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Abstract

Equilibrium theory is a pivotal aspect of plasma characterization. Heating and exhaust physics,
stability and transport, and ultimately the entire discharge time evolution are reliant on the force-
balance equilibrium state that characterizes the plasma. The shape and positioning of the plasma
boundary in equilibrium is a necessary part of this characterization. The algorithm VacTH integrated
in the numerical code NICE performs plasma boundary reconstruction based on the decomposition of
the poloidal flux in toroidal harmonics. Using data from several magnetic measurements, it obtains
the coefficients for the flux functions expansion and reconstructs the poloidal flux. In this work the
NICE code is adapted for usage with the ISTTOK tokamak, and the experimental data retrieved from
the shots at the ISTTOK is used to reconstruct the plasma boundary. The shape and position of the
boundary is shown to evolve consistently with the typical timescale evolution of ISTTOK discharges.
However it is not in consistent agreement with other diagnostics. Finally the need for further work is
discussed regarding a more accurate quantification of the effects of the eddy currents in the copper
shell present in ISTTOK, as well as alternative plasma boundary characterization methods in order to
validate the results obtained here.
Keywords: plasma physics, equilibrium theory, boundary reconstruction, toroidal harmonic expan-
sion, ISTTOK

1. Introduction

A steadily rising demand for new energy production
is currently taking place, yet the burning of fossil
fuels still contributes with 85% of the world energy
production [1]. The negative effects of greenhouse
gases on the environment are being increasingly ob-
served and the concerns over global warming are
intensifying yearly. Therefore, fossil fuels cannot
continue to be the base-line supply technology. Nu-
clear fusion has sufficient energy production density
to supply the needs of a developing world and oper-
ates in a CO2-free manner, and is therefore brought
to the forefront.

A fusion power reactor would offer safety and op-
erational advantages over existing fission reactors.
Such a reactor would produce mostly short-term,
low-level radioactive waste which can be disposed of
within a human lifetime whereas fission by-products
require special storage and handling for thousands
of years [2]. A fusion reactor can’t experience a
large uncontrolled release of energy towards the en-
vironment since it is self-extinguishing, therefore
posing no risk of a nuclear accident. The existing
fuel supply would suffice for several thousand years.

In fusion reactors the fuel is in the form of
plasma, a fully ionized gas, or in other words a

high-temperature collection of independently mov-
ing electrons and ions that can however display col-
lective behavior. The high temperature is such that
a major challenge for fusion is the confinement of
the plasma, while it is heated and its pressure is
increased in order to initiate and self-sustain fu-
sion. This work is focused on a particular mag-
netic confinement-type of device called a tokamak,
constructed in the shape of a torus. These devices
are utilized and operated in many facilities across
the world, and more are being assembled at present.
The technology for these devices has reached a point
where they can at most produce roughly one third
of the energy spent in heating and confining the
plasma.

In a tokamak, magnetic fields produced by cur-
rents in large coils are used to confine the plasma.
These magnetic coils also provide the means to
shape the plasma, heat it and drive current into
it. Currently all tokamaks operate to some extent
in inductive scenarios, implying that the plasma is
maintained for a period of time ranging from a few
seconds to several minutes. These periods form a
sucession of plasma pulses, also referred to as shots
or discharges [2].

Controlling the confinement and performance of
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the reactor requires a proper identification of the
key traits of the plasma. For this reason, this
thesis is focused on a fundamental part of the
plasma study, which is the reconstruction of the
plasma boundary (interface between the vacuum
and the plasma), including its positioning and
shape. The goal of this thesis is to perform a numer-
ical/analytical study using the VacTH algorithm [3]
as part of the the NICE code suite [4] to determine
the plasma boundary inside the chamber of the IST-
TOK tokamak [5].

In Section 2 some fundamentals on plasma equi-
librium are presented followed by an introduction to
the toroidal expansion of the poloidal flux, which is
the basis for the algorithm VacTH utilized in this
work. Afterwards this algorithm and the accom-
panying NICE code suite are described. Section 3
presents a general overview of the ISTTOK toka-
mak. Section 4 dwells on the magnetic coil mea-
surements used in the work and the pre-processing
models applied to the coil data. Some results on
the plasma boundary reconstruction during a typi-
cal discharge are provided in Section 5 and in Sec-
tion 6 the conclusions are presented as well as a
discussion on future work.

2. Background
2.1. Equilibrium Theory

For the analysis of stability and transport in toka-
mak plasmas, it is necessary to make use of force-
balance plasma equilibrium theory. Starting with a
cylindrical coordinate system (R,φ, Z), for a mag-
netic field B that displays axial symmetry the com-
ponents of B are all independent of the angle φ and
all the components of the vector potential A can
also be taken independent of φ [6]. A function Ψ
can be defined as Ψ(R,Z) ≡ RAφ(R,Z), where Aφ
is the azimuthal covariant component of A. When
writing the poloidal covariant components of B in
terms of Ψ, it can be shown that the poloidal flux
ΨP can be defined through these components as
ΨP = 2πΨ [7]. As such the function Ψ is commonly
referred to as the poloidal flux function.

The function F is defined as F ≡ RBφ(R,Z),
where Bφ is the azimuthal component of B. The
poloidal current can be written as IP = 2πF , and
as such the function F is commonly referred to as
the poloidal current function. The components of
the current density J can be written using Ampre’s
law and this function F [6], with the azimuthal com-
ponent defined as

µ0Jφ =
∂BR
∂Z

− ∂BZ
∂R

= − 1

R
∆∗Ψ , (1)

where µ0 is the vacuum magnetic permeability
and ∆∗ is a differential operator defined as

∆∗ ≡ ∂2

∂Z2
+R

∂

∂R

(
1

R

∂

∂R

)
. (2)

Considering now the momentum equation for a
plasma, if the plasma is assumed to have no flow and
to be isotropic, the equation reduces to J×B = ∇P ,
where P is the scalar plasma pressure. By focusing
on the radial component of the equation and in-
troducing the poloidal flux function Ψ and poloidal
current function F , it is possible to arrive at the
definition for the Grad-Shafranov (GS) equation:

∆∗Ψ = −µ0R
2 dP

dΨ
− dF

dΨ
F . (3)

In the vacuum where the pressure is null and
there are no current carriers, this reduces to ∆∗Ψ =
0.

If the plasma were solely under the influence of
its hydrodynamic pressure force and the electro-
magnetic J × B, it can be shown using the Virial
theorem that it would not sustain a steady equi-
librium and toroidal shape due to outward-facing
hoop forces arising (see [7]). Therefore it is essen-
tial to provide external magnetic fields to ensure an
equilibrium state. These poloidal fields are gener-
ated by toroidal currents flowing in Poloidal Field
coils (PF coils), and can counteract plasma column
movements in the vertical (in case the plasma is
strongly elliptical) or horizontal directions. These
PF coils incidentally can also greatly influence the
cross sectional ((R,Z) plane) shape of the plasma
column.

2.2. VacTH Algorithm

Using experimental data from several diagnostics
e.g. magnetic field or flux measurements from
magnetic probes or flux loops, there are several
algorithms that aim to obtain global parameters
or reconstruct the free boundary (inside and out-
side boundary domains) of the plasma in equilib-
rium. When the goal is just to determine the
plasma boundary (plasma-vacuum interface), ded-
icated vacuum solvers can be employed, among
which VacTH [3]. VacTH is an algorithm based on
the decomposition of the poloidal flux in toroidal
harmonics. In order to describe the algorithm, an
overview of the toroidal coordinates and harmonics
is presented.

The toroidal coordinates system (ζ, η, θ) is most
commonly used to study plasma conditions in the
tokamak. The angular toroidal variable can be ne-
glected for the purposes of this work, reducing it to
the bipolar coordinates system (ζ, η). ζ is a radial
measure and η is a poloidal angle. These are related
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to the cylindrical coordinates system by

R =
R0sinh ζ

cosh ζ − cos η
, (4)

Z − Z0 =
R0sin η

cosh ζ − cos η
, (5)

where R0 and Z0 belong to the pole of the coor-
dinate system, P0 = (R0, Z0) [3]. Under this co-
ordinate system, the GS equation for the vacuum
∆∗Ψ = 0 can be expressed in bipolar coordinates
as [8]

∂

∂ζ

(
cosh ζ − cos η

sinh ζ

∂Ψ

∂ζ

)
+

∂

∂η

(
cosh ζ − cos η

sinh ζ

∂Ψ

∂η

)
= 0 . (6)

The solution for this equation can be decomposed
into the following form [3]:

Ψ = Ψint + Ψext , (7)

Ψint =
R0sinh ζ√
cosh ζ − cos η

×[ ∞∑
n=0

(
aincos(nη) + binsin(nη)

)
P 1
n−1/2(cosh ζ)

]
,

(8)

Ψext =
R0sinh ζ√
cosh ζ − cos η

×[ ∞∑
n=0

(aencos(nη) + bensin(nη))Q1
n−1/2(cosh ζ)

]
,

(9)

where P 1
n−1/2 and Q1

n−1/2 are the associated Leg-
endre functions of first and second kind respectively,
of degree one and a half integer order. These are
also called toroidal harmonics given their argument
cosh ζ. Ψint is considered the internal flux because
the Legendre function P 1

n−1/2 has a singularity for
ζ → ∞ which corresponds to the pole P0. The
Legendre function Q1

n−1/2 displays a singularity for
ζ → 0 which is equivalent to the Z axis with R = 0,
and therefore Ψext represents the flux external to
the plasma chamber.

The VacTH algorithm uses data from several
magnetic measurements in order to provide the an
and bn coefficients for the flux functions Ψext and
Ψint. Its numerical implementation is as follows.
For any given discrete time step during a shot, the
algorithm utilizes measurements from flux loops,
saddle loops and magnetic field probes as well as
data from poloidal field coil currents. The contri-
bution from the coils is subtracted from the mag-
netic measurements, and the toroidal harmonics ex-
pansion is truncated to a finite number of terms.

The altered measurements for poloidal flux and
magnetic field are evaluated and used to form a
least square cost function, where the deviations be-
tween measurements and calculations are subject
to a weighting function that can reduce the relative
weight of certain measurements. This least square
cost function is minimized to find the optimal set of
an and bn coefficients. The flux can then be approx-
imated at any point of the vacuum, adding back the
contribution of the coils that was removed in the
first step. See [3] for more details.

2.3. NICE Code
VacTH is part of the NICE (Newton direct and
Inverse Computation for Equilibrium) code suite
[4]. NICE was originally conceived with the aim of
implementing in C++ the numerical methods for
plasma equilibrium reconstruction using the Stokes
model for polarimetry [9]. Now it also includes
methods from the EQUINOX code [10] and the
VacTH code [3] among other additions. NICE is
mostly written in C++ but for toroidal harmon-
ics computations relies on some code in Fortran. It
also has external dependencies in the Eigen [11] and
SuiteSparse [12] libraries.

NICE can be used to reconstruct only the plasma
boundary using magnetic measurements or for full
equilibrium reconstruction additionally using in-
terferometry, polarimetry, pressure measurements
and/or motional Stark effect (MSE) measurements.
The free boundary equilibrium computations are
based on a finite elements discretization of the equi-
librium equations and, when using the polarime-
try constraint, include a rigorous Stokes model for
the laser propagation through the plasma. Non-
linearities are resolved thanks to a Newton method
formulated for this purpose. Following the dis-
cretization, the optimization problem is handled
through an iterative scheme based on the sequential
quadratic programming method (SQP) (see papers
[4],[13] for details).

3. ISTTOK General Description
ISTTOK is an iron core tokamak of large aspect ra-
tio with a major radius of RM = 0.46m and a minor
radius of a ≈ 0.0855m. Typical plasma parameters
include a toroidal magnetic field of BTor = 0.48T ,
a plasma current of IP = 4× 103A, a particle con-
finement time of around 300µs, a core electron tem-
perature of Te(R = 0) = 120 eV and an averaged
line density crossing at R = 0 of ne = 5× 1018m−3

[14]. The ISTTOK limiter is defined by the graphite
boxes encasing the magnetic probes inside the vac-
uum chamber and is assumed to have a shape simi-
lar to a circle of radius 85.5mm measured from the
vacuum chamber center (see Figure 1). The vac-
uum vessel is surrounded by a 15mm thick copper
shell which provides a stabilising effect against fast
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plasma motions. This shell is sectioned toroidally
and poloidally and therefore avoids the circulation
of direct current in those directions. However, in-
duced current eddies are still generated and thus the
horizontal/vertical field components can be effec-
tively shielded during the plasma discharge. Stan-
dard plasma operation is through alternate current
(AC) discharges which extend the discharge time
and avoid the transformer iron core saturation.

The poloidal field coils (PF coils) system in IST-
TOK is composed of a pair of coils connected to
form a dipole magnetic field (Primary Field coils)
with 14 turns, two pairs of vertical equilibrium
coils connected to form a quadrupole magnetic field
(Outer Vertical Field and Inner Vertical Field coils,
OVF and IVF) with 5 turns and a pair of horizontal
equilibrium coils connected in anti-series forming a
dipole magnetic field (Horizontal Field coils, HF)
with 4 turns.

The diagnostic systems currently used in IST-
TOK which are relevant for this work are the mag-
netic probes, Langmuir probes, the heavy ion beam
diagnostic (HIBD) and the interferometry diagnos-
tic. However, it was not possible to use the HIBD
measurements during this work.

The magnetic probes consist of a Rogowski coil
and 12 Mirnov coils placed inside the tokamak. The
Rogowski coil is a helical wire coil with near circu-
lar shape located between the copper shell and the
vessel, wrapping the torus in a poloidal section to
measure the plasma current. The coil’s output is in-
tegrated with an analogue integrator developed on
site, acquired by the control system and provides
the total plasma current [15]. The Mirnov coils
each consist of 50 loops over a an area of 25mm2

and 6mm length [16]. The probes are placed at
rprobes = 93.5mm, and their arrangement is visible
in Fig. 1 .

Figure 1: Arrangement of the Mirnov coils present
in ISTTOK. LCFS stands for Last Closed Flux Sur-
face which in the ISTTOK is the plasma boundary.

The magnetic probes measure the electromotive
force E induced by the local magnetic fields. From
these values, the magnetic field Hprobe for each
probe can be obtained. In ISTTOK analogue in-
tegrators are used to integrate the signal from the

probes. Afterwards the plasma current can be cal-
culated using these magnetic fields in an equivalent
circulation integral calculation i.e.

Ip =
2πrprobes
Nprobes

Nprobes∑
i=1

Hi
probe , (10)

where Nprobes is the number of magnetic probes
and Hi

probe is the magnetic field at the ith probe.
The Langmuir probes (LPs) measure the plasma

floating potential [17]. There are four sets of probes
installed in ISTTOK located near the top, bottom,
inner and outer positions of a poloidal cross-section,
poloidally separated by 90o [14]. For the ISTTOK
the floating potential radial profiles are very similar
for all poloidal positions of the plasma. As such,
based on a cylindrical plasma approximation, the
plasma position can be estimated from the differ-
ence between the floating potential of two opposed
electric probes that define that axis, according to
[17]:

Rp = C1 ∗ (Vfouter − Vfinner) + C2 , (11)

Zp = C3 ∗ (Vftop − Vfbottom) + C4 , (12)

where C1,2,3,4 are constants determined from the
average floating potential profile. This estimation
is only valid for small plasma position variations
(∆Z < 10mm).

The HIBD allows for proxy measurement of
plasma density and temperature quantity at 12
different sample volumes [14]. HIBD operation
consists of the injection of a Xe+ primary beam
into the plasma in a poloidal plane and approxi-
mately in a vertical direction, top to bottom. As
the primary beam collides with plasma electrons,
secondary beams of Xe2+ are generated into the
plasma by single ionization. A separation occurs
between the double charged ions and the single ion-
ized ones due to the charge dependence of the Xe
ions Larmor radius. This separation results in dis-
tinct trajectories for each beam. By collecting the
secondary ion beams after their journey through the
plasma, the quantity neσeff (Te) is measured from
the ratio of ion currents, and in the ISTTOK con-
ditions it can be regarded as a proxy for the plasma
pressure [14].

The interferometry diagnostic is composed of
a microwave interferometer, which provides line-
averaged density measurements of the plasma.

4. PF Coil Analysis
4.1. Measurements
The first step of NICE implementation was to per-
form the necessary measurements and approxima-
tions to properly characterize the ISTTOK config-
uration. The PF coils were measured to determine
the radial and vertical dimensions of the coils, and
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calculate center positions. This was not possible
for the IVF coils, for it is too difficult to manu-
ally access these coils in the ISTTOK configuration
without dismantling the tokamak. Furthermore,
the OVF coils and the HF coils are mixed together
and not visually differentiated. It was judged to
be a better alternative to vertically split the OVF
and HF coil bunches. This approximation allows
for the OVF coil parts to more closely match their
inner vertical field counterparts, as intended. Addi-
tionally the groupings of OVF coils and HF coils are
only restrained in certain parts of the tokamak outer
circunference, and in other parts are very weakly
confined.

The new positions of the coils and comparisons
with previously known values can be seen in Tables
1 and 2. The measured dimensions for the coils are
presented in Table 3. In the vertical direction the
differences were very substantial. A representation
of the new coil locations together with the magnetic
probes and limiter of ISTTOK can be seen in Figure
2.

Table 1: New radial positions of the PF coils esti-
mated based on size measurements together with
comparisons with previously known values. IVF
coils were not re-measured.

Coils R (m) ∆ R (m)
Pri. F. 0.654 + 0.034
OVF 0.589 + 0.009
IVF 0.335 0
HF 0.589 + 0.009

Table 2: New vertical positions of the PF coils esti-
mated based on size measurements together with
comparisons with previously known values. IVF
coils were not re-measured.

Coils Z (m) ∆ Z (m)
Pri. F. ± 0.138 ± 0.008
OVF ± 0.075 ± 0.005
IVF ± 0.070 0
HF ± 0.129 ± 0.059

Table 3: Dimensions of the PF coils estimated
based on new measurements. IVF coils were not
re-measured.

Coils d R (m) d Z (m)
Pri. F. 0.030 0.040
OVF 0.065 0.054
IVF 0.040 0.040
HF 0.065 0.054

0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70
r [m]

−0.15

−0.10
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0.00

0.05

0.10

0.15

z [
m
]

IVF

IVF

OVF

OVF

HF

HF

PriF

PriF

B. Probe
B. Probe Enca ing
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PF Coil 

Figure 2: Location of the magnetic probes and
poloidal field coils in ISTTOK.

4.2. Exponential Model for Currents
If the currents running through the poloidal field
coils were introduced as is into NICE alongside the
magnetic diagnostic measurements, these measure-
ments would account for an external field that is de-
layed with regards to those field-generating currents
due to the ISTTOK copper shell slowing the pen-
etration of the fields. In order the prepare the di-
agnostics and control system data for ISTTOK, the
next step of implementation was to build a model
for the equivalent PF coil currents that would cre-
ate these reduced fields in the absence of the copper
shell.

This analysis was enabled by preparing vacuum
shots (no plasma) where current was sent in the
form of a Heaviside function to a PF coil, while the
other two coil systems had no current flowing. The
response curve in the magnetic probe data was fit-
ted with an exponential model with 4 degrees of
freedom (DOF) of the kind a+ b t+ c e−t/τ , where
t is the time in ms, a, b, c are dimensionless con-
stants and τ is a timescale constant in miliseconds
determined through the fit. The linear-scaling com-
ponent b t was added to differentiate between any
unidentified linear drift possibly left in the data and
the desired exponential time constant τ . The DOF-
adjusted R2 was used to compare the quality of the
fit including a linear-scaling component with a fit
excluding it, and the version with a linear scaling
component was judged to be more adequate.

This approach was firstly attempted using the in-
dividual data from each magnetic probe. The ob-
jective was to determine individual time constants
for each probe and confirm the relative lack of varia-
tion across the values. These 12 constants would be
averaged for each PF coil to obtain 3 different time
constants representative of the copper shell slowing
effect, one for each PF coil system. Figure 3 repre-
sents an example of a an individual fit. In the cur-
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Figure 3: Exponential model fit for magnetic probe
#12 with a Horizontal PF coil current Heaviside.

Table 4: Results of the individual magnetic probe
data fits for a Horizontal PF coil Heaviside shot.

Probe τ (ms) DOF-A R2

1 2.71 0.9746
2 9.31 0.9956
3 15.47 0.9947
4 2.86 0.8839
5 20.60 0.9307
6 15.21 0.9489
7 1.12 0.2810
8 2.25 0.7253
9 5.54 0.9742
10 11.62 0.9968
11 8.09 0.9845
12 1.62 0.9742

rent comparisons, there was a scale factor applied
to the magnetic probe data for reasons related to
the fitting process.

As can be seen in the data for the Horizontal PF
Coil shot on Table 4, it was not possible to prop-
erly fit the model for some of the magnetic probes.
Furthermore, the values of τ also varied very signifi-

cantly against expectations across the probes, espe-
cially for the Horizontal field. As such, the results
of this attempt were not used for the exponential
filter applied to the currents. The difficulty in fit-
ting the model and the variations in the τ values
are attributed to the non-uniform influence of the
eddy currents in the copper shell.

The next approach sought to find time constants
in a way comparable to typical plasma current cal-
culations. The exponential model was fitted to a
linear combination of the magnetic probes data with
the polarities customized on an individual probe
level. Normally the magnetic probe data is cor-
rected for polarity differences by always inverting
the signal of certain probes, but for this method this
correction was altered so that the response curves
across all the probes for these vacuum shots dis-
played the same signal. This method yielded a
completely fictitious ”plasma current” of no physi-
cal significance. However, the final response curve
obtained in this manner for each PF coil reflects
the contribution of the individual timescales of all
the probes. As such it was possible to fit the ex-
ponential model, and obtain an exponential time
constant from the fits. Ultimately, the variations of
the calculated τ across the fits of magnetic probe
data remain an issue.

This method produced a curve with a much
smoother form compared to the individual magnetic
probe data and therefore it was possible to fit the
exponential model to both of the curves in response
to the Heaviside in the coil currents, at t = 100ms
and t = 600ms for each shot. In Table 5 the τ ob-
tained for each instance (1st curve and 2nd curve)
and PF coil current (primary, vertical and horizon-
tal) can be seen, as well as final averages for each
τ . The DOF-adjusted R2 values obtained for these
fits were all > 0.9816. These time constants were
used for an exponential filter applied to the PF coil
data before the NICE input stage. For each of the
PF coils, the formula I∗t = α It + (1− α) I∗t−1 with
I∗0 = I0 was used where It is the unmodified cur-
rent for time t, I∗t is the filtered current, α is the
exponential smoothing factor α = 1− e−∆T/τ and
∆T is the sampling time interval.

Table 5: Exponential time constants of the tweaked
sum of magnetic probe data fits for the PF coils.

Curve t (ms) Pri. τ (ms) V τ (ms) H τ (ms)
100 22.60 21.60 4.12
600 21.33 20.28 4.13

Avg. 21.95 20.92 4.12

The relative error for the magnetic probe mea-
surements was set at 5% and the absolute error was
set at 4mT . For the measurements taken at IST-
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TOK, 5% of the values is more often than not lower
than 4mT , so 4mT was the error estimates used by
NICE.

Figure 4: Comparison of magnetic field measure-
ments (in blue) with NICE reconstruction com-
puted values (in red) for t = 110ms of Shot 44561.

It was observed that the 10th probe (identified as
#9 in graphs) always provided data that was very
out of tune with the other probe measurements, vis-
ible in Figure 4 where these measurements (in blue)
are compared with the computed values (in red) of
the NICE-reconstructed flux map. For the purposes
of the plasma boundary reconstruction, the weight
of the magnetic measurements from this probe were
reduced to half the normal weight.

5. Results
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Figure 5: Plasma diagnostics data during first
240ms of shot 44561.

The data acquisition period lasts for 1200ms, but

the samples chosen all belong the first 240ms of
shot 44561. Each semi-cycle during the shot lasts
25ms. Figure 5 presents the line-averaged den-
sity obtained using the interferometry diagnostic
present in ISTTOK and the current of the plasma
calculated using the magnetic diagnostics compared
with the Rogowski coil measurement. The differ-
ences between the last two are minimal.

(a) t = 105ms

(b) t = 110ms

Figure 6: Sequence of reconstructed plasma bound-
ary representations for shot 44561. The magenta
dot circled in black is the chamber’s center (0.46,0).

The results of the plasma boundary and flux map
reconstruction for two different time instances in
Shot 44561 are displayed in Figure 6. The num-
ber of coefficients used in the toroidal harmonics
expansion was 5 and 4 for the cosine and sine terms
respectively of the external flux function, 3 and 2
for the cosine and sine terms respectively of the in-
ternal flux function. The absolute error values for
the magnetic field values obtained from the recon-
struction are visible side by side in Figure 7. The
average relative error for the calculated magnetic
field values was approximately 5.7%.

Increasing the number of terms used by NICE
for the toroidal harmonic expansion of the flux led
to a better agreement in the values for the center
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position plasma between NICE boundary centroid
estimation and the electric probe center position
calculation. The final number of terms used in the
expansion was chosen such that higher numbers did
not affect the reconstructed boundary’s shape and
position significantly, as well as to avoid the overde-
termination of the equation system being used.

It was observed that the boundary reconstruction
was generally worse when performed with data from
one of the negative semi-cycles during the given dis-
charge, and at times NICE would fail to perform the
reconstruction altogether. This difficulty became
more pronounced when the number of coefficients
were increased, resulting in poor results for the re-
constructed boundaries.

(a) t = 105ms

(b) t = 110ms

Figure 7: Magnetic field absolute error values ob-
tained for obtained plasma boundary reconstruc-
tion for shot 44561.

The center position of the plasma determined
through NICE in the radial dimension is in agree-
ment with that obtained through the electrostatic
probes, but not in the vertical dimension. This can
be seen in Figure 8 comparing the center position
estimates between the available diagnostics and the
centroid from the plasma boundary reconstructed
with NICE.

In an attempt to take into account the difficul-
ties in mapping the Poloidal Horizontal Field (HF)
and Outer Vertical Field (OVF) coils during this
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Figure 8: Comparison of plasma center position ob-
tained from electric probe signals, from magnetic
probes (centroid of magnetic signals) and NICE
(centroid of reconstructed plasma boundary) for
shot 44561.

work, some tests were performed to measure the re-
silience of the results obtained with respect to vari-
ations in the PF Coils spatial distribution, using the
plasma boundary reconstructed for t = 110ms of
shot 44561 as the basis.

The first case was to increase the dimensions of
the OVF and HF coils by 1.5× to account for the
possibility that the PF coil grouping sizes could be
considered larger. The difference between the base
plasma boundary and the boundary resulting from
this arrangement was unnoticeable.

The second case was to divide each of the HF
and OVF groups into 3 parts with equal share of
the total current in each group but with unequal
areas. This was to account for unforeseen differ-
ences in the position and distribution of the coils
within the OVF and HF windings. The representa-
tion of the PF coils and the boundary comparison
are displayed in Figure 9. It is possible to see a
slight change in the boundary most pronounced in
the right side, but it is overall very small.

The third case was to divide each of the HF and
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(a) PF coil arrangement

(b) Boundary comparison

Figure 9: Arrangement and resulting plasma
boundary comparison for the unequal current dis-
tribution test case.

OVF groups into 9 parts with equal share of the
total current in each group and then reduce the di-
mensions to half. This was done for the possibility
that the coil distribution would be point-like within
each bunch. As with the first case, the difference
between the two boundaries was minimal and un-
noticeable.

The fourth and final case was to treat the OVF
and HF coil bunches as a single group, leading to
one top PF coil grouping encompassing the two in-
dividual bunches and one bottom PF coil grouping
in the same manner. The group currents were de-
fined as the sum of the individual OVF and HF
currents in that group. This was attempted be-
cause OVF and HF coil bunches are tangled such
that they cannot be distinguished. The representa-
tion of the PF coils and the boundary comparison
are displayed in Figure 10. The changes here were
most noticeable yet they were still very small over-
all.

6. Conclusions

The VacTH algorithm and NICE code suite were
adapted to the ISTTOK parameters and diagnostic
data. The plasma boundary and flux map were suc-
cessfully reconstructed in several moments of differ-

(a) PF coil arrangement

(b) Boundary comparison

Figure 10: Arrangement and resulting plasma
boundary comparison for the mixed OVF and HF
test case.

ent shots. The resulting boundaries are consistent
with the tokamak geometry, and their evolution
appears consistent with typical ISTTOK timescale
evolution of discharges. This plasma boundary re-
construction method may be usable as a diagnostic
tool for ISTTOK. The resilience tests showed that
the uncertainty due to difficulties in mapping the
PF coil system should have a negligible effect on
the reconstruction performed by NICE.

The plasma boundary reconstruction was only
possible when the relative and absolute error pa-
rameters for the magnetic measurements were set
to certain minimum values. For older shots, the
need for higher error values than those previously
calculated in the work seems to reflect that there
are magnetic fields affecting the magnetic probes
that are not being taken into account properly. One
possible reason for this is that the existence of eddy
currents in the copper shell is generating magnetic
fields that affect the probe measurements and that
are not being properly accounted for, which then
hamper the reconstruction.

The effect of the ISTTOK copper shell on the
magnetic fields generated by equilibrium coils was
approximated using a simple exponential filter. If
the copper shell could be discretized over current fil-
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aments and these currents calculated, they could be
provided to NICE which would then obtain the flux
map produced due to all the existing currents. This
way the copper shell response would have an exact
time dependency, whereas the re-normalization of
currents implemented here does not accurately take
into account the complete time dependency of the
copper shell signals.

In ISTTOK a state space-based method is be-
ing implemented to obtain the ”effective” magnetic
probe values based on the history of the signals
across the discharge, but this method does not pro-
vide a way to obtain the copper shell currents.
It does however allow for a worthy estimation of
the plasma current density centroid using magnetic
measurements, so it would be worthwile to com-
pare results of the center position with the esti-
mates using NICE boundary reconstruction. Given
the low plasma pressure in ISTTOK, the Shafra-
nov shift is deemed small and thus both centroids
closely match.
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