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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 3. Reflected signal above the first cutoff
which is equal to the edge electron cyclotron
frequency
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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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FIG. 9. Amplitudes of the reflected signals
on the plasma cutoff layer for the
determination of the first cutoff frequency.

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.
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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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