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Abstract

In a tokamak, the safety factor q(r) is the ratio of the number of toroidal over poloidal windings of a
field line at position r. The q-profile is an important measure for plasma stability and is therefore widely
used. At the Korea Superconducting Tokamak Advanced Research (KSTAR) experiment, the safety fac-
tor profile is currently determined in two ways. Either by a numerical solver called EFIT, which mainly
relies on magnetic pick-up coils which may experience drifts, or by combining the magnetic pitch angle
data from the motional Stark effect diagnostic system with plasma shaping parameters such as elonga-
tion.

Previous research proposed reconstructing the q-profile from visible wavelength camera images and
the magnetic pitch angle data only. The plasma edge in the reactor can be extracted from visible wave-
length camera images which can be used to reconstruct the flux surfaces. The q-profile can then be re-
constructed by integrating the measured magnetic pitch angle data over these reconstructed flux sur-
faces. This method is inherently drift free since the absolute position of the plasma boundary can be
extracted from the camera images directly.

This work showed that this direct non-magnetic q-profile reconstruction can be used under multiple
plasma conditions at KSTAR. To achieve this, the optical boundary determination uses multiple cameras,
plasma scenario detection, strike point position measurements, and uncertainty calculations of the mea-
sured edge points. This method of optically determining the plasma boundary especially showed to be
valuable during transient phases like the startup phase since EFIT defines the plasma boundary as the
last closed flux surface that is not interrupted by a wall or x-point and often does not even converge to a
solution.

The q-profiles were validated by comparing them to other diagnostics including EFIT, beam emission
spectroscopy, and the combination of Mirnov coils with electron cyclotron emission data. This combined
with a sensitivity study resulted in an approximation of the overall uncertainty of 10 % in the recon-
structed safety factors.

This direct non-magnetic q-profile reconstruction method was used to investigate an example of a
plasma with reversed magnetic shear. The measured q-profile changed from a near flat profile to a re-
versed shear profile to a ’normal’ parabolic shape. Although this was only investigated for a single ex-
ample, it shows that advanced safety factor profiles can be measured at KSTAR without using magnetic
measurements.
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1
Introduction

1.1 Energy Problem and Nuclear Fusion

The world is obsessed by energy and burns large amounts of fossil
fuels. We are starting to make advances in green energy sources
like biomass, hydro, wind, and solar power, but as can be seen in
figure 1.1, these green energy sources only make up 19 percent of
the current energy consumption.1 The sun is the origin of all these 1 Renewable Energy Network. Re-

newables 2015. Global Status Report,
2015

energy sources. Solar panels directly convert the sun’s radiated
power into electricity but also the wind is driven by the sun and
in the end even fossil fuels are nothing more than radiated power
from the sun saved into hydro-carbon bonds.

Nuclear power 

2.6%

78.3%

Fossil fuels 

19.1%

All renewables

Figure 1.1: Estimated Renewable
Energy Share of Global Energy Con-
sumption of 2013.

The sun is powered by the fusion of atoms, and harnessing fu-
sion power here on earth could solve the energy problem. A fusion
power plant could release huge amounts of energy and, unlike nu-
clear fission plants, cannot have a meltdown. They do not produce
any greenhouse gases and the small amount of required fuel is
abundant. However, the optimal fusion temperature is 15 keV, or
about 175 M◦C, making the design of a fusion power plant quite a
challenge.

This high temperature ionises gas atoms, making it a ionised gas
(also known as plasma). Since these ionised particles are electrically
charged, they can be manipulated by magnetic and electric fields,
opening a possibility of confining the hot plasma inside a reactor.

1.2 The Tokamak

Bt

Bp

Figure 1.2: Magnetic fields in a toka-
mak.

The tokamak is the most developed concept for a fusion power
plant.2 This torus-shaped device combines toroidal (Bt) and

2 M. Kikuchi et al. Fusion Physics.
Iaea, 2012

poloidal (Bp) magnetic fields as shown in figure 1.2 to confine the
plasma inside the doughnut shaped reactor vessel. Large field coils
surrounding the vessel generate the toroidal magnetic fields while
the poloidal magnetic fields are mainly induced by the toroidal
plasma current3. Particles are retained in the tokamak when the

3 Flow of charged particles around the
tokamak’s doughnut-shaped vessel

outward force due to the gradient of the plasma pressure p equals
the inwards Lorentz force created by the vector product of the
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plasma current density j and the magnetic fields B:

j× B = ∇p. (1.1)

Higher plasma pressure inside the tokamak leads to higher fu-
sion power. However, equation 1.1 implies that if the pressure is
increased, more plasma current or larger magnetic field strengths
are required to confine the plasma.

1.4 1.6 1.8 2 2.2

R (m)

-1

-0.5

0

0.5

1

Z
 (

m
)

Flux surfaces

Figure 1.3: Cross section of KSTAR
with reconstructed flux surfaces in red.

This equilibrium between pressure and magnetic fields is de-
scribed by a second-order, non-linear partial differential equation
called the Grad-Shafranov equation. This equation describes the
combination of the toroidal and poloidal magnetic fields that form
a set of nested flux surfaces as shown in figure 1.3.4

4 M. Ariola and A. Pironti. Magnetic
Control of Tokamak Plasmas. Springer,
2008

Inside the tokamak, the fusion plasma can develop various kinds
of instabilities. When these instabilities are not damped out or
controlled, they can lead to a sudden loss of particles and thermal
energy, often followed by termination of plasma. To measure and
control the stability of the plasma, the safety factory q is often used
since it characterises a lot of these instabilities.

1.3 The Safety Factory q

The magnetic setup in a tokamak results in helical magnetic field
lines that wind around the reactor like a corkscrew. The safety
factor at position r, denoted as q(r), is the ratio of the number of
times a particular magnetic field line at position r travels around
toroidally over the number of poloidal windings. It is called the
safety factor since it is a measure of stability of the plasma; configu-
rations with high q(r) tend to be more stable.5 5 J. P. Freidberg. Plasma Physics and

Fusion Energy. Cambridge university
press, Cambridge, 2007

The safety factor can be calculated by integrating the direction
of the magnetic field Bt/Bp over the contour of a flux surface in the
poloidal plane:

q =
1

2π

∮ 1
R

Bt

Bp
ds (1.2)

where R is the local radius at the flux surface.
The direction of the magnetic field can be measured with a Mo-

tional Stark Effect (MSE) diagnostic. This diagnostic measures
the magnetic pitch angle on the equatorial plane γm,eq at multi-
ple positions and is a measure of the ratio Bt,eq/Bp,eq but not their
magnitude:

γm,eq = arctan
Bp,eq

Bt,eq
. (1.3)

There is no system that directly measures shapes and positions
of flux surfaces without disrupting the plasma, so they need to be
reconstructed. An approximation to determine the q-profile is to
combine the MSE measurements with plasma shape parameters,
such as elongation and triangularity.6 These parameters can be 6 R. Giannella et al. Point-to-point

analysis of MSE data for plasma
diagnostics and control. Review of
Scientific Instruments, volume 75, 2004

extracted from the shape and position of the plasma boundary.
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1.4 Plasma Boundary Reconstruction

In general, the plasma boundary is defined as the Last Closed Flux
Surface (LCFS). The field lines inside this boundary lie on a closed
flux surfaces while outside of the LCFS, the field lines are open and
connect to the wall of the vacuum vessel. The shape and positions
of all flux surfaces can be reconstructed from the geometry of the
last closed flux surface and the magnetic pitch angles provided by
MSE. This fast and non-magnetic7 reconstruction can be used to 7 The MSE system measures the

magnetic pitch angle, however we do
not call this a magnetic measurement
since it measures polarisation of the
light coming from the plasma and not
the magnetic fields.

solve the integral of equation 1.2 and thus determine the q-profile.
The shape and position of the LCFS is also important since it signif-
icantly impacts the transport inside the reactor and thus affects its
performance.8 Therefore there is the need to measure and control

8 F. Crisanti. Role of the plasma
shaping in ITB experiments on JET.
Plasma Physics and Controlled Fusion,
2003

the plasma position and shape.
Most tokamaks use magnetic flux measurements to reconstruct

the position and shape of the plasma boundary. Multiple coils
around the vessel measure the time variations of the magnetic
flux which are then used as an input to solve the Grad-Shafranov
equation.4 This equation is often solved by a numerical solver (for
example EFIT9 ) that generates an equilibrium that matches the 9 General Atomics. EFIT Equilibrium

and Reconstruction Fitting Code, 2016measurements of the magnetic pick-up coils best.

Figure 1.4: Camera image of a the
KSTAR tokamak, clearly showing a
plasma boundary on both the inside
(left) and outside (right).

In spite of decades of operation with mainly magnetic sensors,
there are limitations to this method. The magnetic pick-up coils
only measure the changes in the magnetic field and small drifts due
to integration errors and induced currents in the wires can lead to
significant errors during long steady-state operation. Some pick-up
coils are placed outside of the reactor vessel and the shielding from
the vessel decreases the signal strength and can cause phase shifts.4

A large range of environmental effects including radiation, and
temperature affects the measurements and can even degrade coil
material.10 Maintenance of the system is complex due to the large

10 A. Donné et al. Diagnostics for
plasma control on DEMO: challenges
of implementation. Nuclear Fusion,
volume 52 074015, 2012

number of sensors that are often hard to access. Finally, the plasma
is at a large distance from the coils during the startup phase, de-
creasing the signal strength.

To address these problems, G. Hommen proposed a new tech-
nique dubbed OFIT to directly measure the LCFS with high speed
cameras.11 OFIT does not suffer from drifts, it is capable of mea-

11 G. Hommen. Optical boundary
reconstruction for shape control of tokamak
plasmas. Ph.D. thesis, Eindhoven
University of Technology, 2014

suring the LCFS during the startup phase, and it only requires a
camera. Figure 1.4 shows a visible-wavelength image of a plasma in
the KSTAR tokamak. Visible-wavelength cameras typically show
the plasma boundary as a bright line since particles inside the
plasma boundary are fully ionised and are thus not emitting any
light while particles outside of the boundary are excited and con-
sequently decaying and emitting light. He showed that the plasma
boundary can be reconstructed from tangentially viewing cameras
with an accuracy of 2 cm and that OFIT is suitable for real-time
application.
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1.5 Problem Statement

At the Korea Superconducting Tokamak Advanced Research
(KSTAR) experiment, an MSE system was commissioned last year
(2015). At KSTAR there are also high speed cameras placed around
the midplane,12 making it possible to perform the fast and non- 12 J. Chung et al. Optimization

of an in-vessel visible inspection
system for a long-pulse operation in
KSTAR. Fusion Engineering and Design,
volume 89, 2014

magnetic reconstruction of the q-profile as described above. In 2010,
Y. U. Nam already optically estimated the plasma position with
a visible wavelength camera at KSTAR.13 His method required a

13 Y. U. Nam et al. Estimation of
plasma position from tangentially
viewed images on a toroidally sym-
metric device. The Review of scientific
instruments, volume 81, 2010

processing time of 30 s per image on a typical single-core desktop
and was only fully functional for points around the midplane. To
improve the optical boundary reconstruction at KSTAR, OFIT will
be used to determine the full LCFS. Combining this data with the
data from the MSE diagnostic provides the complete q-profile. This
results in the following research question:

With which accuracy can the q-profile be reconstructed
using only optical boundary reconstruction and mag-
netic pitch angle data at KSTAR?

The first step in answering this question is to implement and
validate OFIT at KSTAR. This validated data can then be combined
with the already validated data from the MSE system to reconstruct
the q-profile. Steps to be taken to answer the research question are
discussed in the following sections.

1.5.1 Implement OFIT

The current implementation of OFIT misses multiple functionali-
ties: It can not combine data from multiple cameras, it can only fit
plasma shapes with two x-points, and it does not perform uncer-
tainty calculations. To reconstruct trustworthy plasma boundaries,
these problems must be addressed which is discussed in chapter
2 and should answer: Can visible wavelength cameras be used to
determine the plasma boundary for all plasma scenarios at KSTAR?

1.5.2 Validate OFIT

At KSTAR there are two cameras at the midplane making it pos-
sible to compare the results from different cameras which are ex-
pected to be equal since toroidal symmetry is assumed. The recon-
structed optical boundary can also be validated by the boundary
determined by Beam Emission Spectroscopy (BES).14 All valida- 14 Y. U. Nam et al. Edge electron

density profiles and fluctuations
measured by two-dimensional beam
emission spectroscopy in the KSTAR.
The Review of scientific instruments,
volume 85 11E434, 2014

tions of the optically reconstructed boundary are shown in chapter
3.

The OFIT system at the Mega Ampere Spherical Tokamak
(MAST) was validated by comparing optical boundary reconstruc-
tions of OFIT with magnetic boundary reconstructions of EFIT. It
showed an average discrepancy of 2.5 cm averaged over the plasma
circumference.15 This same validation should be performed at 15 G. Hommen et al. Optical boundary

reconstruction of tokamak plasmas
for feedback control of plasma posi-
tion and shape. Review of Scientific
Instruments, volume 81 113504, 2010
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the KSTAR OFIT system, leading to the question: To what extent
do the optically and magnetically reconstructed plasma boundaries
correspond in the KSTAR tokamak?

1.5.3 q-profile Reconstruction

In most tokamaks the q-profile is determined by multi-input, multi-
output equilibrium solvers. Using OFIT and MSE, this can be re-
placed by a direct, non-iterative method to estimate the geometry of
the flux surfaces without solving the equilibrium.

A one-to-one mapping proposed by Giannella16 links the mag- 16 R. Giannella et al. Point-to-point
analysis of MSE data for plasma
diagnostics and control. Review of
Scientific Instruments, volume 75, 2004

netic pitch angle measured by MSE to the safety factor q. As an
input, this mapping uses a low-order analytical approximation of
the flux surface shapes, defined by a few parameters such as elon-
gation, and triangularity. At KSTAR, these parameters are now
extracted from the real-time EFIT solver. G. Hommen showed that
these parameters can also be determined from OFIT and the po-
sition of the magnetic axis as explained in chapter 4.17 Since the 17 G. Hommen. Optical boundary

reconstruction for shape control of tokamak
plasmas. Ph.D. thesis, Eindhoven
University of Technology, 2014

magnetic axis can be extracted from the MSE system, this method
can provide the wanted one-to-one mapping resulting in the ques-
tion: Can the q-profile be determined by optical boundary recon-
struction and magnetic pitch angles from the motional stark effect
diagnostic system only and how does it correspond to other diagnos-
tics?

1.5.4 Validate q-profile Reconstruction

The reconstructed q-profiles are validated by comparing them with
other diagnostics. The first step is to compare both the flux surfaces
and the q-profile with the EFIT equilibrium. In addition to EFIT,
events in the plasma can be used to validate the reconstructed q-
profile. Events like sawtooth crashes or tearing modes occur at
specific rational values of q.18 The radial position of these events 18 J. P. Freidberg. Plasma Physics and

Fusion Energy. Cambridge university
press, Cambridge, 2007

can be measured with other diagnostic systems and thus provides
data to validate the reconstructed q-profile. The steps taken to
validate the q-profile are shown in chapter 5.

1.5.5 Applications

The resulting q-profile holds information about instabilities and
current distribution within the plasma. Chapter 6 discusses the
possible applications of the measured boundary data and q-profile.
This chapter adresses the use of the boundary data to add extra
constraints to the EFIT equilibrium solver and the use of the recon-
structed q-profiles to investigate the reversed shear scenarios. Two
questions to be answered are: Can optically determined boundary
points be used as an input parameter for EFIT and does it increase
the final accuracy? and Can this direct non-magnetic q-profile re-
construction be used to investigate reversed shear profiles?.





2
Optical Boundary Reconstruction

The shape and position of the plasma is critical for the performance
and stability of tokamaks.1 Conventionally, the position is recon- 1 F. Crisanti. Role of the plasma

shaping in ITB experiments on JET.
Plasma Physics and Controlled Fusion,
2003

structed from measurements with magnetic pick-up coils. In spite
of decades of operation with mainly magnetic sensors, there are
limitations to this method. To address some of these problems, G.
Hommen proposed a new technique dubbed OFIT to directly mea-
sure the plasma boundary with regular high speed cameras.2 This 2 G. Hommen. Optical boundary

reconstruction for shape control of tokamak
plasmas. Ph.D. thesis, Eindhoven
University of Technology, 2014

chapter discusses why the plasma boundary can be measured with
visible wavelength cameras followed by the implementation of this
method.

2.1 Plasma Boundary

The plasma emits all sorts of radiation originating mainly from
the recombination and deexcitation of plasma ions/neutrals and
impurities. The main origin of the visible wavelength light is the
Balmer-alpha emission line which occurs when a hydrogen electron
falls from its third to second lowest energy level and has a wave-
length of 656 nm. Since the ionisation energy of hydrogen is 13.6 eV,
the energy of this transition is given by:

∆E = −13.6eV
(

1
32 −

1
22

)
= 1.9eV. (2.1)

The temperature of the plasma within the last closed flux surface
(LCFS) is in the order of keV. The hydrogen atoms are therefore
fully ionised and not likely recombine to an exited hydrogen atom
which are required for the Balmer-alpha emission. The radiation
from the central plasma column therefore does not include visi-
ble wavelengths and is mainly bremsstrahlung from decelerated
electrons.

The magnetic field lines in the region just outside the last closed
flux surface intersect with a wall element. Since the transport along
a field line is much faster than perpendicular movement, the par-
ticles in this area are likely to end up at the wall element resulting
in an exponential decrease of the density. The temperature in this
region also decreases drastically to the order of eV3 which increases 3 S. van Limpt. Development of a 2D

multi-spectral imaging technique to
measure Te and ne in divertor plasmas.
Ph.D. thesis, University of Technology
Eindhoven, 2016

the probability of exciting a neutral with electron-impact compared
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to ionising the neutral. Also the cross section of (radiative) recom-
bination increases when the temperature decreases to several eV
which also results in more excited neutrals just outside the last
closed flux surface. The excited hydrogen neutrals can then emit a
Balmer-alpha photon by spontaneous emission if their electrons are
in the third lowest energy level.

A

B

C D E
F

G

H

I

J

K
L

M

N

O

P

TV2

TV1

NBIMSE

Figure 2.1: Top view of the KSTAR
tokamak. The sixteen ports are de-
noted with the letters A to P. The two
cameras are placed in ports A and I
and their viewing angles are indicated
with the blue arrows. The Neutral
Beam Injection (NBI) and Motional
Stark Effect diagnostic viewing an-
gles are given in respectively red and
green.

The width of the edge emissive layer is determined mainly by
the local plasma temperature. Experimental observations on the
COMPASS tokamak show that this width varies from several mm
to several cm.4 When capturing this with a camera, each pixel is

4 P. Hacek et al. Plasma Boundary
Reconstruction using Fast Camera
on the COMPASS Tokamak. WDS
Proceedings of Contributed Papers, pages
221–226, 2014

the line integrated measurement of light emitted by the plasma.
This peaks at the sightlines that are tangent to the emissive plasma
boundary.5 Therefore, the plasma edge can be detected in an image

5 G. Hommen et al. Optical boundary
reconstruction of tokamak plasmas
for feedback control of plasma posi-
tion and shape. Review of Scientific
Instruments, volume 81 113504, 2010

by performing edge detection.

2.2 Korea Superconducting Tokamak Advanced Research

The Korea Superconducting Tokamak Advanced Research (KSTAR)
is a tokamak with superconducting field coils capable of generating
a magnetic field B0 3.5 T at the major radius R0 of 1.8 m. KSTAR has
sixteen port around the vessel at the equatorial plane for diagnos-
tics. These ports are visible in the top view of figure 2.1 where they
are denoted as the letters A to P.

At KSTAR there are two cameras available which are separated
180° toroidally in ports A and I. Approximated viewing angles
are indicated with the blue arrows. These two progressive scan
charge-coupled device (CCD) cameras with 640 x 480 resolution can
achieve 210 frames per second.6 6 J. Chung et al. Optimization of an in-

vessel visible inspection system for a
long-pulse operation in KSTAR. Fusion
Engineering and Design, volume 89,
2014

Figure 2.1 also shows the location of the Neutral Beam Injector
(NBI) and the Motional Stark Effect (MSE) diagnostic system which
will be discussed in section 4.2.

2.3 Edge Detection

Figure 2.2: Image of plasma boundary
with regions of interests shown in
green.

To detect the edge of the plasma boundary, machine specific Re-
gions Of Interests (ROIs) are defined around the expected position
of the plasma boundary. As can be seen in figure 2.2, there is a ROI
for both the inner and outer plasma edge. Within each ROI, the
greyscale image is resampled to a rectangular grid before a con-
volution filter is applied to each row. A convolution filter is the
treatment of an image with a so called kernel. The process of a con-
volution filter is visualised in figure 2.4 which is repeated for all
pixels in the resampled rectangular grid. Note that this kernel is
only one-dimensional and it is thus applied on each row separately.

After the convolution filter, the highest value of each row is then
expected to be the plasma edge. The positions of these edge points
are then transformed into machine coordinates by the transforma-
tions explained in section 2.4. The entire process of edge detection
is visualised in figure 2.3.
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(a) Define region of
interest

(b) Map the region to a
two dimensional grid

(c) Apply the convolu-
tion filter

(d) Get the row maxi-
mum

(e) Map back to image

Figure 2.3: Visualisation of each step
of the edge detection.2.3.1 Choice of Convolution Filter Kernel

The choice of the convolution filter kernel determines the type of
edge detection. As can be seen in figure 2.2, the inner and outer
boundary look different. The inner boundary has a sharp transition
with a high gradient while the outer boundary has a soft transition
where the boundary is located at the highest intensity. Therefore
both regions need different types of convolution filters as displayed
in table 2.1.

Region Filter type Convolution filter

Inner Maximum gradient 1 2 3 0 -3 -2 -1
Outer Maximum intensity 1 2 3 4 3 2 1

Table 2.1: Different types of convolu-
tion filters used for each region.

5 32 27 10 82 49 26 89 18 28 57

0 0 1 2 3 0 -3 -2 -1 0 0

X

19

=

Figure 2.4: Visualisation of the con-
volution filter. The first array is the
original input which is multiplied with
the second array (the kernel). The sum
of the resulting elements is the new
value for the center of the kernel. So
for the central element this is given by:
1 · 27 + 2 · 10 + 3 · 82− 3 · 26− 2 · 89−
1 · 18 = 19. This is then repeated for all
other elements.

2.3.2 Uncertainty Calculations

When calculating the uncertainties of individual measurement
points, there are three factors that determine the uncertainty. First
of all the position of the point relative to its neighbours. The uncer-
tainty is assumed to be larger when the difference with its neigh-
bours is bigger, since the plasma edge is expected to be smooth.
This is calculated by applying a convolution filter on the detected
edge index points in the resampled grid. The second factor is the
intensity of the filtered edge. If the value of the filtered edge point
drops below 50 % of the maximum value in the ROI, the edge is not
clear and the assumed uncertainty is increased. The last factor is
based on overexposure. For each row in the resampled ROI, the un-
certainty is increased dramatically when it contains pixels that have
the highest possible value i.e. completely white. The combination
of these factors generates a confidence level of each measurement
point which can be used as weighting factors when reconstructing
the full plasma boundary.

2.4 Coordinate Transformations

The edge detection process gives the position of the edge in pixel
positions. This section derives the used coordinate transformation
to convert the detected edges into machine coordinates and the
other way around.
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2.4.1 Image to tokamak coordinates

As only the plasma edge emits a significant amount of light from
a thin shell, the plasma edge is treated as a thin, toroidally sym-
metric emissive surface Sp. Since the plasma surface is assumed
to be toroidally symmetric, each point (R, Z) in cylindrical system
(r, z, φ) of the surface Sp is spanned by two vectors Vt and Vc in the
Cartesian coordinate system (u, v, w) as can be seen in figure 2.5:

Vt =

− sin φ

0
cos φ

 , Vc =

 dR
dZ cos φ

1
dR
dZ sin φ

 . (2.2)

u

w

(R,Z)

φ

Vt

(a) Top view

r

z/v

(R,Z)

Vc

(b) Side view

Figure 2.5: Vectors Vt and Vc span the
plasma surface Sp (in green) at point
(R, Z).

When projecting this surface on the (u, v) plane, the point
where the sightline of the camera is tangent on the plasma surface
(Re, Ze, φe) is projected to the point (ue, ve). The sightline vector
from the camera at position (Rc, Zc) to the projection point is de-
fined by Vl . The tangent direction vector of the plasma edge at the
projected point (ue, ve) is given by Ve:

Vl =

 ue

ve − Zc

−Rc

 , Ve =


due
dve

1
0

 . (2.3)

The goal of this transformation is to express the plasma surface
position (Re, Ze, φe) as a function of the camera position and the
points on the projection plane (camera image). This can be achieved
by spanning the tangent vectors of the plasma surface Vt and Vc by
the sightline Vl and the tangent vector of the projection plane Ve

and use that the plasma surface position lies on the sightline:

Vt = α1Vl + β1Ve (2.4)

Vc = α2Vl + β2Ve (2.5)Re cos φe

Ze

Re sin φe

 =

 0
Zc

Rc

+ α3Vl . (2.6)

Solving equation 2.4 to α1, β1, and φ gives an expression for the
angle φe:

tan φe =
ue − due

dve
(ve − Zc)

Rc
. (2.7)

Combining this with the solution of equation 2.5 solved to α1, β1,
and dR

dZ gives an expression for the conicity of the plasma surface at
(Re, Ze, φe):

dR
dZ

=
due

dve
cos φe. (2.8)

And finally the expressions for Re and Ze derived from equa-
tion 2.6:

Re =
ueRc

Rc cos φe + ue sin φe
(2.9)

Ze = Rc + (ve − Zc)
Rc − Re sin φe

Rc
. (2.10)
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2.4.2 Tokamak to image coordinates

The inverse coordinate transform is useful when calculating the
projection for a known plasma boundary and camera location.
Solving equation 2.6 to α3, ue and ve gives

ue =
RcRe cos φe

Rc − Re sin φe
(2.11)

ve =
RcZe − ZcRe sin φe

Rc − Re sin φe
. (2.12)

An expression for the unknown angle φe can be found by solving

Vl = αVt + βVc, (2.13)

resulting in

Rc sin φe = Re + (Zc − Ze)
dRe

dZe
. (2.14)

2.5 Camera Calibrations

To perform the coordinate transformations on the camera image,
the position (Rc, Zc), viewing angles (tilt, pan and roll), and fo-
cal length ( f ) of the camera must be known. The calibration of
these properties starts with the outline of the vessel wall. The cross
section of the KSTAR vessel wall is shown in figure 2.6. Points
along this vessel wall are then transformed into a three dimensional
model of the entire vessel before projecting this to the (u, v) plane
with equations 2.11 and 2.12. This projection is performed by enter-
ing the vessel points into these equations as Re and Ze with the full
range of φe from 0 to 2π.
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Figure 2.6: Cross section of the KSTAR
vessel wall.

The entire vessel is now projected to the projection plane (u, v)
for camera position (Rc, Zc). Since the camera has a limited viewing
angle, only a part of the projection plane is in the camera’s view.
This visible area is determined by overlaying a camera image with
the projection plane and manually tune the viewing angles (tilt,
pan, and roll) and the focal length ( f ) until the vessel boundary
lines up with the image like in figure 2.7. These calibrated parame-
ters (Rc, Zc, f , tilt, pan, and roll) can then be used in the coordinate
transformations.

Figure 2.7: An image of KSTAR cam-
era 2 with the three dimensional
model on top of it in blue. When
looking closely, it can be seen that the
blue curves line up with the vessel
boundary.

2.6 Boundary Reconstruction

When the camera parameters are known and the regions of interest
are set, each image returns a set of edge points in R, Z coordinates
with a confidence level like in figure 2.8a. Due to the position and
viewing angles of the camera, not all parts of the plasma boundary
are in the line of sight and therefore these parts must be recon-
structed. This reconstruction of the full plasma boundary is based
on an analytical method to characterise and generate axisymmetric
plasma boundaries by T.C. Luce.7 This analytical description is 7 T. C. Luce. An analytic functional

form for characterization and genera-
tion of axisymmetric plasma bound-
aries. Plasma Physics and Controlled
Fusion, volume 55 95009, 2013
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based on a superellips:

(x/A)n + (y/B)n = 1 (2.15)

where n > 1. The form of the superellipse allows each quadrant
to be treated separately while still being continuous and differen-
tiable across all of the matching points (x = 0 or y = 0). For each
quadrant, the three unknowns (A, B, and n) are given in terms of
the extrema in table 2.2.7
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(a) Detected edge points with a gradient
colouring of the points; green for high
and red for low confidence as explained
in section 2.3.2.
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(b) Edge points with the fitted surface in
red.

Figure 2.8: The boundary reconstruc-
tion for shot 13691 at 0.27 s.

Quadrant x y A B

Upper outer R− RZmax Z Rmax − RZmax Zmax

Upper inner RZmax − R Z RZmax − Rmin Zmax

Lower inner RZmin − R Z Rmin Zmin

Lower outer R− RZmin Z Rmax Zmin

Table 2.2: Definitions of the parame-
ters for generating the superellipse for
the four quadrants.

The analytical boundary is then based on seven parameters
(Zmax, RZmax , Zmin, RZmin , Rmax, Rmin, and n) where the first six
define the four extreme positions of the plasma and n the shaping
between those four points. This analytical plasma shape is then
fitted through the edge points by minimising the weighted least
square of the edge points. The weight for this fit is given by the
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error calculations as explained in section 2.3.2. This fit through the
measured edge points results in a smooth plasma boundary like in
figure 2.8b.

2.7 Plasma Scenarios

There are multiple scenarios for a plasma inside a tokamak. Each
plasma scenario adds constraints to the plasma shape, reducing the
number of shaping parameters and thus simplifies the final bound-
ary reconstruction. The current plasma scenario is determined by
looking at the position where the plasma hits the inner wall. These
strike points are clearly visible in the camera images since they
are completely overexposed. The detectable plasma scenarios are
listed in table 2.3 with their characteristic strike points and used
constraints for the reconstruction. An example camera image for
each of the three scenarios used at KSTAR is provided in figure 2.9.
The origin of the strike points and used constraints are explained
per scenario in the next section.

Scenario Strike point Constraints

Startup None Vertically symmetrical
Limiter Center Plasma hits inner wall
Single null Top or bottom One strike point
Double null Top and bottom Two strike points

Table 2.3: Possible plasma scenarios
with the positions of the characteristic
strike points on the inner wall and the
used constraints for the plasma shape
for each scenario.

(a) Startup (b) Limiter (c) Single null diverted to the bottom

Figure 2.9: Examples of images of
different plasma scenarios with the
measured edge points depicted as
green (high accuracy) and red (low
accuracy) dots.

2.7.1 Startup Phase

During the startup phase, the plasma does not hit the inner wall
and therefore there is no strike point visible on the inner wall as
can be seen in figure 2.9a. The plasma boundary reconstruction
now assumes a vertically symmetrical shape, reducing the number
of parameters from seven to five (RZmax = RZmin and Zmax = Zmin).
Figure 2.10b shows the evolution of the reconstructed plasma shape
during the startup phase of shot 13691. It clearly shows that the
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plasma boundary becomes larger in time until the plasma hits the
inner wall, making it a limiter plasma which is discussed in the
next section. In other literature the startup phase is also used to
describe the entire period where the plasma current is increased
and is therefore also called the ramping phase. However in this
study the startup phase is only the period when the plasma is not
yet hitting the inner wall.
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(a) Plasma current during shot 13691. The dotted vertical blue lines indicate the times used in the reconstructions shown below.
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(d) Single null at 3.5 s

Figure 2.10: Reconstructed boundaries
for shot 13691 for different scenarios.

2.7.2 Limiter Plasma

When the plasma hits the inner wall, it is called a limiter plasma
scenario (it is limited by the wall). In this scenario, the center of the
inner wall will be bright and overexpose the camera images at the
center position as visible in figure 2.9b.
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However, the measured edge points at this overexposed region
seem to have a constant distance of approximately 5 cm from the
wall when looking at the points in the R, Z plane in figure 2.11.
This might originate from the large amount of neutrals coming
from the strike point which are then excited and ionised in the
proximity of the wall. A rough estimation of the mean free path of
a neutral is made by combining the charge exchange, ionisation,
and excitation cross sections σ at 10 keV.8 The mean free path of the 8 J. P. Freidberg. Plasma Physics and

Fusion Energy. Cambridge university
press, Cambridge, 2007; and V. Shen
et al. NIST Standard Reference Website

neutral λ is then given by:

λ =
1

σne
(2.16)

where ne is the electron density. At an electron density of 5× 1019/m3,
the mean free path is several cm. This corresponds with the offset
of 5 cm but neither the density nor the temperature used for the
cross sections are verified for this region. So no conclusions can be
drawn from this rough estimation and is only given to clarify the
processes at the strike point.
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Figure 2.11: Measured edge points for
shot 13502 at 1.3 s corresponding to the
raw image of 2.9b. The inner boundary
points around the equatorial plane
have a constant offset compared to the
wall.

During a limited plasma, the number of parameters for the
plasma shape reconstructed can be reduced from seven to six since
it is known that the plasma hit the inner wall (Rmin = 1.265 m).
This period at KSTAR is often used to increase the plasma current
and shape the plasma towards a single null diverted plasma. Fig-
ure 2.10c shows the evolution of the plasma shape from a nearly
circular shape at 0.3 s to more elongated shape at 1.3 s. Note that
the plasma at 1.3 s moves towards the bottom, indicating that it will
probably transition into a bottom diverted plasma.

2.7.3 Single Null

The single null scenario is characterised by the presence of an x-
point where the poloidal magnetic field is zero, and therefore the
x-point is also called a null point. Figure 2.10d shows a recon-
structed plasma boundary with an x-point at the bottom of the
boundary and also shows that the plasma boundary extends be-
yond the x-point. The two segments between the x-point and the
wall are called baffles and intersect the wall at the strike points.
The wall components at these strike points are called divertors and
therefore this plasma shape is also called a diverted plasma (it is
diverted to the divertor).

Since the simple analytical description of the plasma boundary
by T.C. Luce can not be used for diverted plasmas, the bottom part
of the plasma boundary is therefore reconstructed separately by
fitting a fourth order polynomial through both the inner and outer
edge points. Combining this with the original analytical reconstruc-
tion for the top part results in the final plasma boundary.

Figure 2.12: Measurement of the strike
point position in red with the complete
region of interest in green.

Strike Point The strike point on the inner wall can clearly be seen
in the camera images (for example figure 2.9c) from which its posi-
tion can be measured. The technique of measuring the strike point
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is similar to the plasma boundary measurement. It starts with a
predefined region of interest on the inner wall and then the strike
point is the Z position with the highest pixel intensities. Figure 2.12
gives an idea about the position of the region of interest and the
measured position.
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Figure 2.13: The reconstructed optical
boundary with and without the strike
point detection for shot 13691 at 3.5 s.

This single measurement point can increase the accuracy of the
final reconstruction significantly since the observable edge points
for the outer boundary lie around R of 2.1 m while the strike point
lies around 1.3 m. Figure 2.13 shows the measured position on the
inner wall where it clearly acts as a helpful extra measurement
point to determine the position of the x-point more accurately. The
difference on the inner wall for this case is 6 cm.

2.7.4 Double Null

Plasma scenarios with two x-points are called double null since
they have two nulls in the magnetic topology. Despite that KSTAR
is designed for double null configurations, this scenario is not yet
performed. The only scenario that comes close is when the plasma
switches between top and bottom diverted a couple of times per
second9. This however is not purely a double null configuration so

9 For example shot 10024

there are no results to show for this scenario.
When the double null configuration is used in the future, this

can be identified by two strike points on the inner wall (one at
the top and one at the bottom). Both of the strike point positions
can be measured and both the inner and outer boundary can be
described by a higher order polynomial. This fitting with higher
order polynomials is the original method used at the Mega Ampere
Spherical Tokamak (MAST), confirming its feasibility.10

10 G. Hommen et al. Optical boundary
reconstruction of tokamak plasmas
for feedback control of plasma posi-
tion and shape. Review of Scientific
Instruments, volume 81 113504, 2010

2.8 Conclusion and Discussion

Optical boundary reconstruction of the plasma boundary is de-
veloped by G. Hommen who dubbed the technique OFIT.11 Mul- 11 G. Hommen. Optical boundary

reconstruction for shape control of tokamak
plasmas. Ph.D. thesis, Eindhoven
University of Technology, 2014

tiple improvements are made to this technique while implement-
ing it at the KSTAR tokamak: plasma scenario detection, strike
point position measurements, the combination of multiple cameras
and uncertainty calculations for individual edge points. The final
boundary is now based on an analytical model, making it possi-
ble to use optical boundary reconstruction for all plasma scenarios
used at KSTAR. The next chapter discusses the validation of the
reconstructed boundary by comparing it with other measurements.
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Validation of Reconstructed Optical Boundaries

The previous chapter explained how the last closed flux surface
can be determined from high speed camera images. This chapter
explains the steps taken to validate this method. The optical bound-
ary reconstruction is validated by comparing measurements with
other cameras, the Beam Emission Spectroscopy diagnostic system,
and the equilibrium and reconstruction code EFIT. The combination
of these comparisons quantifies the accuracy and repeatability of
the method.

3.1 Compare Multiple Cameras

At KSTAR there are two cameras available which are separated 180°
toroidally. Since the coordinate transformations for the boundary
reconstruction assumes toroidal symmetry, the measured edge
points for both cameras are expected to be identical. Figure 3.1
shows the reconstructed boundaries for both cameras.
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Figure 3.1: Reconstructed plasma
boundary for shot 13502 at 2 s for both
cameras. The circles are the points
used for comparison in time.

To quantify the difference between both cameras in time, six
points are chosen on boundary for each camera. The horizontal
difference between the cameras is measured at Z = −0.45, 0 and
0.45 m for both the inner and outer boundary as illustrated in figure
3.1. The average difference between the two cameras during shot
13502 for those six points is given in table 3.1. It shows that for the
inner boundary, the two cameras correspond to within 1 cm and
2 cm for the outer boundary.

Both cameras where fully functional for only a few shots, it is
therefore unclear how the difference between both cameras behaves
under all conditions. Even though this is only one shot, this com-
parison is a measure of the repeatability of the system since the
difference between the two individual systems is expected to be
zero and this comparison is still based on almost 2000 frames.

Z Inner boundary Outer boundary

0.45 m (0.0± 0.5) cm (0.9± 1.5) cm
0.00 m (0.1± 0.8) cm (−0.7± 1.5) cm
−0.45 m (−0.2± 0.6) cm (0.8± 1.6) cm

Table 3.1: Average discrepancy be-
tween the two cameras for shot 13502
between 1.5 s and 11 s. A negative
value means that camera 2 measures a
larger R compared to camera 1.
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3.2 Beam Emission Spectroscopy

Beam Emission Spectroscopy (BES) registers the light emission
from a neutral lithium particle beam which is injected into the
plasma. The light intensity is a measure of the electron density
and is measured on a two dimensional grid.1 The location of the 1 Y. U. Nam et al. Edge electron

density profiles and fluctuations
measured by two-dimensional beam
emission spectroscopy in the KSTAR.
The Review of scientific instruments,
volume 85 11E434, 2014

plasma boundary is where the electron density drops rapidly since
electrons outside the last closed flux surface are likely to end up
at the divertor due to fast particle transport along the flux surface
towards the divertor.

It is possible to extract 400 boundary positions per minute from
the BES diagnostic system at KSTAR. Only the outer boundary on
the equatorial plane is given due to the positioning and geometrics
of the system. Figure 3.2 shows that there is a deviation between
OFIT and BES of (4.0± 0.8) cm. The figure also includes EFIT data
to show that the systematic error originates from the BES data.
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2.2
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2.28 OFIT
BES
EFIT

Figure 3.2: Position of the outer
boundary on the equatorial plane of
shot 13181 for BES, OFIT and EFIt.

The statistical error is small compared to the two camera com-
parison because each measurement is an average of 0.15 s to match
the time interval of the BES system. The systematic error is ex-
pected to be zero but it is 4 cm. A possible origin of this error is the
conversion of the two dimensional light intensity profile to bound-
ary position which is performed manually. An operator selects the
outer boundary of the confined region for each time frame. This
could be improved by defining a threshold value over which te
plasma is considered to be part of the confined region. However,
since this is not yet implemented, it can result in the observed sys-
tematic offset. Another possibility of this systematic error is the cal-
ibration of the BES system. The system is calibrated by overlaying
the camera images with expected port positions (same technique
as OFIT is calibrated). However, the camera can not be calibrated
correctly due to the used coordinate transformations. The error due
to this calibration is estimated to be at least 2 cm.2 2 M. Lampert. KSTAR BES spatial

calibration report. internal KSTAR
report, 2014

The BES boundary data has a systematic offset of 4 cm compared
to OFIT and EFIT and can therefore not be used to validate the
optically reconstructed plasma boundary.

3.3 EFIT

EFIT is an equilibrium and reconstruction fitting code. This code
is developed to translate measurements from diagnostics into use-
ful information like plasma geometry, stored energy, and current
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profiles.3 EFIT iteratively solves the Grad-Shafranov equation by 3 General Atomics. EFIT Equilibrium
and Reconstruction Fitting Code, 2016minimising the difference between measurements and the resulting

equilibrium.

Grad-Shafranov equation The Grad-Shafranov equation describes
the equilibrium in ideal magnetohydrodynamics (MHD) for a two
dimensional plasma. It is obtained from the reduction of the ideal
MHD equations to two dimensions and is often used for a tokamak
since a tokamak is axisymmetric and thus two dimensional.4 4 M. Kikuchi et al. Fusion Physics. Iaea,

2012The Grad-Shafranov is a two-dimensional, nonlinear, partial
differential equation that combines the force balance and Ampère’s
law, expressing the poloidal magnetic field in terms of the poloidal
flux function ψ(R, Z) and the toroidal magnetic field in terms of the
arbitrary function F(ψ):5 5 J. Wesson. Tokamaks. Clarendon Press,

Oxford, third edit edition, 2004

R
∂

∂R

(
1
R

∂ψ

∂R

)
+

∂2ψ

∂Z2 = −µ0R2 ∂p
∂ψ
− F

∂F
∂ψ

(3.1)

where the pressure p is dependent on the poloidal magnetic flux
function ψ.

Solving the equation EFIT defines the poloidal flux function ψ on
a R, Z grid. The flux functions F ∂F

∂ψ and ∂p
∂ψ are parametrised func-

tions (usually polynomials of a fixed degree) of the normalised
flux:6 6 R. J. Voorhoeve. Validation of the

OFIT technique for the detection of the
plasma boundary at MAST. Ph.D. thesis,
Eindhoven University of Technology,
2011

ψn =
ψ− ψa

ψb − ψa
(3.2)

where ψb is the flux at the plasma boundary and ψa is the flux on
the magnetic axis. The equation is then iteratively solved by solving
ψ for the two parametrised functions F ∂F

∂ψ and ∂p
∂ψ . The two flux

functions are then fitted through the measurement data for the
previously determined ψ. This is again followed by the solving of ψ

based on the fitted flux functions. This process runs iteratively until
the answer converges.

Used measurements EFIT at KSTAR uses multiple diagnostics as
an input: Flux loops measure the poloidal flux and are outside the
vacuum vessel, magnetic probes measure the poloidal flux or radial
component of the magnetic field and are placed inside the vessel,
and Rogowskii coils measure the total current flowing through the
loop and are mainly used to measure the total plasma current but
can also be used to measure the current in the vacuum vessel itself
or other conducting structures. In addition to the magnetic loop
measurements, EFIT also uses the current through shaping, heating
and compensation coils to generate the equilibrium.7 7 J. Ferron. Guide to the real time EFIT

and isoflux plasma control system
algorithms (preliminary draft). General
Atomics, 2009At KSTAR EFIT is used for both real-time control as well as post

shot analysis. The main problem of the comparison between the
optical and EFIT boundary is that neither method returns a position
dependent uncertainty on the boundary but only returns a measure



26 direct non-magnetic q-profile reconstruction at kstar

for the level of accuracy for the entire fit. If there is a difference
between both boundaries, it is uncertain where this originates. The
validation is performed by comparing reconstructed boundaries for
three common plasma scenarios used at KSTAR.

3.3.1 Startup Phase

Figure 3.3: Raw image of camera 2 of
KSTAR for shot 13691 at 177 ms

During the startup phase, induced currents in the vessel wall are
expected to be relevant for the magnetic pick-up coils which are
placed outside of the vessel.8 Also the signal to noise ratio de-

8 J. Romero and J. Svensson. Optimiza-
tion of out-vessel magnetic diagnostics
for plasma boundary reconstruction in
tokamaks. Nuclear Fusion, volume 53
033009, 2013

creases during startup since the distance between the plasma and
the sensors is large.9 Since EFIT mainly relies on these magnetic

9 M. Ariola and A. Pironti. Magnetic
Control of Tokamak Plasmas. Springer,
2008

pick-up coils to reconstruct the plasma boundary, it can have diffi-
culties reconstructing the boundary during this phase. In addition,
EFIT solves the static plasma balance and does not account for tran-
sient phases.10 The differences between the optically reconstructed

10 R. J. Voorhoeve. Validation of the
OFIT technique for the detection of the
plasma boundary at MAST. Ph.D. thesis,
Eindhoven University of Technology,
2011

boundaries (OFIT) and EFIT boundaries are discussed in the next
paragraphs.
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Figure 3.4: Optically measured edge
points with the reconstructed bound-
aries from both OFIT and EFIT during
startup of shot 13691. EFIT is only
shown when available for the specified
time step.

Limited by outer wall During the startup phase, the reconstructed
EFIT boundaries are always limited by the outer wall. This is be-
cause EFIT defines the plasma boundary as the last closed flux
surface that is not interrupted by a wall or x-point. The raw camera
image in figure 3.3 shows that during the initial phase, the plasma
is however not limited by the outer wall and thus EFIT is incor-
rect. The resulting difference in reconstructed boundaries of this
image is shown in figure 3.4b. Since from the raw image it is clear
that the plasma is suspended in the vessel, the resulting optically
reconstructed boundary is expected to be more reliable.11 11 With the assumption that the optical

boundary is equal to the plasma
boundary for the startup conditions.

The time evolution of the plasma position on the midplane is
made clear in figure 3.5a. In addition to the difference of not being
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limited by the outer wall, OFIT boundary reconstructions are gener-
ally smaller than EFIT’s. This is visualised in 3.5b which shows the
total area of the plasma. From these graphs in combination with the
raw image and reconstructed images from figure 3.4 it is clear that
EFIT is incorrect.

0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22 0.24 0.26 0.28 0.3

1.5

2

R
(m

)

OFIT
EFIT

(a) Minimum and maximum of the plasma boundary on the midplane.
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Figure 3.5: Plasma shape parameters
from both OFIT and EFIT during
startup of shot 13691. Between 0.075 s
and 0.175 s there is no data from OFIT
since there is no light emitted from
the plasma yet. EFIT however only
measures magnetic fields which are
already present at that time range. At
0.275 s EFIT did not converge into a so-
lution and therefore the measurement
point is missing.

Elongation Boundaries from EFIT also have an elongation close to
unity during startup. This is contradicted by optically reconstructed
boundaries like in figure 3.4c, where the optically reconstructed
boundary is clearly elongated. The time evolution of the bound-
ary elongation is shown in figure 3.5c which shows a significant
difference between EFIT and OFIT. EFIT has a constant elongation
around 1 while OFIT can measure an elongation of more than 1.2.
Figure 3.4 clearly shows an elongated plasma at the initial phases
and a almost perfect circular shape at 0.290 s which corresponds to
the time evolution of the elongation in figure 3.5c.

Figure 3.6: Raw image of camera 2 of
KSTAR for shot 13691 at 250 ms

Transition to limiter The third difference is the moment that the
plasma hits the inner wall and thus changes into a limited plasma.
In figure 3.4d, the boundary from EFIT is already connected to
the inner wall while the optically measured boundary is clearly
not attached. This is confirmed by the raw image of this time step
in figure 3.6 where the plasma is not hitting the inner wall. This
difference is also visible in figure 3.5a and shows a difference of
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around 50 ms between EFIT and OFIT which can also be seen in
figure 3.5b.

Conclusion and discussion During startup there are significant
differences between the optically reconstructed boundaries and
EFIT. When the plasma is emitting light, the optically reconstructed
boundaries can adapt to a larger variety of shapes including non-
limited and elongated shapes. Here it must be noted that OFIT
measures the optical plasma boundary and EFIT reconstructs the
magnetic boundary based on the last closed flux surface.

3.3.2 Limiter Phase

Most shots at KSTAR use the limiter phase to increase the plasma
current and increase the volume of the plasma. Figure 3.7 shows
three time steps of the reconstructed boundaries of both OFIT and
EFIT. It clearly shows this increase in size during the entire phase.
During this phase, most of the inner boundary is completely over-
exposed as shown in figure 3.8.
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Figure 3.7: Optically measured edge
points with the reconstructed bound-
aries from both OFIT vs EFIT during
limiter phase of shot 13691.

Figure 3.8: Raw image of camera 2 of
KSTAR for shot 13691 at 743 ms.

The reconstructed boundaries of figures 3.7a and 3.7b are there-
fore mainly based on the outer boundary and the fixed point on
the inner wall. However when the elongation is higher, some parts
of the plasma edge towards the divertors become visible. This re-
sults in points around Z = ± 0.5 m on the inner edge that can be
measured as shown in figure 3.7c.

To quantify the difference between EFIT and OFIT, the results are
compared in time. The position of the inner plasma boundary on
the equatorial plane is the same for both EFIT and OFIT since it is
fixed to the wall. The position of the outer plasma boundary on the
equatorial plane is given in figure 3.9b with an average discrepancy
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(d) Boundary elongation for both OFIT and EFIT.

Figure 3.9: Measured parameters
during the limiter phase of shot 13691.
The EFIT reconstructions at 1 s and
1.125 s are non-physical but still have
a high accuracy according to EFIT
and are therefore not automatically
rejected.

of (0.9± 2.7) cm.
Both the total area (figure 3.9c) and the elongation (figure 3.9d)

show a stepping behaviour. The area and elongation increase
rapidly at both 0.62 s and 0.96 s while EFIT shows a more constant
increase. A large discrepancy is the elongation around 1.3 s where
EFIT has an elongation of 1.67 while OFIT measures only 1.46. This
mainly originates from the problem OFIT has in fitting these shapes
with high elongation and triangularity. Figure 3.7c shows that EFIT
matches the measured edge points at the inner wall while OFIT
does not. This originates from a shortcoming in the analytical fit-
ting model as explained in section 2.6. This model only has one
shaping parameter n and can therefore not fit these shapes with
high elongation and triangularity. When the plasma is limited by
the inner wall, OFIT is limited by the overexposure and the fitting
of the plasma shape.

3.3.3 Single Null

Two methods are used to study the relationship between the lo-
calised light emission from the plasma boundary and the last closed
flux surface reconstructed by EFIT in more detail. The first is based
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on shape descriptors like elongation and triangularity. The second
method statistically compares the areas of specified parts of the
plasma. This analysis is presented as a validation of OFIT and al-
lows a quantification of the reproducibility and accuracy of OFIT
compared to EFIT while identifying problem areas and systematic
errors.

Shape parameters Table 3.2 shows the average discrepancy between
OFIT and EFIT for shape descriptors during the single null phase of
shot 13691. It shows that the minimum position, maximum position
and the elongation are almost identical for both OFIT and EFIT. The
only significant difference is in the triangularity.

Shape descriptor Symbol Absolute Relative

Minimum position Rmin (0± 4)mm (0.0± 0.3)%
Maximum position Rmax (2± 8)mm (0.1± 0.4)%
Elongation κ 0.00± 0.02 (0± 1)%
Upper triangularity δup −0.07± 0.03 (−15± 7)%
Lower triangularity δdown 0.08± 0.03 (11± 4)%

Table 3.2: The discrepancy for the
shape descriptors during the single
null phase of shot 13691. Negative
values mean that EFIT is smaller than
OFIT.

The difference in lower triangularity can be seen near the x-
point of figure 3.10a where the reconstructed x-point of OFIT is at
1.45 m while EFIT returns 1.43 m. This difference of 2 cm results in
a relative error of 10.6 % on the lower triangularity. The difference
in both upper and lower triangularity have a systematic error of
respectively 15 and 11 %. This error is a result of the extrapolation
of the measurable regions toward the top and bottom of the plasma
boundary which will be discussed next.

Plasma area The camera is able to see the inner and outer bound-
ary between around Z = −0.6 m and 0.6 m. Other regions like the
x-point are found by fitting a plasma shape as explained in section
2.6. The regions that are extrapolated are expected to have higher
discrepancies compared to EFIT. In addition, the detection of the
outer boundary is expected to have a higher uncertainty than the
inner boundary due to its visibility as explained in section 2.3.

To compare the different regions, the plasma is divided into four
segments as illustrated in figure 3.10b. The area within each region
is used as a simple but clear measure for this comparison. System-
atic offsets in either the measured edge points or the extrapolated
boundary points can be identified with this comparison. Table 3.3
shows the discrepancies between EFIT and OFIT for these four
segments which is based on 280 reconstructed boundaries.

The relative high systematic and statistical error of area 1 are ex-
pected since the boundary is only based on extrapolated points.
The second area is reconstructed from the outer measurement
points and therefore has a small systematic error. The high sta-
tistical error of the second area corresponds to the higher statistical
error for the outer boundary when comparing two cameras. The
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Figure 3.10: Reconstructed plasma
boundaries of shot 13691.

Area Absolute Relative

1 (25± 59) cm2 (1.2± 2.9)%
2 (−1± 72) cm2 (−0.0± 3.1)%
3 (−20± 49) cm2 (−0.8± 2.0)%
4 (−20± 66) cm2 (−0.5± 1.7)%
Total (−17± 110) cm2 (−0.2± 1.0)%

Table 3.3: The discrepancy for the area
segments during the single null phase
of shot 13691. Negative values mean
that EFIT is smaller than OFIT.

outer boundary also has a softer transition compared to the inner
boundary as explained in section 2.3.1 which corresponds to the
higher error. The third area contains the x-point and is expected
to have high systematic and statistical errors since there are no
measurement points near the x-point. However, the strike point
detection as explained in section 2.7.3 adds another measurement
on the inner wall. Therefore the x-point can be interpolated which
increases the accuracy significantly. When the strike point detection
is disabled, the absolute error increases to (−170± 97) cm2 which
corresponds to a relative error of (−5.8± 3.3)%. The fourth area
has both small systematic and statistical errors as expected since
its boundary is defined by measured edge points from the inner
boundary.
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3.4 Conclusion and Discussion

The difficulty in validating the optically reconstructed boundaries is
the lack of fully trustable data. Therefore the validation consists of
comparing the results to multiple other systems. First, the repeata-
bility is tested by comparing two cameras. It shows that there is a
statistical error of 1 cm and 2 cm for respectively the inner and outer
boundary. This can be interpreted as the general accuracy of the
optical boundary reconstruction.

Secondly, the boundary position is compared to the Beam Emis-
sion Spectroscopy diagnostic system. The statistical error is only
0.4 % but it does not provide more information since the systematic
error of 4 cm is not fully understood.

The last and most important comparison is with the equilib-
rium and reconstruction fitting code EFIT. It shows that the optical
boundary reconstruction provides more information during startup
but can not adapt to all shapes during the limiter phase. When
the plasma is diverted, the maximum discrepancy of the plasma
position on the equatorial plane is less than 1 cm and the average
relative discrepancy of the total area is 0.2 % compared to EFIT.

The optical boundary reconstruction can therefore be used to
directly determine the plasma boundary and use it to determine the
q-profile non-magnetically as explained in the next chapter.



4
q-profile Reconstruction

4.1 Safety Factor q

The magnetic topology of a tokamak results in magnetic field lines
that spiral around the reactor along a helical trajectory. The safety
factor, denoted as q(r), is the ratio of the times a particular mag-
netic field line at position r travels around toroidally over the num-
ber of windings poloidally and is therefore also called the winding
number. It is called the safety factor since it is a measure of stabil-
ity of the plasma; configurations with high q(r) tend to be more
stable.1 1 J. P. Freidberg. Plasma Physics and

Fusion Energy. Cambridge university
press, Cambridge, 2007

The method used to determine the safety factor for this work is
by integrating the magnetic pitch angles γm over each flux surface.
This gives the winding number q purely based on flux surface
shapes and the magnetic pitch angles:

q =
1

2π

∮ 1
R

Bt

Bp
ds =

1
2π

∮ 1
R

1
tan γm

ds (4.1)

where R is the local radius at the flux surface. The magnetic pitch
angle on the equatorial is measured with a Motional Stark Effect
(MSE) diagnostic system which is explained in section 4.2. Sec-
tion 4.3 discusses the reconstruction of the flux surfaces from the
optically determined last closed flux surface and position of the
magnetic axis. The final reconstruction of the complete q-profile is
reviewed in section 4.4.

4.2 Motional Stark Effect Diagnostic

One highly successful method of increasing the plasma tempera-
ture is by injecting neutral particles at high velocity with a so called
Neutral Beam Injector (NBI). Since these high energy particles are
neutral, they are not affected by the magnetic field and penetrate
deep into the plasma until they are ionised and become part of
the plasma. Motional Stark Effect (MSE) diagnostics determine the
magnetic pitch angle γm at given positions by measuring the polar-
isation angle from the hydrogen decay emission from this neutral
beam propagating through the plasma. To completely understand
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this measurement, the motional Stark effect is discussed first before
applying it to the diagnostic system at KSTAR.

4.2.1 Motional Stark Effect

The Stark effect describes the shifting and splitting of spectral
lines of atoms and molecules due to an external electric field. The
amount of wavelength shift depends on the magnitude of the elec-
tric field, the original unshifted wavelength and the principal quan-
tum number n of the transition. In addition to the shift of wave-
length, the emitted photons are linearly polarised either parallel or
perpendicular to the external electric field.
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Figure 4.1: Top view of the KSTAR
tokamak. The sixteen ports are de-
noted with the letters A to P. The
Neutral Beam Injection (NBI) and Mo-
tional Stark Effect diagnostic viewing
angles are given in respectively red
and green.

When particles move through a magnetic field B with velocity
|~v| � c, they experience an electric field ~E = ~v × ~B due to the
Lorentz force. Light emitted from the particles by (stimulated)
emission will be Stark split due to this Lorentz electric field and is
therefore called the motional Stark effect.

The Balmer-alpha emission line is split into 15 emission lines
due to the motional Stark effect where each line is polarised ei-
ther parallel (π lines) or perpendicular (σ lines) to the electric field.
The resulting spectrum contains information on the electric field in
three ways: The amount of wavelength split is proportional to the
amplitude of the electric field, the intensity ratio of the σ- and π-
lines depends on the angle between the line of sight and the electric
field, and the polarisation of the emission lines is either parallel or
perpendicular to the electric field. Of those three options, the polar-
isation measurement is the most sensitive to the current distribution
in the plasma. This is because the wavelength split is dominated
by the total magnetic field and the plasma current only has a small
effect ont the total magnetic field. The intensity ratios are also not
used at KSTAR since the ratio is dependent on the density and
are only sensitive to the plasma current if the lines of sight are not
horizontal (which they are at KSTAR).2

2 J. Jaspers et al. A conventional
Motional Stark Effect diagnostic for
KSTAR Intermediate report. National
Fusion Research Institute and Eindhoven
University of Technology, 2014

4.2.2 Diagnostic System
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Figure 4.2: TODO

The Motional Stark Effect diagnostic system at KSTAR is a multi
channel photo-elastic modulator based system.3 It captures the po-

3 J. Chung et al. Motional Stark effect
diagnostics for KSTAR. Journal of the
Korean Physical Society, volume 65 1257,
2014

larisation angle γ of the red-shifted π3 peak from the neutral beam
at 25 positions on the equatorial plane by measuring at different an-
gles as illustrated in figure 4.1. The measurement positions are then
given by the intersection of the sightline with the neutral beam. The
measurement positions are on the equatorial plane with a radius
between 1.74 m and 2.28 m and are visualised in figure 4.2. Due to
the finite width of the neutral beam, the measurement points have a
spatial resolution ranging from 1 cm at the boundary to 3 cm in the
core.3

Since the particle velocity v is known from the NBI setup, the
measured polarisation angle γ provides information about the mag-
netic fields. Under the assumption that the static external electric
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field is zero, the magnetic pitch angle γm can be reconstructed from
only vessel geometry parameters and the polarisation angle.4 The 4 M. D. Bock. Relation between

polarisation angle, magnetic field and
radial electric field. Technical report,
2011

final sample frequency of the 25 measured magnetic pitch angles
depends on the analysis settings but is generally set to 1 kHz.

1.8 2 2.2

−5

0

5

R [m]

M
ag

ne
ti

c
pi

tc
h

an
gl

e
γ

m
[d

eg
]

Data
Second order polyfit

Figure 4.3: Magnetic pitch angle mea-
surements of shot 13691 from 4.975 to
5.025 s with a second order polynomial
fit.

To smoothen the resulting magnetic pitch angle profile, a sec-
ond order polynomial is fitted through the data points because the
safety factor profile is roughly parabolic and rises from the center
to the edge of the plasma. Figure 4.3 shows an example of the mea-
sured magnetic pitch angles and the polynomial fit. The increase of
statistical error toward the edge is due to low light intensity. This
polynomial fit can be replaced with other fits to satisfy advanced
plasma scenarios but is used for the results in this report unless
stated otherwise.

4.2.3 Magnetic Axis

The magnetic axis lies in the center of the flux surfaces where the
poloidal field equals zero. Therefore this is an important measure
to determine the position of the plasma. It can be easily extracted
from the magnetic pitch angle data by looking at the vertical zero
crossing. For example in figure 4.3 the zero crossing with the verti-
cal axis corresponds with a position R of (1.81± 0.02)m.

4.3 Flux Surfaces Reconstruction

To reconstruct the full q-profile, the magnetic pitch angle γm must
be integrated over the entire flux surface at the measurement po-
sition. However, there is no system that directly measures flux
surfaces and therefore they have to be reconstructed. The method
used here is a hybrid analytical-numerical description of all flux
surfaces that propagates the shape of the flux surfaces from the
plasma boundary to the magnetic axis.5 5 G. Hommen et al. A fast, magnetics-

free flux surface estimation and q
-profile reconstruction algorithm for
feedback control of plasma profiles.
Plasma Physics and Controlled Fusion,
volume 55 025007, 2013

To evolve the shape of the plasma boundary to the magnetic axis,
the boundary shape is decomposed into an analytical elongation
component and a numerical Higher Order Term (HOT) that con-
tains the remaining shape information. The analytical components
for edge coordinates (Redge, Zedge) given in polar coordinates (redge,
θedge) with the magnetic axis (Rm, Zm) as the center:

redge =

√√√√(Redge − Rmid

)2
+

(
Zedge

κedge
− Zmid

)2

(4.2)

θedge = arctan

 Zedge
κedge

− Zmin

Redge − Rmid

 (4.3)

where Rmid = (Rmax + Rmin)/2 and κedge is the elongation at
the plasma boundary. The next step is to evolve both the analyt-
ical elongation as well as the numerical higher order term with a
scaling function that describes the propagation from the plasma
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boundary to the magnetic axis given in normalised radius ρ:

κ(ρ) = κ0 +
(

κedge − κ0

)
ρpκ (4.4)

rHOT(ρ, θ) =
(

a + ρpshape
(

redge(θ)− a
))

ρ (4.5)

where pshape, κ0 and pκ are machine specific shape parameters. The
final flux surface shape at normalised minor radius ρ is now given
by

R(ρ, θ) = Rmid + cos (θ) · rHOT(ρ, θ) + ∆(ρ) (4.6)

Z(ρ, θ) = Zmid + κ(ρ) · sin (θ) · rHOT(ρ, θ) (4.7)

where ∆(ρ) represents the distribution of the Shafranov shift ∆0

over the flux surfaces. This distribution introduces two extra ma-
chine specific shape parameters p∆ and s∆

∆(ρ) = ∆0 cos
(
(s∆πρ)p∆

)
. (4.8)
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Figure 4.4: Reconstructed flux surfaces
of shot 13691 at 2 s.

An overview of all the shape parameters and their values is
given in table 4.1. These parameters are based on comparing the
reconstructed flux surfaces with the flux surfaces from EFIT. This
parameter scan will be explained in section 5.1.2.

Figure 4.4 shows an example of this flux surfaces reconstruc-
tion applied to an optically determined plasma boundary and MSE
data. These flux surfaces are determined at the measurement po-
sitions of the MSE system on the equatorial plane and can thus be
used for the final reconstruction of the q-profile.

Parameter Symbol KSTAR

Elongation at the center κ0 1.25
Elongation power evolution pκ 5.0
Shaping power evolution pshape 6
Shafranov shift power evolution p∆ 0.9
Shafranov shift scale evolution s∆ 0.4

Table 4.1: An overview of all parame-
ters for the flux surfaces reconstruction
with the used values for KSTAR.

4.4 Reconstruct q-profile

To solve the integral of equation 4.1, the magnetic pitch angle
should be known for any poloidal location around each flux sur-
face. The MSE system however only measures the magnetic pitch
angles at the equatorial plane. The magnetic pitch angles for any
poloidal location is derived from the measured magnetic pitch an-
gles and the geometry of the reconstructed flux surfaces.

The derivation only determines the scaling of the magnetic fields
Bp and Bt in relation to the fields on the equatorial plane Bp,eq and
Bt,eq. The scaling of the toroidal magnetic field is based on the
knowledge that the toroidal field is inversely proportional to the
local radius R. This results in the relation:

Bt(R, Req) =
Req

R
Bt,eq. (4.9)
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where Req is the radius of the flux surface at the measuring position
of the MSE system on the equatorial plane as visualised in figure
4.5.
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Figure 4.5: When calculating the safety
factor with the flux expansion factor,
the local radius R is varied when
integrating over the surface while the
radial position of the measurement
position Req remains fixed.

The geometry of the flux surfaces is used to derive the scaling
of the poloidal magnetic field over each flux surface. The distance
between two adjacent flux surfaces can be used to determine the
scaling since the density of the magnetic field lines is directly pro-
portional to the magnetic field strength. The flux expansion factor
for each flux surface is defined as the local perpendicular distance
between two flux surfaces normalised to the perpendicular distance
between these flux surfaces on the mid-plane. In terms of poloidal
flux Ψ, this flux expansion factor is given by:6

6 G. Hommen et al. A fast, magnetics-
free flux surface estimation and q
-profile reconstruction algorithm for
feedback control of plasma profiles.
Plasma Physics and Controlled Fusion,
volume 55 025007, 2013

ffluxexp =

∣∣∇Ψeq
∣∣

|∇Ψ| =
Bp,eqReq

BpR
. (4.10)

The poloidal field now scales with the local radius R and the flux
expansion factor of its flux surface:

Bp(R, Req) = Bp,eq
Req

R
1

ffluxexp(R, Req)
. (4.11)

The ratio of the toroidal and poloidal field is now given by the
division of equations 4.9 and 4.11:

Bt

Bp
=

Bt,eq

Bp,eq
ffluxexp(R, Req) =

ffluxexp(R, Req)

tan (γm,eq)
(4.12)

Substituting this in equation 4.1 gives the safety factor independent
of any explicit magnetic fields:

q =
1

2π

∮ 1
R

ffluxexp(R, Req)

tan (γm,eq)
(4.13)

By using this equation, the safety factor can be determined from
the reconstructed flux surfaces and magnetic pitch angle on the
equatorial plane only. An example of a reconstructed q-profile
is given in figure 4.6. As expected, the value of q in the center is
multiple factors lower than q at the edge and the slope at the center
is zero since it should be continuous at the magnetic axis.
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Figure 4.6: Reconstructed q-profile of
shot 13691 at 2 s.

4.4.1 Error Calculations

The errors of the q-profile are based on both the statistical error of
the measured magnetic pitch angles and a systematic error of 1 cm
for the radial positions. This error in the radial position is for both
the MSE measurement positions as well as the optically measured
boundary position.

4.4.2 q at Magnetic Axis

For measurements close to the magnetic axis (ρ < 0.02), the integral
of equation 4.1 is unpredictable since both the integral length and
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the magnetic pitch angle go to zero in the limit to the magnetic axis.
To solve the problem with this numerical solution, the analytical
limit to the axis is taken, resulting in7 7 C. C. Petty et al. Direct measurement

of neoclassical currents using motional
Stark effect polarimetry. Plasma Physics
and Controlled Fusion, volume 47 1077,
2005

q0 = − κ

R0

(
∂

∂R
tan γm

)−1
∣∣∣∣∣
R=Rm

(4.14)

where κ is the elongation and R0 is the geometric major radius
which equals 1.8 m for KSTAR.

4.5 Conclusion and Discussion

The q-profile can be reconstructed from the optically determined
plasma boundary and data from the motional stark effect diag-
nostic system. This method uses scaling functions to describe the
propagation of the plasma boundary to the magnetic axis, allowing
to solve the integral for the safety factor.

This chapter described the method to determine the q-profile but
how does this reconstruction compares to other diagnostics? The
validation of this method is discussed in the next chapter which
also includes the sensitivity of this method to errors in the measure-
ments.



5
Validation of Reconstructed q-profiles

The previous chapter explained how the flux surfaces and the q-
profile are reconstructed from the optically determined boundary
points and the magnetic pitch angle data from the Motional Stark
Effect diagnostic system. Since there is no direct measurement of
the flux surfaces, they can only be compared with reconstruction
codes. The q-profile however can also be compared with other
diagnostic systems by looking at plasma instabilities. In addition
to these comparisons, this chapter also discusses the calibration of
the plasma shaping parameters and the sensitivity of the system to
errors by perturbing the original measurements.

5.1 EFIT

The equilibrium fitting code EFIT is developed to translate mag-
netic measurement data into a solution of the Grad-Shafranov equi-
librium equation, which describes the force balance in the plasma.
Since it reconstructs a complete equilibrium, it is possible to com-
pare these reconstructed flux surfaces as well as the q-profile with
the optical reconstruction.

5.1.1 Flux Surfaces
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Figure 5.1: Reconstructed flux surfaces
for both OFIT and EFIT of shot 13691
at 3 s.

As explained in chapter 4, the safety factor q is determined by in-
tegrating the magnetic pitch angle over the flux surface. The flux
surfaces from the EFIT equilibrium are used to validate the flux
surfaces reconstructed from the optically measured edge points
and the magnetic axis. This section explains how the flux surfaces
are compared and in the next section, this method is used to cal-
ibrate the shaping parameters used for the flux expansion of the
measured last closed flux surface to the magnetic axis.

An example of the reconstructed flux surfaces for both OFIT and
EFIT is shown in figure 5.1. To make sure the comparison is inde-
pendent of the MSE data and only compares the flux expansion
itself, the position of the magnetic axis used for the optical recon-
struction is extracted from the EFIT equilibrium. The comparison
is based on the average distance between the EFIT and OFIT flux
surfaces. The average distance is calculated for each flux suface by
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measuring the discrepancy for 100 points around the surface. The
final distance is then the average of all flux surfaces and a small
flux surface near the axis thus has the same weight as the outer-
most surface.

For the example of figure 5.1, the average distance is 2.4 cm.
When the flux surface expansion uses the magnetic axis from the
MSE system, the average relative difference increases to 2.8 cm. This
increase originates from the difference in the magnetic axis from
EFIT and the MSE system.

This flux expansion method does not work for all cases. For ex-
ample if there are magnetic islands, they will not be reconstructed
since it just propagates the shape of the last closed flux surface to
the magnetic axis. On the other hand, EFIT can not reconstruct
them either but it is still being used to determine the position of the
magnetic islands by looking at the q-profile.1 1 S. Liang et al. Real-Time Detection

for Magnetic Island of Neoclassical
Tearing Mode in EAST Plasma Control
System. Plasma Science and Technology,
volume 18 197, 2016

5.1.2 Shape Parameters Calibration

As mentioned in section 4.3, the comparison of the average dis-
crepancy in flux surfaces between EFIT and OFIT is used to tweak
the five shaping parameters used by the flux expansion. Figure 5.2
shows an overview of a parameter scan. Each shaping parameter
shows a minimum error which is then used as the new setting.
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Figure 5.2: Relative distance between
flux surfaces of EFIT and OFIT as a
function of shaping parameter settings.

Since all parameters depend on each other, this scan is per-
formed multiple times for different shots and scenarios. The result
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from the last scan is then used as a new default setting for the next
run. Although small differences2 remained between the different 2 Especially in the central elongation

but with a maximum difference of
approximately 1 %.

shots and scenarios, the shaping parameters are set to the values as
listed in table 4.1. The effect of these differences between different
scenarios on the safety factor is not further studied in detail, mainly
because of the high required computation time.

5.1.3 Magnetic Axis

The comparison of the flux sufraces of the previous section focused
on comparing the flux expansion only. When the position of the
magnetic axis was extracted from EFIT, the average distance be-
tween the flux surfaces for the example given in section 4.2.3 is
2.4 cm. This increased to 2.8 cm when the position was determined
from the magnetic pitch angle data from the MSE system by the
method explained in section 4.2.3. To see where this difference orig-
inates, the position of the magnetic axis for both the MSE system
and EFIT during shot 13691 are given if figure 5.3.
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Figure 5.3: Magnetic axis from both
the MSE system and EFIT during shot
13691.

It shows multiple interesting things. First of all, it shows that
EFIT and OFIT correspond to within 1 cm with an average discrep-
ancy is 0.4 cm. The blue striped area of figure 5.3 notes the period
where the rotation settings of the filters used by the MSE system
where changed for calibration purposes. The data in this period is
ignored. In addition, the MSE data shows peaks at 3.5 s, 4.5 s, 5.5 s,
6.5 s, and 7.5 s. This can be explained by looking at the injected
neutral beam power as illustrated in figure 5.4. It shows that at the
same times, the neutral beam is switched off and on to allow other
diagnostics to perform background measurements. During these
periods, the MSE measurements fail since the system relies on the
moving particles from the neutral beam.
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Figure 5.4: Neutral beam power
during shot 13691.

To conclude, it is safe to say that there is full correspondence
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between the EFIT magnetic axis and magnetic axis from the MSE
system since the spatial resolution of the MSE system is 1 to 3 cm.3

3 J. Chung et al. Initial operation
of a newly developed multichord
motional Stark effect diagnostic in
KSTAR Initial operation of a newly
developed multichord motional Stark
effect diagnostic in KSTAR. Review of
Scientific Instruments, volume 87 503,
2016

5.1.4 q-profile

When the flux surfaces and magnetic pitch angles on the equatorial
are known, the safety factor can be calculated with equation 4.13.
To validate this integration method, the magnetic pitch angle data
is extracted from EFIT and fed into the integral with the optically
reconstructed flux surfaces. The resulting q-profile is shown in
figure 5.5 in blue together with the q-profile from EFIT in black and
OFIT with actual magnetic pitch angle data from the MSE system in
red. It shows that the method used to calculate the safety factor is
implemented correctly since the average discrepancy between EFIT
and OFIT with EFIT MSE data is less than 2 %.
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Figure 5.5: q profile of shot 13691 at
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data from EFIT so it is independent
of the actual MSE data. The errorbars
of OFIT are based on the standard
deviation of the magnetic pitch angle
measurements only.

The average discrepancies of the q-profiles of shot 13691 are
given if figure 5.6. It shows the largest absolute discrepancy at
the plasma edge of 0.9 while in the middle it is around 0.1. This
corresponds to the errorbars of figure 5.5. This seems small but
when measuring the position of tearing modes at a specific rational
surface, this can result in errors of several centimeters.
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Overall the non-magnetic q-profile measurements correspond to
EFIT and maximum relative errors of 10 % near the magnetic axis
correspond to previous research.4 Therefore it can be concluded 4 G. Hommen et al. A fast, magnetics-

free flux surface estimation and q
-profile reconstruction algorithm for
feedback control of plasma profiles.
Plasma Physics and Controlled Fusion,
volume 55 025007, 2013

that the non-magnetic q-profile reconstruction method is success-
fully implemented at KSTAR. The question however remains how
general this is since this only covers one shot. Therefore, the next
sections discusses the validation of the reconstructed q-profiles with
plasma instabilities.
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5.2 Tearing Modes

A separate way to validate the measured safety factor q is by look-
ing at instabilities in the plasma since they often occur at radial
positions with a rational safety factor. At a resonant surface (for
example q = 3/2), the magnetic field lines closes on themselves
after toroidal turn(s). As a consequence of finite resistivity, this
causes tearing and reconnection of magnetic field lines resulting
in magnetic islands.5 If a magnetic island is formed in the plasma, 5 J. Wesson. Tokamaks. Clarendon Press,

Oxford, third edit edition, 2004heat and confinement are lost, and as a result the plasma pressure
decreases. Due to this decrease in pressure, the current in the island
decreases, allowing the island to grow. These growing island due to
the decrease in current are called (neoclassical) tearing modes and
can be measured by other diagnostic systems.

Mirnov coils around the torus measure variations in the mag-
netic topology. Information about the tearing mode number is
inferred by the coherence between signals from coils around the
torus. The position of the mode is determined by the Singular
Value Decomposition (SVD) method which combines the Mirnov
coil data with Electron Cyclotron Emission (ECE) data.6 6 C. Nardone. Multichannel fluctuation

data analysis by the singular value
decomposition method. Application
to MHD modes in JET. Plasma Physics
and Controlled Fusion, volume 34 1447,
1992; and S. H. Jeong et al. Electron
cyclotron emission diagnostics on
KSTAR tokamak. The Review of scientific
instruments, volume 81 10D922, 2010

The position of the mode can also be determined by looking
at the radial position of the specific mode number value in the
q-profile. For KSTAR shot 13728, 3/2 tearing modes were found
between 7 to 9 s. The determined positions of the mode of both the
SVD and OFIT are shown in figure 5.7. Between 7 to 8 s, there is
an offset of about 1 cm and between 8 to 9 s there is no noticeable
difference at all. Overall the discrepancy is 0.5 cm.
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Figure 5.7: Radial position of the 3/2
tearing mode determined by both
OFIT and the SVD.

The uncertainty of the SVD is basically determined by the un-
certainty of the ECE channels which is about 1 to 2 cm.7 Therefore 7 S. H. Jeong et al. Electron cyclotron

emission diagnostics on KSTAR
tokamak. The Review of scientific
instruments, volume 81 10D922, 2010

the overall discrepancy falls within the uncertainty and it can be
concluded that there is full agreement between OFIT and the SVD.
Hereby it is shown that the reconstructed q-profile corresponds to
ECE and Mirnov coil data.

5.3 Sawtooth Instability

Another interesting instability that occurs at a specific value of
the safety factor is the sawtooth instability a.k.a. sawtooth crash.
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In a standard tokamak plasma the temperature, and therefore the
plasma current density j(r), is peaked in the center. When the tem-
perature is high, the resistivity is low which causes the concentra-
tion of more current in the center of the plasma. Since q(r) ∝ 1/j(r),
this causes the safety factor in the plasma center to drop. As soon
as the safety factor at the magnetic axis q0 drops below unity, there
is a surface with q = 1 in the plasma which is the strongest reso-
nance possible.8 8 N. L. Cardozo. Fusion on the back of

an envelope, Lecture notes. University
of Technology Eindhoven, 2015

According to Kadomtsev’s model, a magnetic island is created
just outside of the q = 1 surface when q0 drops below one. This
new island moves to the center and pushes out the original center
and takes over the role of the magnetic axis. The original center
is reconnected with the surrounding flux surfaces, redistributing
temperature and plasma current and creates a flat-top current and
temperature profile. After the redistribution, the temperature and
current in the center are gradually increased again followed by
this sharp decrease. The time evolution of the temperature and
current in the core therefore gradually increases followed by a
sharp decrease which looks like a sawtooth, and is therefore called
a sawtooth instability.9 9 J. Wesson. Tokamaks. Clarendon Press,

Oxford, third edit edition, 2004The electron temperature in the core can be measured with a
Electron Cyclotron Emission (ECE) diagnostic system. The ECE sys-
tem at KSTAR can measure the radial electron temperature profile
with 48 frequency channels and is capable of detecting sawtooth
phenomena.10 Figure 5.8a shows the normalised signal of channel 10 S. H. Jeong et al. Electron cyclotron

emission diagnostics on KSTAR
tokamak. The Review of scientific
instruments, volume 81 10D922, 2010

46 which is directly related to the electron temperature in the core.
The timings of the crashes are extracted from this data and used to
average measurements over multiple crashes.
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lines indicate the crashes.
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Figure 5.8b shows the measured safety factor at the magnetic
axis during these sawtooth crashes. To visualize how q0 responds
to a sawtooth crash on average, these measurement points where
normalised in time over a sawtooth crash. All the data points are
shown in figure 5.9. The average value for all six sawtooth events of
figure 5.8a is given in blue. It shows that just before the sawtooth
crash, the average q0 reaches its minimum around 1.1. However, it
is expected to drop below unity just before the crash. Due to the
low number of data points, it is not possible to perform a statistical
analysis but from the spread of the data points it is clear that there
is a significant uncertainty of approximately 10 %.
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Figure 5.9: Safety factor at the mag-
netic axis averaged over six sawtooth
instabilities. The vertical red line
indicates the sawtooth crash.

The minimum of 1.1 does not correspond with previous research
which showed that the average q0 did drop below unity before for
the sawtooth events.11 When looking at equation 4.14, the differ- 11 J. Ko. Sensitivity of magnetic field-

line pitch angle measurements to
sawtooth events in tokamaks Sen-
sitivity of magnetic field-line pitch
angle measurements to sawtooth
events in tokamaks. Review of Scientific
Instruments, volume 541 13, 2016

ence in q0 can only originate from the elongation and the magnetic
pitch angles around the magnetic axis. The elongation in this case
is extracted from the optically determined boundary while in the
research of J. Ko, it is extracted from the real-time EFIT solutions.
However, even when using a constant elongation or the elongation
from EFIT, and thus do not use any optical data, the previous re-
sults could not be reproduced. Since the same magnetic pitch angle
data is used, there is no full explanation for the difference.

5.4 Sensitivity to Errors

To analyse the effect of measurement errors on the resulting q-
profile, a perturbation analysis is performed. Measurement errors
can occur in both the measured edge points as well as the magnetic
pitch angles and thus the magnetic axis. Each of these possible
measurement errors is simulated in the next sections.

5.4.1 Last Closed Flux Surface Perturbation

To study the effect of errors in the optical determination of the
boundary, the resulting LCFS is shifted horizontally. Figure 5.10a
shows the reconstructed flux surfaces for both the original and a
perturbed LCFS. It shows a rather large effect on the outer flux
surfaces while the inner flux surfaces are barely affected since the
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position of the magnetic axis is kept the same. The resulting q-
profile is shown in figure 5.10d where the same effect is visible.
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(b) Flux surfaces with a horizontal off-
set of 4 cm in the magnetic axis as a
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(c) Flux surfaces with an offset of 1° in
the magnetic pitch angle as a perturba-
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(d) q-profile with a horizontal offset of
4 cm in the LCFS as a perturbation.
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Figure 5.10: Resulting flux surfaces
and q-profiles of perturbations of the
measurements to study the sensitivity
to errors.

This horizontal offset of 4 cm, corresponding to an offset of 2.2 %
of the major radius, results in an average error in q of 5.1 % and a
maximum error at the edge of 8.0 %. Here it is interesting to note
that due to this perturbation, the total current in the plasma does
not change and the safety factor at the plasma boundary should
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thus remain the same. This however is not the case since the cal-
culation of the safety factor depends on the magnetic pitch angle
which does change when the outermost boundary shifts and thus
the MSE measurement position.

The average and maximum error in the q-profile increases lin-
early with the horizontal offset of the LCFS. In general the average
error in q increases with 1.5 % per cm offset and the maximum error
increases with 2.4 % per cm offset. A vertical offset does not affect
q-profile since it does not change the reconstructed flux surfaces
nor the magnetic pitch angles. As shown in chapter 3, the mea-
sured boundaries have a statistical error of around 1 to 2 cm. This
corresponds to an average error in the q-profile of 1.5 to 3.0 %.

5.4.2 Magnetic Axis Perturbation

The position of the magnetic axis is used to determine the center of
the flux surface propagation and it defines ρ = 0. A perturbation
in the position of the magnetic axis is therefore expected to have a
large effect on the resulting q-profile.
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Figure 5.11: Average error in the safety
factor q as a function of the horizontal
displacement of the magnetic axis.

A horizontal offset of the magnetic axis of 4 cm has big effects
on both the flux surfaces (figure 5.10b) and the q-profile (figure
5.10e). This change in magnetic axis position of 2.2 % results in an
average error in the q-profile of 12 % with a maximum of 83 % at
ρ = 0.01. This is because either the magnetic pitch angle or the flux
surface circumference goes to zero faster for small ρ, resulting in an
unexpected safety factor. The region close to the magnetic axis can
therefore not be used for this comparison as indicated in the figure.
However it is still interesting to see that a change in the magnetic
axis only also changes significantly changes the measured safety
factor near the plasma edge.

The average discrepancy in the q-profile as a function of the
horizontal displacement of the magnetic axis is given in figure
5.11. It shows that on average 1 cm of horizontal displacement in
the magnetic axis results in 3 % average error for the safety factor.
The MSE system at KSTAR has a spatial resolution of 1 to 3 cm12 12 J. Chung et al. Initial operation

of a newly developed multichord
motional Stark effect diagnostic in
KSTAR Initial operation of a newly
developed multichord motional Stark
effect diagnostic in KSTAR. Review of
Scientific Instruments, volume 87 503,
2016

corresponding to an error of 3 to 8 %.

5.4.3 Magnetic Pitch Angle Perturbation

Although the magnetic pitch angle is provided by an external di-
agnostic system, it is interesting to see its effect on the flux surfaces
and the q-profile. An offset in the magnetic pitch angle will directly
affect the safety factor but it will also change the position of the
magnetic axis and thus change the reconstructed flux surfaces. This
shift of the magnetic axis can clearly be seen in figure 5.10c. The
resulting q-profile in figure 5.10f has an offset as expected. However
at the magnetic axis (ρ = 0), the safety factor barely changed since
it is only dependent on the elongation, major radius, and slope of
the pitch angle at the magnetic axis as can be seen in equation 4.14.

The effect of the offset in the magnetic pitch angle on the average



48 direct non-magnetic q-profile reconstruction at kstar

relative error of the q-profile is visualised in figure 5.12. It shows
that a positive offset results in a larger error than a negative offset.
This is because for negative offsets, the direct change on the safety
factor is countered by the shift of the magnetic axis. In general, one
degree offset in the magnetic pitch angle results in an increase of
10 % error in the q-profile.
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Figure 5.12: Average error in the safety
factor q as a function of the offset in
magnetic pitch angle.

5.5 Conclusion and Discussion

The goal of this non-magnetic q-profile reconstruction is to recon-
struct the q-profile without any magnetic measurements. However,
the shaping parameters for the flux surface reconstruction have to
be determined. The only other system available at KSTAR to com-
pare the flux surfaces is the magnetic equilibrium reconstruction
code EFIT. After the five shaping parameters have been optimised
with parameter scans, there is an average discrepancy between the
optically and magnetically determined flux surfaces of 2.4 cm. This
resulted in an average difference of 2 % in the safety factor between
OFIT and EFIT.

After the calibration of the shaping parameters, the system can
directly measure the q-profile independent of any magnetic mea-
surements. The location of tearing modes can successfully be ex-
tracted from the q-profiles since the locations correspond to the
positions extracted from the Mirnov coil and ECE data. This is an-
other indicator that the non-magnetic q-profile reconstruction is
successfully implemented at KSTAR. During sawtooth instabilities,
the safety factor in the core q0 is expected to drop below unity. This
however was not observed and the average q0 only dropped to 1.1,
corresponding to an error of at least 10 % in q0.

The accuracy of the q-profile reconstruction depends on multi-
ple parameters. In addition to the average discrepancy of 2 % due
to the approximation of the flux surfaces integration, the error in
the measurements result in errors in the final q-profile. The uncer-
tainty of the measured last closed flux surfaces results in an error
in q of around 3 %. The spatial resolution of around 2 cm of the
MSE system also contributes to another 5 % error in q. By simply
adding these uncertainties, this gives an approximation of the final
uncertainty of approximately 10 % for the safety factor.



6
Applications

So far, the report was about the method to directly measure the
plasma boundary, flux surfaces and the q-profile. This chapter
shows two applications of the method. In addition to the instabil-
ities, the q-profile is interesting for investigating reverse magnetic
shear which is discussed next. This is followed by a section that
discusses the possibility to use the optically measured edge points
as input for EFIT.

6.1 Reversed Shear

In a standard tokamak plasma, the q-profile is roughly parabolic
and rises from the center to the edge of the plasma. The radial
derivative of q, the magnetic shear, is then positive everywhere.
This can be altered by for example using off-axis non-inductive
current drive, which can shift the peak of the current density j
away from the center. Since q(r) ∝ 1/j(r), the q-profile then has
a (local) minimum away from the plasma center. This leads to a
negative value of the magnetic shear, which is noted as a reverse
shear plasma.

Reversed shear is not a natural state of the plasma since the tem-
perature and the current will tend to peak in the center since it
has the lowest resistivity. Thus the current has to be driven in the
counter direction at the center and/or driving additional current
off-axis to maintain this profile. Another temporary way of gener-
ating a reversed shear profile is by heating the plasma and driving
the pasma current rapidly. The driving E-field needs a skin-time to
penetrate the plasma, creating a hollow current profile.1 Reverse 1 N. L. Cardozo. Fusion on the back of

an envelope, Lecture notes. University
of Technology Eindhoven, 2015

magnetic shear profiles can lead to a new enhanced mode of con-
finement characterised by very low particle and thermal transport
and are therefore investigated actively.2 2 M. W. Phillips et al. A magnetohy-

drodynamic stability study of reverse
shear equilibria in the Tokamak Fu-
sion Test Reactor. Physics of Plasmas,
volume 3 1673, 1996

Shot 13494 is used to investigate the application of this method
to reverse shear profiles. This shot is interesting since it drives
current off-axis with electron cyclotron current drive (ECCD). This
shot starts by driving current inductively until 0.5 s at a rate of
600 kA/s. At 0.5 s, both the neutral beam and and ECCD are turned
on as indicated in figure 6.1a. The neutral beam is required for the
MSE system to measure the magnetic pitch angles. Therefore the
reverse shear analysis only starts after 0.5 s.
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(a) Non-inductive current drive power. The neutral beam power in black and the oscillating
ECCD power of 170 GHz in red.
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(c) Engineering q in black and measured q at ρ = 0.9 in red.
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Figure 6.1: Parameters of shot 13494
between 0.5 to 1.5 s. The vertical dotted
blue lines indicate the timesteps used
in figures 6.2 and 6.3.
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The ECCD drives extra current by injecting a high-intensity beam
of electromagnetic radiation at the resonant cyclotron frequency of
electrons. The electron cyclotron frequency f is given by:

f =
eB

2πme
(6.1)

where e is the electron charge, B the magnetic field strength and
me the electron mass. Since the resonant frequency depends on
the magnetic field strength and the magnetic field strength is pro-
portional to one over R, ECCD only drives current at the radial
position where the cyclotron frequency matches the (harmonics of)
the injected radiation. For shot 13494 it is known that the magnetic
field strength at the major radius B0 is 2.7 T. With the second har-
monic (n = 2) of the ECCD frequency fECCD of 170 GHz, this results
in a radial position for the ECCD of:

RECCD =
B0 · n · e

2π ·me · fECCD
R0 = 1.60m. (6.2)

The resulting plasma current (Ip) continues to rise until around
0.7 s as can be seen in figure 6.1b. During this increase of plasma
current, the safety factor is expected to drop and change from a
flat or reversed profile into a minimum in the center. This globally
corresponds to the measured q-profiles as shown in figure 6.2a. It
shows a flat profile at 0.6 s followed by two profiles with reversed
shear at 0.65 s and 0.70 s before it returns to a ’standard’ parabolic
profile. This is confirmed when looking at 6.2b where the magnetic
shear (S = r

q
dq
dr ) at 0.6 s is around zero. At 0.65 s and 0.75 s it shows

a negative shear between ρ = 0.2 and 0.4, indicated with the red
arrow. At 0.85 s, the negative shear has disappeared and the shear is
positive again.

Here it must be noted that to see this behaviour, the second or-
der polynomial fit through the magnetic pitch angles is not used
since it can not adapt to the reversed shear. However, there is
not physical model to fit the MSE pitch angle data, so the data is
smoothened by taking the average of the measured magnetic pitch
angles and apply a moving average filter to the profile. This way,
the q-profile can easily adjust to the reversed shear scenarios. For
this analysis the magnetic pitch angles and optical boundary points
are averaged over 50 ms to reduce the noise.

The error bars are based on both the statistical error of the mag-
netic pitch angle and a systematic error of 1 cm for the radial posi-
tion. The large spread in magnetic pitch angels gives rather large
error bars between 0.6 to 0.75 s for both the safety factor and the
magnetic shear. However the magnetic shear for timestaps 0.65 s
and 0.75 s is still negative around ρ = 0.25 when the errors are
included.
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Figure 6.2: Safety factor and magnetic
shear during the current ramp up
phase of shot 13494. To decrease noise,
the integration times for both the opti-
cal edge points and the magnetic pitch
angle is set to 50 ms.

The evolution of the q-profile after the ramp up is given in figure
6.3 which does not correspond with the expectations. The safety
factor at the edge decreases from 10 at 0.95 s to 6 at 1.05 s (see red
arrow) while the total plasma current stays equal. This unexpected
behaviour is investigated by comparing the measured safety factor
with the engineering safety factor. The expected safety factor at the
edge is approximated by the so called engineering safety factor q∗
a.k.a. kink safety factor which is defined by

q∗ = 2πB0a2

µ0R0 Ip

(
1 + κ2

2

)
(6.3)

where B0 is the toroidal magnetic field, a the minor radius, µ0 the
vacuum permeability and κ the elongation.3 The minor radius 3 J. P. Freidberg. Plasma Physics and

Fusion Energy. Cambridge university
press, Cambridge, 2007

and elongation for the determination of q∗ are extracted from the
optically reconstructed boundary.

Figure 6.1c shows both the engineering q and the measured
safety factor at ρ = 0.9. The measured safety factor is based on an
interpolation of the entire q-profile at ρ = 0.9. The availability of
measurement points outside of ρ = 0.9 is the reason of taking the
safety factor at 0.9. When taking 0.95, it can be possible that there is
no measured value of the safety factor for ρ > 0.95 and the values
have to be extrapolated.
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Figure 6.3: Safety factor profiles of
shot 13494 during transient phases
where the minor radius changes
drastically.

The most interesting thing of figure 6.1c is that the measured
safety factor at ρ = 0.9 goes up when the engineering safety factor
goes down and vice versa. To investigate the origin of this differ-
ence, the individual factors of each value are examined.

For the engineering q, the minor radius a is the most important
parameter for the shown behaviour as can be seen in figure 6.1d.
This can be thought of as if the plasma current has to flow through
a smaller area and thus the current density must be higher, result-
ing in a decrease in q. The resulting measured q depends on both
the flux expansion factor as given in equation 4.10 and the magnetic
pitch angle. Figure 6.1e shows the flux expansion factor integrated
over the flux surface and figure 6.1f shows the development of
1/ arctan γm. The final safety factor is determined by multiply-
ing the flux expansion factor and the magnetic pitch angle factor.
These figures clearly show that the main cause of the unexpected
behaviour of the measured safety factor is the flux expansion fac-
tor. It is unclear why at the transient phases with a changing minor
radius, the flux expansion factor behaves opposite as expected.

Overall, this example shows that it can be possible to measure
reverse shear with the q-profile reconstruction from the optically
determined plasma boundary and magnetic pitch angle data. How-
ever the same data also showed that the flux expansion factor near
the boundary increases when the minor radius decreases and vice
versa, resulting in a reconstructed safety factor near the bound-
ary that behaves opposite as expected from the engineering safety
factor.
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6.2 Constrain EFIT with Boundary Measurements
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Figure 6.4: Measured edge points
of shot 13728 at 7.26 s with both the
original unconstraint EFIT and EFIT
with the extra optical constraints.

This work focussed on determining the q-profile directly (i.e. with-
out solving the Grad-Shafranov equation). However, the measured
edge points can also be used to improve equilibrium codes like
EFIT. EFIT mainly relies on inductive magnetic measurements to
reconstruct the plasma boundary. These measurements can ex-
perience drift during long pulses leading to inaccurate plasma
positioning. The drift originates from both errors in the electronic
integrators and a wide diversity of radiation which induce electro-
motive forces in the cables.4

4 P. Moreau et al. Drift-free magnetic
equilibrium reconstruction using
the response to plasma position
modulation. Fusion Engineering and
Design, volume 84 1339, 2009

However, no drifts where seen at the long shots at KSTAR which
have a maximum duration of sixty seconds5. In future fusion toka-

5 Investigated shotnumbers: 11664,
11672, 12866, 14003, and 15390

maks like ITER6, this is expected to increase to thousands of sec-

6 ITER is a new generation of fusion
reactors that should produce ten times
more fusion power than used input
power and is currently being build in
France.

onds.7 Multiple non-inductive diagnostics are being studied to

7 B. Green and M. Huguet. The ITER
project: status and prospects. IEEE
Transactions on Magnetics, volume 32
2224, 1996

address these challenges with long pulses and drifts.8

8 D. Testa et al. The magnetic diagnos-
tic set for ITER. IEEE Transactions on
Plasma Science, volume 38 284, 2010;
and H. J. Hartfuss et al. Diagnostics
for steady state plasmas. 20, volume 48
R83, 2006

These overview papers discuss nuclear magnetic resonance sen-
sors, neural networks, hall sensors, and even sensors, which exploit
j× B forces but they do not discuss optical measurements. Optical
plasma edge detection does not experience drift and is therefore
already used at MAST where the position on the midplane is mea-
sured optically and used in plasma position control.9

9 J. Storrs et al. Real-time optical
plasma edge detection and position
control on MAST. Fusion Engineering
and Design, volume 81 1841, 2006

To show that the extra optical constraints can significantly af-
fect the EFIT reconstruction, the measured edge points with low
uncertainty are used as an extra constraint when reconstructing
the equilibrium. To visualize the effect of the extra constraints, a
timestep is chosen with a large discrepancy between the original
EFIT reconstruction and the optically measured edge points. Figure
6.4 shows the used measured edge points with both the original
EFIT and EFIT with the extra optical constraints. It is clear that the
extra constraints have a big effect on the reconstruction. The differ-
ence along the dashed line of the figure is even 23 cm. This timestep
is during the tearing mode as discussed in section 5.2 which may
explain the large discrepancy since tearing modes change the mag-
netic topology and thus the magnetic measurements. The camera
images during these tearing modes do not show any changing be-
haviour and thus seem unaffected.

In addition to the possible ability to correct for drifts, the extra
optical constraints are expected to be able to assist EFIT in generat-
ing equilibria during transient phases like startup and ramp-down.
This however could not be verified since EFIT does not converge
to a solution during these transient phases. This again shows that
the optically reconstructed boundary is better than the magnetic
reconstructed boundary during startup.
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Optically measured boundary points can be used as extra con-
straints for the EFIT equilibrium reconstruction code. The resulting
boundary can significantly change due to these extra constraints
while still converging to a solution. This can potentially be used to
correct for drifts and improve the reconstructed boundaries during
startup.





7
Conclusions and Recommendations

The stability of the plasma inside the tokamak is one of the major
problems for the tokamak to be a viable future fusion power plant.
Reliable q-profile measurements can be used to explain, control,
and prevent these instabilities. At KSTAR, the q-profile is currently
determined in two ways. Either by a numerical solver called EFIT,
which mainly relies on magnetic pick-up coils, or by combining the
magnetic pitch angle data from the motional stark effect diagnostic
system with an approximation of the plasma shape. This work
investigates if the combination of optical boundary determination
and magnetic pitch angle measurements can improve the q-profile
determination at KSTAR independent of magnetic pick-up coils.

7.1 Conclusions

The conclusions are grouped by the research questions as stated in
the introduction.

Can visible wavelength cameras be used to determine the plasma boundary
for all plasma scenarios at KSTAR? The basis of the optical bound-
ary reconstruction is developed by G. Hommen who dubbed the
technique OFIT.1 This original OFIT could only reconstruct double- 1 G. Hommen. Optical boundary

reconstruction for shape control of tokamak
plasmas. Ph.D. thesis, Eindhoven
University of Technology, 2014

null configurations so multiple improvements are made to this
technique while implementing it at the KSTAR tokamak to make
it capable of reconstructing the boundary for all plasma scenarios.
These improvements included plasma scenario detection, strike
point position measurements, the combination of multiple cameras
and uncertainty calculations for individual edge points. This makes
it possible to reconstruct the plasma boundary for all scenarios as
long as the cameras are not degraded by years of operation or its
images overexposed. By comparing the two available cameras at
KSTAR the reproducibility of the inner boundary is within 1 cm
and 2 cm for the outer boundary.

To what extent do the optically and magnetically reconstructed plasma
boundaries correspond in the KSTAR tokamak? This question is an-
swered by looking at the different phases in a shot separately. Each
shot start with a startup phase where the plasma is suspended in
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the tokamak and not yet hitting the inner wall. During the startup
phase, EFIT is often not capable of reconstructing the equilibrium.
When there is a plasma, the optically reconstructed boundaries can
adapt to a larger variety of shapes including fully suspended and
elongated shapes.

When the plasma then hits the inner wall, it is called a limiter
plasma and the resulting reflections completely overexpose the
camera images around the strike point. The reconstruction is there-
fore mainly based on the outer boundary and the knowledge that
the plasma hits the inner wall. This leads to an average discrepancy
of 3 cm in the plasma boundary between the optical and magnetic
reconstructions. In addition to the overexposure, the optical re-
construction struggles with the reconstruction of highly elongated
limiter plasmas while EFIT matches the optically measured edge
points correctly.

During the single null phase of shot 13691, optically measured
boundary positions on the equatorial plane had an average discrep-
ancy of 0.6 cm (0.3 % of R0) with the magnetic reconstruction. The
total area and the elongation are both within 1 % agreement with
the magnetic reconstruction. To compare both methods in more
detail, the plasma is divided into four regions. The largest discrep-
ancy in area size is found at the top region where the optically
reconstructed plasma boundary is only based on an extrapolation
of the measured boundary points. Overall, during the single null
phase, the optical and magnetic reconstructions correspond as well
as two independent optical systems would correspond.

Can the q-profile be determined by optical boundary reconstruction and
magnetic pitch angles from the motional stark effect diagnostic system
only and how does it correspond to other diagnostics? To translate the
magnetic pitch angle data from the motional stark effect diagnos-
tic system to the safety factor, the flux surfaces should be known.
These flux surfaces are reconstructed by a hybrid analytical-numerical
description that propagates the shape of the measured last closed
flux surface to the magnetic axis. The parameters required for this
flux propagation are determined by minimising the differences with
EFIT reconstructions. These parameters are then used for all shots
making it posible to directly measure the safety factor independent
of magnetic measurements.

The average difference between optically and magnetically recon-
structed flux surfaces is 2.5 cm. This corresponds to 2 % discrepancy
in the q-profile due to the differences in flux surfaces. The actually
measured q-profile has the largest discrepancy of 1 near the plasma
boundary corresponding to a relative error of 7 %. The most agree-
ment between the optical and magnetic reconstructions is in the
middle region from ρ = 0.2 to 0.8 where the where the absolute
difference is around 0.1. Towards the magnetic axis, the average
absolute error increases to approximately 0.3 which corresponds to
10 % difference.
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To further validate the reconstructed q-profile, it is compared
with other diagnostics during instabilities. The position of tearing
modes can be extracted from the q-profile and corresponds to the
measured position with Mirnov coils and ECE. During sawtooth
instabilities the safety factor at the magnetic axis q0 is expected
to drop below unity. This however, was not observed and only
dropped to 1.1, corresponding to an error of at least 10 % in q0.

Can optically determined boundary points be used as an input parame-
ter for EFIT and does it increase the final accuracy? Future tokamaks
are expected to experience drifts when only using magnetic pick
up coil measurements. Optical boundary measurements directly
measure the boundary position and are therefore inherently drift
free. It is shown that the extra constraints of the optically deter-
mined edge points can change the reconstructed plasma boundary
by more than 20 cm in the R, Z plane. It is hard to say anything
about the accuracy but with these extra constraints there is a corre-
spondance between the magnetic reconstruction and the optically
determined boundary points which can indicate an improvement of
the accuracy.

Can this direct non-magnetic q-profile reconstruction be used to investi-
gate reversed shear profiles? Reverse magnetic shear profiles were
measured during shot 13494. The q-profile changed from a near
flat profile to a reversed shear profile to a ’normal’ parabolic shape.
However the same data also showed that the flux expansion factor
near the boundary increases when the minor radius decreases and
vice versa, resulting in a reconstructed safety factor near the bound-
ary that behaves opposite as expected from the engineering safety
factor. This single example is an indication that this non-magnetic
q-profile reconstruction can be used to measure reversed magnetic
shear profiles but it is not enough to prove this application.

With which accuracy can the q-profile be reconstructed using only optical
boundary reconstruction and magnetic pitch angle data at KSTAR? The
safety factor can be reconstructed from the optically reconstructed
boundary and magnetic pitch angle data from the motional stark
effect diagnostic system. The reconstructed q-profiles correspond
within 10 % to EFIT for a standard single null diverted shot and
reconstructed positions of tearing mode instabilities corresponds
with other measurement data. The resulting method is capable of
measuring reverse shear profiles and can potentially be used to
correct drifts of magnetic measurements.

7.2 Discussion and Recommendations

The optical boundary reconstruction depends on cameras and their
field of view. To get a full view of the plasma boundary, extra cam-
eras are needed near the x-points and divertors. To further improve
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the reliability under all lighting conditions, multiple cameras could
be placed around the torus with a different exposure time, or use
automatic shutter speed adjustments based on the intensity in the
regions of interest. This increase in the amount of cameras can be
combined with a 2D multi-spectral imaging technique also used in
tokamaks.2 This technique uses spectral line ratios to determine the 2 S. van Limpt. Development of a 2D

multi-spectral imaging technique to
measure Te and ne in divertor plasmas.
Ph.D. thesis, University of Technology
Eindhoven, 2016

electron temperature and density in 2D. The same image data can
also be used to determine the plasma position. These cameras are
placed at a larger distance from the reactor which is favorable since
the cameras at KSTAR degraded after years of operations, leading
to unusable images and should be replaced.

Most particles inside the plasma boundary are ionised and are
thus not emitting any light while particles directly outside of the
boundary are excited and consequently decaying and emitting
light. The optical and magnetic plasma boundary are therefore
assumed to be equal. This is confirmed by the agreement of the
optically measured boundary points and the magnetic boundary
reconstruction. Although this relation can be explained, it is never
investigated in detail. Wavelength filters could be used to look at
the emission of other species to investigate their relation with the
plasma boundary. Also the determination of the shape parameters
based on EFIT flux surfaces could be investigated in more detail to
make clear to what extent the shaping parameters can be assumed
to be equal for all shots.

During the startup phase, more of the plasma boundary is in the
field of view of the cameras at KSTAR and the plasma boundary
can be reconstructed optically while magnetic measurements can-
not. On the other hand, magnetic measurements can measure the
last closed flux surface without any plasma. Therefore these two
techniques could be a great supplement during these phases.

The plasma phase classification is now performed by determin-
ing which regions of interests light up. It could be interesting to
investigate to what extent neural networks can improve this iden-
tification process. Neural networks are already used for this iden-
tification process at the ASDEX Upgrade tokamak.3 This method 3 E. Coccorese et al. Identification of

noncircular plasma equilibria using
a neural network approach. Nuclear
Fusion, volume 34 1349, 1994

however uses magnetic measurements but it would be interesting to
investigate if neural networks can also improve the optical classifi-
cation.

This safety factor profile reconstruction method can be used in
multiple ways: As an independent plasma boundary measurement,
safety factor measurement, correct magnetic reconstructions for
drifts, and it can potentially be used in future q control. However,
for this method to be used in q control, it is required that both this
and the MSE system can provide the data in real-time to for ex-
ample a model-based controller.4 Overall, the advantage of this 4 J. Loenen. Design of an Extended

Kalman Filter for the Motional Stark
Effect measurement for real-time current
density profile reconstruction in tokamaks.
Ph.D. thesis, University of Technology
Eindhoven, 2016

method is that it reconstructs the q-profile without magnetic mea-
surements or solving the Grad-Shafranov equation and since it
is not susceptible to drifts, it can be used during long discharges
which are expected in future tokamak power plants.
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