part of the reflectometric signal to be recovered. This
technique was complemented with the nonlinear filtering approach to determine the beat
frequency characteristic.

2 - Stochastic model-based approach

The application of stochastic nonlinear filtering techniques allows to overcome, to a
certain degree, the errors due to plasma density perturbations, [2]. This approach uses all
the available data points providing a beat frequency characteristic with an increased defi-
nition. The fu(t) characteristic is estimated by applying a stochastic nonlinear filter where
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. a-priori model is assumed for the fs(t) trajectory. A Brownian motion is considered
whenever some model based on physical evidence is not available.
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Fig. 11

Figs. l l (a) , (b) and 12(a) she .' three steps in the estimation of the beat, frequency
for ASDEX shot #29285, t = 1580 msec, Ka-band. The raw data of Fig. l l (a) are
bandpass filtered and full-wave rectified. An envelope is estimated by fitting a cubic spline
into the local maxima of the rectified signal. A new signal, with approximately constant
amplitude, is then obtained, (Fig. ll(b}}. This signal is processed by a disrretestochastic
nonlinear filter to produce the estimated frequency trajectory of Fig. 12(a). Fig. 12(b)
shows the result of applying the detection of minima to the same signal. The result is a
less detailed frequency characteristic.

By modifying the parameters of the nonlinear filter different degrees of smoothing for
the /B(£) trajectory can be obtained without further computations.

Profiles are evaluated by Abel integration of the estimated phase derivative using the
usual numerical integration techniques. However, as the number of points of the beat
frequency characteristic is very high (when compared to the detection of minima) a fast
Abel integration technique was developed allowing significant computation savings, [2].

The results obtained with the stochastic model-based approach revealed its great
potencialities for studying in detail the phase derivative characteristic. In particular, it
can be used to analyse the temporal evolution of magnetic islands during locking and until
the disruption. It should be noted that during mode locking Mirnov coils cannot provide
any mode measurements.
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VII - Concluding remarks

Broadband Microwave Reflectometry on ASDEX enabled to obtain density profile
measurements with good spatial and temporal resolution in a wide range of plasma regimes
(see for example [3] in this Workshop). The measurements do not require any information
from other diagnostics. Plasma fluctuations and modes can cause significant errors in
the evaluated profiles and either improved hardware (fast sweeping time), or software
techniques have to be used. In ASDEX sweeping time was limited to 2 ms and therefore
data proc >ssing including filtering techniques were developed to analyse the ASDEX data.
These techniques will be the basis for the automatic evaluation of density profiles on the
ASDEX-Upgrade system, presently under development.
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Abstract

The refractive indices and locations of cutoffs are investigated for cold, hot and rel-
alivistic plasma models. Significant relativistic modifications of refractive indices and
locations of cutoffs are found in regimes relevant for reflectometry in large Tokamaks.
It is demonstrated that these effects may shift th>* !ocation of the reflecting layer by a
significant fraction of the minor radius and that tue cold model may lead to consider-
able underestimates of the density profile when X-mode is used. Relativistic effects
predicted for 0-mode reflectometry are smaller than for X-mode, but not negligible. An
algorithm for reconstruction of density profiles which allows a relativistic plasma model
to be used is presented.

1 Introduction

Electron temperatures found in large tokamaks (5-15 keV) remain small relative to the rest
mass energy of the electrons (511 keV). It may therefore appear reasonable to assume that the
relativistic modification of the plasma dielectric tensor is small in absolute terms and hence
only noticeable in phenomena which vanish in a non-relativistic theory (e.g. off resonance
cyclotron emission perpendicular to the magnetic field) or where a dielectric property is
particularly sensitive to modifications in the plasma response.

Recent investigations have revealed significant relativistic shifts in the locations of cutoffs
and modifications of the refractive index in the regions leading up to these cutoffs. This is
caused partly by the fact that the refractive index in the vicinity of a cutoff is quite sensitive
to the plasma response. It is, however, also found that the relativistic modifications of the
Hermitian part of the dielectric tensor are larger than would be expected from a straight
forward comparison of the electron temperature with the electron rest mass energy.

The relativistic modifications of refractive indices and cutoffs have practical consequences for
the analysis of refiectometry data.

2 Relativistic plasma model

The cold plasma model is well known. In this paper the hot plasma model refers to a
magnetized plasma with an isotropic Maxwellian velocity distribution for the electrons. In
the hot model the dielectric tensor, e, is derived from Maxwells equations and the non-
relativistic Vlasov equation. Like the cold model the hot model can be found in many text
books [1]. In the relativistic model the constitutive equations are

£
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where v = p/ym, -y = , / l -f {p/mc)2. The unperturbed velocity distribution corresponding
to thermodynamic equilibrium is

„ _ oexpl-oy) _ mec
2

J 47r(mc)3A-2(a) ° ~ Te " ( 3 )

A,i is the modified Bcssel function of the second kind and order n.

The relativistic dielectric tensor is derived from Maxwell's equations with tho plasma current
response described by equations (1), (2) and (3). Various expressions for the fully relativistic
dielectric tensor have been denved [2], One result, due to Trubnikov [3], is given here:

( • 1 )

j cosy -slay 0
T ( 1 ) = <̂  sini/ cosy 0

| a 0 1

k2
Lsin2y -k]_ sin y(l - cosy) k±k\iys'my

—T 1 2 — fcj_(l — c o s y ) kj_k»y(l — cos y)
r(2) _ r (2 ) ,2
-'IS •'23 ''Ili'

Fully relativistic expressions for e including the one given in equation (4), are difficult to
handle numerically. A much more tractable form known as the weakly relativistic dielectric
tensor, derived from Trubni&ov's result (4) by Shkarofsky [4], is given below. It is valid for
a > 1 and A < 1 and is a very good approximation at the temperatures found in large
Tokamaks.

£.« , --£££-**•-•«« •

M=
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Fq = -i -^2} P{1 - itrqexPl-/<>2i + V>2/(1 - it}}dt
Jo

The required Shkarofsky functions, F™[<p, ip = 0), are readily evaluated by the use of recursion
relations and expressions relating the lower order functions to the Fried and Conte dispersion
function [4].

3 Refractive index

Electromagnetic waves in a homogeneous source-free plasma satisfy the homogeneous wave
equation

AE = 0, (6)

A(k,w) = e(k,w) + J

where /i is the refractive index, w the angular frequency, k the wave vector, k the unit wave
vector and I the identity tensor. Non-trivial solutions to (6) only exist if

A = |A |=0 . (7)

This is the dispersion equation. In a cold plasma an explicit expression for /J can be derived
by solving for pi in. (7). In hot and relativistic plasmas, where e is a function of ft, (7) is a
transcendental equation in /x. In this case the refractive indices of the modes of the plasma
are found numerically by searching for the roots of A in the complex /.i plane. Whereas in the
cold plasma at most 3 modes exist, in the hot and relativistic plasmas there are, due to the
transcendental nature of (7), in general an infinity of modes, though most of them are heavily
damped. A typical situation at frequencies above the R-cutoff is illustrated in figure I.

In reflectometry using 0-mode the frequency, / , of the probing beam is below the cyclotron
frequency, fc. Cold, hot and weakly relativistic calculations of the 0-mode refractive index
as a function of density at / < fc and Te = 10 keV are presented in figures 2 (a) and (b).
The cold and the hot curves are indistinguishable.

X-mode reflectometry makes use of waves with frequencies between the ls( and 2nd harmonic
of the electron cyclotron frequency and above the R cut-off frequency. Calculations of the
refractive index in this region are presented in figures 2 (c)-(f). Cold, hot and weakly rela-
tivistic calculations for Te = 10 keV and / = 100, 110 and 120 GHz are compared in figures
2 (c)-(e). While the hot model produces only a small change relative to the cold model
and tends towards the cold model at the R cut-off, the weakly relativistic model predicts
a substantial change in the refractive index and the density of the R cut-off is increased
considerably. In figure 2 (f) the refractive index is calculated relativistically for four different
temperatures to display tiie temperatcire dependence of the telativistk effects. The Te = 0.05
keV curve is indistinguishable from the cold curve.
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Figure 1: Contour plots of the logarithm of the hot plasma dispersion function, log(|.\|), in the
complex fi plane. The weakly relativistic modes appear as singularities in this plot. The cold 0 -
and X-mode refractive indices are also indicated. Parameters: Te = 15 keV, nc = 6.0-1019 m~3,
S = 3.0T, Z{B,k) = 9 0 ° , / = 124 GHz. (/« « 84 GHz, fp ss 70 GHz, fR ss 123 GHz)
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Figure 2: Refractive index, /;, as
a function of electron density.
Parameters:
B = 3.4 T, Z (B,k) = 90°.
(a)-(e) cold, hot and weakly rel-

ativistic, Te = 10 keV,
(a) O-mode, / = 30 GHz,
(b) O-mode, / = 60 GHz,
(c) X-mode, / = 100 GHz,
(d) X-mode, / = 110 GHz,
(e) X-mode, / = 120 GHz.
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It is noteworthy that the relativistic effects are more important than the effects found with
the hot model in all the regimes explored here. The following analysis will therefore only be
concerned with the cold and relativistic models.

4 Cut-offs

The locations of the X -mode R cut-off and the O-mode cut-off predicted b\ ully rolat i vist ic

model are given by [5,6]

3A'2 (Q)

R cut-ofT 1 + —
7

•dp

3A'2(a)

(S)

(91
i cut-off Q." I (p /'/ )e dp

Jo
where A"2 is the modified Bessel function of second order.

The locations of cut-offs found with the weakly relativistic code agree acurately with the
results found with the fully relativistic expressions (8) and (9). In figure 3 the locations of
the R cut-off and O-mode cut-off predicted by the fully relativistic model (equations (8) and
(9)) are plotted in an u;c/u> versus J\I'J1 diagram (CMA diagram) for Te = 0.1, 5, 10, 15. 20
keV.
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Figure 3: Locations of the R cut-off and O-mode cut-off predicted by the fully relativistic
model, plotted in an uc/u versus Up/w2 diagram (CMA diagram). Tt = 0.1, 5, 10, 15, 20 keV.
The Tt = 0.1 keV curves are almost identical to the cold curves.

As may be seen in figures 2 and 3, the largest relative shift occurs for the R cut-off near the
cyclotron frequency. Relativistic effects in reflectometry should therefore be most noticeable
in this region.
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To explore the consequences of the relativistic modifications for reflectometrv. plasmas with
the following elecuon density. ;<,.. electron temperature. T.. and magnetic field. B, profiles
are assumed:

P7"

ne = n.o ( l - (r

7"- = r , a ( l - ( r / a ) 2 ) P 7 " + r e /

B = iBoRo)/(R

10)

= 1 m ,
1 9m"3 l 7m~3n-o = 6 ' 101 9m"3 , pn = 0.5. nei = 1- 10l7m

r,0 = 0, 5, 10. 15 keV . pT = 1. Td = LOOeV.

Major radius / m

Major radius / m

Major radius / m

Figure 4: Cut-off frequency as a function of major radius. Plasmas are defined in equations
(10). (a) 0-mode, (b) X-mode, Bo = 3 T, (c) X-mode, BO = 5 T
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The cut-off frequency as a function of major radius is given in figures 4 (a)-(c) for a range of
central temperatures, T"eo, and in the case of X-mode, for BQ = 3 and 5 Tesla. It is clear that
in both modes the cutoff point may. in the central region, be shifted by a significant fraction
o{ the minor radius.

5 General algorithm for density profile reconstruction

It is evident that the relativistic modification of the refractive index and in particular the
shift of the cut-off density will change the relation between the density profile and the phase
change which a probing wave undergoes in the plasma. An algorithm for reconstruction of
the density profile from reflectometric data which is valid for both O-mode and X-mode in
the relativistic model is therefore required. One such algorithm is derived here. It is of course
also valid for the cold model.

It is assumed that the phase shift which the probing wave undergoes in the plasma is
2(~7 t ')*(~) ~~ ~/2 where x is the frequency of the probing wave, c is the speed of light
and *(~) is the optical distance from the plasma edge to the cut-off layer [7],

= f
•''•ci

11)

e is analytical in n2 at fi = 0 (cf. equation (5)). From this it follows that A is analvtical in
j.r at j-i = 0 and hence

-j- - 2fid\/dfi2 = 0 at fi = 0, (12)

while in general

J^Oat^O. (13)

Since A is a n a l y t i c in X, w h e r e X e q u a l s B, ne o r Te (cf. e q u a t i o n ( 5 ) ) , i t follows from (13)
t h a t

a?2 -dA/dx
dx ~ dA/dfi2 { '

tends to a finite limit as fj. —> 0, while

jV -d\/dX
QX ana.. U-5)

does not.

Expanding /z2 around the cut-off we get to lowest order in x

i2dB , dfi2dne dfj.2dTe

where /J.(Z) is the refractive index at the distance x from the cutoff. Let 69 be the integral
of fi from the cutoff out to a distance A
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The second equality is valid to lowest order in A. From equations (16) and (17) we get an
expression for dne/dx in the vicinity of the cut-off which together with the expression for A,
implicit in (16), forms the basis for the inversion algorithm:

Or ~ \36V OB Or 8Te Or ) / dne
 ( L 8 )

V (19)

In equations (18) and (19) /* is the refractive index at the distance A from the cut-off while
the gradients, which vary slowly, can be evaluated anywhere in the vicinity of the cut-off. The
assumptions about analyticity made in the derivation clearly also hold for the cold model.

From equations (IS) and (19) the following algorithm is readily derived.

ro = a

no = necu t .or f(w0 ,Bo,2o);

v(iJi,r)dr ; /i(w,-, r,) = ̂ (w,-, fij,

6Vi = * , - $ , ; # , • = / (ilel(ui,r)dr
•'rcut-o(f("i)

( / (
dB). dr \dTe/. dr // [dn

(dn\
rii = m-i - — A,- .

\drJi

n\ is the reconstructed electron density at the minor radius r, (r,- is negative on the inside of
the plasma).

6 Reconstruction of density profiles from simulated data

To simulate reflectometric data the phase function \P(w), as given in equation (11), was
calculated relativistically for a range of plasmas given by equations (10). Density profiles
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were then reconstructed from
relativistic plasma model.

with the algorithm given above using the cold and the

The reconstructed density profiles are identical to the actual density profiles when the re-
construction is based on the relativistic plasma model. This demonstrates that the above
algorithm is numerically stable and accurate, and that reconstruction based on a relativistic
plasma uioik1! is feasible.

UJ 2

Major radius / m

Major radius / m

3
Major radius / m

Figure 5: Actual electron density profile and reconstructed density profiles derived using the
cold plasma model for analysing phase functions, *(w), obtained with the relativistic model.
The plasmas are defined in equations (10). (a) O-mode, Bo = 5 T (b) X-mode, Bo = 3 T
(c) X-mode, Bo = 5 T. For X-mode the maximum probing frequency and hence the maximum
depth to which the density profiles could be reconstructed was limited by absorption in the
outer region of the plasma at the second harmonic the cyclotron frequency.
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When the reconstruction is based on the cold plasma model the reconstructed density profiles
underestimate the actual density profiles, by a considerable amount in X-mode and by a
smaller, though stil] significant, amount in O-mode.

Examples of density profiles reconstructed with the cold model are given in figures 5 (a)-(c).

7 Conclusions

The dielectric properties of plasmas have been investigated for propagation perpendicular
to the magnetic field at frequencies in the range of the electron cyclotron frequency and
the plasma frequency. Calculations of the Hermitian part of the dielectric tensor, refractive
indices and locations of cut-offs based on cold, hot and relativistic plasma models were
compared. While only small differences were found between the cold and the hot models,
substantial differences in all three quantities were found between the cold and hot predictions
on the one hand and the relativistic on the other. The differences are larger than a simple
comparison of Te with mec

2 might suggest.

Cold and relativistic predictions for refiectometry were compared. It was found that relativis-
tic effects are of practical importance for X-mode reflectometry in large Tokamaks, because
(a) cold analysis leads to a considerable underestimation of the electron density profile and
(b) the location of the cutoff may be shifted by a significant fraction of the minor radius,
(a) implies that for density profile measurements using X-mode reflectometry (an attractive
option for ITER) the data must be analysed with a relativistic plasma model, (b) has conse-
quences for the determination of where fluctuations observed with correlation refiectometry
are situated in the plasma.

While the relativistic modifications found in O-mode are smaller than in X-mode they may
still have to be taken into account, except at the plasma edge.

A code for relativistic reconstruction of the electron density profile from the phase shift
function has been written and tested with simulated reflectometric data.
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Abstract

In this report some basic features of the performance of a correlation reflectometer used as a
diagnostic for random plasma fluctuations are studied. Using a realistic and tractable model for
the plasma fluctuations we derived some analytical results for correlation and crosscorrelation
functions for the temporally varying phase of the reflected signals. Numerical simulations were
performed to illustrate the practical applicability of the basic ideas of the reflectometer.

1 Introduction

Recently the principles of a new technique for diagnosing microturbulence called correlation
reflectometry was presented (Costley and Cripwell, 1989, and Cripwell and Costley 1991). Two
microwave beams with a small difference in frequency are launched against the density profile.
The two phases can be measured versus time and since these phases are functions of plasma cut-
off layer positions, it is possible by a crosscorrelation technique to detect the relative motion of
plasma perturbations between two different positions. By using a variety of frequency differences
between the two microwave beams it has been possible (Costley and Cripwell, 1989) to obtain
a full dispersion curve for the plasma waves giving essential information about the plasma
turbulence.

We carry out a performance study of a model of a two-frequency reflectometer. A level of
random plasma density fluctuations is modelled in plane geometry by superimposing moving
density pulses on a given density profile. By the proper choice of the shapes of these pulses, we
are in principle able to model any spectrum for disturbances propagating in the direction along
the density gradient. With the speed of propagation known in the numerical experiment, we are
able to determine the accuracy of the predictions of the characteristic velocity deduced from the
crosscorrelation of the fluctuating phase signals of the reflectometer. Studies are carried out for
statistically distributed disturbance velocities and for varying levels of a superimposed small-
scale random noise component. The analysis uses a fullwave solution and results are compared
with WKB-solutions. More details on this work are given by Michelsen and Pecseli (1991).

Section 2 gives the wave equation and derives the appropriate boundary conditions, and
presents some numerical results. In Sec. 3. a discussion of the plasma model and the correlation
analysis can be found. Finally, discussions and conclusions are given in Sec. 4.
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2 The full wave solution
We consider electromagnetic waves propagating in the z-direction in a plasma with an inho-
mogeneous density n(x) in a constant magnetic field Boz. The wave equation can be written

(1)

where £ = xko with fco the wavenumber in free space. We have for the O-mode that E — Ez

and e = E« and for the X-mode that E = Ey and s = exx 4- sly/sXx- Here the components of
the dielectric tensor are

X(l + iZ) XY _ JC
xx~ ( l + i Z j a y * 1 x y - ( l + iZ)*Y*' £ "

The normalized density X, the normalized magnetic field Y, and the normalized collision fre-
quency Z are defined by

where wps(f) = (ra(f)e2/com)? and u>ce(£) = eB(£)/m are the electron plasma frequency and
the gyro-frequency, respectively.

To solve the equation (1) we have to specify the necessary boundary conditions. Assume
the inhomogeneous part of the plasma is surrounded by a homogeneous plasma i.e.: n — no for
f < 0 and n = n\ for f > a. In the homogeneous plasma ranges the wave solution is the solution
to eq.(l) with constant e:

) + c2 exp(-Wrfl (4)

where JVX is the x-component of the refractive index. The matching condition at the border
between the homogeneous and the inhomogeneous plasma is determined by that the E-field and
the derivative of the E-field (ocB-field) must be continuous across the boundary. At the left
boundary we let the incoming wave have the amplitude C\ = 1. If the E-field at the boundary
is EQ the boundary condition can be v/ritten as:

iNx0E0 + E'0 = 2iNx0 (5)

where EQ is the derivative of £?(f) at f = 0 and C2 = {EQ — 1). At the right boundary, f = a
there will be no left-going wave, i.e.: ci = 0, which gives the boundary condition:

iNxlEa -E'a = Q (6)

where E'a is the derivative of £(f) at f = o and c\ = Eaexp(—iNxia). This means that the
wave solution in the homogeneous regions is:

iNxOZ), for f < 0

E = Eaexp[iNxl(f - a)], for f > a (7)

where EQ and Ea are the E-fields at the left and right boundary, respectively.
The full wave equation with the given boundary conditions was solved by use of the numerical

code COLSYS by Ascher, Christiansen and Russel (1979). This code can solve boundary-value
problems for mixed-order systems of ordinary differential equations. The solution method is
based on spline collocation, and the code automatically finds an appropriate distribution of
mesh points in order to keep the local error within certain limits specified by the user. A similar
but more general system of equations taking into account oblique propagation with respect to the
magnetic field solved by COLSYS was treated by Hansen et al. (1988a), in order to investigate
wave conversion.
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Figure 1: Wave solution for an ordinary wave reflected at the cut-off position and the density
profile, a) a plasma with a steep density gradient, b) a plasma with a smooth density gradient.

Figure 2: A pulse moving along a density gradient.

In Fig. la the wave solution for an ordinary wave propagating against a steep density gradient
is shown. The density is zero at the left boundary and it is equal to twice the critical density at
the right boundary. In Fig. lb corresponding curves for a wave in a density distribution with a
smooth gradient are shown. A WKB solution will in this case give nearly the same solution.

In order to see how a small narrow pulse will influence on the reflected wave Fig. 2 shows a
model with a pulse moving along a smooth density gradient. The pulse half-width is in this case
equal to five wavelengths and has an amplitude equal to 0.2 times the critical density. In Fig. 3a
the phase of the reflected wave at the left boundary is shown as a function of time, calculated by
COLSYS (solid line) and by a standard WKB approximation (Ginzburg 1964). Similar curves
are shown in Fig. 3b with a more narrow pulse with a half-width equal to one wavelength and
of the same amplitude as in Fig. 2. It is seen here that large differences in the wave-field will
appear when a density pulse with a width comparable to the wavelength moves in a standing
wave.
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Figure 3: Phase of reflected wave versus time when a pulse is moving along the density gradient.
Solid line is full wave solution, and dashed line is WKB solution, a) The half-width of the pulse
is five wavelength, b) The half-width of the pulse is one wavelength.

3 Reflectometry modelling

With the full-wave calculation we only have to introduce two assumptions concerning the plasma
motion and density profile. First we assume that plasma motion is slow compared to the speed of
the electromagnetic modes, and therefore, we can calculate the wave pattern and the phase of the
reflected wave for a stationary plasma profile neglecting plasma motion. The other assumption
requires that the one-dimensional plasma is surrounded by regions of constant density in order
to fulfill the boundary conditions.

The plasma density profile is separated into three parts. The stationary background density
is chosen to: n(£) = no£

2(3 - 2£) which is the lowest order polynomial with zero slope at £ = 0
and at £ = 1, and which is equal to 0 at f = 0 and equal to no at £ = i. On top of the stationary
density profile a noisy background is superimposed. The noise is generated by superimposing a
large number of bell-shaped pulses with random positive or negative amplitudes within a certain
range, with given width, and with a random velocity direction. Finally the fluctuations in plasma
density are described as composed of a linear superposition of pulses having constant shapes
and propagating with constant velocity. The pulses may have M different shapes labelled by the
index I. One such pulse gives rise to a certain phase variation <j>i{t - tjj) of the electromagnetic
wave as detected at the receiving antenna outside the plasma. We let tjit denote the time
where the peak value of the density pulse (with label £) passes through the cut-off position
in the unperturbed plasma profile. The individual pulses are assumed to be integrable and to
vanish for \t\ —*• co but otherwise they can be chosen arbitrarily. In the following we assume the
density perturbations to be pulse-like, but any other form (such as a wave-packet) can be chosen
depending on the actual model for the fluctuations. With the density pulses injected randomly
into the plasma and uniformly distributed in time we may write the temporally varying response
in the phase signal as

*(*) =

M

(8)

where the number of pulse responses Nt originating from shapes of type I is itself a quantity which
varies over the ensemble. With tjtt being uniformly distributed in a time record much longer
than the duration of an individual response, we readily obtain (Rice, 1944) the autocorrelation
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function for the fluctuating phase signal

R(T) = <0(t)<t>(t + T)>=J2ve &(«)&(* +r)dt + J>< / Mt)M , (9)
t J-oo [ t /-co J

where i/t is the average number of structures of type £ passing the cut-off layer per unit time,
Note that there is in general no logical reason for the last term to be vanishing. A power
spectrum S(ui) for the phase fluctuations is defined as the Fourier transform of R(r), and it
is important to note that an arbitrary prescribed spectrum can be realized by the model (8),
actually in indefinitely many ways, by the appropriate choice of tj>e for £ = 1,2,...,M.

The result (9) refers to a one-frequency reflectometer, but it is easily generalized to its two-
frequency counterpart. When the density pulse passes the cut-off layer corresponding to the
frequency of the second reflectometer it gives rise to a phase variation

M Nt

where Uj ̂  0 is the velocity of the j-th pulse and D is the distance between the two cut-off
layers. The time tjj is still referring to the crossing of the first cut-off layer as in (8). Note that
we use different notations for the two phase signals, i.e. <j>e and ip( will probably look rather
similar, but because of the difference in local plasma density (and possibly density gradients) at
the two positions they will not be identical. The autocorrelation function for il>(t) is obtained
in a form quite similar to (9) while the more interesting crosscorrelation takes the form

Rc(r)=<4>(t)i>(t + T)>=

Z ^ vt I I^x, <M')^(* + T ~ D/u)P(u)du dt •

where P(u) is the probability density of velocities u, which is here taken to be independent of
pulse shape. For cases of interest here both polarities of density pulses are equally probable and
the last, constant, term in (9) and (11) is vanishing.

As working hypothesis we first assume that <j>t(t) « i>e{t), which can actually be a good
approximation when the two cut-off layers are close. With the previous definition of 5(u>) we
obtain the Fourier transform 5c(w) of (11) as

Se(u) = S(u) r e-iuD'uP{u)du. (12)
J—aa

For the case where all density pulses have the same velocity, i.e. P(u) = 6{u - u0) we have the
particularly simple case

Sc(u) = S(u)e-iuD/u°. (13)

showing that all frequency components undergo a phase change proportional to w with a coeffi-
cient D/u0 which can be used to determine u0. In this particular case the crosscorrelation (11)
is just a shifted copy of the autocorrelation (9) and a characteristic velocity is obtained unam-
biguously. Here S(u) coincides with the crossspectrum with the present assumptions. However,
in the case where the difference between <j>t(t) and ipi(t) is nontrivial, it is no longer possible
to write Sc(u) as a real spectrum with the phase variation given in the form as in (13), and a
velocity of propagation is no longer uniquely defined.

In the case where the pulse velocities bse statistically distributed, we have to solve (12)
with the actual probability density P(u) even when the approximation <f>i(t) as $t(t) remains
applicable.

We considered two examples: first a box-like distribution

0 elsewhere
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Figure 4: The function 0(fi) calculated for a box-like pulse velocity distribution for two values
of a = a/6, see (14) and (15). The dotted line shows the average pulse velocity, a) a = 0.67
and b) a = 0.33.

The integral in (12) can then be solved analytically with the result

I -iuD/udu _ —* -i(a-i)n _ {ertlEi(an) + -̂  +_ — -
ail

(15)

where a = a/6 and fi = uD/a while Ei(x) = f£° ^e~tudu. Using (15) we can rewrite (12) in the
form F(n)e~ i9 'n) with 0(ft) shown in Fig. 4 for two values of a. Evidently, for a = 1 we recover
the representation (13), i.e. 8(il) = fl. For a < 1 we find that 0(fi) is no longer a straight
line, but has a curvature, which increases with decreasing a. Another observation is that the
curve deviates from the slope corresponding to that given by the average of pulse velocities, i.e.
(a + 6)/2 in the present model for P(u). This line is dotted on Fig. 4.

In another model we assumed

P(u) = (16)

The integral in (12) was evaluated numerically and the curve 8(0.) with fi = u/u was calculated.
Again, in the limit a -* 0 we recover (13). For a > 0 we again find that <p(fi) is no longer a
straight line and that its average slope can deviate from the one determined by %a in (16). The
model (16) is used only in cases where it is safe to assume that P(u < 0) « 0.

We may conclude that the slope of the phase function 6(il) gives a quite acceptable approx-
imation to the average pulse velocity for narrow pulse velocity distributions P{u) in (12). This
approximation deteriorates for increasing scatter of pulse velocities, and eventually the results
can depend critically on the actual choice of P{u).

Finally, we model plasma waves also by pulses of random positive or negative amplitudes,
random widths, and moving with a given average velocity. The pulses each have a constant
velocity which is a sum of the average velocity plus a certain random velocity specified to some
limited interval. Initially the pulses are distributed randomly in space. During a run pulses
disappear when they move out of the plasma, but new pulses are injected at the other boundary
at random times with a given average injection rate, specified by the average number of pulses.
In Fig. 5a an example of a density profile with noise puises fncfuded is siown, and in Fig. 5b
both noise pulses and wave pulses are included.

The phase of the reflected wave is calculated for each time step. Phase curves for two different
reflection points i.e. two frequencies are produced for correlation analysis. An example of the

63



Figure 5: Density profile versus time, a) Only noise pulses are included, b). Both wave and
noise pulses are included.
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Figure 6: An example of the phase as function of time for 8192 time steps.

phase variation with time is shown in Fig. 6. The phase variation is restricted to the interval
[-ir;T]. In practice it need not be evident how this restriction is achieved and problems may
occur, which are not accounted for in the constructions (8) or (10)

In the present study we used density perturbations generated by a superposition of puls-like
individual perturbations, Evidently any form can be used for * and * in (8) and (10), also long
wave packets and similar. It is possible to perform a quite detailed simulation of any actually
observed spectrum of perturbations.

From our model calculation we get the two phase curves as discussed above. In a real
experiment the an olitude of the reflected wave will be smaller than the injected wave due to
geometrical expansion of the beam, the scattering due to plasma turbulence and to plasma
damping. However, these processes should not have any effect of importance on the phase of the
reflected wave. Since the phase shift depends on the variation of the plasma density between
the antenna and the reflection point it is not possible to know a priori which information can be
extracted from the phase measurements. By considering a small perturbation moving along x we
find a large contribution when the perturbation passes the cut-off point which decreases when
the perturbation moves to lower densities. This decrease is monotonic when the perturbation
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length is larger than the wavelength, but oscillating when the perturbation is short compared
to the wavelength (See Fig. 3). The phase change in the reflected signal will depend on the size
and shape of the perturbation, and the density function in front of the cut-off layer, especially
the slope of the density near the cut off-layer. If the reflection point of the two reflectometers
are close, the two phase change signals should be similar and since the large contribution comes
at the time when the perturbation passes the cut-off layer it should be possible by correlation
techniques to determine the time of flight of the passing perturbations. If the distance between
the two reflection points is determined by single reflectometry the perturbation velocity may
subsequently be calculated. To investigate how well this can be done if there is a spread in
perturbation velocity and there is other kind of turbulence in the plasma ic the objective for
the following investigation. If the phase signal exactly gives the position of the cut-off layer the
problem is easy. However since this is not the case the solution to the problem is not obvious.

Let the two phase-signal be (f>i(t) and 02(/). Then we can calculate the correlation function
and the Fourier transform of the correlation function:

~ r)dt, F(u) = -L f ° R(r)e^dr (17)

From a numerical point of view the Fourier transform of the correlation function can, however,
be found in a more easily wave as:

F{u) = G(0i(w))J7"(&(w)) (18)

where G is the Fourier transform of 4>\ and H" is the complex conjugate of the Fourier transform
of fa- In this way the calculation can utilize the fast Fourier transform.

If the phase responses from a perturbation passing the cut-off layers corresponding to the
two reflectometer frequencies are similar we should expect the correlation function R(r) to be
peaked, and the time shift of the peak should be the time of flight of the perturbation. From
the Fourier transform F(u>) we can obtain the distribution of perturbation amplitudes and the
phase shift versus frequency, and thereby the perturbation velocity.

In Fig. 7a the correlation function is shown in a case with wave pulses propagating in a
plasma without any noise. All the pulses move with the same velocity. The corresponding
crossamplitude spectrum is shown in Fig. 7b, and in Fig. 7c is shown the phase shift of the various
Fourier components. The peak of the correlation function is, of course, shifted corresponding to
the pulse velocity. However, the shift is of the order of 20 time steps and, therefore, not easily
recognizable on Fig. 7a

The shown correlation functions have been calculated from phase curves consisting of 8192
points (time steps). Some improvements in the correlation function can be obtained by dividing
the phase curve into two or more equal parts, calculating the correlation function for each and
taking the average of the results. This will reduce the uncertainty of the individual Fourier
components on the expense of a reduced resolution of the spectrum caused by the reduction in
individual record lengths.

From other calculations (see Michelsen and Pecseli 1991) it is evident that the estimate
on 6(u>) becomes increasingly uncertain when the velocity-spread of the structures or pulses is
increased. The addition of small scale noise, has a similar effect. The estimated value of 0(u>)
becomes particularly uncertain at frequencies where the spectral amplitude is small, since the
phase is here obtained as the ratio of two small quantities.
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Figure 7: a) Crosscorrelation function for the two reflectometer phases in a case where many
pulses are moving through a noise-free plasma, b) crossampiitude spectrum, c) velocity of the
Fourier components.

4 Discussion and Conclusions

The present study have assumed the density perturbations as a priori given, without discussing
the actual nature of these fluctuations. In the report of Costley and Cripwell (1989) an inter-
pretation in terms of drift waves was advocated. However, this particular wavetype propagates
predominantly in the direction perpendicular to both the local magnetic field B, and the den-
sity gradient Vno(r), with small modifications induced by magnetic shear. A significant radial
propagation velocity is most likely to be found for acoustic type fluctuations where our model
is directly applicable or cyclotron waves, which however will have a significant dispersion of
individual pulses. Since Alfven waves are incompressible, it might be expected that they should
not be observable by reflectometer techniques. However, if these waves are propagating in a
plasma density gradient, they may still give rise to local fluctuations in density, when the local
plasma velocity associated with the wave moves plasma in and out along the gradient.

Due to limitations in the COLSYS code, the present studies were carried out in one spatial
dimension. In the limit where the WKB approximation is applicable it is actually possible to
carry out the numerical simulations in a fully three dimensional toroidal model using codes
applied for different problems by Hansen et al. (1988b, 1988c) or Bindslev and Hansen (1991).
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In summary we may state that our results indicate that a two-frequency reflectometer can in
a number of cases prove to be a most versatile method for diagnosing local density fluctuations in
fusion related plasma experiments. When the density perturbation have a velocity component in
the direction defined by the probing electromagnetic wave beams, then this velocity component
can be determined relatively accurately by a crosscorrelation of the modulated phase of the
reflected waves, where the modulation is caused mainly by density perturbations propagating
through the reflection point (i.e. cut-off layer) for the two waves. The studies by Costley and
Cripwell (1989) were concerned primarily with density perturbation propagating in the radial
direction of the plasma i.e. they used normally incident probing waves, although also other
angles of incidence could be used.
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NUMERICAL SIMULATION OF FLUCTUATION
MEASUREMENTS BY REFLECTOMETRY

Peter Cripwell

JET Joint Undertaking, Abingdon, Oxfordshire, OX14 3EA

Abstract

A full wave, one dimensional, model of the phase response of
reflectometers to density fluctuations is presented. The model is
based on obtaining numerical solutions to the electromagnetic
wave equation in a turbulent dielectric medium using a
differencing method. In order to test the accuracy of the model, it's
results are compared with analytic solutions of the wave equation.

The model is used to determine the phase response of a single
channel reflectometer and a two channel correlation reflectometer
to density fluctuations. For the single channel device, it is
concluded that it is only possible to obtain qualitative information
on the density fluctuations. However for the two channel
correlation reflectometer it is shown that it is possible to determine,
under certain conditions, the radial dispersion relation of the
fluctuations and the radial correlation lengths.

1: Introduction
Reflectometry has been used to study density fluctuations on a

number of different devices, /1,2/. However a clear relationship between the
density fluctuations in the plasmas and the fluctuating reflectometer signal
has not been established and makes interpretation of the reflectometer
signals difficult. Recently there have been some attempts to model the effects
of density fluctuations using the Born approximation, / 3 / , which indicate
that the reflectometer response is localised close to the reflecting layer in
certain conditions. In this paper, a one dimensional numerical solution to
the wave equation in a turbulent inhomogeneous dielectric medium is
presented. No approximations are made restricting either the size of the
perturbations (WKB approximation) or the number of wave-perturbation
interactions (Born approximation). This is used to investigate the effects of
density fluctuations on the reflectometer signals and to model the response
of both the single channel reflectometer and the radial correlation
reflectometer to density fluctuations in the plasma.
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2: Numerical Solution of the Wave Equation
The electric field structure of an electromagnetic wave in a plasma is

described by the one dimensional wave equation:

(1)

where E is the electric field, k is the free space wavenumber and e is the
dielectric constant of the plasma. The solution to this equation is a standing
wave electric field which is oscillatory for e > 0 and which is damped to zero
for values of £ less than zero. The reflection point is defined as the position
where the dielectric constant is zero.

The equation is solved numerically using a shooting code approach.
In this the phase of the E field at the edge of the plasma is varied and the
equation for the E field is solved through the plasma. The correct edge phase
is the one that predicts an evanescent electric field after the reflecting layer.

In practice, this method generates an approximation to the edge phase
of the standing wave rather than an exact solution. However it is an iterative
method and therefore can determine the correct edge phase for the standing
wave field to an accuracy of K/I^, / 4 / , where n is the number of iterations
on the value of the edge phase. This numerical solution may be compared
with analytic solutions of the wave equation to determine the accuracy of the
technique. For a linear dielectric constant profile, the wave equation has a
solution in terms of the Airy function, Ai(£). As may be seen in figure 1, the
numerical solutions are very good approximations to the analytic solution
up to and beyond the reflection point.

0.5

i 0.0

-0.5

1

.80 .85 .90
Radius (m)

.95

Figure 1: A comparison between the analytic solution (solid line) and the
numerical solutions to the wave equation for a linear dielectric constant
profile.
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3: Description of Model Parameters
To determine the dielectric constant profile, e(x), for the plasma the

equilibrium electron density and magnetic field profiles are required. We
take the electron density profile to be quasi-parabolic with an exponential
decay at the edge of the plasma:

ne(r) = (n 0 -n l i m ) - ri _
1 ->

a"
n l i m . . .O<r<a

(2)

(a-r)

i P ... r >a

is the density at the last closed flux surface and a and P are constants.
The magnetic field profile is assumed to be of the standard form:

B(R) = ̂ * ° (3)

where Bo and Ro are the value of B and R at the centre of the plasma.

4: Numerical Results
The results of the model calculations are presented for two

reflectometer configurations: single channel reflectometry and two channel
correlation reflectomeiry. For the single channel case, the response of a
reflectometer to a single gaussian density pulse is determined and this is
used to illustrate the localisation properties of the reflectometer phase
measurement (case 1). The phase response of the reflectometer to a set of
coherent and localised broad band density fluctuations is then determined
(case 2).

The response of the two channel correlation reflectometer to a single
gaussian pulse is modelled to illustrate the potential of the technique (case 3).
The response of the correlation reflectometer to a set of localised, coherent
broad band fluctuations is then determined, concentrating on the effect on
the crossphase spectrum of fluctuations with different wavenumber spectra
(case 4). Finally, the response to incoherent and non-localised density
fluctuations is considered (case 5).

4.1: Single Channel Reflectometry
Case 1 The phase response of the reflectometer is determined by

adding a small gaussian density pulse to the equilibrium density profile and
by calculating the resultant difference in the phase of the standing wave.
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The density pulse is located at different radial positions and the response of
the reflectometer is calculated (figure 2).
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Figure 2: The variation of the reflectometer phase response to a
gaussian perturbation as the central position of the perturbation is moved
through the reflecting layer.

Case 2 In practice, however, the experimentally observed fluctuations
are not consistent with single gaussian density pulses, but suggest that
fluctuations exist over a wide frequency range. To model these, we assume
density perturbations of the form:

Ane(r) = I Am-sin[comt-kmr-(pm] • exp c

1 { '•cm

(4)

where Am is the amplitude of the mode at each frequency, km is the
wavenumber at each frequency, <J)m is the phase offset at each frequency
(random), rc is the central position of the gaussian envelope (constant as a
function of time) and l c m is the radial correlation length at each frequency.

This set of fluctuations is specified and then added to the equilibrium density
profile about a radial position rc. The system is allowed to evolve with time

and the edge phase of the standing wave is recalculated for each time point t.
In this way the variation of the phase as a function of time to a broad band
set of density fluctuations is determined..

A record of the local density fluctuations may be determined from the
variation of the calculated density at a single radial position as a function of
time. From these time signals the autopower spectra of the reflectometer
phase and the density fluctuations may be determined [Bendat 1980]
(figure 3). As may be seen there is good agreement between the shape of the
two autopower spectra, indicating that the reflectometer gives a reasonable
indication of the autopower spectrum of the fluctuations.
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Figure 3: The autopower spectra of the density fluctuations (dashed line)

compared with the autopower spectra of the reflectometer phase response.

The sensitivity of the reflectometer to the different parameters that
specify the density fluctuations may be investigated by varying each
parameter while keeping the others constant. As seen earlier, the phase
response function of the reflectometer varies as a function of radius. By
changing rc the effect of radial position on the response of the reflectometer
to a broad band set of density fluctuations may be investigated. Four different
radial locations are shown in figure 4a and the autopower spectra of the
phase responses of the reflectometer are shown in figure 4b. As can be seen,
variations in the power on the order of 20 dB can be observed by changing
the position of the fluctuations by less than 50 mm. The shape of the
autopower spectrum, however, is not significantly dependent on the
position of the fluctuations.
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Figure 4a:Four different locations
of the density fluctuations with
respect to the reflecting layer.
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Figure 4b: Change in the
reflectometer autopower spectrum
as the central position, rc, is moved
to different radial positions.

Varying the correlation length, l c m , of the density fluctuations can

also have a significant effect on the amplitude of the phase response of the

reflectometer, figure 5a. However, this does not have a significant effect on

the shape of the phase autopower spectrum.
Varying the wavelength of the fluctuations can effect the autopower

spectrum of the reflectometer phase (figure 5b). There is some change in the
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amplitude of the phase response but the shape is essentially constant and
gives a good indication of the shape of the autopower spectrum of the
density fluctuations, curve 4, figure 5.
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Figure 5a: Change of the autopower

spectrum as lc is varied.

1) lc = 0-06 m - 0.005 m.

2) lc = 0.006 m - 0.0005 m.

3) lc = 0.3m- 0.025 m.

Curve 4 is the autopower spectrum

of the density fluctuations.

100. 300. 500.
Frequency (Hz)

Figure 5b: Change of the autopower

spectrum as km is varied.

l)km = 62.83 m-1 -523.6 nf1.

2) km = 225.6 nr1 - 1047.2 nr1.

3) km = 251.0 m-1 -2094.4 m-1.

Curve 4 is the autopower spectrum

of the density fluctuations.

If the amplitude of the density fluctuations increases, the amplitude of
the phase response also increases, (figure 6). As the amplitude of the density
fluctuations becomes very large, however, the autopower spectrum of the
phase tends to flatten at high frequencies due to the generation of harmonics
from lower frequencies. In general, the rise in the amplitude of the
reflectometer phase response will reflect any increase in the amplitude of the
density fluctuations. This must be contrasted with the very high sensitivity
of the reflectometer phase response to the location of the density
fluctuations.
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Figure 6: As the amplitude of the density fluctuations is decreased
( lower 1,2,3 curves) the amplitude of the reflectometer response also

d: ~es ( upper 1,2,3 curves).
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4.2: Two Channel Correlation Reflectometry
Case 3 We now model the response of a two channel correlation

reflectometer to a single radially propagating gaussian density pulse. We

assume that the width of the pulse is taken to be greater than the free space

wavelength of the probing radiation.
Case 4 The reflecting layers of the reflectometers are at xci and xC2

respectively, figure 7a. The gaussian pulse is assumed to be propagating
radially outwards with a velocity v. At t = tj the leading edge of the pulse is at
xc l . At t = t2 the peak of the pulse is at xcl and at t = t3 the peak is at xc2. The
phase response of the reflectometers to this puise is shown in figure 7b. The
passage of the peak through the reflecting layers can easily be identified and
the time difference between the peaks on the two reflectometer phase
responses, At = t3 - 1 2 , can easily be measured. If the interlayer distance, Ax,
between the two reflecting layers is known, the radial velocity of the pulse
can easily be determined from the relation v = Ax/At.

» = %

(a)

.25 .30 35
Radius (m)

.S5 .30 .35 .25 .30 .35
Radius (m) Radius (m)

(b)

Time (n)

Figure 7: The phase response of the reflectometers reflects the propagation of

the pulse through the two reflecting layers. The time difference between the

two peaks in the phase response may be used to determine the radial velocity

of the perturbation.

Case 4 For broad band fluctuations, the radial velocity of the

fluctuations may be derived from the dispersion relation co = co(k). The

correlation reflectometer gives a measurement of the phase difference

between the signals on the two reflectometers A@(co) from the crossphase

spectrum. This can be used to determine the wavenumber spectrum of the

fluctuations from the relation

(5)
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The accuracy of the crossphase spectrum as a measurement of the fluctuation
wavenumbers is tested using the full wave model. For this comparison the
interlayer distance Ax is less than the correlation lengths, l c m , of the density
fluctuations. This implies that the coherence fraction y^to) > Yr across the
whole spectrum. Here yr is the level of coherence corresponding to two
totally random signals.

For density fluctuations propagating radially outward, the crossphase
spectrum gives an accurate determination of the wavenumbers of the
density fluctuations figure 8). The crossphase spectrum is given by the circles
and th° line is calculated from the specifications of the fluctuations from the
relationship 2rc.Ax/?im(co) = A0m(co). The crossphase spectrum can also be

used to determine the direction of propagation of the density fluctuations
(figure 9). In this case the fluctuations are propagating radially inwards (Xm <

0). This is reflected in the crossphase by the negative slope of the spectrum.
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Figure 8: Comparison between the Figure 9: Crossphase spectrum for
model crossphase spectrum and the density fluctuations with negative
phase difference calculated using wavenumbers.
eqn 5.

For density fluctuations propagating transverse to the direction of the
probing beam (Xm » 1, k m = 0), the crossphase spectrum is flat with a value

of zero across the whole band (figure 10) because the fluctuations perturb
both reflecting layers in phase. A zero value of crossphase therefore indicates
that the observed density fluctuations are propagating transverse to the
direction of the probing beam.

100. 300. 500.
Frequency (Hz)

Figure 10: Crossphase spectrum for fluctuations with wavenumbers = 0
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Changing the wavelength of the density fluctuations changes the slope of the
crossphase spectrum (figure II). In this case the two sets of fluctuations have
identical parameters except that the wavelengths used to determine (a) are
twice those used to determine (b). This is seen in the doubling in the slope of
the crossphase spectrum.

100. 300. 500.
100. 300. 500. Frequency (Hz)

Frequency
Figure 11: A decrease in the wavelength of the fluctuations is observed as an

increase in the slope of the crossphase.

In principle, it is possible to determine the correlation length of the
density fluctuations from the decrease in the level of coherence between two
reflectometers with increasing interlayer distance. However, as
demonstrated in a previous section the phase response is not localised to the
reflecting layer and therefore there will be an overlap of the response
functions of the two reflectometers. This implies that there will be a
significant level of coherence between two reflectometers over some distance
(lover) e v e n ^ t n e radial correlation length of the fluctuations is zero.

Case 5 To estimate the effect of the overlap of the response functions
the phase response of the correlation reflectometer to a totally random set of
density fluctuations is modelled. We take the density fluctuations to be
described by

(5)

where D(r,t) is a random number (-1 < D < 1), generated at each radius at each
time point, An determines the fluctuation amplitude.

We find that autopower spectra of both the density and the
reflectometer phase response is flat across the whole spectrum as would be
expected for random noise (figure 12). The uncertainty in the level of
coherence increases as the level of coherence approaches the random level,
Yr. Therefore in the following the average coherence across the whole band

is used for presentation purposes.

76



Interlayer Dlst (mm)
0. 10. 20.

100. 300. 500.
Frequency(Hz)

2.5 S.0
F/s Wavelength

Figure 12: The autopower spectra of
the density fluctuations and the
reflectometer response produced
using random fluctuations is flat.

Figure 13: As the layers are moved
apart the coherence drops to the
random value at a distance of
30 mm.

When the reflecting layers are close to the edge, the overlap length is
of the order of 10 - 20 mm (figure 13). For this case, the probing radiation is
~ 75 GHz, polarised in the extraordinary mode and the reflecting layers are
located at p ~ 0.91. Thus the overlap length is on the order of 2.5 - 5 free space
wavelengths. If the frequency of the probing waves is increased, so that the
position of the reflecting layers is changed, the overlap distance is increased
to greater than 60 mm for a radial position of p ~ 0.5 (figures 14 and 15). It is
not clear, however, if this increase is due to an increase in the propagation
distance or a decrease in the probing wavelength. This may be investigated by
decreasing the value of the central magnetic field BQ, thereby changing the
reflecting layer position for a given probing frequency. As can be seen at p =
0.5, lOver ~ 60 m m which corresponds to > 15 free space wavelengths for a 75
GHz probing beam. This indicates that the increase in lOver 1S dominated by
the increase in path length. This is as expected because a decrease in probing
wavelength should not have a large effect on the phase response to density
fluctuations with a zero correlation length.
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F/S Wavelength
5. 10, 15. 20.
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20. 40. 60. 80.
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Figure 14: As the frequency of the
probing radiation is increased, the
overlap distance increases to
60 mm. (The circles correspond to
p ~ 0.9, the squares to p ~ 0.75 and
the crosses to p ~ 0.5).

Figure 15: The probing frequency is
kept constant but the reflecting
layer position is moved to the
centre of the plasma. This
illustrates that the increase in the
overlap length is a function of the
propagation path length.

Conclusions
A one-dimensional, full-wave, model has been used to predict the

ability of both a single channel reflectometer and a two channel correlation
reflectometer to diagnose density fluctuations in a turbulent plasma. Results
on the single channel reflectometer show that the autopower spectrum of
the reflectometer may be used to give qualitative information on the density
fluctuations and, in particular, on the spectral shape. It cannot be used to
give information on the amplitude of the density fluctuations due to the
sensitivity of the phase response to parameters such as the radial position
and correlation length of the fluctuations.

For totally random fluctuations , there is significant coherence
between the two channels of a correlation reflectometer for interlayer
distance in the range 10 - 50 mm, depending on the length of the propagation
region. This implies that the correlation reflectometer cannot be used to give
a reliable estimate for the correlation lengths of density fluctuations that are
less than 10 - 50 mm. The crossphase spectrum, however, gives an accurate
estimate of the wavenumbers of the observed density fluctuations if the
correlation length of the fluctuations is greater than the interlayer distance.
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One-Dimensional Full-Wave Analysis of
Reflectometry Sensitivity and Correlations

I.H.Hutchinson

Plasma Fusion Center
Massachusetts Institute of Teclmology
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Abstract

A general analysis is presented of the sensitivity of reflectometry to perturbations of the
plasma profile, using a full-wave description in one-dimension. Correlation renW-tonu'try
is investigated. It is found that the phase correlation is substantial, regardless of the
correlation length of the fluctuations, unless either the wave attenuation is substantial or
else fhe fluctuafron correlation function is non-monotonic, corresponding to narrow-hanrl
turbulence. This behaviour can be understood in terms of the relative importance1 of
forward and backward scattering.

1. Introduction

Reflectometry has gained considerable attention as a diagnostic in large tokamaks (C.E;.

Simonet. 1985. Hubbnrd et al, 1987). especially for fluctuations, but th'1 interpretation has
been based mostly on the WKBJ approximation.

Recently, experiments have been conducted forming correlations between signals from
reflectometers operating at adjacent frequencies (Cripwell et al, 1989, Hanson et al. 1990)
and simulation experiments and code development have been begun (Baang, et al. 1990)
in an attempt to try to understand these types of experiments.

The purpose of the present work is to present a systematic full-wave analysis of the
sensitivity of reflectometry to changes in the density, including, therefore, fluctuations. The
analysis is based on what amounts to the first Born approximation (Pitteway, 1959). The
present approach parallels more recent calculations by Mazzucato and Nazikian (1991).
Garcia et al (1989) and Zou et al (1991) but goes further in presenting more systematic
numerical results, specifically concerning correlations. Also, the inclusion of an imaginary
part to k2, modelling beam attenuation or divergence, has been studied.

It may be that intrinsically multi-dimensional effects, such as Bragg reflection from
rippled surfaces, are predominant in the experiments (Irby, 1990). Nevertheless, it seems
essential to conduct this more thorough analysis of the one-dimensional problem so as to
understand what can and cannot be explained on the basis of a one-dimensional approach.
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2. One-dimensional full-wave reflectometry
We consider a plasma slab in which all gradients are perpendicular to the magnetic field.
B, which is in the z-direction. We suppose the wave under analysis to propagate in the
direction of the gradients, which we take as the x-direction. In the context of a full-wave
analysis, this means that the only non-zero derivatives in the problem arc? d/Ox. This is
thus a one-diinonsioiiai analysis.

In the cold plasma approximation, and indeed under some more general assumptions,
it may be shown that the wave equation can be written

i.e. of the Helmholtz type but with the parameter k2 a function of x. For the ordinary
wave

fc2-=(w-2-u;J)/c2=Jfc?(l-n/nA (2)
where kv = LJ/C and nc is the critical density, *)2eome/e

2. While for the extraordinary
wave

k2 L2L2\l

The general situation in reflectometry is illustrated in Fig. l(a). The wave number,
k2, has a functional form such that for large positive x, deep inside the plasma. A.-2 becomes
large and negative, the wave is cut off. For increasingly negative J , there is some value .rt,
equivalent to the plasma edge, beyond which k2 is constant and positive. In the intervening
region k2 varies continuously.

The second order linear differential equation (1) has two independent solutions, which
we will denote ipi and rp2- The physically significant solution is, of course, the one that
tends to zero for large x. Let us suppose that ipi is this solution. It is shown in Fig. l(b)
for our illustrative profile.

We wish to understand the sensitivity of the reHectometer signal to influence from
different positions. To discuss this we consider a small perturbation to the k2 profile,
arising, for example, from a density perturbation.

Proceeding in a manner that amounts to the Born approximation, we seek a solution
to the perturbed equation

±± + [k*(x) + k2(x)}E = 0, (4)
dx*

by assuming that k2 is small compared to k2 so that the solution may be obtained approx-
imately in the form of an expansion Eo + E with Eo the solution of the original equation
(1) and

J2 S '
(5)+ kE

dx2
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(Details of this derivation have been given elsewhere by Hutchinson, 1991). This first
approximation will be good provided E << Eo at all x. Putting £0 — d as the zeroth
order solution, get find that in the vacuum region

20.0 .—

W

where W is the Wronksian, and U{v) = 0 is the vacuum boundary con
In the vacuum region, where

k\. is constant, the unperturbed ;
solution, t/'i, can be decomposed
into forward and backward prop-
agating waves with amplitudes .4i
and B\. The second solution, v>2<
can also be described in. terms of
such amplitudes, .42 and B2, which
we are free to choose as we like,
so long as the result is linearly in-
dependent of TJ)\. By making a
convenient choice of these, such
that \V — 4fcvAii?i, it may be
shown (Hutchinson, 1991) that if
the launched (forward) wave am-
plitude is fixed, the perturbation
gives rise to backward amplitude

(6)

ition.

-20.0

-2 .0

0.8

0.4

B = -2iBx J k wc (7)
-30.0 -20.0 -10.0 0.0

For one-dimensional reflectom-
etry, the key quantity is usually
the phase difference of the reflected
wave. This may be deduced im-
mediately from Eq(7). The total
reflected wave is B\ 4- B, whose
phase angle relative to B\ is

Fig. 1 An example of (a) the squared wavenum-
ber, it2, (b) the resulting solution, */>i, and (c) the
weighting function, ty\jW compared with the corre-
sponding WKBJ approximation 1/2&.

(8)

provided % is small. [0J(/) denotes real part of /.]
Thus, for perturbations of the system resulting in a phase perturbation that is every-

where small, the phase perturbation outside the plasma is given by a simple integral, over
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the whole plasma, of the perturbation to k2 times a weighting function that is the square
of the solution of the unperturbed system, divided by the (constant) Wronskian. \V. This
weighting function is illustrated in Fig. l(c).

For comparison, it may be noted that the usual WKBJ approximation, o — — 2 f kd* +
~l'2. gives rise to a linearized phase perturbation expression,

(9)

which is also plotted in Fig. l(c). Our full-wave result shows that this WKBJ estimate
of the phase shift is incorrect in not accounting for the modulation of the reflectometer
sensitivity proportional to ipj. What is more, our result shows how properly to account for
the region where k2 passes through zero. The full-wave treatment avoids the unphysical
divergence in the sensitivity that occurs in the WKBJ approximation.

This linearized response also allows us to calculate immediate^, the group delay,
do/du). This is the quantity that is measured by an experiment that uses amplitude
or frequency modulation so as to avoid the ambiguities of the phase defay, o (e.g. Doane,
1981). The group delay gives the phase shift of the modulation, and is of course equivalent
to a measurement of the round-trip time travelling at the group velocity, dui/dk.

One can also allow k2 to have an imaginary part, to model attenuation or beam
divergence. Details of the effects on the results are given elsewhere (Hutchinson. 1991).

Although the above is completely general, we will from now on give examples based
in linear profiles of k2, which therefore give unperturbed solution that is the Airy integral
function:

l ^ ( * ) (10)

We are writing k2' for dk2/dx, which should be understood as eing evaluated at the
refler*ion point, xc-

The scale factor, \k2'\s, relating physical position to Airy Function argument, is par-
ticularly simple for the ordinary mode, described by Eq(2). We find

\k2l\i=\k2
vn'/ne\i = (kl/Ln)*, (11)

where Ln is the density scale length. Thus, for example, the full-width-half-maximum in
physical space of the last lobe of ipj is 1.63Ln/(kvLn)*, intermediate between the density
scale length and the inverse vacuum wavenumber fc"1.

82



3. Correlation Reflectometry
We shall assume that the output of each refiectometer channel is proportional to the phase
shift, o. A simple homodyne reflectometer, however, gives a signal that is proportional
not to o but to s\n{Qo)&. That is, its sensitivity is modulated according to the zeroth
order phase shift. This effect alone could be responsible for observation of low correlation
between rerleetometry channels at different frequencies; since variations in OQ, different in
different channels, due to slow changes in the average density profile, could rapidly average
the correlation to a small value.

We shall consider, then, two refiectometer signals, <j>a and 4>b obtained from the same
plasma path but with different frequencies, wa and u>(,. We shall drop the subscript 1 from
the solution of the unperturbed equation and use subscripts a and b to refer to the two
channels. The product of the two reflectometer signals is then

(12)

When we take the ensemble average of this equation so as to obtain the quantity
< <f>a4>b > we obtain an identical double integral of the quantity < fca(£o)frj(£i>) > . The
general expression for the correlation coefficient is

Ad.y. \ ^

77- (13)
< q> ( w a ) > < q> {u>b)

where, in our case, the correlation function is

> = 4

4. Turbulent Fluctuations
We consider a Gaussian shaped correlation function in the scaled dimension, £, with width

This corresponds to a Gaussian fluctuation power spectrum of unit height, and width I/a.
The resulting phase correlation functions and coefficients can be obtained by performing
the integrals in Eq(14).

The extent of the integrations in Eq(14) is, by implication, only up to the edge of the
plasma, xt. We may choose to measure distances from the cut-off position of one of the
waves and to regard the correlation function and the correlation coefficient as functions of
the distance of the plasma edge from the cut-off position in scaled units. The results are
the;, .'liversal for these 'stationary' turbulence profiles.
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Fig. 2 The correlation function for plasma edge a distance xe from the cut-off
position of the higher frequency wave. Curves are labelled with the value of the
shift of the lower-frequency cut-off. Two correlation iengths are shown: (a) a = 0
(b) (7=1. The spatial coordinate is in scaled units. Physical position is given by
x,/\k2'\i.

Figs. 2 and 3 show some examples.
For various fixed values of the x-shift dis-
tance, xca — xC6, between the cut-off po-
sitions of the two frequencies, we plot, as
a function of xe, the integrals from posi-
tion xe to infinity, where xt is measured
relative to the cut-off position xca. We
thus obtain universal curves that allow us
not only to obtain the observable correla-
tion functions for a range of different plas-
mas, but also to deduce where in space
the contribution to the correlation func-
tion comes from. This second, and very
important, factor is given by realizing that
the contribution arising from plasma be-
tween any two positio > *i and x^, to the
correlation function fci ^ plasma whose
edge, xe, is further from the cut-off posi-
tion, xca(= 0), than n and x* is simply
the difference between the values of the
correlation function evaluated at x, = X\
and xe = X2-

Correlation Coefficient
1.0

08

0 6

0 . 4 ^

0.2h

0.0
-40 -30

Fig. 3 The correlation coefficient,
corresponding to the case of Fig. 2(b).
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As a summary, we also show in Fig. 4 plots of the correlation coefficient evaluated at
x = 32.5 (the left hand edge) versus the x-shift, xca - xcb, for various values of the width.
(7, which is the correlation length of the fluctuations.

x-shift
Fig. 4 The correlation coefficient, p$, versus x-shift of the lower frequency cut-
off position (solid line). The labels indicate the width, <T, of the corresponding
fluctuation correlation coefficient, and the dashed lines plot its form.

As shown in Fig. 4, the correlation coefficient of the reflectometer signals as a function
of z-shift bears only a distant relationship to that of the k2 fluctuations. In particular, the
reflectometer correlation coefficient remains large regardless of how short the fluctuation
correlation length is: for example roughly 0.5 at an z-shift of 10 for crs in the range 0 to 3.
Thus the observation of substantial correlation at large shifts cannot safely be interpreted
as indicating fluctuations with comparable correlation lengths.

When a substantial imaginary part to k2 is assumed, one finds that similar calculations
can give a small correlation length for p$ for very small cr. However, for a greater than
about 0.3, p$ again looks as in Fig. 4.

5. Coherent Fluctuations
The coherent case can generically be described by a correlation coefficient

(16)

Thus a is the overall width, but is the envelope of a wave with dominant wave-number
kf. Such a correlation arises, of course, from a fluctuation wave-number power spectrum
of Gaussian shape, width 1/<T, centered at kf.

The reflectometry correlation functions and coefficients that arise from such fluctua-
tions have been evaluated. Examples are shown in Fig. 5. The dominant contribution to
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the correlation function arises from the position at which the oscillations of the fluctuation
match those of the weighting function R[u>2/\V). This occurs where 2k = kf, which is
naturally the Bragg condition for backscattering.

120 0 ^ 16 0

-120 0
-40

Fig. 5 Correlation function versus edge plasma position for coherent waves.
Curves are labelled with the x-shift of the reflectometer channels. Total width,
a, is 3.0. Wave numbers, kf, are (a) 1, (b) 5.

A remarkable transformation of the reflectometry correlation coefficient takes place as
we increase the product k/cr, which is basically the number of oscillations in the total width
of the fluctuations' correlation, (7*2. For k/cr ^ 2, the reflectometry correlation plotted
versus x-shift, as shown in Fig. 6, rapidly assumes a form that is identical to the form
of Ck*(x)- This proves to be the case regardless of whether the dominant contribution is
coming from near the cut-off or not.

A way of understanding this behaviour is to think of the process in scattering terms.
One obtains contributions either from forward scattering or from backward scattering. The
selection rules for these processes are kn = 0 and k — 2k respectively, where kn is the
fluctuation-spectrum wave-number. The relative magnitude of the fluctuation spectrum
at kn — 0 for the correlation function of Eq(16) is exp(—k2

Fcr2/2). Thus the magnitude of
kfa determines whether the forward scattering, kn = 0, is significant or not When it is
not, there is close agreement between the phase correlation coefficient and the fluctuation
correlation coefficient. It is clear that this backward scattering component cannot be
described using the smooth WKBJ estimate but requires a full-wave analysis such as this.
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Fig. 6 Reflectometrj correlation coefficient versus x-shift for coherent waves.
The width, a is 3.0, and curves are labelled with the value of the fluctuation wave-
number, kj. The dashed lines are the correlation coefficients of the fluctuations.

6. Summary

The full-wave weighting function, giving the contribution of k2 perturbation to phase
perturbation, has an average in the oscillatory region that is equal to the WKBJ result,
but avoids the singularity at the cut-off point. The width of the last lobe of the weighting
function is approximately 1.63/|Ar2'|».

Correlation reflectometry must make use of quadrature information, otherwise the
variation of fluctuation-sensitivity proportional to the sine of the unperturbed phase will
render the signal correlations meaningless. Even with a proper phase signal, turbulent fluc-
tuations with monotonic correlation oefficients give reflectometry correlation coefficients
that only distantly reflect the correlation coefficients of the fluctations. In particular, the
correlation observed should be substantial even for shifts much greater than the correlation
length, unless the wave attenuation effects are important. In this latter case, low correla-
tion can occur, but mostly because of short-wavelength contributions well away from the
cut-off position (Hutchinson, 1991).

Coherent waves, represented by non-monotonic correlation coefficients, contribute
most from a position where their wavelength is equal to half the wavelength of the unper-
turbed solution. The reflectometry correlation coefficient in this case can closely resemble
the correlation coefficient of the fluctuations.

The distinction between these two cases is fundamentally whether forward or back-
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ward scattering contributions dominate. The coherent wave case corresponds to negligible
forward scattering and can not be represented using the WKBJ analysis.

The localization of the reflectometry contribution, whether of coherent or incoher-
ent fluctuations, is never to a region narrower than about one (local) wavelength of the
unperturbed wave function.

Finally, one should emphasize that these conclusions are based on a one-dimensional
analysis. Inherently multi-dimensi<mal effects might predominate in actual experiments.
Therefor^ great caution should be exercised in inferring the nature of the fluctuations from
reflectoi. . y measurements.
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NUMERICAL SIMULATION OF REFLECTOMETRY EXPERIMENTS
IN ONE AND TWO DIMENSIONS

E.Holzhauer and G. Rohrbach
Institut fur Plasmaforschung, Universitat Stuttgart, FRG

Contribution to the
IAEA TCM ON MICROWAVE REFLECTOMETRY FOR FUSION PLASMAS
at the JET Joint Undertaking, 4-6 March 1992.

To calculate the propagation of electromagnetic waves in an
inhomogeneous medium in one and two dimensions a spatial network is
used, which represents the equivalent circuit for the propagation
of electromagnetic waves in a plasma. This method has been used :o
describe the one dimensional propagation of radio waves in the
ionosphere, including absorption due to collisions . The method
gives the full wave solution for arbitrary density profiles.

As a reminder of the relationsship of experiments in the ionosphere
with reflectometry in fusion plasmas we reproduce the corresponding
equivalent circuit from a textbook on high-frequency engineering
where the derivation of the circuit elements for the 1-dimensional
case can be found /I/.

~dx~
•Ax

"y

F dE2

V

0

A Of/u

1

77 , 1

0

Fig.la: Circuit elements for the 1-dimensional case with
absorption due to collisions.

. > > um < < u
height over ground

Fig.lb: Equivalent circuit for the lossless ionosphere.



Since the main emphasis of our work is on 2-diirensional effects
only one example, namely the phase change due to a localised
density perturbation is shown, which for the case of a linear
density profile has been checked against the analytic solution /2/.

'.-A

Fig.2: 1-dimensional simulation of a reflectometry experiment
with a parabolic electron density profile showing the
phase change from a localised density disturbance X(>0-

The circuit elements for the 2-dimensional network are depicted in
Fig. 3 where the correspondence between the field quantities E, H
and the network quantities U, I is listed.

dx

dV,
dz

V _

- L —dt

-r~-L

dz dx

dE,
dx

y _

dz
dHt dH,
dz dx

= -t*n

= Pn

dH,
W

dHz

dt

dEy
l~dT

F i g . 3 : Network element for the 2-dimensional case .
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If desired the network can be terminated by suitable impedances
Z(b), Z(e) as indicated schematically in Fig.4a. The properties of
this network are represented by an impedance matrix whose size is
determined by the number of input ports. The equivalent circuit for
the antenna matched to the free space impedance Z(0) in front of
the antenna is shown in Fig.4b. The field distribution in the
aperture plane is determined by the source voltages U(a). By
choosing appropriate amplitude and phase distributions for U(a) the
radiation pattern of an antenna can be realized , i.e. the
transmitted power can be focussed at a given distance.

Q O O O O O O O O

innnn
v' v*" w" >Ĵ  \i^ v-' \^

Ufa)

ZCO 5

Fig.4: a) Schematic represention of the network grid
representing the plasma region with absorbing boundaries,
b) Schematic representation of the network representing
the antenna matched to the impedance Z(0) in front of the
antenna•

In the following first computational results will be given to
illustrate the capabilities of the 2-dimensional model. The
incident wave frequency is kept constant:
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1.1 Divergence of the beam due to the density profile in the
propagation direction:

The divergence of the incident and reflected beam in a stratified
medium is usually determined by ray tracing methods. The effect
depends on the electron density profile and leads to a reduction in
reflected power seen by the receiver antenna. Figs.5a,b show the
amplitude distribution across the antenna for the transmitted and
reflected signal. In Fig.5a the electron density in front of the
cutoff position is far below the cutoff density (i.e. the
refractive index is close to the vacuum case) and far above cutoff
for larger distances resulting in a plane reflecting mirror
(Profile A). The antenna is focussed onto this mirror to match the
reflected field to the antenna (which serves both as transmitter
and receiver). For comparison Fig.5b shows the results for density
profile which increases linearly up to and beyond the cutoff layer
(Profile B ). The resulting strong divergence of the reflected beam
can be clearly observed.
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. ref lected

I l l l l lh

.mill!

-,,,111111

transmitted

I l l l l l l l ,

reflected

Illllllllllllll «

Fig.5a,b: Distribution of the transmitted and reflected field in
the aperture plane of the antenna for two different
density profiles A and B. Transverse width = 10*kvaeuam.
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2: Changes in the phase of the ref lectometry signal due to
fluctuations propagating transversely;

There is an upper limit to the wavenumber of transversely
propagating fluctuations that can be detected in a reflectometry
experiment due to the following effects:

- For fluctuation wavenumbers kfluct>0 radiation will be scattered
back at scattering angles <18O° reducing the modulated signal at
the receiver antenna. This is equivalent to a lowpass filter in
kfUf.t-space. The characteristics of this lowpass filter are deter-
mined by the the beam profile along the distance travelled and thus
by the electron density profile. Fig. 6a shows the magnitude of the
fluctuating field measured by the receiver antenna for profile A
and Fig.6b corresponds to profile B. In the numerical calculations
the change in refractive index due to the transversely propagating
electron density fluctuations is simulated in a layer with
thickness A./10 directly in front of the cutoff.

Q

k(n)

1.0 1.5

Fig.6a,b: Magnitude of phase change due to a transversely
propagating fluctuation. The normalised wavenumber of
the fluctuation is k=kfluct/kvacuu. for profiles A and B.
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- The results of a transversely propagating periodic density-
fluctuation can only be observed, if the time-dependent part of the
electromagnetic wave is not evanescent, i.e. if Afluct > Alncl,1(5riC.

3.) Detection of radiation scattered at angles < 180' from
transversely propagating fluctuations :

If one observes the scattered signal at angles <180° it should in
principle be possible to determine the wavevector of the
transversely propagating density fluctuations. However there are
two complications:
- Only non-evanescent waves can be observed in the far-field
corresponding to a cutoff for high wavenumbers of fluctuations.
- The propagation direction of the waves scattered at angles < 180°
changes while propagating through the electron density gradient.

k(n)

l.B 1.5

. - - - • " '

.5 1.0

b)

k(n)

1.5

Figs.7a,b: Magnitude of the "scattered" signal amplitude for
profiles A and B.
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Fig.7 shows the magnitude of a second receiver antenna positioned
at a transverse distance of 5*A.,,acuun from the transmitter antenna
and a distance 3*A.v*euum from the cutoff layer (i.e. in the near
field) for the electron density profiles A and B. One can see that
scattered field depends sensitively on the density profile chosen.

Fig. 8 shows the transverse distribution of the magnitude of the
electromagnetic field component due to transversely propagating
fluctuations at a distance of 3*A,.acim. from the cutoff layer for the
density profile B. The spatial variation of the density flucutation
is indicated in the bottom of the diagrams.
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Fig.8: a) Magnitude of the "scattered" field for k=0.
b) Magnitude of the "scattered" field for k=.4.
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Although the antenna aperture is still situated in the near field,
for k=.4 it can be seen that the two sidebands begin to separate.

Conclusions: Further detailed studies of 2-dimensional effects will
have to be performed to fully asses the potential of reflectometry
for fluctuation measurements in fusion experiments.
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A NOTE ON THE MEANING OF PHASE INFORMATION FOR
THE MEASUREMENT OF FLUCUTATIONS

E. Holzhauer, Plasmaforschung, Universitat Stuttgart,FRG

T. L. Rhodes, University of California, Los Angeles, USA

In reflectometry experiments with stationary density profiles the
desired information is contained in the phase of the reflected
signal, which is a measure of the line integral

I n(x) dx

along the refractive index n(x) of the plasma. It can be
interpreted as "interferometry term" and shall be considered
stationary on the time scale of the fluctuations to be measured.

If fluctuations are present, the reflected signal contains three
types of contributions:

Term 1:
A phase shift which contributes to the line integral and thus
to the "interferometry term". It arises if the integral

I n(x) dx

along the interaction region is non-zero, where n(x) is the
fluctuating part of the plasma refractive index.

Term 2:
A backscattering term, which is not contained in the WKB
approximation. The signal which reaches the receiver is
composed of the following contributions:

a) Part of the incident beam is directly backscattered from
the fluctuation ("direct" backscattering).

b) The transmitted beam is reflected from the cutoff region,
part of this beam is backscattered from the fluctuation,
travels towards the cutoff layer, is reflected and
reaches the receiver ("indirect" backscattering).

Term 3:
Forward scattering term due to transversely propagating
density fluctuations.

a) Part of the incident beam scattered forward and then
reflected back from the cutoff layer back to the
receiver.

b) Part of the reflected beam again undergoes forward
scattering.
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The wavenuuber acceptance of the antenna generally limits this
effect to small values of the fluctuations wavenumber k.
Therefore a reflectometry experiment acts like a lowpass
filter for the wavenumbers of transversely propagating density
fluctuations. Examples from 2-dimensional numerical
simulations are given in /3/.

One-dimensional model:

All the transmitted power will reach the receiver (absorption due
to collisions can be neglected in fusion type plasmas). For
simplicity we will assume that the scattered power is small
compared to the power transmitted into the plasma.

The total field Earlt. at the receiver antenna is

E B n t = Els * sin(w*t+<pl) ' direct backscattering
+ E?s * sin( u*t+ip2) ' long way backscattering
+ Erel, * sin(u*t) ' reflection from cutoff layer

with:
ipt, <p2 the phase with respect to the reflected signal E r e f.

In the one dimensional case Els = E2a.

The interference of the scattering terms yields the well known
node-anti-node structure which characterises one-dimensional
reflectometry experiments /I/. The total scattered field is

Ea=2*Es*sin(t)*t) *cos(ip1-<p2)

which contains a modulation of the amplitude through the cos-term
although the fluctuation amplitude is constant. Depending in the
relative phase ( i.e. spatial localisation ) a density flucutation
can be seen or not.

Two-dimensional model;

In this context two cases have been discussed during the meeting:

A laboratory experiment with well diagnosed density
fluctuations /2/.

A two-dimensional numerical simulation /3/.
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Part of the transmitted microwave power will not reach the receiver
antenna due to the following effects:

Due to beam divergence in the macroscopic 1-dimensional
density profile.

Due to scattering from transversely propagating fluctuations.
This effect depends on the position of the fluctuations along
the microwave beam.

Resonance absorption, refraction, and/or interference effects
/2/.

Obviously the resulting attenuation for term 1, term 2 and term 3
defined above can differ due to the different path lengths they
have to travel.

Measurement of the received signal:

A.) Information about term 1 (i.e. the "interferometry term") is
obtained by measuring the reflected signal phase.

B.) We look at the field E at the antenna for the case of
backscattering:

The term resulting from backscattering is given by Es*sin(w*t+ip) .

E = Es*sin(o*t+<p)+Er.ef*sin(a)*t)

where:
Es is the attenuated backscattered field

E r e f is the attenuated reflected transmitter field.

The fluctuating part in the phase of the antenna signal a is

a = atan ( sin(ip) / (cos(<p)+r) }

where:
r = Er6,E / Es is the reflected field normalised to the
backscattered field.

It can be seen that the phase fluctuation at the receiver due to
backscattering depends crucially on the strength of the reflected
signal normalised to the backscattered signal at the receiver, the
two limiting cases are:

Case 1: r >> 1 leads to following aproximation:

a(t) « sin(<p(t)) / r,

i.e. the measured phase increases with decreasing
reflected signal.
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Case 2: r << 1 leads to the following aproximation:

a(t) ~ <p(t)

i.e. in the case of backscattering the measured phase is
independent of the scattered amplitude as expected.

For the case where the fluctuations are dominated by backscattering
one should subtract the signal Err!f * sin(u*t) (where E r e [ is
assumed to be constant on the time scale of the fluctuations) from
the total field E at the receiver antenna to obtain the back-
scattered term E, * sin(«*t + <p) . A possible method to obtain the
reference signal E r e f is by extracting it using phase-locked loop
with an appropriate time constant or the numerical equivalent. In
a heterodyne detection system, which is generally used in
scattering experiments, one will observe a downshifted
(corresponding to indirect backscattering) and upshifted
(corresponding to direct backscattering) sideband. In contrast the
analysis of the "interferometry term" yields two sidebands with
equal amplitude characteristic of a time-dependent phase
modulation.

A discussion of the question, if and to what degree it is possible
to determine the spatial distribution density fluctuations by
reflectometry under realistic conditions is beyond tne scope of
this note.
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Reflectometry as a Diagnostic for Density Fluctuations: A

Comparison of Laboratory and Computer Modeling Results

T.L. Rhodes, S. Baang, A.E. Chou, C.W. Domier. N.C. Luhmann, Jr., and

W.A. Peebles

Institute of Plasma and Fusion Research and EE Dept.,

UCLA, Los Angeles, California 90024

ABSTRACT. Reflectometry is currently used to diagnose density

fluctuations and turbulent correlation lengths in fusion plasmas. Various

models have been used to both interpret the experimental data and to

determine the regimes of validity of the reflectometer fluctuation

measurements. However, these models have, heretofore, not been validated

by direct comparison with experiment. In this paper the first comparison

between a controlled laboratory experiment and a one-dimensional

numerical .nodel is presented. It is found that the model is unable to predict

the observed high degree of spatial localization and dependence on

perturbation wavenumber. The implications of these disagreements are

discussed, together with suggestions for their resolution.
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INTRODUCTION

Reflectometry is currently used for the determination of density

profiles [1-6] and as a density fluctuation diagnostic [7-15] on fusion plasma

devices. Its use as a density profile diagnostic is considered to be well

understood [1-6]. However, a fundamental understanding of the

reflectometer signal due to density fluctuations and its interpretation does

not exist at this time. Questions include the diagnostic sensitivity to

different fluctuation wavelengths, density scale length, and fluctuation

amplitude as well as the spatial localization of the signal. The UCLA

P. .sma Diagnostic Group has initiated an investigation into these basic

physics questions and has reported some initial results [16]. There it was

reported that in a laboratory plasma, the reflectometer response to grid

launched ion acoustic wave packets was highly localized, showing the same

number of cycles and same frequency as the launched wave. In addition, a

one dimensional numerical model was developed and showed promising

initial results [17]. This code models the plasma-microwave interaction by

solving the full wave equation with specified plasma density profile, density

perturbation waveform and wavenumber, and microwave frequency.

This paper describes the first comparison of laboratory results to

these numerical calculations. The code used here is equivalent [18-22] to or

similar in result [23] to codes and models used elsewhere to interpret

reflectometer data. These codes are currently being used to calculate

absolute density fluctuation levels in fusion plasmas [24] from experimental

reflectometer data. In addition, it has been concluded [19,21] on the basis

of model predictions that correlation reflectometers cannot measure

correlation lengths as short as have been reported [10,12-15]. However, it
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is important to realize that no direct experimental confirmation of the

models utilized in these codes has heretofore been performed. The results

presented here indicate that one-dimensional and semi- two-dimensional

codes do not adequately describe the physics present in the laboratory

plasma-reflectometer interaction. In particular they omit 2-D effects such

as refraction, diffraction, interference, and resonance absorption [25]. It is

concluded that reliance on these unconfirmed models to interpret

experimental data is at best questionable and can result in false and

misleading conclusions. It should be noted that these comments apply as

well to the experimentally unconfirmed WKB method of calculating

absolute values of fi from reflectometer data [8,9].

The paper is organized as follows: in Sections 2 and 3 the laboratory

experiment and computer code are described; the results from each are

described and compared in Sec. 4 with conclusions and discussion presented

in Sec. 5.

DESCRIPTION OF EXPERIMENT

The laboratory plasma is produced in a cylindrical vacuum chamber

80 cm long and 60 cm in diameter. A diagram of the device is shown in

Fig. 1. A plasma discharge is produced by repetitively pulsing (~ 7 Hz) a

set of filaments at one end of the chamber producing a plasma of

approximately 2 msec duration (Fig. 2). Argon gas is employed, with

electron and ion temperatures and densities in the range T e=l-2 eV,

Tj=O. 1-0.2 eV, ni=n e=l-10xl01 1 cm-3. During the flat top portion of the

discharge, a density gradient is formed with high density in the region of

the discharge filament (top of chamber), which decreases as the microwave

antenna is approached (bottom of chamber). Approximately 1500 small
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permanent magnets are used on the chamber walls to improve the plasma

confinement while leaving the bulk plasma magnetic-field free. The plasma

is normally quiescent with density fluctuations n/n«10"3 . In order to study

the reflectometer response to density fluctuations, ion acoustic waves are

launched by applying a bias signal of appropriate waveform to a movable

grid placed within the plasma. The grid positions are indicated in Fig. 1

and consist of wire mesh with -20 wires/cm with grid dimensions 12.8x8.8

cm. Two launch directions are currently available, one down the density

gradient and one transverse to it. The density perturbation due to the ion

acoustic wave is normally small (n/n<l%) with frequencies in the range

15-200 kHz (coacous/Wpj<2xl0-3). A microwave antenna at one end of the

vessel launches radiation up the density gradient where interaction with the

ion acoustic waves can occur. The microwave frequency is kept fixed

during the plasma discharge but can be varied between 3 and 8 GHz

between shots. Quadrature detection of the reflected signal is used to obtain

both phase and amplitude information. The microwave circuit is also

shown in Fig. 1.

A typical Langmuir probe trace showing the time history of the

plasma density is shown in Fig. 2. Note the small fluctuation near 1.5 msec

which is due to the ion acoustic wave launch and is a combination of

electromagnetic pickup and an actual density perturbation. Also shown is

the reflectometer response to the plasma evolution. For plasma densities

less than-the critical density netCnt=(4Tc2fmw2eome)/(e2) the reflectometer

acts as an interferometer and produces the observed fringes (Fig. 2). Here,

fmw is the microwave frequency, me and e are the electron mass and

charge, and £o is the permittivity of free space. Approximately 0.75 msec

after the discharge initiation, critical density is reached within the plasma
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and the reflectometer signal is cutoff becoming roughly constant with time

until the end of the discharge.

Figure 2b shows both the reflectometer and Langmuir probe

response to tiie ion acoustic wave using an expanded time scale. The

Langmuir probe has been positioned within the plasma so that the time

delay is coincident with respect to the reflectometer. Note the pickup on the

Langmuir probe indicating the launch time. Little pickup is seen on the

reflectometer. The time delay is an indication of the distance that the wave

travels before interacting with the probe, while the position of the probe

(since the time delay is coincident with the microwave signal) determines

the interaction region of the ion acoustic wave and the reflectometer. The

frequency and number of cycles seen on both signals are very similar,

indicating that the reflectometer signal is well localized in space. Note that

the Langmuir probe is more sensitive than the reflectometer to high

frequency density fluctuations (Fig. 2b) as evidenced by the more sharply

pointed peaks. This is due to the wavenumber sensitivity of the

reflectometer and will be discussed more fully later in the paper.

Measurements of the absolute electron density were made using

movable Langmuir probes which had been absolutely calibrated using a

microwave interferometer. The location of the microwave/ion acoustic

wave interaction region was determined by locating a Langmuir probe

within the plasma so that the time delay between wave launch and detection

(as detected by the Langmuir probe) was the same as that observed on the

reflectometer. Since the reflectometer measures the same number of cycles

and frequency as the Langmuir probe, the position of the Langmuir probe

is then the location of the microwave/ion acoustic wave interaction region.
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These combined measurements indicated that, within the measurement

accuracy, the reflectometer detects the ion acoustic wave near the

calculated cut-off position (i.e., at n=nCrit) for any given microwave

frequency.

DESCRIPTION OF NUMERICAL MODEL

In order to complement the laboratory investigations, a one dimensional

model has been developed. The plasma-microwave interaction is modeled

using the time independent full wave equation:

E=0 (1).

Here, N(x)=(l-fpe(x)2/fmW
2)1/ '2 is the plasma refractive index for the

ordinary mode and contains the density profile information n e(x),

fpe(x)2=ne(x)e2/(47r2£ome) is the local electron plasma frequency, E=E(x)

is the local value of the microwave electric field, and k0 is the microwave

vacuum wavenumber. Note that this allows arbitrary microwave

frequencies and density profiles to be used and can thus model a wide range

of plasmas varying from a laboratory plasma to fusion tokamak plasmas. It

represents a first order approximation to the laboratory plasma which

neglects possibly important effects such as resonance absorption,

refraction, mode conversion, etc. Equation 1 is then solved numerically for

the electric field. An analytic solution of Eq. 1 is known for several density

profiles, specifically for a linear density profile and a density profile of the

form n(x-) = (Eo47C2fmW
2me/e2)(l-a2/x2), where a is a constant [1].

Comparison of the code results to these soluiic." showed that :hc code

correctly solves the full wave equation. More detailed information on the

numerical code can be found in [26].
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The ion acoustic wave is modeled as a density perturbation

superimposed upon the density profile. This perturbation is then

propagated down the density gradient to the edge of the plasma where its

amplitude is decreased to zero. The code calculates the phase fluctuation

that the reflectometer signal would undergo as a result of the density

fluctuation. To accomplish this, the wave equation is first solved without a

density perturbation. This produces an unperturbed electric field Eo . The

perturbation is subsequently introduced and the new electric field El

calculated.

The phase shift A<|) induced by the density perturbation is then

calculated from A<()=koAx. Here ko is the vacuum microwave wavenumber

and Ax is the distance between the first zero crossings (measured in the

vacuum region) of the unperturbed and perturbed electric fields. The

density perturbation is propagated down the density gradient in small time

steps At with a new electric field El and phase perturbation A §

recalculated at each time step. These values are stored and can be displayed

as a phase fluctuation versus time. Note that the model assumes that the

plasma-microwave interaction can be modeled as a time independent

problem, i.e., that the microwaves propagate on a much faster time scale

than the ion acoustic waves. This is in general well satisfied since

Cacous=2xl05 cm/s and fion/fmw <10"4. Currently the code does not include

damping, refraction, or divergence of the microwave beam; however, these

effects will soon be added.
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Laboratory measurements show that the ion acoustic wave damps

significantly as it propagates down the density gradient, with a typical e-

folding length of -12 cm, approximately independent of frequency. The

code models this effect by using a spatially dependent ion acoustic wave

amplitude with an e-folding length A=12 cm. The wave is tapered to zero

amplitude at the plasma edge-vacuum boundary in order to avoid negative

densities.

COMPARISON OF NUMERICAL MODEL AND

EXPERIMENTAL RESULTS

Figure 3 shows the code and laboratory results for ion acoustic

waves with kn/k0 ranging between 0.7 and 1.4 and with n/ncrit=0.5%. The

code inputs were the density profile from the laboratory plasma, the

density perturbation form and amplitude, and the microwave frequency

(3.3 GHz). Both the measured and calculated responses show approximately

the same frequency and number of cycles as the actual density perturbation.

Note that as the ion acoustic wave frequency is increased the code

predicts an increase in the time delay. This result is in agreement with a

scattering model of interaction where an incident wave kjn c is scattered

through an angle 9 due to the interaction with a plasma wave kfi. This leads

to the familiar wavenumber matching condition kn=2kincsin(9/2), which

for 9=7i results in the condition for 180° backscattering kfl=2kinc- It was

found that the dominant response predicted by code is consistent with this

backscattering wavenumber matching condition. There are indications of a

generally much smaller signal originating near the cutoff layer which will

be discussed later.
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As kn was increased, the calculated location of matching moved

progressively closer to the vacuum boundary and hence the time delay

increased. This latter point is due to the fact that the wavenumber of the

microwave radiation kinc decreases from its vacuum value k0, at the

boundary, towards zero at the cutoff point as kjnc=k0N, where N=(l-

ne/ne,crit)1/'2 is the lr>cal index of refraction. This result indicates that the

predicted reflectometer response is non-local in the sense that different

wavenumbers interact at different positions within the plasma. Thus, a

perturbation containing many wavenumbers would appear spread out in

time while in reality it is quite localized within the plasma. These

predictions are the basis of the conclusion [19,21] mentioned in the

introduction regarding the correlation reflectometer results.

From Fig. 3b one sees that there is no observable change in the

experimental time delays as kfj/k0 is varied. This lack of variation in the

delay time was found to hold as the perturbation wavenumber was varied

over the range kn/ko=0.5—>5.0 - a factor of 10. Thus, the experimental

time delay or location of the signal does not vary substantially with the

wavenumber of the density perturbation. A pulse with a wide wavenumber

range would then be observed as very localized within the plasma, so that

experimentally, the reflectometer signal is much more localized than

predicted by the ID code. This is a clear, quantitative departure of

experiment from the model and may indicate why correlation

reflectometer measure lengths much shorter than these models predict.

Using quadrature detection the time evolution of the phase <|>(t) and

amplitude A(t) of the reflectometer signal can be experimentally

determined. Fluctuations in these quantities, <|> and A respectively, due to
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the ion acoustic wave can then be compared to the code predictions. The

code predicts that ty varies linearly with the density fluctuation level n:

<j>model ~ n (<j> also depends on perturbation wavenumber to be discussed

below). Note that, since the current code is lossless, AmOdel = 0.

Experimentally, both amplitude and phase fluctuations are observed, both

of which vary linearly with n: <))exp~ n and Aexp~ n. The magnitude of the

experimentally measured phase fluctuation is a factor of 20 or more

greater than predicted by the model. Since the code is lossless and can

contain no amplitude fluctuations, this is perhaps the first indication of the

reason behind the observed differences between model and experiment.

Physically, A can be related to losses in the returned signal due to

refraction, diffraction, interference, resonance absorption, etc. These

effects will be discussed more fully later.

It should be noted that the scattered response should be present in the

experiment. However, due to the magnitude of the experimentally

measured values it is quite possible that it (the scattered component) is in

the current experimental noise level. It is planned to improve the signal-to-

noise ratio and look for the wavematched signal.

The reflectometer response to perturbation wavenumber was

investigated by varying kfi while the density profile, microwave frequency,

n, etc. were held constant (Fig. 4). Two curves are shown in Fig. 4, one

experimental and one numerical. The numerical model predicts a large

increase in response below kn/ko~0.3, due perhaps to a mirror like

movement of the whole profile (since the wavelength is comparable to the

scale length of the plasma). This is currently under investigation. This is

followed by a region of relatively flat response and then, as kn/k0 is
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increased above 2, the code predicts a response that rapidly decreases (Fig.

4). Some, but not all, of the decrease occurring before kfj/ko=2 is due to

the damping of the ion acoustic wave near the vacuum boundary (imposed

to prevent negative densities). Further study of this effect is underway. If

backscattering were the only effect contained in the code there would be no

response for kfj/ko>2, since there are no incident wavenumbers with that

value. There is some preliminary evidence that the predicted response

above kn/ko>2 is due to small, mirror-like movements of the cutoff layer

as the pulse passes through.

The laboratory experiment was conducted by varying the ion

acoustic wavenumber kfj while monitoring the level of the density

fluctuation with a Langmuir probe. The probe was placed in the

microwave/ion acoustic wave interaction region to ensure that n due to the

ion acoustic wave in the detection region was constant, independent of the

wavenumber and of damping. Experimentally, it was observed that the

response decreased with increasing kn, qualitatively similar to the code

predictions (Fig. 4). However, quantitatively, the reflectometer response

decreases more rapidly than the model predicts for kn/ko<l, and then much

less rapidly for kn/ko>l (Fig. 4). The response extends to kfj/ko=5, well

beyond that predicted by the code.

DISCUSSION AND CONCLUSIONS

The results of the experiment/model comparison are summarized in

Table I. From the discussion above and from T-Kle I it is clear that the

numerical model does not predict the experimental measurements. The

question naturally arises as to why not? Is the model incorrect? As

mentioned earlier, it is expected that the scattered signal should be
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experimentally present, although evidently much below the magnitude of

the currently measured signals. One of the future goals of the experiment is

to attempt to observe this scattered signal, by a combination of improving

the signal-to-nois'; ratio, increasing the injected power, etc. Thus, the

model is not believed to be incorrect per se as it does predict a one

dimensional lossless reflectometer/plasma interaction. However, in practice

no plasma, and in particular no fusion plasma, is completely lossless and

ID. Other physical effects need to be included in order to successfully

model reflectometry.

Some physical effects not contained in the current model include

resonance absorption of the microwave beam, refraction, and interference

effects. They are presented and discussed below not as explanations, but

rather as potential lines of research, meant to stimulate further

investigations.

The first effect, resonance absorption, occurs when the RF electric

field has some vector component parallel to a plasma density gradient [25].

Conversion of the electromagnetic energy of the incident microwave beam

to electrostatic fluctuations, in the form of plasma-oscillations, occurs at the

layer ne=ne,crit [25]. The cutoff layer itself then becomes a function of the

angle 0 between the incident RF wavevector and the density gradient, and

occurs at a lower density than the case of 0=0. It is known that the

absorption-layer is relatively narrow and fixed in space [25], thus meeting

the requirements of spatial localization near the cutoff layer. Modulation of

the absorption by the density fluctuation fi results in a modulation of the

amplitude and phase of the returned signal [27]. An investigation of this

effect as applied to the reflectometer is currently underway. This effect is
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intrinsically two dimensional and can not occur in ID or semi- 2D models.

It should be noted that while this effect can in principle work for O-mode

(E parallel to the magnetic field B) reflectometers, it is believed that for X-

mode (E-LB) the upper hybrid resonance is generally (although not always)

too far from the right hand cutoff for any significant amount of energy to

tunnel through. If strong changes in refraction of the signal, at or near the

cutoff layer, are induced by n then an effect similar to resonance

absorption may be generated. It is planned to investigate these effects using

a combination of 2D full wave and particle codes.

Anothe/ 2D effect not contained in the present model is time varying

interference or speckle due to what might be called a moving crinkled

mirror. If only a portion of such an object is observed, large amplitude and

phase fluctuations in the detected signal can occur. For example, depending

on the size of the detected area, amplitude fluctuations of as much as 100%

can have a finite probability of occurrence. It is planned to experimentally

test a variation of this concept in the laboratory plasma by using larger and

smaller ion acoustic wave launching grids. Effects of changing the

'wrinkling of the mirror' can then be investigated using the natural

diffraction of the ion acoustic wave as it is launched from varying grid

sizes and angles. Two dimensional interference effects will also be

investigated using numerical models. It should be pointed out here that

some initial work has already begun using a fully two dimensional model

of the plasma-microwave interaction [28].

In conclusion, models and codes are frequently needed to physically

interpret experimental data. However, it is important that these models and

codes contain the dominant physics effects present in the system under
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consideration. In particular, these codes need to be validated and should be

able to explain, to some level, the observed data. The laboratory

reflectometer response to a controlled launch of ion acoustic waves was

found to be highly localized. This localization was independent of the

perturbation wavenumber and the position was close to the cutoff layer. A

comparison between these observations and a simple one dimensional

model has shown that the model is unable to account for these results.

Additionally, reported correlation reflectometer results [10,12-15] indicate

very short correlation lengths compared to model predictions. The

laboratory results tend to support these correlation length measurements,

indicating that the reflectometer spatial resolution is significantly better

than expected on the basis of simple models. Thus, observations indicate the

preset. _e of some type of physical effect (2D, resonance absorption,

interference, refraction) in the experiment that is not contained in the

current models. Future work is directed towards a fundamental

understanding of reflectometry as a fluctuation diagnostic to allow the full

potential of this diagnostic to be realized.
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Figure Captions

Figure 1. Diagram of laboratory plasma and microwave circuit.

Figure 2. (a) Langmuir probe electron saturation current (upper

trace) an ' reflectometer signal (lower trace), (b) Reflectometer and

Langmuir probe responses to the ion acoustic wave.

Figure 3. Variation of time delay as perturbation wavenumber kn is

varied, (a) Code predictions and (b) experimental results.

Figure 4. Dependence of magnitude of reflectometer response on

perturbation wavenumber kn for code and experiment.
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Table I. Code/Experiment Comparison

Numerical
Model

Experiment

Spatially
localized?

No

Yes

Phase and Amplitude
Fluctuations

<J) linear with fi.

No amplitude fluctuation: A=0

0 linear with n; <t>exp»<}>model-

Amplitude fluctuations present:

A*0, depends linearly on n.

kn/ko
response

-lOdB for
kfi>2k0.

Extends well
above

kn=2k0.
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ABSTRACT

Density perturbations induced by MHD activity were studied with broadband and
fixed frequency O-mode microwave reflectometry on ASDEX. The system operated in the
frequency range 18-60 GHz. allowing to probe densities ne ~ 0.4 - 4.5 x 1013cro~3. By
obtaining from the broadband raw data the average phase shift radial pattern correspond-
ing to the (indisturbed) plasma profile and the component due to fluctuations, the radial
distribution of the fluctuations could be determined. With fixed frequency measurements
the detailed temporal evolution of MHD modes at specific density layers could be esti-
mated from the power spectra of the detected signals. Here we report on results obtained
in Lower Hybrid Current Drive (LHCD) scenarios, and in H-mode discharges.

I - MHD ACTIVITY DURING LHCD
1. Influence of MHD modes in density profiles

(i) Experimental results

Resistive MHD tearing modes can develop magnetic islands near the rational surfaces,
where q = m/n. The magnetic structure of rotating modes in a tokamak plasma is well
known from the measurements of the modulations of the poloidal magnetic field. Large
amplitude modes have been directly localized in ASDEX by reflectometry. The width of
the magnetic islands was estimated in situations where locking of the m = 2, n = 1 mode
occurred / I / .

Fig. l (a) shows data referring to #31070. A distribution of the frequency power
spectrum (as contour plots) is shown in Fig. l(b), for a constant density layer, probed
with fixed frequency. The slowing down of the m = 2 mode towards locking is clearly
resolved, preceding the disruption at t ~ 1.94s. The m = 2 mode frequency obtained from
reflectometry agrees with the corresponding data given by Mirnov coils (Fig. l(c)).
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In fixed frequency measurements only a limited number of plasma layers can be
probed, while with broadband swept measurements the plasma is continuously probed.
Results are shown for #29285 (where the TO = 2 mode was locked during 1577-1585
ms). refering to: (i) magnetic island rotation at t = 1565 ms. and (ii) mode locking at
i = 1580 ms. Before locking, the strong effect of the magnetic islands on the plasma profile
is clearly observed in the phase shift. A<j>/AF, of the reflected microwaves (Fig. 2a).
The shape of the disturbed beat frequency corresponds to outward and inward movements
of the plasma layers during the measuring sweep time. At = 2 ms(\/At = 0.5kHz). The
corresponding deformations can be seen on the evaluated profile (Fig. 3a).

When the mode locked, the phase shift A4>/AF{18 — 40 GHz) presents two abrupt
jumps in a narrow density region, (see Fig. 2b), revealing the flattening of the plasma
in those density ranges. The evaluated density profile (Fig. 3b), presents two density
plateaus, respectively for (1) r=29 — 32.5 cm, and r=39 — 40.5 cm.

From the observed deformations the width (W) of the magnetic island can be es-
timated. Its apparent width while rotating, as observed in a fixed position, is W x
((1 + cos(m0 + Urott +1£>))/2)1/2. When the m = 2 mode is locked, the toroidal angular
distance of the antennae (in the mid-plane. 6=0°) to viewing the "O" point is if ~ 150°: so
the measured plateau should roughly correspond to only 30% of the island width, yielding
a width of about 10 cm, centered at r ~ 30 — 31 cm. This is in agreement with the results
derived from the magnetic data for the m = 2 mode. The second plateau must likely be
located near the rational surface q = 3.

(ii) Numerical modelling

A numerical study was performed where the effects on the density due to the tearing
mode with m = 2, t > - l were simulated, considering a parabolic shaped profile. The
observed density plateau was modelled around r = 30 cm(q = 2), whose width can vary
accordingly to the rotating island. When the mode is locked, frot = 0 kHz, ip = 150°, and
W( 1580ms) = 10 cm as concluded before; a 40% increase in the width from 1565 ms to
1580 ms was estimated (which is also revealed from magnetic measurements of the poloidal
field), so W{ 1565ms) = 7 cm for frot = 1.4kHz.

Fig. 4 shows profiles as seen by the probing waves during the measuring time of 2 ms.
for (a) frot = 0kHz and (b) frot — lAkHz. Numerical simulations were also performed
where discrete data was considered (with Fj — Fj-\ such that A0 = 2TT); the localization
of each density layer Xj(Fj,tj) is obtained by the integration of the phase shift for lower
frequencies (launched at earlier times when the profile was different), so the reconstructed
profiles differ from the profiles seen by the launched waves namely when the island is
rotating (Fig. 5). The shape of the measured profile is therefore depending on the rate

124



between the measuring time interval and the periodicity of the perturbation, as it is clear
from the example of Fig. 6 (sweep time 200//S < T = l// rot ~ 700/xs. for frot = lAkHz).

The numerical modelling clearly confirm the interpretation of the experimental results.
For example from the measured deformation of the profile at t = 1565 ms it can also be
concluded that a density plateau within the island structure should already exist before
mode locking occurs, rotating with the magnetic perturbation.

2. Changes in the q-profile during LHCD

From the radial distribution of the density perturbations due to the destabilization
of MHD modes at rational surfaces the temporal evolution of the q-profile was estimated
from single shot measurements /2/ .

Two plasmas with different safety factors (q ~ 3.3 and 4.8) were studied. In both
cases locked modes (m = 2, n = l ) precede the disruption.

From the evaluated phase shift characteristics, phase jumps are observed (Fig. 7) due
to the flattening of the plasma profile, caused by the locked modes at q ~ 2. Perturbations
are also seen at the expected location of other rational surfaces. The electron density
profiles obtained from the averaged phase shift data of Fig. 7 are shown in Fig. 8. The
locations of density perturbations for the two plasmas are presented in Fig. 9: the q profiles
for ohmic plasmas as derived from the Te(r) profile, assuming neoclassical conductivity,
are also shown for comparison. Reflectometry measurements agree rather well with the
expected q profiles for the two plasmas.

LHCD discharges with different compound launched spectra were studied, where sig-
nificant changes of the current density profile j(r) are expected to occur. Fig. 10 refers
to # 29273, with Aip = 90°/90° -I-180° and PLH = 0.75MW/0.75 + 0.3MW. Fig 10(a)
shows a slow decrease in (/3equ — 0V — U)j2, for the second LH plateau, attributed to a
decrease of the internal inductance U and therefore a broadening of j(r). The overshoot
in the decrease of the ULOOP is an independent confirmation of this because it is caused by
a decrease of the poloidal magnetic field energy due to the drop in k.

The local modification of j(r) can be inferred from the temporal evolution of the
radial location of MHD modes as described above. The results obtained from several
reflectometric samples during the plasma discharges (for 20 < r < 40cm) are presented in
Fig. 10(b). From the OH phase to the steady state phase of the first LH plateau (with
&<p = 90°), an outward radial shift of the radial position of the observed modes is found.
For t > 1.4a (second LH plateau, 90°+180°) a clear outward shift of the innermost detected
surface (at q ~ 3/2) is seen; surfaces with higher q remain roughly at their position during
this stage. The observed shifts are in agreement with Li beam measurements which give
the local j(r) profile (see Fig. 11).
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The range of variation of the radial position of each mode estimated from reflectometry
is shown in Fig. ll(a). where the q-profile for the ohmic phase (from Te(r)) is plotted for
comparison. For another set of discharges with the same plasma parameters but different
LH spectra (<\<p = 90° + 150°), the modification of j(r) was also detected. The surfaces
q = 3,5/2 and 2 were identified and an inward radial shift was measured for q = 2.
corresponding to a flattening of the j(r) profile near the q = 2 surface (Fig. ll(b)).

II - MHD ACTIVITY IN H-MODE PLASMAS

Combined broadband and fixed frequency measurements, enabled the detailed study
of the density profile development and of the temporal evolution of density fluctuations
from the Ohmic to the H phase / 3 / .

Plasma density profiles were obtained from the scrape off layer until close to the
plasma center (0.4 - 4.5 x 10J3cm~3,43 > r > 8cm) and fluctuations were localized in the
measured profiles. Fig. 12(a) shows a typical L-mode profile and the development of the
plasma density during the H mode; Fig. 12(b) shows the corresponding fluctuation levels
in the L and H-phastc estimated from the perturbations induced in the radial phase shift
characteristic [(Acf>/AF(r)] of the broadband signals.

In the ohmic and L phases, fluctuations are present both in the edge plasma (between
35 and 40 cm) and in the central region (close to and within the q = l rational surface). In
the intermediate zone (16 < r < 35cm), MHD modes with low level of density perturbation
could be detected close to the expected locations of g = 3/2 and q = 2.

L-H transition:At the onset of the H phase, the level of edge fluctuations decreases
as fast as the Ha drops within the divertor chamber, to levels well below those observed
in the OH phase. The edge density gradient steepens; density shoulders were detected 0.4
ms after the L-H transition.

In Fig. 12(a) a density shoulder is shown 1.5 ms after the transition. At the edge, a
region with reduced fluctuations is formed that extends radially beyond the steep gradient
zone. After the rapid formation of the edge shoulder at the L-H transition, the interior
plasma profile (r < 35cm) flattens along a much slower time scale, while fluctuations in that
region increase to the levels observed in the OH phase. In H regimes with an ELMy phase
the flattening of the interior plasma is initiated after the last ELM; in regimes without
ELMs or with a single ELM the flattening occurs some 30-40 ms after the L-H transition.
The observation of a fast time scale for the density rise at the edge and a slow one for
changes in the bulk plasma, suggests that the improvement of the bulk confinement is
rather a consequence of the changes in the edge conditions, whose effects slowly propagate
inward.

ELMy Phase: Coherent MHD modes (namely around q = 2 and g=3/2) that had been
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supressed after the L-M transition often reappear. The broadband structure of ELMs. (as
observed by the magnetic diagnostics), was detected at the edge plasma and seems also to
affect the inner plasma layers.

ELMs- Fig. 13 shows the frequency distribution of density fluctuations (for nec =
0.5 x 1013cm~3) at the end of the quiescent H-phase. and the Ha trace at the divertor. for
#33143. A precursor appears ~ 800^5 before the fist ELM. with frequency / ~ 100kHz.
During the ELM. broadband turbulence is seen up to the highest measured frequency (~
350kHz); however, the background level of fluctuations is clearly below the one in L-phase
suggesting that ELMs should not be considered as a H-L back transition phenomenon.

H Quiescent Phase: A large increase of density occurs during the quiescent phase:
contrary to expectation, however, strong fluctuations can occur inside the edge density
shoulder. A strong narrowband mode with decreasing frequency was found, of electrostatic
nature. MHD activity is detected at the edge plasma, coupled with the destabilized central
m = l mode.

m = l satellite mode activity- In ASDEX. with strong NBI (P > IMW). a satellite
mode of the central m = l. n = l mode is often observed. Two types of discharges were
analysed (with hydrogen and with deuterium co-injection) where the time evolution of
the satellite mode frequency was- measured at the plasma edge with (fixed frequency)
reflectometry.

In the discharges with D injection the torques applied to the plasma are higher and the
L-H transition occurs earlier (> 35ms after injection, instead of ~ 200ms for hydrogen)
and the plasma toroidal rotation speed might still increase during the H-phase. The
example of Fig. 14 refers to a discharge where PM(D) = 2.3 MW was applied at
4 = 1.2 ms. Fig. 14(a) shows the frequency distribution of density fluctuations at the edge,
nec = 0.5 x 1013cm~3. A m=l satellite mode is detected, with frequency increasing from
~ \AkHz in the L-phase to 2ikHz in the H-phase: identical frequencies are observed by
Mirnov coils (Fig. 14(c)). The m= 1 activity and the coupled mode supressed after the first
sawtooth observed in the H phase and are destabilized shortly before the second sawtooth:
the frequencies then decrease as a corollary to the decrease of the toroidal plasma rotation.

The measurements of the local mode frequency, / , provided an indirect way to estimate
the central plasma toroidal velocity: v ~ 2iri?(/ - fd), where R is the plasma major radius
and /d is the diamagnetic drift frequency at the q = 1 surface. For the case of Fig. 14,
v is expected to increase from ~ 2.1 x l05ms~1 at 1.24.S (when fd ~ 4.1kHz) up to
v ~ 2.7 x 105ms~1, at 1.3s(fd ~ 2.3kHz)

The radial evolution of the fluctuation levels induced by the satellite mode, An/n,
(estimated from the relative amplitude of the frequency harmonics in the power spectra)
suggests that the modes should be localized in regions where ne < 0.5 x 1013 cm~3, seem-
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ingly close to but outside the separatrbc /4/ . Magnetic measurements, taken within the
divertor chamber, indicate a mode location within the SOL.

H-L transition: Prior to the back transition, fluctuations increase and recover the
pattern of the L-phase. A further increase of both incoherent fluctuations and MHD
activity observed after the H-L transition.

4. Concluding remarks

During LH regimes the detailed deformation of the plasma profile due to large mag-
netic islands was measured by reflectometry. The evolution of the m = 2 magnetic islands
structure approaching locking was investigated, and locked modes could be directly local-
ized for the first time. In cases of LHCD discharges with different compound spectra, the
radial shift of the locations of the MHD modes was detected, indicating changes of the
current profile: the study showed the potential of this technique for the estimation of the
temporal evolution of the q-profile from single shot measurements.

Steep edge density gradients were measured after the L-H transition (< 400^s). as well
as the flattening of the interior plasma which occurs along a slower time scale (~ 30 ms).
Turbulent fluctuations above 30 - 40 kHz are drastically reduced at the L-H transition.
Several magnetic modes were analysed during the H phase. Localized frequency spectra of
ELMs and their precursors were obtained, and the influence of ELMs on the central plasma
was discussed. The so-called satellite of the central m = l, n = 1 mode was observed at
the reflectometer channels probing the plasma edge. The measurement of the local mode
frequency provided an indirect way of estimating the central toroidal velocity of the plasma.
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BROADBAND HETERODYNE REFLECTOMETRY:

APPLICATION TO THE W7-AS STELLARATOR

J. Sanchez, T. Estrada, H. J. Hartfuss*

ASOCIACION EURATOM/CIEMAT 28040 Madrid, Spain.

*Max-Planck-Institut fur Plasmaphysik, EURATOM Ass.,8046 Garching, Germany.

ABSTRACT

A broadband heterodyne reflectometer, operating in the frequency range 75-110 GHz,

has been installed and operated at the W7-AS Stellarator, for the study of density fluctuations

and fast density profile determination.

One of the main aims of the system is to allow for broadband operation, without the

limitations of phase-locked sources. Both LO and RF oscillators can be swept over the whole

frequency range. After a first IF stage in the range 5-8 GHz, several downconversion steps

lead to a last IF (60 MHz), which is provided by a quartz oscillator and carries the phase

delay from the plasma as a phase modulation. The phase information is detected by sin/cos

detection around the 60 MHz carrier. Due to the balanced detection scheme, all drifts, as well

as the broadband noise of the BWO (RF and LO) oscillators, are cancelled at the different

downconversion stages.

The system offers broadband operation together with the possibility to decouple phase

and amplitude oscillations of the reflected beam. In addition, the detection system shows a

very high dynamic range (up to 80 dB) which is able to overcome the large amplitude

oscillations of the reflected beam, phenomenon which causes very often loss of fringes in

rcflectometry systems.

The reflectometer described offers a good basis for further developments on large

devices, which will require a very high sensitivity due to the long waveguide runs, together

with the advantage of the operation in a continuous frequency range and fast sweeping

capability.

After installation on W7-AS, first results reproduced the original findings of the former

homodyne system (1): location of rational surfaces and coherent modes and a correlation

betwee:. fluctuations and loss of optimum confinement.
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New results on the radial distribution of density fluctuations have been obtained. The

fluctuation levels and spectra behavior are compared for the different plasma conditions and

heating methods (ECRH and NBI).

A phase drift due to asymmetries in the spectrum around the last IF has been observed,

this effect is strongly dependent on the plasma conditions and can be caused by plasma

rotation.

INTRODUCTION

Most of the reflectometers use homodyne detection techniques. This method has the

major advantage of simple broadband operation but has an ambiguity in the determination of

the phase delay, <(>, between the reference and the reflecting layers, because Acos(<j>) and not cj)

is measured. This leads to interpretation problems due to the coupling between phase and

amplitude and to the nonlinearity of the cosine function. For these homodyne systems,

broadband capability and swept frequency operation are needed to overcome this ambiguity

(2).

Heterodyne systems permit unambiguous phase determination but are in general

narrowband. Due to the very stable IF required, feedback synchronization of the two high

frequency oscillators is needed to avoid a large drift of the two oscillators, which would

require a large IF bandwidth.

The heterodyne reflectometer described herein uses several downconversion steps

which allow for a large first IF bandwidth with a very stable last IF. The reflectometer

diagram is shown in figures 1 (front end) and 2 (IF section). Two free running BWO

oscillators, working in the frequency range 75-110 GHz, are used as RF and LO. The first

IF is allowed to drift between 5.6 and 7.7 GHz due to the two additional downconversion

steps used: 4 GHz and 60 MHz. The last IF stability is provided by a quartz oscillator and its

low frequency allows for a narrower bandwidth, leading to a higher s/n ratio. The dynamic

range of the system is very high (>80 dB) allowing plasma losses =40 dB. Thus, the

measurement is not affected by the large amplitude oscillations, permiting a continuous

tracking of the phase signal with a minimum amount of lost fringes.
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A phase drift due to asymmetries in the spectrum around the last IF has been observed,

its magnitude and also its sign depend strongly on plasma conditions and radial position.

This makes difficult the low frequency (< 5 kHz) fluctuation measurements and the profile

determination. In figure 3 we show the spectra for two different radial positions under the

same plasma conditions (ECRH, B=2.5 T, <n>=0.8 x 1019 nr3), the phase drift is negative

in the first case (=150 rad/ms) and positive in the other one (=120 rad/ms).
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Figure 3: Asymmetric spectra of the phase fluctuations for two different radial positions.

The radial dependence of the asymmetry is shown in figure 4, in which the deviation

from the symmetric case (mean frequency equals cero) is represented.

10 12 14 16 18 20

Figure 4: Radial dependence of the asymmetry and density profile (measured by Thomson scattering

system).

A change in the sign of the asymmetry appears close to the limiter position, whore the

velocity shear layer is located. This change could be due: a) Symmetric perturbation: in this

case an antenna misalignment is required to interpret the experimental results, and the sign

changes because the poloidal rotation direction reverses, b) Asymmetric perturbation: an

antenna misalignment is not required and the sign changes either because the poloidal rotation

direction reverses or because the asymmetry reverses.
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RESULTS AND DISCUSSION

In order to interpret the measured phase fluctuations as density fluctuations near the

cutoff layer location the WKB approximation must be valid along the propagation path,

otherwise the full wave equation must be solved to find the phase change due to a given

density fluctuation. The condition for the validity of the WKB approximation is given by (3):

2JC dr
« 1

where \Q is the vacuum wavelength and r| is the refraction index of the plasma. We have

checked whether this condition is satisfied when density fluctuations are present.

Considering the result from the saturation models (kps<l), the estimated mean wavelength,

A, of the fluctuations in W7-AS is A > 1.5 cm at the plasma edge and A > 3 cm at r=14 cm
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(r/a=0.7). In figure 6 we show the results obtained when the cutoff layer is located at r=14

cm (fig. 6.a) and r=18 cm (fig. 6.b), they correspond to the most unfavorable cases.
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Figure 6: WKB approximation validity ( A « l ) for two different cuioff positions: r=14 cm (a)
and r^ 18 cm (b)

The linear approximation at the cutoff layer is valid when (3):

d2e
Ar

where e = r|2 and Ar is the width of the reflecting layer. For W7-AS parameters this width is

= 2 mm, which means that the condition is fulfilled for perturbations with A = 1.5 - 3 cm.

In order to obtain the density fluctuations, Sn, from the phase fluctuations, 8$, the

expression:

8n = —Vno>
4it

is used. This is valid either for O-mode or for X-mode with constant magnetic field along the

minor radius, as it is the case for the W7-AS reflectometer line of sight. The probing beam

wavelength in the plasma, X, is usually larger than Xo, but is not in general very well

defined. The value of X. for the typical A values (1 .5-3 cm) lies between XQ and 2XQ. A

numerical search for W7-AS parameters at B=2.5 T leads to:

where f is given in GHz and the density gradient in 1019 m4.
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The radial distribution of the density fluctuations has been measured under different

plasma conditions. The relative density fluctuation level shows a continuous increase from

the plasma bulk (=1 % in r/a=0.5) to the edge (=15% in r/a=l), (see figure 7), while the mean

frequency and the spectral width show a small change along plasma radius, in both, ECRH

and NBI-heated discharges (see figure 8).

ECRH

-

. 1

• Sn/n

' * *

NBI
i

-

12 13 14 15 16 17 18 19 20
r(cm)

12 13 14 15 16 17 18 19 20
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Figure 7: Density fluctuation profiles (together with density profiles measured by Thomson scattering

system) during ECRH and NBI methods.
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Figure 8: Radial dependence of the mean frequency and the spectral width.

Mixing length theory predicts a density fluctuation level given by:

5n J_
n = g L n

where the function "g" shows different behavior according to the different theories. In figure

9 the value of the "g" parameter is represented for the previous discharges. Its values are very

similar for the different plasma conditions and there is almost no variation along plasma

radius.
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Figure 9: "g" parameter and electronic temperature vs plasma radius.

As a consequence of the asymmetry in the spectra we can observe the velocity shear

layer location (where the asymmetry, described as the value of the center of gravity of the

frequency spectra, sign changes) and its influence on density fluctuations. In figure 10 the

radial dependence of the density fluctuation level is represented together with the asymmetry..

ECRH 5n
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r (em)

Figure 10: Density fluctuation level and mean frequency vs radius.
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Due to the fact that W7-AS has almost no magnetic shear, the confinement depends

strongly on the magnetic configuration. Reduced confinement is associated with low order

rational values of the rotational transform at the boundary: 1/3, 1/2, and optimum

confinement is found close to these values. During the iota scan experiments, the phase

fluctuations were measured for a fixed incident frequency (radial position ~ constant),

obtaining a clear correlation between fluctuation level and loss of optimum confinement. In

figure 11 the phase fluctuation level and the plasma diamagnetic energy are represented for

the different values of iota at the boundary, for NBI-heated discharges at B=1.25 T. Similar

results were obtained for different plasma conditions (B=2.5 T and ECRH).
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Figure 11: Phase fluctuation level and diamagnetic energy vs boundary iota.

SUMMARY AND FUTURE DEVELOPMENTS

The broadband heterodyne reflectometer works in a reliable way:

A complete description of the radial distribution of turbulence has been stored for

several Thomson profile series:
8n, 8n/n, <co>, o^, 8n/grad(n),...

8n/n can be evaluated for f > 5 kHz within + 25% (provided 1-Dim. WKB remains

valid). The obtained values are: 15% at the plasma edge and 1% at r/a=0.5.

A phase "run away" appears possibly due to rotating structures: Shear layer is observed

close to the plasma edge.

A correlation is observed between fluctuation level and loss of optimum confinement

during iota scan experiments.

In the next experiments the sweeping frequency method will permit to determine 8n(r)

in a single shot.

Time delay measurements by A. M. reflectometry will be used for density profile

determination.

With a few modifications the system should be able to measure the radial correlation

length of the density fluctuations.
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MEASUREMENT OF DENSITY TRANSIENTS
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Abstract

In this paper we discuss the use of the multichannel reflectometer at JET for

measuring density transients. We present data on the following topics: density pulse

propagation and density fluctuations during the sawtooth crash, the change in the

electron density profile and the fluctuations during the L to H transition, and the

spatial localisation of MHD modes.

1. Introduction

At JET the multichannel reflectometer(l,2) is used for measurements of density

transients. The reflectometer consists of twelve channels which probe electron

densities between 0.4 and 8.0xl019 nr3 . The probed densities and their probing

frequencies are given in table 1. The channels are equipped with phase detectors and

homodyne detectors. The phase detectors measure the phase between the reference

arm and the plasma arm with a resolution of 1/256 fringe and a time resolution of 0.3

ms. They are mainly used for measuring density profiles. The homodyne detectors,

also called the coherent detectors, are used to measure fast density fluctuations.

With the present system density fluctuations up to 100 kHz can be recorded. The

coherent detectors are sensitive to both amplitude and phase fluctuations in the

signal reflected from the plasma.

It is possible to operate the reflectometer in two different ways: a fixed

frequency mode and a narrow—band sweep mode. The narrow—band sweep mcde is

used for measuring density profiles whereas the fixed frequency mode is well suited

for measuring fast fluctuations. In the paper by A.C.C. Sips et al.(3) the technique

used to obtain density profiles from the phase measurements is presented. In this

paper results from this analysis are combined with the density fluctuation data.
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2. Particle transport studies

The sawtooth crash has been used extensively to study (perturbative) heat transport

in thermonuclear plasmas(4-6). During the sawtooth, crash the temperature profile

in the centre is flattened in less than a micro second up to the inversion radius (see

fig. 1) and the heat from the centre is deposited between the inversion radius and the

mixing radius. Outside the mixing radius the plasma is not affected by the crash.

After the crash the excess of heat between the mixing radius and the inversion ntdius

is transported to the edge of the plasma by a diffusive process. Experimental dai a for

such a heat pulse is shown in the left panel of fig. 2. The crash affects both the

temperature profile and the density profile. A small fraction of the central electron

density is pushed outward to the region between the mixing radius and the inversion

radius. This fraction is sometimes visible as an outward going density pulse o:\ the

phase data of the reflectometer. A second much bigger density pulse is often observed

following the arrival of the heat pulse at the limiter which releases some gas from the

limiter into the plasma. A typical example of such a density pulse is shown in the

right panel of fig. 2. This density pulse is measured with the phase detectors. Note

that this density pulse is propagating inward. Both the temperature and density

pulses can be described by a single (linearised) diffusive matrix equation(6):

J*= AV»z + BVz + Cz + S (1)

with

the perturbation of the temperature and density profile. In this equation the ma.trix,

A, contains the diffusion coefficients, x h p a n d DdP, together with the coupling

coefficients between the heat and density pulses:

9D To
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The matrices B and C represent the convection and damping terms, while the sources

and sinks are represented by the matrix S. This equation is now solved and the

diffusion coefficients are adjusted in such a way that a good agreement with the data

is obtained. In fig. 2 the dashed curves are the result of such a fit. At JET we have

studied a large number of heat and density pulses this way. For xhp we have obtained

values between 2 and 8 m2/s and for DdP 0.3 and 1.2 m2/s. In ref. 4 a more extensive

report is given on these results.

3. Fluctuations during the sawtooth crash

The heat conductivity as obtained from perturbative methods, such as the sawtooth

crash and ECRH modulation experiments, is in general much larger than the values

obtained from a power—balance analysis. An increase of high frequency density

fluctuations may be associated with this discrepancy. At JET we studied the change

in the level of fluctuations during and after the sawtooth crash. For this study we

have been using monster sawtooth crashes. The diffusive region for these sawteeth is

typically between 3.8 and 4.2 m minor radius. In these pulses the reflectometei was

sampling.this region as can be seen from fig. 3. In fig. 4 the density fluctuation

spectra for the channel at 2 5xlO19 nr3 are shown before and after after the sawtooth

crash. It can be seen from this figure that the fluctuations between 60 and 100 kHz

are enhanced. The time development of these fluctuations is shown in fig. 5, where we

have plotted the average fluctuation level between 60 and 100 kHz normalized to the

fluctuation level just before the sawtooth. These measurements suggest that the

increased heat conductivity following a sawtooth crash is associated with an increase

in the level of electron density fluctuations.

4. L to H transition

During the L to H transition an efficient transport barrier is formed in the edge cf the

plasma. In order to investigate the behaviour of the electron density fluctuations

during the L to H transition we have used the reflectometer for both measuring

density fluctuations and electron density profiles. In fig. 6 the development of the

electron density profile is shown. From this figure it can be seen that the edge

gradient steepens considerably when the transition occurs. In fig. 7 we show the

density fluctuations before and after the L to H transition for two reflectometer
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channels. In the lower part of fig. 7 a channel at the plasma edge is displayed,

whereas in the upper part a channel deeper inside the plasma is shown. From this

figure it can be seen that there is a significant drop in the fluctuation level at the

edge, whereas inside the plasma no reduction is observable. This observation we

confirms that, so far as the electron density fluctuations are concerned, the L to H

mode transition is an edge localized phenomenon. Deeper inside the plasma keeps its

L mode character as can be seen from the upper part of fig. 7.

5. Localisation of MHD modes

The combination of slow phase detectors and fast homodyne detectors is well suited

to determine the radial position of MHD modes in the plasma. From the phase

detectors, electron density profiles are obtained in the usual way on a 10 to 50 ms

time-scale. The homodyne detectors are used to sample the density fluctuations, in

our case up to 100 kHz. In fig. 8 the density profile as measured directly before the

fast fluctuation window is shown. In this case it is a measurement on one of th«: two

high performance deuterium—tritium plasmas in the L—mode phase 80 ms after the

H-mode phase was terminated. In fig. 9 the density-fluctuation spectra are shown.

In these spectra coherent modes can be recognized on a continuous background,

together with a broad peaked structure starting at 70 kHz and extending beyond 100

kHz, the experimental cut-off frequency. Some of the discrete frequencies are only

visible on the edge channels, whereas other frequencies are only found on :nore

central channels. From this data we can determine the spatial extent of the discrete

modes. To study the MHD activity in more detail we would like to make a

quantitative comparison between measured amplitudes in the different channels.

Therefore, it is necessary to calibrate the relative response between the channel:; and

we do this by assuming that the broadband fluctuation level is the same in each

channel. We can thus calibrate the observed discrete peaks to the background

fluctuation level by taking the ratio of the peak height and the background. The

result of this calculation is shown in fig. 10. With this assumption we can draw

continuous curves through the different channels showing the rise and fall of the

different MHD modes. At the inner channels, a low frequency mode at 4.5 kHz is

visible with some of its harmonics. There is a mode at 29.3 kHz present only in the

edge (3.89 m) where the density gradient is large (see fig. 8). Possibly the most
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interesting feature, however, is the broad structure between 80 to 100 kHz. This has a

maximum at the edge channels and a second maximum at 3.73 m. From this example

we conclude that it is possible to obtain information about the localisation of MHD

activity in the plasma. Under the assumption of a homogeneous background of

broadband fluctuations we can obtain the.relative amplitudes of the MHD mode.-;.

6. Conclusions

In this paper we have reported on various transients in JET plasmas observed with

the multichannel reflectometer. With this apparatus electron density profiles as well

as electron density fluctuation spectra can be obtained on the same pulse. From

measurements of the heat and density pulses, generated by the sawtooth crash,

perturbative heat and electron diffusion coefficients can be obtained. From a coupled

analysis, it was found that there is some coupling between the heat and density

pulses. However, this coupling, as expressed as the off-diagonal components in the

diffusion matrix, is small compared to the diagonal components. In an attempt to

find the cause of the anomalous heat diffusivity, we have found that the electron

density fluctuation level is increased during the passage of the heat pulse. Further

experimental evidence that electron density fluctuations are associated with the

anomalous heat diffusivity comes from the observation of the decreased fluctuation

level at the plasma edge during H mode phases, where the transport barrier is

formed. Deeper inside, the L-mode fluctuation level is maintained. Finally, it is

shown that reflectometry can be used to spatially resolve MHD activity if the

relatively slow electron-density profile measurements are performed in combination

with a homodyne detection of the reflected signal on a fast time scale.
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channel

1
2
3
4
5
6
7
8
9

10
11
12

frequency
(GHz.)

18.6
24.3
29.3
33.8
39.5
45.2
50.3
57.1
64.2
69.5
75.1
80.2

crit. dens.
(1019m-3)

0.43
0.73
1.06
1.42
1.94
2.53
3.14
4.05
5.11
6.00
7.00
7.98

TABLE 1. The probing frequencies and critical densities used in the JET
multichannel reflectometer.

•inv

FIG. 1. The flattening of the temperature profile during the sawtooth crash. Right of

the profile the time development of the recovery of the temperature is shown in the

three different regions
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ECE MEASUREMENTS REFLECTOMETER

20 T I M £ 4 0 ( M S ) 60 80 20 T I M E 4 0 ( M S ) 60 8C

FIG. 2. The temperature and density traces as measured with the ECE
polychromator and the reflectometer, respectively. The solid curve represents the
data. The dashed curve is the best-fit solution of equation 1. The dotted curve is a
spline to the data.

0 probing
channel

n

2 E

3.20 4.20

FIG. 3. The temperature and density profiles as measured with the ECE
polychromator and the reflectometer, respectively, for a monster sawtooth crash.
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FIG. 4. The density fluctuation spectra between 10 and 100 kHz for the

reflectometer channel probing the density at 2.5xlO19 nr3. The solid dotted curve is

obtained just before and the solid curve just after the sawtooth crash.
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FIG. 5. The time dependence of the average density fluctuations between 50 and 100

kHz during a sawtooth crash normalized to the fluctuation level just before the

sawtooth crash. The position of the channels is shown in fig. 3.
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FIG. 6. The electron density profile development before and after the L to H

transition.
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FIG. 7. The density fluctuation spectra before (dotted curve) and after (solid curve)

the L to H transition. In the upper part a channel well inside the bulk of the plasma

(ne=3.1xlO19 nr3) is shown whereas in the bottom part a channel at the edge

(ne=0.7xl0ig m-*) is shown.
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FIG. 8. The electron density profile <>; obtained from the swept frequency data

immediately before the frequencies of the transmitters in the reflectometer were kept

fixed to measure the fluctuation spectra as shown in fig. 9.
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FIG. 9. Power spectra of the density fluctuations as measured just after the profile in

fig. 8 was measured. The individual curves have been displaced vertically for clarity.
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WITH THE MULTICHANNEL REFLECTOMETER SYSTEM.
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Abstract
The potential and limitations of JET's Multichannel Reflectometer System for

studying ELMs have been evaluated. Two new methods for calibrating fixed frequency
data have been developed to cope with the problems caused by ELMs. Results on both
the temporal and radial evolution of the ELMs and associated fluctuations are
presented, and the significance of the relative proportion of phase and amplitude
fluctuations is discussed.

Introduction
Edge Localised Modes (ELMs) are characterised by bursts of D, emission during

the H-mode and the L-H transition. The ELMs are generally associated with a
temporary decrease in confinement, which results in increased particle and energy
transport across the last closed flux surface (lefs), and consequently increased D,
emission. As the ELMs thus reduce both the plasma and impurity densities in the edge
region, they have potential for controlling the density and prolonging the H-mode.

The plasma region of interest is the edge region spanning 20 cm inwards from the
lefs, ie. at relative minor radius p = 0.8 - 1.0. The ELMs occur on a timescale of a few
ms, and they are associated with fluctuations over a wide frequency range, up to at least
100 kHz. The interval between ELM's varies from 0.5 ms for a series of small ELMs
occuring during the L-H transition, to seconds for large singular ELM's later in the
H-mode.

The Multichannel Reflectometer System at JET.
The multichannel reflectometer system probes the plasma along the horizontal

midplane with microwaves polarized in the ordinary mode. It employs separate launch
and reception antennas, oversized wave guides for transmitting the microwave power to
and from the antennas, Gunn oscillators as sources and a heterodyne detector system
[2~\- There are twelve discrete probing frequencies in the range 18 - 80 GHz
corresponding to critical electron densities from 4x1018 nr3 to 8x10" nr3.

During an H-mode the density profile is relatively constant across most of the
plasma, decreasing steeply in the edge region. Thus a spatial resolution of around 5 cm
or less is needed to obtain quantitative measurements of the edge density profile. The
reflectometer has the advantage that it measures the radial positions of layers of fixed
density. Most of the reflection points are found where the density gradient is steepest,
resulting in a good spatial resolution in the edge region.

The reflectometer has two independent arrays of detectors:
1) The coherent detectors measure a combination of changes in phase caused by
movements of the reflecting layer and changes in the amplitude of the reflected wave,
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equivalent to homodyne detection. Frequency spectra of the density related fluctuations
can be computed from the data; the maximum sampling rate is 500 kHz.
2) The fringe counters measure the phase part of the signal ,4>(t), in units of fringes (one
fringe is equivalent to a phase change of In radians). The resolution is 1 12S fringe
corresponding to movements of the reflecting layers of ^0.2 mm. In order to eliminate
the effects of high frequency density fluctuations the fringe counter data is filtered at a
bandwidth of 3 kHz. Apparent 'jumps' in the measured phase still occur occasionally,
mostly caused by momentary loss of signal from the plasma arm. These phase jumps
are eliminated by taking the time derivative of the signals and removing the spikes in
d(/>/dt corresponding to the jumps.

The rellectometer has two modes of operation: fixed frequency, for monitoring the
relative movements of the critical density layers; and narrow band swept frequency, for
generating density profiles. In the latter case, the frequency of each source is swept over
a narrow band (typically 100 MHz). The r sultant change of phase is measured, at a rate
of around 25 samples sweep. In order to eliminate phase changes caused by movements
of the reflecting layers during the sweep the reflectometer employs a sweep dwell
technique. A number of fixed frequency samples is taken in the dwell periods between
each frequency sweep \_2~\. These measurements are used to reconstruct a baseline
corresponding to the movements of the reflecting layers. This can then be separated from
the phase changes caused by the frequency sweeps. Alternatively the baseline can be
used as fixed frequency data.

Calculation of Density Profiles.
The phase delay 4> of an ordinarily polarised wave of frequency Fc reflected from the
cut-off layer is [ l ] :

' /2

where n(R) is the electron density at radial position R, ric = Fi4n-£0mJe2 is the critical
density, Rc is the position of the reflecting layer, Rout is a reference position outside the
plasma edge, and // is the refractive index.

From (1) it can be seen that changes in the phase delay can be caused by changes
in both the density profile and the reflectometer frequency. Self-calibrated density
profiles can be calculat-i from measurements of the change in phase with frequency,
d<£c/dFc, using an Abel inversion technique [ 2 ] .

Measurements of 4>c(t) at fixed frequency give the relative movements of the critical
density layers. Several techniques can be employed to convert these into density profiles,
all of which require a reference density profile for calibration.

Linear Method:
The density profile is approximated by a linear model with a constant gradient, no/AR,
from the plasma edge Redse to a position Redge - AR in the plasma, and a constant value
n0 throughout the rest of the plasma. Inserting this model in (1) gives the density
gradient and the edge position:
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'i"hc multichannel reflcctomctcr provides simultaneous measurements of </»c at
several critical densities nc. With these data the density gradient and plasma edge
position can be calculated from (2) employing linear regression.

In order to calculate the phase constants <pa,c, a set of values for the density gradient
and edge position is obtained from a reference density profile. These are then inserted in
(2) to give </>o,c for each nc.

Piecenise Linear Method:
The density profile is assumed to be linear berween each critical density n, at radial

position R,, with gradient An,/AR, between n, and n,. |. Assuming that the plasma edge
position Red5<, is known, the position of each subsequent critical density nc is given by:

(3)

Here, AR, = R, — R, _,, An, = n, — n, _lt </>c,nOr = -;— (4>c — <K<:):ef, :f-Ro = Re<j.e and n0 = 0.
In order to calculate the phase constants <f>0^ a reference density profile is used.

The positions of the critical densities are obtained from the reference profile. Inserting
these in (3) then gives 4>a,c at each critical density.

Fringe Counter Phase Measurements during ELMs.
The narrow band sweep profiles are generated at a rate of one per sweep dwell

period ie. with a temporal resolution of 15-30 ms, and it is only possible to generate
profiles when the positions of the reflecting layers do not change abruptly during the
sweep. The density evolution during ELMs is thus too fast to be studied using narrow
band sweep profiles.

The temporal resolution of the fixed frequency phase data is =0.3 ms, fast enough
to resolve the ELMs. The fixed frequency phase data have the following limitations:

• 3 kHz filters limit the movement of the reflecting layers that can be observed; the
maximum observable radial velocity is =10 m/s.

• All methods of generating profiles from fixed frequency data require a reference
density profile for calibration. However it is usually possible to use a narrow band
swept profile from the reflectometer, independently of other diagnostic systems.

• Since the fringe counters measure the total phase change, a fixed frequency profile
will be corrupted by any phase 'jumps' in the period between the time of the
reference profile and the time of interest. Thus a new reference profile must be used
in each period of good data between phase jumps.

The linear method depends on linear regression of data from several channels. This
results in a fairly good tolerance of phase jumps on any single channel. Furthermore the
error on the linear fit at any given time can be calculated. This is due to phase jumps
and to changes in the profile shape, in the period since the reference profile time. As the
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change in profile shape during ELMs is small, the error gives an estimate of the data
corruption caused by phase jumps during the EL Ms. Comparisons show that the linear
approximation to the density profile is usually good in the edge region, particularly
during the I [-mode £ j ] .

The piecewise linear method was developed to overcome the limited radial
resolution of the linear method. It allows the movement of each critical density layer to
be calculated individually. Thus the radial propagation of a density pulse can he
resolved. The main disadvantage is the lower tolerance for phase jumps, as the
calculation of each critical position is corrupted by errors in the phase data at any lower
density. Furthermore it is also necessary to obtain the plasma edge position from
another diagnostic.

Edge Density Gradient
The linear method has been used to calculate the average density gradient in the

edge region. In fig.l the top traces show the density gradient during one medium and
two small ELMs. The calculation is based on a reference profile in the beginning of the
period. The uncertainty on the gradient increases during each ELM. The reason for this
is most likely that the reflecting layers move faster than can be observed by the fringe
counters due to the 3 kHz filtering. The maximum velocity that can be resolved by the
filters is ^10 m s, whereas a propagation velocity of ~] m s is observed by comparison
of several channels.

The middle trace in fig. I shows the electron temperature gradient, which decreases
sharply during the ELM. The relative decrease is around 10 %, of the same order as the
observed decrease in density gradient. The timescale of the decrease is however much
shorter. This is partly instrumental as the density gradient is calculated as an average
over the whole edge region, disguising the radial evolution. Part of the difference may
also be physical as the heat transport is faster than the particle transport [ 2 ] .

Radial Density Evolution
In fig.2 a contour plot of the critical densities against radius and time generated

by the piecewise linear method is shown, during the three ELMs of fig. 1 The larger ELM
originates between n = 1.4x10" — 2xl0"rrr3, causing an outward propagating density
pulse. The propagation velocity is found by calculating the time delay between the pulse
on different density contours, thus overcoming the limited time response of each channel
due to the 3 kHz filters. The propagation velocity is 13 m,'s, that is ^.25 % larger than
the local diffusion velocity C33- In the edge region inside n = 1.7xlO"m"3 a density
decrease is observed spreading inwards.

The low amplitude ELMs start further inwards, at n = 2x10"- 3xl0"nr3. They
also generate outward propagating density pulses, but these appear to die away before
they reach the plasma edge and cause a D« burst.

Coherent Detector Fluctuation Data
The coherent detectors measure fluctuations in both amplitude, A, and phase, <f>,

of the reflected signals. The reflected signal is given by:

S(t) = A(t) cos(0(t)) (4)
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The fluctuation level 01" The signal depends on the value of 4>; if <jm ± ,T/2 the
fluctuations in phase dominate the signal, and if 0~O the fluctuations in amplitude
dominate the signal. It is not usually possible to establish whether the coherent
detectors are measuring phase or amplitude fluctuations at any given time. When the
data is analysed it is necessary to be aware that changes in the fluctuation signature
could be due to a change from amplitude fluctuations to phase fluctuations or vice versa
rather than a physical effect.

The fringe counter data during ELMs show that movements of the reflecting layers
correspond to a phase change of ^K. The coherent detector data will thus contain
periods with both mainly phase and mainly amplitude fluctuations during an ELM.

The absolute phase, <f>, will be randomly distributed over the different channels of
the reflectometer, and also at the start of separate events on each channel. I hus any
observations that are consistent for several channels and several events must be physical
phenomena, independent of the absolute phase. The fluctuation characteristics of the
ELMs including the outwards movement of the precursor oscillation have been observed
in enough cases to be proved physical rather than instrumental.

Density Related Fluctuations during Medium ELMs
Fig.3 shows the fluctuations at several densities in the edge region , during one

medium and one small ELM. -1-5 ms prior to the larger ELM a high frequency
oscillation starts at around n = 2.5xI0"m~3, and gradually spreads outwards to the rest
of the edge region. A similar oscillation also starts 2-3 ms prior to the low amplitude
ELM.

Fig.4 shows the autopower spectrum of the density fluctuations vs. time and
frequency at four radial positions. A quasi-coherent oscillation at 40-70 kHz (referred
to as a precursor) is observed 2-6 ms prior to the D, burst at both ELMs. The precursor
to the larger ELM decreases gradually in frequency towards the ELM. It peaks earlier
on the inner channels, suggesting an outwards movement of the oscillation. The
precursor to the low amplitude EL.VI does not decrease significantly in frequency, and
there is no clear outwards movement. At the onset of the main D, burst a period of
enhanced broad-band turbulence is observed for both ELMs. The duration of this
coincides with the duration of the D, burst.

Density Evolution and Fluctuations during Small ELMs.
The fluctuation measurements at several densities are shown in fig.5, during a series

of small ELMs at the L-H transition. On the top three traces, at
n = 1.4x10" — 2.5xl0l9nr3 or p =0.8 — 0.9, the density gradient is increasing steadily.
The reflecting density layers are moving outwards causing a phase change of several
times In. This results in a sinusoidal evolution of the reflectometer signals. At densities
below n = l.lxl0"nr3 outside p = 0.9 the underlying density profile remains unchanged.

The ELMs are seen as fast changes and oscillations superposed on the base signal,
and they are localised to the edge I :gion outside n = 1.9xlO"nr3. On the top three
traces, at densities above n = 1.4x1'"nrJ the absolute phase at each ELM can be
determined from the sinusoidal curve. The perturbation caused by each ELM seems
fairly independent of the absolute phase, ie. whether it is mostly a phase or amplitude
perturbation. Furthermore the direction of movement of the reflecting layers during an
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ELM can be determined; at densities above n = 1.4.\I0"m 3 the ELMs cause a sharp
decrease in density followed by slightly slower recovery. At densities below
n = l.lxlrt"m J the ELMs result in a sharp increase in density. Here the direction of
movement is obtained from fringe counter measurements. The overall effect is a
decrease of the density gradient during each ELM.

At the onset of each IILM a burst of oscillations is seen on the traces at
n < l.lxlo"m '. On one trace only, at n = I.IxIO"m J, one or more bursts of high
frequency oscillations are observed prior to each ELM. These precursor oscillations are
thus localised to a narrow radial region of < 5 cm. On the traces outside this, an
outwards movement of the reflecting density layers is observed during each oscillation
burst. This could be due to fluctuation enhanced transport. Another interpretation is
also possible; if the precursor before each IILM is continuous but localised to a very
narrow region, the observed density layer may be moving in and out in relation to the
oscillation, causing it to appear as several separate bursts.

Fig.6 shows the autopower spectrum against time and frequency for
n = l.l\IO"m \ one or more quasi-coherent precursor oscillations arc seen prior to each
ELM, at 60-80 kHz. Each successive precursor before the ELM has a lower peak
frequency. Just prior to and coinciding with the D, burst, a period of broad-band
turbulence is observed. Unlike the precursors this is also seen in the rest of the region
affected by EL Ms.

Density and Magnetic Fluctuations during Large ELMs.
Fig.7 shows the autopower spectrum of the density fluctuations at two radial

positions in the edge region, and of the fluctuations in Bpoi at the outer midplane, during
a large ELM event. At n = O.72xlO"nr3 the density fluctuations show a quasi-coherent
precursor oscillation at S0-100 kHz, starting =20 ms prior to the ELM. Broad-band
turbulence is observed just prior to and coinciding with the D, burst, though at a lower
level than the precursor. In the outer edge region the precursor oscillation peaks 2-10
ms prior to the ELM. Further inwards, at n = 2.5xl0"m~1, the precursor peaks earlier
and dies away before the ELM, suggesting an outwards movement of the oscillation.
A slight decrease in frequency towards the ELM is also observed, and it is possible that
the precursor starts even earlier, but at a higher frequency than the instrumental cut-ofT
at 100 kHz.

The precursor oscillation is also observed on the magnetic field, confirming the
reflectometer results. The magnetic precursor seem more continuous. This could be
because the magnetic field measurements are not as localised radially as each of the
rcflcctometer channels.

Summary

• The evolution in density gradient and profile in the edge region has been investigated
during ELMs using two new techniques for calibrating fixed frequency phase data.

• A significant decrease in density gradient and a density pulse propagating outwards
have been observed during the ELM.

• Measurements of density and magnetic fluctuation spectra show a quasi-coherent
precursor oscillation prior to the ELM, and a period of broad-band turbulence
coinciding with the main D, burst.
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• For larger ELMs the precursor oscillation originates in the inner edge region and
spreads outwards. For high frequency, low amplitude ELMs the precursors are
localised to one channel only, at n = l.lxlO"nv3.

• The problem of whether the coherent detectors at JET are measuring phase or
amplitude fluctuations in the reflected signal, depending on the absolute phase, has
been addressed. The density related fluctuation signature of the ELMs is shown to
be fairly independent of the absolute phase.
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Figure 2: Density contours during medium ELMs.
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Figure 3 Density fluctuation measurements during two medium ELMs; high frequency
oscillations are seen before each ELM.
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Figure 4 Autopower spectrum of the density fluctuations in the inner, middle and outer
edge region; the precursor to the targe ELM peaks 4-5 ms before the Dx burst
at the inner position and 0~2 ms before at the outer position.
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Figure 7; Autopower spectrum of the density related fluctuations at two densities in ike
edge region, and of the fluctuations in Bpoi at the outer midplane during a large
ELM.
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Abstract
Two correlation reflectometers are used on JET: a four channel radial

correlation reflectometer and a two channel toroidal correlation
reflectometer. Measurements are made for a wide range of plasma
conditions - ohmic, H-mode and L-mode. The measurements suggest
that fine scale density structures exist in the plasma. The clearest results
are obtained under L-mode conditions when it appears that the
structures grow radially under the action of additional heating and
rotate toroidally with the plasma. Under ohmic conditions, no
significant evidence of structures is observed. Under H-mode
conditions, it appears that the structures have a relatively small radial
extent and a significant poloidal component to their motion. An
additional poloidal correlation reflectometer is required to determine
this motion.

1: Introduction
It has been known ior many years that reflectometers are sensitive to

density perturbations /1,2/. However, in general, it has not been possible to
obtain quantitative information on the perturbations from an analysis of the
reflectometer signals. Correlation reflectometry is a new technique that can
provide, under certain conditions, information on the wavenumbers and
correlation lengths of the density perturbations /3,4/. In this paper we describe
our work at JET with two correlation reflectometers: a four channel radial
correlation reflectometer and a two channel toroidal correlation reflectometer.

2: Principle
In radial correlation reflectometry, two independent reflectometers

operating with microwave frequencies f|, f2 with the same polarisation, probe the
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plasma along the same line of sight. The reflecting layers are at R^ and RT
separated by a distance Ax. The fluctuating reflectometer signals are recorded with
a wide bandwidth (typically 100 kHz) during a time of interest in a plasma pulse.

The data are analysed using standard spectral analysis techniques, 151. The
autopower spectra, G;(oo), i = 1,2, crosspower spectrum, G^(w), and the crossphase
spectrum, ©^(w) are calculated. The phase difference between the two signals is
assumed to be due to the propagation of a density perturbation between Rj and
R2/ and so it may be related to the wavenumber of the perturbation, kr, in the line
of sight by:

©12(co) = kr(co)-Ax (1)

Ax may be effectively increased by changing one of the probing frequencies. As Ax
approaches the coherence length (lc) of the waves, the power common to both
signals decreases. This effect may be quantified in the coherence function 712(00)
which is defined as:

2 . . IG12(co)l2
7f2(co)= —

Gi(co)-G2((o) ( 2 )

where IG]2(®)lis the magnitude of the crosspower spectrum. By analysing the
variation of y^Cw) as a function of Ax it should be possible to determine lc(co).
There is a lower level of coherence yr, which is the level of coherence that would
be found between two totally random signals. A level of coherence at or below
this value implies that the two signals are totally uncorrelated

There are a number of effects that limit the information that may be
obtained by this technique and these have been detailed elsewhere /4,6/.

In toroidal correlation reflectometry two reflectometers operate at the same
frequency and polarisation and probe the plasma along different lines of sight,
separated toroidally. As in the radial case, Gj(co), i = 1,2, G^to) and 812 (to), are
calculated but in this case the crossphase spectrum is related to the wavenumber
of the waves in the toroidal direction:

©1 2(G>) = kT(co)' ^ x (3)

From this the toroidal group velocity of the wave, vp.g = dto/dk may be

determined from the slope of the crossphase spectrum:
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3: Radial Correlation Reflectometry

A four channel radial correlation reflectometer has been constructed at JET.
It operates on the plasma midplane with all the channels operating along the
same line of sight. The radiation is polarised in the extraordinary mode and
reflection is off the upper cutoff layer. In this way most of the plasma electron
density profile may be investigated and the effects of changes in the electron
density gradient on the channel location and interlayer distance are minimised.

The probing radiation is from high stability Gunn oscillators with
frequencies at 75.5 GHz, 75.6 GHz, 75.75 GHz and 76.2 GHz respectively. The
sources are isolated from each other (> 20 dB) to prevent tracking of one diode by
another. The radiation is combined and then transmitted to the plasma along
oversized waveguide. The radiation is launched and received by a single antenna
on the plasma midplane. The reference signals arise from reflection along the
transmission line and from reflection from the fused quartz window at the
vacuum break in the tokamak vessel.

The reflected signal is frequency separated and detected using a heterodyne
detection system that was originally designed for electron cyclotron emission
(ECE) electron temperature measurements, figure 1. The heterodyne system gives
a high signal to noise ratio (> 30 dB) and a high channel isolation (~ 30 dB).

To Pianino
Sources

75.50 GHz

G E H 3 75.80 GHz

Mixer
Amplifiers

Bandpass
Filteri

Figure 1: Schematic of the JET Radial Correlation Reflectometer

Plasma Results
Measurements were made under three different plasma conditions

(ohmic, L-mode and H-mode) and for different radial positions of the reflecting
layers (0.5 < p < 0.95, where, p = r/a). To display the results we plot the coherence
averaged over all frequencies (0 - 62.5 kHz) against the interlayer distance.
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In ohmic plasmas significant coherence is found only between channels
with an interlayer distance < 5 mm, figure 2a. Generally there is no significant
variation of the coherence with interlayer distance as the radial positions of the
reflecting layers are varied. In all cases where there is significant coherence the
crossphase spectrum is approximately constant across the whole frequency band
under consideration, figure 2b. The large amount of scatter in the data is
consistent with the low level of coherence between the signals associated with
this crossphase spectrum.
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Figure 2a: Change of y with Ax for Figure 2b: Crossphase spectrum for two

different values of p. Squares, p = 03; signals with a coherence = 035.

crosses}p = 0.55;• circles, p =0.9.

In H-mode plasmas significant coherence occurs only with an interlayer

distance < 5 mm. There is no significant variation with radial position of the

reflecting layers, figure 3a. In all cases where there is significant coherence, the

crossphase spectrum has a value of approximately zero across the whole

frequency band, figure 3b.

0. 20. 40.
Frequency (kHz)0. 10. 20. 30. 40.

Interlayer distance (mm)

Figure 3a: Change of y with Ax for Figure 3b: Crossphase spectrum for two
different values of p . Squares, p = 0.6; signals with a coherence = 0.48.

crosseSjp = 0.8; circles p =0.9.
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In L-mode plasmas a significant level of coherence is observed between the
different reflectometer channels for interlayer distances of greater than 10 mm,
figure 4a. When the coherence is significant the crossphase spectrum has a value
approximately constant and of order zero, figure 4b. As the additional power level
is increased, the level of coherence increases so that for additional power levels of
15 MW, significant coherence is observed for interlayer distances of greater than
30 mm, figure 4a.
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power levels, p = 0.75 - 0.9. signals with a coherence = 0.8.

There are a number of implications from the radial results. The ohmic and
H-mode results imply that the reflectometer response is localised to at least 5
mm. This is in contradiction to what is expected from a one dimensional model,
/ 7 / . The zero crossphase observed in L-mode plasmas implies that the observed
density perturbations do not propagate radially but that they are propagating
perpendicularly to the line of sight, ie. in a toroidal and/or poloidal direction.
The radial scale length of the perturbations is in the range 10 to > 30 mm. To
investigate the possibility of toroidal propagation of the density perturbations, a
toroidal correlation reflectometer was constructed and operated on JET.

4: Toroidal Correlation Reflectometry
A two channel toroidal correlation reflectometer which probes the plasma

on the mid plane has been constructed. The two antennas are separated toroidally
by 155 mm, figure 5. The probing radiation is polarised in the ordinary mode and
so reflection is off the plasma frequency layer. The radiation from each
reflectometer has the same frequency so that the two reflecting layers have the
same radial position. There are two possibilities for the probing frequencies, 29 or
34 GHz, corresponding to electron densities of 1 x 1019 m"3 and 1.4 x 1019 n r 3

172



respectively. The detection systems in both cases are of the homodyne type and
the signals are digitised at 200 kHz giving a Nyquist frequency of 100 kHz.

Plasma
Source

Toroidal
Direction

—~. , Detector

Reference Arm

Beam Splitter

Source
> n

\ u

Detector

Figure 5: Schematic of the JET toroidal correlation reflectometer.

Plasma Results
In ohmic plasmas the level of coherence observed between the two

toroidally separated channels is generally low or at the random level yr. The
crossphase spectrum shows wide scatter which is consistent with the random
coherence level, figure 6.

0.0 20 40 60 80

Frequency (kHz)

0.0 20 40 60 80 100

Frequency (kHz)

Figure 6: Coherence and crossphase spectra obtained under ohmic conditions.

In L-mode plasmas the level of coherence is significant across the whole
frequency band under observation (0 - 100 kHz), figure 7. The crossphase
spectrum increases linearly with frequency. This implies that the perturbations
are propagating toroidally in a clockwise direction ie. in the same direction as the
rotation of the plasma due to the action of the neutral beams. The toroidal group
velocity of the observed density perturbations may be determined from the slope
of the crossphase spectrum (equation 4). For the case shown in figure 7, the
toroidal velocity of the observed perturbations is 19 (±4) km.s"1. The uncertainty
arises from the error in the measured slope of the crossphase spectrum.
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Figure 7: Coherence and crossphase spectra obtained under L-mode conditions.

The radial dependence of the toroidal velocity of the plasma is measured
on JET with the charge exchange (CX) diagnostic / 8 / . A comparison can therefore
be made between the .oroidal velocity of the observed density perturbations and
the toroidal velocity of the plasma. In the comparison an uncertainty arises from
the uncertainty in the position of the reflecting layers in addition to the intrinsic
uncertainties in both measurements. When the comparison is made the two
velocities agree over a wide range, figure 8. The results suggest that the observed
density perturbations are rotating with the plasma.

160.

120.

I
80.

40.

0. 0. 40. 80. 120. 160.
Plas Velocity (km/s)

Figure 8: Comparison between the measured toroidal velocity of the
perturbations and the toroidal velocity of the plasma measured with the CX
diagnostic.

If we assume that the lifetime of the perturbations is long relative to the
time that they take to pass in front of the antenna, then we can estimate the
toroidal extent of the perturbations from the product of the autocorrelation time
(Tc), of one of the reflectometer signals / 5 / and the toroidal velocity of the
preturbations. A typical autocorrelation function is shown in figure 10, and we
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define Tc as the time for the autocorelation function to decay from one to zero. In
this case Tc = 80 us, vT.g is 19 km.s"1 and so the toroidal extent of the perturbation
is 1.5 m. Applying the same analysis to our data set lives toroidal extents in the
range 1 - 5 m. On the other hand, Tc may be an estimate of the lifetime of the
perturbations. From our measurements, we find Tc in the range 20 - 200 (is. In
order to select between these two possibilities, measurements with a third
reflectometer at a different toroidal location are required.

00 20 « W n 100 120 IW 160 ISO 200 220 2 «
T»o(IO~* Seta)

Figure 9: The autocorrelation function for reflectometer data taken under

L-mode conditions. The toroidal velocity of the perturbations is 19 km.s'l.

In H - mode plasmas significant coherence is usually observed
between the channels of the toroidal correlation reflectometer (figure 10).
However, the crossphase is independent of frequency. This suggests that the
observed perturbations are either moving toroidally at very high velocity or,
more plausibly, poloidally. The CX diagnostic indicates that under these
conditions there is usually a poloidal component to the plasma motion of similar
magnitude to the toroidal component. It is most likely, therefore, that under
these conditions the reflectometer measurements are dominated by the poloidal
motion. In order to determine the poloidal motion of the structures a poloidal
correlation reflectometer is required but such a device has not been installed on
JET.
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Figure 10: Coherence and crossphase spectra obtained under H-mode couditions.
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5: Conclusions

Measurements with a radial correlation reflectometer on JET show that the
response of the reflectometer is highly localized ( < 5 mm) to the reflecting layer.
This is contrary to predictions based on a one-dimensional model, 17/.

Measurements with radial and toroidal correlation reflectometer suggest
that fine-scale density structures exist in the plasma. Under ohmic and H-mode
conditions, the structures have a radial extent < 5 mm. Under L-mode
conditions, they have a radial extent which depends on the level of additional
heating power and for high power levels (15 MW) is > 30 mm. The
measurements show that the structures do not propagate radially but rather
toroidally and/or poloidally. Under L-mode conditions, comparison with CX
diagnostic measurements shows that the structures rotate toroidally with the
plasma. On the other hand, under H-mode conditions they appear to rotate
poloidally. In order to determine the poloidal motion, an additional poloidal
correlation reflectometer is required.
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DETERMINATION OF THE RADIAL CORRELATION LENGTH OF THE

DENSITY FLUCTUATIONS BY SWEPT HOMODYNE REFLECTOMETRY IN

THE TJ-ITOKAMAK

J. Sanchez, B. Branas, E. de la Luna, T. Estrada.

ASOCIACION EURATOM/CIEMAT 28040 Madrid,Spain.

ABSTRACT

A method for determination of radial correlation lengths of the electrostatic turbulence

has been developed and applied to the TJ -I Tokamak . The method uses homodyne de-

tection and is based on the slow sweeping of one oscillator while the other remains at

fixed frequency. The decay of the coherence can be observed describing maxima and •

minima as the distance between the two probing points increases. The maxima corre-

spond to the relevant coherence values. The correlation length for the overall turbulence

as well as the correlation length for the different frequency intervals can be directly de-

termined, providing a higher accuracy then the standard two-point measurement

By the operation in the Q-band (33-50 GHz) extraordinary mode, the system reaches

most of the plasma radius. Correlation lengths obtained at the edge are compared with

those measured at deeper positions in the plasma.

A critical issue for this comparison is the detailed knowledge of the local density gradi-

ent The proposed method can provide the density profile information, avoiding the ef-

fect of lost fringes, even in the presence of turbulence. This fact can be used to deter-

mine the local density gradient which is needed to evaluate the separation between both

reflecting points. Initial experimental results and a discussion on its degree of accuracy

is presented.

INTRODUCTION

A number of attempts have been made trying to evaluate the turbulence levels dn/n in

toroidal devices. Although the spatial location of reflectometry is suitable for that kind

of studies, the relationship between the turbulence level dn and the reflectometer signal

must be carefully analyzed on each experiment.

The determination of dn/n from the reflectometer signal is not a straightforward

procedure. The phase oscillation of the reflected beam must be known and then the

movements of the position of the reflecting layer must be determined from the phase

changes. Here only rough approximations can be taken, the most usual one being the

use of the vacuum wavelength of the incoming beam instead of the actual one. This
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approximation provides a lower limit for the density fluctuation level.

In the other hand radial coherence measurements offer the possibility to determine the

k-spectrum and the correlation length of the density fluctuations.

The determination of this radial structure requires the use of multipoint (at least two)

measurements. Reflectometry allows the simultaneous probing of two radial positions

by the use of two oscillators at different frequencies which are feed to the same antenna

system. The access to different separations between the reflecting points is performed

by changing the frequency of the oscillators.

The determination of the coherence by reflectometry is much more direct than the mea-

surement of the turbulence level: the coherence between the density fluctuation values

at two neighboring points is very similar to that between the phase delays obtained by

both reflectometers reflecting at those positions.

The main reason for that is that the ration of the density fluctuation to the phase fluctua-

tion is very similar for neighboring reflecting points.

Taking advantage of this fact, coherence measurements have been performed

(1-2). However, an additional difficulty arises: most of reflectometers use homodyne

detection, this is useful for broadband operation, which is necessary for changes in the

radial position of the probing point, but has the drawback of the nonlinear relationship

between the reflectometer signal and the phase delay to the reflecting point.

This problem can be solved either by heterodyne or by dual homodyne (sin/cos) detec-

tion , in both cases the system is complicated and broadband operation becomes diffi-

cult.

A third way to solve the problem was proposed recently (3): the use of two single ho-

modyne reflectometers with slow frequency sweeping in one of them. In the initial

paper the idea of the method and some promising simulations were presented.

In this paper, . experimental evidence for that behavior is presented, with its appli-

cation to the determination of radial correlation lengths in the TJ-I tokamak.

COHERENCE BETWEEN HOMODYNE SIGNALS

The method most widely employed for the measurement of correlation lengths (Lc) and

wavenumbers (k) of the density turbulence is the so-called two point correlation
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Fig.l Experimental system , TJ-I two channel reflectometer

technique. It is based on the calculation of the coherence g between the fluctuating den-

sity values at two points in the plasma, Lc is obtained from the value of F and the wave-

number distribution can be derived from the phase of the cross-spectrum.

In order to measure the correlation length of the density fluctuations, two microwave

beams with frequencies f I and f2 are launched and reflected at neighboring points in the

plasma. A description of the experimental setup is shown on fig.l.

The signals at the detectors of the two reflectometers are :

v1=acos(<(>1(t)+<p1) and

v 2 = b cos (<)>2(t)+ <p2).

Where fj(t) and f2(t) are the oscillating phase delays for both reflecrometers. The

phase offsets <pl and <p2 play a very important role in the coherence determination.

The coherence between vl and v2 is only equivalent to the coherence between <j>l and

<j>2, if: S = <pl—<p2= tin, in the other extreme case, for S=(2n+l)n/2, the apparent coher-

ence r(vl,v2) is clearly lower than P(<J>1,<>2). This result is due to the nonlinear behav-

ior of the cos function, and depends also on the amplitude of the oscillations of $l(t)

and <|>2(t). This phenomenon can cause large errors in the determination of the correla-

tion lengths by homodyne reflectometry.
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SLOW SWEEPING METHOD

In order to overcome the aforementioned problem keeping the simplicity of homodyne

detection, a method has been proposed. It is based on the slow frequency sweeping of

one of the oscillators, while the other one remains at fixed frequency. If we divide the

sweeping period in finite intervals assigning for each of them a given position of the

moving reflecting point, we can evaluate the dynamic coherence between the signals in

both reflectometers for each interval. The phase difference 8 increases monotonically as

the frequency is swept and the coherence shows maxima and minima. The maxima,

corresponding to S=njr, can be taken as the true coherence values. Simulations have

been made with a simple model in order to evaluate whether this assumption makes

sense when the coherence is measured in such a dynamic way. The results of the simu-

lation are shown on fig. 2 , the 'true coherence' of the density fluctuation and that mear

sured with the reflectometer (assuming WKB propagation) are compared: the pattern

with the maxima and minima is observed, the maxima being the good approach to the

true values.

EXPERIMENTAL RESULTS

A very good agreement with the expectations was obtained in the experiment. As fig. 3

shows, the reflectometer coherence describes a clear oscillation with decreasing

1
U

0.8

0.6 -

0.4 -

0.2 -

0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Ar (cm)
Fig.2 Comparison of the 'true* and reflcctometcr coherence, during the frequency sweeping (simulation)
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Fig.3 TJ-I experiment: reflectometer coherence obtained for the different channel separation, during the fre-
quency sweeping.

amplitude as the distance between reflecting points increases, for this experiment, the

fixed frequency oscillator (Gunn diode) was placed at 32 GHz whereas the movable

one was swept between 32 and 34 GHz in xx ms. The reflection position, was placed

around r/a=0.8, for a standard TJ-I discharge with ne(0)= 1.5xlO13cm"3, according with

the typical Thomson Scattering profiles.

The observed coherence length is relatively short: 0.2 cm. and can be directly obtained

from the coherence decay, this procedure gives a much higher accuracy that the stan-

dard determination by the two point approximation.

Fig 3. is showing the coherence for the whole turbulence spectrum, it can be also deter-

mined, using the same data, for the different spectral intervals, producing the correlation

lengths for the different frequencies. Fig 4. shows the spectral dependence of the corre-

lation length Lc(co) for this e> /eriment, as it is expected, the longer correlation lengths

appear at the lower frequencies. Taking the assumption of a Gaussian-like shape for the

S(k,co) spectral density of the fluctuations, the width of the k-spectrum ak(co) can also

be known, since it is inverse proportional to the correlation length Lc(co).

The correlation length for deeper positions in the plasma increases, as it can be

seen on fig. 5, values closer to 1 cm are obtained.

The pattern presented on Fig. 3 includes information not only on the turbulence

characteristics but also on the electron density profile. The maxima and minima on that

pattern, obtained as the frequency is swept, correspond to increments of n/2 in the phase
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offset of the reflectometer: the dis-

tribution of d<j)/df can be deter-

mined and the density profile in-

verted if this information is known

along the whole profile. This ef-

fect can be the basis of a method

to recover the density profile infor-

mation in systems where the poor

access and complicated

waveguides producing parasitic

references or the strong turbulence

destroy the 'profile fringe' pattern.

As the plasma reflection is the

only one showing turbulent behav-

ior, the correlation technique is a powerful tool to extract the relevant information.

An important test to be performed was to observe the sensitivity of the fringe

pattern to changes in the phase offset of the fixed frequency reflectometer. First of all a

number of identical discharges was done with the sweeping method in order to check

the reproducibility of the positions of maxima and minima, which happened to be very

good. Then, identical discharges were produced changing the phase offset in the fixed

frequency system by means of the variable short circuit. As fig. 6 shows, the maxima

and minima become accordingly shifted in the coherence signal. This is a clear indica-
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Fig. S Coherence decay vs distance for internal positions in the plasma (r/a=.54)
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tion that the result is not a consequence of the signal pattern in the swept arm, and even

more, for the fact that the phase and not the amplitude of the reflecting beam is domi-

nating the coherence in the homodyne signal: the amplitude is not sensitive to the phase

offset of the fixed frequency arm.

DISCUSSION

The swept frequency method provides the information on correlation length,

width of the k-radial spectrum and local d<J>/df in a single shot. The determination of the

correlation length is more accurate than that obtained from two single point approxima-

tion, since the coherence shows the decay, leading to the direct determination of the cor-

relation length.

The correlation lengths obtained are short even compared with the radial reso-

lution of the reflectometer, this phenomenon, observed also in devices like JET, Din-D

and in some cases TFTR is presently under study by the different groups.

The swept method might not be valid when the phase oscillations due to the

density fluctuations are large (

>2K), in that case the pattern

with maxima and minima in the

coherence becomes smoothed

and the correlation length be-

come shorter than the real one.

This effect would also be

present in any homodyne or dual

homodyne system which does

not use the recovered phase sig-

nal as the input for the coher-

ence calculation.
0.2 0.4 0.6 0.8

AF (GHz)

Fig.6 Shift of the fringe pattern when the short circuit in the fixed
frequency arm is moved
(frequency of the fixed system: 32 GHz)

parasitic reflections and turbulent signals.

The determination of

d4>/df can be used to obtain the

density profile in systems with
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USING OF CROSS-DETECTI ON REFLE ".".METER FOR THE T'JPBULEN'CE ST'.JDY

IN THE T-KAMAV: F"_ASMA

V. V. BULANIN a n d I'. '-V .v^PNEYEV

St. Peter burg Tecnr.iCi. L'nr--er:i'-v

3V. . Pe'.er bij.-'j •' Prussia j

In recent yeira microwave reflectumetry has been retard and

T.or •=> 'jsed j.z j ccnveniir.t method for the plasma •. urbui ence studv

:r. '.he t o '< a rna. k . However some problems have been encountered in

ixperimer.lij. data in te rp re ta t ion connected with the coupling of

". r.~ phase a:\.-i ampi i fjde o s c i i i i t i o n s in the out.pu*. rsf lectoraeter

s ignals . The decoupling of the osc i l l a t ions may oe achieved with

the cross-detect ion and quadruple ref leciometsrs . The

cross-detection rsflectometer technique 13 discussed and the

half 01" year experimental run in Tuman-3 tolcamak is given in the

report.

The ini t ial investigations of the plasma edge turbulence in

the Tuman-3 tokamak were carried out with the simple homodyne

ref lectometer ' 1 ••'. Some features of the received signal

spectra have been similar to those of the Dlll-D tokamak -' £/

Namely the high frequency spectral components were drastically

decreased just after the L-H transition. The typical output

signal of the homodyne detector is shown in Fig 1. This

alternating signal component may be written as follows

l^Ct^afpj^Qpg cosCp CO+A 3

Here P Q and PR ar* the reference and the received signal powers

correspondingly and* $ CO is a phase delay in plasma. This signal

U CtD may b« represented as a projection of the phase trajectory

C Fig 23. The cut-off layer displacement leads to the vector

rotation on the phase diagram and therefore the fnrge

oscillations in the output signal U CO. The additional

oscillations are induced by the amplitude modulation effect.So

one can see that the temporal variation of the output signal

U CO is influenced by phase and amplitude oscillations

simultaneously. For the fringe component has not been evidently

observed in the output signal the strong amplitude modulation is

assumed to be existing near the Tuman-3 tokamak periphery.
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The cross-detection rsflsc-.oraeter has been used :or the

decoupling of the phase and amplitude oscillations. The

principle of such detection 1-3 based on Simultaneous

measurements of the two phase t r .1 ; -set z-r y pro:ectlens : U Ct'i and

s 1 nC (p •'. t„' <- & 2

It's e»;v r. ; ^ee '.hat the received -ignal module can be

calculated and actual phase delay :.s.;:lUt.ior,s reconstructed as

well. 3o the ;ross-detsc'.ion ... sin^-cosir.e 'j reflectometer

allows to decouple the phase and amplitude C or module 3

1 iuctua'-i 3ns.

The simple single antenna scneme has been designed for this

purpose CFi.g 3'j . There are two similar homodvne channels in

which -.he reference signal phases have been tuned to obtain the

additional phase shift Tl/2 . This shift is achieved using the

movable reflectors in the directional couplers. The shift Tl/£

could be measured and tuned while observing the SD phase diagram

on the oscilloscope. The sine and cosine output signals are

amplified and memorized in the digital form with the sampling

step of 1 or 0.5 mks. The corresponding algorithm has been used

for the step by step phase calculation provided the phase jump

is no more than n to exclude the phase ambiguities.

The cross-detection reflectometer was installed on the

Tuman-3 tokamak. The main tokamak and reflectometer parameters

as follows : R = 55 cm a = 24 cm

B_ = 0. 4 - 0.6 T I = 1OO KA
T p

F = 16 - 26 GHz C 0 or X mode 3

n =CO. 3 - O . S 3 1O13 cm"3 C O - mode D

nc = C 0.1 - 0. 5 3 10 1 3 cm"3 C X - mode 3

Here : F - i s a microwave probing frequency, n - cut-off layer

electron density. The notation of other parameters are commonly

used. The experiments were performed in the various tokamak

discharge condition : with the ohmic H-mode in i t ia ted by means

of gas puffing or radial e l ec tr i c f i e ld switching on, in the

fast current ramp down and during the pe l le t injection.

The circular antenna of 6 cm in diameter placed at the low

magnetic f i e ld side was taken to probe the plasma. A few

experiments were made with low gain antenna with the 2 cm horn

diameter. The antenna was taken for plasma probing along the

central vertical chord.
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While using the cross-detection reflactometer the amplitude

and phase oscillations couid be treated separately. The Fig 4

shows the typical caicuiated pnase and amplitude spectra. The

ipectra have been, obtairved, •with FFT csrocsdurs iri -̂he 512. mits

time window. The amplitude spectra are common!v broader than the

phase ::nes. I*, •or'.h 'o compare '_rie total reflectometer signal

spectrum with the amplitude one. As an example soth spectra are

shown in fig 5. As one can see the amplitude spectrum falls down

in tne frequency band below 5O -1OO f-CHz. I t may be connected

wi-.h T.he ; act r-'nat the fringe oscillations to be wit heir own due

to the phase calculating procedure are essential in this band.

Both amplitude and output signals were found to be the similar

in -.he high frequency band. 00 that the falling down of the high

frequency spectral component which was observed previously during

L-H transition seems to be connected with the amplitude

fluctuation dumping. The additional results have been obtained

while studying the fluctuation spectra. The plasma probing with

the different microwave frequencies shows that the high

frequency fluctuation dumping exist during the L-H transition

only in localised region near the plasma edge .The result has

been obtained which contradicts with the Dlll-D data ' £

Namely the bursts of the high frequency component are happened

to be observed during the L-H transition. This bursts are

strongly correlated with the ones of the soft and hard X-rays

and D emission signals and may be associated with the saw-teeth

oscillations. The step by step reconstruction procedure allows

to obtain the phase evolution over the all period of the

discharge. As all. •seainple the phase temporal variation during the

tolcamak discharge with a disruption is shown in Fig 6 together

with the D emission signal. The phase signal rump down in the

time frame- from 58 to 61 ms reflects the plasma decay after the

discharge break down. During this quiet plasma period the phase

curve corresponds to the actual cut-off displacement. The phase

trajectory in this time window is well defined C Fig 7 3. The

both reflectometer signals are presented here as well. These

data prove thd correct action of the overall cross-detection

scheme. During the main tokamak discharge the rate of the phase

changing is observed to be anomalously largeC Fig 6 3. The 100 fl

per division is here. So this phase variation is equivalent to
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cut-off displacement which happened to be i ar ge than tokamai:

minor diameter. It is clsar that : he long uire periods of pha.se

rump up or down are not lue to the cut-off movement and are of

another origin. The same pnase runaway e: : -ic. was recently

observed in the stel1arator plasma 3 . ' '. iz : ?pcr • *,-.•_ •. o note

-hat r_:~.e ;";:ij«dy par: •; Js are 3tron-~lv correlated with the

discharge ;or.diU^n •ihanqing. '""î  ̂> :*.'i;'.ra'.*i '.he event if rhe

ihmic L -H tr ansi t i on where the phase ihangi.ig is observed just

J>: '.er the 1_-H transition. The same effect occurs alter the

positive potential application to the biased electrode C Fig 32.

The t*«o fold fast current ramp down is another example -Fig 105.

One can see the phase runaway is slowing off in a few ms after

the ramp down.

The phase runaway phenomena may be induced by different

reasons. According to simulation experiments the fault of the

n/2 phase shift can not be responsible for the anomalous phase

changing. The low level secondary refection between antenna horn

and plasma, was stated to be unimportant as vel 1 . The phase

distortion couid be happened if the high frequency range of

spectrum is virtually lost. In such a case the chaotic phase

jumps may occur as it's often observed in plasma microwave

interferometer. This effect may be enhanced with a noise.

However the experiments with two different sampling steps Cl and

0.5 /us3 have shown the same phase behavior. This fact is the

evidence that the spectra are reconstructed correctly in a whole

signal frequency band.

Our view concerning the phase evolution behavior is as

follows. Let us consider the grating-like cut off layer which

rotates in the poloidal Cor toroidal} direction CFig. 123. The

rotation leads to continuous shift of the cutoff layer in the

antenna direction with the speed of Vc~ VpS/^i p-
 c Here: S

is the depth of grating groove modulation, Aj* ~ *-ne poloidal

wave length of the fluctuationD. The microwaves are reflected

from this rippling layer and interfere into the antenna

directivity diagram. As a result the Doppler frequency shift

have to be appeared COt3. The frequency shift O leads to the

linear phase uprise. Such effect is known to be commonly used in

the laser interferometry for the frequency shift via the

rotating of the reflection grating. With this view the
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experiments with the low gain antenna, i rs worth to be mentioned.

Because of the wide direct! vi tv diagram the wide range of '.he

reflection angles is accessible ana so the profile of the plasma

jrating and i t s displacement could be determined. This

displacement was observed ;ust after the L-H transition by the

well je: : r.*i •••sct.or rotation :>n :.he £D phase diagram CFig. 133.

Each point on the diagram corresponds to a si rig: e sampling step.

A full phase trajectorv pattern i s drawn for the restricted time

period of the discharge from 0 to 50 ms. The observed phase

tra;ecti-ry * sop has somewhat diffusive structure because the

~r.-j.se ind amplitude oscillations. It have to be noted '. nat the

phase runaway effect would occur due to the strong back Cor

iarward) scattering process. The scattering has to induce the

frequency shift signal and therefore the linear phase changing

provided the scattering plasma wave fronts slightly tilted

towards the minor radius Csee Fig.123. The Turaan-3 experiments

and t h e W7AS s t e l l a r a tor i n v e s t i g a t i o n s C2] show t h e s t rong

influence of the two dimensional fluctuations on the

reflectometer phase signals therefore the 2D solutions in

reflectometry data processing would be appreciated.

The assumption on the grating like plasma fluctuations is

in accordance with the theoretical outlook on the tokamak

turbulence /4 / . According to this theory the high poloidal wave

number islands which are turned over their magnetic axes form

the grating-like space structure CFg. 123. The experimental

study of this turbulence pattern i s a rather difficult problem.

These plasma perturbations perhaps could be observed via the

cross-detection re*lectometry technique.

In conclusion the authors express the gratitude to the

whole of th« Tuman—3 Group for their assistance in performing

the experiments.

REFERENCE

1. Bulanin V. V. , e t a l . Proc. 18th EPS Conf. B e r l i n , v . IV,

p . I V - 3 2 1 , C1991D.

2. Doyle E. L. , e t a l . , Proc. 17th EPS Conf. , Amsterdam, v. 1 4 B , l , p

a03,ClQ9CO

3. J.Sanchez, T.Estrada, H .J .Hart fuss . , t h i s meeting.

4. B.B. Kadomtsev, Nuclear Fusion, vol 31 , N 7. p 1301 C19913.

188



(0 45 20 25 30 35 40 45 50 SS M 69

Fig. 1 Temporal dependence of the homodyne reflectometer output

signal.

Ftg. 2. Cross detection pha.se trajectory.
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Fig. 3. Cross detection reflactometer layout on Tuman-3 tokamak,

HGA- high gain antenna.

Fig. 4. Phase C1D and amplitude C2D spectra, 3- reconstructed-

phase.
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Fig. 5. Output signal C13 and module C23 spectra obtained at the

same time period C in arb. uniO

Fig 6 Phase signal in tokamak discharge with a disruption.

-RMS value of the sine output signal in the frequency band above

350 KHz C in arb.unit 3
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Fig 7 Temporal signal dependence during plasma decay, 1- phase

trajectory. 2- reconstructed phase, 3- sine output signal, 4-

cosine one, 5- amplitude oscillation.
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Fig. 9. Discharge with L-H transition induced by positive

potential on the biased electrode.

Fig. 10. Discharge with current ramp down. -
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Fig. l i . a- Sketch of magnetic island pattern in minor cross

section of tokamak /4 / . b- grating-like structure of cutoff layer,

c- back-scattering fron*. diagram.

Fig. IS. Phase trajectory pattern.
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DESIGN OF A MULTICHANNEL REFLECTOMETER FOR THE RTF
TOKAMAK

S.H. Heijnen, C.A.J. Hugenholtz, MJ. van de Pol

FOM-Instituut voor Plasmafysica "Rijnhuizen",
Association EURATOM-FOM, P.O. Box 1207,

3430 BE Nieuwegein, The Netherlands.

A multichannel reflectometer is under construction for the RTP tokamak (RTP =
Rijnhuizen Tokamak Project). The system will be heterodyne and is based on the
experience gathered with the JET reflectometer system/1) However, on RTP a different
approach will be used to generate and detect the multiple frequencies. The main reason
for redesigning a working system is the fact that the total costs of the system are about a
factor of three less than that of the corresponding JET reflectometer. The system is
especially suited for use on small tokamaks.

Introduction

The RTP tokamak<2> is a medium-sized tokamak (see Table 1), especially dedicated to
the study of transport processes. It is equipped with a number of fast multichannel
diagnostics/3) two ECRH gyrotrons and a pellet injector. Each gyrotron has a power of
200 kW at 60 GHz. The power of both gyrotrons can be modulated with a changeable
frequency, modulation depth and duty cycle. One gyrotron is connected to a launcher at
the low field side, which is mostly operated in the O-mode, but which can be switched
also to the X-mode. The other gyrotron is equipped with a high field side launcher in
the X-mode, but with a launching angle that can be changed. The pellet injector can fire
eight pellets of different mass and speed during a plasma shot. The two gyrotrons and
the pellet injector can be operated simultaneously.

R
a

Bmax
Imax
ne(0)

0.72 m
0.16-0.185 m

<2.5T
<200kA

1.1018-1.1020 m-3

Table 1: RTP parameters
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The electron density profile in RTP is accurately measured by a fast 19-channel

interferometer and by a Thomson-scattering system. The latter diagnostic measures the

density profile in a single laser shot (only once per plasma discharge). Since the density

profile measurement is well covered, the reflectometer could be designed as a fixed

frequency heterodyne system. The reflectometer will have eight channels: five in the

Ka-band (26.5 - 40 GHz), and three in the U-band (40 - 60 GHz). It will be equipped

with antennae at both the high and the low field side of the tokamak. All the channels

will probe the plasma in the O-mode. The bandwidth of the system will be 100 kHz and

the phase resolution 7.2°.

Design of the reflectometer

The principle of the RTP reflectometer is derived from the conventional heterodyne

system (see Fig. 1). In such a system, two Gunn oscillators, locked to a frequency

difference of Af by a phase locked loop (pll), are used for each frequency channel. This

Af is taken as the reference signal. The signal of the piobing oscillator is sent to the

plasma where it is reflected at the critical density layer, received by a second antenna

and mixed with the signal coming from the local oscillator to give a frequency

difference of Af + <|>, with <|> the phase shift induced by the plasma. The two IF

frequencies (Af and Af + <|>) are fed into a phase comparator. To probe simultaneously

different density layers in the plasma one has to use a multi-frequency system, each

frequency having its own channel similar to the one indicated in Fig. 1.

fc + Af

rE> EJ-
Af I I *~^ -

fc Af Af+ <|> (plasma)

<a

Phase comparator

Fig. 1: Schematic representation of a conventional one-channel heterodyne

reflectometer.
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The five-channel Ka-band system for the RTP reflectometer is presented in Fig. 2 as far

as the microwave components are concerned. Only the low field side system is given

here. Measurements from the high field side can be performed at the expense of one

additional harmonic mixer. It can be seen from Fig. 2 that, although the system looks

more complicated than a conventional reflectometer, one needs fewer expensive

microwave components.

27150
30150
33150
36150
39150

27090
30100
33110
36120
39130

120 130 140 | 50T60i |20 130 140 ) 50160

Fig. 2: Microwave components for the RTP reflectometer. This is the total five-

channel system for low field side measurements. For performing high

field side measurements as well, only one extra harmonic mixer is

needed.

In this system, the principle of AM-modulation is used to create upper and lower side

bands according to the simple formula:

sin(a).sin(P) = | cos(a~P) - ^ sin(a+P).

The modulation is done using an up-converter (type: Hughes 47471H-2230). This is a

planar balanced mixer to which two signals are applied (IF and LO). The LO-ftequency

is in the same band as the RF output frequency. The bandwidth of the LO is ±5% of the

central frequency. The IF frequency can be sweet from DC to 18 GHz. The maximum

input power is +17 dBm for both the IF and the LO, while the maximum DSB output
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power is +8 dBm integrated over all the frequency components. The typical output
spectrum of an up-convjrter when it is driven by an LO of 34 GHz and an IF of 100
MHz is shown in Fig. 3.

Ri y .00 dBm

' » = f j n . J I M ' ~
• r ...
CENTER FREQUENC
34.050 GHz

i

¥

Y

i

t

/ 1

1KR 91 fRQ J4

r p-6f

• !
Siqnall in band
34.050 GH:

1 1

<

GHz
dBm

-

—

CENTER 34.050 GHz
•R8 300 kHz 'UB 10.0 kHz

SPUN 1.008 GHz
Sr 1.000 sec

Fig. 3: Typical output spectrum of an up-converter. LO = 34 GHz, +16 dBm,

IF = 100 MHz, +15 dBm. Total output power is +8 dBm. The real

spectral lines are indicated with an arrow.

Detection is done by harmonic mixers (type: Millitech MHP-28-1) driven with a local

oscillator at 3010 MHz. These mixers have a conversion loss of 17 - 45 dB depending

on the harmonic number used (see Fig. 4). In our case harmonic numbers between 9

and 13 are used corresponding to a conversion loss between 35 and 38 dB. In Table 2,

the transmitted frequencies, the mixing frequencies, being n times 3010 MHz, and the

corresponding IF frequencies are presented.
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4 6 8 10 12 14 16 18
HARMONIC MIXING NUMBER

20

Fig. 4: Conversion loss as a function of harmonic number for the harmonic
mixers employed in the RIP reflectometer (Millitech: MHP-28-1).

transmitted

frequency

27150

30150

33150

36150

39150

harmonic

ofLO

27090

30100
33110

36120

39130

IF frequency

60
50
40
30
20

Cut-off density

x 10*9 m-3

0.92

1.13

1.37

1.62

1.90

Table 2: The different channels in the system as represented by there frequencies.

All frequencies are in MHz.

In Fig. 5, die IF components are shown. In a conventional reflectometer all the IF-

frequenctes are the same. For the RTP-reflectometer, however, a somewhat more

complicated system has to be used to convert all the IF signals to the same frequencies.

Since the low frequency components needed for this are relatively cheap, it will not

have a large effect on the total price of die system.
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harm
mixer

power splitter 20 30 140 I 50 I 60

band select filters

band pass filters f l f l f l H

to phase comparator

Fig. 5: The IF components of the reflectometer. To convert all the channels to
the same IF frequency, some extra components are needed.

Accuracy of the system

In the design of the reflectometer a minimum phase accuracy (A(b) of 7.2° was

requested. As the phase comparator and all the other IF components are designed

within an accuracy of 2°, the limiting factor for the accuracy will be the signal-to-noise

ratio (SNR). It can be proven that for phase measurements the minimum SNR is given

by<4>:

L

For the given phase accuracy the minimum needed SNR is 126 (=21 dB). The receiver

noise is-estimated to be around -118 dBm, being the thermal noise taken at room

temperature with a bandwidth of 100 kHz. The noise from the plasma is estimated to be

~ -72 dBm at an average electron temperature of 1 keV. So the-dominant noise will

come from the plasma. In Fig. 6, a measurement of the reflected power by the plasma

is shown at a frequency of 34 GHz and a bandwidth of 200 kHz. Before the discharge

starts the losses between the two antennae, including vacuum breaks and two tunes one

meter of fundamental waveguide, is measured to be -30 dB. During the discharge an

extra loss of 7 dB is measured, so the total losses do not exceed -37 dB. In Table 3, a

power balance has been made using the measurement presented in Fig. 6.
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time (s)

Fig. 6: Attenuation measured between the two antennae during a RTP

discharge. Before the discharge the attenuation is -30 dB. During

presence of the plasma the attenuation becomes maximally 7 dB larger.

noise contributions

plasma noise

conversion loss of mixer

noise after detection at one harmonic

contribution of 5 harmonics

signal contributions

-72dBm

-38 dB

-110 dB

-103 dB

source power per frequency component

conversion loss of mixer

loss in plasma

signal after detection

signal-to-poise ratio

maximal achievable accuracy

-38 dB

-37 dB

OdB

-75 dB

28 dB

3.22*

Table 3: Power balance for the RTP reflectometer. It can be concluded that the

design accuracy can be met
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Future plans

After the system has been put in operation at RTP, an upgrade to larger bandwidth of

400 kHz is envisaged, which is the maximum set by the data acquisition system.

Furthermore efforts will be undertaken to perform correlation reflectometry. The

simplest way to do this is to modulate the up-converter at 10 and 20 MHz. Then side-

bands are created at frequencies between 33.13 and 33.17 GHz. These frequencies are

mixed with the eleventh harmonic of 3010 MHz to get again IF frequencies of 20,30,

40, SO, and 60 MHz. In this way the frequency change between the two outermost

channels is only 0.12% so the density changes is only 0.24%. To perform correlation

reflectometry at a larger separation between the channels or at other frequencies will

take a larger effort and still has to be studied.

Costs of thv' system

In a conventional system a total of ten Gunn oscillators and IS mixers is needed to

measure with five channels from both the high and the low field side. For the RTP

system one needs for the same number of channels only one Gunn oscillator, four

harmonic mixers, one up-converter and one master oscillator. The total costs for both

systems ci? estimated in Table 4. The difference in price is obvious.

conventional reflectometer

Gunn oscillator

mixer

waveguides

total 1 channel

5 channels

2 x $ 4.450

3 x $ 3.000

$500

$18,400

$92,000

RTP reflectometer

Gunn oscillator

mixer

master oscillator

up-converter

waveguide

total for 5 channels

$ 4.450

4x$2400

$ 10.000

$ 3.550

$500

$ 28.100

Table 4: Comparison of costs for the two diffcrem systems.

Conclusion.

The advantage of the system here presented is that only a few expensive microwave

components are needed making the system relatively cheap. This makes it very

attractive for groups with low budgets.
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The disadvantages is that he system has a low signal power and a high conversion loss,
which makes it impossible to use at large tokamaks where long waveguide runs are
needed.
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NEW RADAR TECHNIQUE APPLIED TO ELECTRON DENSITY
MEASUREMENT ON FUSION PLASMAS

PMILLOT

ONERA/CERT/DERMO (Microwave Department)
2, avenue Edouard Belin

31055 TOULOUSE Cedex (France)

A new radar system is presented, it can make very accurate measurements of

times of flight of waves at different frequencies which are reflected by the

plasma, thus allowing an evaluation of the electron density profile by the well

known Abel inversion.

1 Theory of FM-CW radar:

The resolution of a radar is the ability to separate two echoes. In all the cases,

the resolution AR is inversely proportional to the frequency bandwith AF:

AR = C/2AF=15cmGHz

In the case of reflectometry on plasma, resolution is very interesting to separate

the reflection from the plasma from spurious reflections like on vacuum windows,

metal pieces in access port, VSWRs (one antenna se*-up), coupling between

antennae (two antennae set-up). In some cases, the reflection at the plasma

edge may be mixed with the wave reflected at the cut-off layer[1].

The accuracy of distance measurement in FM radar can be much better than the

resolution. The theoretical limit is given by the famous Woodward formula{2]. The

variance of the error of the time of flight measurement i s :

cr—1—

2 n P = 1 . 8 A F
S/N represents the signal to noise ratio (assuming that N is a gaussian noise).
Knowing that T=2R/C, one finds if OR is the variance of the error on the distance

measurement:

3 ° R , 3

N
At 3CR, the measurement can be considered as certain so 3CJR can be taken as

the accuracy (or spatial resolution). For example, 3oR=3mm for AF=1 GHz and
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S/N=30 dB.

This theory is exact for reflection on a fixed reflector in vacuum, but we shall
see in this paper an application to plasma.

2 FM radsr with a synthetic "chirp":

AF

At

chirp

The proposed solution for frequency modulation is to use a synthetic "chirp"

(see drawing) which consists of a set of N discrete frequencies sent one by one.

Let SF be the frequency step, the total frequency bandwith AF is equal to N5F.

This chirp is equivalent in theory to a short pulse of duration 1/AF. For instance a

2 GHz chirp would replace a 500 ps pulse. Nevertheless, it is easier to achieve

very large bandwiths than ultra short pulses. A continuous wave has more

energy than a pulse, so the signal to noise ratio of a chirp radar is improved

compared to a pulsed radar by a ratio called the compression factor, which is

equal to AtAF.

The desired frequencies are obtained by direct synthesis, so compared to other

sweeping systems, the advantage is that there is neither phase noise neither

amplitude modulation noise (the synthetiser is automatically power leveled).

Furthermore, the sweep is very linear in frequency compared to analogic

sweepers like YIG, VCO, BWOs ... The commutation time from one frequency to

any in a range of 20 GHz is less than 1jis standard, but 100 ns of commutation

time seems possible in a near future. A simple acquisition system 1 MHz (or 10

MHz) only is needed.

The measurement of time of flight is as follows. On each frequency step

F=Fj=Fo+i5f, one measures in amplitude and phase the wave reflected by the
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plasma. The amplitude phase detector delivers the two projections

(AjCos4>j,AjSin<&j). The group delay T=O'(F) /2JI is obtained by inverse Fourier

transform of the set of {Aje • i °'}. x is derived from the maximum of the spectrum in

an expected time window (spurious signals have different times of flight). It is

assumed to be the time of flight of the average frequency Fo+AF/2. Note that only

the phase is needed to compute the tim? of flight, but at this pc;nt one cannot

divide by the amplitude because it is the amplitude of the whole signal (useful

signal mixed with spurious signals). The Fourier transform approach is

interesting because it can admit small random phase changes in frequency (that

is in position of the reflective layer). The system may be insensitive to small

density fluctuations at the contrary of fringe counting systems that sum the errors

instead of averaging.

As the frequency is quantified by 5F, the spectrum in time domain is repeated

every 1/SF so one has an unambiguous distance 5R (or ambiguity) equals to

only C/28F=NAR. One must take care to have an ambiguity distance superior to

the distance range to be measured.

An example of radar could be:

- frequency bandwith AF=2 GHz

- resolution AR=7.5 cm (about 10 cm with apodisation)

- number of frequencies N=32

- ambiguity in vacuum 5R=2.4 m (1.2 m in plasma : mean refractive index of .5)

- signal processing: 1024 points IFFT with zero padding

The amount of data (here 32 points x number of frequencies = about 320 points)

is much smaller than for systems involving fringe counting.

An interesting point is the complete changeability of the chirp configuration. For

example, one could try a 32 ms measurement by the two alternatives 32x1 (is or

250x128ns (or else). The differences in the results can give some informations

about density fluctuations.

3 P 'Kfor calibration :

Because there is generally a long transmission line to carry the waves to the

plasma, one needs to take into account the frequency dependance of the

transmission line. The best way to do this is tc put a reflector in the vacuum

chamber like a trihedral comer cube in order to make an amplitude versus

frequency calibration. In the case we use such a strong reflector, parasitic

reflections are assumed to be at a much lower level. Another solution is to
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couple the emission waveguide and the receiving one with a variable attenuator.
It is also necessary to calibrate the time of flight of the transmission line. We

have:

t plasma = t measured - T vacuum - Tguide
For a waveguide, one can define an index (like in O-mode plasma)

M-= / J
V F

where Fc is the cut-off frequency

The group index is

u
Hs ap

x gUide = 2 jig D/c, so the line can be considered as a vacuum length of D/<p>.

The second point is the ambiguity calibration. Obviously, it is interesting to have

only a few number of frequencies in the chirp to make the fastest measurements.

So the ambiguity distance must be choosen as short as possible, in particular

much shorter than the transmission line equivalent length. We measure T

modulo 1/Sf (Tk=To + k/Sf with k unknown). The use of a known reflector (at a

known position) removes the ambiguity. In the case of changes due to some

dilatation or the line for instance, spurious reflections or the direct coupling

between emitter and receiver in a two antennae scheme could be used as

position references.

Note that there is no possible phase versus frequency correction. This is why

mismatches that disturb the phase must be avoided at maximum in the set-up

and the transmission line. A problem may also appear in case of mode trapping

in the transmission line. If this appears, any correction could be difficult to make.

4 Simulations :

First simulations have been made for realistic plasmas. In the case of reflection

on plasma, the spectrum is broader than in the -ca^e of reflection on a mirror.

Furthermore, the shape is more complex and the maximum is not exactly at the

middle. So there is a compromise between taking large AF for resolution and

low AF for localisation of the reflection layer.

Simulations have been made for AF from 500 MHz to 4 GHz. We present here a

simulation for a linear density profile with:

- central electron density 5 1019 nv3
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- plasma radius 1.2 m
- distance antenna plasma .3 m
chirp data:
- frequency bandwith 1 GHz
- 32 frequencies
- 1024 points FFT
Figure 1 shows the results of FFT (spectrum modulus in dB normalised to the

maximum) for different wave frequencies varying from 10 to 60 GHz. One clearly
sees the differences of time of flight. For each average frequency F=Fo+AF/2 , x
is given by the peak value or by the average of the two values corresponding to
-3 dB (half peak). The second process gives slightly better accuracy.

cut-off freq

10 GHz

20 GHz

30 GHz

40 GHz

50 GHz

60 GHz

theoret. radius

1.167 m

1.075 m

.923 m

.711 m

.439 m

.108 m

obtained radius

1.168 m

1.077 m

.925 m

.712 m

.440 m

_.109m

This table shows a comparison between exact radii of the reflecting layers and
radii deduced from obtained times of flight. The maximum difference is 2 mm.
Other plasma shapes are being tested. A problem is expected with very flat
profiles where x increases very much. Note also that the spatial resolution
obtained here is much less than the error caused by the WKB approximation in
ordinary mode.

5 Description of possible microwave set-up :

We have described the use of a "chirp" with frequencies sent one by one. One
could imagine to improve time resolution by sending the frequencies at the same
time. There will be no problem at emission but a filter bank should be present at
the detection. This system is more complex because of the number of acquisition
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channels.

The radar needs two antennae (one at emission, one at reception). In cases of

lack of accessibility, a one antenna monostatic arrangement with a directivity

coupler can also be used.

The basic component of chirp radar is a fast switching synthetiser. Such a

device is now available in centimetric waves (DC-20 GHz). Phase locked

millimetric oscillators can up-convert waves to millimetric ranges. Note that the

performances do not decrease when going toward high frequencies in contrary

of other sources like carcinotrons.

There are two alternatives for the chirp frequency band with : moderate

bandwiths (.5-2 GHz) or large bandwiths (10-20 GHz). The first choice is similar

to a multichannel reflectometer like in JET. The second one would replace

broadband renectometers like in Tore Supra cr ASDEX. In this case, signal

processing is similar to sliding FFT [3]. On large tokamaks, because of long

transmission line, vacuum windows ... a moderate bandwith seems easier to

achieve.

A set of millimeter oscillators phase locked by the synthetiser reference are

used. The signal is down-converted to lower frequencies, amplified by a low

noise microwave amplifier for phase detection (figure 2). Eventually, a direct

coupling between emitter and receiver will be added for reference positionning.

This homodyne system is very sensitive but the phase detection is less accurate

than in heterodyne detection. (Nevertheless, the phase error versus frequency

can be corrected). The heterodyne solution uses a second fast switching

synthetiser with a small frequency difference (one step). Phase detection is

made at this low frequency and is very accurate.

6 Physics studies:

i) One carLmeasure directly the density gradient with large bandwiths AF. This

direct measurement could be very useful for transport studies for instance in

divertor experiments[4]. The density gradient should be deduced from the

spectrum width.

Let us assume a linear density profile where x = 4 (x-xo)/c

x-xo = ne(x)/n'e(x)

in differentiating relatively to F = Fpe a V n e ( x ) ,one finds that the gradient is

inversely proportional to Ax.

dne/dx a F av AF/AT with Fav * Fo+AF/2
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Preliminary studies show that AF must be in excess than 5 GHz.

ii) As the radar system makes an efficient phase detection at every frequency

and has a frequency agility of about 20 GHz/jis, it is a good Doppler radar to

monitor plasma turbulence [5]. It could be used to measure electron density

fluctuation profiles with large frequency increments 5F.

iii) When the plasma presents MHD activity, there is a profile flattening inside tne

magnetic islands so T may increase suddenly with F increasing then decrease

after. An improved data processing like wavelet-transform or other time

frequency transforms could give some information about islands widths. A map

of islands could be made by sending a chirp every 100 us.

7 Conclusion :

We have described a synthetic chirp millimeter wave radar that emits a reduced

set of pure frequencies. It contains a highly sensitive phase detection that

eliminates amplitude modulation. The use of Fast Fourier Transform gives a

efficient signal processing. We have seen that we can separate spurious

reflections from the useful reflection and that an accurate calibration is possible.

This radar delivers an electron density profile in some tens us perhaps some \is.

(t works with a moderate bandwidth of about 1 GHz that enables a carefull

matching study of the set-up and the transmission line. It can be in some cases

easily extended to full waveguide band operation. It is useful for fluctuation

studies and other physics studies.
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ARBITRARY DENSITY PROFILE AND SHAFRANOV SHIFT

RECONSTRUCTION IN LARGE TOKAMAKS VIA DUAL-POLARIZATION

REFLECTOMETRY AND MAGNETIC DIAGNOSTICS

Bomko A. V. , Grekov D.L. , Pavlichenko O.S.

Institute of Physics & Technology, Kharkov 310108, Ukraine

IAEA Technical Meeting on Microwave Reflectometry for Fusion Plasma,

Abingdon, England, 4-6 March 1992.

1. One of the most important tasks of plasma diagnostics in

fusion devices with magnetic confinement is the measurement of the

electron density profile n (r). For this purpose the ordinary (o-)

wave one-chord multifrequency reflectometry has been discussed and

recognized promising for ITER [1,2]. This method was proposed in

the early sixties. By now it is developed in great detail and is

successfully employed in tokamaks. However this way enables one to

reconstruct the density profile only to the first maximum and can

not be used in the cases of flattened or hollow density profiles.

Last years extraordinary (x-) wave reflectometry was proposed

and employed for plasma density profile measurements in a number

of devicer (e.g., see [3-5]). But the methods developed in [3-5]

don't take into account the influence of the poloidal magnetic

field on the x-wave phase delay. Implicitly they supposed that

Shafranov shift was equaled to zero. So this methods are invalid

for the devices with large toroidal current (ITER, Tore Supra,

Asdex Upgrade etc.).

Here we offer the method for reconstructing the plasma densi-

ty profiles of an arbitrary shape and Shafranov shift determinati-

on. It is based on the use of DPR phase delay data and information

of magnetic." diagnostics about the position of the separatrix (two

points in "the equatorial plane) and values of poloidal magnetic

field in these points. The reconstructic" of the polcidal field

profile in the outer part of the plasma is also possible.

2. The method proposed is based on measuring the phase delay

of the o-wave and the x-wave which is reflected at the upper cut-

off point R where
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U = (J (R )/2 + (U2(R )/4 + U2(R ))1/2 (1)
c c c c p c

Here w is the probing wave frequency, o (R ) = eB(R )/m c, u (R )
c c c e p c

= (4nnJRc)e
2/me)

uz, 3(RJ = (B2 + B2 )1/z is the modulus of the

confining field, B^ and B being the toroidal and poloidal magnet-

ic field respectively, R is the coordinate along the major radius

of the torus in the equatorial plane. We consider the waves with

the wave \ _-ctor component along the magnetic field ha = 0.

The necessary condition for the applicability of the method is

the frequency (1) growth as R decreases. In the ITER this conditi-

on is well fulfilled in a wide range of plasma density (Fig. 1).

The x-wave phase delay is given by

n/2 (2)

where R is the plasma boundary position at the outer side of the
b

torus. The plasma density and the magnetic field B at the R = R
b

are assumed to be known.

3. The general way of solving the problem of profile reconst-

ruction is as follows.

i) Based on the measured o-wave phase delay we reconstruct

n (R) to the point of the first maximum R.

ii) Solving eq.(2.) we find the dependence of the cut-off

frequency (1) on the radius u(R) and tire u (R) in the (R * J? )

region.

iii) We assume that magnetic axis is shifted from the geomet-

rical axis of the torus RQ by the A/0) = A distance and the magn-

etic surfaces are shifted by the distance
A(a/= &Q(exp(Z) - exp((-a

2/b2))/(exp(<-) - 1) (3)

where £ is the parameter, a is the radial coordinate - label of

the magnetic surface, b is the boundary surface coordinate. We

assume that in the region from R + A to R the poloidal field

B (a) changes by the linear law from 0 to the B (R ) value determ-
P p m

ined in CiiJ. This assumption can be adopted because the region
mentioned above lies in the plasma interior where B « fl .

p t
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iv) Solving eq.(2) and using the results of the x-wave phase

delay measurements we find o>(R) and n (R) in the region from R +A_

to R . The original algorithm [6] was created for solving eq.(2;

and applied in ii) - iv) . As compared to already known [3,5] it

allows us to get R(o>) more accurately.

v) Regarding the plasma density to be constant on the magnet-

ic surface we extend the obtained function n (R) to the region

between #+A and the inner boundary of the torus. Then we use the

data of the x-wave phase shift measurements for the frequency band

where the cut-off point is on the inner part of plasma column.

Taking these we minimize the functional

over the parameters AQ and £. Here * is the measured phase delay

and $sis that reconstructed by the use of assigned Ao, £, nJR).

The contours of the * are shown in Fig. 2. The most reliable way of

the minimum ¥ finding is based on the using of the data of the

magnetic diagnostics. These data allows us to connect the paramet-

ers e and A through the B /B :
^ O ' pout pin

B R - B R b
A _ _ pout out pin In t>vr>(-P M ( «? )
Ao " S R + B R ^ T f l eXp( Z)) (5)

pout out pin in

Then the functional (5) has a pronounced minimum over the variable

A (see Fig.2).

The reconstructed profiles of the plasma density and the

poloidal magnetic field in ITER are shown in Fig.3 (the magnetic

configuration at the t=70 s of discharge) and in Fig. 4 (t=90 s).

Dashed lines - arbitrary prescribed profiles, solid - found profi-

les. The first, second and final step of iterations are shown.

4. To summarize we may state that an efficient method is

offered to reconstruct plasma density profiles of an arbitrary

shape and to determine Shafranov shift via measurements of phase

delays of o- and x-waves and magnetic diagnostics data. One needs

the data on the phase delay of the x-wave at approximately 20

frequencies for ITER. We studied the stability of this method with

respect to the errors of the phase delay measurements (Fig.5).The
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results are rather optimistic and allow ua to confirm that we can

get tha reliable information about plasma density profile, shafra-

nov shift, and outer part of poloidal field profile within a acce-

ptable range of errors.
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AMPLITUDE MODULATION REFLECTOMETRY FOR DENSITY PROFILE
AND FLUCTUATIONS STUDIES

J. Sanchez, V. Zhuravlev, E. de la Luna, T. Estrada, B.Branas.

ASOCIACION EURATOM/CIEMAT 28040 Madrid,Spain

Abstract

One of the main problems which arises in density profile measure-

ments by reflectometry is the need for continuous tracking of the phase delay: fast

density fluctuations and strong modulation on the amplitude of the reflected signal

usually bring to 'fringe jumps' in the phase signal.

Amplitude Modulation Reflectometry performs a time delay mea-

surement by the determination of the phase delay of the modulating envelope of a

millimeter wave reflected by the plasma. The phase delays involved are small, the

measurement is not affected by the fluctuations and can be directly performed

without complicated fringe counters : the method provides a promising possibility

for real time determination of the plasma position and density profile.

In the present paper the principles of the method are presented as

well as the analysis on the effects of phase and amplitude fluctuations, dispersive

effects and accuracy requirements. The application to the future JET Divertor

plasmas will be also presented together with an initial design of the system.

Introduction

The relevant information used in reflectometry as the input set of

data for density profile studies is the differential phase shift d0/doo which the beam

undergoes for the different reflecting frequencies (ca). This information is usually

obtained by sweeping the frequency of the launched beam, either in narrow or
srrad band.

Due to the short vacuum wavelengths imposed by the relevant criti-

cal frequencies in present day plasmas, most of swept reflectometers have to deal

with multirradian phase changes, induced during the sweep or by the broadband

density fluctuations present in the plasma. This problem will become more severe

for the next step devices, operating at high densities and magnetic fields.

The large phase changes involved, lead to a number of problems. The main of

221



them is the need for a continuous tracking of the phase 'history' during the sweep,

to keep memory of the number of fringes. Any temporary loss of information, nor-

mally caused by fast transients or strong decreasing in the amplitude of the reflect-

ed beam, will make impossible further tracking of the phase value (lost fringes). In

addition, spurious phase contributions can be introduced by phase-runaway effects

during the sweep, caused by geometrical effects of the reflection on rotating struc-

tures. Finally, complicated filtering and huge data recording are needed to pro-

duce the final set of d(j)/dco data.

A.M. Reflectometry

Amplitude Modulated (A.M.) reflectometry is to some extension an

intermediate solution between the classical phase delay reflectometry, so far ap-

plied to small distances, and the time domain reflectometry, used for ionospheric

studies and recently also proposed for fusion plasmas (1). Proof of principle ex-

periments with AM signals reflected at the plasma have been performed in the T-

10Tokamak(2).

If a wave with periodical amplitude modulation is launched to the

plasma, the group delay time T of the returning reflected beam can be easily eval-

uated from the phase delay A<)> of the modulation signal, which leads directly to

the differential phase delay:

t = 3<|>/ato = A<|>/Q [1]

Q being the angular frequency of the amplitude modulation.

With a typical modulation frequency of 50 MHz, the 'vacuum

wavelength' of the modulation signal will be 6 m , then we will expect moderate

phaseshifts ( < 2K) for the usual dimensions and density gradients in plasma de-

vices (even JET-ITER). In the other hand the earner»an have the suitable frequen-

cy (10-200 GHz) for reflection in the plasma. The modulation frequency can be

adjusted to the particular plasma dimensions.

Experimental system
A generic diagram of an A.M. reflectometer is shown on fig. 1. The

mm wave signal is modulated at approx.: 50 MHz and launched into the plasma.
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PIN diodes can be used as modulators for the complete range of applications. The

reflected signal is received by a second antenna and carried to the detector. The

detector diode provides the modulating 50 MHz envelope which is downconverted

to a 'ower IF (1-5 MHz), amplified and phase compared with the original one at

the phase meter. Direct detection can be used for the smaller devices with low

PLASMA

03

V V7

PHASE METER

Fig. 1.- Generic experimental system for AM reflectometry: 01 : mm wave oscillator (=100 GHz), 02:
modulation generator (= SO MHz), 03: local oscillator, phase locked to 02 (=45 MHz). Heterodyne front
end can be included for higher sensitivity.

losses on the waveguides, but an additional heterodyne front end will be required

for large devices like JET, where long waveguide runs are needed, producing high

attenuation of the beam. The proposed scheme can be applied to most of present
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day reflectometers without significant interference on the normal phase measure-

ments. As it happens in all reflectometers, calibration of the waveguide paths by

standard tecnniques is necessary.

Results simulation

Fig. 2 shows the behavior of the time delay for the different launch-

ing frequencies reflecting along a typical exponential density profile, similar to

those expected for the JET Divertor plasmas. For frequencies higher than the high-

est cutoff (63.5 GHz for ne(0) = 5xlO19 m'3,0-mode) interferometer-like opera-

tion, with reflection at the opposed wall, is assumed. The time delay is expressed

as phase delay for the 50 MHz selected modulation frequency (1 rad = 3.2ns), as

it can be seen, moderate phase shifts (< 0.75 rad) are involved. The magnitude of

the time delay depends on both the distance to the reflecting point and the density

gradient along the propagation path.

Discussion on the advantages and limitations of the method

In this section we are going to take into consideration the effect of

the different perturbations which affect the AM measurement: fast density fluctua-

100 120
Freq. (GHz) Fig. 2.- Typical exponential-like density profile for the JET

Divertor (a) and corresponding phase delay for a 50 MHz modulation signal (b).
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tions, pulse deformation and parasitic reflections. In addition a few considerations
will be done on the degree of accuracy needed for a given spatial resolution.

The density fluctuations affect the reflected beam either through phase and ampli-

tude oscillations.

Phase fluctuations with amplitude of the order of 2n are usually affecting the mil-

limeter wave beam producing strong frequency broadening at the phase detectors

of classical swept reflectometers. Being the AM signal sensitive only to the differ-

ential effects, the phase oscillations of the modulating envelope become typically

1000 times smaller and do not affect the measurement, furthermore the linearity is

kept for those small fluctuations and the time average of the phase delay can he

used to obtain the 'average' density profile.

Amplitude fluctuations: the phase delay measurement is not affected provided the

modulation frequency is clearly larger (factor 100 for a final phase accuracy in the

range of .5 degree) than the frequencies of the amplitude oscillations of the reflect-

ed beam (typically 100 kHz versus 50-100 MHz for the modulation frequency). In

the other hand the amplitude oscillations can cause temporary loss of the phase

readout (signal goes down to the noise level). This can be overcome either by-

using a receiver with high dynamic range, such as that used on the W7AS stellar-

ator (3) or by restricting the bandwidth of the time delay measurement. An addi-

tional possibility is the use of an amplitude detector for providing a 'low signal*

warning which can be used to avoid the average of significant and non-significant

signals.

'Pulse' deformation: The AM signal, as happens in pulse radar systems, is de-

tected via a square law detector. Different phenomena in the plasma lead to pulse

deformation and produce indetermination in the time delay to be measured. This is

one of the main drawbacks of time delay methods and the effect becomes more se-

vere for pulses with broad spectrum. The main causes for pulse deformation are:

higher order derivatives of the phase delay versus frequency and spectra deforma-

tion by dispersive effects on waveguides and plasma.

The effect of higher order derivatives can be present in AM reflectometry only

through the second derivative, since the AM wave is formed by only three spectral

components. It appears when the phase shift between the carrier and each of the
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two sidebands is significantly different. The effect might be completely sup-
pressed by removing the carrier or one of the sidebands in the AM spectrum, in
general this is not needed for moderate modulating frequencies (50-100 MHz)
since the effect is very small:

If the launched wave with carrier frequency CO and AM frequency Q. is:

Ejj, = a sin (cot) (1 + b cos Qt)) [2]

The signal from the square law detector, proportional to the square of the ampli-
tude of the reflected beam is:

VQut = c l+c2 cos a sinQ(t+x)- c3 cos 2Q(t+t) [3]

with: da>2 [4]

The effect of the finite second derivative is a decrease in the amplitude of the first

harmonic of the modulation signal after the detector. The typical values of a lie in

the range of 10"3 rad for Q/2n= 50-100 MHz and the final effect is negligible.

Spectrum deformation by dispersion in the plasma and waveguides,
which can severely affect pulse reflectometry, does not affect at all AM measure-
ments, due to the simplicity of the spectrum and the separation of the different
harmonics:
Let the amplitudes of the spectral components of the AM signal, after the refllec-
tion and dispersive effects, be: a ,b, c for the carrier and both sidebands. The de-
tector output, proportional to the square of the signal amplitude, can be written as:

V = a2r+b +c + a(b+c) sin Q(r+ r ) - ^ c o s 2 Q ( r + T)

i he tir.ie delay T of the first harmonic is not affected by the values of a,b,c. The
signal even survives if one of the sidebands is completely suppressed. The pulse,
originally sinusoidal, has been deformed by the detector, but we can easily sup-
press higher order harmonics and recover the time delay.

Parasitic reflections, produced in the waveguides, vacuum win-
dows..., are one of the main problems for AM reflectometry: the error in the di-
rect determination of the phase delay is of the order of a/brad, for a » b , being a
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and b the amplitudes of the main and parasitic signal respectively. Ideally a num-

ber n of parasitic references can be distinguished if we operate with n+1 harmon-

ics of the fundamental frequency in the modulating signal but, in the experiment

the situation becomes extremely complicated and parasitic references must be

avoided by using separated waveguides and antennae for the launched and reflect-

ed beam. This is not a severe limitation, since the AM system does not need

strongly oversized waveguides or horns due to its immunity to pulse deformation.

Accuracy requirements: As the phase delays involved are relatively small, high ac-

curacy is required in the phase determination: This implies linear phase detectors

and a good signal to noise ratio. For AM frequency 100 MHz, a vacuum spatial

resolution of 5mm implies 1.2 degree phase accuracy, which is easily achievable

with a s/n ratio of 17dB in amplitude in front of the phase meter. For specific ap-

plications requiring high accuracy, simultaneous operation with higher modulation

frequencies can be used.

Summary

Amplitude Modulation offers the possibility of a direct readout of

the differential phase delay, which is the relevant parameter for density profile

studies in reflectometry. The typical filtering and fringe counting procedures are

not necessary and the associated errors (fringe losses) are avoided. In the other

hand pulse deformation and density fluctuations do not affect the measurement.

This makes of AM reflectometry a very attractive alternative, not only for stan-

dard density profile measurements, but also for fast monitoring of density profile

and plasma position in large fusion devices.
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1. Introduction

Pulsed radar reflectometry has been proposed as a viable option for measuring

electron density profile in thermonuclear plasmas [1,2, 3 and 4]. Pulsed radar is based

•n the measurement of the time-of-flight between launching and receiving a short (< 1

ns) microwave pulse which is injected into the plasma and reflected by the cut-off layer.

The flight time is directly related to the position of the cut-off density. Density profiles

can be deduced by measuring the flight times of pulses with various frequencies.

Additional information about the local density gradient can be gained from the pulse

shape deformation during the reflection process.

2. Motivation

The effort on the development of a multichannel pulsed radar reflectometer is

motivated by the need for reliable density profile measurements in highly turbulent

plasmas, e.g. in the scrape-off layer of the JET New Phase Diverter. Reflectometer

measurements are often plagued with disappearances of the reflected signal, probably

caused by density fluctuations which reflect the signal in a direction outside the antenna

pattern of the receiving horn. The phase measurement of the received signal needs to be

continuous over the lifetime of the plasma, otherwise the phase integration process fails

and the position of the cut-off layer becomes indeterminate. The principle of time-of-

flight measurement can offer a great advantage in this situation. Although it can be

expected that some of the reflected pulses will not be detected, this will not cause

problems since every pulse received back carries all information needed to deduce the

position of the cut-off layer.

Other interesting properties of pulsed radar include the negligible plasma

movement during the flight time of the pulses through the plasma, and the simple

elimination of spurious reflections, e.g. from the vacuum window or components in the

waveguide runs, because the corresponding echoes will fall outside the time window

which is of interest for the density measurement. Therefore, a system with a single
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antenna can be employed, which can be of importance if the access to the tokamak is
limited.

The principle of different echoes from a single pulse in different time windows

can also be used for the simultaneous measurement of the positions of the X- and O-

mode cut-off layers, if both cut-off layers can be probed with the same frequency. This

offers the possibility for magnetic field measurements. Such a measurement can be

performed by injecting the E-vector of the probing wave with a 45° angle with respect

to the magnetic field. Since both layers will not have the same position, the result will

be two echoes with a different time-of-flight. Moreover, mode conversion due to

fluctuations can be expected in high poloidal field devices like ITER. This will not

hamper the pulsed radar measurements, in contrast to conventional reflectometry.

3. Pulsed redcr measurements at RTP

Measurements with pulsed radar at a frequency of 34 GHz, corresponding to a

cut-off density of 1.4 x 1019 nr3 , have been performed at the RTP tokamak [2,3].

Typical echoes, measured above (straight line) and below cut-off (dashed line), are

depicted in Fig. 1.

1

Figure I: Measured reflections above (straight line) and

below cut-off (dashed line)

The reflected signals were recorded with a sampling scope (type: Tektronic

CSA 803) with a sampling frequency of 200 kHz in sequential equivalent time. The
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launched pulses had a gaussian shaped envelope with a FWHM of 1.5 ns. Both curves

clearly show a reflection at 4 ns (A), which originates from the vacuum window. The

reflection (C) from the back wall of the vacuum vessel can be observed if the density is

below cut-off, while a large echo (B) appears when the electron density exceeds the

cut-off density. The flight time of echo B is clearly smaller than the flight time of echo

C. The measured time delays are in good agreement with values derived from the

density profile measured by a 19-channel interferometer.

4. Multichannel pulsed radar.

Microwave pulses with various carrier frequencies are needed to deduce the

electron density profile by measuring the individual flight times. This will lead to a

multichannel system. The construction of such a multichannel pulsed radar

reflectometer is planned before the end of 1992 at RTP.

Two four-channel systems in the Ka-band are proposed. Both systems use a

heterodyne detection scheme to maximize the dynamic range. The system given in

Fig. 2(a) uses four microwave sources with four different frequencies (29,32, 35 and

38 GHz), which are multiplexed sequentially into a waveguide. The waves are

modulated with a fast pin-switch (type: Hughes 47971H-2000) into a pulse shape with

a FWHM of 500 ps to 1 ns. The received pulses are mixed with a local oscillator with a

frequency of 11 GHz. The IF pulses are fed to an envelope detector, after which the

flight time of the pulses is measured. In this set-up, the reflection from the vacuum

window is used to start the time-of-flight measurement This has the advantage that the

time interval which has to be measured very accurately is minimized and the repetition

rate of the measurement is maximized. The multiplexing process, the modulation of the

microwaves and the time-of-flight measurement have to be well controlled.

Disadvantages of this set-up are the number of relatively expensive microwave sources

which are needed, and the different IF frequencies of the mixer corresponding to the

different RF frequencies. This makes signal processing after the mixer very difficult or

even impossible due to broadband spectral requirements.

Both problems are reduced in the system given in Fig. 2(b). Here, different

microwave frequencies are generated by switching the IF input of an up-converter

(type: Hughes 47471H-2230). The IF output of the mixer is always equal to 26 GHz

because the IF input of the up-converter is identical to the LO input of the mixer. This

scheme has the disadvantage that the output power of the up-converter is limited to

approximately 8 dBm.

It is expected that there will be no need for a PLL to stabilize the frequency of

the microwave sources, because a small frequency shift will lead to a minor change of
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the value of the cut-off density only. This will have a negligible effect on the measured

flight time.

(a)

(window) (plasma)

window

switch
j

Converter

29.32,35.38

timing

driver

switch |
. • _ • .

26

time-of-flight

start stop
(window) (plasma)

(b)

Figure 2 : Multichannel pulsed radar systems (numbers indicate frequencies in GHz)

a) Multiplexing of RFfrequencies;

b) Multiplexing of UP-converter IF frequencies.

5. Accuracy

Many effects which will influence the accuracy of the pulsed radar

measurements have been identified:

1: noise, e.g. due to plasma emission;

2 : the effect of reflected power fluctuations;

3 : the finite bandwidth of the pulses;

4 : the density dependency of the propagation velocity of the pulse.

A basic radar detection scheme [S] consists of a bandpass filter, an envelope

detector, followed by a threshold circuit The bandpass filter needs to be matched to the
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input waveform to maximize the signal-to-noise ratio. The threshold circuit has to

distinguish the reflected pulses from the background noise. The signal-to-noise

requirement at the input of the threshold stage is firmly related to the probability of

detection, the probability of false alarm and the achieved accuracy of the time-of-flight

measurement.

A lower bound on delay measurement errors in high signal-to-noise ratio cases,

close to the Cramer-Rao bound for delay errors relevant to radar applications, can be

found in [5]. Assuming a carrier signal with a gaussian shaped envelope:

s(t) = g(t)cos(oct + <t»(t)) , (1)
with:

^ ^

and a matched filter with an impulse response h(t):

h(t) = Ks(tm-t) , (3)

one can calculate the output signal of the matched filter:

so(t) = fs(T)h(t-x)dt = - ^ e x p f ^ M cosCcMt-tJ) . (4)
L 4 V I 4<T )

This signal is fed to an envelope detector, so the input of the threshold stage is the
envelope of so(t). Assuming additive white noise with a two-sided power spectral
density of NQ/2, the signal to noise ratio at the threshold input can be written as:

SNR 1

no
2(0

(5)

Referring to Fig. 3, we note that the signal plus noise crosses the threshold At time

units before the signal alone would have crossed it This is the delay error due to the

noise n(t). Because n(t) could be considered a constant around the threshold crossing,

we can write:

°7^£so(t)| • (6)
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Using Eqs (4), (5) and (6) one can calculate the RMS value of the delay error, with
t = t™ - <5<2:

(7)

Eq. (7) shows that the RMS value of the delay error will increase if the SNR decreases.
From Eq. (7) the lower bound of the required SNR can be calculated if oT is given. For

example: if <7T < 100 ps and a = 500 ps, then the SN7l must be at least 136 = 21 dB.

-s
Q.

(8

r
n(t)

At /

r7
i • i •

\

\

\ \ |s( t ) | + noise

—*• time (soc)

Figure 3: The effect of noise on the measurement of the flight time for a pulse

with a gaussian shaped envelope

It is clear that fluctuations of the reflected power can cause large measurement

errors. These errors can be reduced significantly by using the timing information of the

rising edge of the reflected pulse as well as the information of the falling edge. This

method assumes that the reflected pulses arc symmetric. A feedback system can be

employed to set the optimum threshold level as a function of pulse power.

Due to the finite bandwidth of the radar pulses, the emitted pulse shape will be

deformed after the reflection because the different frequency components of the pulse

will reflect from different cut-off layers. This effect will depend strongly on the local

density gradient. In principle, the local density gradient can be deduced from the pulse

shape deformation, as is shown in [2, 3]. Dispersion in the long oversized waveguide

run, anticipated for large fusion devices, can be neglected compared to pulse

deformation due to the plasma reflection process.

The propagation velocity of the microwave pulses will depend on the electron

density. This effect must be taken into account by employing the information gained

from the reflection at low cut-off densities to correct the measured flight time of pulses

reflected at higher cut-off densities.
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6. Time-of-flight measurements

For studying the feasibility of a pulsed radar reflectometer for future fusion

devices, a high resolution time-of-flight measurement set-up with a high repetition rate

is needed. A temporal resolution of 70 ps, corresponding to approximately 1 cm spatial

resolution when reflecting from a metal mirror, is required. This resolution, in

combination with a repetition rate of > 2 x 106 measurements per second, cannot be

obtained by means of commercially available time-interval counters.

out 1

out 2

out 3

control

Gthreshold
A A ~ ^ t h synchronise with
• ' source switching

envelope
detector

in

Figure 4 : Time-of-flight measurement with parallel averaging.

The time-interval counter, which will be developed for pulsed radar

reflectometry at RTP, is based on the conventional principle of counting gated clock

pulses (see. Fig. 4). The resolution of this method is equal to one clock period, due to

the ± 1 count ambiguity. The proposed system will employ several parallel counters

instead of one single counter. Each counter is driven by the same clock, but phase

shifted. The gates are opened simultaneously during the time-interval between the start

and the stop pulse. The measure1 time-of-flight of the pulses will be equal to the

average of the output of the counters. This will improve the resolution by a factor equal

to the number of counters. The amount of data is reduced by adding the output of the

counters. After the addition, data is stored into a memory. For a multichannel radar

system, data has to be demultiplexed and synchronization with the multiplexing of the

microwave sources has to be included. Other control features are also needed, e.g. if no
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plasma reflection is detected, the gates should be closed and the counters should be

reset before the arrival of the next start pulse.

7. Conclusion

Research on the use of pulsed radar techniques for reflectometry is in progress.

The hardware of a multichannel pulsed radar reflectometer for RTP will be constructed

during 1992 and is planned to become available in the beginning of 1993. Many effcvts

which will influence the accuracy of the measurements have been identified. Although

most of these effects can be canceled or reduced significantly, the accuracy of pulsed

radar reflectometry will be less than the accuracy of conventional reflectometry. This

potential weakness of the proposed system is compensated in many applications by

several unique properties of pulsed radar reflectometry, e.g. the possibility to measure

density profiles in highly turbulent plasmas; the simple elimination of spurious

reflections and the possibility to perform magnetic field measurements by measuring

simultaneously the position of the X- and O-mode cut-off layer.
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R.O. Pavlichenko ,V. A. Rak.it janskiy"', V. P. Shestopalov*.
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Institute of Radiophysics and Electronics of Academy of Science

Kharkov,Ukraine

IAEA Technical Meeting on Microwave Reflectometry for Fusion Plasma,

Abingdon, England, 4-6 March 1992.

1.Introduction

Main problems of microwave reflectometry using measurement of

phase delay of reflected wave- density fluctuations and trapped modes

in the oversized v/aveguide transmission systems - still need solution.

An alternative approach which is discussed now - to use pulse radar

reflectometry and time of flight measurements. [1]. The difficulty of

this approach - the need of ultra short (<lns) microwave pulses - was

successfully overcome [2].

In this report we discuss a new approach to reflectometry

technic- use of generators of stationary wide-band noise microwave

signals and correlation technic for measurements of plasma cut-off

layer position. The key components of this scheme are the microwave

oscillator producing wide-band stochastic noise signal (F= 35 GHz, Fsi

GHz, PalW) [3,4] and controlled PIN diode delay line.

In the first part of this report we discuss a problem of

propagation in a plasma microwave signal with amplitude described by a

random function having a limited frequency band. Auto- and cross-

correlation ."were calculated for launched and reflected in a plasma

stochastic microwave signal. The calculations were done for the upper

X-mode reflfectometry for two devices: "Uragan-2M" torsatron (Kharkov

Institute of Physics and Technology) and ITER.

In the second part of report the principal layout and parameters

of the noise correlation reflectometer (NCR) which is being developed

for U-2M torsatron in the Institute of Radiophysics and Electronics of

the Academy of Science of Ukraine (Kharkov,IRE) are described.
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2. Auto-and cross-correlation of stochastic microwave signals

reflected in a plasma.

Stochastic microwave signal propagation in a plasma was modeled

by means of a numerical code NOISIM (Fig.l). The input block of code

was generating a stationary random function describing a time behavior

of stochastic microwave signal amplitude. Second block was producing a

random function with the frequency band corresponding to that of the

NOISE BWO developed in IRE and described a time behavior of probing

microwave signal amplitude. Then for each Fourier component of

microwave signal with a frequency corresponding to that of the upper

X-mode the phase delay was calculated and reflected signal time

behavior was obtained by means of inverse FFT. Finally auto- and

cross-correlation of input and output signal were calculated.

Plasma parameters necessary for microwave propagation studies

(electron density and magnetic field) were calculated by means of

numerical codes describing 2D plasma equilibrium for tokamak with a

double- null divertor (EQUT) and stellarator (EQUS).The calculations

were done for ITER Standard Case ( B=4.85 T,J=22kA, n(O)=l-1014 cm"3,

^=0.6, l(=0.65 ) and U-2M Standard Case ( B=2.4 T ,n(0)=l-1013 cm"3,

L(O)=0.24, t(a)=0.47 ).Fig.3 shows the radial profiles of 0-and UX-mode

cut-offs for both devices.

The' typical auto-correlations for input (R ) and output (R )

signals and croscorrelation for input and output signals (R ) for

"U-2M" UX-mode reflectometry are shown in Fig.4. One can see that

auto- correlations of input and output signals are similar and their

half width is equal to 2.5 ns (inverse of frequency band width). The

cross correlation demonstrates clearly the time lag of the noise

signal in a plasma. The time lag for signals.which are reflected at

the same distance from the plasma edge (40 cm) for two devices with a

different plasma radius (ITER- 2.15 cm,U-2M- 0.3m) is shown on Fig.5.

The time la_g versus the cut-off layer distance for both experiments

which was obtained by the probing frequency variation are shown on

Fig. 6. These data can be used for the noise correlometer delay line

parameter specification. They show a strong diminution of average

velocity V of noise signal propagation in a plasma(V (ITER)«0.1-C,

V (U-2M)«0.03-C) and give grounds for nontrivial and encouraging
n

conclusion about comparatively larger slowing-down of noise microwave

signal in devices of lesser size. Reason of this phenomenon is a

considerable decrease of a wave group velocity only in a region
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adjacent to cut-off layer. This is illustrated by Fig.7 where

schedules of stochastic micro-wave signal propagation in U-2M and ITER

plasmas are shown.

Numeric calculations using code NOISIM allowed to evaluate the

integration time which is necessary for obtaining of acceptable sig-

nal-to-noise ratio. Fig. 8 shows a sequence of reflected signal

cross-correlations calculated for noise signals of different time

duration. F-rom such calculations one can make a conclusion that for

noise oscillator with a noise frequency band AF» 0.5 GHz the

acceptable integration time is of order of 10 mksec.Of course the

correlation technic can be used in a pulse radar reflectometry.

Unquestionable advantage of the noise oscillator is much larger

(factor of 30-50) output detector signal at equal radar oscillator

power and correlometer detector integration time.(fig.9).

rolse signals allow to use another technique for design of the

distance-measuring system. The technique is based on the phenomenon of

the power spectrum modulation of the wide-band noise signal, which

appear when reflected signal is added to transmitting one under the

condition that reflector is placed at the distances, exceeding the

signal coherence length [3,5]. The frequency period T f of the modula-

tion is determined by phase velocity v and distance L to the reflect-

ing layer T f =L/2-v The principal layout of experiment is shown on

Fig.10. The experiment, carried out with non-dispersive reflector,

shown the high efficiency of the technique when amplitudes of the

signals are equal. The power spectrums of_ the output signal is shown

on Fig 11. Period of the frequency modulation proved to be T f =

v/(2L), where v is the velocity of the waveguide wave. The measure-

ment sensibility and accuracy (~ 3 sm) is observed at a few number

(3-5) of modulation minimums in the power spectrum of the sum signal.

3. Noise correlation reflectometer for "Uragan-2M" torsatron

Fig.10 shows a principal layout of a noise correlation

reflectometer which is being developed now in IRE for UX-mode

reflectometry on the "Uragan-2M" torsatron. Basically this layout

repeats the homodyne reflectometer layout; main differences are

the noise oscillator (NO) and controlled delay line (2). Delay line (1)

will be used for a time lag compensation in waveguide between

oscillator and antenna. The controlled delay line have to provide a

variable time lag corresponding to that in "Uragan-2H" plasma.
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The noise oscillator (NO) is a source of stationary random sig-

nals of middle power (2-10 W) in the K band. Operating principle of

oscillator is based on the effect of dynamic stochastisation of O-ty-e

backward wave tube oscillations due to nonlinear interaction between

electron beam and longitudinal electric field of an intensive surface

EM wave field of slow-wave structure. Stable generation and electron

retuning of carrying frequency of stochastic oscillation spectrum is

provided by use of wide band weakly resonant oscillatory system. A

typical example of stochastic oscillation spectrum for 35 GHz noise

oscillator is shown in Fig.2. Such generators allow to obtain stochas-

tic signals in the frequency range of 30-100 GHz with the noise band

0.3-1.5 GHz and power of 10-0.5 W. Now the noise generators in the

frequency band of 34-64 GHz with the noise band of 0.3-1 Ghz and power

of 5-1 W are manufactured in the IRE.

The microwave controlled delay line consists of a set of short

single-mode waveguides connected to each other via PIN-diode switches

providing step-wise change of time lag during a time less then 10 ns.

In the delay line which is being developed now the time lag step is

chosen to be equal of 0.1 ns which corresponds for U-2M reflectometry

the cut-off distance shift of order of 1 mm.

4. Conclusion.

We have shown that the stochastic microwave signals can be used

in reflectometry for fusion plasma. Estimates of time lag ranges for

UX-mode reflectometry for the "Uragan-2M" torsatron and experimental

tokamak- reactor ITER are made. It is shown that the "noise" radar

and pulse radar can be used for measurement of cut-off layer position

even in a magnetic traps with plasma radius of 20-30 cm. The accuracy

of cut-off layer position measurements is increasing in a large toka-

maks. We hope that the proof-of principle experiment which is planned

now for the.: U-2M torsatron will reveal a possible difficulties which

are not seen usually for a new approach.
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Numerical code
for simulation of noise/pulse propagation

in a plasma
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Typical output stgnal spectrum of
KA band noise generator
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U-2M 70GHZ noise propagation
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Noise time lag
versus cut - off layer distance

for ITER and U-2M
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Microwave pulse
propagation
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Influence of integration t ime
on crosscorrelation of input /output noise signals
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Pulse and noise propagation
for ITER
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Spectral approach to the cut-off layer
distance measurement via noise generator
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A 'COMB' REFLECTOMETER: A SIMPLE DEVICE FOR
DETERMINING THE PEAK DENSITY IN DIFFICULT

EXPERIMENTAL SITUATIONS

A E Costley and J Fessey

JET Joint Undertaking, Abingdon, Oxon, UK

Abstract

A simple 'comb' reflectometer which can provide some
information on the electron density in difficult experimental
situations is described. Results obtained with a four channel
device which probes the X point region on JET are presented.
Possible further developments are briefly discussed.

1. Introduction

In some experimental situations it is not possible to apply the existing
reflectometry techniques for density profile measurements, ie. broad band swept
or multiple frequency narrow band swept techniques. Examples are the X point
region of JET and the pumped divertor region of the planned new phase of JET.
In both cases, very complicated, long, oversized waveguide runs containing
many bends cannot be avoided. Mode conversion and reflections in such
waveguide systems generate spurious signals when the probing frequency is
swept and can make accurate phase measurements impossible.

Observations with a multiple fixed frequency reflectometer on JET [1,2],
have shown that it is possible to determine the maximum frequency in
reflection, and therefore to estimate the peak density in the line-of-sight, simply
from the fluctuation level of the reflected signal. Fixed frequency reflectometers
can operate with very complicated waveguide rvns and so this observation
suggests the design of a simple device for determi.'.iig the peak electron density
even in difficult experimental situations. Since an array of frequencies is
involved, we ha"e termed the device a 'comb' reflectometer. In this paper, we
describe a four channel version and summarize our experience in using the
device to probe the X-point region of some JET plasmas.

2. Principle

In a comb reflectometer, a number of beams of different fixed frequencies
probe the plasma along the same line-of-sight. Fluctuations in the electron
density generate broad band 'noise', considerably in excess of the detector
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on those channels in reflection (figure 1). Hence the maximum frequency in
reflection, and therefore the density band corresponding to the maximui..
density in the Iine-of-sight, is obtained. Since accurate phase measurements are
not involved, the device can be used with complicated waveguide runs.

Probing Frequency Reflectometer Signals

nc
f iMjUAAAAAAAAAC*- Ref

n

\AAAAAAMAAAM*. Ref

Figure 1: The principle of a 'comb' reflectometer

3. Implementation on JET

A prototype comb reflectometer has been constructed at JET. The outputs
from four Gunn oscillators operating at 27, 40, 60_and 90 GHz are combined into a
single, oversized (WG10), waveguide run (figure 2). The run is about 40 m long,
contains 14 mitre bands (both E plane and H plane) and crosses the torus vacuum
through a quartz window interface. The microwave radiation irradiates the X-
point region in the ordinary mode and the reflected radiation is transmitted with
the same waveguide run to two heterodyne detection systems. Each one has a
wide bandwidth mixer/amplifier followed by narrow band (250 MHz) filters
tuned to pass the intermediate frequencies corresponding to the Gunn
oscillators.- The signals are detected and recorded with a \ . ieo bandwidth of 300
Hz.

4. Plasma Measurements

Measurements have been made for a range of plasmas with X-points
including H-mode plasmas. A typical result is shown in figure 3. In this case,
the X-point is formed at 4 s and the plasma is in the H-mode between 7.4 s and
8.3 s. The times when the different channels are believed to be in reflection are
marked on the figure, and the time dependence of the peak density in the line-
of-sight is estimated.

253



IF Filters and Detectors

27GHz

Gunn
Oscillators

Balanced Mixer
with IF Amp.

40 GHz

60GHz

Power Combiner
40m of WG10 Waveguide

with 14 mitre bends

Gunn
Oscillators

90GHz

r Antenna

0 LO

Balanced Mixer
with IF Amp.

IF Filters and Detectors Magnetic Flux Surfaces

Figure 2: Schematic of the prototype comb reflectometer implemented on JET

5. Problems and Possible Improvements

The main problem experienced in operating the device was that it was not
always obvious whether a particular channel was in reflection or in
transmission. Changes in the plasma, for example L to H-mode transitions, or
movements of the reflecting layers, could introduce significant changes in the
fluctuation level which could be confused with a change between reflection and
transmission. Considerable care has to be exercised, therefore, when interpreting
the measurements obtained with the present device.

Several possible improvements can be env's * id.

(i) The amplitude of the probing beam could be modulated at high
frequency and a narrow band pass filter centred at the modulation
frequency used in the detection system. The frequency would be
chosen to be above that at which the signal is fluctuating significantly,
typically > 100 kHz. The transition between transmission and
reflection would then be determined by the change in amplitude of
the reflectometer signal rather than by the change in the fluctuation
level.
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(ii) Measurement of both the reflected and transmitted beams should
give a clearer distinction between reflection and transmission
although, of course, requires additional waveguides in the vacuum
vessel.

(iii) Spectrally analysing the signals in real-time may give a clearer
distinction and could be implemented in either hardware or software.

6. Conclusions

A simple 'comb' reflectometer can give an estimate of the peak electron
density in difficult experimental situations. Difficulties can arise due to changes
in the plasma and/or movements of the reflecting layers which confuse the
distinction between those channels in reflection and those in transmission.
Several possibilities exist for improvements which should give clearer results.
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