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Introduction

Microwaves (MW) are usually considered as electromagnetic waves in the range of    f ( 3  300 GHz,  i.e. wavelenghts  ( 10 cm  1 mm  (( = c/f). Recent development has made further expansion to the submilimeter range 1  0.1 mm possible.
The MW play an important role for fusion plasmas as a diagnostic tool, as well as additional heating and current drive technique. Both passive radiometry and active external probing waves are used for diagnostics. Magnetic fields and electron density set plasma dielectric properties. The resulting frequency-dependent cut-off layers reflect the MW while the resonance layers emit, absorb or transform the MW. The optimum wavelenghts for tokamak plasma probings are in the milimeter and submilimeter range. MW diagnostic methods allow the determination of electron density, temperature and energy distribution and their fluctuations and profiles, as well as some of magnetic field parameters (e.g. safety factor q).

On CASTOR a permanent 4 mm MW interferometer is installed which provides basic information on plasma (= electron) density. Two additional MW experiments has been running recently.

Plasma Interferometry, Line-integrated Density
A launched MW interacting with the magnetized plasma results in changes of their amplitude, phase, polarization, propagation and spectrum characteristics. Interferometry evaluates signal passed through plasma as it relates to the constant reference signal. It is the oldest and most widespread MW diagnostic technique. Dependence of refractive index on the electron density is simplest when wave propagation is perpendicular to the direction of confining toroidal magnetic field (k ( B). There are two fundamental polarities (polarity is orientation of electrical component E of the wave). Ordinary wave (O–mode) has E (( B while eXtraordinary wave (X–mode) has E ( B. Magnetic field does not affect the O-mode while propagation of the X-mode strongly depends on B.

The O-mode perpendicular wave is used for plasma density measurement on CASTOR. There is a considerable cut-off for the O-mode, the plasma frequency which depends on the plasma density ne, electron charge and mass:
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The O-mode can propagate in the plasma just above the plasma frequency. In other words for a wave of certain frequency there is a cut-off density:
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If the wave reaches the cut-off density layer it gets reflected. This effect is exploited by the plasma reflectometry. On the other hand, the plasma interferometry uses frequencies well above plasma frequency to assure plasma transparency. Maximum plasma densities at CASTOR are of order 1019m-3 thus 70 GHz (( = 4.3 mm) interferometer is applied. Wave propagation in the plasma is usually described by index of refraction N. Elementary expression based on the cold plasma approximation for the O-mode perpendicular wave is given by:
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 EMBED Equation.3  [image: image5.wmf]
The phase shift of the wave traveling along the path r when the plasma occurs is:
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 Condition n (( nco simplified the root expression of N and
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is so-called line-integrated or line-averaged density. Hence this can be derived from the measured wave phase shift during discharge. Assumed radial profile of density can result in estimation of the maximum density. E.g. on CASTOR if profile is parabolic then maximum central density is 1.5 of line-averaged:
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 Microwave Interferometer
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The MW interferometer is in principle the same as the optical one but only based on waveguide technology. Probing beam Epcos((t + () whose phase component ( is affected by the plasma, interferes with the fixed reference beam Ercos (t in the mixer. The MW detector separates high frequency combining components and produces slowly changing component ( EpErcos( which is of interest. In this simple interferometer the output signal is sensitive to probing beam amplitude Ep. To overcome this disadvantage, additional phase modulation Emcos(m of both reference and probing beam is used. The modulation frequency (m should be well above the measured density variations but slow enough to pass through MW detector. The subsequent phase detector evaluates changes of modulation ( cos((+(m) independent of probing beam amplitude, provided it is above sensitivity threshold. Various phase modulation techniques are used. So-called Wharton interferometer utilizes the frequency modulatation of MW generator. The frequency shift is (fFM. The difference between reference and probing path lengths (L causes varying phase difference of interfering  signals for various frequencies: ((m ( (fFM (L. Thus the frequency modulation is transferred to the phase modulation on the detector. If (fFM and (L are chosen so that ((m = 2(, the detector modulation has advantageous waveform. It is shown on the picture below:
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Such waveform is almost harmonic and of the same frequency (m as modulating saw-tooth voltage and can be selectively amplified. The phase detector simply monitors zero-crossing points. During discharge phase of the probing beam affects phase of modulation and the zero-crossing points move from starting position by the time shift (, which influences the output voltage U: 
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CASTOR Interferometer Flow Chart

The horn antennas are placed inside the tokamak diagnostic port. There are two options –measurement either in the central chord or alongside. The latter one was applied in the plasma profile investigation. During plasma discharge (commonly called the shot) output voltage from the phase detector is sampled and stored in the data acquisition system (DAS), device SB1, channel 2. The typical temporal evolution of density together with loop voltage and plasma current is shown below:


Used IDL commands look like this:

shot=16586 ;shot number
shotstr=strcompress(string(shot),/remove_all) ;strings shot number
sb1 =float(sb_das(shot,'sb1')) ;loading all 16 channels of device SB1 into                                                                                             2-dimensional variable sb1
plot, sb1(0,*),sb1(1,*),title = '#'+shotstr, ytitle='Voltage' ;ploting voltage from ch.1
plot, sb1(0,*), sb1(2,*)*10*5/2048*4.e18,ytitle='Density ;density from ch.2

plot, sb1(0,*), sb1(3,*),ytitle='Current',xtitle='Time [ms]' ;current from ch.3

The channel 0 of sb1 represents time axis in [ms].

Coefficients for evaluating density in real values:

4.e18 m-3/V expresses the relation between line-averaged density and phase detector output voltage

10*5/2048 represents DAS amplifiers and AD converter

The phase detector shows an imperfection. When impulsive breakdown appears the phase measurement continues from a new inicial point. The density curve then display random quick shift. See IDL routine “correct_density”  which services these jumps.

Other Microwave Diagnostics on CASTOR in 2003
1. The MW radiometer in the range of 17 – 40 GHz investigates Electron Bernstein Waves (EBW). EBW are of electrostatic basis so they cannot radiate out of plasma but only when they convert to electromagnetic waves. The goal is to find optimal conditions of the conversion based on the theoretical calculations. EBW may be applicable for aditional plasma heating.
2. The MW reflectometer in the range of 29 – 35 GHz is used for investigation of toroidal and poloidal correlation of density fluctuations and profiles of the safety factor q, which is proportional to the ratio of toroidal and poloidal magnetic fields.
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