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Abstract

A novel microwave imaging system (SAMI) which utilizes an array of phase sensitive
antennas to synthesize an optical aperture has been designed and deployed on MAST. The
system requires no optical components for focusing and yet is able to image up to half of the
plasma surface simultaneously. All image formation is done in post processing and SAMI can
be refocused after the fact. SAMI is capable of imaging both passive thermal emission and
scattered radiation from an active probing source simultaneously without compromising
performance. We have used the diagnostic to observe highly anisotropic thermal emission
characteristic of high 8 plasma devices which are overdense to regular ECE emission. This is
an exciting emerging diagnostic field and we present our first observations here.

(Some figures may appear in colour only in the online journal)

1. Introduction

Thermal radiation in the microwave regime from conventional
aspect-ratio fusion machines is concentrated around cyclotron
harmonics due to the gyromotion of the electrons. This
electron cyclotron emission (ECE) has been used as a
diagnostic tool for decades [1]. In the presence of
turbulent plasma structures, this information becomes multi-
dimensional, requiring the ability to distinguish its spatial
structure to maximize the diagnostic information available.
In high-8 plasma devices however ECE is not typically
observed due to the first few cyclotron harmonics being
completely enclosed by the plasma density cut-off layers.
However, thermal microwave emission is still present under
these circumstances as emission from harmonics is propagated
by the electrostatic Bernstein modes. These modes may
couple to the vacuum modes via a double mode conversion
(MC) process. First, the Bernstein mode couples to the
electromagnetic X-mode in the region of the upper hybrid
resonance (UHR) and then this X-mode to an O-mode in the
region of the plasma density cut-off. The coupling efficiency
of the X—O part of this double conversion process depends
strongly on the projection of the wavevector to the magnetic
field at the density cut-off [2, 3] and thus the observed emission

0741-3335/13/124010+06$33.00

is highly anisotropic with Bernstein emission (EBE) localized
within two narrow angular MC cones.

EBE was first observed in fusion plasmas at the W7-AS
stellarator [4] using a single horn radiometer at an oblique
angle to the magnetic field and density surface. Shortly after,
this emission was observed on COMPASS-D and MAST in a
similar manner [5]. As the reciprocal process is used as a way
to couple microwave power to overdense plasmas, study of the
emission became more common, with the purpose of informing
heating and current drive experiments. It was quickly realized
that the emission carried with it a large amount of information
on the plasma magnetic field structure. Experiments were
designed to use the minima of the observed emission spectra’s
sawtooth like structure to provide constraints on the magnetic
field [6]. The modelling in this case found that they could
only fit the emission spectra minima by allowing a localized
bump in the poloidal field near the separatrix [7]. NSTX also
performed scans of the narrow angular cones characteristic
of this emission using a single point approach with great
success, allowing them to accurately measure the angle of peak
emission over the course of many shots [8].

The angular position of the EBE provides an independent
constraint on the magnetic field which allows one to measure
the magnetic field pitch as a function of density, and thus

© 2013 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. The SAMI system installed on MAST. The array (not shown) sits either looking into the 15 cm window shown situated 20 cm up
from the midplane or on a window just underneath at the machine midplane.

with Thomson scattering measurements, radius. Recently this
quantity was measured using a fast rotating mirror and multi-
frequency radiometer [9]. The conclusion of the work was that,
as for the spectral measurements, the data is best explained by
a localized magnetic field bump near the separatrix.

Despite this, the field of EBW emission research is still
in its infancy and there have not until now been any two-
dimensional maps of the emission, or detailed study of how
both MC cones behave in time. With the purpose of further
investigating the subtleties of the MC process a synthetic
aperture microwave imaging (SAMI) array was designed and
built for MAST [10]. SAMI is able to resolve both angular
cones in high time resolution (10-100kHz) 2D maps of
the emission process at 16 frequencies covering up to three
emission harmonics. It represents a huge step forward in this
emerging field and the refinement of the physical picture of
this emission promises to contribute to RF heating and current
drive as well as MHD stability.

An array of phase sensitive antennas are capable of
forming images by scanning a pattern of constructive
interference over the field of view, known as the beam forming
or phased array technique. However, aperture synthesis arrays,
unlike traditional beam formed arrays, can image the whole
field of view simultaneously without the need for realtime
beam steering. It is worth mentioning here that a SAMI array
also requires no focusing optics at all and so eliminates the
requirement for large single apertures or neutron sensitive
lenses or mirrors making the techniques it utilizes an ideal
choice for future fusion reactors.

Along with the passive imaging capabilities, SAMI has the
ability to actively probe the plasma’s reflective layers with a
narrow band source. It can do this simultaneously without
compromising the emission measurements. Measuring the
Doppler shift of backscattered radiation from plasma density
fluctuations allows the possibility of measuring rotation, which
is important both for edge stability and transport [11].

2. Synthetic aperture imaging

The aperture synthesis technique, routinely used in radio
astronomy, is based on the van Cittert—Zernike theorem
[12, 13] which describes the propagation of spatial coherence.
This theorem states that the complex visibility of a remote
incoherent source is equal to the Fourier transform of the
mutual coherence function.

Fij= f G (.61 (n,§) """ dndg, )
where u# and v give the number of wavelengths between points i
and j along Cartesian axes in the observation plane; £ = sin 6
and n = cos# sin¢ are direction coordinates of a point of
the distant source; G represents the antenna gain pattern; / is
the intensity of the source; and I'; ; is the mutual coherence
function of complex signals S; and S; measured at two points
i and j in the plane of observation:

Fi,j = / S; (1) S;k (t—r1)dr. 2)

Here the star denotes the complex conjugation and t is
the time lag between measurements at points i and j. In
the special case of T = 0 the mutual coherence function is
called the visibility function. The two important assumptions
in the derivation of equation (1) are that the source is in the
far field and that the source is spatially incoherent, i.e. that
correlations of fields at different points on the emitting body are
zero, (E(r)E(r’)) = 8(r — r’). Equation (1) can be identified
as a sample of the two-dimensional Fourier transform of the
product of the intensity distribution and antenna gain pattern at
apointin Fourier space (4, v). Knowing this, one can construct
an array of antennas and measure the cross-correlations for
each pair of antenna signals, thereby providing sampling of
the Fourier transform of the image in front of the array. With a
sufficient number of antenna pairs, one may perform an inverse
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Figure 2. Left: the view of the plasma from the SAMI array in poloidal cross-section. Blue lines denote +40°, green lines are the
unobstructed field of view and orange lines denote the reflections from poloidal field coils. Right: the SAMI point spread function at 13 GHz
in image coordinates. Over-plotted is the plasma density cut-off surface and upper and lower poloidal field coils.

Fourier transform to obtain an approximation to the real source
brightness distribution. An excellent reference can be found
in Thompson [14].

3. The SAMI system

SAMI is an array of phase sensitive antennas. Both real and
imaginary parts of the electric field detected from each of these
antennas are downconverted in frequency by a heterodyne
receiver. SAMI is a very broadband system covering the range
from 10-35.5GHz in 16 steps (figure 1). The signals are
then digitized by a 14 bit 250 MHz FPGA-controlled digitizer.
Storing the downconverted electric fields and performing the
image analysis offline provides great flexibility to account for
possible non-ideal behaviour in the electronics and the ability
to consider multiple image inversion algorithms. For more
details on the design and construction of SAMI, we point the
reader to a dedicated paper [10].

SAMI is a wide-field imaging device with a routine field
of view of +£40°. Figure 2 (left) shows the view of the
system in poloidal cross-section. The extreme upper section
of the plasma is obscured by a poloidal field coil, but the
majority of the plasma surface is visible. The image on
the right of figure 2 shows the response of the system to a
point source at 13 GHz in the centre of the field of view;
the coordinates are the instruments viewing angles 6, ¢ used
in equation (1). The figure is calculated by extrapolating
the antenna electric fields, with zero relative phase, to the
plasma density cut-off surface (over-plotted) for z = —0.8
to 0.5m and a toroidal angle of £30°. This extrapolation is
done using a vector Huygens principle in combination with
Shellkunoff equivalence principle [15]. Note the slightly
elongated appearance of the point source response. This is a
direct result of the asymmetric array shape chosen specifically
to optimize a modified beam efficiency function to get the best
performance [16]. There is a balance between beam sidelobe

level and angular resolution which must be met and SAMI was
optimized with both of these in mind. Higher frequencies show
anarrower point source response in accordance with diffraction
limitations.

SAMI is also equipped with the ability to actively
probe the plasma with a wide angle source and measure the
backscattered radiation power and Doppler shift over the whole
surface. It does this simultaneously with its passive imaging
without compromising the image quality. The Doppler part of
the system was benchmarked in the lab by using a rotatable
corner reflector placed in front of the diagnostic. The results
canbe seen in figure 3: the rotation of the reflector can be clearly
identified near the centre of the image and this is repeated
for each frequency channel with the Doppler shifted pattern
growing smaller with increasing frequency. There are some
irregular artefacts present in the Doppler map due to a spatial
aliasing from the fact that only a small number of antennas is
used. These can only be removed by adding more antennas to
the array.

4. Plasma observations

SAMI has now gathered a database of plasma discharges and
a wealth of 2D information about the anisotropic thermal
emission from MAST. We nearly always see two well formed
MC windows, which are well resolved by SAMI. These always
have the correct inclination direction for the MAST magnetic
field. Figure 4 (left) shows a predicted image for a low density
L mode shot calculated by the analytic equation in given
by Mjolhus [3] and convolved with the SAMI point source
response. On the right is the measured image. The angular
positions are well reproduced by SAMI, however the relative
brightness is not well reproduced. There are no ray effects
included in this model, only MC efficiency assuming a uniform
background brightness temperature. This may account for the
anomaly.
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Figure 3. Left: Doppler back-reflected imaging in the lab was performed using a rotatable corner reflector. Right: After a 0.5 s acquisition
we are able to reconstruct the velocity map at all frequencies. Red here represents positive Doppler shift (towards), Blue negative (away).
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Figure 4. Left: the predicted MC efficiency calculated from the Mjolhus formula for 13 GHz [3] and convolved with the SAMI point source
response. Right: the Fourier inversion for the intensity for the low density shot 27022 at 13 GHz: We can clearly identify two well formed

and distinct MC windows with the correct inclination direction.

We also observe a density dependence of the emission
power. This is the currently the topic of some debate within the
community as to its explanation and is an area of active research
because of its implications for magnetic field measurements
using this technique. Figure 5 shows the spatially integrated
power for a series of similar shots with differing line average
density. The expected power from the first harmonic is plotted
as a dashed line in arbitrary units, where we have used a
simple 1D model described in [6]. The predicted spectral
minima at 20.5 GHz is observed for the low density case,
however significant deviation from the expected power can
be seen (black curve) for frequencies between 10 and 16 GHz.
Furthermore as we increase the line averaged density, we see
the observed power fall at all frequencies, with the spectral
peak moving to higher frequencies. There is little change in
the expected spectrum for each of these shots. The lowest peak
power is a factor of 10 lower than the highest. This suppression
has consequences for electron Bernstein heating and current
drive and may affect pitch angle measurements if it is spatially
distributed.
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Figure 5. The relative power measured by SAMI around the first
harmonic for L mode shots of differing density. We see that the
power is damped first and most strongly at lower frequencies. The
peak power in the lowest density shot is a factor of 10 higher than
the highest density shot.
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Figure 6. Left: a 2D Doppler shift map for 13 GHz integrated over 10 ms. The colour represents the centre of gravity of the
backscattered/reflected radiation spectrum, just as in figure 3. Red is positive, blue is negative. Here SAMI is positioned 20 cm above the
midplane so the shaded region represents the poloidal field coil obstruction. The plasma density cut-off is similar to that shown in figure 2.
Right: the same, but this time for 16 GHz; this corresponds to a deeper plasma layer. The rotation appears to have changed pitch.

The active probing part of the system also performs well.
Figure 6 shows two 2D Doppler shift maps. The first is at
13 GHz and the second is at 16 GHz representing reflection
from deeper within the plasma. The colour represents the
centre of gravity of the detected frequency spectrum for that
particular direction, Red is positive and blue is negative.
At this point we remind the reader of the point spread
function shown in figure 2. The real Doppler map is
convolved with this, which places a limit on the minimum
resolvable size of a structure. We can see that the observed
rotation is inclined in a direction perpendicular to that of
the magnetic field as shown by the black line. The map for
13 GHz appears to show a slightly different inclination to that
predicted. We observe this spatial structure in the Doppler
shift as the received Doppler shifted radiation is predominantly
composed of Bragg backscattered radiation from plasma
turbulent structures aligned along the magnetic field. Thus
the magnitude of the Doppler shift tells us about the projection
of the turbulent total velocity perpendicular to the magnetic
field [17].

If we now look at the evolution of the Doppler shiftin time,
selecting the direction of maximal shift for both frequencies
we can see an acceleration from 20 ms onwards. The plasma
layer at 16 GHz can be see to produce a higher Doppler shift
than at 13 GHz illustrating a faster rotation of this plasma layer
(figure 7).

5. Conclusions

A synthetic aperture imaging array has been designed built
and deployed on MAST which is capable of passively
observing thermally emitted radiation and imaging Doppler
shifted backscattered radiation from an active probing source
simultaneously. We have provided the first images of the
predicted anisotropic emission from plasma devices where the
cyclotron harmonics are completely obscured by the plasma
density cut-off, a direct result of a double mode conversion

—— 16 GHz, shot #27969
—— 13 GHz, shot #27970

Frequency shift [kHz]

30 100 120

Time [ms]

Figure 7. Examining the maximum Doppler shift as a function of
time for 13 and 16 GHz. 16 GHz is reflected from deeper within the
plasma. We can see that 16 GHz accelerated to a higher velocity
than 13 GHz.

process. Theoretical predictions for a plasma slab predict the
mode conversion to be aligned along magnetic field lines and
can be used to infer high resolution magnetic pitch profiles. We
have obtained good agreement with the theoretically predicted
angles of the EBE for low density L mode at 13 GHz, although
the relative brightness is not accurately predicted. A more
accurate treatment of the Bernstein wave radiative transfer in
the bulk plasma needs to be carried out.

We have also observed a dependence of the emission
spectrum to the average plasma density. Plasmas with
densities above 1.6 x 10" m~3 have been shown to have
strongly suppressed spectra with the spectral peak moving to
higher frequencies.

We have also provided the first 2D maps of Doppler shift
from an active probing source, demonstrating the ability of
the diagnostic to measure Doppler shifted radiation which
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corresponds qualitatively with what we expect, demonstrating
a speed up of the plasma rotation in the early stages of a
plasma’s development.
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