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X mode reflectometry
for edge density profile measurements on Tore Supra

F. Clairet, C. Bottereau, J.M. Chareau, M. Paume, R. Sabot

Association Euratom-CEA
Departement de Recherches sur la Fusion Controlee
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1. Introduction
During the year 2000, the Tore Supra (TS) tokamak will be upgradedx with a toroidal

pumped limiter inside the vacuum chamber (a project called CIEL: Composant Interne Et
Limiteur) (ref.) to improve heat and particle exhaust capabilities, and then, to increase the
plasma discharge performances. As part of this project, the reflectometry set-up will be
dedicated to edge density profile for measurements. In the gradient and the core region the
measurements will be fulfilled by Thomson scattering and interferometry diagnostics. X mode
polarisation has then been designated according to the Tore Supra specifications and will have
to cover a rather large range of magnetic field values (basically between 3 and 4 Tesla). In
order to achieve these objectives, two reflectometers will be required to cover respectively the
frequency bands 50-75 GHz and 75-110 GHz (Fig. 1).
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FIG 1. Operational domain of the reflectometry on Tore Supra

The 50-75 GHz X mode reflectometer as already offered their first results and is the
object of the present paper. We first present the technical aspects of the set-up, then we
describe the profile reconstruction process to point out the profile initialisation and the
problem of magnetic ripple present on TS, and finally, we present the first results obtained
during the last experimental campaign.

2. Experimental set up
The reflectometer set-up developed for 50-75 GHz X mode measurement (Fig. 2) is

equivalent to the one developed previously2 for the O mode 26-36 GHz. The source used is a
HTO (13-19 GHz) that can provide fast sweep capabilities to reduce the effect of the plasma
density fluctuations. Active quadruplers provide a frequency band between 52 and 76 GHz



with an output power ranging from 8 to 14 dBm. Emission and reception are done with two
separate standard rectangular horns with 25 dB gain. Both antennas are located in the
equatorial plane close each other and outside the vacuum vessel. Measurement are performed
through a tilted quartz window to avoid parasitic reflection. On the probing arm the signal is
first frequency modulated at fm=80 MHz using the IF (intermediate frequency) port of a mixer
as modulator input and then quadrupled so to send into the plasma the probing frequencies
4F±k.frn (with k=l, 2, 3 ...). On the reference arm the probing frequency is simply quadrupled
and then mixed with the reflected plasma signal to downconvert the reflected signal at the
frequencies k.fm±Fb±k. A band pass filter at 160±20 MHz leave only the cutoff information
from the probing frequencies 4F±2frn to be detected.
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FIG 2. Schematic of the X mode heterodyne reflectometer on Tore Supra

To compensate for the delay introduced by the 8 meters of emitting and receiving
waveguides, 7 meters of coaxial cable, that possess no phase dispersion vs. frequency, is used
on the reference arm. It is then possible to establish a direct connection between the quadrupler
and the mixer with sufficient power signal into its LO (local oscillator) port. The waveguides
used for emission and reception are X band oversized waveguides for two reasons : (1) as it is
not possible to use fundamental waveguides for the reference, the phase dispersion introduced
by such waveguides would have been bigger than the one introduced by the plasma. It would
then introduce noise into the signal due to large bandwidth signal and difficulties in isolating
parasitic reflections (such as multiple reflections for example). (2) Power losses decrease
substantially when using oversized waveguides since a 8 meters of V band waveguide would
attenuate the signal by 12dB while, using X band, losses are less than 2dB.

Fast linear sweep capabilities are provided with the HTO using an arbitrary waveform
generator for voltage ramp up control and a LeCroy digital oscilloscope (500 MHz max.
sampling frequency) is used for data acquisition.
I.Q. demodulator provide separate measurements of the phase and of the amplitude of the
reflected signal.



3. Profile reconstruction
The density profiles are recovered from the phase using the Bottollier algorithmJ. This

numerical iterative calculation connects the phase to the cut-off position through the following
relation:

' 2

The refractive index

F 2 = -
1 re —

-B

depends on the density through the plasma frequency (Fpe) contribution, and on the magnetic
field through the electron cyclotron frequency (Fee) contribution. A precise knowledge of the
magnetic field mapping is required.

3.1 Profile initialisation
An important point is the initialisation of the profile. Here is the most interesting feature

of the X mode polarisation. Contrary to O mode were at zero density the cutoff frequency
equal zero and thus prevents from any measurement at the very edge of the plasma, in X mode,
the edge density profile position, Rl, can be precisely determined at zero density where the
cutoff frequency equals the electron cyclotron frequency. This first cut-off is identified at the
rise of the amplitude of the signal (Fig. 3) where the probing wave reach the cut-off and is
reflected. Experimentally, the uncertainty is about 0.5GHz and correspond approximately to an
error of ±0.5 cm upon the absolute radial position of the profile as shown on Fig. 4.
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FIG. 4. Reconstructed density profiles
function of the first cutoff frequency.
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3.2 Magnetic field ripple on TS
As mentioned previously, a precise mapping of the magnetic field is needed to initialise

and to reconstruct correctly the profiles. On TS we have to face a strong magnetic field ripple
(ref.) due to the close position of the plasma relative to the 18 toroidal magnetic coils. The
mean position in between the antennas is 15 cm away from the center of the port hole located



between two coils, both antennas are in the equatorial plane close each other. Fig. 5 illustrates
what can be the sensitivity of the measurement to the toroidal position through the magnetic
field lines and the difficulty to stand for a precise knowledge of the magnetic field experienced
by the propagating probing wave. On Fig. 6, it is shown that an uncertainty of 10 cm in the
toroidal direction would lead to a deviation of about 3 cm of the whole density profile.
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FIG. 5. Contour plot of the edge magnetic field
ripple on Tore Supra. The numbers indicate
the values of the corresponding electron
cyclotron frequencies. The arrows represent
the magnetic field direction, the horizontal
dashed lines represent the illuminated area of
the antenna at 3dB.
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FIG. 6. Density profile reconstruction as function
of the toroidal distance from the center of the port
hole (see figure 5).

3.3 From row data to profile
All the profiles presented here are extracted from the upper frequency (4F+2frn) only.

As shown on Fig. 7, power spectrum of the total reflected signal exhibits two peaks
corresponding to beat frequencies measured by the upper (4F+2fm) and the lower (4F-2fm)
probing frequencies. When filter the positive beat frequencies from the power spectrum and
perform an inverse Fourier transform we obtained the complex signal where the amplitude and
the phase of the reflected probing wave 4F+2fm can be extracted separately.
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FIG. 7. Power spectrum of the reflected signals.
The positive and negative beat frequencies stand
for the cutoff signal from the upper (4F+2fm)
and lower (4F-2fm) probing frequencies.
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An illustration of the phase (Fig. 8) and amplitude (Fig. 9) measurement is given for a
plasma discharge where the density rise from 2 to 4 1019 m"J between the current ramp up
(t=1.2s) and the plateau phases (t=7.4s). The corresponding phases decrease leading to density
profile in agreement with Thomson scattering profiles. Initialisation of the profiles, i.e. the first
cutoff frequency, is determined from the amplitude signal and it is observed a slight decrease of
the first cut off frequency as the density increases.
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4. Results

4.1 Comparison between X mode reflectometry and Thomson scattering measurements
At low magnetic field (3Tesla) and sufficiently low density, X mode reflectometry

profiles and Thomson scattering profiles overlap (Fig. 10). Temporal evolution of the density
can then be compared (Fig. 11). It is observed that small density variations are recovered by
both diagnostics. In this case only eleven profiles where recorded during the plasma discharge.
Further comparison with a higher sampling will have to be done in the future.
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FIG. 10. Density profile comparison between
X mode reflectometry (thick line) and
Thomson scattering (circles).
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FIG. 11. Comparison of the temporal density
evolution between Thomson scattering data and
X mode reflectometry at the same plasma edge
position (see figure 10).



4.2 Sensitivity to density variations
Sensitivity to density variations is also checked during additional heating that could be a

clue to clarify coupling process of the RF power to the plasma. Temporal evolution the density
measured by Thomson scattering exhibits an increase at the edge during the ICRH phase (Fig.
12).
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FIG. 12. Operating conditions with additional LH and
ICRH heating for the plasma discharge #26544.

An increase of the density profile is also measured by the reflectometer (Fig. 13 and 14) at the
very edge (outside the separatrix) and a density variation of the order of 2 to 3 10
measured right before the ICRH phase and during ICRH.

17 m"3 can be
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FIG. 13. Density profile, measured by X
mode reflectometry, before and during
additional ICRH heating for the shot
#25644.
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FIG. 14. Time evolution of the density profile
measured by X mode reflectometry for the
shot #25644."

4.3 Effect of LH power: electron cyclotron emission (ECE) parasitic noise.
During additional LH power, it occurs an increase of the amplitude of the signal before

the first cutoff frequency. The power spectrum exhibits an increase of the amplitude all over
the frequencies in addition to the plasma cut-offbeat frequencies. When filter this noise and the
cut-off signal over equivalent frequency bandwidths (Fig. 15), and compare their amplitude
versus the probing frequency, it is observed (Fig. 16) that the noise amplitude decreases when
the cut-off sienal increases.
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FIG. 15. Additional noise all over the
frequencies appears during the LH
heating phase. Shaded areas represent
the filtering window used to determine
the frequency dependence of the
amplitude given in figure 16.
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FIG. 16. Amplitude of the signal reflected by the
plasma cutoff and the ECE radiation provided by
the suprathermal electrons generated by the LH
heating.

This parasitic signal is provided by the suprathermal electrons generated in the plasma
core where the LH deposited power takes place (Fig. 17). These electrons create a relativistic
downshift of the cyclotron electron frequency that can be emitted outside the plasma 4 at
frequencies lower the value of the electron cyclotron frequency of the edge. Then this emission
can be detected, in X mode, by the reflectometer. At the very edge of the plasma, the optical
thickness is to low to stop this radiation totally and may introduce some noise into the relevant
cut-off signal.
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Fig. 17. Schematic of the ECE radiation detected by the X mode reflectometer

Moreover, part of the noise can travel through the X mode upper cut-off since some O
mode emission can be detected by the reflectometer due to an antenna misalignment: the angle
between the electric field of the probing wave and the magnetic field at the edge of the



tokamak plasma can not be rigorously 90°, and is, in fact, a function of the toroidal magnetic
field and the plasma current (Fig. 18).
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Fig. 1$. Deviation angle from perpendicularity
between the magnetic field at the plasma edge
and the electric field of the probing as function of
the plasma current and the toroidal central
magnetic field

5. Summary
X mode heterodyne reflectometry associated with fast sweep capabilities demonstrates

very precise measurement on Tore Supra and a high sensitivity («1017 m°) to density
variations. Very good agreement with Thomson scattering measurement is observed.
Fluctuations of the radial positions of the profile are no more than ±0.5 cm. However, edge
magnetic field ripple can be a concern since it is not easy to stand precisely for the wave
trajectory into the plasma and for the toroidal position of the cutoff layer; nevertheless if the
error can be estimated to be less than 3 cm in the position of the whole profile, additional work
is needed combining 3D ray tracing and different antenna systems. Additional LH heating
generates an ECE noise in the same frequency range of the reflectometer and is detected. This
emission throughout the plasma is fortunately stopped by the upper X mode cutoff and is also
reabsorbed by the electron cyclotron resonance. But at the very edge, due to a misalignment of
the antenna to the plasma magnetic field and the low optical thickness of the plasma, the first
cutoff frequency, i.e. the profile initialisation, may be determined less precisely.
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I. Introduction

Reflectometry is well known to be very sensitive to plasma density fluctuations. This

characteristic is used to study plasma modes and turbulence from probing signals with

fixed frequencies. When the frequency of the launched waves is swept over a certain

frequency range, the reflected signals exhibit a much more complex response due to the

reflections at different plasma layers and different time instants. The interference signal

should, in principle, exhibit a dominant frequency corresponding to the group delay

associated with the distance between the launching antenna and the reflection layer,

which is the relevant data for density profile evaluation.

In the experiments, however, the secondary peaks due to the plasma fluctuations can

become significant subtracting a large part of the energy from the main peak, which

thereby decreases or even vanishes. Another effect is a frequency shift of the main

component associated with local fast profile deformations. Due to the above reasons the

distance information is not easy to interpret when the level of plasma fluctuations is

high.

The study of the plasma response in broadband frequency operation concentrated on the

obtention of the main peak and many techniques have been developed to filter the

unwanted components. In comparison litle work has been done to understand the

remaining part of the signal.



There are strong reasons, however, that advise the analysis of the complete plasma

response. It permit to complement the results given by the fixed frequency measurements

and to enlight the meaning of the average density profile. This knowledge can certainly

lead to new developments of the methods of analysis to extract the group delay and will

improve the accuracy of the inverted profiles.

Here we present some recent results about plasma fluctuations obtained with FM-

reflectometry on ASDEX-Upgrade. They demonstrate the rich content information of

both the fixed frequency and broadband signals and suggest that they can be used in a

complementary way.

EL. Fixed frequency measurements

The ASDEX Upgrade plasma was probed with several fixed frequencies in the range: 18-

70 GHz, corresponding to reflecting densities between 0.4 and 6.5xlO19 m"3 [1]. The

plasma was probed at a rate of 1 |is (1 MHz sampling frequency). Taking into account the

wavelengths involved and the geometry of the launching antennas, the radial turbulence

wavenumber selected at the cut-off layer is <l-2 cm"1 (spatial width of the cut-off; 2-3

cm), and the poloidal turbulence wavenumber is ~1.5<k<8.5 cm"1.

(i) Study of turbulence during the L-H transition

In these experiments the reflectometry channels were operated at fixed frequencies of

22.7, 31.7 and 45.7 GHz to probe plasma densities iv 0.64, 1.24 and 2.58 x 1019 mf3,

respectively. Measurements were performed in shot #8595 with unfavourable VB drift

direction (away from the X-point) where H-mode is attained through ctr-NBI (Fig l(a)),

as observed in the D« signal shown in Fig. l(b). The temporal evolution of turbulence at

the three density layers can be inferred from the power spectra contour plots in figures

l(c) - (e), obtained with a sliding FFT technique [2]. At the L-H transition (t ~ 1.704 s),

the fluctuations are reduced in -all channels both at low- (figures l(c) and (d)) and high-

field sides (figure l(e)), coinciding with the drop of the D a signal. For the innermost layer

(ne ~ 2.6 x 1019 m"3), well inside the separatrix (nes ~ 1.2 x 1019 m"3) at the onset of NBI,

a broadening of the frequency spectrum occurs correlated with the NBI. The frequency



bandwidth increases during the L-phase, as the probed layer is moving radially outwards

towards the gradient region of the profile with increased turbulence; with high heating

power (5 MW, after 1.65 s) the frequency range increases abruptly, reaching ~ 300 kHz

just before the transition. After ~ 1.67 s the fluctuations in the range ~ 30-100 kHz are

reduced and the high-amplitude fluctuations are displaced to higher frequencies.

Although this could indicate an increase of density fluctuations it is more likely to be due

to a Doppler shift induced by an E x B poloidal velocity. In fact, the frequency-integrated

power obtained from the turbulent spectra is approximately constant in the interval 1.67-

1.703 s. An increase of the E x B velocity inside the separatrix is consistent with the

observed growth (as inferred from changes in the fluxes of ripple-trapped charge-

exchange neutrals [3]) of the radial electric field (Er) at the edge, before the L-H

transition, preceding the density profile build up during the H-phase.

(ii) Improved core confinement discharges with H-mode edge

In this section a discharge is analysed where an internal transport barrier (ITB) coexists

with an edge H-mode barrier [4]. Fig. 2 shows for # 12031 the temporal evolution of: (a)

neutral beam power; (b) central T*; (d) integrated power spectra from reflectometry at a

layer with rie ~ 2.8 xlO19 m'3; the power spectra of reflectometry (from contour plots of

sliding FFT), at (e) ns ~ 2.8 xlO19 m'3 and (f) rie ~ 0.8 xlO19 m"3, located respectively at

r/a ~ 0.6 and close to the separatrix. At the inner layer, the fluctuation level decreases

abruptly at t ~ 1.07 s, before the 2nd beam starts, coinciding with the increase of Te and

the confinement factor, and preceeding (by ~ 50 ms) the reduction at the edge at the L-H

transition, occuring at t ~1.12s. This indicates that the confinement starts to improve at

the core during the current ramp phase, before the edge H-mode barrier is formed. After

1.18 s the observed oscillations at the outer layer are correlated with the turbulence due to

ELMs.

Prior to the improvement in the core, a shift of the turbulence spectrum to higher

frequencies is observed indicating an increase of the plasma rotation. This is also seen at

the edge prior to the L-H transition and it is a typical feature found in H-mode regimes

with or without ITBs. At the formation of the edge barrier, the power integrated spectra



attains a minimum level which may be explained be explained by a further increase of

plasma core rotation due to the formation of the edge barrier.

Broadband measurements

Broadband measurements are obtained by sweeping continuously the frequency of each

reflectometer channel. In broadband operation the complete plasma is probed in 20 (is by

the simultaneous operation of the different channels (full band) located both at the low

and high field sides. The minimum interval between consecutive sweeps is 20 [is and it

can be programmed before each shot according to the type of study to be performed,

taking into account that the maximum number of measurements possible with the present

data acquisition system is 720.

1. Density profiles in discharges with Laser ablated impurities

Broadband measurements were performed in discharges where edge cooling pulses are

produced by injection of impurities by means of Laser-Blow-Off (LBO). In such

conditions a fast increase of the electron temperature in the center is observed and the

confinement is improved [5]. As these low densities discharges have a reduced level of

fluctuations, the distance information is easy to obtain from the reflected signals. This

clear cases are useful to evaluate the capability of the reflectometer diagnostic to measure

the density profile and serve as a reference to analyse more difficult situations.

In Fig. 3 it is shown the evolution of the line integrated density in ASDEX Upgrade shot

#11711 obtained from the DCN interferometer and the vertical lines corresponding to the

sampling times of reflectometry. In this discharge the cold pulse was produced by

injection of Si by means of LBO (between 3.75s and 5.5s).

The spectrogram of the interference signals (see Fig. 4) resulting from the interference

between the reflected and reference signals clearly show a dominant component whose

frequency (interference frequency fb) increases with the probing microwave frequency

(F). In Fig. 4 two spectrograms are shown obtained respectively at probing instants ti and

tg. In the horizontal axis we plot the group delay (tg) which can be directly

V1

related to f*B by: tg = fg — . Plasma density rie, which is proportional to the probing
dt



frequency F, is represented in the vertical axis. The solid line in each spectrogram gives

the evolution of the group delay (tg °= fB) and is obtained automatically using a best path

algorithm [6]. The tg (F) data after Abel inversion permits to obtain the density profiles,

shown in Fig. 4 for the time instants corresponding to the two spectrograms.

Several density profiles were measured automatically both at the low and high field sides

as shown in Fig. 5. After the S, Laser Blow-Off (starting at t = 3.75s) a steepening of the

density profiles is observed at both sides (measured after t = 4.41s) in agreement with the

improvement of confinement. The density profiles that are represented in major radius R

(m) exhibit lower density gradients at the HFS than at the LFS due to the larger spacing

of the magnetic field surfaces at the inner side. In Figs. 6 it is depicted the density

profiles from the HFS after being mapped into the LFS (dashed lines) by plotting the

density along the corresponding magnetic field surfaces. They are in good agreement

with the LFS profiles (solid lines), the small shifts observed can be due to the

initialization procedure and also to some small incertainties related to the evaluation of

the flux surfaces. The fact that density profiles measured with different reflectometer

channels at the LHS and HFS shows the same temporal evolution and agree well when

they are ploted in poloidal coordinates is a strong evidence of the good results given by

the reflectometry system.

2. Profile deformations due to rotating modes

The line corresponding to the evolution of the group delay versus probing frequency F (or

density) is very often distorted in one or several frequency ranges. Here we present an

example where the distortions are due to magnetic activity.

The spectrograms in Fig. 7 were obtained in ASDEX Upgrade shot #11694 with

optimized triangularity and neutral beam heating. They exhibit a perturbation in the

frequency region 35-40 GHz although the energy remains concentrated around the main

peak. During the probing intervals an MHD m = 2 , n = 1 mode is present as inferred

from magnetic data (Fig. 10 a). This means that the mode is seen as "frozen" by

reflectometry ( the region 35-40 GHz is swept in At < 5|j.s while the typical period of

rotation is 200 JIS). The observed deformations of the group delay correspond to density

plateaus in the density profiles (see Fig. 8). The fact that the flattening of the profile is



observed when the MHD activity appears and its growth when this activity increases

(for t = 2.78632s, as measured by the magnetic coils) clearly indicates that the observed

profile deformations are related to the magnetic modes. It should be noted that the main

mode is located close to the separatrix and therefore the observed density plateaus should

be due to sattelite modes. These also have impact on the fixed frequency signals, as

shown (for t: 2.5 s - 3.0 s) in Fig. 9 where the mode (with/ starting ~ 5 kHz) and its

harmonics are clearly observed for rie ~ 2.2x1019 m"3, in good agreement with the

temporal dependence of the magnetic signals.

3. Density profile fluctuations during ELMS

During ELMs, coinciding with the rise of the D a signal, the reflected signals exhibits a

rather broad spectra and in many situations it is difficult or even impossible to track any

line due to distance. This is the case of the spectrograms shown in Fig. 10, obtained

during an ELM type I in ASDEX Upgrade shot #11557, respectively at the peak of the

ELM (t = 2.01845s) and shortly after (t = 2.01875s). In order to understand the meaning

of the observed frequency pattern, we mapped in Fig. 11 the automatically extracted

group delay curves (which in some sweeps are not meaningful for profile evaluation)

versus time (multi sweeps) and density. Also represented is the colour code

corresponding to the values of group delay. Localized density perturbations are observed

which follow the evolution of the D a signal (seen in the Fig. 11 for two consecutive

ELMs). At the peak of the second ELM the complete profile is disturbed. In the second

instants the fluctuations had already decreased. The mapping of Fig. 11 shows an

increase of the group delay (tg) for densities higher than nea ~ 3 xlO19 m"3 (which means

a displacement of the reflecting layers away from the antenna) and a decrease of the

group delay for densities lower than ne? (related to a displacement of the reflecting layers

towards the antenna). Both displacements indicate a flatenning of the profile with a

"turning point" around n^a, as depicted in Fig. 12. The "turning point" seems to be located

close to the separatrix. Following the decrease of the D a signal, and in the same time

scale, the steep density profile typical of the H regime is recovered.

A similar study was performed in the same shot #11557 when type III ELMs occur. In

this case a different pattern is observed (as seen in Fig. 13) where the local density



movements are not pronunced as in the case of type I ELMs. This difference in

behaviour is in agreement with well known characteristics of both type of ELMs [7]. In

fact, type I ELMs occur when the edge pressure gradient reaches the ideal ballooning

instability limit, leading to the H-mode barrier degradation and therefore a drastic change

of the profile. On the contrary, during the type III ELMy H-mode the edge pressure

gradient is significantly lower, as well as the level of fluctuations and the modifications

of the profile.

4. Concluding remarks

Here we present results about the plasma fluctuations in ASDEX Upgrade obtained with

both fixed frequency and broadband measurements. It is demonstrated that in addition to

the standard measurements with fixed frequency, the broadband signals contain also

valuable information about the plasma fluctuations, namely about magnetic modes and

local profile deformations associated with type I and type III ELMs.

On the other hand, the frequency components due to the fluctuations poses great

difficulties to density profile evaluation and therefore they must be understood. In a

previous work it was made a first atempt to correlate the signals perturbations with some

physical plasma parameters [8]. Our present study is a further contribution to enlight this

problem aiming at improving the evaluation of the average density profile.
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I. INTRODUCTION

Due both to the high temporal and spatial resolutions and to the minimal machine access
requirements broadband microwave reflectometry has emerged as a very attractive diag-
nostic technique to measure the electronic density profile and to study the characteristics
of density fluctuations both in present and future nuclear fusion devices, particularly in
tokamaks. The relevant information needed for the density profile evaluation from
broadband reflectometry data is the group delay of the probing waves, due to the propa-
gation and reflection at the cut-off layer, as a function of the probing frequency r (F).

The group delay relates to the reflected signal's frequency by

where Sr is the probing frequency sweep rate. In the absence of plasma turbulence the

rg (F) information can be easily extracted using one of the many techniques developed

so far. However, in the presence of plasma fluctuations the reflected signals can be
largely modulated both in phase and amplitude making it difficult to detect the r (F)

curve due to the underlaying unperturbed density profile.

In the past few years, temporal and spectral techniques have been developed aiming at
the evaluation of the density profile under the presence of plasma fluctuations. In the first
case, narrow filtering is used to eliminate the spurious frequency components due to tur-
bulence. The main disadvantage of these techniques is that the filter should be well
adapted to the slowly varying fb component, which is not an easy task due to scattering

caused by fluctuations, because the extracted fb curve has the tendency to follow the

filter central frequency and may be deviated from the correct fb. It should be underlined

that small deviations of fh over small ranges of the F can result in significant deviations

of the inverted profile because due to integration the errors accumulate.

Standard spectral techniques use the short-time Fourier transform to obtain the time-
resolved frequency spectrum of the reflected signals and take the main peak frequency as
an estimate of fh. However, experiment shows that under strong levels of fluctuations or

fast displacements of the reflecting layer the main peak do not corresponds to the average



profile. Again, to overcome this problem a narrow pre-filtering is used and therefore this
type of analysis suffers from the same drawback encountered in the temporal analysis.

In this paper we present a novel spectral technique that is able to track the group delay
curve even under the presence of high levels of turbulence. The new method is based on
the application of a best-path search algorithm to the energy time-frequency distribution
obtained from the short-time Fourier transform of the reflected signals. These technique
uses more information about the local fb spectrum than previous techniques and doesn't
require narrow filtering or any fine adjustment of parameters, which makes it specially
suitable for the automatic routine evaluation of density profiles.

DL GROUP DELAY CALCULATION - BEST PATH TECHNIQUE

*? 1S&5. Iirw-1.55954. Law' SssJS sdfr
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FIG.l - Typical spectrograms of reflectometry signals.

The short-time Fourier transform (STFT) of a given signal s(t) is defined as

Ts{t,v,h) = ^~s{u)h\u-t)ejlirvudu



where t is the time, v is the frequency and h(t) is a short-time analysis window. As

h*(u - / ) effectively suppresses the signal outside a range around the analysis point u=t,

the STFT gives the local spectrum of s(t) around t. The spectrogram is obtained by
taking the squared magnitude of the STFT. Figure 1 shows typical spectrograms of re-
flectometry signals.

The best-path technique has the following main steps:

1. Let hj be the y'-th analysis window, Aj the amplitude of the main spectral com-

ponent within hj and P. the set of peaks from h. that verify the condition

i\~5)Aj <Ai<Ai , where A is the peak amplitude and 0<5<l is an ad-
•/max Jraax

justable peak selection parameter.

2. Building of a set of nodes by connecting every peak in P. to every peak in Pm;

the distance (or cost) between each pair of nodes is given by the beat frequency
gap between the corresponding peaks.

3. Application of the Floyd best-path search algorithm to the set of nodes in order to
find the beat frequency (or group delay) path between the start and end peaks,
which minimizes the cost (jumps).

Si 19*?. *ne»?.3898 s. (-Sgh-itaW sise

FIG. 2 - Application of the best-path searching technique to a typical
reflectometry signal. The white line corresponds to the estimated group
delay curve.

The Floyd best-path search algorithm1 works as follows. Given a set of nodes
Gi,i = l,...,n and a cost matrix Lp where Lit = 0 , L})>0 if i&j and L^ =°° if the

nodes i and j are not connected, Floyd's algorithm returns the cost of the shortest path



between each pair of nodes in matrix C.y and the shortest path between them in matrix

Sy. To find the shortest path between any given nodes / and j one looks at Sff. If

Si}. = 0 the shortest path is the direct path between / and j ; otherwise, Sv = k the short-

est path goes through node k. By looking recursively at Sik and S^ we can find other

intermediate nodes, if they exist, along the shortest path. Figure 2 shows an example of
the application of the new method.

It should be noted that in some cases the reflectometry signals are completely damaged
preventing the detection of the group delay curve. Such a case occurs namely during a
fast Edge Localized Mode (ELM) as it is shown in Fig. 3. In these cases, algorithms that
can automatically decide if the profile can be accurately inverted need to be implemented.
For instance, event detectors (of ELMs or MHD activity) can be used to determine the
regions where the profile inversion still needs interactive adjustments of the evaluation
algorithm parameters.

Fig. 3 - Effect of a fast ELM in a 20p.s reflectometry signals.

III. DENSITY PROFILE INITIALIZATION

In the case of O-mode reflectometry measurements, the accuracy of the edge profile
greatly depends on the assumed shape of the non-measured region. In ASDEX-Upgrade
X-mode measurements are used to initialize the O-mode group delay curve. However,
this information is only available for discharges with magnetic fields below ~2. IT. In the
absence of X-mode data the group delay curve is initialized using a constrained extrapo-
lation method that takes into account the information carried on the first probing frequen-
cies. If this fails, linear extrapolation is used.

From O-mode data, the density profile is inverted using the Abel inversion integral



df
n

where R(F) is the location of the plasma reflection layer corresponding to the probing
frequency F, Ro is the position of the plasma edge (ne(i?o) = 0) and c is the speed of
light. As O-mode data can only be obtained for probing frequencies greater than a mini-
mum frequency i7, the group delay information has to be initialized for the non-measured
part of the edge plasma corresponding to the frequency range 0 < F < F,.

2.5

2.0

en

0.5

0.0

• Constrained extrapolation method
' X-mode initialization

2.08 2.20 2.242.12 2.16
R[m]

FIG.4 - Comparison between the results obtained with the constrained extrapolation
method and using X-mode data.

With this purpose the non-measured part of the edge plasma is modeled by

where A = rg(F,)exp(-B) and B = {FX - |(Brg/dF\F I)\-2TS(F^/T^F,) . Figure 4 shows

two density profiles initialized with the constrained extrapolation method (solid line) and
using X-mode (dashed line).

IV. EXPERIMENTAL RESULTS

Figure 5 shows the evolution of the H« radiation (upper trace), average density (middle
trace) and data from the even-m channel of the Mirnov coils (lower trace) during ASDEX
Upgrade discharge #11694, where an MHD rotating mode can be observed in the time
interval 2.69<t<2.835. Figures 6(a)-(d) show examples of density profiles obtained
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automatically using the best-path searching technique in different plasma regimes during
ASDEX Upgrade discharge #11694: (a) Ohmic plasma, (b) H-mode phase - density
build-up, (c) H-mode phase - rotating magnetic mode present and (d) H-mode phase.

V. CONCLUSIONS

The results shown allow us to conclude that the new method here presented for the
evaluation of density profiles from broadband reflectometry data is able to automatically
and accurately recover the underlaying unperturbed density profile in a wide range of
plasma regimes, even under high levels of plasma fluctuations. The algorithm used does
not require narrow filtering or any fine adjustment of parameters. It is rather based on de-
cision criteria and uses the complete information about the local fb spectrum contained

in the time-frequency distribution. The new technique is being extensively tested and up-
graded in a wide range of plasma regimes using ASDEX Upgrade broadband reflectome-
try data.
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Abstract

A reflectometer is under development for the electron density profile

determination in the TJ-II Stellarator. The reflectometer combines two different

techniques: Amplitude Modulation (AM) and fast sweep Frequency Modulation (FM)

with homodyne detection.

The extraordinary mode of polarization was chosen in order to minimise the

number of antennas and waveguides using the Ka band extended to 25-50 GHz. The

antenna system includes the possibility of monostatic operation (with a reference pin) for

the FM reflectometer and also reception by a separated antenna for the AM system.

An HTO (12 - 18 GHz) in combination with active multipliers: a doubler and a

tripler used in alternation, generate two frequency segments: 25 - 36 and 36 - 50 GHz

that share a unique waveguide system (Ka band). The signal is amplitude modulated at

200 MHz and the phase demodulation is done at lower intermediate frequency of 10.7

MHz.

In order to obtain density profiles with high time resolution, the reflectometer can

operate with frequency sweep times as fast as 10 us per segment (about 40 us for the

whole range) at FM mode. In the AM mode, the sweep time is limited by the bandwidth

of the receiver (from 30 to 300 kHz), therefore, simultaneous measurement with AM and

FM systems is restricted to the longer sweep times.

The reflectometer covers almost the whole density range in the ECRH phase of
TJ-II (B = 1 T, ncut = 1.75 1013 cm"3), however central densities are not accessible

because of the characteristic flat profiles in TJ-II. For the NBI heating plasmas with

higher electron densities, additional frequency channels will be needed.

System description



A diagram of the reflectometer front end is displayed in figure 1. The system

consist of an HTO (Hyper-abrupt Varactor-Tuned Oscillator) in the 12-18 GHz range in

combination with active multipliers. A dual pin switch (SPDT in figure 1) is used to

select between the active doubler or the active tripler paths, i.e., between the two

frequency band segments: 25 - 36 GHz and 36 - 50 GHz. Two separated HTO drivers

are used, one for each band segment, allowing for an independent adjustment of the

minima and maxima frequencies and therefore for some overlapping in the band

segments. Both drivers are controlled by a unique tuning signal, while a second control

signal is used to select between the two frequency segments. A high pass filter (FHP: f3

36 GHz) is included after the tripler to reduce the second harmonic (it is about 10-20 dB

lower than the third one). The two paths are combined in a Tee hybrid coupler (Ti).

Then, the signal is amplitude modulated with a single pin switch (SW) and a modulation

signal with a frequency of 200 MHz.

FM

H<r
(g) refAM

FLP

vacuum •

FLP

Figure 1: Diagram of the AM / FM reflectometer front endqfTJ-II.



In the present configuration, the reference signal for the AM mode can be taken

either from the modulator driver or from a directional coupler installed after the

modulator. The second possibility avoids the distortion introduced by the phase shift

generated at the modulator that may be dependent on the signal frequency. For the FM

mode, monostatic operation with an in-vacuum directional coupler and a reference pin in

the launching antenna was primarily considered. However this configuration introduces

some spurious reflections that could be dominant if the main signal drops. The situation

is improved using the second antenna to receive not only the AM but also the FM signal

and, as in the AM mode, taking the reference signal from the directional coupler after the

modulator (in the way in which is represented in figure 1).

Low pass filters (FLP: f 2 50 GHz) have to be included to protect the system

against the RF power from the ECRH system.
FM signals are combined in a Tee hybrid coupler (T2) and fed in a waveguide

diode detector (homodyne configuration). A wide band amplifier is used to obtain the

signal amplitude range required by the data acquisition system. Its gain can be chosen

from four different values.

refAM sigAM

40 dB

200 MHz
+/- 10 MHz

LO: 189.3 MHz

10.7 MHz
+/- 30 kHz

phasemeter

I
A*sin<|) A*cost>

Figure 2: Diagram of the

receiver

sweep times.

Single ended mixers are used to obtain the

AM envelopes carrying the time delay

information. In figure 2 a schematic diagram

of the AM receiver is displayed. The AM

signal coming from the plasma is expected to

be weak, therefore a high gain amplifier (G >

40 dB) with a large range of gain control (>

80 dB) is used. The phase demodulation of

the AM signals is done at a lower

intermediate frequency to achieve a higher

accuracy. The frequency conversion is done

with a local oscillator at 189.3 MHz to obtain

an intermediate frequency of 10.7 MHz.

Then, bandpass filters are used in both, the

main and the reference signals. The present

configuration has filters of 30 kHz

bandwidth, though broader filters could also

be used to be able to obtain faster AM mode



Separate antennas are used for launching and receiving the signal. The antennas

are located in the equatorial plane of the toroidal cross section defined by <j> = 45_,

viewing the plasma from the low field side. Inside the vacuum vessel fundamental

waveguide is used to transmit the signal from the closer port (A4 top: (|> = 38.17_,9 =

90_) to the desired launching location ((|> = 45_, 0 = 180_). This location was selected to

guarantee a magnetic field gradient parallel to the density gradient. This condition is

verified in a small number of positions due to the TJ-II magnetic field structure with a

strong helical variation of its magnetic axis and a bean shaped plasma cross section [1].

Furthermore, the TJ-II poloidal component of the magnetic field is stronger than in

tokamaks, being the angle between the magnetic field lines and the toroidal direction

close to 30_ and slightly dependent on the specific magnetic configuration. Such a

dependence is displayed in figure 3 as a function of the upper cut-off frequency, i.e., as a

function of the plasma radius. Consequently the support structure of the antennas has

been designed with an inclination of 30_ from the vertical to ensure an almost pure x-

mode. An estimation of the error introduced by the variations of a from 30_ gives a

maximun deviation of the real cut-off frequency with respect to the calculated one lower

than 0.4%.
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Figure 3: Angle between the magnetic field lines and the toroidal direction as a

Junction of the upper cut-off frequency, i.e., for the different radial locations, in three

different magnetic configurations.

TJ-II is a low magnetic shear stellarator, consequently the effects of the mode

conversion in the beam propagating through the plasma are not significant.



The reflectometer covers almost the whole density range in all the magnetic

configurations during the ECRH phase of TJ-II (B = 1 T, frfCRH = 53.2 GHz, n^t = 1.75

1013 cm"3). Figure 4 shows the highest reflecting densities at the magnetic axis (for the

maximun incident frequency: 50 GHz) in three different magnetic configurations of TJ-

II. Similar calculations show that the lowest reflecting densities at the plasma edge

(incident frequency: 25 GHz) ranges from 0 to 3 1011 cm"3. Such a low cut-off densities

together with the knowledge of the magnetic field at the plasma edge, more accurately in

stellarators than in tokamaks, smooth the initialization problem. Due to the TJ-II

characteristic flat profiles [2], central densities are not accessible even for low plasma

density discharges.

For the NBI heating plasmas with higher electron densities, additional frequency

channels will be needed.
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Figure 4: Reflecting densities at the magnetic axis for the maximun incident

frequency (50 GHz) in three different magnetic configurations of TJ-II.

Calibration

In most of the reflectometry systems the time delay of the microwave beam inside

the plasma is much smaller than the time delay due to the waveguide runs and in-vacuum

propagation. Therefore it is necessary to perform an absolute calibration or a relative

calibration with respect to an independent measurement technique. In our case absolute

calibration measurements have been done using a movable mirror in front of the

antennas. The signal reflected at the inner vessel wall was expected to be very weak

because of the wall shape: the vacuum chamber cross section is not circular, it has a



groove (where the central coil is) just in front of the antennas. Thus, the inner wall is not

a concave but a convex surface. Nevertheless, the time delay of the signal reflected in the

inner vessel wall could be measured with the FM reflectometer. Figure 5 shows the time

delay of the microwave beam reflected at the inner vessel wall and at the mirror in four

different positions. Moving the mirror away from the antennas the time delay increases in

good agreement with the calculations (1/3 ns every 5 cm). Also the distance between the

antennas and the inner wall calculated from the time delay agrees with the real distance

(41.5 cm).
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—•— vessel wall
mirror 35 cm
mirror 30 cm
mirror 25 cm
mirror 20 cm

28 30 32 34 36 38

frequency (GHz)
40

Figure 5: Time delay of the signal reflected at the inner vessel wall and at the

mirror in four different positions In the plot legend it is written the distance between the

antennas and the mirror.

Present status and future plans

Reflectometry measurements with plasma have not been carried out so far, but the

system is ready for the next experimental campaign of TJ-II. Hopefully first comparison

between FM and AM reflectometry measurements will be possible. Presently the data

acquisition system has a maximun sampling rate of 5 MHz, therefore no very fast FM

measurements will be possible in the near future. A 20/40 MHz sampling rate acquisition

system will be available in the next months.
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A modification of microwave reflectometry is discussed where the direction of observation is tilted with

respect to the normal onto the reflecting surface. The experiment is similar to scattering where a finite

resolution in k-space exists but keeps the radial localization of reflectometry. The observed poloidal

wavenumber is chosen by Braggs condition via the tilt angle and the resolution in k-space is determined

by the antenna pattern. From the Doppler shift of the reflected wave the poloidal propagation velocity of

density perturbations is obtained. The diagnostic capabilities of Doppler reflectometry are investigated

using full wave code calculations. The method offers the possibility to observe changes in the poloidal

propagation velocity of density perturbations and their radial shear with a temporal resolution of about

10ns.

1. Introduction

Conventional reflectometry (for a review see Laviron et al 1996 and Mazzucato 1998) probes the

plasma with a microwave signal that travels in parallel to the density gradient in the plasma. From

the time delay of the returned signal the radial position of the reflecting layer and thus the

background density profile can be obtained. Ideally this wave-plasma interaction can be described

as a one-dimensional (ID) problem. ID density perturbations result in radial movements of the

reflecting layer and / or in changes of the index of refraction along the signal path in the plasma.

The sensitivity of the measurement on amplitude, shape and radial location of such ID

perturbations has been widely studied both analytically (Mazzucato 1998) and with ID code

calculations (for references see Holzhauer et al 1998). For the parameters of present-day fusion

experiments it is found that in a ID geometry the phase response mainly originates from

perturbations close to the nominal cut-off layer and their frequency spectrum can be inferred from

the spectrum of the measured phase.

The fact that the reflecting surface illuminated by the microwave radiation can have a two-

dimensional (2D) structure may seriously perturb density profile as well as density fluctuation

measurements. This has been intensively studied both experimentally and by 2D numerical code

calculations (for references see Conway 1998 and Holzhauer et al 1998). As the wavelengths of

density perturbations along the magnetic field lines are much larger than the beam spot size the



structure of the corrugated reflecting layer can be represented by considering the wavevector

component perpendicular to the local magnetic field K± only. Thus the reflecting layer is an

analogue to a grating in reflection which produces both a 01" order and higher order sidebands in

angle space. Depending on amplitude and A^-spectrum of the fluctuations the signal measured at

the receiver antenna may be no longer coherent and shows strong amplitude fluctuations. Both

effects are due to the interference of higher diffraction orders with the reflected (f order (Holzhauer

etal 1998).

Asymmetries in the antenna plasma geometry and/or spatially non-symmetric density

perturbations result in asymmetric frequency spectra, i. e. in a Doppler shift of the signal reflected

from the propagating density perturbations (Bulanin et al 1992, Sanchez et al 1992, Irby et al

1993, Hirsch et al 1998, Holzhauer et al 1998, Conway 1998, Zou et al 1999). A manifestation of

such an asymmetry is the phenomenon of the 'runaway phase' which has been observed in almost

all reflectometers (for references see Braiias et al 1999). A 'runaway phase' occurs in the output of

the phase detector due to the interference of (unshifted) O1" order and (frequency shifted) ±lsl order

signal at the receiver antenna (Holzhauer et al 1998).

Information about ^-spectrum and the propagation velocity of the density perturbations vx

can be gained if it is possible to separate the higher diffraction orders from the usually strong (f

order of reflection. For this purpose the line of sight of the antenna arrangement has to be tilted

with respect to the normal onto the flux surface, thus preferentially selecting a single diffraction

order. Such a Doppler reflectometry experiment is capable to measure the radially resolved

propagation velocity of density turbulence v±(r) with a temporal resolution about two orders of

magnitude faster than conventional spectroscopic methods. Therefore Doppler reflectometry is well

suited to address the topic of velocity shear and shear induced changes of the turbulence spectrum

which are thought to be a key element in transitions of anomalous transport (Biglari et al 1990).

In the first part of this paper the principles of Doppler reflectometry are discussed with a

simplified model wherein the cut-off layer is replaced by a reflection grid in vacuum illuminated by

microwave beam with finite spot size. In Chapter 2 we show experimental results obtained at the

W7-AS stellarator with an antenna system where the tilt angle with respect to the reflecting surface

was scanned. The diagnostic capabilities and limitations of Doppler reflectometry are discussed in

chapter 3 with the aid of 2D full-wave code calculations which take into account the full

complexity of the reflection including the effects of refraction and plasma turbulence. Finally we

present conclusions resulting from the Doppler reflectometry approach for the further application of

reflectometry as a fluctuation diagnostic.

2. Principle of Doppler-Reflectometry

The principle of Doppler reflectometry is shown in Fig.l where the corrugated cut-off layer is

substituted by a reflection grid in vacuum, a treatment that has been designated as 'physical optics

model' in (Conway 1998). Conventional reflectometry uses the 0th order of reflection to obtain



information about the distance to the reflecting layer. Radial oscillations of the mirror (e.g. due to

long-wavelength MHD modes) lead to a symmetric broadening of the reflected signal frequency

spectrum. If the mirror has a small sinusoidal corrugation characterised by a wavenumber

K± = 2n/A± the information about KL is contained mainly in the first orders of diffraction which

can be selected by the antenna arrangement. As an example in Fig. 1 a monostatic antenna is shown

with its line of sight tilted by an angle 6tilt with respect to the normal of the reflecting layer. For the

-1s t order of the diffraction pattern to return to the antenna the Bragg condition requires

) (1)

where k0 is the wavevector of the microwave. Thus by a variation of the tilt angle 6m the K±-

spectrum of the density perturbations can be scanned. We note that for larger corrugation amplitude

or non-sinusoidal corrugations higher orders of diffraction have to be taken into account (see

chapter 3).

probing \ _ ^ Q t h O f d e r

"reflection"beam

reflection gnd
in Littrow mount

Figure 1. Principle of Doppler reflectometry illustrated using a reflection grid in vacuum and a
single antenna arrangement in a Littrow mount.

The resolution of the antenna in K± -space is determined by the relation between the width

of the illuminated spot and the wavelength of the corrugation. An analytic expression for the KL-

resolution is possible if the electric field pattern of the antenna has a Gaussian shape

E<=c exp[-x2/w2] and the reflecting layer is close to the beam waist w. Then the 1/e width of the

weighting function for amplitudes in K±-space becomes (Holzhauer and Massig 1978)



L - (2)
w

In Eq.2 it has been assumed that the tilt angle 6ti[[ is small enough for the effect of the geometric

projection of the beam waist onto the reflecting layer weff =w/cos(@ti[l) to be neglected. For

typical values (beam diameter of a few cm, poloidal wavelengths A x = 1 cm) the cut-off layer can

be considered as a grating where a few poloidal wavelengths are illuminated only. In the limit of

large poloidal wavelengths A x > 2 w the diffraction orders overlap, i.e. AKjK > 1, and the simpler

geometrical optics approach is sufficient.

If the reflection grid propagates with a velocity v± the frequency of the wave diffracted in

-Is' order is shifted by (see Eq. 1)

(3)
= -2{ffc)sinetiltvx

As a consequence, in a Doppler reflectometry experiment the spectrum in Kx -space is transferred

into a spectrum in frequency space. Higher orders of diffraction, which are selected in KL -space by

the antenna aperture and the angle 6[iU, are separated from the 01" order of reflection by their finite

Doppler shift in frequency space. In the first line of Eq.3 the frequency shift is described as the

result of a modulation of the returning microwave by a propagating periodic structure characterised

by wavevector K±. This description is equivalent to that of a Doppler shift of a wave reflected from

a target moving under an angle 6tiU with respect to the normal to the line of sight (second line of

Eq.3).

An Doppler shift also may occur due to density perturbations propagating radially with

velocity vr which are equivalent to a partially reflecting mirror. However, the Doppler shift

resulting from a radial propagation is <*cos6m and therefore can be distinguished from a

frequency shift according Eq.3 by a variation of 6m. Experiments at W7-AS (Brafias et al 1999,

Holzhauer et al 1998) showed that a variation of 6tilt from positive to negative values resulted also

in an inversion of the frequency shift. From this it was concluded that for these experiments

contributions of the Doppler shift originating from radially propagating density perturbations could

be neglected.

Doppler reflectometry may be considered as a hybrid between conventional reflectometry

with a reflecting cut-off layer and a standard scattering experiment in a transparent medium : Eqs.

1-3 are equivalent to those of standard scattering from a periodic density perturbation KL. The

transition to reflectometry is effected by the insertion of a mirror at the position of the nominal cut-

off layer. In order to return to the usual scattering formalism the tilt angle 6lilt must be substituted

by the deflection angle of the scattering experiment d = 2 • 6m. In the limit of grazing incidence

(6tilt = 90°) the experiment formally corresponds to backscattering with t9 = 2-6tiU = 180°. Doppler

reflectometry keeps the £-selectivity of a scattering experiment but overcomes its poor spatial

resolution by the use of a cut-off layer in the plasma. Note that a cut-off is also used to obtain

spatial resolution also in cross-polarisation scattering experiments (Colas et al 1998).
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3. Doppler-Reflectometry Experiments at W7-AS

The geometry of a Doppler reflectometry experiment at the stellarator W7-AS (R= 2.0 m, average

minor radius a=0.17 m) is shown in Fig.2. The experiment is performed in a toroidal plane where

the poloidal cross section of the stellarator plasma is nearly elliptically shaped and the toroidal

magnetic field (Blor(R = 2m) = 25 T) increases towards the torus centre similar to a tokamak. The

monostatic antenna system is located in the vacuum vessel slightly above the equatorial plane. A

corrugated horn in combination with an elliptical mirror result in a Gaussian antenna characteristics

Eoz exp[-jt2/>v2] with beam waist w =13cm at the reflecting layer, i.e. 52 cm away from the

mirror. The mirror can be tilted in poloidal direction by more than 15" corresponding to a vertical

movement of the spot at the reflecting surface from +6 cm to -7 cm with respect to the equatorial

plane. This geometry has been chosen to minimize the effect of the finite plasma curvature. A

variation of the tilt angle allows to find the orientation of the mirror for which the line of sight

becomes perpendicular to the flux surfaces which results in a symmetric frequency spectrum. This

is necessary as the geometry of the plasma edge of the low-shear stellarator W7-AS can be

modified by magnetic island structures with low poloidal modenumber leading to a corrugation of

the outer flux surfaces. It turns out that for typical plasma conditions a scan of the mirror tilt leads

R_2iom t 0 a variat^on of the effective tilt

angle between 1" < 6tilt < 15" .

Microwave radiation is

launched and received in x-mode

polarisation with frequencies in the

W-band (70-110 GHz) thus probing

densities between 1 and 6 1019 nr3 .

The reflecting layer typically lies

less than 3 cm inside the plasma

boundary as defined by the limiter

position or the separatrix. This rather

shallow penetration depth is due to

the elliptical cross section of the

plasma at this toroidal position and
Figure 2. Doppler reflectometry experiment at W7-AS. ^ s t r Q n g e d g e d e n s i t y g r a d i e n t s

observed for most plasmas in W7-AS. Therefore, and also due to the rather short wavelength used

(0.3 cm < Xo < 0.4 cm) refractive effects in the plasma hardly matter and the reflection process can

be fairly well approximated by a mirror. This is confirmed by the 2D full-wave code calculations

given in chapter 3.

For the experiments either a homodyne reflectometer using a Gunn oscillator as signal

source with fixed frequency ( / = 85 GHz) or a broadband heterodyne reflectometer system (Hirsch

Gaussian optics



tiit = 1.2 deg
tilt = 3.5 deg
tilt = 5.5 deg

v- #45239
- - #45240

#45275
#45283tilt = 11.2 deg

tilt = 13 deg
background

10 15

frequency shift / MHz
Figure 3. Doppler reflectometry spectra measured with a
variation of the tilt angle at fixed effective radial position
(r-a)=-1.7 cm of an ECRH heated plasma. The plasma
boundary (a=17.3 cm) is defined by the limiter. The
spectra are vertically shifted for clarity. Dashed lines
indicate the background noise level for the lowest and the
uppermost spectrum respectively.

tilt angle / deg

Figure 4. Frequency shift of the spectral feature shown
in Fig.3 as a function of bm. As examples four ECRH
heated discharges with various magnetic configuration
and average density are shown. In any case the probed
density is 2 10" m'3.

et at 1996) are used. Final signal procedssing is performed with a spectrum analyser around the last

intermediate frequency (f!F = 60 MHz) of the heterodyne receiver or around zero-frequency for the

homodyne system respectively. A full spectrum is scanned within 20 ms with a resolution

A/ = 20 kHz. In addition up to six bandpass filters with variable centre frequency and bandwidth

are available to observe fast changes in the frequency spectrum. Finally a frequency tracker

provides an analogue output signal which is proportional to the instantaneous frequency.

For a frequency of 85 GHz (vacuum wavelength of 3.6 mm) the accessible range of poloidal

wavevectors is estimated to beKx <9cm~1, Le. accessible poloidal wavelengths are A ± > 7 mm.

In practice the finite width of the 0th and -1s t orders of diffraction determine the minimum frequency

shift that can be measured and thus the lower boundary of Kx which can be accessed. For a

poloidal tilt angle 6tilt = 14" a Doppler shift of A/ = 1 MHz corresponds to a poloidal propagation

velocity vx = 7.4 km/s . With that velocity the density perturbations pass the probing microwave

spot within At = 9 //s. It is important to note that vx calculated from the Doppler shift is a local

quantity measured at the position of the illuminated spot. In order to obtain the corresponding flux

surface averaged velocity vpol the flux compression of the magnetic field topology at the measured

position has to be taken into account. Due to the elliptic shape of the poloidal cross section (see

Fig.2) the local velocity is increased with respect to the flux surface averaged velocity by about a

factor of 2. Equlibrium calculations show that for the chosen position this correction factor changes

due to the Shafranov shift from 2 to 3.5 if the central fi rises from zero to 1%.
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Figure 5. Temporal behaviour measured during a discharge heated with 400 kW ECRH
(< n >=6.4 10" m"3)- (a) Edge rotational transform i(a) and diamagnetic energy content, (b)
Contour plot of the reflectometry spectrum measured with homodyne detection, (c) poloidal
propagation velocity of density perturbations calculated from the Doppler shift in (b). (d)
ExB velocity as measured with passive spectroscopy. The time traces correspond to
different radial positions probed with an array of sightlines and show the E x B velocity shear
in the outermost part of the confinement region.



Fig.3 shows a series of spectra obtained with fixed probing frequency while scanning 6tilt

on a shot to shot basis using homodyne detection. The reflecting layer is located at an effective

radius (r^ - a) = -1.7 cm within the plasma boundary as obtained from density profiles measured

with beam emission spectroscopy, Thomson scattering and a multichannel interferometer. With

increasing 6tilt the peak of the spectrum shifts towards higher frequencies indicating that the

antenna selects Kpol{6a^) from a broad £x-spectrum. If the tilt angle is too small (typically

6tilt < 5°) the 0th and -1 s t orders of diffraction cannot be separated in the spectrum. For a number of

discharges the frequency shift of this spectral feature is plotted in Fig.4 versus the tilt angle. Within

the error bars the observed frequency shift is proportional to the antenna tilt 6tilt «sin(6ftft). Thus

we conclude that in the accessible range 3 cm"1 <Kpol < 9 cm"1 the poloidal propagation velocity

vpol{Kp(A) is almost constant i.e. the dispersion relation of the density perturbations is linear. The

value of 6m for which the antenna line of sight is perpendicular to the probed cut-off surface can

be estimated from a linear extrapolation of the frequency shift down to zero (Fig.4).

An example for the temporal behaviour of the reflected signal in an ECRH heated discharge

is given in Fig.5. In the time interval 0.4 s < f < 0 . 6 s the plasma confinement properties (see

Fig.5a) are modified by a small (about 3%) variation of the edge rotational transform i(a). During

that time reflectometry spectra measured with fixed frequency (Fig.5b) show an transient variation

of the Doppler shift This agrees with the temporal behaviour of the ExB velocity obtained from

the Doppler shift of a BIV emission line (Fig.5d). During the stationary part of the discharge

0 .2s<t<0 .4s the radial position of the reflecting layer is located at an effective radius

(r-a) = -2.6 cm inside the

plasma boundary defined by the

limiter. At the position of the

measurement the flux surfaces

are compressed by a factor of 2.7

with respect to their average

radial distance (see Fig.2). The

resulting flux surface averaged

poloidal propagation velocity is

plotted in Fig.5c. For the steady

state time interval

0.2s <t< 0.4 s one obtains

= 5 .5km/s . Within the

- 3 0

- 4 0

Spectra normalized with respect to
launched carrier power and shifted
by 5 dB for clarity.
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error bars this value is identical

to the ExB velocity of the

background plasma obtained

from spectroscopy for the same

radial position (black dots in
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Fig.6: Reflectometry spectra measured with heterodyne detection at
different effective radii -1.4cm>(r-a)>-5.1cm in an ECRH heated discharge
(< n > = 7 io" m'3, i(a)=0.349). The spectra are vertically shifted for clarity.



Fig.5d). Therefore the contribution of the intrinsic phase velocity of the density perturbations on

the background plasma to the total poloidal propagation velocity vpol must be small. We note that

the incomplete knowledge of the flux compression is the most significant source of error in this

comparison of poloidal velocities.

A radial scan of the Doppler reflectometry spectra has been performed using a broadband

heterodyne reflectometer (Hirsch et al 1996) with its antenna located at an equivalent toroidal

position with a similar plasma shape as shown in Fig.2. The bistatic Gaussian antenna arrangement

has a fixed tilt angle of 6tilt = 28°. The geometry of a bistatic arrangement is treated in more detail

in (Holzhauer et al 1998). Due to the tight focussing (w =1.9cm) for a typical frequency of

/ ~ 85 GHz the resulting ^-resolution is AK/K ~ 1. Fig.6 shows spectra measured in an ECRH

heated discharge at radial positions located between effective radii -1.4 cm < (reff - a ) < - 5 . 1 c m

inside the plasma. The antenna arrangement is oriented in such a way that the red-shifted feature

indicates a poloidal propagation of density turbulence in electron diamagnetic direction. Due to the

poor £±-resolution beside the -1s t diffraction order also the + Is1 order enters the receiver antenna,

therefore also a weak blue shifted spectral component can be observed with the same frequency

shift JA/|. The poloidal propagation velocities obtained from the data in Fig.6 are plotted in Fig.7

together with the ExB velocities derived from active Charge Exchange Recombination

Spectroscopy using He as a tracer impurity (Baldzuhn et al 1998). In spite of the limited i r -

resolution of this antenna and the ensuing broad spectral features the resolution of the calculated

velocity vpol measured with Doppler

reflectometry is sufficient to resolve

the strong radial shear in the ExB

velocity. Note that this result also

provides indirect confirmation of the

radial localisation capability of the

fluctuation measurement. For the

cut-off layer located 5 cm inside the

plasma a rather narrow 0th order peak

of the reflected signal is seen

although the microwave traverses a

radial range in which spectra with

smaller frequency shift and

broadened (f order of reflection are

measured when the cut-off layer is

shifted accordingly.

ECHhcEr/refl

- - v from CXRS
(ExB)

- -v (Reflectometry)

- 2 5
0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18

effective radius / m

Fig.7: Poloidal propagation velocity of density perturbations
obtained from the Doppler shift of the spectral feature in Fig.6 and
ExB velocity measured with active Charge Exchange
Recombination Spectroscopy.



2D full-wave code analysis of Doppler reflectometry

In chapters 2 and 3 Doppler reflectometry experiments were discussed in terms of a moving

reflection grating in vacuum. However, in a real plasma the refractive effects due to the background

density profile as well as density fluctuations in the transparent region of the plasma affect ingoing

and outgoing microwave beams and thus complicate the interpretation of the measurement. These

effects are taken into account by 2D full-wave analysis.

4.1. 2D full-wave code analysis

For this study two different full-wave codes have been used :

(l)The RCL-code which uses an equivalent electrical RCL network to represent the

propagation of microwaves in a plasma. The implicit calculation yields the stationary

solution for the incoming and reflected electric fields at the antenna plane (Holzhauer

and Rohrbach 1992, Grossmann et al 1997a,b).

(2)The Finite Time Difference (FTD) code, first used by (Irby et al 1993). This explicit

calculation yields the time dependent solution for the fields over the whole plasma

region. As will be demonstrated below the FTD is well suited to visualise the 2D

microwave beam pattern and its modification by the plasma.

A third time-independent code has been developed by (Fanack et al 1996) which solves the Poisson

equation using the implicit biconjugate gradient method. It is planned to undertake a systematic

comparison of the numerical codes for which results were presented at this workshop, namely

-> RCL-code as used by E Holzhauer

-> FTD-code as used by B Kurzan and M S Heuraux

-> Poisson equation as used by G Leclert

Note, that for all codes it is only necessary to carry out the time consuming numerical calculations

inside the plasma region. It is sufficient to define the phase- and amplitude characteristics of the

transmitting / receiving beam patterns at the plasma boundary independent of the physical position

of the antennas away from the plasma as follows from the reciprocity theorem in inhomogeneous

media (Lutomirski and Yura 1971).

4.2. Influence of the stationary background plasma profile:

The refractive effects due to the stationary background plasma are analogous to those in radar

experiments in the ionosphere (see e.g. Ginzburg 1964). Their influence on a Doppler reflectometry

measurement is as follows :

• Close to the reflecting layer the effective wavelength and effective tilt angle exceed their

values in vacuum. Thus the weighting function in KL -space and the calculated vx differ

from their values estimated for a reflection grid in vacuum

• The Gaussian shape of the beam is distorted. Thus the weighting function for i^ changes

with respect to the values obtained for vacuum.
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Figure 8. Electric field distributions (Moir6 pattern) of the microwave beam calculated with the FTD-code. (a)
W7-AS density profile (discharge of Fig.5, t = 300 ms) probed in x-mode polarisation with ^=85 GHz. (b) OH
discharge of the ASDEX Upgrade tokamak probed with o-mode and microwave frequency f=AO GHz. For both
calculations the same antenna characteristics (tilt angle 14°, beam waist w = 3.3 cm) have been used taking into
account the background density profile without adding fluctuations.

• With increasing tilt angle the radial position of the cut-off layer shifts radially outward.

Depending on the profile shape this shift also may influence the degree of radial

localization of the measurement, i.e. the effective width of the probed layer.

Fig. 8 shows the calculated electric field pattern of the microwave beam probing two types of

plasmas with same antenna tilt angle and Gaussian antenna pattern as used for the measurements in

Fig.5 (6tilt = 14", beam waist w =3.3cm). In both cases only the background density profile is

used without adding density perturbations. As examples we take (Fig.7a) the measured density

profile of the W7-AS discharge introduced in Fig.5 probed with microwave frequency / = 85 GHz

in x-mode polarisation and (Fig.7b) the density profile from an OH discharge of the ASDEX

Upgrade tokamak probed with microwave frequency / = 40 GHz in o-mode polarisation.

The 2D weighting function for density fluctuations in the plasma can be obtained from the

Moire* pattern which is due to the interference of incoming beam and reflected 0th order. It is

characterised by the standing wave pattern in the radial and poloidal direction: A cut along the

symmetry axis yields the familiar Airy pattern for the standing wave. A cut parallel to the equi-

density surface yields the weighting function in the K± -space. This type of representation is used

frequently to illustrate the weighting function in real space in conventional scattering experiments

(e.g. Hutchinson 1987). As can be seen in Fig.8a the case of x-mode reflectometry in W7-AS

corresponds closely to a 'mirror in vacuum'. In contrast for the o-mode reflectometry at ASDEX

Upgrade (Fig.8b) the effective poloidal wavenumber close to the cut-off layer represented by the

Moire" pattern is modified. In addition the first radial lobes of the Moire" pattern shift radially



outward if the tilt angle is increased. This is in agreement with the analytical solution (Ginzburg

1968) for the shift of the effective cut-off layer for non-zero tilt angles where as a function of 6till

the cut-off layer shifts to a position where the index of refraction becomes

/z = sin(6,,7f) (4)

4.3. Influence of density fluctuations

In the following we consider the case of small amplitude fluctuations where the effects of multiple

scattering can be neglected (Born approximation). 2D density fluctuations are represented in the

calculations by a change of the local plasma refractive index. This is equivalent to a representation

with phase gratings. As an example in Fig.9 the ^-sensitivity of the Doppler reflectometry

arrangement used for the measurements in Fig.5 is plotted. The continuous line represents the

analytic result for a corrugated mirror in vacuum obtained in chapter 2. In order to check the

accuracy of the numerical RLC code a thin phase grating is set in vacuum immediately in front of a

plane mirror and the wavenumber KL of this phase grid is varied. The obtained #±-spectrum

(open circles in Fig.9) is in excellent agreement with the analytic result.

With increasing fluctuation amplitude the Born approximation is no longer valid and

multiple scattering must be taken into account. In addition an increasing amount of the microwave

power is diffracted into higher orders even for a sinusoidal phase grating. A full discussion of these

effects is beyond the scope of this contribution. An example of numerical calculations performed

for strong turbulence-like fluctuations produced by an Edge Localised Mode and the comparison

with the reflectometry experiment at W7-AS can be found in (Holzhauer et al 1998).
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Fig. 10 Measured (continuous line) and calculated (filled
circles) frequency spectra for the example discharge (see
Fig.5). The calculated spectrum is asymmetrically
broadened if the Ex£-velocity shear is taken into
account (open squares).



4.4. Comparison of measured and calculated Doppler reflectometry spectra

In Fig.9 the resolution in KL-space is calculated with the measured W7-AS density profile for the

discharge in Figs. 5 and 8a. The wavenumber of a thin phase grating positioned within the last lobe

of the Airy pattern is varied. Neither the centre nor the width of the weighting function differ

markedly from the vacuum solution. Apparently for the steep density profiles in W7-AS the narrow

region with plasma in front of the cut-off layer does not have a significant influence on the

microwave propagation as compared with the vacuum case.

In Fig. 10 the calculated £x-spectrum is transformed into a frequency spectrum

/ = (2;:)'1 • Kx • vx by scaling with a value of v± for which the maxima of calculated and measured

spectra fit. The measured frequency spectrum is markedly broader than expected from the RCL

code calculations. Several possible mechanisms can contribute to this broadening:

• A finite lifetime of the fluctuations. The width of the spectral feature in Fig. 10 would

require a lifetime of » 2 /JS.

• An additional broadening of the spectral feature originates from the£ x B -velocity shear.

This broadening has been taken into account in the calculations (broken line in Fig.9)

using the E x B -velocity shear as measured for this discharge with passive spectroscopy.

The nominal cut-off is ~ 1 cm inside the plasma (laboratory coordinates, see Fig7a) and

close to the maximum value of the radial electric field |£r(r)|. Therefore the

reflectometer is also sensitive to a radial region with lowerExB-velocity resulting in an

asymmetric spectral broadening towards lower frequencies.

• A non-stationary behaviour of fluctuations results in a broadening of the spectra which,

like in Fig. 10, are measured during a time window of 20 ms. In this example - like in

many W7-AS discharges - the plasma edge fluctuations show a burst-like behaviour

similar to small ELMs rather than a stationary fluctuation level (Hirsch et al 1998a,b).

Time resolved measurements with a temporal resolution of = 10 //s using bandpass filters

show that during these ELM-like events the signal power increases especially at the high

frequency side of the spectral feature.

5. Summary and Outlook

Doppler reflectometry is an extension from conventional reflectometry, which ideally

measures a ID (radial) position and movement of the reflecting layer, to a scattering-like diagnostic

sensitive to 2D (poloidal) density perturbations. In most operational reflectometers contributions

from radial and poloidal perturbations overlap. For many plasma conditions this results in serious

complications for the interpretation of the measurements. Here we outline possible consequences

arising from the Doppler reflectometry approach for both types of measurements :

For conventional reflectometry the perturbation by the two dimensionality of the reflecting

layer can be reduced if one uses the ^-selectivity of the antenna in order to separate the



perturbing higher orders of diffraction from the Oth order of reflection which carries the radial

information. Consequently at zero tilt angle a broad antenna pattern with a high £x-resolution and

directivity - the latter can be achieved at the waist of a Gaussian beam - is required. Such a

reflectometer has a reduced sensitivity to turbulence with small poloidal scalelength with benefits

for the background density profile measurement. Furtheron such a diagnostic can be used for the

detection of large scale density perturbations e.g. MHD activity.

As a diagnostic for small scale poloidal density perturbations Doppler reflectometry keeps

the K -selectivity of a scattering experiment but by the use of a cut-off layer it overcomes the poor

spatial resolution of scattering from comparable K. Thus Doppler reflectometry allows access to

two local quantities, namely poloidal propagation velocity and K -spectrum of turbulence which are

closely connected in the question of shear decorrelation. Time resolved measurements of the shear

in vpol can be realised with a two-frequency Doppler reflectometer system. An imaging receiver

instead of a monostatic antenna arrangement would allow simultaneous access to 0th and higher

diffraction orders of the full £-spectrum. If the phase relations between the received signals are

taken into account the diagnostic has the potential for a time dependent (holographic)

reconstruction of the density perturbations. Such a system ultimately combines the concept of

conventional reflectometry with the sensitivity to poloidal density perturbations.
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1. Introduction

EXB velocity shear has been shown in tokamaks by both theoretical modelling and

experimental observations to be the key parameter for the suppression of the turbulence and

the formation of transport barrier in improved confinement regimes [1]. Experimentally, except

the plasma edge and the scrape off layer where the radial electric field Er can be measured by

Langmuir probes, Er is not directly measured, but deduced from the radial balance equation by

measuring the rotation velocity and the pressure gradient of one species (electron, ion or

impurity):

Er = —VPj - Vj0B¿ + VjfBg (1)
qjnj

From this equation, one can note that a rotation shear in the poloidal direction as well as in the

toroidal direction can contribute to the Er shear. The plasma rotation in tokamaks has so far

been measured by spectroscopy of impurity or neutral beam diagnostics [2]. Nevertheless both

methods have drawbacks, associated with poor space and time resolution and, for the latter, to

the complexity of the required neutral beam injection system.

Reflectometry is a microwave diagnostic widely and exclusively used in tokamaks to

measure the density profile or to investigate the core turbulence [3]. In this paper we present a

new method to measure the rotation velocity by using a Doppler reflectometry, namely oblique

and off-axis, where the incident wave is not perpendicular to the cut off layer. In this

configuration, the turbulence frequency spectrum obtained by back-scattering is Doppler

shifted, and this Doppler shift frequency which is proportional to the turbulence poloidal

rotation, allows us to determine the turbulence rotation velocity. From this measurement, and

then using a simple modelling for the turbulence, one can extract the plasma poloidal rotation

velocity.



2. Diagnostic

The reflectometry is based on a radar technique with a reflection layer inside the

plasma. The incident wave is then reflected on the cut-off layer and detected by the emission

antenna (see Fig.l). The cut-off position of an ordinary mode depends only on the plasma

density, and a critical density at the cut-off is defined by ne{rc) = (2af0)
2eome Iqe

2. The

experimental set-up of this diagnostic is described in the Fig. 1. This diagnostic is constituted of

three main parts: micro-wave sources, a gaussian quasi-optic system and a heterodyne

detection system. The micro-wave source used here is an Extended Interactive Oscillator

(EIO) of 60 GHz (Ao = 5 mm) with an output power of 8 W. The local oscillator (LO) is a

Gunn diode (70 mW). Then the frequency difference between EIO and LO is stabilised by a

phase lock loop. The absolute sensitivity (noise equivalent power) of this heterodyne detection

system is NEPH =10 W / Hz. The half angle of divergence of the wave beam launched by

the gaussian quasi-optic antenna into the vacuum is less than 2°, the corresponding resolution

in wavenumber is M < 0.6 cm - l

EIO
Source

Phase Detector

-w—<=

Directional
Coupler

Phase Lock
Loop

Lad

Gaussian
Quasi-optical

System

Density Fluctuation
Measurement

Fig. 1 Schematic microwave set up of the reflectometry.

The detected signal includes several physical processes: the direct reflection without

frequency broadening; the forward scattering, where the wave-numbers of the turbulence

selected by Bragg's rule kjjuct = i s - i ; « 0 are small, this contributes to a small spectral

broadening on the reflected signal; the backscattering, where the wavenumbers of the



turbulence selected by Bragg's rule kjiuct = ks - kt = -2ki are large, this contributes to a

large spectral broadening of the reflected signal. In the backscattering configuration, on one

hand kjjuct takes the minimum values in the cut-off layer, and on the other hand the turbulence

energy is much more concentrated in the small k range as shown in [4], these explain why the

signal backscattered by the turbulence is localised in the vicinity of the cut-off layer [5]. The

spatial resolution of this diagnostic is estimated to be Ar « 2 - 3 cm.

3. Doppler shift and the turbulence A>spectrum

In the case where the incident wave is perpendicular to the cut-off, it is difficult to

distinguish the three processes described above. However, Fourier transform analysis allows

us to separate clearly the different processes in the oblique incidence configuration.
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Fig. 2 Typical frequency spectrum of the
density fluctuations measured by the oblique
reflectometry
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Fig. 3 Doppler shift frequency fD v.s. the

turbulence wavenumber selected at the cut-off.

Fig.2 represents a typical frequency spectrum of the density fluctuations measured by

the oblique reflectometry illustrated in Fig.l. In this figure, two spectra can be clearly

observed: a narrow spectrum around/ = 0, and another spectrum, very broad and Doppler

shifted at /jr>. The narrow spectrum represents the direct reflection in which the incident ray is

perpendicular to the cut-off, and its wavenumber selected by this configuration is thus entirely

radial i.e. kg - 0, kr & 0, hence the Doppler shift frequency fp = (1 / 2n:)kgVg = 0. The

broad spectrum corresponds to the backscattering configuration which is shown in figure 1, in



this case the wavenumber of fluctuations selected by Bragg's rule at the cut-off is given by

kfiuct (Pc ) = ~2kt (pc ) . The wavenumber selected by this configuration is nearly poloidal, and

the Doppler shift is given by this equation : fD=-(\l n^k^p^Vg^p^ . By measuring fD,

and by calculating kt with a ray-tracing code, one deduces the poloidal rotation of the

turbulence. In Fig.3, the shift frequency fD is plotted as a function of kjjuct (pc) in the Bragg

backscattering. In this experiment, the plasma has been horizontally moved in order to change

the incident angle, thus £ ;(/?c). A quasi co-linearity between fD and kjjuct (pc) is observed,

and fD changes sign as kt changes. This linear dependence confirms that the frequency shift

is actually due to Doppler effect. The poloidal rotation velocity of the turbulence defined by

the slope is estimated to be VQ « 0.98 km / s.

Fig.4 represents the ^-spectrum of the back-scattered power Ps measured by this

oblique reflectometry. This backscattered signal level is proportional to the square of the

density fluctuations at the cut-off. Compared to

the ^-spectrum previously obtained by CO2 laser

coherent scattering [4], two observations can be

made: the Kolmogorov scaling relative to the 2-D

turbulence (oc£~28) has been confirmed in the

high k range; no saturation has been observed

below k = 4 cm"1 contrary to that observed by

CO2 laser coherent scattering. The discrepancy in

the low k range between the two methods likely

shows the limitation of the laser scattering

Coherent •
Scattering :

-20
1 , , - 1 .

k (cm ) 10

„. , , , , , , , .. „ , .. diagnostic in the small k values. Densitytig. 4 k-spectrum of the density fluctuations ° J

measured by reflectometry. fluctuation energy is hence concentrated in the

large spatial scale (small k\ and this emphasizes the spatial localisation effect in the cut-off

layer for the perturbed phase measured by the reflectometry.

4. Rotation shear measurement

In order to measure the rotation shear i.e. radial profile of the rotation, one solution

consists of sweeping the cut-off position from the plasma centre to the edge by density scan

during a discharge. Fig.5 represents the turbulence poloidal rotation as a function of the



density. Large variation of VQ has been found for a small density change, this means that the

variation in rotation is not a simple parametric dependence in density, it is likely resulting from

the cut-off change i.e. radial profile effect. Assuming that the radial structure of the rotation is

not strongly affected by the density change, a radial profile of the poloidal rotation velocities of

the turbulence have hence been obtained in Tore Supra by plotting Ve as a function of pc (cf.

Fig.6).
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Fig. 5 Poloidal rotation v.s. density.
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Fig. 6 Poloidal rotation v.s. cut-off position.

From Fig.6 two regions of large rotation shear have been observed: one located at the

edge p« 0.9 ; the second one located at p« 0.6 in the gradient regioa The rotation

inversion at the edge is simply a consequence of the inversion of the radial electric field. Indeed

the radial electric field has to be positive in the scrape off layer due to the fact that the limiter

tends to attract the electrons and push back the ions; the electric field has to be negative inside

the plasma in which the ion transport is larger than the electron transport according to the

neoclassical transport theory. On the other hand, the presence of the rotation shear in the

gradient region is more surprising. Several potential candidates exist to explain this feature.

The first one is based on the neoclassical expression of the poloidal velocity

VQ = -y(\ I qeB)dTe I dr where the factor y depends on the collisionality regime [6] :

y = -1.2 in the banana regime, y = 0.5 in the plateau regime, y — 2.1 in the Pfirsch-Schlutter

regime. It can change sign when the collisionality regime is changed, but this model has

difficulty to explain the drastic change in the rotation. The second one is due to the fast particle



losses in the ripple channel. In the turbulence suppression theory by the EX B velocity shear,

the key parameter is the plasma rotation. Note that the turbulence rotation velocity can be

decomposed into two terms Vg = Ve0 + Vturb where VeQ and Fterfe are respectively plasma

rotation velocity and turbulence own phase velocity. Using the model of drift wave turbulence,

Ftar£ is simply given by the diamagnetic velocity Ve* - qeTI (LnB), where Ln is the density

gradient length. It is important to note that Ve * is almost constant along the radius as shown

in Fig.6. This means that the main contribution in the plasma rotation shear comes from the

turbulence rotation shear. However if the turbulence suppression term is the turbulence

rotation shear as in the fluid turbulence case, then the reflectometry allows us to have direct

access to this quantity, and in this case the reflectometry presents a considerable advantage

compared to the spectroscopy.

5. Additional heating effect on the rotation

Auxiliary heating systems including Lower Hybrid wave heating (LH), Fast Wave

Electron Heating (FWEH) and Ion Cyclotron Resonance heating (ICRH) have been used in the

1.5

1

0.5 -

experiments as control tools to investigate the

additional heating effect on the plasma

rotation. Fig. 7 represents the poloidal

rotation velocity Vg as a function of the total

input heating power Ptot comprising the

ohmic heating power and the additional

heating power. From this figure, an evident

heating effect can be observed on the rotation

compared to the ohmic regime. One can note

that among these three heating systems, the

ICRH seems to be the most effective means to

increase the rotation velocity. One explanation

can be the losses of fast minority ions

produced by the ICRH scheme in the ripple channel. These losses can make the core plasma

more electronically negative i.e. the core radial electric field is more negative, and the direct

consequence of this is that the plasma rotation is higher. The dispersal of the experimental
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points in this figure likely is due to the cut-off position change caused by a slight variation of

the density during the additional heating phase.

6. Conclusions

In this paper we have shown how the turbulence rotation is directly measured by the

oblique reflectometry, then this measurement allows us to deduce the plasma rotation.

Compared to the spectroscopy, in addition to its simplicity, the reflectometry is a diagnostic of

rotation with high spatiotemporal resolution. Moreover the turbulence level is simultaneously

given by this reflectometry. Assuming that the radial structure of the rotation is not strongly

affected by density variation, a radial profile of the poloidal rotation of the turbulence and

plasma has been obtained in Tore Supra by sweeping the cut-off layer from the plasma center

to the edge. Two rotation shear regions have been clearly observed: one located at the edge

p « 0.9 whereas the other one located at the gradient region p « 0.6. Furthermore an evident

heating effect has been observed on the rotation with different additional heating systems (LH,

FWEH, ICRH). A new ^-spectrum of density fluctuations has also been obtained by the

reflectometry. It confirms the Kolmogorov scaling in the high k range, but it shows discrepancy

in the low k range with that measured by laser CO2 coherent scattering. This spectrum

indicates that the turbulence energy in the tokamak is mainly concentrated in large scales, i.e.

small wavenumbers k (k < 1 cm~ ) .
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Introduction

A fast ten-channel pulsed radar reflectometer has been built for the TEXTOR-94

tokamak. In the pulsed radar technique, the time of flight of short (duration ~ 1 ns)

microwave pulses, reflected at the cut-off electron density in the plasma is measured.

In this system ten channels are operated at fixed frequencies, while two additional

channels can be swept in frequency.

The present system is a follow-up of a four-channel system, which was built for

the RTP tokamak and later installed at TEXTOR. Although many of the original

components from that system are used, the ten-channel system is a complete rebuild.

In that way an increase of the number of channels could be reached from four to a total

of twelve, by employing each microwave oscillator both as RF and as LO source, and

by adding four new oscillators. This is combined with an increase of the pulse

repetition rate with a factor of ten, reached by multiplexing the pulses in the

waveguide system. Commissioning of the system is under way, and the aim of this

paper is to inform about the progress that has been made. A brief description of the

diagnostic is presented, followed by some remarks on the varactor modulators, which

actually form the very short microwave pulses. Some preliminary plasma

measurements are presented and discussed.

Experimental setup

The microwave scheme of the pulsed radar diagnostic is shown in Fig. 1. An

extensive description of the diagnostic setup can be found in [1] and [2]; here only the

main features are described.

Ten fixed-frequency IMP ATT oscillators are used for the profile measurement.

In addition, two sources are available that can be swept in frequency by an arbitrary

waveform generator during the plasma discharge. All sources are immediately

followed by a fast pulse-forming modulator, built-up of a circulator and a varactor, in

order to form the 1 ns wide radar pulses. The channels are combined into three



frequency bands, as shown in the figure. Each band has its own launching and

receiving antennae, as well as its own detection system. For the K band channels

homodyne detection can be used, because relatively high signal powers are available

and because the frequencies are already low. The Ka and U band channels are detected

in a heterodyne fashion, mixed down to an intermediate frequency of 18 GHz. For the

Ka band the U band channels are used as a local oscillator and vice versa, so that eight

oscillators play a double role as RF and LO. This is achieved by switching the

corresponding pulse-forming modulators on for a duration of 20 ns in the appropriate

time interval. After detection, the video signals from all frequency bands are added

and fed into a constant fraction discriminator (CFD). This CFD triggers on the leading

edge of the pulse, always at the 50% level of the pulse amplitude.

To reach the high pulse repetition rate of 20 MHz, microwave pulses are

multiplexed in the waveguide system. In combination with the heterodyne detection

= } • • : •

Fig. 1: Microwave set-up. All frequencies in
GHz. The sweepable sources are indicated by a
bar above the frequency.
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scheme this leads to a complicated timing scheme for the various pulse-forming

modulators. Various measuring modes have been defined for the diagnostic, ranging

from a full-profile mode, involving all ten fixed channels at a 2 MHz measurement

rate, to an ultra-fast mode for correlation measurement of fluctuations, involving just

one fixed and one sweepable channel and running at 10 MHz. In Fig. 2, where the

timing scheme for the full profile measurement mode is depicted. The resulting signal

after combination of the different detector signals will be a train of double pulses at 20

MHz. The first pulse of each pair is generated by a bypass waveguide loop between

the sending and the receiving waveguides, located near to the vessel, and functions as

a starting signal for the time of flight measurement. The pulse separation between each

pulse pair corresponds to the time of flight from the bypass loop to the critical density

layer and back. Currently four channels are operational and a measured signal is

shown below the timing scheme. This was measured by

reflection on the back wall of the vessel, therefore the

reflected pulses are rather low; plasma reflections are at

a much higher level.

Microwave pulse forming

A crucial part in any pulsed radar reflectometer

system using continuous-wave sources is the pulse-

forming modulator. For this diagnostic, fast varactor

diode switches have been developed by Ermak [3].

Varactors offer the advantage of high speed, but one

drawback is that they have only a narrow bandwidth.

This has proven to be of some concern for the present

diagnostic. Measurements of the isolation of the 39

GHz switch are presented in Fig. 3, which shows the

transmitted power as a function of frequency for two

slightly different values of the bias voltage. High

isolation values can clearly be reached, but only within

a very narrow bandwidth. This poses a problem

because the IMP ATT oscillators in the diagnostic do

not possess very good frequency stability. This was of
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no importance when they were used in the four-channel pulsed radar system at the

RTP tokamak, because a broadband PIN-switch (by Millitech, but no longer available

in the market) was employed. And after pulse forming, the frequency spectrum of the

waves is largely determined by the spectral broadening, due to the 1 ns pulse length.

The other conclusion that can be drawn from Fig. 3 is that the bias voltage on the

switch needs to be stable within 10 mV. So, if good isolation in the switches is

desired, which is important for the overall power dynamic range of the system, the

microwave frequencies as well as the bias voltages of the switch drivers need to be

stable enough.

First plasma results

The following section describes some of the measurements that have been

obtained up to now. Of course, the commissioning and further technical development

of the diagnostic is still under way, so that only a flavour of the expected results can

Fig. 4: Time of flight (T.o.F.) measurements during a discharge. The time of flight in vacuum for
reflection on the back wall of the vessel has been chosen to be zero; for the 29 GHz channel, this
could until now only be done with 1 ns accuracy. For reasons of clarity, only one out of 6000
measured pulses has been plotted.



be given here. In particular, no measurements have been obtained yet with more than

four channels working simultaneously, therefore no full ten-channel profile

reconstruction can be shown yet.

In Fig. 4 measured pulse flight times are plotted for a standard TEXTOR

discharge, for reasons of clarity showing only one out of 6000 measured points. The

time of flight of pulses that are reflected on the back wall of the vessel, in the absence

of plasma, has been chosen to be zero in the figures shown here.

The traces show the occurrence and disappearance of reflecting layers in the

plasma for different channels, one after the other. The density ramp-up at the

beginning of the discharge, as well as the density ramp-down at the end of the pulse is

clearly visible in the data.

In the 33 GHz channel two distinct traces of points can be seen, one slightly

above the other. Multiple traces sometimes occur as a consequence of multiple

reflections inside the vessel, where the first plasma reflection does not always hit the

receiving antenna with sufficient intensity to be detected. In this case, however, the

cause seems to be a different one. Reflections in the (provisional) video amplification

part of the detection circuit are a likely

candidate. ~54

Of the traces shown in Fig. 4, there -5.6 h

seems to be more scatter on the data ! -5.8

points of the 18 GHz channel than on s _6 0 f.

those of the other channels. This is g . „,
•f. - 6 . 2 h

actually not a noisy scatter, as we will see

after zooming in. In Fig. 5 the 18 GHz.

trace is plotted once more, now over a

time interval of 0.5 s and after (median

and boxcar-average) filtering. This

produces a much clearer picture, in which

Fig. 5: Upper box: filtered time-of-flight
measurements of 18 GHz pulses. Lower
box: horizontal plasma position in cm,
measured by interferometric (upper trace)
and magnetic (lower trace) diagnostics. This
oscillation is seen by the reflectometer from
the low field side, i.e. high position values
correspond to low time of flight.
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we see that the larger scatter in the data points is actually an oscillation. Comparison

with magnetic and interferometric measurements of the horizontal plasma position

shows good agreement in frequency and phase with an oscillation in plasma position,

which is caused by an instability in the feedback control system. The position

oscillation amplitude is at the lower limit of the resolution of the reflectometer (0.5

cm), and is therefore not seen on the high-density channels. The relatively large

oscillations on the 18 GHz channel might indicate changes in the outermost edge

density gradient; careful analysis, including information on edge density profiles from

diagnostic He and Li beams, is needed to correctly evaluate the density profile.

As a final illustration of the present status of the diagnostic, measurements of a

magnetic island are shown. The four-channel pulsed radar system was put to use at

TEXTOR-94 with great success for the investigation of large rotating magnetic islands

[3, 4]. A secondary reflecting density layer was observed inside the islands, in

evidence of strong density peaking in the island. With the new ten-channel pulsed

radar system these secondary reflecting layers have now again been observed, as

shown in Fig. 6. The quality of the signals seems to be comparable or even better than

before, and we can now measure at up to a factor of twenty higher time resolution or

use this to gain, by filtering, in time-of-flight resolution. When all ten fixed channels

and the two sweepable channels will come on line, this opens the way to a more

detailed analysis of the perturbation of the density profile.

1.550 1.560 1.570 1.580 1.590 1.600
time (s)

Fig. 6: Large rotating magnetic island, as observed by the 36 GHz channel. The trace structures
fall into two distinct levels, of which the lower is associated with a secondary layer of critical
density inside the islands. The upper level structures go to very long flight times as the pulses have
to pass over a region of density that is, over an extended region inside the island, just below the
cut-off density for their frequency.



Concluding remarks

The new ten-channel pulsed radar reflectometer is coming into operation. Many

technical problems have to be or have already been solved. The main problem areas

seem to be related to the fast pulse repetition rate (every 50 ns, which enables

averaging over multiple pulses), the new type of pulse-forming modulators used, and

to the use of multiple switched local oscillators. Once the reflectometer is fully

operational, density profiles can be reconstructed from the ten time-of-flight

measurements. The possibility to retrieve more information about the reflected pulse,

like pulse amplitude or pulse broadening, will be investigated. This could provide

even more information about the density distribution in the plasma [5,6].
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Abstract. Density profiles can be deduced from time of flight measurements for different frequencies of the
probing wave. Pulse radar reflectometry allows time of flight measurements at only few discrete frequencies
(typically about 10 frequencies), which can lead to a bad profile reconstruction. In order to improve the profile
determination, it is proposed here to use a dispersive effect of higher order, namely the pulse broadening. As
dispersive effects decrease when the pulse spatial length becomes larger, there is an optimal length for the
probing pulse which leads to a minimal reflected pulse length. Additional information deduced from the optimal
pulse length can be used for the density profile reconstruction. Moreover, as the reflected pulse length is minimal,
the error on the time of flight measurement is minimized. It is shown that usual methods of profile reconstruction
(piecewise method or Abel inversion) can be improved by using both time of flight and optimal pulse length
measurements. The role of density fluctuations on pulse reflectometry measurements is also discussed. Their
effect on the time of flight and optimal pulse length measurements remains small as long as the fluctuation
position is far away from the cutoff layer. The distortion of the pulse shape becomes significant when the density
fluctuations are close to the cutoff layer. Then, time of flight and pulse broadening measurements can be so
perturbed that any profile reconstruction method fails.

I. PULSE BROADENING DUE TO DISPERSIVE EFFECTS AND OPTIMAL
PULSE LENGTH

In pulse radar reflectometry, because of the short probing wave duration, a broadband
frequency-spectrum is launched towards the plasma. Like for any other dispersive medium,
the refractive index of the plasma depends on the wave frequency. Thus, all frequencies
contained in the probing pulse propagate with different group velocities and the pulse can be
significantly broadened in the plasma. For a gaussian shape of the incident wave, it can be
shown that the reflected pulse length is equal to [1]:

where L,nc is the incident pulse (spatial) length, c the speed of light in vacuum, cp" the second

derivative of the phase and coo the frequency of the probing wave. The pulse broadening is
related to the second derivative of the phase in the second term of the square root. The validity
of relation (1) implies that the dispersive effects must not be too strong, so that the reflected
pulse keeps a gaussian shape. In order to verify this condition, the width Af of the frequency-
spectrum has to be much smaller than the probing frequency/.

Let us now consider density profiles of the general form given by:

(2)



For such profiles, the analytical expression (1) of the reflected pulse length has been compared
to numerical results obtained from a code solving the ID wave equation in O-mode. A good
agreement has been noted on a large range of shape parameters a and (5, and for different
probing frequencies. An example is shown on the figure 1 for a=fi=2, fo the maximum
(center) frequency equal to 80 GHz and/the probing frequency equal to 60 GHz. The incident
pulse length varies from 3.5 cm up to 16.5 cm. If the length is less than 3.5 cm, the higher
frequencies contained in the incident pulse are no longer reflected by the plasma for the
profile chosen, resulting in a strong distortion of the reflected pulse.
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Numerical results
Theoretical results
Dispersive broadening
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Figure 1: Pulse broadening as a junction of the incident pulse length: comparison between
analytical and numerical results

On the figure 1, two different regimes can be distinguished. The first regime occurs when the
reflected pulse length is large enough. In this case, due to the short width of the frequency-
spectrum, the dispersion has no significant effect on the pulse shape and the reflected pulse
width is approximately as large as the incident pulse width. Only the spatial distribution of the
electric field determines the shape of the reflected pulse, hence we call this regime «spatial
regime». The second regime takes place when the reflected pulse length decreases. In this
case, the pulse, which has a wide frequency-spectrum, is strongly broadened due to dispersive
effects. The reflected pulse width is dominated by the frequency-spectrum width and this
regime can be called «spectral regime». Between these two regimes, that is when the
broadening due to dispersive effects and the incident pulse length are of the same order of
magnitude, the reflected pulse length is minimal. The incident pulse length that leads to the
minimal length of the reflected pulse is the so-called optimal length. An analytical expression
of the optimal length for the incident pulse can be deduced from (1):

Lopt=j8c2\n2<p"(co0) (3)

Under this particular condition, the reflected pulse length is equal to V2 times the incident
pulse length. As discussed above, it can be noticed from (1) and (3) that the pulse broadening
and hence the optimal pulse length are related to the second derivative of the phase.

As the time of flight is equal to the prime derivative of the phase, the pulse broadening
can be seen as a dispersive effect of higher order. In fact, the successive derivatives of the



phase can be associated to different dispersive effects, which define the shape of the reflected
pulse. The prime derivative of the phase gives the time of flight and the second derivative is
related to the pulse broadening. The derivative terms of higher order can affect the reflected
pulse shape, which then remains no longer gaussian. For most density profiles in fusion
devices, these terms of higher order have no significant contribution and can be neglected [1].
Thus, expressions (1) and (3) will be assumed valid in the following.

In FM-CW reflectometry techniques, the phase shift is measured from the mixing
between the incident and the reflected waves. In pulse radar techniques, the pulse duration is
much shorter than the time of flight, which can then be measured. If the pulse length can be
measured by detecting both the leading and the falling edges [2], pulse reflectometry will also
offer the possibility to determine the pulse broadening in the plasma. For a short length of the
incident pulse, the reflected pulse can be too spread out by dispersive effects and difficult to
detect experimentally. In order to measure a significant pulse broadening, the optimal length is
then a good compromise. Moreover, as it leads to a minimal length of the reflected pulse, the
error on the time of flight measurement is minimized. The optimal length measurement
provides an additional information on the density profile. Then, as shown in the following
sections, improved results can be obtained from usual techniques of profile reconstruction like
piecewise method or Abel inversion.

In all profile reconstruction methods, the initialization is a crucial problem. A bad
initialization leads to an erroneous profile determination, in particular at the plasma edge. This
is why important efforts have been made to develop efficient initialization methods. These
methods have been adapted to various methods of profile reconstruction, based on the optimal
length, which we consider in the following sections.

II. PIECEWISE RECONSTRUCTION OF THE DENSITY PROFILE

II.l Linear piecewise reconstruction

The density profile can be determined by a linear piecewise method from the time of
flight measurements [3]. If we assume the profile linear step by step, the points (xc,k, nc,k) of the
profile are given by:

(4)

thwhere xc>k, nCik and (Xk are respectively the cutoff layer position of the kth frequency, its
corresponding critical density and the slope of the k& segment. The slope of the different
segments can be deduced successively from the corresponding time of flights:

a. '-iJ'-^-J^
c,k

(5)
c,k

Then, a smooth density profile can be obtained from any interpolation technique.
It is important to notice that this method imposes to use the time of flight in the

plasma. Time of flight measurements are influenced by the wave propagation in the wave-
guide and in the vacuum region. Hence, in reflectometry measurements, an initialization of the
profile is needed for the profile reconstruction. This initialization problem is more crucial in
pulse reflectometry than for other techniques due to the low number of probing frequencies. In
practice, other diagnostics are often used to overcome this problem [4]. But, density
measurements from other diagnostics are not necessarily made at the same location and at the



same time, which can be a handicap. If both time of flight and optimal pulse length
measurements are available, the profile can be initialized only from reflectometry data. From
(3), an expression of the optimal pulse length can be obtained for a linear profile of slope a:

opt (6)

In this way, the slope 0Ci of the first segment of the reconstructed profile can be extracted from
the optimal length of the first probing frequency Lopt(U)- And the time of flight in vacuum %v
as well as the plasma edge position xo can be deduced from the time of flight of the first
probing frequency x(fi). When the edge of the density profile can be assumed linear, the
plasma edge position has been determined with a good accuracy using only reflectometry data.
Then, a good profile reconstruction has been obtained by this method from only few
frequencies of the probing wave.

In fact, it is also possible to use a reconstruction method fully based on the optimal
pulse length measurements [5]. Using the initialization method presented above, this method is
constructed in a similar way. The different points of the profile are given by:

xk =xk-x+-
cc.

(7)

where nk is the critical density for the higher frequency contained in the probing pulse, xk the
corresponding cutoff layer position and 0* the slope of the kth segment. So, the slope of the
different segments can be obtained from the following formula:

a,.

andc, =n+ l - ^ - - n 7 1 - (8)

where nc and n* are respectively the critical density for the lower and the higher frequencies,

/ j " and / / , contained in the probing pulse for the kth frequency.
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Fieure2: Linear piecewise reconstruction from the optimal lengths (ct=2, (5=2)
An example of profile reconstructed by this method can be observed on the figure 2. A

vacuum path of 15 cm from the antenna (corresponding to R=0) up to the plasma edge has
been chosen to simulate an experiment. In this case, the theoretical profile has regions with
strong curvatures and so, the linear approximation fails. The plasma edge position is
determined with a significant error and the reconstructed profile is bad in the region of strong
curvature.

II.2 Parabolic piecewise reconstruction

If pulse radar reflectometry allows simultaneously time of flight and optimal length
measurements for different probing frequencies, a double information on the profile can be
deduced. Then, the profile can be reconstructed by a parabolic piecewise method. As we have
shown, the profile is not always linear at the edge and so, it is difficult to determine the
plasma edge position with a high accuracy. In order to improve the profile initialization, a
parabolic profile can be assumed from the plasma edge position XQ up to the cutoff layer
position of the second frequency xc($i) : ne (x) = a(x - x0)

2 + b(x - x 0 ) . Then, three unknowns

have to be determined: a and b, the coefficients of the parabola and %y the time of flight in
vacuum. The optimal length for the two lower frequencies (11,12) and the time of flight for
the lower frequency (9) can, for example, be used to calculate a, b and Ty.

dx

1 -
ax +bx

nc2

(ID

(10)

(12)

The time of flight for the second frequency (10) permits to verify the validity of the parabolic
approximation of the profile at the edge. The expressions (11) and (12) of the optimal length
are obtained by setting that the incident pulse length and the broadening due to dispersive
effects are identical.
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Figure 3: Example of profile reconstructed from a parabolic piecewise method (a=2, fi=3)
Once this initialization has been done, the profile can be reconstructed by a succession

of parabolic parts: ne(x) = n^ + ai(x-x*_1)
2 + bi(x-x*_l) where x,+_, and n*_Y are the cutoff

layer and the critical density of the higher frequency contained in the pulse for the i-l*
frequency. The coefficients a, and bt of the different parabolic parts can be successively
determined from two equations of the form:

(13)

(14)

These two equations express the contribution due to the ith parabolic part respectively for the
time of flight and the optimal length. So, the profile can be determined with a good accuracy,
as shown on the figure 3.

Thus, we have seen that it is possible to improve the profile reconstruction by using
two parameters, which can be deduced from the reflectometry measurements alone. In pulse
reflectometry, a low number of data (typically about ten probing frequencies) are available to
obtain the profile. To apply an Abel inversion, an interpolation of the time of flight profile is
therefore needed, which can lead to an inaccurate shape of the reconstructed density profile.
The assumption that the density profile is parabolic between two consecutive cutoff layers is
valid in most cases and so, a parabolic piecewise method gives good results. However, some
limits have been observed when the theoretical profile presents locally a curvature stronger
than for a parabolic arc. This problem is inherent to the method used and can always be
detected so that it is possible to know why the reconstruction profile fails.

III. ABEL INVERSION USING BOTH TIME OF FLIGHT AND OPTIMAL
LENGTH MEASUREMENTS



The density profile is generally determined by an Abel inversion from the time of
flight profile. It is possible to improve this method by using similarly time of flight and
optimal pulse length measurements. Due to the fact that the plasma edge is not probed by an
O-mode reflectometer, the complete time of flight profile cannot be obtained only from the
measured data. Other diagnostics (Li-beam, interferometry, ...) are usually available on fusion
devices so that the profile can be initialize [4]. Nevertheless, all diagnostics are made at
different locations and different times, which means that the profile initialization can be
erroneous. Moreover, the use of other diagnostics implies to define an a-priori shape of the
edge profile. For these diverse reasons, an initialization model using experimental data has
been proposed [6]. The time of flight profile below the lower probing frequency is assumed to
be of the following form:

(15)

where the time of flight in the vacuum tv and the shape parameter s are unknowns. In the
classical initialization method, x'(fi) is extracted from the time of flight data and Ty must be
arbitrary chosen to determine s. If we use now both time of flight and optimal length data, x
'(fi) is given by Lopt(f\) and x"(fi) can be extracted from the curve Lopt(f) above the lower
frequency fi. Then, iv and s are easily determined from the two equations given by x'(fi) and x
"(fi). This initialization method has been tested in a large number of cases corresponding to
density profiles of general form (2) with successful results.

The time of flight in vacuum being known, it is then possible to apply an Abel
inversion. As seen above, in pulse reflectometry, an interpolation of the time of flight profile
is needed. In fact, we can use the optimal length data to obtain the slopes x'(fk) at the different
points and so, invert the profile with a higher accuracy. On the figure 4, a profile reconstructed
by using the optimal length data is compared to a profile obtained from an usual Abel
inversion.

Classic Abel inversion

" 4

Theoretical profile
inversion

0.20 0.60

Figure 4: Comparison between an usual Abel inversion and an Abel inversion using times of flight
and optimal lengths (cc=l, /3=3)



One can see that the profile reconstruction is significantly improved by the use of the optimal
length data. In the example shown on the figure 4, a density profile with a very flat edge has
been chosen. In these severe conditions, a simple extrapolation of the time of flight gives a
bad determination of the plasma edge position and so, leads to a bad reconstructed profile. At
the opposite, the plasma edge position is well defined by the initialization method using both
times of flight and optimal lengths. As a consequence, the complete profile is determined with
a high accuracy, showing the importance of the profile initialization.

IV. DENSITY FLUCTUATION EFFECTS

The reflectometry measurements can be strongly affected by the presence of density
fluctuations [7'8]. For different types of density fluctuations (Bragg fluctuations or MHD-like
fluctuations), the shape of the reflected pulse can be more or less modified according to the
fluctuation position. In some cases, significant changes on the time of flight and
impossibilities to evaluate the pulse broadening have been shown. The following results have
been obtained from a ID code so that only radial fluctuations have been considered.

IV. 1 Fluctuations far away from the cutoff layer

Consider first the case of Bragg resonant fluctuations located far away from the cutoff
layer so that the back-scattered and the reflected pulses are clearly separated. If it is possible,
in an experiment, to discriminate the back-scattered and the reflected pulses by the use of a
suitable time window, the change on the time of flight is negligible, as expected. Only slight
changes are observed on the pulse broadening for moderate amplitudes of the density
fluctuations (< 10 %), as presented on the figure 5. A linear profile and a probing frequency
equal to 60 GHz have been considered. The density fluctuations have been positioned at xj =
15 cm far in front of the cutoff layer position xc = 28 cm. The width at half-amplitude of the
fluctuations is given by D/= 4 cm whereas their amplitude varies from 0 % up to 10 %.
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Figure 5: Bragg fluctuation effects on pulse broadening



For MHD fluctuations far away from the cutoff layer, the time of flight is only very
slightly changed due to the local variation of the refractive index. As this local variation of the
refractive index occurs far away from the cutoff layer, the shape of the reflected pulse is not
affected by the presence of the MHD fluctuations. And so, the optimal length remains almost
unchanged.

I V.2 Fluctuations in the vicinity of the cutoff layer

To illustrate the effects of the density fluctuations near the cutoff layer, suitable
parameters have been chosen. For Bragg resonant fluctuations close to the cutoff layer, the
back-scattered and the reflected pulses can overlap and it is impossible to distinguish them in
an experiment. On the figure 6, the effects on the reflected pulse shape have been shown for
Bragg fluctuations positioned just in front (x/= 27 cm) of the cutoff layer (xc = 28 cm). The

2n
vacuum wave-number of the incident wave is given by ko= — /where the probing

c
frequency / is equal to 60 GHz. To observe significant back-scattering, the amplitude, the
width at half-amplitude and the wave-number of the Bragg resonant density fluctuations have
been chosen to be respectively: Aj= 5%, D/= 4 cm and kf = 0.4 ko. The plasma edge position
is given by x=0 so that negative values of x correspond to the vacuum region. The dotted line
at about x=-0.24 m indicates the position corresponding to the theoretical time of flight. The
two dotted lines near 0.28 m represent the cutoff layer region where all frequencies contained
in the pulse are reflected. An appreciable error on the time of flight measurement (== Ins) can
occur, due to the detection of the back-scattered pulse. Moreover, the evaluation of the pulse
broadening is meaningless because the back-scattered and the reflected pulses are mixed
together.

-1.0 -0.5 0.0
Radial position (m)

Figure 6: Modification of the reflected pulse shape due to Bragg fluctuations near the cutoff layer

For MHD-like fluctuations in the vicinity of the cutoff layer, strong effects on the
pulse shape can appear. The size of large MHD fluctuations can be deduced from the
evaluation of the time of flight variation due to the poloidal propagation of these MHD
fluctuations t9J.
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Figure 7: MHD fluctuation effects on the reflected pulse shape

On the other hand, a split in two parts of the reflected pulse can arise in the case of
narrow MHD fluctuations. An example is shown on the figure 7 for the following set of
density fluctuation characteristics: A/= 10%, D/= 1 cm, x/= 15 cm. The dotted line at about
x=-24 cm indicates the cutoff position corresponding to the theoretical time of flight. The
horizontal dotted lines indicate the range of critical densities corresponding to the frequency
spectrum of the probing pulse. It can be noted that one part of the pulse is reflected by the
density bump whereas the other part is reflected behind the bump, thus explaining the splitting
of the pulse.

In the case of density fluctuations near the cutoff layer, the distortion of the reflected
pulse can be so strong that it is impossible to evaluate the pulse broadening. Moreover, the
time of flight is very modified and the profile reconstruction becomes erroneous whatever the
method used.

V. CONCLUSION

The influence of dispersive effects on the pulse broadening in a plasma has been
studied. From analytical and numerical considerations, it has also be shown that these
dispersive effects can be used to improve the density profile reconstruction. The optimal pulse
length used to determine the density profile can be, in principle, measured for most profiles
encountered in fusion devices. The role of the density fluctuations on the profile determination
has also been shown. In pulse reflectometry, it is clear that most of the misleading time of
flight measurements are due to the density fluctuations close to the cutoff layer. On the
contrary, as long as back-scattered and reflected pulses can be separated, density fluctuations
far from the cutoff layer induce insignificant perturbations on the measurements and the
reconstructed profiles. Analogous studies for the X-mode polarization are under
considerations.
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Abstract

The paper presents numerical and analytical results on fluctuation reflectometry (in the

O-mode). Fluctuations are modelled by modulated Gaussian perturbations. The ID case is

briefly recalled for comparison. Analytical expressions are found for the phase shift, even near

the cut-off where the WKB assumption breaks down, or for large amplitude perturbations. All

these results are exactly reproduced by numerical computations. In the 2D case, the full-wave

code that solves the Helmholtz equation is described. Then, some recent results of the 2D

theory of fluctuation reflectometry are given. Finally, the numerical results are compared with

analytical expressions for some specific perturbations: chain of poloidal islands or localized

poloidal island.



1. INTRODUCTION

Density fluctuations can sometimes severely perturb the reflectometry measurements

and the density profile reconstruction. It is therefore necessary to understand the role of

fluctuations on the reflected signal. One also would like to extract as much information as

possible on the fluctuations themselves, in order to determine the statistical properties of

turbulence. One key point in this purpose is to know the exact relationship between the

measured (reflected) signal and the fluctuations that have perturbed it. A first step is then to

obtain this relation for well-defined perturbations, having a known position and spectrum.

There are two situations that need be clarified. The first is the case of large amplitude

perturbations: perturbative methods can no longer be applied. The second is the case of

poloidal perturbations, where both the theory and the 2D numerical codes need further

development. Many interesting results have been obtained using heuristic models [Mazzucato

(1993), Conway (1996, 1997)]. It still remains important to carry out the full-wave analysis of

the effect of fluctuations, taking into account the dispersive and refractive properties of the

plasma, which are missing in the simplified models. The first attempt was done by Irby (1993)

in order to make comparisons with the WKB ID results. The aim of this presentation is to

show new results on this two-dimensional problem, due to some progress in the 2D theory of

fluctuation reflectometry [Gusakov (1996)], and to an improvement of the computing speed of

the 2D codes. The outline of the paper is as follows. The basic equations and hypotheses are

given in Section 2. In Section 3 the main results of the ID case are briefly recalled, in order to

show that for perturbations of small and large amplitude as well, the theory is in a full

agreement with the numerical results. An interesting result is that the relationship between the

phase and the perturbation parameters can change, depending on the size and amplitude of the

perturbation. Section 4 presents the characteristics of the Helmholtz (full-wave) code which is

used to model poloidal fluctuations. In Section 5 some analytical expressions extending a

previous work [Gusakov (1996)] are presented for two specific island-like perturbations.

Section 5 is devoted to the comparison of these analytical results with the numerical results.

The similitude and difference of these results is finally discussed.

2. BASIC EQUATIONS

Let us consider an incident wave in the O-mode polarization, with a refractive index



(1)
co* ncr ncr

where x is the «radial» direction and y the «poloidal» direction. rie{x) is the unperturbed

electron density, ria- the cut-off density for the wave of angular frequency CO and wave-vector

ko=co/c, and 5n{x, y) is the density perturbation. The wave obeys the Helmholtz equation

d2Ez d2Ez 2 2

dxr d y z

We assume that the averaged electron density varies linearly with a density gradient length L,

ne[x)

Lcr
= 1 + —

L
(3)

and we take the following expressions for the density perturbations:

- ID case, perturbations with a radial wavenumber,

\2

expdn[x) =
xf

wf
cos\kf{x-xf)] (4)

- 2D case, perturbations with a poloidal wavenumber,

Sn{x,y) = STIQ exp x -
exp

y

In the ID code, the field amplitude is not a variable, only its phase has to be

determined. In the 2D case, the complex amplitude AA of the signal is determined.

3. A BRIEF REVIEW OF THE ID CASE

3.1. The phase integral at small amplitude

At small amplitude, the wave equation can be solved by a perturbative method, which

expresses the perturbed field Ei in terms of the unperturbed field Eo. It is well known that Eo

is just the Airy function for the case of a linear density profile.

d2Ec

(6)

dzE,
n

cr



IA is the Airy length. As noted by Afeyan (1995), due to the factor (koL)2/3, which can be

much larger than unity, the nonlinear regime can occur at rather small perturbation amplitude.

The usual Green's function method leads to the integral expression of the perturbed electric

field

The analysis of the incoming and outcoming waves gives the phase shift

H') (9)
ncr

For the kind of perturbation of equation (4) this expression is well suited to asymptotic

calculations, since the integrand can be cast into the form of a complex exponential. This

allows to find explicit expressions of the phase shift and scaling laws in terms of the three

parameters of the model: the density gradient length L, the width Wf and the wavenumber kj

of the perturbation. If the WKB assumption is valid, the asymptotic form of the Airy function

can be used, and specific expressions for the Bragg back-scattering process can be found

[Afeyan (1995), Fanack (1996)]. For example, for a narrow perturbation in the Bragg region,

one finds the maximum phase shift

max ~ ^ r
KJ ncr

The procedure can be generalized for perturbations near the cut-off, by using an integral

expression for the square of the Airy function [Gusakov (1997)]

As an example, for a wide perturbation of small wavenumber, the maximum phase shift is

\l/2

"max k•I

Sn0

n,
(12)

j
CT

3.2. Large amplitude perturbations

In the case of large amplitude perturbations, the perturbative approach can no longer

be used. With other analytical tools or by numerical inspection [Boucher (1998)], one finds

the following scaling laws for the maximum phase shift due to perturbations with large

wavenumber (kj ~ ko)



- in the Bragg region

max
= 4:71

ID7

c / 18no+wf
2ncr L 2 n c r L

(13)

- near the cut-off

-"max

\ 2 , _ N2

n
(14)

cr

Furthermore, it turns out that nonlinear effects can occur for moderate amplitudes (a

few percent), and can lead to phase ramp-up (Figure 1).

- 3 0

Figure 1 -Effect of non-linearity on the phase response: (a) Numerical result (infinite resolution), (b)

Phase ramping due to the finite resolution of the reflectometer.

In conclusion of this section, we emphasize that ID analysis shows that the scaling of

the phase shift with the parameters is not unique and depends on the perturbation properties,

and that nonlinear effects can occur at moderate amplitudes. It is therefore interesting to study

whether these peculiarities also happen in the 2D case for poloidal perturbations.

4. THE 2D FULL-WAVE HELMHOLTZ CODE

The 2D full-wave code solves the Helmholtz equation (2) on a grid enclosed in a

rectangular box of typical size 50 x 40 vacuum wavelengths. Specific conditions are needed

on the box boundaries in order to avoid spurious reflections. Up to now, second order Higdon

conditions (Higdon 1986, Irby 1993) are used and the reflection coefficient is generally less



than 5%. Improvement of these boundary conditions is under way. The code outputs the

values of the complex electric field, Er + lEt, on the grid points. Usually 8 to 16 grid points

per wavelength are used. As the algorithm error goes like the fourth power of the grid step,

accurate results can be obtained . The source is modelled by a waveguide with a horn, and the

measurements are made in the waveguide by the measurement of the change of the SWR due

to the perturbation.

Figure 2 gives an example of the electric field map output by the code, in a box of 40x

30 wavelengths, for a density perturbation with a poloidal wavenumber.

Contour plot of the positive half of the electric field
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Figure 2 - Map of the positive real part of the electric field. The dotted lines represent the edge of

the plasma and the perturbed cut-off layer.

5. THE 2D THEORY OF FLUCTUATION REFLECTOMETRY

The details of the theory can be found in Gusakov (1996). Using the receptivity

theorem, the signal back-scattered by the density fluctuation and received by the antenna can

be determined once the density fluctuation and the antenna pattern are known. If we assume a

linear density profile and a Gaussian beam with a width p:

the complex signal then is



1 e2 r- dK v
As = - r JPt jdxdyn(x,y) f-^-^- CC Ai(g)Ai(g' )exp(ik + ik )

A~ = — i—

i(£ )j dyexip(iky + ik'y - iq)

where C(ky) is obtained by WKB matching of the solution for the zeroth order electric field.

The reduced abscissa £ mixes the space variable x and the Fourier variable ky

g = x/lA + k*l\ g=x/lA + k$l\ (16)

6. COMPARISON BETWEEN THE ANALYTICAL AND THE NUMERICAL

RESULTS

The calculation has been carried out for perturbations described by equation (5)

(poloidal wavenumber only) in two cases: Wy —> °° («chain of poloidal islands») and Wy = wx.

(isolated poloidal island»), with wx large enough, wx » IA. One expects a significant response

when the Bragg resonance condition k[x) = eykf/2 is satisfied, which occurs at the oblique

cut-off Xco for the ray launched with the y-component kj/2. The signal should be maximal

when the perturbation is close to this point.

6.1. Chain of large poloidal islands

Let us first choose a perturbation with the following parameters: Sno/ncr= 1%, wx = 4

Ao, Wy —» o°, kj= ko, in a plasma with a density gradient length L = 33Ao. The response then

does not depend on yj. The amplitude response (figure 3) represents the modulus of the signal

versus xj. It shows that the agreement between the theory and the computation is fairly good.

There are still some discrepancies: the maximum of the response occurs slightly before the

oblique cut-off, and the response decreases less quickly than predicted by the theory. We

expect that this is due to nonlinear effects, as will be exemplified in the next paragraph.
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Figure 3 - Amplitude perturbation versus the position xf of the perturbation.

Case of a chain of islands. Solid line: numerical results. Dashed line: analytical estimate neglecting the

oblique cut-off. Dotted line: analytical estimate taking into account the oblique cut-off.

6.2. Large isolated poloidal island

We choose now the following parameters: dno/ricr = l%o, i% = 4Ao, wx = 4Ao, kf =

0.4/Q>, in a plasma with a density gradient length L= 33Ao. The perturbation is then localized

in both directions. Figure 4 is a 3D plot of the amplitude response in the plane (xj, yj)

predicted by the analytical analysis. The maximums follow roughly the rays connecting the

Bragg resonance point to the horn.

-10 0



Figure 4 -Analytical amplitude response for an isolated island.

Figure 5 compares these results with the numerical results in the plane xj = 15Ao. The

agreement is this time more qualitative: the position of the maximums is well reproduced, but

the peaks are narrower than predicted. A significant difference occurs when the perturbation is

near the cut-off on the horn axis: an additional response is seen in the numerical results, as

shown on figure 6. This response is nonlinear, and decreases more quickly than the back-

scattering response. Therefore, in the 2D case, non-linearity effects seem to play a role at

amplitudes of the order of the percent.
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Figure 5 - Amplitude response versus yj

for an isolated island located at xf = lOXo from

the cutoff.

Figure 6 - Amplitude response versus jy

for an isolated island located at the cutoff.

7. CONCLUSIONS

The present status of full-wave modelling of fluctuation reflectometry is therefore the

following: in the ID case, theoretical models have been developed at small and large

perturbation amplitudes, which are in excellent agreement with the numerical results. The

phase evolution is well understood and scaling laws can be deduced for various regimes. The

2D situation is not as satisfying. Still, the recent theoretical work and the improvement of the

codes allow now accurate comparison of a few particular cases that are of interest for fusion



plasmas. Further effort has to be done on both theoretical and numerical sides. Finally, the

question of turbulent (broad-spectrum fluctuation) has now to be addressed.
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Abstract
The phase and amplitude signals of JET heterodyne reflectometers show varying levels of high
frequency turbulence superimposed on a slow changing mean. The phase signal also shows multi-
radian (> 1 fringe) variations with two quite different time scales (2-10 ms and sub-ms). In both
cases the mean reflected power, together with turbulent phase and amplitude fluctuation levels,
are modulated synchronously with the phase fringes. The slow fringes appear to result from radial
movement of the cutoff layer with the amplitude modulation possibly due to multiple reflection
between plasma and wall. The fast fringes occur in intermittent bursts and appear to be phase
runaway resulting from antenna misalignment. Using a 2D physical optics simulation code it is
possible to replicate the fast bursts of phase runaway from steady-state turbulence and misaligned
antennas. This offers a possible alternative explanation for some of the observations of bursting
turbulence seen in reflectometer signals.

1. Introduction

Typically reflectometer signals, i.e. the relative phase and reflected power or amplitude, show a
large level of high frequency fluctuations (turbulence) superimposed on a slowly varying mean. In
the case of the JET X-mode heterodyne reflectometers the phase signal also displays multi-radian
excursions (fringes) with two distinct time scales. Slow fringes or phase ramps occur at a rate of
one per 2-10 ms, while fast multi-fringe ramps are on a sub-millisecond scale. Phase fringes can be
generated by one of three mechanisms:

(1) Large scale radial movement of the cutoff layer due to changes in either the mean density or profile
shape (for 0 or X-mode) and magnetic field ramps (for X-mode only).
(2) A misalignment in the reflectometer antenna geometry relative to the surface normal.
(3) An asymmetry in the shape of the cutoff layer perturbations - such as a sawtooth shaped density
perturbation.

The last two cases both require perturbations in the cutoff layer, whether random turbulence or
single mode MHD, to be moving transverse to the antenna (i.e. plasma rotation). Both cases can also
generate a Doppler shift in the reflected signal leading to the ubiquitous phase ramping, or runaway,
that appears in almost all experimental reflectometer signals.

Phase runaway is usually described as a monotonic increase or decrease (drift) in the mean phase
with time, usually through tens or hundreds of radians (i.e. multiple fringes) in a matter of milliseconds
[1-5]. This degree of phase change cannot be explained by a radial movement of the cutoff layer alone.
In this paper we will show that the presence of fringes or phase ramping modulates the measured level
of turbulence and hence complicates the interpretation of reflectometer signals, whether for profile
reconstruction or for plasma turbulence measurements. Further, using a 2D physical optics simulation
code [6] it will be shown that it is possible to replicate the fast bursts of phase runaway from purely
steady-state turbulence and misaligned antennas.
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Figure 1: 250 ms long time traces of raw phase and amplitude signals from a 105 GHz X-mode

reflectometer (r/a a 0.8,) during JET shot #40477. Sample period is 4 Ms-

2. Experimental data - slow fringes

Fig. 1 shows a 250 ms long time sequence of the raw phase <f> (modulo 2TT radian) and amplitude
A signals from a 105 GHz X-mode reflectometer [7] during an ELM-free period of a JET Hot ion
H-mode plasma (shot #40477). The phase clearly moves through several fringes, at an initial rate of
about 120 Hz, but gradually slows down, then reverses direction for about 6 to 7 ms, and then (not
shown in figure) it becomes stationary. The amplitude signal also shows a corresponding modulation
in its mean value synchronised with each phase fringe, and, that the phase ramp is not linear - it
has a distinct 's' shape. These phase and amplitude variations are consistent with the behaviour
predicted by 2D simulation codes [4-6] for a rotating MHD mode and misaligned antennas - i.e. phase
runaway. A closer inspection of Fig. 1 reveals that the level of turbulent fluctuations in the phase
and amplitude are also modulated synchronously with the fringes - this is particularly evident in the
amplitude fluctuations. Fig. 2 shows a contour plot of the Fourier spectrum of the phase fluctuations
as a function of time. There appears to be bursts of broadband turbulence. Indeed this data was
originally interpreted as evidence of bursting turbulence associated with thresholds [8]. However it is
suspicious that the bursts occur at the same point in each phase fringe. The spectrum of Fig. 2 also
shows a 20 kHz mode running through the whole time window. Mirnov coil (magnetic) signals indicate
that this is an n = 2 mode, which is consistent with the toroidal rotation frequency of approximately
60 krads"1 at the cutoff layer location (plasma edge / separatrix region R ~ 3.8 m) measured by
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Figure 2: Contour plot of log spectral intensity (frequency vs time) of phase fluctuations signals shown
in Fig.l (shot #40477). Note coherent mode at 20 kHz.

charge exchange spectroscopy, shown in the plasma parameter time traces of Fig. 3. Unfortunately
such a fast rotation frequency is inconsistent with the fringe rate of only 120 Hz, and there is no
reversal in the rotation direction! So this appears to rule out phase runaway due to a rotating MHD
mode and antenna misalignment. It is possible that an edge locked mode slowing down and then
locking to the vessel could explain the slow fringes, but there is no evidence of a locked mode in the
magnetics.
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Figure 3: Plasma parameter
time traces for ELM-free Hot-
ion H-mode shot #40477.

If the slow fringes are not due to
phase runaway then they must
result from radial movement of
the cutoff layer. In Fig. 3
there is a step down in the neu-
tral beam power at 13.0 seconds
which coincides with the rever-
sal in the phase ramp direction.
With the step down there is a
consequent slowing down in the
rate of the core density rise, but
unfortunately no clear decrease
in edge density.

However it is possible that there may be subtle changes in the density profile not revealed in the
course measurements of the interferometer chords. There are however other problems with the simple
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cutoff layer movement explanation. Neither the 's' shaped phase fringes or the amplitude modulation
are expected to appear with a simple radial movement of the cutoff layer. Therefore there must be
another 2D or 3D effect present. One possible answer is interference resulting from multiple reflection
of the microwave beam between the cutoff layer and the antenna/vacuum vessel [9]. For shot #40477
the cutoff layer is close enough to the plasma edge for this to occur.

13.07 13.08 13.09
Time (sec)

13.10

Figure 4: Expanded time sequence of phase and amplitude signals from shot #40477 using a 0.5 /J.S

sample period.

3. Experimental data - fast fringes

At the end of the time traces in Fig. 1 there appears to be some fine-scale temporal structure to the
phase and amplitude turbulence. Expanding this section in Fig. 4 (0.5/̂ s sample period) shows that the
fine-structure is actually bursts of multiple fringe ramps with a sub-millisecond time scale. Compared
to the slow fringes these fast bursts of phase ramping are more consistent with phase runaway due to
misalignment/asymmetry and also appear to be the same bursting phenomena reported in [2,4].

The fast phase ramping is present throughout the whole of the Fig. 1 time window but it most
clear after the NBI power step down when the phase has no slowly varying mean component. These
"micro-bursts" of phase runaway are an exceedingly common feature in JET reflectometer signals.
Fig. 5 shows another example from the plasma core region during the ohmic phase of an optimized
shear discharge (shot #46270) using a 75 GHz reflectometer (I/is sample period). Again the amplitude
signal (reflected power) is seen to fall during the bursts.
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Figure 5: Raw phase and amplitude signals from the JET plasma core during the ohmic phase of an
optimized shear discharge (shot #46270) using a 75 GHz X-mode reftectometer. 1/xs sample period.

Fig. 6 shows the corresponding Fourier spectra for the phase <f> and amplitude A signals (single
sided) together with the phase-amplitude 72 coherence, cross-phase spectra, distributions (pdf) of 4>
and A, and the double-sided spectrum of the complex amplitude Aexp(z^) signal. The complex ampli-
tude spectrum shows a clear Doppler shift and the cross-phase spectrum the characteristic quadrature
±7r/2 phase shift at the coherence peak. Note the phase pdf is distinctly non-Gaussian. Also note that
the mean phase in Fig. 5 always returns to the same value after each fringe ramp / micro-burst. This
is to be expected if the phase ramp is due to a Doppler shift resulting from misalignment/asymmetry
since 2D simulations show that the phase always moves through multiples of 2TT (i.e. a fringe) for
each period of the mode [6]. Hence 4> will always return to it;s pre-runaway value and the mean phase
remains constant. On the other hand, for a simple random radial movement of the cutoff layer there
is no reason to expect the phase to stop at the same point in the fringe cycle.

4. Simulation results

One explanation for bursting turbulence - which from the experimental evidence is clearly associ-
ated with bursts of phase ramping - suggests that there are competing terms driving and suppressing
the underlying plasma turbulence [2]. However, using a 2D physical optics simulation code [6] with
transverse propagating broadband Gaussian turbulence and a small antenna misalignment it is possible
to obtain a non-stationary Doppler shift (fr) — dcp/dt) over a wide range of simulation parameters.
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Figure 6: Fourier, coherence and cross-phase spectra, with phase and amplitude pdf, and double-sided

complex amplitude spectra of experimental signals shown in Fig. 5.

This varying Doppler shift means that the phase ramping is not uniform but occurs in steps. Sometimes
the steps are as few as 2 or 3 fringes, or several tens of fringes inter-spaced by no phase runaway. This
behaviour is most pronounced if an MHD type mode (i.e. dominant single frequency) is added to the
broadband random fluctuations - such as in the experimental case of Fig. 2.
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Figure 7: Simulated phase and amplitude signals from a 2D physical optics code using a random surface
perturbation with a strong single frequency component, kp/k0 = 0.2, kw/k0 = 0.05, a/X = 0.1 and an
antenna misalignment of \9\ — #2! = 5° and a beam radius of w/X =5.

Fig. 7 shows a small segment of the simulated <f> and A signals obtained using a reflecting layer
containing surface perturbations with a k spectrum shown by the dashed line in Fig. 8(a) (normalized
to k0 — 2?r/A). The k spectrum has a peak at kvjk0 = 0.2 and a width kw/k0 = 0.05. The rms
perturbation amplitude is A/10 while the transmit and receive antennas are misaligned by \6\ —#2! = 5°
with a beam radius at reflection of 5A.

The corresponding Fourier spectra for the phase <j> and amplitude A signals are shown in Fig. 8 (a)
(single sided) together with (b) the phase-amplitude j 2 coherence and (c) cross-phase spectra, (d)
phase distribution (pdf), (e) amplitude distribution (pdf) and (f) the double-sided spectra of the
phase (dashed) and complex amplitude signals. Both the <j> and A spectra reproduce the Doppler
shifted peaks with strong coherence and ±TT/2 phase shifts of the experimental data in Fig. 6. Again
the phase pdf is distinctly non-Gaussian.

The phase signal <f> of Fig. 7 has several irregular bursts where it ramps through multiple fringes.
The bursts are semi-random in length and repetition frequency. This simulation data looks exactly like
the real experimental data. Note that with normal incidence (i.e. no misalignment) the same surface
perturbations (MHD + turbulence) do not generate any phase runaway or bursting phenomena.
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The main point here is that it is possible to replicate bursts of phase runaway in refiectometer
signals from steady-state turbulence (cutoff layer perturbations), that is without recourse to any
time varying growth and decay in the turbulence. This implies that some of the bursting turbulence
behaviour observed in reflectometer signals could be just a result of the instrumentation response
function.

1.0 1 " " " I ^ ^ ^ 1 ' ' ' "" ' I
10- 1

- 1 0 1
Phase (rod)

Figure 8: (a) Fourier spectra, (b) coherence, (c) cross-phase spectra of the simulation data of Fig. 7.

together with (d) phase pdf (e) amplitude pdf and (f) double-sided spectra.
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5. Conclusions

(1) The experimental data shows that real reflectometer signals behave in complex ways. Often
they contain phase ramping/fringes on several time scales.

(2) Whenever the phase moves through a fringe there is also a modulation in (a) the mean reflected
power level and (b) in the level of high frequency fluctuations in both the phase and amplitude signals.

(3) Slow phase fringes (with 's' shaping) and amplitude modulation appear to result from radial
movement of the cutoff layer with a possible interference effect arising from multiple reflection between
antenna and cutoff layer.

(4) Phase and amplitude signals also display fine-scale structure (with a sub-millisecond time scale)
which contains intermittent bursts of phase ramping. This appears to be the classical phase runaway
effect resulting from antenna misalignment.

(5) Using a 2D simulation model with steady-state turbulence and misaligned antennas it is possible
to replicate the bursting or intermittent phase runaway effect in the reflectometer signal. This does
not mean that all bursting turbulence observed in reflectometer signals are not real, but it does mean
that without substantiating evidence from another non-reflectometer diagnostic (such as magnetics)
instrumentation effects can not be ruled out.
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