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1) M
otivation: m

easure edge current density to 
understand edge stability 

•
ELM

 dynam
ics are an interplay betw

een the edge pressure gradient and edge current 
density 

•
Edge current density cannot currently be directly m

easured 
•

SAM
I’s ultim

ate goal is to m
ake spatially-resolved m

easurem
ents of the edge m

agnetic 
pitch angle and thence the current density 

2a) M
ethodology: phased-array im

aging 
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•
Aperture synthesis used w

idely in radio 
astronom

y (e.g. Very Large Array telescope) 
•

N
o focusing com

ponents: signal illum
inates all 

antennas 
•

Phase difference betw
een antenna pairs steers 

beam
 to arbitrary point on the em

ission surface 
•

Cross-correlation betw
een pairs of antennas  

gives spatial Fourier transform
 of em

ission 
pattern i.e. given a num

ber of antennas, an 
extended em

ission pattern can be reconstructed 
•

N
um

ber of “pixels” ~ (num
ber of antennas) 2 

3) Synthetic Aperture M
icrow

ave Im
aging (SAM

I): 
hardw

are description 

Unlike “keyed” arrays, 
SAM

I’s antennas are 
independently phased: 
beam

 steering is 
perform

ed post-shot in 
softw

are.  

•
Array of 8 receiving antennas (green) 

•
Tw

o transm
itting antennas (red) at 10M

Hz &
 12M

Hz 
above local oscillator frequency 

•
Array pattern designed to m

axim
ise m

ain beam
 

efficiency (i.e. m
inim

ise pow
er in side lobes) 

[Freethy et al., IEEE Trans. Ant. Prop. 60 5442 (2012)] 

•
Frequency range 10-35GHz in 
16 regularly-spaced channels 

•
Heterodyne dow

n-convertor 
uses 2

nd harm
onic m

ixers 
•

N
eed to capture I &

 Q
 

com
ponents for sideband 

separation: i.e. tw
o data 

acquisition channels per 
antenna 

•
Transm

itting circuit provides 
probing signals at 10M

Hz and 
12M

Hz above carrier 
•

Connectorised com
ponents 

throughout enable relative 
sim

plicity of assem
bly 

Xilinx’s M
L605 FPG

A board 

4D
SP’s FM

C
108 A

D
C

 card 

•
Data acquisition is dem

anding: 
250M

sam
ples/s; 8 antennas;  

I &
 Q

 com
ponents for each;  

14 bits per sam
ple = 8GB/s 

•
Custom

 solution based on Xilinx’s 
M

L605 FPGA board and 4DSP’s 
FM

C108 ADC card 
•

Linux runs on FPGA soft processor 
providing control of the diagnostic 

•
Excellent perform

ance and flexibility 
•

Challenging to program
 

•
Real-tim

e filtering around active 
probing frequency has now

 been 
achieved 

2b) M
ethodology: 2-D Doppler backscattering 

•
N

arrow
 beam

 
•

Backscatters off  
turbulent structures  
at single location 

•
Probes turbulence velocity 
and am

plitude at a single 
location 

•
Scattering location m

ay be 
changed slow

ly (typically 
betw

een shots) through 
m

echanical steering 

Conventional DBS 

•
W

ide beam
 

•
Backscatters off turbulent 
structures at m

any locations 
•

Backscattered signal from
 all 

directions digitized on each  
of the antennas in the 
receiving array 

•
Probing location selected 
post-shot using softw

are 

SAM
I 

ω
 = frequency of probing beam

 
Δω

 = Doppler shift introduced by 
turbulent velocity 

•
Turbulent structures are elongated 
along field lines 

•
Strongest back-scattering 
therefore occurs perpendicular to 
field 

•
SAM

I can locate the points of 
strongest red &

 blue shift 
•

Direction perpendicular to line 
joining these points gives 
m

agnetic field direction 

Vivaldi PCB antennas are chosen 
because 
•

W
ide field of view

 
•

Broadband (10 – 35 GHz) 
•

Excellent polarisation separation 
•

But the array becom
es 3-D i.e. 

antennas interfere w
ith each other 

Backscattering is strongest perpendicular to m
agnetic field 

O
verview

 

Antenna array design: optim
ised for m

ain beam
 efficiency 

M
icrow

ave electronics: 8 receiving &
 2 transm

itting channels 

Data acquisition and control: em
bedded Linux controls FPGAs 

4) SAM
I installation on N

STX-U
 

•
SAM

I w
as installed on M

AST 2011-2013 
(w

ith focus on im
aging therm

al 
em

ission)  
•

SAM
I w

as transferred to N
STX-U and 

began collecting data in early 2016. 

•
Reflection locations at SAM

I’s 16 frequencies are show
n by green circles for O

-
m

ode and red crosses for X-m
ode for both L-m

ode (left) and H-m
ode (right). 

•
Proxim

ity of reflection points in H-m
ode indicates SAM

I’s potentially excellent 
spatial resolution. 

5) Prelim
inary results from

 N
STX-U

 show
 

encouraging com
parison w

ith EFIT 

Reflection points ~ 1m
m

 apart for N
STX-U

 H-m
ode 

SAM
I has a good view

 of N
STX-U

 plasm
a, albeit near-field 

effects m
ay becom

e im
portant 

SAM
I’s proxim

ity to the N
STX-U

 plasm
a (com

pared to M
AST) 

m
akes 2-D DBS possible even during H-m

ode 

Blue-red pow
er im

balance 
show

s w
ell-defined peaks 

M
agnet field from

 
unconstrained EFIT show

n 
in grey 

Principal result: SAM
I is able to m

ake tim
e-resolved m

easurem
ent 

of the edge m
agnetic pitch angle, w

hich agrees reasonably w
ell 

w
ith unconstrained EFIT for this shot. 

Conclusion: SAM
I has dem

onstrated the feasibility of using 2-D Doppler back-scattering to m
easure the m

agnetic field pitch angle in the 
tokam

ak plasm
a edge. M

ore antennas w
ill be required to m

ake a m
ore sensitive m

easurem
ent w

ith a better-focused beam
. 

Future w
ork: In the next N

STX-U cam
paign, run w

ith tw
o frequencies to attem

pt a m
easurem

ent of the rate of change of field line pitch 
(and thence current density estim

ate). Sim
ultaneously develop new

 &
 enhanced com

plem
entary system

 for deploym
ent at M

AST-U. 


