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A new diagnostic to reconstruct the plasma boundary using visible wavelength images is developed for 
use in feedback control of tokamak plasma position and shape. Exploiting the plasma's edge-localized 
and toroidally symmetrie emission profile, a new coordinate transform is presented to reconstruct the 
plasma boundary from a poloidal view image. The plasma boundary reconstruction is implemented in 
Matlab and applied to camera images of Mega-Amp Spherical Tokamak (MAST) discharges . The 
optically reconstructed plasma boundaries are compared to magnetic reconstructions from the offline 
reconstruction code EFIT, showing very good qualitative and quantitative agreement. Average errors 
are within 2cm and correlation is high. In the current Matlab implementation, plasma boundary 
reconstruction from a single image takes 3ms. Important insights are gained on the applicability and 
system requirements of the optica! boundary reconstruction for feedback control of plasma position 
and shape on MAST and other tokamaks. 

1. Measurement and control of tokamak-plasma 
position and shape 

Control of plasma position and shape in tokamaks 
is used to optimize plasma performance, access specific 
physics regimes and to protect first-wall components. 111·141 

In present day tokamaks magnetic measurements 
from a set of coils located around the vacuum vessel are 
used to measure nux variations. After integration, the 
nuxes are interpreted in terms of the plasma centroid 
position and velocity, the plasma boundary as defined by 
the Last Closed Flux Surface (LCFS) and the location of 
the x-point(s) and the strike-points. The full magnetic 
topology of all nux surfaces can not be determined in 
detail without the use of additional, internal diagnostics 
such as polarimetry or the Motional Stark Effect (MSE). 
151 Simultaneous control of the current and pressure profile 
in tokamaks relies on real-time MSE, the interpretation of 
which would greatly benefit from an unambiguous plasma 
boundary. 

The plasma boundary is controlled through 
currents in the poloidal field coils that directly modify the 
magnetic topology of the plasma.161 FIG I shows an 
example of the layout of the sensors, actuators and flux 
surfaces for shape control in a poloidal cross section of 
the Mega-Amp Spherical Tokamak (MAST) . 171 

There are a number of opportunities for 
improvement of this scheme. Firstly the integration of the 
time derivative of the tluxes can lead to drifts in the flux 
measurements on time-scales that are relevant for a 
reactor. 181 The reconstruction of the flux surfaces must 
take into account the passive conducting structures of the 
tokamak. Often these structures, such as the iron core in 
the Joint European Torus (JET), exhibit non-linear 
behavior which hampers the interpretation of magnetic 
signals. 191 During startup or in optimized shear discharges, 
the flux distribution is far from equilibrium and there are 
strong transients. The reconstruction of the plasma 
boundary using only external magnetic measurements is 
problematic in such dynamic situations. 
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To address these problems, an alternative plasma 
boundary diagnostic is developed using high speed 
camera images of the visible light emitted by the plasma 
edge. The camera data do not suffer from drift, are 
intrinsically robust against the aforementioned transients 
and provide an independent measurement of the optica! 
plasma boundary. The exact relation between optica! 
plasma boundary and the magnetic plasma boundary 
however, remains to be investigated. The captured 
images provide information not only on the plasma 
boundary but also show filament structures, Edge 
Localized Modes (ELMsl 01, distinct confinement 
regimes such as L- and H-mode and hot-spots on Plasma 
Facing Components (PFCs). The diagnostic could be 
extended to provide information on these plasma edge 
specific phenomena with high accuracy relative to the 
plasma edge and create an opportunity for intelligent, 
integrated sensing and control of not only the plasma 
position and shape but also the resulting heat-nuxes to 
plasma-facing components. 
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FIG I Flux surf aces of two different discharges, sensor 
coils and PF coils in MAST1111

. LCFSs shown in red. 



This paper discusses the optica( plasma boundary 
reconstruction and, using MAST camera images, 
compares the obtained shape of the radiative shell with 
EFIT reconstructions of the plasma boundary. The 
feasibility of the developed plasma boundary diagnostic 
for use in a feedback control loop on MAST is assessed. 

This paper is organized as follows. A new 
coordinate transform for the reconstruction of the plasma 
boundary from a poloidal view image is introduced and 
synthetic reconstructions are shown to illustrate the 
properties of this transform in chapter 2. A Matlab 
implementation of the new diagnostic is then applied to 
poloidal view images of MAST discharges and the 
resulting plasma boundaries are compared to magnetic 
reconstructions from EFIT in chapter 3. Chapter 4 
discusses the usability of the new diagnostic in feedback 
control systems of plasma position and shape. 

2. Plasma boundary reconstruction using 20-
visible imaging 

As only the plasma edge emits a significant amount 
of light from a thin shell, for the purpose of real-time 
plasma boundary reconstruction the plasma edge is treated 
as a thin, toroidally symmetrie emissive surface s" that is 
the boundary of the plasma volume Q,,. 

Every pixel in an image is a line integrated 
measurement of the light emitted by the plasma. Pixels 
corresponding to a line of sight that is tangent to the 
emissive surface s" will show a peak in intensity 
compared to neighboring sightlines that either cross the 
plasma surface or miss it altogether, as illustrated in FIG 
2. This allows the identification of the plasma edge in the 
image as lines of peak intensity formed by the set of 
pixels p, that have a line of sight /, tangent to the plasma 
surface s,,. 
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FIG 2 a) emission profile and b) resulting line integrated 
intensity for sightlines parallel to the w axis 

2.1 Coordinate Transform: trom image to 
tokamak coordinates 

For the plasma shape reconstruction, a new 
coordinate transform is derived to reconstruct the 
toroidally symmetrie plasma surface S" from the set of 
sightlines l, from a single camera tangent to the plasma 
surface s,,. The problem is defined in two coordinate 
systems, a Cartesian system (u, v, w) and the cylindrical 
tokamak coordinate system (R,Z,0), where the origin and 
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the v and Z axis of both coordinate systems coincide and 
the point (0,0,0) in tokamak coordinates is the center of 
the tokamak. A projection plane is defined as the vertical 
(u,v,0) plane. Given the camera location (u 0 v0 wc) and 
knowledge of the projection properties of the opties, the 
trajectories of all sightlines l are known and each has a 
project ion ( u, v) on the projection plane. In case of a 
perfect pinhole camera with its optica( axis normal to the 
projection surface, the projection (u, v) of sightlines on the 
projection surface is an affine sealing of the pixel 
coordinates (x,y). 

The sightline /, of an edge pixel p, is tangent to the 
plasma surface but the point of tangency along the 
sightline is not directly known . To find this point, the 
tangency is expressed as a vector equation. The vectors 
introduced hereafter are drawn in FIG 3. 

The plasma surface is known to be toroidally 
symmetrie, such that at each point ( R,Z,0) on SP the 
surface is spanned by two vectors in Cartesian 
coordinates: 

[

- sin(0)] 
v, = 0 

cos(0) 
v,. = 

dR 
-cos(0) 
dZ , 

1 

dR sin(0) 
dZ 

being the toroidal unit vector and the local conicity. 
Additionally, the sightline vector of/,, is: 

This set of vectors does not uniquely specify the 
tangent point along a sightline, as R and Z are unknown 
and V1, and V, are not multiples. To obtain an additional 
vector, the set of tangent sightlines is treated as a curved 
sightsurface. Locally, this surface is spanned by the 
sightline /, and the direction of the plasma edge on the 
projection plane at ( u,, v, ). This allows introduction of the 
edge vector V, as the direction along the plasma edge in 
the projection plane: 

du ,. 

dv ,. , 
v,. = 1 

0 

such that the sightsurface along a sightline is 
spanned by V, and V,. The toroidal angle 0, of the tangent 
point on the sightline can now be obtained from the vector 
equation 

[

-sin(0, )l [u,. -u,· 11~:: 
V, = o = av, + /JV, = a v,. - v(' + 1 

cos(0, ) w, 0 

( 1) 



FIG 3 Perspective view oflines on projection plane (red), 
sightline /, (thick black line), tokamak coordinates Rand 
Z (blue lines) and tangent point on plasma surface (blue 

circle). Also shown are the vectors used in the coordinate 
transform in green. 

By substitution of a. and /J, this leads to 

du ( ) (u ,, -u, )- --" v,, -v,. 

(0 ) 
dv,, 

tan ,, = (2) 

Given the sightline /,, and the toroidal angle 0" of 
the tangent point, (R,,Z,,,0,,) can be found as well as the 
conicity dR/dZ, of the plasma surface at (R,,, Z,,0) . In FIG 
3 a perspective view of the plasma surface and the 
projection plane shows how the points R" and Z,. are 
defined by/,, and 0,,. 

Expressing R,. and Z,. in terms of u,,, v,,, and 0,, : 

R = u,,w,. 
' w, cos0,, +(u ,, -u ,. )sin 0,, 

(3) 

(4) 

completes the coordinate transform. Important to 
note is the derivative term du/dv" in (2). This term must 
be determined either as a numerical derivative between 
edge points p, or as the derivative of a smooth function 
fitted to the edge points. 

Given the set of tangent sightlines /,,, a 
reconstruction of the toroidally symmetrie plasma surface 
SP can now be made. The result is generally presented as a 
poloidal cross section of the plasma surface. 
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2.2 Inverse Coordinate Transform: from tokamak 
to image coordinates 

The inverse toroidal surface reconstruction allows 
to construct the projection of the plasma edges on the 
projection surface (u, v,O) for a given plasma boundary 
and camera location. The approach is the same as for the 
transform from projection plane to plasma surface. At the 
point (R,Z,0) the plasma surface S" is spanned by the 
toroidal unit vector and the conicity dR/dZ of the surf ace: 

[

- sin(B)l 
v, = 0 

cos(0) 
v,. = 

dR 
-·· cos(0) 
dZ,. 

1 
dR, . . (") - sinu 
dZ,. 

For a given camera location (u,., vc, wc) the 
sightline tangent to (R,,,Z,) is sought. The direction of this 
sightline is expressed as the vector: 

[

!/ ,, -u, j 
V1 = v~ -v,. 

w( 

Using (3) and (4), u,,-uc and v,,-vc can be expressed 
in terms of R"Z,,, 0,,, Uc, Vc and wc: 

R. cos(e, )-11, 
Il - Il = W --'-' ---'-''-'--,....--',-

1 ,. ,. - R :in(0 ) wc t•s l' 

(5) 

Z,, -v,. (6) 

in which u,, v" and 0,, are unknown . Now, the 
sightline vector V1 can be spanned by V and V, : 

(7) 

Which, after rewriting, results in the expression 
used to find 0,, : 

dR 
u, cos(0,,)+ w" sin(0, ) = R,, -(z,. - v,) dz:: ' 

which can be further simplified to 

~ . [a ( u,. JJ R (Z ) dR, . . (8) -vu , . .,. w, sm ,. + arctan - = ,, - , -v,. dZ 
w(' t' 

Such that equations (5-8) form the complete 
inverse transform. 

The inverse coordinate transform can be used to 
derive the limits of the plasma dimensions that can be 
reconstructed from the image given the limits of view in 
the projection plane and the location of the camera. The 
expression for the toroidal angle 0, of the tangent point on 
a sightline tangent to the plasma surface at ( R,Z) has a 
solution only when : 



~ >IR -(z -v )dR,.1, ,JU, -t- w, - ,, ,. r dZ,. 
(9) 

implying that the camera must be located outside a 
cone that fits around the plasma surface at (R,.,Z,,,dR/dZ,) 
to be able to see this part of the plasma surface. Also 
taking into account the limited viewing angle of the 
camera, the projection points ( u" ve) obtained from the 
inverse transform must lie inside the area of the projection 
plane viewed by the camera. The existence of the 
transform, i.e. the visibility of the edge at ( Re,Ze) in the 
camera image, thus depends on the camera location and 
the maximum viewing angle of the opties. 

2.3 Example of shape reconstruction trom an 
image and image synthesis trom a plasma shape 

To illustrate the mechanism of the derived 
coordinate transform two examples are treated: the 
synthesis of a camera image showing a circular plasma 
and the plasma shape reconstruction from a Double Null 
Diverter (DND) plasma image. 

For the image synthesis a circular plasma cross 
section with a major radius R0=2.25m and a minor radius 
r=0.4m is used, similar to plasmas generated in the Tore 
Supra tokamak1121 with reduced minor radius. The camera 
location is chosen to be (uc,v 0 w,)=(-2, -0.3, 2.5); a 
location that provides a poloidal view from 30cm below 
equatorial height, viewing the plasma around toroidal 
angle 0=-7r . 

The plasma shape in the poloidal plane, ( R,Z), can 
now be expressed in terms of the poloidal angle <p: 

R,, = R0 + rcos(tp) 

Z,. = rsin(tp) 

Which allows to write dR/dZ as 

( 10) 

dR, = dR,. (dZ,,J-i = -rsin(tp) =-tan(tp) · (II) 
dZ,. dtp dtp rcos(tp) 

Using this description of the plasma edge and 
applying the transform derived in 2.2 results in the 
projection of the plasma edge on the projection plane. In 
this case the projection plane is treated directly as the 
image, effectively taking the camera projection properties 
out of the problem. FIG 4a shows the resulting plasma 
edges in the projection plane. 

The plasma edge in the projection plane is not a 
circle. Instead, the inner and outer halves of the plasma 
circumference result in two separate curves. For the top 
and bottom of the circular plasma shape, <p~1fl2 and 
<p~37r/2, the condition of equation (9) is not met for the 
given camera location and no projection exists. More 
generally, equation (9) shows any horizontal part of the 
plasma circumference, where ( dR/dZ,,r1 =0, is only 
visible when Z,, =vc, In practice the top and bottom of a 
circular plasma circumference therefore typically do not 
appear in the image. 
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FIG 4 a) projection of circular plasma with minor radius 
r=0.4 b) plasma circumference, shown red when no 

projection exists for the applied camera position 

FIG 5 Image of circular plasma in Tore Supra, showing a 
reduced minor radius plasma 

The projection of the inner plasma edge in FIG 4a 
is discontinuous, the projection around the midplane is 
approximately circular while the top and bottom of the 
plasma appear as two tails stretching out around the torus . 
This effect also appears in camera images of circular 
plasmas such as the Tore Supra camera image shown in 
FIG 5. In FIG 6 the toroidal angle of tangency 0, of the 
sightlines that project the inner plasma edge as a function 
of <p is shown. Around <p=4 the toroidal angle of tangency 
Be is approximately constant, resulting in a projection that 
is circular. The strong rise in 0,. near <p=1fl2 and <p=37r/2 
however results in projection from points around the back 
half of the torus . The top and bottom of the plasma 
surface are near-horizontal and are at a large horizontal 
distance from the camera, meaning the term (Z-vc)dR/dZ 
in equation (8) is large and as a result Be will be large. 
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Q) -2.5 
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FIG 6 Toroidal angle of tangency Be of sightlines around 
the inner edge of a circular cross section plasma in Tore 

Supra geometry 
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FIG 7 a) Projection plane, showing image of plas ma edge, 
x-point (red circles) and intersection of edges (black 

cross) b) Poloidal cross section , showing plasma shape, x
points (red crosses) and projecti on of sightlines 
corresponding to the intersection of edges in the 

projection plane (bl ack lines) 

For the shape reconstruction of the DND plas ma 
from a camera image the projec ted plasma edges are 
presented as two curved lines on the (u, v,0) projecti on 
plane as shown in FIG 7a. The camera dependent 
projection from pixel coordinates to projection surface is 
not regarded. For simplicity, the projected plasma edges 
are described by two 2nd order polynomials of the form 

' 11= a0 +a 2v- , 

such that 

du 
- = 2a2V· 
dv 

( 12) 

( 13) 

The coeffïcients are chosen such that a MAST-like 
plasma image is obtained. Applying the coordinate 
transform presented in 2.1 to these curves results in the 
poloidal plas ma cross-section as shown in FIG 7b. 

The coordinate transform results in different 
deformations of the resulting inner and outer plasma 
edges because of the opposite signs of the duldv terms. 
While both curves in the projection plane are defined in 
the region -l .7<v<l.7, a different region is spanned in the 
Z coordinate. 

The transform of two points at (u , , v,,) with different 
values of duldv results in two different points ( Re,Z,,) in 
the poloidal plane. The intersections of the curves in the 
projection plane therefore do nol correspond to the 
intersections of the curves in the poloidal plane, implying 
the crossing of the plasma edges in a camera image does 
not relate to the plasma x-po int! The sightline 
corresponding to the intersection point on the projection 
plane is tangent to both the inner and the outer plas ma 
surface bul at different di stances from the camera, thus at 
di fferent points (R, ,Ze)- To illustrate thi s, the trajectory of 
thi s sightline in the poloidal plane is drawn in black in 
FIG 7b. This results in a curve that is tangent to the inner 
and the outer plasma edge, hut at different points. 
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The optically reconstructed x-po ints are shown as 
the red crosses in FIG 7b. A point in the poloidal cross 
section ( R,Z) corresponds to a circle in tokamak 
coordinates ( R,Z,0) . The projections of these x-point 
circles are drawn in the projecti on plane, shown red in 
FIG 7a. The resulting circles are tangent to both plasma 
edges in the projection plane. Concluding; tokamak 
plasma x-points are not directl y visible in an image of the 
plasma but their location can be derived from the 
reconstructed plasma surfaces in the polo idal plane . 
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FIG 8 Top half o f plasma shape in po lo idal plane, 
showing projections of tangent sightlines used to 

reconstruct the plasma shape 

When drawing the trajectory of the tangent 
sightlines /" in the poloidal plane, horizontal sightlines 
have a straight, hori zontal trajectory, while verticall y 
incl ined s ightlines show a parabola trajectory. These 
trajectories can be treated as upper bounds on the R 
coordinate of the plasma edge. Nearl y horizontal 
sightlines are therefore desired for optimum resolving 
power, as they impose onl y a very local upper bound on 
R. FIG 8 shows the top half of the DND plasma shape in 
the polo idal cross section with the trajectories of the 
tangent sightlines used to reconstruct the plasma shape. 
The resolvi ng power of the reconstruction is highest 
around the equatorial plane, where sightlines are nearly 
hori zon tal. 

3. Experimental results on MAST 

To test the optica! plasma boundary reconstruction, 
or OFIT, camera images from MAST di scharges 
providing a full view of the plasma are used. The oplical 
reconstruction procedure is described and the results are 
compared to plasma boundaries derived from magnetic 
measurements by the EFIT1141 code. As the two forms of 
boundary reconstruction are based on d ifferent physical 
properties of the plasma, exact agreement is not to be 
expected. The compari son of the two reconstructions may 
indicate a possible relation between the magnetic and 
emissive properti es of the plasma edge. 



FIG 9 Images of MAST shot #23344, showing L-mode, 
H-mode and ELMy plasmas respectively. 

3.1 Camera calibration 
FIG 9 shows three examples of images captured 

from MAST shot #23344 by a Photronl' 3
l Ultima APX

RS camera located at equatorial port 10. The images 
provide a full toroidal view of the plasma, including the 
divertor region and strike points. The images are 8-bit 
grayscale and have a resolution of 512x528 pixels. The 
projection properties of the opties, i.e. the line of sight of 
each pixel, must be known in order to use the image as a 
quantitative spatial measurement. Using a calibration 
procedure based on the visibility of the center column and 
the poloidal field coils and a simple camera model the 
required parameters are estimated. In Appendix A.1 the 
calibration procedure is elaborated. The resulting fit of the 
tokamak structures on the image is shown in FIG I 0a. 

During the discharge, significant horizontal 
movement of the tokamak center in the images is 
observed. To compensate this disturbance the horizontal 
coordinate of the tokamak center is determined for each 
image so that the reconstructed plasma surface does not 
show this horizontal shift. FIG I 0b shows the evolution of 
the tokamak center horizontal pixel coordinate xu during 
discharge #23344. The horizontal tokamak center pixel 
coordinate x0 is then used to define the horizontal camera 
coordinate uc to be used in the reconstruction equations. 
At a distance of w,=2.08m from the camera, a one pixel 
displacement in x0 corresponds toa change in u, of 7mm. 

horizontal tokamak center 
250 [" r-

249 · 

245 ·' 
0.1 0.2 0.3 

time [s] 

FIG 10 a) To ka mak structures in image b) Tokamak 
center horizontal pixel coordinate during discharge 

3.2 Edge detection 
The full toroidal view images of MAST shown in 

FIG 9 can be treated as two poloidal view images in the 
left and right half of the image. In each of the two 
poloidal images, the plasma edge has the form of two 
lines; an inner and an outer plasma edge, intersecting at 
the top and bottom of the image in the case of a Dual Null 
Divertor plasma. To locate the edges, Regions Of Interest 
(ROls) are appointed in the image having the shape of a 
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curved rectangle around the expected plasma edges. In the 
ROis, the image is resampled and filtered to form 
rectangular pixel grids. On each row of this grid the 
maximum intensity is identified as the plasma edge. The 
degree of smoothing is optimized to reduce sensitivity to 
noise and filaments while maintaining resolving power. 
Adaptive ROis can be used to cater for different phases of 
the discharge with significantly different plasma shapes. 
The detection of the outer plasma edge in the divertor 
regions is hampered by the presence of other, sharper 
edges in this part of the image, and the low contrast of the 
plasma edge. Therefore, the RIO chosen for the outer 
edge is limited to the centra! part of the outer edge up to 
the intersection with the inner plasma edge. FIG 11 
illustrates the detection of the outer plasma edge. 

To improve the robustness of the detected edge, 
which may contain spurious edge points, a piecewise 
polynomial function is fitted through the edge 
coordinates, such that effect of noise on individual edge 
points is reduced but the overall shape of the plasma edge 
is retained. The here applied fit is formed of a 4th order 
polynomial around the equatorial plane and two 2nd order 
polynomials for the top and bottom of the edges, joined 
with continuous first derivative. The use of these 
functions also allows extrapolation of the plasma edges in 
regions of the image where edge detection is problematic, 
such as the divertor region for the outer plasma edge. 

20406080 

FIG 11 Detection of the right outer plasma edge, showing 
a) region of interest, detected edge points and piecewise 
polynomial fit b) resampled and filtered pixel grid with 

maximum value pixels marked blue 

3.3 Optical plasma shape reconstruction: OFIT 
Given the two edges in the image and the 

projection properties of the camera, the edges are 
projected onto the projection surf ace ( u, v) and plasma 
surface reconstruction is performed using the coordinate 
transform described in 2.1. Tuis procedure is abbreviated 
as the OFIT reconstruction . Because of the toroidal 
symmetry of the plasma, the two halves of the image 
effectively provide two measurements of the plasma 
shape. However, as the camera is not pointed exactly at 
the tokamak center the two half images are not 
symmetrie. Only after reconstruction of the plasma shape 
from both half images will two similar plasma shapes be 
obtained. FIG 12 shows a camera image of a DND plasma 



from MAST discharge #23344 and the corresponding 
OFIT reconstruction from both halves of the image. 
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FIG 12 Plasma shape reconstruction in MAST discharge 
#23344. Reconstructions from both the left (blue) and 
right (red) halves of the image are shown. Extrapolated 

plasma edges shown dash-dotted . 

As described in 2.3, the inner and outer plasma 
edges span a different height after reconstruction. The 
outer plasma edge is defined only in a limited domain, 
approximately -0.8<Z<0.8, because of the limited 
visibility of the outer edge in the divertor region. To 
extend the outer plasma edge beyond this range an 
extrapolation using the fitted piecewise polynomial 
functions is used, also shown in FIG 12. This 
extrapolation allows to make an estimate of the x-point 
locations of the DND plasma, as the outer plasma edge 
now intersects the inner plasma edge in the poloidal 
plane. However, this extrapolation introduces extra 
uncertainty and noise to the detected x-point locations. 

FIG 13 Images of MAST H-mode plasmas in SND (left) 
and DND (right) configurations 

During the initia( fase of a discharge, the plasma is 
in limiter configuration before forming an upper and 
lower x-point. An x-point plasma can be optically 
recognized by its so called strikes: the legs that extend 
from the x-points outwards to the divertor targets. FIG 13 
shows MAST plasmas in lower Single Null Divertor 
(SND) and DND configuration. The distinct feature of the 
DND plasma in the top half of the image is the outer 
strike: the inner plasma edge extending beyond the outer 
edge towards the divertor. The top end of the SND plasma 
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has the same qualitative shape as the circular plasma in 
FIG 4a. The trans1t1on from limiter to x-point 
configuration in the images however is not sharp. FIG 14 
shows three images of the transition from limiter to x
point plasma in the first 0.1 s of MAST discharge #23344. 
As the magnetic topology evolves from limiter to x-point 
configuration, strikes gradually become visible. Because 
of the finite thickness of the emission layer there is no 
discrete transition in the images between the limiter and 
the x-point configuration . Additionally, the emission of 
light is not as strongly concentrated on the LCFS in thi s 
early fase of the discharge, further amplifying this effect. 
Discriminating between x-point and limiter plasmas 
during this transition on the basis of the images is 
therefore a matter of choosing an arbitrary threshold. 

Because OFIT does not yet cater for the 
reconstruction of limiter or SND plasmas only the part of 
the discharge that is optically recognized as a DND 
plasma is reconstructed . In MAST discharge #23344 this 
holds for t>0.1 s. 

\ /.·' \ ,I 

1 1 1 1 

i 1 ) ~ , ' " ,. 
FIG 14 Transition from limiter to x-point plasma during 

the first 0.1 sof MAST discharge #23344 

Based on the toroidal symmetry of the plasma, 
comparing plasma shape reconstructions from the left and 
right halves of the image can provide insight into the 
effects of errors in camera calibration and uncertainties 
introduced in edge detection and reconstruction. To 
compare the two reconstructions, a set of 13 shape 
descriptors is used: the inner and outer plasma edge radii 
at Z=0.5 and Z=-0.5, the minimum and maximum plasma 
radius, the R and Z coordinates of both x-points, the 
elongation K and the upper and lower triangularity öup and 
ÖLQW• 

Two measures of errors are used for each set of 
signals s1 and s2 on the interval (t,.ti): 

r - s
1 
-s

2
dt 

(Tl= 
,, ( 14) 

f2 -fl 

r (si - S2 - 0"1 )2 dt 
( 15) 

0"2 = 1 

f 2 -fl 

Such that (J' is a measure of average constant offset 
and (J2 is a measure of offset-corrected variance between 
the signals. The value of (J2 is treated as an uncertainty 
band. When fora set of two signals (J,>(J2, there exists a 
significant constant offset. In comparing the left and right 
OFIT reconstructions, this may indicate errors in the 
camera calibration. 



For each of the shape descriptors, the error 
measures between OFIT from both half images are given 
in Table 1. For a selection of the shape descriptors , the 
signals from both optica! reconstructions are also plotted 
in FIG 15. The optica! reconstructions show upper and 
lower triangularity öup and 8ww of around 0.36 for most 
of the dischar~e. The definitions of elongation and 
triangularity of I are used. 

2x,upper Rx ,upper 
1.4 -- - 1.4 -

!, ' 

I' 
1.35 -

1.25 l, 0.9 ' 0.4 ' 
0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0 ~ -

! OFIT lef! OFIT right EFIT 

Elongation 2x,lower Rx,low er 

- -0.9 · - 0.7 , 

1.8 0.45 •-
0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 

time [s) time [s] time [s] 

FIG 15 Time traces of shape descriptors from OFIT and 
EFIT 

Table I Deviations of shape descriptors between 
reconstructions from left and right half image 

a1 a2 a1 

Rmin 4.6mm 6mm Rmax 0.6mm 

Rx,urmer -l.9mm 24mm R x,/mn' r 1.5mm 

Zx.unner -12mm 27mm Z x. lmi·er -6.6mm 

R" 11.s -2.0mm 5.6mm R,, .11.s -6.2mm 

R;o.s 6.1mm 8.4mm R; .o.s 1.4mm 
öup 0.0097 0.044 öww 0.0032 
K 0.0022 0.033 

a 2 

4 .8mm 
15mm 
19mm 
5.0mm 
5.9mm 
0.029 

For almost all of the 13 shape descriptors a2>a1, 

indicating good agreement within the uncertainty band 
that is approximated by a2. Only the outer lower plasma 
radius, R11 •• 0.5, shows an offset that is larger than the 
uncertainty band, indicating there may be a small error in 
the calibration parameters or a shortcoming in the camera 
model. Arguably, the tokamak construction tolerances 
may be such that the plasma is not exactly toroidally 
symmetrie. 

The effect of extrapolation of the outer plasma 
edges on the reconstructed x-point locations is obvious 
from the larger uncertainties present in these shape 
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quantities. This uncertainty could be greatly reduced by 
placing additional cameras at approximately x-point 
height that provide a near-horizontal view of the plasma 
edge in the x-point region, resulting in a reconstruction of 
the x-points similar in acc uracy to the R"wx signa! from the 
equatorial camera. 

3.4 Comparison to EFIT reconstructions 
FIG 16 shows EFIT and OFIT reconstructions of 

equilibriums from MAST shot #23344. Table 2 shows the 
error measures (14) and (15) of the shape descriptors 
between EFIT and OFIT. In this case, the average of the 
OFIT reconstructions from the left and right half images 
is used to compare to the EFIT reconstruction. A 
significant offset of 14mm is present in the R"wx signa], 
also clearly visible in FIG 15. An offset of similar 
magnitude is present in the R,,_0_5 and R11 •• 0.5 signals. The 
EFIT reconstruction relies on optica! constraints for the 
midplane outer plasma edge. This constraint is applied 
such that the LCFS at the outer edge is placed I cm 
outboard of the optically detected peak of Dalpha 
emission, partially explaining the Rmax offset.[ 151 

1=125ms J.=200ms I=348ms 
1.5 -· 1 1,5 " EFIT OFIT I 

' 

11 1i: 

OJ oJ: 1 

o.s" 
1 

1 
1 

0 1, 0 , O· 
1 

1 

·0.5 .,\ -0.5 ·- -o si, 

-1 1-
1. 

+ ·1 -- -
1 _J; 

-1.5 . .1 -~~- ·1.5 ' 1 1 - _ _.:_....-.1_ 

0.2 0.4 0.6 0.8 1 1.2 0.2 0.4 0.6 0.8 1 1.2 0.2 0.4 0.6 0.8 1 1.2 
R[m] R[m] R[m] 

FIG 16 Plasma edge cross sections from EFIT and OFIT 
for three MAST shot #23344 equilibri ums 

The EFIT reconstructions show a limiter plasma 
until t=O. J 25s before switching to a DND configuration, 
whereas the images and therefore OFIT show a DND 
plasma from before t=O. J s. EFIT does ho wever detect x
points for t<O. J 25s, albeit outside of the LCFS, whose 
locations agree wel! with those found by OFIT, as can be 
seen in FIG 15. For t>0.125s, the EFIT reconstruction 
alternates between a DND and SND plasma, where the 
lower x-point is sometimes placed just outside of the 
LCFS when it is located on a marginally different 
magnetic flux surface. These small excursions of the x
points over the flux surfaces are not apparent in the 
images and thus in the OFIT reconstructions. 

The EFIT reconstructions show a triangularity of 
approximately ö=0.4 during most of the shot, versus 
ö=0.36 for OFIT. The difference in triangularity between 
EFIT and OFIT results from the differences in x-point 
locations and Rmux signals. The optica] reconstruction 

1 
! 



detects the x-points at a larger radius R but shows a 
smaller R,,,ax, resulting in a lower triangularity. 

The elongation signals from EFIT and OFIT shown 
in FIG 15 have a significant offset only between t=O. l s 
and t=0.125s. In this part of the discharge, EFIT detects a 
limiter configuration and places both x-points outside the 
LFCS, meaning the top and bottom extremes of the LCFS 
are closer and the resulting elongation is lower. The dips 
in the EFIT signa! for t>O. I 25s occur when a SND 
plasma is detected. The elongations found by OFIT are 
always based on the x-points of the plasma and agree to 
within 3% of the DND equilibriums from EFIT. 

Table 2 Deviations of shape descriptors between OFIT 
and EFIT 

(JJ rJ2 rJ1 rJ2 

Rmin -8.7mm 14mm Rnwx -14mm 4.1mm 

Rx.wmt' r 17mm 17mm R.x.lrHt't' r 8.1mm 14mm 

Zx.unnt'r -3.3mm 18mm Z x,Jower -19mm 18mm 

R"o.s -14mm 7.6mm R,,.o.s -9.2mm 11mm 

R;o.s -7.8mm 12mm R; .o.s -19mm 11mm 
öup -0.044 0.049 öww -0.017 0.051 
K 0.064 0.082 

4. Discussion 

The agreement in shape and the correlation in time 
between the EFJT and OFJT plasma shape reconstructions 
suggest the magnetic and emissive properties of the 
plasma edge are closely related and plasma position and 
shape control on the basis of optica! reconstruction is 
feasible in terms of observability of the plant. 

In this case study, all processing is done in Matlab 
functions. A single reconstruction of the plasma shape in 
MAST, including image processing and centering, curve 
fitting, coordinate transform and x-point detection takes 
3ms on an lntel Core 2 6600 CPU system. Using both 
halves of the image to effectively obtain two 
reconstructions takes 4.5-5ms. 

Real-time optica! detection of the plasma midplane 
outer radius for feedback control is already routinely 
applied at MAST with a cycle time of 0.5ms. An 
implementation of the optica] shape reconstruction in a 
real-time environment such as currently used in MAST11 61 

can provide a real-time diagnostic usable for feedback 
control. Currently available real-time cameras and frame 
grabbers can provide several thousand full resolution 
frames per second.1131·1171 The cycle-time of this diagnostic 
would therefore depend strongly on the processing (X)Wer 
of the applied system. The 3ms processing time of the 
shape reconstruction implemented in Matlab can be seen 
as the minimum achievable speed for the real-time 
diagnostic. 

Visible accessibility of the plasma edge is required 
for the optica! shape reconstruction. In many tokamaks 
the vacuum vessel fits tightly around the plasma. The lens 
of the camera must then also be placed close to the plasma 
to have an unobscured view of the plasma. This camera 
location however means that only a fraction of the plasma 
edge is visible in the camera image, as explained in 2.2. 

To perform a reconstruction of the full plasma shape 
multiple cameras will then be required, each viewing a 
part of the plasma circumference. The MAST tokamak is 
unique in this respect; its open design allowing a full view 
of the plasma using only a single camera. 

To optimize the resolution and sensitivity of the 
reconstruction, a configuration with nearly horizontal 
sightlines is desired. The MAST images used in this paper 
are made using a wide angle lens viewing the top and 
bottom of the plasma at large angles to the horizontal 
plane. This setup limits the accuracy of the reconstruction 
around the x-points. Placing extra cameras at 
approximately x-point height can greatly improve the 
accuracy of the x-point localization. 

The MAST images used in this paper are intensity 
maps of visible light; no optica! wavelength filtering other 
than the camera's inherent sensitivity is applied. Using 
wavelength specific filters may provide clearer images 
and result in a more reliable reconstruction. Previous 
research on the DIII-D tokamak has shown distinct 
emission footprints around the LCFS for different 
characteristic wavelengths. 1181 

5. Conclusions 

An optica! plasma shape diagnostic is developed 
and applied to images of MAST discharges. Comparison 
of the optically reconstructed plasma shapes with 
reconstructions available from EFIT show spatial 
agreement within 19mm and good tempora! correlation. 
The processing time for a single MAST plasma shape 
reconstruction in its current Matlab implementation is 
3ms and scales with processing power of the applied 
system. The speed of the algorithm allows application in 
real-time environments such as feedback control of the 
plasma shape. 

An important prerequisite for the new diagnostic is 
the optica! accessibility to the plasma edge. Multiple 
cameras will be required in tokamaks with tight fitting 
vacuum vessels, where a single camera can not view all of 
the plasma circumference. In open tokamaks such as 
MAST, applying multiple cameras placed at different 
heights will also result in a more accurate and reliable 
reconstruction by providing a more horizontal view of the 
plasma edges far from the midplane. 

Having detected in the image the shape of the 
plasma edge, other visible features such as filaments and 
hot spots can also be detected and their orientation can be 
related to the local plasma edge. A single diagnostic can 
then provide information about plasma shape, PFC loads 
and ELM activity with low relative error, paving the way 
to intelligent sensing and integrated control of the plasma 
edge. 

The coordinate transform derived for the optica! 
plasma shape reconstruction can find applications in 
various analysis tools for line-of-sight-measurements by 
providing the location of the plasma edge in the 
coordinates of the diagnostic and is already being used at 
MAST. 
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Appendices 

A.1 Camera calibration 

To use the camera images as a quantitative 
measurement, the prajection praperties of the opties, i.e. 
the line of sight of each pixel, must be known . A model of 
the camera projection is presented and the parameters are 
estimated using a calibration procedure based on the 
visibility of the center column and the poloidal field coils 
and on knowledge of the CCD dimensions and the focal 
length of the lens. The result will be the prajection 
function 

where x and y are pixel coordinates in the image 
and u and vare coordinates on the (u, v) projection plane. 

The pinhole camera model is used with its optica! 
axis normal to the ( u, v) prajection plane is used, praviding 
an affine sealing from pixel coordinates to prajection 
plane. A first order barreling correction accounts for lens 
distortion . The required camera parameters are then the 
camera location (u,, v0 w,), the barreling factor K11, the 
sealing factor K .m,fe and the location of the optica] center 
in the image (x,," y"'). 

The barreling correction assumes a first order 
barreling model 1191 of the form 

xh, -xw =(x-x,. (l+Kh,J(x-x,,.)
2 

+( y - Ym)2
) 

y,,, - Yo, = (y- Y0 , (1 + K",J(x-x,,,}
2 
+(y- y0,}2} 



where (x,y) is the pixel coordinate in the image and 
(x"0 y"c) is the barreling-corrected pixel coordinate, 
corresponding to the image taken with an ideal linear lens. 

With the camera's optica] ax is is parallel to the w axis the 
projection coordinates ( u, v) are then calculated from the 
barreling corrected pixel coordinates (X1,c,Y1,,) by the 
projection functions 

V - V - w K (y - y ) r - c sn,!e.y lw oc 

The camera coordinates uc and vc are derived from 
the location of the tokamak center in the image (x0,y0 ) 

using the same equations 

u = -w K (x - i: ) c ,· sealt'.,\" 0 • m · 

v =-w K (y -y ) , · , · snth·.y O o, · 

The vertical tokamak center coordinate y0 is fixed 
while the horizontal coordinate x0 is updated for every 
frame based on the location of the inner plasma edges . 

Given the focal distance of the applied lens and the 
dimensions of the pixels on the CCD chip, the sealing 
factor K.,·cal,· can be determined as 

l" K =-sca1t, f 

Where t" is the size of a pixel on the CCD andf is the 
focal length of the lens. It is assumed that the CCD is at a 
distancef from the lens. 

The calibration parameters used to draw the PF-coil 
edges in FIG I Oa are given in Table 3, where (, and f are 
camera specifications and the other parameters are tuned 
manually to obtain the best fit of the coil edges on the 
image. 

Table 3 Camera calibration parameters 
Wc 2.08m 
Xoc 252 px 

.Yoc 276.5 px 
K11 4 104 

[-] 

In 17µm 
f 5mm 

Yo 276.5 px 
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