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I. INTRODUCTION 

The measurement of the electron density profile based on the total 
reflection undergone by an electromagnetic wave in a plasma is a very attrac
tive method for use in small or large tokamaks [l] . Until now most of the 
proposals about swept frequency reflectometry have used an experimental set 
up with two antennas, one emitting the waves and the other receiving them 
[1-5]. A homodyne detection scheme has been implemented, whereby the reflec
ted wave was mixed with a larger local oscillator wave and the phase diffe
rence between the two waves detected. 

Two major difficulties are encountered with such a reflectometer. 
The first is related to the constraint imposed on the location of the re
flecting layer. With a two antennas reflectometer, the reflecting layer has 
to be in the region which intercept the radiation pattern of both antennas. 
With only one antenna, the experimental set up is always optimized for 
receiving the power reflected by the critical layer whatever its location in 
the plasma. 

The second is related to the access to the plasma. Considering the 
present capacity of swept oscillators four broadband microwave reflectometers 
(then eight antennas) with ordinary polarized waves or two reflectometers 
(four antennas) with extraordinary polarized waves are needed to cover the 
full density range on present day tokamaks. If a reflectometer could operate 
with only one antenna, obviously this reiuces considerably the necessary 
acess to the plasma. In spite of its great advantages, the fact that the one 
antenna swept reflectometer is not currently used is due to the possible 
influence on the reflectometer signal of all reflections from impedance 
mismatch at microwave components. The aim of this paper is to identify and to 
resolve all the experimental problems that appear in a one antenna swept 
reflectometer. 

In section 2 of this paper the experimental set up is described. In 
section 3 the basic equation of the waves interference in a on« antenna 
reflectometer is given. Section 4 is devoted to the experimental results 
achieved in the laboratory. In section 5 the results are discussed. 
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II. EXPERIMENTAL SET-UP 

In the laboratory, the reflection of an electromagnetic wave by the 
plasma has been simulated by the reflexion of a wave on a metallic mirror. 
The experimental set up used for the teats is shown in Fig. 1. 

A carcinotron C020B is swept continuously over the range 120-130 
GHz. The output power depends on the wave frequency as seen in Fig.2, and 
varies between 1 and 3 watts. The emitted wave is launched by a 30 dB gain 
antenna on the mirror through a 3 dB coupler. (The dimensions of the antenna 
arid the characteristics of the directional coupler are given respectively in 
annexes 1 and 2). The wave reflected by the mirror is received by the same 
antenna and is mixed with a reference wave in a Schottky barrier diode for 
phase detection. To take into account the particular operating conditions on 
a tokamak, mica sheets as vacuum windows are also inserted in the 
experimental set up. 

The usual way to obtain a reference wave is to directly couple a 
part of the power emitted by the carcinotron. Another method is to use a beam 
which already exists in the experimental set up due for example to the 
reflection of the incident wave on the vacuum window, due to the leakage 
power of the coupler in the reverse direction due to the impedance mismatch 
at the antenna. Now we evaluate the levels of all these possible reference 
beams and the level of the reflected beam to optimize the experimental set 
up. 

2.1. Power reflected by the mirror 

The power P received by direct reflection on the minor is given by 
the classical radar equation [ 6] 

T 
P r = P t G H ( 8 „D)2 

D : distance mirror antenna 
X : wavelength 
G„ : gain of the transmitting antenna 
G R : gain of the receiving antenna 
P t : power transmitted by the antenna 



A graph of this relation is presented in Fig. 3 [ 7] .In our 
experiments the parameter 2D varies between 800 and 2 000 and the same anten
na emits and receives the wave with a gain G = G_ = 1 000 (30 dB) thus the 
reflected power is 20 dB to 25 dB below the transmitted power. In other words 
(see table I) the reflected power varies between 0.32 % and 1 55 of the 
incident power. 

2.2. Return loss by the directional coupler 

Referring to annexe 2, the directivity D of a coupler is defined as 
the ratio of the output power on the coupled arm to the reversed coupled 
power. The directivity is a measure of the quality of the coupler and charac
terize the direct coupling between the carcinotron and the detector. Direc
tivity higher than 40 dB is easily obtained [si and only 0.01 % of the inci
dent power is coupled directly to the detector. 

2.3. Power reflected by the vacuum window 

The power P reflected by the vacuum window inserted in the wave
guide is related to the depth "e" of the window, to the relative dielectric 
constant " * " of the isaterial, to the wavelength " * ", to the largest trans
versal dimension of the fundamental waveguide "a" by [ 9 1 : 

. „ , u v . 2 .2 2neu _ 0.25(—- - -D- ) sin — r — 

, 2 . 2 2neu 

where u = V 4 r - x2 

(2a) 2 

~~? 2~ 
(2ar 

incident power 

Thin mica sheets were used in our experiments with the following parameters : 
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e « 0.3 mm 
=r = 7.5 
2a - 4.06 mm 
\ - 2.3 * 2.5 mm 

—4 Loss factor tg « = 3.10 

Nearly 58 * of the incident power has to be reflected by this 
vacuum window and we calculate, by using the value of the loss factor, that 
nearly 8 % is absorbed. The experimental attenuation measurements show (see 
Fig. 4) that only half of the incident power is transmitted. This result 
however is compatible with the uncertainty in the thickness of the sheet. 

2.4. Power reflected in the antenna 

From the transmission line point of view, the sectoral antenna (see 
annexe 1) consists of a length of sectoral guide terminated by a mouth 
impedance at one end and joined to uniform guide at the other by the antenna 
throat. For long antenna with large aperture, the throat transition has a 
minor effect on the antenna impedance and the throat reflection is very small 
compared with the reflection at the mouth [10] . The constructor gives for 
the antenna a voltage standing wave ratio near 1.20 which corresponds to a 
reflected power near 0.8 % see [Table 2] referred to the aperture. The value 
seems to be the lowest feasible value [ 10] [8] . 

2.5. Optimization of the experimental set up 

To obtain a clear reflectometer signal, it is better to have a 
reference power comparable with the reflected power [ 4 ] and it is necessary 
to ensure that only ONE reference beam is mixed with the reflected beam 
[1-4 ) . 

The power reflected by the mirror is nearly 1 % of the incident 
power. This level is comparable with the power reflected in the antenna which 
therefore has been selected as the reference level. To eliminate the 
influence of the high level power reflected by the window, the coupler must 
be inserted between the antenna and the vacuum window. The influence of the 
very low level power lost by the coupler is always negligible. 
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When the operating wave frequency is varied, the production of 
interference between the beam reflected from the mirror and the reference 
beam is observed on s» XY. recorder. 

III. PHASE SHIFT AS A FUNCTION OF THE REFLECTED LAYER POSITION 

Let 0 be the distance between the antenna mouth and the mirror and 2 »F k » — — the wavenumber in this region. We note k the wavenumber in the 
microwave circuit ; k. depends also on the wave frequency F and strictly we 
have to consider that the wavenumber in the antenna is different from the 
wavenumber in the other microwave-components. This simplification however 
does not change the obtained basic conclusion. 

Let (E,, H.) to define the electromagnetic wave launched through 
the directional coupler (Fig. 5) : 

« «EeJ< 2 " * - V > 
1 O 

H i - 2wF u E i 

is the vacuum permeability, E is the electric field amplitude, the 
z-axis is the wave propagation direction. The reflections of this wave in the 
antenna mouth and on the mirror induce other electromagnetic waves indicated 
also on the figure S. The total reflected electromagnetic wave in the antenna 
is given by : 

E d - E l e J ( 2 T F t + k i z ) 

k r 

H d 2 ' i r F ^ B d 

The transmitted electromagnetic wave by the antenna is defined by 
(Et, H t) with 

_ -, oj(2TFt - kz) E t » E 2 e 

Ht * 2 itF |i0
 Et 



and the reflected wave on the mirror is (E . H ) with 
r r 

E r = E 3 
e j ( 2 it Ft + kz) 

H r a 
k 

H r a 
2 n F u E r 

By applying the boundary conditions in 

z = 3 (minor) we obtain the set of equations 

0 (mouth antenna) and 

< 

E c • E x - E 2 • E 3 

E 2 e-J"5

 + E 3 •*» - 0 

E - E, 
o 1 «T «a " V 

» E B~im E e j k D 

V.E2 9 E 3 e 

2ïïFu 

k 

where J is the induced current density on the mirror and can be 

calculated [11] . The solution for E. can be written as : 

[ ( 1 + _i_,.-JW + ( 1__ 1 !î_ ).J'«» } j 

2»F», 

4k. 
£_ ej(2* Ft+kjZ) 

The total electric field E_ in the coupling point located at z = -d 

is E T = E t + E d. 

The directional coupler, in contrast with non reciprocal microwave 

devices such a circulator, couples all the power from the coupling point 

towards the port 2 with the efficiency 0. The electric signal V given by the 
2 

Schottky diode is proportional to < E > where the average value is taken 

over one wave period. Then we obtain : 

2 2 r 2 T 2 
ÏÏ F il J 

(1 -) + (1 
k2 

•) cos 2kD 

i F f . J E 
0 0 

2 K 

I k l 
| ( 1 jj—) cos (kD-2k 1d) - (1 + - j — ) cos (k*J+2k1d)[ 
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d is the distance between the coupling point and the horn mouth. Aa the re-
fleeted level power in the antenna is small, the approximation k, = k is made 
and V is reduced to : 

E 2 « 2 F 2 u J 2 irF u J E o o o o . . — — + n + ,. cos (W5 + 2 kd) 2k* 

For a given distance D, the terms cos (2 kd + kD) change in the 
(+1,-1) range when the wave frequency is swept and fringes on the XY. recor
der can be observed. 

IV. EXPERIMENTAL RESULTS 

The reflectometer signal obtained for a distance D between mirror 
and antenna equal to 1 m is shown on Fig. 6 for wave frequency swept over the 
range 120-130 GHz. Fifty fringes are observed. For an easily counting of the 
number of fringes N and for the fringes not to be perturbed by the slow 
change of power level of the sweep careinotron with frequency, the distance D 
has been chosen between 1 m and 2 m 50. The figure 7 shows the total number 
of fringes H in function of the distance D. As expected, a linear relation 
exists between the two parameters. When 0 is increased from D. = 1 m to D 
= 2 in, an increase of the number of fringes â N » 34 is observed which is 

very close to the theoretical value, a N = 33, calculated with the ' 
A F 

relation AN = — = (D 2-D_). By extrapolating the experimental results for 
D » 0 a number of fringes equal to 14 is obtained, which, as discussed in 
section 3, is related to the change of phase undergone by the waves over the 
distance 2 d. This value is compatible with the estimated number of fringes 
due to the coupler and due to the sectoral antenna [ 11 ] . 

V. DISCUSSIONS AMD CONCLUSIONS 

The plasma electron density profile measurement with a swept fre
quency microwave reflectometer has been made until now with an experimental 
set up with two antennas. The feasibility of a reflectometer with one antenna 
only has been studied carefully in the laboratory by simulating a plasma with 
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a metallic mirror. A lot of experimental problems have been identified and 
solved and the reflectometer was capable of measuring the position of the 
reflecting layer. 

For determining the density profile on a tokamak, a check-list can 
be established. 

First, by using the classical radar equation and by taking into 
account the refraction effect the level of power reflected by the rlaama and 
received by the antenna has to be evaluated. ?or the probing zone located in 
the Fraunhofer region of the antenna, the minimum reflected power is of the 
order of 16 dB (2.5 %) below the incident power [12] . 

A reference beam with a similar power level has to be mixed with 
the reflected beam. Different beams can exist in the experimental set up. The 
second step is then to choose the reference beam and to eliminate the 
influence of all others. The Figure 8 reviews the level of different beams 
(beam reflected in the antenna, beam reflected on the standard vacuum window, 
beam taken out of the oscillator) that can be expected in the experimental 
set up, the necessary microwave components arrangement not to mix a lot of 
waves and some remarks about such a reflectometer. 

For example, if the reference level Is the power reflected in the 
antenna, the coupler has to be inserted between the antenna and the vacuum 
window therefore in the vacuum. Depending on the thermical environment, that 
may induce a special fabrication of the coupler [ 8] . The antenna has to be 
well characterised i.e. the phase-wave frequency dependence induced by the 
antenna has to be calculated or measured. This point may be easily 
solved [8 I . All .lodifications (dilatation ) of the microwave circuit put 
iisid<> the tokamak in the vacuum can be indicated by change in the reference 
level and thereafter taken into account in results analysis. The presence of 
two vacuum windows in the experimental set up does not perturb the phase 
measurement. The high level power reflected by the first vacuum window is 
directed towards the carcinotron and can be eliminated by an isolator. The 
power reflected by the second vacuum window in front of the detector returns 
to the coupler but with a level negligible compared to the incident wave. 

If a high level reference power is expected, the power reflected by 
the first v a c — window could be used as the reference beam. The standard 
window has to be inserted between antenna and coupler. Another large 
reference power can be obtained by taking out the reference beam directly on 
the oscillator. 
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The one antenna swept refleetometer needs very few microwave compo
nents with little access to the plasma. This simple diagnostic is particu
larly adpated for density profile measurement on small or large fusion devi
ces (tokamaks, pinch...). 
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FIGUHES CAPTION 

Fig. 1 : Expérimental set up. 
Fig. 2 : Frequency and power of the carcinotron as a function of line volta

ge. 
Fig. 3 : Power reflected by the mirror and received in the antenna versus 

mirror-antenna distance. 
Fig. 4 : Measurements of the insertion loss of the vacuum window 
Fig. 5 : Simple model for describing the reflection and the transmission of 

a wave in the experimental set up. 
Fig. 6 : Reflectometer output as a function of line voltage corresponding to 

the frequency interval 120-130 GHz for a distance D mirror-antenna 
equal to In, 

Fig. 7 : Total change of phase (normalized to 2" ) observed by sweeping the 
wave frequency for different distances mirror-antenna. 

Fig. 8 : Overview of different reflectometers with a single antenna 
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ANNEXE 1 

RECTANGULAR HORNS 

Series COR rectangular horns are made of 
electroformed and gold-plated copper. As a 
result of high-precision electroforming, they 
offer precisely controlled dimensions and 
reproducible electrical characteristics. The 
electrolytic deposit gives the horn great 
rigidity, making it possible to take it as a 
reference without fear of deformations. 

Frequency 

(GHz) 

Waveguide Flange Reference Nominal 
gain 
dB 

VSWR 

(max) 

Dimensions in mm Frequency 

(GHz) 

Waveguide Flange Reference Nominal 
gain 
dB 

VSWR 

(max) A B C 
90 - 140 RG 138/U UG 387/U 

(modifiée) 90 - 140 COR 30 30 1,20 192 47 35 



ANNEXE 2 

DIRECTIONAL COUPLER AND 4-PORT COUPLER 

Reversed coupled 
power with 

matched load P„ 

Input 
power J i 

Input 
cou'.ied 
power Pd 

Test port 
mismatch 

Matched 
Output* , o a d 

Directivity 0 = 10 LoglP^/Pd) 

" o u t p u r ^ 
power Pg 

DIRECTIONAL COUPLER DEFINITIONS 

METHOD TEST TEST UNIT 

Frequency 108 125 136 GHz 

Coupling 3.7 3.5 2.9 dB 

Loss 0.6 0.7 0.5 dB 

DIRECTIVITY > 30 dB 



TABLE 1 

ATTENUATION MEASUREMENTS 

POWER RATIO 
DECIBEL (dB negaiïve) 

0.1 0.97723' 
0.5 0.89127 
1.0 0.79434 
2.0 0.6309S 
3.0 0.50118 

4.0 0.39811 
5.0 0.31623 
6.0 0.25119 
7.0 0.19953 
8.0 0.15349 

9.0 0.12589 
10.0 0.10000 
11.0 0.079434 
12.0 0.063095 
13.0 0.050118 

14.0 0.039811 
15.0 0.031623 
16.0 0.025119 
17.0 0.019953 
18.0 0.015849 

19.0 0.012589 
20 .0 0.010000 
22.0 0.0063095 
24.0 0.0039811 
26.0 0.0025119 

28.0 0.0015849 
30 .0 0.0010000 
32 .0 0.00063095 
34.0 0.00039811 
36.0 0.00025119 
38 .0 0.00015849 



TABLE 2 

Reflection coefficient versus VSWR 
VSWR (dB) = 20 lofta (VSWR) 

K is the voltage reflection coefficient 
and K2 the power reflection coefficient 

K _ VSWR-1 
" VSWR+1 

K (dB) = 20 log 1 0 (1/K) 

VSWR K K2 

1.000 0.0000 0.00000 
1.010 .0050 .00003 
1.0iU .0099 .00010 
1.030 .0148 .00022 
1.040 .0196 .00038 
1.050 .0244 .00060 
1.060 0.0291 0.00085 
1.070 .0338 .00114 
1.080 .0385 .00148 
1.090 .0431 .00186 
1.100 .0476 .00227 
1.110 0.0521 0.00271 
1.120 .0566 .00320 
1.130 .0610 .00372 
1.140 .0654 .00428 
1.150 .0698 .00487 
1.160 0.0741 0.00549 
1.170 .0783 .00613 
1.180 .0826 .00682 
1.190 .0868 .00753 
1.200 .0909 .00826 
1.210 0.0950 0.00903 
1.220 .0991 .00982 
1.230 .1031 .01063 
1.240 .1071 .01147 
1.250 .1111 .01234 
1.260 0.1150 0.01323 
1.270 .1189 .01414 
1.280 .1228 .01508 
1.290 .1266 .01603 
1.300 .1304 .01700 


