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Angular scanning of electron Bernstein wave emis-
sion (EBE) has been conducted in MAST. From EBE
measurements over a range of viewing angles, the angu-
lar position and orientation of the B-X-O mode conver-
sion (MC) window can be estimated, giving the pitch
angle of the magnetic field in the MC layer. The radial
position of the corresponding MC layer is found from
Thomson scattering measurements. Measurements at sev-
eral frequencies can provide a pitch angle profile. Re-
sults of pitch angle profile reconstruction from EBE
measurements are presented in comparison with mo-
tional Stark effect measurements. Microwave imaging of

I. INTRODUCTION

MAST is a tight aspect ratio (A = R/a = 0.85 m/
0.65m~1.3,1,=1.5 MA) spherical tokamak' (ST). The
hot 7, = 3 keV, dense n, = 1 X 10%° m~3, and highly
shaped (6 = 0.5, 1.6 = k = 2.5) plasmas are accessed at
moderate toroidal field B,(R = 0.7 m) = 0.62 T. Usually
the plasma is well overdense in STs, i.e., w,. > @,
where w,, and w,, are the electron plasma and electron
cyclotron (EC) frequencies, respectively. In such plas-
mas the core is inaccessible for transverse electro-
magnetic waves in the range of low EC harmonics.
Consequently, methods that are well established in con-
ventional tokamaks and stellarators such as EC emission—
based diagnostics and EC resonance heating and current
drive cannot be employed in STs. In the past decade there
has been a growing interest in utilizing electron Bern-
stein waves (EBWs) in overdense plasmas for these
techniques.
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the B-X-O MC window is proposed as an alternative to
angular scanning. The proposed scheme is based on an
imaging phased array of antennas allowing the required
angular resolution. Image acquisition time is much shorter
than magnetohydrodynamic (MHD) time scales so the
EBE imaging can be used for pitch angle measurements
even in the presence of MHD activity.

KEYWORDS: spherical tokamak, g profile, electron Bern-
stein wave

Note: The figures in this paper are in color only in the electronic
version.

EBWs are predominantly electrostatic waves. They
cannot propagate in vacuum but they can propagate in
overdense plasmas, and they are coupled to the electro-
magnetic extraordinary (X) and ordinary (O) modes via
mode conversion (MC) mechanisms. These MC mecha-
nisms allow the thermal EBW emission (EBE) to escape
the plasma, and conversely, EBWs can be excited within
the plasma with externally launched X or O modes. Hence,
EBWs are considered to be a promising means for plasma
diagnostics, plasma start-up, and plasma heating and cur-
rent drive in STs (Refs. 2, 3, and 4). A comprehensive
review of experiments with EBWs in fusion devices can
be found in Ref. 5.

The present paper describes one particular diagnostic
application of EBWs, namely, g-profile measurements in
overdense plasmas. One of the possibilities of using EBWs
for this purpose was proposed in Ref. 6 and experimen-
tally verified in Refs. 7, 8, and 9. Here we develop anovel
approach based on two-dimensional (2-D) measurements
of the MC in ST plasmas. Some aspects of this technique
were discussed by Volpe in Ref. 10. Section IT of this paper
presents proof-of-principle experiments supporting the
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proposed technique. Section I1I describes the experimen-
tal setup for the pilot experiments with microwave imag-
ing of the MC window and discusses problems related to
the image reconstruction and the imaging system design.
Section IV summarizes our results and conclusions.

Il. ANGULAR SCANNING OF EBE IN MAST

Feasibility studies of thermal EBE measurements as
a potential edge current diagnostic have been conducted
on the MAST tokamak. A broadband radiometer covering
the range from 7 to 40 GHz was used as areceiver. In front
of the radiometer antenna a fast rotating mirror (FRM)
was installed, providing a continuous scanning of the view-
ing direction.!? Figure 1 illustrates the relative position of
the Bernstein-extraordinary-ordinary (B-X-O) MC win-
dow in the MAST plasma and the range of viewing angles
covered by the radiometer with FRM. From EBE mea-
surements for arange of viewing angles, the optimum view-
ing direction for B-X-O MC can be found, giving the pitch
angle of the magnetic field in the MC layer, at the position
where w = w,,.. EBE measurements at several frequencies
allow a pitch angle profile to be reconstructed.

Preliminary experiments with the FRM have shown
that in the range of EC frequencies, thermal emission
from the overdense plasma is highly anisotropic.'!*!2 The
resultant signal modulation due to FRM rotation is a
combination of a number of factors: geometric modula-
tion, the presence of stray radiation in the vessel, and
finally anisotropic thermal EC and EBW emission. The
range of viewing angles was limited in these first exper-
iments because of the large horn antenna employed. The
antenna opening of 100 mm was comparable with the
FRM and vacuum window aperture in these preliminary
experiments. As a result geometrical effects were respon-
sible for a significant fraction of signal modulation.
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Fig. 1. Angular range covered by the FRM and the B-X-O MC
window calculated for 16 GHz and pitch angle of 40 deg.
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To increase the range of viewing angles, the large
horn antenna has been replaced with a very compact
antenna.” The new antenna receives two linear polariza-
tions simultaneously in the frequency range from 6 to
40 GHz. It has an aperture of 50 mm, which is half the
vacuum window size, and thus the effect of geometrical
modulation has been suppressed in the whole frequency
range of the radiometer.

Figure 2 illustrates radiometer signals measured dur-
ing ELM-free H-mode in MAST. These signals were
recorded simultaneously at vertical and horizontal polar-
izations at 16 GHz during one period of FRM rotation.
The B-X-O MC efficiency is shown for comparison. MC
was estimated using a formula derived within Wentzel-
Kramers-Brillouin (WKB) approximation. This formula
takes into account magnetic shear effects.!? The density
profile was obtained from high resolution Thomson scat-
tering (TS) measurements. The shape of both signals is
very close to that predicted by theory. One can see that
both signals have dual maxima, indicating that the opti-
mum viewing angles for B-X-O MC are inside the ellipse
scanned by the radiometer with FRM. The amplitudes of
the signals are similar near the maxima, indicating that
the polarization of the registered emission is close to cir-
cular, which corresponds to the oblique O mode. Near the
minima the signal with vertical polarization is stronger than
that with horizontal, indicating that the B-X tunneling may
become comparable with B-X-O MC for the viewing an-
gles close to perpendicular.

2Model DP241-AB manufactured by Flann Microwave.
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Fig. 2. B-X-O mode coupling efficiency at 16 GHz during one
period of FRM rotation calculated analytically and 16-
GHz EBE signals measured at vertical and horizontal
polarizations simultaneously. EBE signals were nor-
malized to radiative temperature estimated from TS
measurements at the EBE origin.
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These observations prove that the predominant frac-
tion of these signals can be attributed to the mode-
converted EBE. Indeed, the amplitudes of the radiometer
signals correspond to radiative temperatures of several
hundred electron-volts, indicating that emission comes
from the plasma core. Typical ELM-free H-mode plasma
in MAST has a very flat electron density profile, with
central temperature ~1 keV and central density ~5 X
10" m™? (w,, = 63.5 GHz). Hence, at typical toroidal
magnetic field of 0.6 T (w., = 16.8 GHz), EC harmonics
up to the third are blocked by cutoffs, prohibiting central
EC emission completely. At the same time the observed
signals are dramatically suppressed during ELMs, which
disturb only the pedestal region of the plasma where MC
occurs. All these observations support the EBE nature of
the signals measured. However, the magnitude of the
contribution from stray radiation is not clear.

To estimate the stray radiation fraction, we assume
that stray emission is isotropic and is proportional to
EBE and that its fraction is independent of frequency.
The maximum peak signal and modulation depth due to
FRM rotation is expected if the viewing trajectory was
crossing the maximum of MC. Modulation, up to a factor
of 4, is usually observed for frequencies from 13 to 15 GHz
(see Fig. 3). At these frequencies dual maxima disappear,
which means the optimum direction is just outside the
scanning range that makes modulation stronger. This re-
quires the stray radiation fraction to be not higher than
10%; otherwise, the shape of the signals cannot be re-
produced by WKB MC simulation or full-wave model-
ing. Two important conclusions can be drawn from
experimental signals presented in Figs. 2 and 3. The ra-
diometer signals indeed correspond to the B-X-O mode-
converted EBE. The B-X-O MC window is wider than
estimated using density gradients from TS measurements
directly. The edge gradient is usually smoothed due to the
finite size of the scattering volumes. To account for the
difference, the edge TS profiles have been fitted using a
modified hyperbolic tangent (mtanh) function convo-
luted with the instrument function representing the spa-
tial resolution of the diagnostic. The modified TS profiles
agree well with EBE measurements.

Figure 3 represents EBE signals obtained on MAST
during ELM-free period of H-mode in a range of fre-
quencies covering EBE originated from the fundamental
EC resonance, as illustrated in Fig. 4a. The X’s indicate
viewing orientations when the viewing angle tilt was
close to the pitch angle. The radial position of the corre-
sponding MC layer is found from high-resolution TS
measurements (see Fig. 4a). As a first approximation
WKB modeling of the MC process '3 was used for recon-
struction of the pitch angle profile from EBE data. The
WKB model reproduces well the shape and general be-
havior of the EBE signals, indicating that the O-mode
contribution is predominant. The magnetic pitch angles
were reconstructed using the best-fit method between the
data and the simulated signal.
FUSION SCIENCE AND TECHNOLOGY
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Fig. 3. EBE signals measured during one FRM rotation pe-
riod, shot #21896. EBE in the frequency range 11.5 to
18 GHz predominantly originates from w,, resonance.
The tilt of FRM corresponding to the MC plane is in-
dicated by an X for each frequency.

The pitch angle reconstruction from EBW measure-
ments in comparison with the motional Stark effect (MSE)
diagnostic is shown in Fig. 4b. One can see that all the
EBE data lie in a very narrow ~1-cm layer and indicate
dramatic changes in the magnetic pitch angle within this
layer. The estimated total field variations in the pedestal
region can be seen in Fig. 4a from the behavior of EC
resonance curves. Similar but less accurate results were
obtained earlier from EBE spectroscopic measurements
on MAST (Ref. 9). The WKB results have been verified
with the full-wave analysis. This analysis was based on
the reciprocity theorem'# and included Gaussian beam
propagation from the antenna to FRM, reflection from
FRM, propagation through the vacuum window to the
plasma boundary, and a solution of the full-wave one-
dimensional MC problem with further multiray EBW
ray-tracing until complete absorption within the plas-
ma.*!> Finally, the signal received by the antenna was
calculated as the sum of the signals estimated for the
individual EBW rays.
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Fig. 4. Shot#21896: (a) Midplane topology of resonances and
cutoffs near the plasma boundary. (b) Magnetic pitch
angle measured with MSE and reconstructed from EBE
in the framework of WKB approximation and full-
wave analysis. Relative accuracy of the full-wave re-
construction is ~1 deg.

This procedure was repeated for a number of FRM
angles over the rotation period and the simulated signal
obtained in this way was compared with that measured
by the radiometer. The magnetic pitch angle profile was
reconstructed using the best-fit technique between sim-
ulated signals and experimental data at all available
frequencies simultaneously. In general, the WKB recon-
struction and the full-wave analysis are in good agree-
ment. The full-wave analysis suggests that the pitch
angle increase starts at smaller major radii and that the
whole pitch angle perturbation is wider than inferred
from the WKB reconstruction. Measurements at higher
frequencies (up to 40 GHz, EBE from 3w, ), correspond-
ing to MC layers located deeper in the plasma, show
good agreement with MSE data. EBE results come into
agreement with MSE measurements outside the last
closed flux surface (LCFS) as well. However, EBE mea-
surements show details of pitch angle variation within a
narrow region just inside the LCFS (see Fig. 4b). These
details occur on a scale length much shorter than the
MSE spatial resolution; hence, they cannot be resolved
by this diagnostic. EBE measurements averaged over
the radial interval from 1.39 to 1.41 m, which corre-
sponds to the MSE collection interval for this discharge
(spatial resolution), give the same figure as measured
by the MSE method.
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To reproduce such behavior of the magnetic pitch
angle, one would require a double-layer current sheath
with each layer ~1-cm thick and with the currents flow-
ing in opposite directions. The inner layer would carry
the current in the same direction as the plasma current
and the outer layer in the counterdirection. The current
density required to match the amplitude and the shape of
the pitch angle peak is ~3.2 MA/m? in the inner layer
and about —2.8 MA /m? in the outer layer. The neoclas-
sical current density estimated from TS measurements is
typically ~1 MA /m? flowing in the codirection. Unfor-
tunately, at the present moment we cannot provide a self-
consistent explanation of these results. However, the pitch
angle peak was observed in every ELM-free H-mode
plasma shot, allowing reliable pitch angle recovery from
EBE measurements, and the magnitude of this effect is
certainly higher than the errors of measurements and
reconstruction.

Temporal resolution of this technique based on me-
chanical scanning of the radiometer viewing angle is lim-
ited by the maximum speed of FRM rotation. At present
itis ~10 ms. Relative accuracy of the pitch angle recon-
struction is about 1 deg for the ELM-free H-mode plasma.
Pitch angle reconstruction becomes very difficult or even
impossible in the presence of magnetohydrodynamic
(MHD) activity. This is the main limitation of this
technique.

I1l. EBE IMAGING DEVELOPMENTS

Angular scanning EBE measurements have demon-
strated the possibility of magnetic pitch angle reconstruc-
tion from the EBE angular distribution. Microwave
imaging of the B-X-O MC window is proposed as an
alternative to the mechanical angular scanning with FRM.
The proposed scheme is based on the phased array tech-
nique, allowing the required angular resolution to be
achieved in MAST experiments. Image acquisition time
can be much shorter than MHD time scales, so the EBE
imaging technique can potentially be used for pitch angle
measurements in the presence of plasma instabilities, for
example, to measure pitch angle evolution due to ELMs.

To exploit this possibility on MAST a microwave im-
aging system (MIS) is being developed in collaboration
with York University. MIS consists of an array of anten-
nas and relies on two methods of microwave image ac-
quisition widely used in radio astronomy, namely, aperture
synthesis and phased array techniques.!® A triple-antenna
prototype has been assembled to conduct initial tests with
amicrowave noise source (see Fig. 5) in the lab. Each an-
tenna receives two polarizations in the frequency range
from 6 to 40 GHz. Microwave signals are downconverted
using heterodyne techniques and the intermediate fre-
quency (IF) signals are digitized in a full-vector form at a
sampling rate up to 500 megasamples per second. The
FUSION SCIENCE AND TECHNOLOGY
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Fig. 5. Triple-antenna assembly prepared for EBE imaging lab
tests with the noise source.

triple-antenna prototype was tested with the noise source
and then calibrated with a monochromatic source against
phase and amplitude balance across all channels.

2-D STUDIES OF EBW EMISSION IN MAST

Finally, the triple-antenna system has been installed
on MAST and pilot plasma experiments have been con-
ducted at a fixed frequency of 17.4 GHz. The system
showed extremely high resilience to electromagnetic
pickup despite the proximity of the microwave compo-
nents to the vacuum vessel (see Fig. 6). Experimentally
achieved broadband signal-to-noise ratios were ~8 for
L-mode plasmas. This figure was typically a factor of 2
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. Fur-
ther analysis of the data is in progress.

Several methods for inverting the antenna signals
into an image have been identified. Broadly, they are

1. singular value decomposition (SVD) of the linear
system!”

2. Gaussian linear inversion from Bayesian statistics '8

3. cross correlation of antenna pairs as a function of
phase difference.

Several codes have been developed allowing the mod-
eling 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

Fig. 6. Pilot experiment setup with the triple-antenna imaging system on MAST.
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Fig. 7. (a) The microwave source used in modeling in angular
coordinates (degrees) and (b) the response of a four-
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.

can tell. The cross-correlation method has no inbuilt side-
lobe suppression like the SVD, but it is far more resilient
to noise. For many antenna arrangements it was found
that the array was able to resolve the position of the
center of the source very well, better than a factor of 10
over the diffraction limit of the array, as illustrated in
Fig. 7. However, for some array configurations informa-
tion 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 eigen-
fields of the system,'” and these dual beams are a prop-
erty of the array only (see Fig. 8). 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
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source width, antenna pairs must have unequal spacing.
With three antennas, only the position of the source max-
imum can be reconstructed.

Additional information about the source shape can
be gained by performing a deconvolution on measure-
ments of power from each antenna. Since each antenna
may be pointed at a slightly different angle and the emis-
sion may be modeled by a bivariate Gaussian, using the
position measurements from the phased array allows res-
olution of the necessary two covariances and rotation
angle to define this bivariate image Gaussian using only
four antennas.

The final MIS system will have 36 Vivaldi-type an-
tennas, 18 for vertical and 18 for horizontal polarization.
The Vivaldi antennas are expected to be operational in
the frequency range from 10 to 40 GHz. Only 8 of 36
antennas will be connected simultaneously to 8 available
detector channels. Different combinations of operational
antennas can be exploited on a shot-by-shot basis. First
experiments with MIS using a multiple antenna array are
planned on MAST in 2011.

IV. CONCLUSIONS

For the first time we have demonstrated experimen-
tally that the magnetic pitch angle profile at the plasma
edge in STs can be measured using thermal EBE. EBE
escapes from the plasma via linear MC into electromag-
netic modes. MC is efficient only in particular directions
totally defined by the density gradient and magnetic field
within the MC layer. This makes thermal EBE highly
anisotropic. Two-dimensional measurements of EBE at
several frequencies together with high-resolution density
profile measurements allow the reconstruction of the mag-
netic pitch angle profile.

Mechanical angular scanning of thermal EBE has
been conducted in MAST as a proof-of-principle of the

(b)

Fig. 8. (a) Five-antenna array with unequal spacing and (b) contour plots of the “dual beams” simulated for this array as described
in Ref. 17. Angular range is =30 deg in both directions. Dual beams show that such an antenna array provides information
on the source width and it is most sensitive in the vertical direction.
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method. The magnetic pitch angle profile has been re-
constructed from EBE data and high-resolution TS mea-
surements using full-wave MC modeling and EBW ray
tracing. Results showed good agreement with MSE mea-
surements. A subcentimeter spatial resolution and pitch
angle accuracy of 1 deg has been achieved with the EBE
measurements. In ELM-free H-mode plasma, pitch angle
profiles reconstructed from EBE showed details not re-
solved by the MSE method. The EBE results reveal a
bidirectional, radial current structure near the LCFS. The
use of 2-D mechanical EBE scanning in present-day STs
is very limited due to its poor temporal resolution. How-
ever, EBE scanning experiments provided a proof-of-
principle for magnetic pitch angle measurements using
2-D EBE imaging. A fast 2-D microwave imaging sys-
tem utilizing a phased antenna array is under develop-
ment on MAST. This system will allow us to overcome
time resolution limitations and will provide new insight
into MC and plasma physics.
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