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Introduction 
The plasma in the WEGA stellarator is generated and heated by Electron Cyclotron 
Resonance Heating (ECRH). The microwave is emitted from the low field side mid-plane 
with power of up to 6 kW and with a frequency of 2.45 GHz (λ=12.45 cm). 
The low cut-off density of ncutoff=7.5×1016m-3 makes ECRH on the WEGA stellarator 
inefficient in both O-mode and X-mode regime. This was confirmed in the first experimental 
campaign by perpendicular launch of the microwave with a TE11 antenna. In these 
experiments only edge heating was observed. Density and temperature profiles were hollow 
[1]. 
For overdense plasma heating, mode conversion into the electrostatic electron Bernstein 
waves (EBW) is required. Two schemes have been tested: direct X-B (X-mode to Bernstein 
mode) conversion, where an X-wave must be launched perpendicular to the magnetic field 
into an over dense plasma with a steep density gradient. In these experiments the strong 
reflection of the microwave power at the cut-off layer prohibited efficient plasma heating. 
Another possibility is the O-X-B conversion scheme [2]. The methods of its achievement with 
different antennas are the subject of this paper. 

O-X-B conversion  
The O-X-B conversion process means in 
a first step conversion of an O-wave to an 
X-wave near the cut-off layer. Then the 
X-wave propagating to the upper-hybrid 
resonance layer is converted there to an 
EB wave (Fig.1). The EBW propagate 
freely in the overdense plasma and is 
absorbed near the plasma center. 
However, these arguments as well as 
Fig.1 are applicable only when the wave 
length is much smaller then the plasma 
dimensions. In case of WEGA (plasma 
diameter ~2×λ) it just gives us qualitative 
picture of the processes.  
For maximum conversion efficiency of 
an O-wave to an X-wave, it must be 
launched at an optimum angle to the 
magnetic field.  This angle is for first harmonic heating equal to 450, for second harmonic to 
540. Due to limits of the space between the inner wall and the last closed flux surface the 
waveguide could not be titled towards the optimal launch angle and the oblique wave 
excitation had to be performed by antenna shaping. 

Antenna shape evolution  
Initially a cylindrical TE11 waveguide was used as an antenna for ECRH on WEGA. In a first 
step the waveguide was cut at an angle of 450. With this antenna the maximum of power is 
emitted in a direction of 220. However, more power is launched in the optimum 450 direction. 
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Fig.1. Ray tracing calculation for O-X-B 
conversion process 



For the second step a special 
antenna shape was chosen.  Here the 
directivity pattern has two lobes near 
the optimum direction, and the 
efficiency of O-X conversion is 
higher than in the two previous 
cases (Fig.2).  
 

Antenna pattern calculation and 
measurement 
Antenna near and far field pattern 
may be calculated with the High 
Frequency Structure Simulator 
(HFSS) code [3]. It is based on the 

finite element method and solves Maxwell’s equations with given boundary conditions. The 
code has a good 3D model interface, and an extensive amount of different instruments for 
data visualization. The emission pattern for all antennas which are used for ECRH on the 
WEGA has been calculated with this code. 
The measurement of the antenna pattern was made using a system with angular and radial 
probing positioning (Fig.3.).  
A loop antenna with a diameter of 1 cm was used as a receiving antenna. In order to avoid 

reflections, the end of the antenna and the positioning system with the receiving antenna was 
mounted in a box covered with absorbing material. The data obtained are used for estimation 
of the microwave energy undergoing the O-X conversion process. 
 
Estimation of energy accepted for OX conversion  
The microwave energy accepted for OX conversion is calculated by means of convolution of 
the acceptance matrix for the incident O-wave [4] and the directivity pattern of the antenna 
measured or calculated by the HFSS code. The acceptance matrix T is calculated using the 
following equation: 
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Fig.2. Antenna shape evolution  
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Fig.3. Scheme of antenna pattern measurement system 
1- 2.45 GHz generator, 2 - rectangular to circular waveguide transition, 3 - emitting 
antenna, 4 - angular-radial positioning system, 5 - receiving antenna, 6 - box covered 
with absorbing material, 7 - receiver 
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In the case of WEGA it is approximately 6 cm at the cutoff layer. The results of calculations 

are shown in Fig.4. 
The convolution shows that usually less than 25% of the microwave power is converted into 
an X-wave. 
Due to the large wavelength which is comparable with the plasma dimensions and the O-X 
conversion model assumption that wavelength should be much smaller than plasma 
dimensions, these calculations are just a rough estimate. 
 

Results 
Various types of antennas have been calculated and three of them tested on the WEGA 

stellarator (Fig.5). For the cylindrical TE11 straight cut waveguide (Fig.5.a) estimations show 
that for 1st harmonic heating only 6 % of the total power is converted into X-mode. The 
measured density and temperature profiles were hollow and the density of the electrons was 
1.5 times larger than the cut-off density. Mainly, the edge plasma is heated because of 
multiple reflections between cut-off layer and wall. The second type of antenna is the initial 
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Fig.5. patterns for tested antennas calculated via HFSS code in (θ,φ) coordinates 

Fig.4. O-X acceptance matrix calculated for 1st harmonic 
heating (left) and for 2nd (right) 



waveguide cut by 450 (Fig.6.b). The estimated O-X conversion efficiency is ~15 %, the 
obtained density is nearly 10 times higher than the cut-off density. More power is emitted in 
the optimum direction. The third type of antenna, a slot type antenna with two slots in mid-
plane, is optimized to launch a big part of energy in lobes as shown in Figure 2. The estimated 
O-X conversion efficiency is ~22 %, the obtained density is more than 10 times higher than 
the cut-off density (Fig.5.c). 

Conclusions 
Three different types of antennas are tested on the WEGA stellarator. A considerable 
increasee of plasma density has been obtained after optimization of the antenna shape. These 
results allow us to think that part of microwave energy is converted into Bernstein mode and 
absorbed in the plasma centre. 

Outlook 
A new type of antenna based on a rectangular waveguide is in preparation. Calculations for 
this type of antenna are in progress. The heating power at 2.45 GHz will be upgraded to 20 
kW. 
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