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INTRODUCTION 

Measurements of the plasma density fluctuations is the basic requirement ioc the 
experimental study of anomalous transport in tokamaks [l]. While such measurements 
are currently carried out in the scrapc-of-layer of tokamaks using Langmuir probes, 
contactless methods are needed for the measurement deeper in the plasma. One of 
such method is microwave refiectometry working on the principle of probing wave re
flection on the plasma layer, where the refractive index of the wave goes to zero (see 
e.g. overview of the method in [2]). The method is relatively simple and under some 
conditions it exhibits a sufficient accuracy. The application of the method, within the 
frequency legion 10-40GHz, is envisaged also on the tokamak CASTOR. 

This report brings the first results obtained on CASTOR. The first section shows 
the situation concerning the tokamak CASTOR plasma. Further, it describes briefly 
the construction of the first reflectometric device working on the fix frequency 10.26 
GHz (section 2). In section 3 it is demonstrated the proper function of this device using 
so called sin-cosin detection system [3] and the results obtained are discussed. 

1. MICROWAVE REFLECTOMETRY ON THE CASTOR 

Rcflectometry is based on injection of a microwave beam into the inhoniogeneous 
plasma (usually in the direction of the density giadient, i.e. perpendicularly to the 
toroidal magnetic field Bior in tokamaks). In the case that the index of relractivity is 
approaching to zeio for the given frequency of the piopagating probing wave, the total 
reflection of the beam occius. If the plane geometry can be supposed, the phase of the 
reflected beam bears an information about the position of the reflecting layer. 

Because two different perpendicular (Ewnvc _L kwave, with Ewavc and k,U!lve the electric 
field and the wave vector of the piobing wave) electiomagnetic waves with different 
phase velocity (i.e. different index of refractivity) can propagate in the magnetoactive 
plasma in dependence on their polaiization, the place of leilection depends on the 
polarization of the. incoming microwave beam as well. 

In the case of so-called O-mode (E,u<nie || Btor) the íeflection occurs, where the plasma 
frequency fp[llz] — {ne2 Jme0)ll2 raises to the probing wave frequency f^.ave (the plasma 
density reaches so-called critical density 71СГ,Л»1~3] = 1-24 x ^6f^„ve[GHz]). 

In the case of so-called X-mode {EXU!IX:C L Btor) two cut-offs can appear at the 
fiequencies fu,L (so called upper and lowei cut-oil's): JU.L = ± Л / 2 -f- [(./c/2)2 +./,?]1/2, 
wheie Цг) ~ 2S/?,or(0)/(l +r/R.)[GIIz,T] is the ladially depending election cyclotion 



frequency (/?/Or(0) is the value of the magnetic field on the lokaniak axis, li is the 
lokamak major radius). 

Comparison of the phases of the reflected wave (see further Pig.2) with a, reference 
wave gives information about the location of the reflecting layer, if many different 
probing frequencies are used [2], or about the fast movement of this reflecting layer (or 
about its fluctuations), if the only one fix frequency is used. The second case will be 
applied on the CASTOR. 

The situation, concerning the tokamak CASTOR plasma, is given in Fig. 1 for 
/-?(0)ior = 121- Fig- l:i shows the ficqucncics fP,fu,L and fc for higher value of the 
central plasma density ?i(0) = 10 x lO18?;?—'3. lig. lb for lower value ?i(0) = 5 x 101S7»~3. 
The density radial dependence is supposed to be parabolic in both cases: 7)(7-) = 7/.(0) • 
(1 — 7,2/«'2), where a is the minor plasma radius. It is possible to see from the figuie 
that using the frequencies of probing wave 10-'IOGMz and both О and X polarizations, 
nearly the whole plasma radius will be accessible. 
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Figure 1: Radial profiles of the cut-off fiequencies /,, (O-mode). fu,L (X-mode) and cy-
clotion frequency fc in CASTOR for parabolic density distribution with central density 
value a) 10 x 10 , 8 n? - \ b) 5 x 10 , 8m- 3 . 

2. R E F L E C T O M E T E R W I T H sin-cosin P H A S E D E T E C T I O N 

Heterodyne.scheme and electronic phase counters aie usually used for measurement 
of the phase shift in the microwave interfeiometers (average density measurement). 
Namely, the phase of the probing wave, passing through the plasma, is changing rela
tively slowly (the total number of electrons is measmed). Howevei, such-systems have 
low time, resolution and they aie thercfoic inconvenient foi the measuieinent of much 
faster phase changes of the reflected signal, given by local density [luctuatioiib. Foi this 
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reason, a homodyno scheme working with (wo detectors (so called sin-cosiu scheme), is 
usually used for the reflectoinetrie measurements [Л]. 

The Fig. 2 shows schematically such lefleclometer built for the СЛЬТОН. As a 
generator a Cuiin oscillator with power 200?» IV is used. There arc two intcrieromotric 
arms for. measurement of phase shift ip caused by plasma, with two independent mixcis 
I and 2 (both reference E- and measured Em waves are equally splitled using hybrid 
T-junction). The information about the phase shift e? is involved in the measured (in 
this case reflected) wave Em = E,n[t)sin(u;l. -f-ií). Setting a phase shifter PS, placed in 
the intcrfcrometric arm 2, in such position that the mutual phase of waves interfering 
at the mixer 2 is about 90" higher as that at mixer 1 and supposing that the both mixer 
detectors ate quadratic and moreover quile identical, the both mixer's signals can be 
written as follows (from here name "sin-cosin" detection): 

U\ « £ r
2 ( l + £ 2 ( í ) + 2c(i)co3(í) 

Í / 2 « £ P
2 ( 1 + 6 2 ( 0 + 2É(Z)ÍIHVO-

Here e(t) = Em(t)f ET is amplitude of the mcasuiod wave (strongly changing in the time 
in the case of the plasma, see e.g. further Fig. 3). normalized to the amplitude of the 
reference wave (steady in the time). 

Figure 2: Scheme of ' l ie sin-cosin reflectometrr working on the frequency 10.2667/-; 
/Х''-dirccíioual coii]Jfc:r —\0rllJ, /1-atteniiat.or. /'.S'-phase shifter, ! and 2 an- mixing 
directors. 

Taking the AC component of the signals only and ananging the Mgnal's level in 
siich way that f:(/.) <£ I. the simple expression loi the pha^e a-11 i l"l *s can In: deriveil: 

:.; ± ai'c.ty(Ui/(s'i). 
In this way, ell'ecl. of reflected signal amplitude vaiiatioiis can b<: excluded and dctei-
uiiuatio!) of I lie phase .shift is i educed to evaluation of l he bol li signals (siii-co4ii) ratio 
only. If (.(/) 7: I), the maximal phase error 6-p ••- c/\/2 can be simply estimated (about 
Л" for t --- -ШВ). 

3. TEST OF ThE REFLECTOMETER ON THE CASTOR PLASMA 
Tokainak ČASTOU. Jil is small device wi:.h H;<i .-• (I.!/ll.Oo;/; [ H. \> ma : or and с 

miui'M plaMiia ladius) . io:oida! magnetic i':e!<.! //.-... < !'/'. pia.-ina i.une:H /• <; "!!•'••'. .1 . 
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j.'l.'i;;::!.! average density fi < 2 X 10,O7U~"* and pulse; dura t ion T < -'IDIIIS. Л i ians ic ' i l . 
•eeoider w i l l ; n iaxi i i r . iu i sampl ing ra t i : Will:: and memory -\кП for each channel lias 
Í4.'c:i used for data col lect ion. 

T in : F ig. -4 i!l i:si rales '.In: behaviour of I lie alone reflected signal iV„. = /,'| IVIJIII 

.•ielertor ! (reference signal U.cj is disconnected) and plasma average densi ty i) du r ing 

the. iirst three mil l iseconds of the discharge. Melore t i n ; discharge, t.he p rob ing wave 

j jni ieirates t h m u g i i the vacuum chamber and i t is reflected on the chamber inner wall 

•;:•<*«!isUired signal b\ = lómV -- const). It, may be seen i'roni the f iguru tha t the signal 

reflected f rom the plasma is st rongly f luctuat ing \vi!.!ii:i m i i g l i l y two orders d u r i n g ílie; 

;ока:мак discharge;. 
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Tiguie -4: Time course of the reflected signal b\ in Volts (upper i i ace) and of I IK; l ine 
iivuriijy.'d densi ty i) in units 10 IS:iř. - : í ( lower trace) dur ing the i i is l part- of the tokamai ; 
discharge. 

No tu . tha t the max imum of the reflected signal l/\ is comparable w i t h lh<; value 
of the reference signal (<7r,;/ = 27QuiV, see fur ther intorfeienco p ic tu re in Fig. I ) . To 
fu l f i l ' h e requi rement f <£C I (see foregoing paragraph 2 ) , an a t tenuat ion —2Ы/3 (us ing 
i l i t i at t f t i inntor Л , see Fig. 2) of the reflected signal has been in t roduced for the phase 
measurements g iven in F ig. 4 . I t may he seen front the upper trace of I his f igure, where 
an absolute value of the in ter ferometru : signal <7| is shown, tha t cond i t ion t <í£ I is wtdl 

fulfilled. 
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Figur»: -1: Time coins»: «>f tin: interfere!]':»: signal L\ in Volts (upper trace) and of the lino 
average»! density » in units 10 i sm~3 (lower trace) during the whole tokamak discharge. 

Taking the AC component of signals only, the both iutcrfcrograms Vx and U2 (11111-
tually shifted about 90я) of the measured and reference signals «mid he rcgisteied with 
correspondingly greater sensitivity. Tin: following serie of Figs. 5-8 shows successively 
the iiiterl'erograin i\ for the discharge beginning (Fig.ó). stationary phase (Fig. (i). the 
Ini»: discharge phase (Fig- 7) and discharge decay (Fig. S). The following n-Mills can 
he diivcn from these figures: 

I. St.и:-up phase (Fig. 5): 

• at lln.: ir.onu.-nt, / -•= I.^'IIIÍ.4 tin: cut-olF layer aiises in the «•.«•nl»,r «>l the pl.isiiia 
(sec also coiux: of density /"/ in Fig. •"{); 

• till this moment the probing wave penetrates Unoiigh the plasma being re
flected on the inner liner wall; 

• (lie scheme is woiking, therefore, in the regime of double-pass interferometer 
and line averaged density v. is measured; 

• about 10 fringes can he read from the intorfeiograiii befoic the cut-oil' is 
appearing; 

http://ir.onu.-nt


• ;i very flat radial density distribution during this st.arl.-up disc ha rge phase 
can be deduced from the observed number of fringes, because their max
imum number can not exceed 11 (exactly Aa/\Cl. where A0 is the probing 
wavelength); 

• only after the cut-off layer appearance the scheme starts to work in the 
regime of leflectometer, which results in the change of the intcrferogram U\ 
character. 

2. Qunsistationary phase with ii > 5 x ]f),s77i_3 (Fig. (5): 

• owing to the sufficiently high density, the cut-off layei exists just in the front 
of the transmitting and receiving horns (vcutoff = 1 x 101S77i--5); 

t position of this layer is fast fluctuating in the range ±27717??. (phase changes 
don't exceed 90°) with the frequency about bkllz. 

3. The late phase with density decrease ?"?. —> nCTlt (Fig. 7): 

• an uniform movement of the cut-ofF layer from the periphery to the center 
is observed; 

• the velocity of this movement is about lom/s (about 4 fringes, which means 
6c7?i. is measured during 4ms); 

• even during this movement is the cut-off layer position fast fluctuating ±2/7mi 
with the frequency about 3kHz. 

4. Discharge decay (Fig. 8): 

• the cut-off layer disappeais at the moment /. = 39TÍÍ5; 

• after this moment the scheme is working in the legime of interferometer; 

• opposite to the strongly fluctuating signal in the reflectometer regime, no 
fluctuations of the signal are observed after cut-off disappearance. 
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Figure S: Interfcrogram U\ during the plasma decay. 

4. C O N C L U S I O N 

The report describes the first microwave refiectometi ic scheme, which was used 
on the lokitnialv CASTOR for the nie::suremeiit of the fast density fluctuations. The 
scheme is Working on the fix frequency 10.2GGII/-. i.e. the fluctuations near to the 
plasma periphery are detected. 

It was proved that scheme is working properly during the whole tokaniak discharge 
despite the fact that level of the reflected signal is strongly varying within two orders 
of its magnitude. 

It is п<:сс--ч«»гу t o note that so called sin — cosin detection system is us«-d for the 
phase evaluation. Such system requires to use two detectors with quite identical char
acteristics- This fact can bring some limitations on the method ace1'.racy in the future. 
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