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A particle image velocimetry technique based on orthogonal dynamic programming is developed to measure
the time resolved flow field of the fluctuating structures at the plasma edge and scrape off layer. This non-
intrusive technique can provide two dimensional velocity fields at high spatial and temporal resolution from a
fast framing image sequence and hence can provide better insights in plasma flow as compared to conventional
probe measurements. Applicability of the technique is tested with simulated image pairs. Finally, it is applied to
tangential fast visible images of QUEST as a test case to estimate the scrape off layer flow in Ohmic and ECRH
driven plasma discharges.
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1. Introduction
Plasma edge turbulence remained an area of active

research since the early days of fusion science. It plays
decisive role in the performance of the plasma core and
also cross-field transport of heat and particle fluxes to-
wards the material wall of the plasma confinement cham-
ber. Increasingly, plasma flows at the edge of magnetized
plasma deemed imperative in edge turbulence dynamics.
Turbulence-driven density fluctuations result in the equi-
librium and fluctuating velocity of the coherent structures
originating at the plasma boundary. With the advent of
density fluctuation diagnostics with high spatial and tem-
poral resolutions, quantitative analysis of such velocities
and derived quantities like Reynolds stress, zonal flows
etc. becomes feasible. Turbulence imaging diagnostics
have been realized in several forms like the beam emission
spectroscopy (BES) [1], fast visible imaging [2–5] and mi-
crowave reflectometer imaging array [6, 7].

Particle Image Velocimetry (PIV) has proven to be
a valuable technique for quantittave estimation of two-
dimensional flow structures in experimental fluid mechan-
ics. Application of such a technique to plasma fluctuation
images may unveil enormous information of plasma turbu-
lence and flow dynamics. Here we intend to apply the ve-
locimetry technique through orthogonal dynamic program-
ming (ODP) [8, 9] on the tangential fast visible images
acquired on the spherical tokamak QUEST. This enables
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us to evaluate turbulent velocities of the flowing coherent
structures at high spatial and temporal resolution.

ODP is a robust technique for searching optical align-
ments of patterns through the simple realization of cross
correlation. So far it has been adapted for BES data [1].
Since the tangential fast images have excellent spatial res-
olution on the tangency plane, this technique will enable us
to track the most intricate features of the flowing coherent
structures in the SOL. Further, this will provide a signifi-
cant improvement over the one dimensional velocity esti-
mates from the probes using wavelet and other time-delay
estimation methods. However, it can be noted that ODP re-
lies on optical alignments of various types of patterns as a
global transformation between consecutive image strips [8]
and thereby it is most likely to track the propagation of the
plasma eddies or coherent structures rather than the mean
flow.

This paper deals in the development of the velocime-
try technique optimized for handling fast visible images.
As a test case, the velocimetry code is applied on tangen-
tial fast images acquired in the Ohmic-ECRH discharges in
the spherical tokamak QUEST. This demonstrates the ca-
pabilities of the technique and also helps in optimizing its
potential.

2. Orthogonal Dynamic Program-
ming
The procedure is essentially the search of a transfor-

mation that relates the consecutive image with the previous
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image in a time series and minimizes the Minkowski dis-
tance Ln =

∑

i

∑

j
|I0(i, j)− I1(i, j)|n between them. Details of

the algorithm are discussed in Ref. [1,8] and can be outline
here in the following steps:

(1) Each image of the temporally displaced pair is sliced
into several parallel overlapping strips (here along R
direction).

(2) Then, for every pair of strips, an optimal match is
searched for with displacements allowed only in the
slicing direction and identical for all the pixels in the
same column in the orthogonal direction (here along
Z direction). With the help of dynamic programming
a dense field of displacement is computed for every
pair of strips by minimizing the distance L1 between
them. The velocity is estimated from the distortion or
transformation, in the slicing direction, necessary to
minimize the calculated intensity difference. The spa-
tial resolution on the tangency plane and the temporal
resolution serve as factors to denote this velocity with
respect to real co-ordinates.

(3) The displacement field found in the first step is used
to deform the second image relative to the first one.
An image I′(i, j) is reconstructed from the (vR(i, j),
vZ(i, j)) displacement field and the image I1(i, j) as
I′(i, j) = I1(i + vZ(i, j), j + vR(i, j)). The image I′(i,
j) instead of I1(i, j) is compared and now aligned to
I(i, j).

(4) Then, all the above steps are repeated with the slic-
ing performed in the orthogonal (Z) direction and the
alignment results are used to update and refine the
(vR(i, j), vZ(i, j)) displacement field.

(5) The whole process is reiterated several times to
achieve higher spatial resolution similar to the actual
pixel resolution of the image. The width of the strips
and the corresponding overlaps are reduced by about√

2 in each iteration.

The code is first tested with simulated pairs of images.
The images contain some patterns which are different in
intensities than the background. In the second image the
patterns are shifted with known number of pixels (analo-
gous to velocity of the patterns) in both R and Z directions.
Figure 1 shows example of such a pair of images and the
estimated pixel shifts with the ODP algorithm. Satisfac-
tory match between the simulated shifts and the calculated
shifts is obtained.

3. Turbulent Velocity Field Estima-
tion
QUEST is a medium sized spherical tokamak [10]

with major and minor radii of 0.68 and 0.4 m, respectively.
Diameters of the center stack and the outer wall are 0.2
and 1.4 m with flat divertor plates at b (±1 m) from the
mid-plane. In this experiment plasma start up by 8.2 GHz
ECRH, is followed by an Ohmic (OH) phase. In the OH

Fig. 1 (a) and (b) shows the pair of images with the patterns
numbered as 1∼5. In the second image, the patterns are
shifted, with the original positions shown in broken rect-
angles. (c) Dotted and broken lines show the actual shifts
in R and Z directions respectively. Squares and circles in
the plot represent mean shift for all the pixels within that
pattern and the error bars are the ±σ within the pattern in
R and Z directions respectively.

phase, plasma current (Ip) value is fed back to the OH coil
power supply in order to maintain Ip flat-top at −30 kA.
In the middle of the OH phase another ECRH pulse is ap-
plied to drive the plasma current thereafter. We focus on
this second OH-ECRH phase as strong edge turbulence and
poloidal flow is observed at higher density plasma.

A Photron Fastcam SA5 complementary metal ox-
ide semiconductor (CMOS) camera with frame rate of
7000 frames/s at full resolution (1024× 1024) is used
for tangential imaging on the mid-plane of QUEST [4].
Figure 2 shows the top view of QUEST with the tan-
gential field of view (FOV) of the camera and other
diagnostics/sub-systems. The camera is operated from the
tokamak control room via Gigabit Ethernet, and image ac-
quisition is initiated by an external timing trigger synchro-
nized with the tokamak operational sequence. Image is
transferred away from the view port by a 4 m long fiber op-
tic bundle (IG-154) manufactured by Schott. At the back
end the camera is connected with the fiber bundle through
an image intensifier (Hamamatsu C10880-03C) and a 1:1
relay lens. Each frame is made up of 242× 242 pixels, and
framing rate is 20 kHz. Spatial resolution achieved on the
tangency plane is 3.7 mm in both radial (R) and vertical
(Z) directions. Comparison with images using Hα filter in-
dicates that observed visible image is mainly attributed to
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Fig. 2 Top view of QUEST showing the tangential field of view
of the fast camera and other diagnostics.

Fig. 3 Image sequence is shown in false color. Images run from
left to right and top to bottom and the consecutive im-
ages are 50 μs apart. Mean intensity of 175 ms data has
been subtracted from the individual frames to highlight
the flow at SOL. Solid and broken rectangles on the first
image denotes the areas represented in Figs. 4 and 5 re-
spectively. Left panel shows typical image superimposed
with flux contours.

Fig. 4 2D turbulent velocity maps superimposed on the intensity image. Length and orientation of the arrows denote magnitude and
direction of the velocity respectively. Each arrow represents velocity at a super-pixel (∼3.4 cm2) for clarity of representation. The
frames start at 2.07815 s, run from left to right and top to bottom and the consecutive images are 50 μs apart.

Hα emission (∝ n0ne). Figure 3 shows the image sequence
of a typical shot from the series. Mean intensity of 175 ms
data has been subtracted from the individual frames to em-
phasize the flowing plasma structures at the edge. Also,
on the left panel, a typical image is superimposed with the
flux contours showing the last closed flux surface (LCFS)
and the open field lines in the scrape off layer (SOL).

Line of sight (LOS) integration effect due to the tan-
gential view may hinder the fluctuation assessments. A
quantitative evaluation of this effect is carried out under
the framework of the TITR code [5, 11]. It is seen that the
effect is negligible in the edge and SOL of the plasma as
compared to the plasma core as the density and hence the
intensity is appreciably smaller in that region. Hence, ve-
locity estimates inside the LCFS seems inconclusive and
only velocity at the SOL are reported.

The image sequence tested in this work comprises of
3500 images taken at 20 kHz. The ODP algorithm is ex-
tended to the entire time series by selectively taking two
consecutive images at each instance. Thus 3499 frames
of turbulent velocity field are computed from the inten-
sity images. Figure 4 shows the turbulent velocity maps
superimposed on the intensity fluctuations for 8 consecu-
tive frames. The arrows represent magnitude and direc-
tion of velocities at a super pixel (5× 5 pixels) area for the
sake of clarity in representation. Velocity field estimation
from a pair of images takes <10 s on a Windows R© 7 laptop
equipped with Intel R© coreTM i5 processor and 4 GB RAM.
Figure 5 shows 〈vR〉 and 〈vZ〉, where 〈 〉 denotes temporal
mean over the image recording window. It can be seen that
〈vR〉 remains close to zero with evenly scattered patches of
velocities up to 100 ms−1 On the other hand, 〈vZ〉 shows
up-down anti-symmetry along the poloidal cross section.
The top half remains positive while the bottom half neg-
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Fig. 5 Mean velocity contours; (a) vR and (b) vZ . Colorbar de-
notes the velocity magnitude in ms−1. SOL Flux contours
are overlaid as black dotted solid lines.

ative. Also, 〈vZ〉 attains maximum value just above mid-
plane (∼300 ms−1 at Z = 0.1 m). This seems to indicate
that the eddies are flowing towards the top and bottom di-
vertor plates after their generation around the mid-plane.
The cross field propagation seems much smaller compared
to the vertical flow. From the spatial resolution achieved
on the tangency plane and the framing rate of the camera,
the lowest velocity that can be estimated both along R and
Z is ∼ 40 ms−1.

4. Discussions
Since the velocities are estimated from the tangential

camera images, reflection from the vessel wall, where the
FOV of the camera terminates, may introduce artifacts in
the velocity estimates. It can be seen from 〈vR〉 in Fig. 5,
the port structures around mid-plane on the opposite wall
are apparent in the velocity field. Fortunately, the absolute
magnitudes of such artifacts are not substantially higher in
this case. However, for more accurate estimation of ve-
locity fields, the wall reflection needs to be modeled and

compensated for in the raw images before applying ODP-
PIV as demonstrated in the TITR code [11].

The ODP algorithm is able to search for integer dis-
placements in each iteration. However, sub-pixel resolu-
tion can be achieved via interpolation and smoothing while
matching the image strips. This algorithm can also be ex-
tended to multi-band (i.e. color) images. Such modifica-
tions to the basic ODP algorithm can enhance the accuracy
and versatility of the technique.

5. Conclusions
A novel method of PIV to construct time varying

2D velocity field v(R,Z, t) from the intensity fluctuations
recorded with the tangential fast visible images is devel-
oped. ODP proved to be an effective technique to gen-
erate the velocity field at a high spatial resolution. Fu-
ture application of this technique will focus on providing
deeper insight in the sheared poloidal flow generation at
the plasma edge and SOL. This technique along with the
conventional correlation analysis should help in develop-
ing a sound physical basis of improved confinement.
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