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Abstract. A broadband reflectometer operating in the frequency range 50-75 GHz has been

developed on Tore Supra to measure electron density profiles at the edge. The system uses

extraordinary mode polarization and performs routine measurements in 20 (is with a

heterodyne detection to ensure a high dynamic range sensitivity. It allows separate phase and

amplitude information of the signal. The density profiles are fully automatically calculated

from the raw phase. The initialization is done with an automatic detection of the first cut-off

from the amplitude of the reflected signal with accuracy up to ±0.5 cm. The profiles are now

part of the public database of Tore Supra (TS) and can provide details of density structures

better than the centimeter range. High reliability of the measurements for various plasma

conditions make this diagnostic an ideal tool to study specific edge plasma physics with given

examples on detached plasma behavior and RF antenna-plasma coupling processes. It also is

shown how the presence of suprathermal electrons may perturb the measurements.



1. Introduction

The reflectometry technique measures the phase of a wave reflected by a

plasma cut-off layer at a given density. The determination of the density profile of a tokamak

can be achieved by continuously sweeping the frequency of the probing wave. Since its first

implementation [1] on a fusion device for density profile measurements, the high cut-off X-

mode polarisation has convinced many reflectometrists to this technique on most of the main

devices like ASDEX [2], DIII-D [3, 4], Gamma 10 [5], TJII [6], TFTR [7], W7AS [8]..., and

it is planned for edge and scrape of layer (SOL) profile determination on ITER [9]. High cut-

off X-mode polarisation reflectometry is particularly well suited to edge and SOL physics

since the density profiles can be determined at the early beginning of the plasma.

Reflectometry measures profiles with a high precision, in the centimeter range and even

lower, required by the edge physics. And it has the great advantage of being a non-pertubative

method of measurement due to very low injected power (a few mW) of the probing

microwave beam. The edge of the tokamak plasma is a particularly turbulent region that may

seriously perturb the phase and the amplitude of the return signal. The way to overcome phase

scrambling due to the density fluctuations is to use fast frequency sweep set ups (down to 10-

20fj.s) combined with a high sensitive heterodyne detection.

In connection with the upgrading project (named CIEL [10]) of the plasma facing

components of the Tore Supra tokamak, reflectometry will be dedicated to the edge density

profile measurements. It is an important parameter for the control of the plasma-wall

interaction for long duration of discharges and is essential for the study of the physics of the

RF power coupling to the plasma. In the gradient and the core region, Thomson scattering and

interferometry diagnostics fulfill density measurements. Since X-mode propagation depends

on the magnetic field (that can be varied for experimental needs) two reflectometers operating



in the V and W bands are required to perform edge measurements. The present article gives

the results of the first X-mode reflectometer (52-76 GHz) already installed.

The paper is organised as follows: section 2 resumes the experimental set-up. Section

3 is devoted to the automatic profile reconstruction process with descriptions of the detection

of the first cut-off from the amplitude signal to initialise the density profiles. Also is described

the use of an adaptive sliding filtering technique to reduce the phase noise of the reflected

signal and the high precision then achieved for the observation of small plasma structures into

the profiles. Section 4 shows measurements of density profiles and the capabilities of the

reflectometer through various experimental conditions (with the additional ion cyclotron

frequency heating (ICRH) and the lower hybrid (LH) heating, for different density regimes

and during disruptions) as well as comparisons with Langmuir probes and Thomson scattering

diagnostics. It is also shown the damaging effects onto the initialisation caused by the electron

cyclotron emission from the suprathermal electrons generated during the LH additional

power.

2. Experimental set up

The X-mode reflectometry has been designated according to the Tore Supra

specifications for profile measurements over a rather large range of magnetic field values

(basically between 3 and 4 Tesla). In order to achieve these objectives, two reflectometers are

required to cover respectively the frequency bands 50-75 GHz and 75-110 GHz (figure 1).

The experimental set-up developed here for edge measurements at moderate magnetic field is

equivalent to the one developed previously [11] for the O mode 26-36 GHz reflectometer and

has been described in [12]. The system utilizes a 13-19 GHz hyperabrupt varactor tuned

oscillator (Thomson HTO) that provides routinely fast sweep capabilities (linear frequency

sweep in 20 (is) to reduce the effect of the plasma density fluctuations. Active quadruplers



(Millitech) provide frequency coverage between 52 and 76 GHz with an output power ranging

from 8 to 14 dBm. Emission and reception are done with two separate rectangular antennas.

Various sets of rectangular antennas with gain varying from 20 dB to 30 dB have been used

for comparison. Both antennas were located in the equatorial plane close each other and

outside the vacuum vessel. Measurements were performed through a tilted quartz window to

avoid parasitic reflections. On the probing arm the signal is first frequency modulated at

fm=80 MHz with a shottky diode and then quadrupled so to send into the plasma the probing

frequencies 4F±k.fm (with k=l, 2, 3 ...). On the reference arm the probing frequency is simply

quadrupled and then mixed with the reflected plasma signal to downshift the reflected signal

at the frequencies k.fm±Fb±k. A band pass filter at 160±20 MHz leaves only the cut-off

information from the probing frequencies 4F±2fm to be detected. Then, an I.Q. demodulator

allows 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 algorithm [1].

This numerical iterative calculation connects the phase to the cut-off position through the

following relation :

The refractive index

N x = | l :r:~ / p e / , J with: F M = - ^ ^ and F M = — [ P "

depends on the density through the plasma frequency (Fpe) contribution, and on the magnetic

field through the electron cyclotron frequency (Fee) contribution.



An important point is the initialization of the profile, i.e. where starts the plasma ?.

Here is the most interesting feature of the X-mode polarization. Contrary to the O mode

polarization where, at zero density, the cut-off frequency equals zero, in X-mode, the plasma

edge position, r,, can be precisely determined since the first cut-off frequency equals the

electron cyclotron frequency. The start of the plasma is identified at the rise of the amplitude

of the signal (figure 2). A precise knowledge of the magnetic field mapping is required since

on TS there is a strong magnetic field ripple of about 7% at the edge due to the close position

of the plasma relatively to the toroidal magnetic coils. The position of the antennas must then

be carefully recorded to correctly stand the first cut-off frequency relatively to the edge

electron cyclotron frequency. The automatic treatment of the reflectometry data for the profile

reconstruction is based on the detection of the increase of amplitude. A criteria has been

defined from the experimental data in which the first cut-off frequency is recorded when the

amplitude increases above the noise level of -60 dBm (in a tokamak, the electric field of the

launched wave can not be rigorously perpendicular to the magnetic field at the edge and can

be tilted, at the very most, by 10 degrees so that the contribution from an O mode parasitic

reflection is always 40 dB below the X-mode signal and can be neglected). By this way, it is

possible to follow automatically the position of the plasma edge as illustrated in figure 3,

where in this example the plasma is moved from the low field side to the high field side first

wall. Experimentally, the uncertainty due to the fluctuations of the amplitude of the reflected

signal upon the first cut-off frequency can be less than ±1 GHz that corresponds

approximately to an error of ±0.5 cm on the absolute radial position of the profile.

All the profiles were calculated from the phase of the lower frequency (4F-2fm) only.

Details of the signal processing and the filtering technique are provided in ref. 11. The phase

reference is taken from the signal reflecting at the first wall before the plasma discharge. In



order to be able to treat automatically all kind of profiles, a relatively wide band pass filter, of

about 15 MHz (see figure 4(a)), is required by the numerical treatment to calculate the time

dependence of the phase delay of the reflected signal from the beat frequency spectrum. Then,

the frequency bandwidth of the filter can be reduced to proportionally reduce the phase noise

by applying an additional adaptive sliding band pass filter upon the time dependent reflected

signal. The center frequency of the sliding filter is provided by a smooth of the previous

measured beat frequency with, this time, a frequency bandwidth reduced to 2 MHz. This

bandwidth has been optimized experimentally to follow correctly the time variations of the

beat frequency and is comparable to the spectral width of the density fluctuations spectra. It is

shown in figure 4(b) how the phase noise has been reduced for determining the beat frequency

and the improvement onto the profile reconstruction (figure 4(c)).

The sliding filtering treatment is of a great interest to reveal small structures, in the

centimeter range, within the profiles. As a matter of fact, the sliding filter brings out small

variations of the local density gradients into the profiles and we can use it to consider what

kind of perturbation the signal can face in the scrape off layer (SOL). On figure 5(a) and 5(b)

the amplitude of the reflected signal has been plotted versus the density, together with the

profile. This way, it is worth noting that strong amplitude variations are correlated with small

density plateaus.. These variations strongly suggests the presence of small plasma structures

extending in the poloidal and/or the toroidal directions into the SOL. As long as these

structures can reflect enough signal for the amplitude to remain above the detection limit

(about -60 dBm in our case) the phase trend can be tracked and the reflectometer is able to

account precisely for the shape of these structures.

4. Experimental results



4.1. Antenna pattern

The choice of the antenna pattern can be crucial since the detected signal depends on

the gain. Actually, this choice is a compromise between the spatial localization required for

the measurement (high gain required), the amount of reflected power signal needed (high gain

required) and the potentialities for the target to reflect the probing wave back to the receiving

antenna (low gain required). We have tried three rectangular antennas with different gains :

20, 25 and 30 dB. When comparing data with similar discharges, we have concluded that the

only noticeable improvement observed was the increase of the amplitude of the reflected

signal with the increase of the antenna directivity. No particular feature has been observed

onto the phase. The amplitude argument is particularly appreciable when using the back wall

signal as phase reference. The amplitude variations of the reflected signal onto the plasma

observed with all three types of antennas were nearly identical. But it is by using the 30 dB

horns set up that the better determination of the first frequency cut-off from the amplitude rise

was obtained, and in the same time the uncertainty concerning the toroidal angle of

measurement (needed because of the edge magnetic ripple) was decreased.

4.2. Density regimes

Figure 6 shows the example of a deuterium ohmic shot with the ergodic divertor (E.D.)

[13] turns on, where the average plasma density increases until the plasma reaches the

detachment at t= 7.5s and disrupts. Reflectometry data are recorded all along the discharge

and the last acquisition occurs right during the disruption. The figure 7 exhibits an increasing

steepness of the reconstructed density profiles measured by the reflectometer during all the

discharge and it is then possible to look into the details of the edge density plasma physics.

On figure 8, we observe that the density measured by the reflectometer at R = 3.19 m

increases along with the average density and drops suddenly during the detachment phase. A



comparison with the density measured by the Langmuir probes, located in the E.D. at about

the same radial distance, follows the same trend. Figure 9(a-c) shows the detailed evolution of

the shape of the profiles along three density regimes [14] : low-recycling, high-recycling and

detached regimes. It can be seen that the density gradient keeps increasing along with a

substantial reduction of the density at the very edge during the detachment. In fact, as the

central density increases, the plasma edge is getting colder due to an increase recycling of the

neutral particles between the plasma and the inner wall and finally leads to a diminution of the

edge density. After the detachment, the plasma goes into unstable conditions [15] and finally

disrupts. One measurement has been done right during the disruption figure 9(d). The

reflected signal has been correctly recorded and the density profile can be well reconstructed

during this particularly turbulent event. Numerous plasma discharges with a measurement

during the disruption have been done and profiles have always been recovered. Thus, the

reflectometry demonstrates its robustness and its reliability to density profile measurements

despite such troublesome events.

4.3. Additional ICRF and LHpower

X-mode reflectometry is a useful tool for additional heating power physics [16] since

the coupling of the power to the plasma strongly depends on the edge density. Figure 10(a)

illustrates the capability of the reflectometry to measure edge profile changes during

additional heating at the ion cyclotron resonance frequency (ICRF). A small increase of the

density is observed in agreement with measurements done with Langmuir probes located

inside the throat of the equatorial pumped limiter and complete the whole plasma density

profile with the core measurements done by the Thomson scattering diagnostic (figure 11).

Along there is a change of the plasma volume since the detected plasma edge position

increases by about 2 cm (figure 10(b)) not recorded by the magnetic probes. Such precision is



particularly useful to understand the performances of the additional heating. For example, the

understanding of the degradation of the coupling efficiency when a plasma detachment occurs

(figure 12) illustrates the correlation between the edge electron density and the RF injected

power as all plasma parameters remain constant except the density. Because the distance

between the antenna and the ICRF cut-off layer area (approximately equals to 1 x 1019 m3)

increases, as the density profile is getting steeper (see section 4.2), the coupling resistance of

the ICRF antenna decreases (figure 13).

During additional LH power, an increase of the amplitude of the signal before the first

cut-off frequency is observed. The power spectrum exhibits an increase of the amplitude all

over the frequencies in addition to the plasma cut-offbeat frequencies. When one filters this

noise and the cut-off signal over equivalent frequency bandwidths (figures 14(a) and 14(b)),

and compare their amplitudes versus the probing frequency, it is observed (figures 14(c) and

(d)) that the amplitude of the noise decreases when the cut-off signal increases.

This parasitic signal is provided by the suprathermal electrons generated in the plasma

core where the LH power deposition takes place as schematized on figure 15. These electrons

create a relativistic downshift of the electron cyclotron frequency that can be emitted, both in

X and O mode, outside the plasma [17]. So, at frequencies below the first X-mode cut-off

frequency, this radiated emission can then be detected, in X-mode, by the reflectometer.

Moreover, above the first X-mode cut-off frequency, some O-mode emission can be detected

by the reflectometer because of the antenna misalignment, as mentioned in part 3, and because

of the low optical thickness at the edge plasma that prevent the electron cyclotron resonance

to absorb efficiently this radiation.



5. Summary and future plans

X-mode reflectometry demonstrates as a high reliable diagnostic for edge density

measurements among various experimental conditions. An accuracy of about ±0.5 cm can be

achieved on the plasma position and small density structures in the centimeter range probably

due to the density fluctuations, are observable. Fast frequency sweep capabilities associated

with a high sensitive heterodyne detection is absolutely needed to face the destructive effects

of the plasma turbulence like the phase scrambling due to fast cut-off motions and the strong

variations of the reflected power signal (up to 40 dB). Consequently, for all the plasma

discharges, density profiles have been successfully recovered without any need of advanced

filtering criteria technique in this particular turbulent region. The density profiles can be

routinely reconstructed and automatically initialized such that X-mode reflectometry is

particularly well suited for plasma edge physic studies. The decrease of the edge density

plasma during the detachment process is clearly understood from the modification of the

shape of the density profile. Local physic of RF coupling power can also be evaluated from

the measurement of the distance between the RF antenna relatively to some plasma density

into the ICRH cut-off layer area. During additional LH power, substantial suprathermal

electron cyclotron emission brings additional noise to the reflectometer signal and can

degrade the accuracy of the profile initialization due to residual O mode parasitic emission

through the X mode cut-off.

For the future, a second reflectometer working in the W band is planned for edge profile

measurements at high magnetic field (B(0)=4T). The choice of the antennas is going to high

directivity systems to maximize the amplitude of the reflected signal. The antennas will be

poloidally tilted of about 5 degrees to optimize the X mode emission into the plasma and to

reduce effects of the cyclotron emission from suprathermal electrons.
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Figures captions

Figure 1. Illustration of the operating conditions of the reflectometry on Tore Supra for the V

band at moderate magnetic field (3T) with typical density profile (ne(0)=5 x 10'9 m"3;

nc(r)=ne(0)x(l-(r/a)2)4).

Figure 2. Reflected signal vs. the probing frequency and illustration of the amplitude rise

detection at the edge cut-off layer for profile initialization.

Figure 3. Time evolution of the edge density measured by X-mode reflectometry during a

plasma displacement from low field side to high field side : The density profiles are fully

automatically calculated and the initialization is done by an automatic detection of the

amplitude rise (see figure 3) of the reflected signal into the profile reconstruction algorithm.

Figure 4. (a) Power spectrum of the beat frequencies of the reflected signal; (b) time

dependence of the beat frequency with 10 MHz band pass filter (thin line) and after using

narrower band bass sliding filter of 2 MHz (thick line) to reduce the phase noise, (c)

Reconstructed density profiles with and without correction of the phase noise.

Figure 5. The X-mode reflectometer is sensitive to small plasma structure, in the centimeter

range, of the reconstructed density profile (a). These small structures are associated with

amplitude variations as well (b) of the reflected signal, suggesting additional 2D plasma

structures in the poloidal and/or in the toroidal direction.

13



Figure 6. Experimental conditions (plasma current and average density) for an ohmic

discharge with the ergodic divertor turned on, going from low density regime up to detached

regime and ending with a disruption. The vertical lines represent the X-mode reflectometer

signals.

Figure 7. Temporal evolution of the edge density profile measured by X-mode reflectometry.

Figure 8. Comparison between density measured by Langmuir probes (thin lines) located

inside the ergodic divertor and density measured by reflectometry (thick line) at about the

same radial position (3.19 m) into the scrape off layer. The quoted arrows stand for the

different density regimes : (a) low recycling, (b) high recycling, (c) detached and (d)

disruption.

Figure 9. Evolution of the edge profiles for the 4 previous density regimes.

Figure 10. (a) Temporal evolution of the edge density profile with 2 MW additional ICRH

(Ion Cyclotron Resonance Heating) injected between 4 to 7 s. (b) Variation of the plasma

edge position with and without ICRH heating.

Figure 11. Complete density profile, before (thick line) and during (thin line) additional

2 MW ICRH power, reconstructed with the Thomson scattering data in the center and the

gradient zone and the X-mode reflectometer for the edge with one point given by a fixed

Langmuir probes located inside the equatorial pumped limiter device. Density increases from

the edge to the center as measured by the 3 diagnostics.
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Figure 12. Time evolution of the ICRH power and coupling resistance when the density

approaches the plasma detachment conditions.

Figure 13. Correlation between the coupling resistance of the ICRH antenna with the its cut-

off layer (taken to be 1 x 1019 m"3) position measured by X-mode reflectometry.

Figure 14. Comparison of the power spectra with (a) and without (b) additional 2 MW of

Lower Hybrid (LH) power. The shaded areas represent the filter windows used to determine

and to compare the frequency dependence between the amplitude of the signal reflected by the

cut-off layer (c) and the amplitude of the electron cyclotron radiation (d) provided during the

LH phase.

Figure 15. Schematic of the ECE radiation detected by the reflectometer : A downshift of the

cyclotron frequency is created to suprathermal electrons generated by the LH power deposited

into the plasma (shaded area). This radiation can then be detected by the reflectometer below

the upper X-mode cut-off. (Fee is the electron cyclotron frequency and Fxh is the high X-

mode cut-off frequency).
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