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Edge-localised modes (ELMs) are eruptions of the tokamak plasma lasting ~50-200µs which 

expel large amounts of energy and particles that could be extremely damaging for ITER. 

Knowledge of the edge current density is critical to test and constrain theoretical models for 

ELMs, but measuring this quantity is challenging and the few attempts that have been made 

have limited temporal resolution. We are developing a novel diagnostic at the Mega-Amp 

Spherical Tokamak (MAST) to make time-resolved measurements of the edge current density 

by observing the directional emission of electron Bernstein waves (EBWs). 

   
Figure 1 (left) Bernstein waves are generated in the hot plasma core, and can only be observed (via a mode 
conversion process) if the plasma frequency coincides with the high density cut-off. (right) The emission is in two 
cones aligned with the density gradient and magnetic field. 
 
EBWs are electrostatic plasma waves that occur in a hot plasma at harmonics of the electron 

cyclotron frequency. Electron Bernstein wave emission (EBE) can escape the plasma via a 

mode conversion into electromagnetic waves (Fig.1 left). The mode-converted EBE is 

concentrated within a narrow angular cone determined by the magnetic pitch angle and density 

gradient at the layer where the wave frequency coincides with the plasma frequency (Fig.1 

right). We can relate density to position using MAST’s recently upgraded Thomson scattering 

system and thereby deduce the field line pitch with high temporal and spatial resolution. 

Assuming that we know the edge toroidal magnetic field, we can obtain the poloidal field. 

Taking several nearby density surfaces we can then calculate the edge current density. (It may 

also be possible to infer the magnetic shear from the details of the emission pattern [1].) 

Angular scanning EBE measurements have already demonstrated the possibility of magnetic 

pitch angle reconstruction from the EBE angular distribution [2-4]. However, this system uses 

a spinning mirror to scan the plasma, and so temporal resolution is limited by the maximum 
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speed of mirror rotation. Reconstruction becomes very difficult in the presence of MHD 

activity. Image acquisition time for the new imaging system is much shorter than MHD time 

scales so it can be used even in the presence of MHD activity. 

                  
Figure 2. (left) Triple antenna assembly prepared for EBE imaging lab tests with the noise source. 
(right) Pilot experiment set-up with triple antenna imaging system on MAST. 
 
The new imaging system consists of an array of antennas and uses methods of microwave 

image acquisition widely used in radio astronomy such as aperture synthesis and phased 

arrays. A triple antenna prototype has been assembled to conduct initial tests with a 

microwave noise source (Fig. 2 left) in the lab. Each antenna receives two polarisations in the 

frequency range 6 – 40 GHz. Microwave signals are down-converted using heterodyne 

techniques and the intermediate frequency signals are digitised at a sampling rate of up to 

5×108 samples/second. 
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Figure 3. First data from the pilot experiment on MAST. The top plot shows D-alpha emission, which can be 
compared to the microwave antenna signal in the middle plot. The bottom plot shows a detail of the antenna 
signal during an ELM, demonstrating the high temporal resolution of this diagnostic. 
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The prototype was tested with a noise source and then calibrated with a monochromatic 

source against phase and amplitude balance across all channels. The triple antenna system has 

been installed on MAST and pilot plasma experiments have been conducted at a fixed 

frequency of 17.4 GHz (Fig. 3). The system showed extremely high resilience to 

electromagnetic pick-up despite the close proximity of the microwave components to the 

vacuum vessel (Fig. 2 right). Experimentally achieved broadband signal-to-noise ratios were 

about 8 for L-mode plasmas. This figure was typically a factor of two higher for plasmas in H-

mode.  Preliminary analysis showed a high degree of coherence of signals received by 

different antennas. Typical cross-correlation coefficients between channels are in the range of 

a few percent. Further analysis of the data is in progress. 

 
Figure 4. The microwave source (left) used in modelling and the response of a 4 antenna Y shaped array as 
reconstructed by SVD (right). Similar results can be obtained by the cross correlation method, taking into 
account the antenna gain diagram. 

                                                  
Figure 5. The real part of the ‘dual beams’ (right) for a 5 antenna array with various spacing (left). This array 
provides information on the source width and is most sensitive in the vertical direction. 
 

Several methods for inverting the antenna signals into an image have been identified:  

• Singular Value Decomposition (SVD) of the linear system [5]; 

• Gaussian linear inversion from Bayesian statistics [6]; 

• Cross-correlation of antenna pairs as a function of phase difference. 
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Several codes have been developed allowing the modelling of arbitrary antenna 

configurations, subject to both near field and far field sources. These codes have been used to 

compare the inversion methods mentioned above in the far field for low antenna number 

arrays, in the presence of noise, incoherence and a variety of image shapes. The SVD and the 

mean of the Gaussian linear inversion produce indistinguishable results as far as we can tell. 

The cross correlation method has no inbuilt side lobe suppression like the SVD, but is far 

more resilient to noise. For many antenna arrangements it was found that the array was able to 

resolve the position of the centre of the source very well, better than a factor of 10 over the 

diffraction limit of the array as illustrated in Fig. 4. However, for some array configurations, 

information about the width of the source could not be recovered using these techniques. 

For the SVD, the image is a linear combination of what are known as ‘dual beams’ formed 

from the eigenfields of the system and these dual beams are a property of the array only (Fig. 

5). Analysis of these beams allows us to predict the information to which the array will be 

sensitive. This provides an effective way to design the array configuration. This method of 

design makes it clear that in order to have sensitivity to the source width, antenna pairs must 

have various spacings. With 3 antennas only the position of the source maximum can be 

reconstructed. Additional information about the source shape can be gained by performing a 

deconvolution on measurements of power from each antenna. Since each antenna may be 

pointed at a slightly different angle and the emission may be modelled by a bivariate 

Gaussian, using the position measurements from the phased array allows resolution of the 

necessary 2 covariances and rotation angle to define this bivariate image Gaussian using only 

4 antennas. Experiments using multiple antenna microwave imaging array are planned on 

MAST in 2011.  
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