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The Synthetic Aperture Microwave Imaging (SAMI) system is a novel diagnostic consisting of an array of 8
independently-phased antennas. At any one time, SAMI operates at one of 16 frequencies in the range 10-
34.5GHz. The imaging beam is steered in software post-shot to create a picture of the entire emission surface.
In SAMD’s active probing mode of operation, the plasma edge is illuminated with a monochromatic source
and SAMI reconstructs an image of the Doppler back-scattered (DBS) signal. By assuming that density
fluctuations are extended along magnetic field lines, and knowing that the strongest back-scattered signals
are directed perpendicular to the density fluctuations, SAMI’s 2-D DBS imaging capability can be used to
measure the pitch of the edge magnetic field. In this paper we present preliminary pitch angle measurements
obtained by SAMI on the Mega-Amp Spherical Tokamak (MAST) at Culham Centre for Fusion Energy and
on the National Spherical Torus Experiment Upgrade at Princeton Plasma Physics Laboratory. The results

demonstrate encouraging agreement between SAMI and other independent measurements.

1. MOTIVATION

The stability and performance of tokamaks operating
in the so-called high confinement mode (“H-mode”) de-
pends strongly on the transport barrier that develops in
the plasma edge. The very narrowness of this layer (typi-
cally only ~ 2% of the minor radius) makes it difficult to
characterise. An issue associated with H-mode operation
is the appearance of edge localised modes (ELMs): erup-
tions of the plasma edge lasting ~ 100us during which
time up to 10% of the total plasma stored energy may be
lost!. The role of ELMs in flushing the plasma of impu-
rities may be beneficial, but this is at the cost of poten-
tially damaging localised heat loading on plasma facing
components. The increased heat loading generated by
ELMs on next generation devices such as ITER necessi-
tates these instabilities either be eliminated entirely or
else that their frequency be increased so that the energy
released during each ELM is reduced to an acceptable
level.

A simplified representation of the ELM cycle is shown
in Figure 1 illustrating the ELM cycle as a path through
a configuration space characterised by edge pressure gra-
dient and edge current density. Immediately following
an ELM, the plasma is stable and resides in the green
shaded region. As the plasma heats up, the edge pres-
sure gradient increases. This may then lead to an increase
in the edge current density via, for example, the boot-
strap mechanism. Departure from the green region leads
to instability and the triggering of an ELM crash — ei-
ther due to excess pressure gradient (exciting a “balloon-
ing” mode) or excess current density (exciting a “peel-
ing” mode). The distance in configuration space travelled
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FIG. 1. Simplified diagram of the ELM cycle; small ELMs
(represented by the purple and orange arrows) may be opera-
tionally acceptable; a large ELM (represented by the blue ar-
rows) may be damaging to plasma facing components. Calcu-
lating a realistic stability diagram and then comparing exper-
imentally observed instability thresholds to those predicted
by theory is crucial for understanding the physics of ELMs;
the problem being addressed by SAMI is that no method cur-
rently exists for the routine measurement of the edge current
density.

during the crash is related to the stored energy that is
released; relatively small cycles (indicated by the orange
and purple arrows) may be sufficiently small as to be un-
problematic. However, a large crash (indicated by the
blue arrows) may lead to damage of plasma-facing com-
ponents. In order to develop and constrain meaningful
models of ELMs, observations of ELMs from experiments
are used to locate points on the stability boundary; these
observations are then compared with model calculations
of the stability boundary. Being able to locate an ELM



event on the stability diagram depends on good diagnos-
tics. The edge pressure gradient can be measured us-
ing Thomson scattering®®. However, there does not cur-
rently exist a routine technique for measuring the edge
current density — the vertical coordinate on the stabil-
ity diagram itself has to be calculated from models e.g.
by using a neoclassical model to calculate the bootstrap
current from the edge pressure gradient. This reliance
on a model is unsatisfactory since the model may not
capture all the relevant physics. SAMI’s ultimate objec-
tive is therefore to make spatially-resolved measurements
of the magnetic pitch angle and thence the edge current
density.

1. PRINCIPLES OF PHASED-ARRAY IMAGING

Phased-array imaging is an interferometric technique:
it uses the phase of the signal at each antenna, rather
than focusing optics, to determine the emission pattern.
For an extended source, the van Cittert-Zernike theorem
tells us that the cross-correlation of signals at the antenna
array corresponds to the spatial Fourier transform of the
source; the effective aperture is given by the maximum
distance between a pair of antennas in the array. Unlike a
directly focused system, the resolution is proportional to
the square of the number of antennas (since it depends
on the number of cross-correlations that can be made
between antenna pairs) at the cost of having to capture
the phase, as well as the amplitude, of the signal at each
antenna.

Aperture synthesis was pioneered as a technique in ra-
dio astronomy*® and is now used widely in that field (see
[6] for a comprehensive review). However, to the best of
our knowledge, SAMI is the first diagnostic to employ
2-D phased-array imaging in a laboratory plasma diag-
nostic.

1. 2-D DOPPLER BACK-SCATTERING

The theory of Doppler back-scattering (DBS) is not
entirely straightforward; a review of conventional DBS
may be found in reference [7] and a detailed description
of the extension to 2-D is given in [8]. The technique for
measuring magnetic pitch angle relies on the cut-off sur-
face being corrugated, for example as a consequence of
turbulence. These corrugations are assumed to be elon-
gated along field lines, since parallel transport is much
faster than perpendicular transport. When the plasma is
illuminated, the strongest reflected signal comes from the
region on the plasma surface normal to the beam. How-
ever, this component has only a small Doppler shift and
so, assuming the plasma is rotating poloidally and/or
toroidally, can be filtered out. The strongest Doppler-
shifted signal comes from the regions of the plasma where
the density corrugations (and hence magnetic field lines)
are perpendicular to the line of sight. The line segment
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FIG. 2. Simplified diagram of the SAMI hardware. Each
of the three sections (i) antenna array (shown in blue) (ii)
microwave tuner (shown in green) and (iii) FPGA-based digi-
tisation system (shown in black) are described in the text.

joining the points of strongest blue- and red-shift is there-
fore expected to be perpendicular to the magnetic field,
whence we derive our measurement for the field line pitch.
Although not attempted in this Paper, by measuring the
field line pitch at more than one frequency (and there-
fore more than one location, localised by Thomson scat-
tering), using the 1/R dependence of the toroidal field
in the plasma edge to derive the total field and then ap-
plying Ampére’s Law, we can use SAMI to calculate the
edge current density.

IV. HARDWARE DESCRIPTION

In this section we provide an overview of the SAMI
hardware; a more detailed description is provided in [9].
A simplified diagram of the SAMI hardware is shown in
Figure 2. We decided to perform the cross-correlations
in software rather than by using mixers. This is benefi-
cial because (i) it permits greater flexibility and control
(particularly in terms of calibration) (ii) the number of
mixers scales like the square of the number of antennas;
but it comes at the cost of more demanding digitisation.

SAMI has 16 independent frequency channels in the
range 10-34.5GHz. This frequency range is chosen to
cover the steep gradient region in the edge of H-mode
plasmas. The cut-offs for O-mode and X-mode for
NSTX-U plasmas operating in both L-mode and H-mode
are shown for two different times during shot 204672 in
Figure 3. The distance between cut-off surfaces corre-
sponding to neighbouring SAMI frequency channels is
typically < 1mm; this clearly increases for L-mode. This
tight spacing of cut-off surfaces means that, at least in
principle, SAMI has excellent spatial resolution.

A. Antenna array

The SAMI antenna array consists of 10 Vivaldi PCB
antennas, each measuring 20 x 60mm. These antennas
provide good broadband response in the desired range
10-34.5 GHz, a wide field of view (in excess of £40deg in
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FIG. 3. Diagram showing the electron cyclotron frequency
(dashed orange) and its second harmonic (solid orange), the
left-hand (dashed blue) and right-hand (solid blue) cut-offs,
and the plasma frequency (magenta). The O-mode and X-
mode cut-off locations for each of SAMI’s 16 frequency chan-
nels are shown as green circles and red crosses, respectively.
Plots are shown for NSTX-U shot 204672 at two different
times namely (a) 200ms and (b) 430ms into the shot, demon-
strating how the distribution of SAMI cut-off locations in the
plasma changes from L-mode to H-mode. The cut-off spacing
between frequency channels in H-mode is typically < Imm.

both E and H planes) and excellent polarisation separa-
tion. Additionally they are very cheap to manufacture.
However, they have the disadvantage that the array is
3-D and so the incoming signal is reflected around inside
the array. Eight of the antennas are used as a receiv-
ing array; their placement has been chosen to maximise
the mean beam efficiency (i.e. to minimise the side-lobe
power)!?. The remaining two antennas are used to launch
a broad illuminating beam at two user-determined fre-
quencies (typically 10 MHz and 12.5 MHz) above the
probing frequency. The back-scattered signal has a band-
width < 1 MHz and consequently SAMI can image both
the spontaneous thermal plasma emission and the back-
scattered signal simultaneously.

B. Microwave tuner

The microwave tuner unit operates using the standard
heterodyne down-conversion principle. The signal from
each receiving antenna is amplified by a low-noise am-
plifier, split into in-phase and quadrature (I & Q) com-
ponents by a 90deg phase-shifter, and frequency down-
converted using second harmonic mixers. A reverse pro-
cess generates the active probing signal on the two trans-
mitting antennas. Connectorised components are used
throughout to simplify assembly and reduce design over-
head. There are 16 local oscillator sources of dielectric
resonance oscillator type approximately evenly spaced
(avoiding exact harmonics) in the range 5-17.25 GHz;
the choice of source can be switched with a settling time
of 100ns.

C. FPGA-based digitisation system

The digitisation requirements are demanding: SAMI
acquires data at 250 mega-samples per second and 14
bits per sample (2 aligned bytes), corresponding to a to-
tal data rate of 8GB/s continuously over a shot length
of 500ms. We designed and built a custom data acquisi-
tion unit based on 4DSPs FMC108 ADC card and Xil-
inxs ML605 FPGA board running embedded Linux!!.
A number of enhancements have been made for SAMI’s
move from MAST to NSTX-U as described in 12. The
standard aperture synthesis image inversion is performed
using a CUDA code on an nVidia GPU card!® which pro-
vides at least an order of magnitude speed-up relative to
calculation on a standard CPU. An advantage of phased-
array imaging is that, in order to overcome near-field ef-
fects, the focal length of the imaging beam can adjusted
in software post-shot (and as a function of viewing direc-
tion, if so desired).

V. DEPLOYMENT ON MAST AND NSTX-U

SAMI was originally deployed on the Mega-Amp
Spherical Tokamak!* (MAST) at Culham Centre for Fu-
sion Energy for the period 2011-2013. During this time,
SAMI successfully demonstrated the feasibility of 2-D
phased-array microwave imaging. In “passive imaging”
mode it captured the first 2-D images of O-X-B mode
conversion from a tokamak plasmal® and demonstrated
the existence of strong microwave bursts during ELMs
(explained via the anomalous Doppler instability)!®. In
“active probing” mode, it made the first measurements
of edge pitch angle using 2-D Doppler back-scattering®,
some results from which are presented in this Paper for
the first time.

Following the commencement of construction of
MAST-Upgrade, SAMI was moved to Princeton Plasma
Physics Laboratory where it was installed on the Na-
tional Spherical Torus Experiment Upgrade!” (NSTX-U)
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FIG. 4. Diagram showing installation position of the SAMI
antenna array on NSTX-U and the critical density flux
surfaces for SAMI’s frequency channels for NSTX-U shot
204620 at 200ms (derived from the midplane Thomson scat-
tering data and approximating density to be a flux function).
SAMTI’s field of view is shown in green; the normal viewing
ray is shown in red.

with only minor modifications to the hardware. SAMI
began collecting data on May 3'4, 2016. The first data
from SAMI on NSTX-U is presented in this Paper.

As shown in Figure 4, the SAMI antenna array is in-
stalled on NSTX-U at the outboard midplane. SAMI
has a good view of the plasma (extent shown in green
in the Figure). The nearest point on the plasma last
closed flux surface (ray shown in red in the Figure) is
approximately 0.5m from the array. We have illustrated
the critical density flux surfaces corresponding to each of
SAMPD’s frequency channels by using the midplane Thom-
son scattering data and approximating density to be a
flux function. On MAST, SAMI was located approxi-
mately 1m away from the plasma LCFS and 20cm above
the midplane; the view was partially obscured by one of
the poloidal field coils. The location on NSTX-U is an
improvement since there are no vessel components ob-
scuring the view, the proximity to the plasma increases
the amplitude of the back-scattered signal (see below)
and the location on the midplane will enable future stud-
ies testing theories of polarisation-dependent asymmtries
in OXB mode conversion in double null discharges. How-
ever, the distance between the antennas and the plasma
is now only approximately three times the largest dis-
tance between antenna pairs, which means that we are
approaching the near field. This may necessitate some
further development of our image inversion algorithms.

VI. RESULTS

Typical Doppler-shifted spectra from an individual
SAMI antenna from both MAST and NSTX-U are shown
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FIG. 5. Plot of the active probing spectrum on both MAST
and NSTX-U shown with no plasma (red) and during a dis-
charge (green) for SAMYI’s lowest frequency channel (10GHz).
The increase in signal is greater in NSTX-U than in MAST
due to SAMI’s antenna array being closer to the plasma sur-
face in NSTX-U.

in Figure 5. The spectra shown in red are measured be-
fore the start of the shot i.e. when no plasma is present.
As expected, the reflected signal is has relatively narrow
bandwidth (since the surfaces from which the beam is re-
flecting are stationary). The spectra shown in green are
measured during a shot i.e. when plasma is present. As
expected, there is a significant increage in the Doppler-
shifted power. Moreover, we observe that the Doppler-
shifted power on NSTX-U is significantly greater than the
Doppler-shifted power on MAST due to the antenna ar-
ray being closer to the plasma surface on NSTX-U. Unlike
conventional “single ray” Doppler back-scattering, the
signal comes not from a small region of the plasma but
from an extended area. Consequently the Doppler spec-
trum that SAMI sees is not a well-defined spike (at a fre-
quency proportional to the plasma velocity) but rather a
smeared-out spectrum. Steering the beam using all eight
antennas leads to an imbalance between the red-shifted
and blue-shifted power as a function of viewing direction,
but it is not currently possible to extract a rotation speed
from these data.

Figure 6 shows data from MAST shot 27894 and
compares the SAMI magnetic pitch angle measurement
(shown in green) with unconstrained EFIT (shown in
red) and the motional Stark effect (MSE) measurement
(shown in purple). This measurement is made at 16GHz,
corresponding to a density surface that is just outside the
last closed flux surface (as shown in panel (c)). A reason-
able level of agreement between SAMI, MSE and EFIT
in the measured pitch angle is observed up to 240ms. At
around 240ms, the discharge transitions from L-mode to
H-mode (as can be seen in the D, spectrum shown in
panel (g)). During this later period (as shown in panel
(b)), the Doppler-shifted power reduces so much that a
SAMI reconstruction becomes impossible. This is due
the reduction in the amplitude of edge turbulence associ-
ated with H-mode. This problem could be overcome by
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FIG. 6. Data from MAST shot 27894 operating in L-mode
before 240ms and H-mode thereafter. Panel (a) compares
the SAMI measurement of the edge pitch angle at 16GHz
with MSE and EFIT. The other panels provide contextual
information for this shot.

increasing the power in the probing beam.

Figure 7 shows data from NSTX-U shot 204620 and
compares the SAMI magnetic pitch angle measurement
(shown in green) with unconstrained EFIT (shown in
red). (MSE data is not available for this shot.) This
measurement is made at 10GHz, corresponding to a den-
sity surface significantly outside the last closed flux sur-
face. The SAMT measurement follows the EFIT calcula-
tion but is larger by a factor of 2. It appears that the
plasma enters H-mode at approximately 250ms. At this
time, the SAMI Doppler-shifted power experiences a re-
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FIG. 7. Data from NSTX-U shot 204620 operating in L-mode
before 250ms and H-mode thereafter. Panel (a) compares
the SAMI measurement of the edge pitch angle at 10GHz
with MSE and EFIT. The other panels provide contextual

information for this shot.

duction, but not to the same extent as seen on MAST,
thereby enabling SAMI to continue working.

Vil. SUMMARY AND FUTURE WORK

In this Paper we have motivated SAMI in terms of
needing a direct measurement of the edge current density
in order to develop and constrain models for ELMs. Hav-
ing briefly described the principles of phased-array imag-
ing and the SAMI hardware, we presented new results
comparing the edge pitch angle measured by SAMI with
EFIT and MSE on MAST and with EFIT on NSTX-U.
There appears to be a good agreement between the three
independent MAST measurements. The SAMI measure-
ment on NSTX-U is consistently a factor of two larger
than the EFIT calculation throughout the measurement
window; this discrepancy is currently unexplained, but
may be related to the cut-off surface being so far outside
the last closed flux surface. In summary we claim that
SAMI has demonstrated the feasibility of measuring the
edge pitch angle via 2-D Doppler back-scattering.

Moving this methodology from proof-of-principle to
production quality requires a number of technical up-
grades that we look forward to implementing in the near



future: (a) the separation of polarisations to reduce inter-
ference between O-mode and X-mode reflections (b) an
increase in the number of antennas to reduce the side-
lobe power to a level comparable to a focused system
(c) acquisition of two frequencies simultaneously so that
time-resolved measurements of the magnetic shear (and
thence current density) can be obtained.
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