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Abstract

For relevance in energy production, fusion operation should be steady-state with
high output power. This requires regimes of operation in which the amount of non-
inductively driven current is optimised. The KSTAR tokamak has been built with the
aim to develop these advanced scenarios, which can be characterised with the current
density profile, j. To measure and to control j, a Motional Stark Effect (MSE) diag-
nostic is in development at KSTAR. Such a diagnostic measures locally the magnetic
pitch angle, giving the unknown poloidal magnetic field. This thesis investigates the
ability of this diagnostic to distinguish the various operating scenarios.

To establish a means to assess this ability, MSE measurements are simulated with
the use of two simulation codes BEAMCODE and MSESIM. Firstly, there was inves-
tigated whether these codes account for all the relevant effects. This has been done
by comparing their output to spectral measurements from the 2012 and 2013 KSTAR
campaign. This benchmark is divided into (a) the shape: here the Doppler shift, the
Stark Shift, the power fractions and the spectral asymmetry are analysed. Then the
residual difference between measurement and simulation was observed to be in the or-
der of the measured noise, completing the benchmark to achievable accuracy. (b) the
intensity (including the emission and throughput): This comparison has been done by
integrating sphere calibration and Bremsstrahlung calculation. Both were consistent
with the MSE measurement/simulation. However, for the plasma density, which is
an input parameter in the emission intensity simulation, no trustworthy profile data
was available. It was concluded that by adjusting the input plasma density profile,
agreement between measurement and simulation could be reached.

During the performance assessment, the simulation codes MSESIM and BEAM-
CODE were used to simulate MSE light resulting from artificial plasma equilibria. To
synthesise future scenarios, a tool, EQUINU, has been developed that computes the
poloidal magnetic field based on an analytical expression for the q-profile. With the
MSE output a simulated voltage signal was generated that would be measured by the
future MSE diagnostic. Several input equilibria, defined by their q-profile, have been
analysed in this way and the output pitch angle profile has been compared to the in-
put. These are well in agreement along the range of measurement (from 10 cm inside
the magnetic axis to almost the plasma edge). Two types of deviations of result from
input were found: (1) the systematic deviation that is introduced by the act of filtering
and by the simulation of volume effects (view rays, beam emission volume); (2) the
statistical deviation that is introduced by the noise on the signal. The first one is in
the order of 0.2◦ and it can hardly be reduced, as the magnitude is also dependent on
varying effects as the beam energy and the magnetic field. The statistical error can be
reduced by time integration and has been found to reduce as ∆γ ∝ 1/

√
∆t. Within a

few milliseconds, the statistical error is below the systematical error. From this work,
the MSE diagnostic seems well capable in performing its task.
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Chapter 1

Introduction

With the aim to develop a safe, clean and abundant energy source, fusion research
is currently big science[1]. That is, fusion is practised in large-scale, multibillion dollar
devices and it has an intergovernmental organisation structure. The basic goal for
fusion is steady-state operation with high energy production. The ability to control
this process is an essential step in order to get fusion from big science to big industry.

The tokamak is currently the leading concept in the quest for fusion power[2].
This torus-shaped device has a high toroidal magnetic field, together with a much
smaller poloidal magnetic field - caused by the plasma current - and a vertical field
(see Fig. 1.1). The combination of these fields provides a stable concept that is rather
robust due to the strength of the toroidal field and height of the plasma current [3].
Nevertheless, persisting instabilities crucially determine the plasma performance[4],
and active control is required to counteract them.

Figure 1.1: Basic principle of a tokamak. The total magnetic field is created by the externally
applied toroidal field (Bφ) and the poloidal field (Bθ) that is caused by the plasma current (Ip).
Vertical field not drawn. The radial distribution of the current is a key element of an operating
scenario, determining output power and steady-state potential.

A fusion power reactor would obviously have (a lot of) net energy. To achieve this
the plasma pressure should be high and the amount of external power supply should
not exceed the output power. Tokamak pulses are limited when the plasma current

1
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is purely induced. For steady-state operation, this asks for special plasma current
distributions. The ability to control those is the main motivation of this work.

The toroidal and vertical field are known, but the poloidal field is a result of
the current distribution in the plasma. There are only a few diagnostics capable of
measuring the full magnetic topology inside the plasma. One of them is based on the
Motional Stark Effect.

The Motional Stark Effect (MSE) measures the light from excited neutral beam
particles. The emitted light becomes a spectrum that is shifted from the natural
wavelength. This shift is due to the electric field the atoms experience as a result of
their velocity v and the magnetic field B:

E = v ×B (1.1)

Each of the spectral lines has a polarisation either parallel or perpendicular to E.
A measurement of the polarisation angle γ gives information of the magnetic pitch
angle γm (the angle the of rotation that a magnetic field line has). This is the central
figure in this thesis.

A diagnostic based on this polarisation is to be built at Korea Superconducting
Tokamak Advanced Research (KSTAR). The goal is to obtain insight in the ability of
this diagnostic to distinguish the various current distributions, belonging to the ways
of operation. This drives the main question of this work:

Is the diagnostic capable of distinguishing the various operating scenarios?

To answer this question we must have a means to investigate future measure-
ments. That will be performed with two simulation codes and the newly developed
reconstruction algorithm. This asks for the following breakdown:

1. Knowledge of the plasma equilibria that will be measured in KSTAR and devel-
opment of a tool to evaluate them in the simulations

2. Trust in the simulation codes of the emission (BEAMCODE) and Stark spectrum
(MSESIM). The question to be answered is: Is the simulating software capable
of describing the MSE signal?

3. Conversion of the light into the measurement signal: inclusion of the design
parameters and study of their effects.

4. Investigation of the output of the reconstruction algorithm (ANALYSIS MSE)
for various equilibria. Comparison of the differences with the required precision
for the diagnostic.
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Figure 1.2: Horizontal cross section of KSTAR, with the steps indicated: the information of the
Equilibrium is via the Beam atoms transferred to the collection optics, simulated by MSESIM. The
setup causes a modulation of the signal, that is filtered and reconstructed with ANALYSIS MSE,
the reconstruction algorithm that is used in the future diagnostic. The carried information is
shown in dark red: the magnetic pitch angle γm is brought about by the plasma equilibrium; the
MSE diagnostic measures the polarisation angle, which is converted into an intensity modulation
to carry the information through the fibres. At the end, the polarisation and the pitch angle is
reconstructed γ̃m. The goal is to compare this with the equilibrium pitch angle, evaluating the
reconstructing capacity.

1.1 Approach and outline of this thesis

Step (1) is discussed in the next chapter, with as result a tool to create various
equilibria. In step (2), the codes MSESIM and BEAMCODE are benchmarked against
spectral measurements of the KSTAR 2012 and 2013 campaign. In the MSE diag-
nostic, the polarisation will be measured, but the benchmark setup does not allow for
polarisation measurements. Therefore, the codes are evaluated on Shape (geometry
and MSE physics) and Intensity (the amount of signal), separately, with the aim to in-
vestigate the different input parameters that govern the physics modelling. The codes
are introduced in chapters 3 and 4 and the results are discussed in chapter 5.

The parts of the breakdown of the main question are also indicated in Fig. 1.2,
showing the journey of the light, which is also followed in this thesis. As mentioned,
the central figure is the pitch angle profile. The answer to the main question exists of
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the comparison of the difference amongst the profiles of the scenarios and the accuracy
of the simulated profile, limited by the diagnostic method and the propagation of
the noise. Before the output of the diagnostic analysis code (ANALYSIS MSE) is
evaluated, the new design is considered, along with the way the polarised light becomes
a signal. Finally, several equilibria scenarios are constructed with the tool of chapter 2
and with thise, measurements are simulated. The goal is to compare the reconstructed
pitch angle γ̃m with the input pitch angle γm, thereby quantifying the diagnostic
performance. This is the topic of chapter 7. In the last chapter (8), we return to
the main question and its breakdown.

Refereed publications

Lange, A.G.G., Bock, M.F.M de & Ko, J., Benchmark of simulation code MSESIM
for future MSE diagnostic on KSTAR, Journal of Korean Physical Society (2014)

Ko, J., Chung, J., Lange, A.G.G. & Bock, M.F.M. de, Polarimetric spectra analy-
sis for tokamak pitch angle measurements. Journal of Instrumentation, 8(10):C10022
(2013)



Chapter 2

Physics of stable fusion plasmas

The motivation for the diagnostic is the measurement and distinction of plasma
equilibria, hence magnetic fields. The goal of this chapter is to provide a background
on the reason of existence of the magnetic fields, the aim for high power fusion and
the development of a tool to simulate KSTAR equilibria. This tool will be used in the
performance assessment in chapter 7.

2.1 Fusion in a tokamak

When two small nuclei fuse to form a heavier nucleus, energy is released. Fusion
happens at energies far above the ionisation energy of hydrogen; hence all the particles
are charged and together they form a plasma. This charge causes a repelling force
amongst the nuclei. This Coulomb force needs to be overcome by giving the nuclei
a high kinetic energy, which happens in plasmas with a high temperature T . Also,
to have a lot of fusion reactions, there should be enough particles colliding. That
asks for a high density n. Thirdly, the power balance should be such that the fusion
power exceeds that of the losses (Bremsstrahlung and thermal conduction), otherwise
it would not be an energy source. The relaxation time in which the plasma loses
energy to the outside world is τE, the energy confinement time, which must be high
enough. These quantities together, form the most important performance parameter
for a fusion experiment, the Lawson triple product1. It looks like this[2]:

nτET > 8.1 · 1021

[
keV s

m3

]
(2.1)

External heating power reduces the requirement on nτET [6], but the overall power
amplification (Pout/Pin) should be high enough to have an economical energy source.
Charged particles gyrate around magnetic field lines, so magnetic fields can be used to

1This was named after the British physicist who published this thought in 1957 [5].

5
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confine a plasma. When one bends these field lines such that they “bite their tails”,
end losses are avoided, and one arrives at the concept of a Tokamak.

2.2 The magnetic fields

In a running tokamak, the magnetic field has several origins. It can be divided into
two categories: the externally applied and internally generated field. The former is of
course known, the latter has to be measured. This can be done by an MSE diagnostic,
motivating the development of it at KSTAR. Here, the components of the magnetic
field will be introduced.

The Larmor radius is the radius of gyration of a charged particle moving in a
magnetic field. The smaller the radius the better the confinement. As this is inversely
proportional to the magnetic field, a small radius requires a high field. This explains
the existence of the largest component: the toroidal magnetic field, produced by the
external coils around the plasma column. If no plasma is present, the vacuum magnetic
field Bvac is found by evaluating Ampère’s Law applied on a horizontal surface S that
is a cross section of the tokamak:

∮
∂S Bvac · dl = µ0Iencl. = µ0NITF = Bvac · 2πR.

Expressed in terms of the vacuum magnetic field B0 on the central axis R0, the vacuum
field is: Bvac = B0R0

R φ̂ in toroidal direction φ̂.

Perpendicularly to the toroidal part, the poloidal magnetic field is constituted
by the externally applied vertical field and the plasma current:

• A vertical field is necessary to counteract three forces that tend to expand the
plasma column (the 1/R force, caused by 1/R characteristic of the toroidal field;
the hoop force, caused by the plasma current; and the tire tube force, caused by
the plasma pressure). This field causes an inward force v×Bvert on the plasma
particles, with v the particle velocity.

• Due to the curvature of the magnetic field, the ions and electrons drift to opposite
sides of the tokamak. To shortcut this build-up of electric field, there is need
for a field that is in poloidal direction everywhere. This field is the result of
the toroidal current - again found with Ampère’s Law, but now on a vertical
cross section around R0. In current profile measurements with MSE this induced
poloidal field is the unknown measurement quantity.

Fig. 2.1 shows the typical plasma shape and the profiles of the magnetic field. The
contours, which are vertically elongated with some inward triangularity, are surfaces
of equal magnetic flux, indicated by ψ, where ψ = 1 means the last closed flux surface.
The centre of the contours, the magnetic axis, is typically closer to the outer side (right
side in the figure). This is due to the outward force the toroidal plasma exerts on itself.
This shift between the geometrical toroidal axis and the magnetic axis is called the
Shafranov Shift. This is the typical equilibrium situation, that will be discussed in
Sec. 2.3.
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Figure 2.1: Typical profiles of toroidal field Bφ, poloidal field Bθ and the q-profile, on the
foreground of a typical KSTAR plasma shape. KSTAR’s major radius R0 = 1.8m, its minor
radius a = 0.5m. The elongation, defined as the ratio of the semi-major to the semi-minor axis,
has a design value up to 2 (here 1.6). The triangularity, defined as the ratio of the shift of the
centre of the outer surface to the semi-minor axis, is here 0.6

The distribution of the current density j(r), is brought about by several elements:

• The toroidal electric field, induced by the central solenoid. The profile is deter-
mined by the electrical conductivity, which scales with T 3/2. So, the current is
highest in the core, where the temperature is highest.

• External current drive, such as electromagnetic waves, particle beams (on- and
off-axis). These methods cost energy, so large external current drive mechanisms
could be unfavourable for the reactor economics.

• The so-called bootstrap current. This transport-driven toroidal current is an
effect of the pressure gradient and the curvature of the plasma. This bootstrap2

current does not necessarily cost more input energy, but is a result of the internal
equilibrium. It reads: jB ∝ −qB−1

0 ε−1/2∇rp, where p is the pressure, ε the ratio
between minor and major radius, B0 the toroidal magnetic field at the magnetic
axis and q the number of toroidal rotations per poloidal rotations of the magnetic
field. This important last parameter is discussed in Sec. 2.4).

Currently, in nowadays’ tokamaks, the plasma current is mainly driven by the

2Coined as such, as it pulls itself up, comparable to the phrase “pull oneself over a fence by one’s
bootstraps”, which is of course an adynaton.
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central solenoid, that applies a time-varying magnetic flux in the plasma column.
According to Faraday’s Law, this induces an electromotive force that acts on the
plasma particles. The disadvantage is that this magnetic field cannot be increased
indefinitely, so this limits the available flux swing. Therefore, with inductive current
alone, a tokamak cannot run steady-state.

As the bootstrap current component is a self-generated effect, it is desired to have
a large bootstrap fraction fB of the total current (fB = 0.7 - 0.9). This requires a
high plasma pressure, the conditions and limitations of which are discussed after this.
But first, shortly the equilibrium consideration is taken note of: How a current density
profile establishes itself, is a result of the balance with the pressure profile. This is
governed by the Grad-Shafranov equation, discussed in the next section.

2.3 Note on equilibria

Analysis of macroscopic equilibria is based on magnetohydrodynamics (MHD).
This is the treatment of the plasma as a single conducting fluid. In this consideration
are included: mass conservation, momentum balance, Ohm’s law (electron momentum
balance), energy conservation and the Maxwell equations.

For MHD equilibrium, one simplifies the resulting balance equations by assuming
the system time-independent and static. Mass and energy conservation are satisfied.
Next, the ideal Ohm’s law requires the electric field to be zero, which implies the
satisfaction of Faraday’s Law [6]. The remainder is three phenomena that together
define the MHD equilibrium model that describes the equilibrium properties of all
fusion relevant magnetic configurations: The force balance, Ampère’s law and the lack
of magnetic monopoles:

j×B = ∇p (2.2)

∇×B = µ0j (2.3)

∇ ·B = 0 (2.4)

Here the current density j is a result of the velocity difference between ions and
electrons; B is the total magnetic field; p is the total electron and ion pressure. With
charge conservation, ∇ · j = 0, this leads to the implication that, in a tokamak, in the
volume where ∇p 6= 0 the surfaces of constant pressure are torus-shaped and the field
lines lie on these surfaces, called flux surfaces [3]. The pressure gradient is required
to build up fusion conditions in the core and the flux surfaces maintain this gradient.
From a particle point of view this can also be understood, as a plasma particle gyrates
around a field line, and, if confined, moves on the particular flux surface.
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Equilibrium reconstruction

Obtaining equilibria is done by combining the force balance and Ampère’s law,
thereby writing the poloidal magnetic field in terms of the poloidal flux, ψ =

∫
Bθ·dS⇔

BR = − 1
R
∂ψ
∂Z , BZ = 1

R
∂ψ
∂R ; and the toroidal magnetic field in terms of a flux function

F ≡ RBφ. In doing this, one ends up at the Grad-Shafranov equation:

∆∗ψ = −µ0R
2 ∂p

∂ψ
− F ∂F

∂ψ
(2.5)

Where ∆∗ ≡ − ∂2

∂Z2 −R ∂
∂R

(
1
R

∂
∂R

)
is the Grad-Shafranov operator. Besides F , also

p is a function of ψ. For a derivation of this elliptic second order nonlinear differential
equation, see, for example: [3].

The current density distribution is dependent on the outcome of the equation.
This nonlinear optimization problem is iteratively solved by a reconstruction algo-
rithm, such as EFIT. EFIT (Equilibrium Fitting) is a computer code developed to
translate measurements from plasma diagnostics into useful information like plasma
geometry, stored energy, and current profiles. The measurements are obtained from
diagnostics such as external magnetic probes, external poloidal flux loops, and the
Motional Stark Effect (MSE), which measures the direction of the magnetic field lines
inside the plasma. The fact that the fields and the current density can be expressed in
two-dimensional stream functions significantly reduces the complexity of the problem.

At KSTAR, EFIT is used, which is currently only constrained by magnetic diag-
nostic from outside the plasma. This means that the reconstruction algorithm is not
constrained in the core. This is a main motivation for having an MSE diagnostic.

2.3.1 The beta ratio, and relevant parameters

The measure of the efficiency with which the magnetic field confines the plasma,
is the beta ratio. This quantity is defined as the pressure normalised to the magnetic
pressure, viz.:

β =
2µ0〈p〉
B2

(2.6)

The quantity β is limited and an important figure of merit of tokamak experiments.
When the kinetic pressure exceeds the ability of the confining field to keep it in place,
instabilities will occur. There are several types of instabilities, but a universal pressure
limit is known as the Troyon limit: β < Const. · Ip/aBφ. The normalised beta ratio,
that will be used to define input scenarios based on past KSTAR experiments, reads:

βN = β · aBφ/Ip (2.7)



2.4 Towards Advanced Operating Scenarios 10

Elongation κ and triangularity δ have an effect on the ideal MHD stability; they
increase β. Elongation is the vertical stretching of the plasma shape. This is limited, for
if the plasma column would be stretched too much, it will break up. For an elongated
tokamak, the beta limit is β ≤ 0.5K2 a

Rq2
a
, with K = [(1 + κ2)/2]2 and qa the safety

factor [7]. The safety factor is discussed in the next section.

At high triangularity, larger current density is required for the onset of the peeling
mode, which is believed to be one of the candidate modes underlying a typical disrup-
tive instability, the Edge Localised Mode (ELM). Recent studies have shown that the
more appropriate drive for the ELM is the peeling-ballooning mode, which is able to
tap its free energy from both the current density and pressure gradients. Lower trian-
gularity, however, is typically associated with the ballooning instability, which tend to
give rise to smaller ELMs [7]. The origin of the ELM is discussed in the next section.

Profiles of density and temperature

The density n and temperature T are introduced in Section 2.1. Together they
constitute the kinetic pressure (p = nT ). Necessarily, it is both hotter and denser in
the core than at the edge: The required temperature for the satisfaction of the Lawson
criterion in a tokamak vastly exceeds the maximum temperature that any material can
withstand. Hence, a non-flat profile is required. In the regions of lower temperature,
there are more radiation losses as a result of no full ionisation. If the density in those
regions would be too high, the plasma would ‘choke’ itself. Consequently, also the
density needs to be profiled, i.e. higher in the core. An empirical limitation of the

density is the Greenwald density limit, nG[1020m−3] ≡ Ip[MA]
πa2[m2]

. Tokamak plasmas can

operate at a certain percentage of this Greenwald limit (for KSTAR around 60%, for
the next generation tokamak ITER3, typically 85%).

2.4 Towards Advanced Operating Scenarios

As mentioned before, steady-state operation cannot be achieved with inductively
driven current alone. The contribution of the bootstrap current has to be maximised,
because it is for free. To increase its amount, Advanced scenarios are in development
for steady-state operation. In these modi operandi of modern tokamaks, the power and
stability are optimised[4], part of which is having larger fractions of non-inductively
driven current. This leads to current density distributions and to keep track of them,
the forthcoming poloidal magnetic field profiles can be measured. Therefore it is of
interest in this work.

3ITER is currently being built in Cadarache, France. It has larger dimensions, R0 ∼ 6m, a ∼ 2m,
and an envisaged power multiplication of 10.
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KSTAR has been built with the aim to develop advanced scenarios. This will be a
major topic in the upcoming years. The results are of interest for the next generation
in tokamak research (ITER).

This section briefly introduces several scenario concepts, that are distinguished by
the parameter that is introduced first: the q-profile.

2.4.1 The q-profile

In the Advanced Operating Scenarios, the confinement and stability are optimised
by modifying the q-profile. q is the average winding number, or pitch, of the magnetic
field lines. This is called the safety factor for its determining role in occuring instabil-
ities. The shape of q is an indication for a certain operating scenario. After a general
definition, a brief overview is given of the various operating scenario.

The q-profile is a flux function. The general definition is given in Eq. 2.8.

q =
1

2π

∫ 2π

0
dθ

b · ∇φ
b · ∇θ

(2.8)

Here φ and θ are the toroidal and poloidal direction respectively. In the circular
approximation of the plasma cross section, this reads:

q ≈
rBφ
RBθ

(2.9)

In a shaped plasma - such as KSTAR - the q-profile is obtained from numerically
solving the Grad-Shafranov equation. In section 2.5, a method will be described to
draw the flux surfaces with a handful of shaping parameters and calculating the poloidal
magnetic field using an analytical approach for q, based on these parameters as well.
Essentially, this approach exists of a correction to Eq.2.9.

The profile has certain features that are worthwhile to mention here, since they
determine the stability of the plasma. Wherever q is rational, a geometric resonance
takes place. That is a sensitivity to a perturbation, which results in the development of
magnetic islands: a flux surface becomes a flux volume. When two islands overlap, the
situation becomes chaotic. In a region where q is less than unity, sawtooth oscillations
occur. This is because of the q=1 resonance. This is seen in inductive operation, where
q is a monotonically increasing function of radius.

The occurrence of turbulence enhances the radial transport, and that limits the
confinement. The mode of operation with low confinement is called L-mode. This is
the operating regime that was discovered first in tokamaks. After a few generations
of devices, a discovery was made that was beneficial in terms of fusion power. A
sufficient amount of externally applied heating, led to a transition to a new regime:
H-mode. This is a plasma state in which the turbulent transport is locally reduced,
enhancing the confinement [8]. In H-mode, the plasma profiles show an edge transport
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barrier (pedestal), making higher core densities and temperatures possible. The main
disadvantage is the presence of various MHD instabilities, of which one example is the
edge localised mode (ELM). This is the result of the fact that inside the transport
barrier, the pressure keeps increasing until a critical value is reached, and a short
outburst of energy occurs. Then the process repeats.

As long as the current is driven by the central solenoid, H-mode is an inductive
scenario. In advanced scenarios, additional current drive is used to make the current
density profile hollow, approaching the same shape as bootstrap current. This is an
advantage, because then the bootstrap current can be fully used and having less current
in the core means less current to be driven. This hollow profile causes the shear, defined
as

s =
r

q

dq

dr
, (2.10)

to have an off axis reversion point. Reversed shear plasmas have lower β-limits
without wall stabilisation. Strongly reversed shear plasmas have been observed to have
a strong internal transport barrier (ITB) that leads to firm local pressure gradients,
which in turn reduces the beta limit (to βN ∼ 2 [4]). These kind of plasmas have a
minimum q of about 2 - so no occurrence of sawteeth - and a high edge q.

Where strong reversed shear plasmas have higher confinement, the fusion perfor-
mance tends to decrease as function of time and growing density [9], since the current
profile is not in equilibrium and still evolving. A compromise between the standard
H-mode and reversed shear operation is the hybrid mode, where there is a broad region
of a rather flat q ∼ 1. Edge values around: q95 ∼ 4. This scenario shows improvement
in overall confinement and it can operate close to the no-wall β limit. In hybrid mode,
typically there is no ITB.

The ITER Hybrid scenario has the aim to provide a large discharge time (t >
1000s), since a large amount of current is driven non-inductively. It has a moderately
high fusion power, significant self-heating by the reaction particles (power multiplica-
tion Pout/Pin ∼ 5) with a constraint on the fusion power losses to stay below heat flux
limits of the divertor. For ITER Hybrid Scenario, the optimum q-profile is the one
where the ratio s/q is maximised over the bulk of the plasma volume [10].

Figure 2.2 shows the different regimes of q profile, together with the current density
profiles j for the specific regime.

2.5 Modelling equilibria with EQUINU

With a few parameters, the shape (flux surface geometry) of a tokamak plasma can
be described. Usually, these values are the outcome of the aforementioned equilibrium
calculation. For the purpose of this work, it is useful to have a means to quickly create
plasma shapes, with which several equilibria can be mimicked.
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Figure 2.2: The different regimes of tokamak operating scenarios, defined by the q-profile. In the
right figure, the according current density profiles are drawn, showing hollow profiles in j in the
case of shear reversal in q. Source: [10]

To create the equilibria that are compatible with the simulation codes MSESIM
and BEAMCODE, a tool has been developed. This tool, EQUINU, computes the
flux surface geometry and the magnetic fields. It needs input parameters for machine
size, plasma radius, core elongation, triangularity and Shafranov shift. In the current
version of the tool, Z=0 is a symmetry plane, which is not necessarily the case in
reality. Also it does not consider the formation of divertors at the top or bottom of
the plasma column. For the area of interest of MSE measurements - the midplane and
inside the last closed flux surface - this is of small influence.

The toroidal magnetic field Bφ is calculated as the combination of the vacuum field
(with an input for the toroidal field at the plasma centre) and the para-/diamagnetic
field (the magnetisation of the plasma is governed by β, and the field is typically a
few percent of the vacuum field (hereafter constructed as the remainder of the flux
function F = Bφ ·R = (Bvac +Bpar) ·R, see section 2.3)). The poloidal magnetic field
is calculated from Bφ and the q-profile, which is an input as well. For this calculation,
an analytical approximation is used for plasmas with nonzero triangularity. In the
next two paragraphs the calculation of plasma geometry and the q-profile is discussed.
Next the inclusion of plasma profiles (n,T). The section ends with a comparison of the
output of EQUINU with a real KSTAR experiment. In chapter 7, this tool is utilised.

2.5.1 Flux surfaces geometry

A standard set of equations for the flux surface geometry of a general D-shaped
plasma [11] is:
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R = R0(r) + r · cos
(
θ + sin−1(δ(r)) · sin θ

)
(2.11)

Z = κ(r) · r · sin θ (2.12)

Here, the radius with Shafranov shift is approximated byR0(r) = R0(a)−a·R′0
2

[
1−

(
r
a

)2]
,

the triangularity δ(r) = δ0 ·
(
r
a

)2
, and the elongation κ(r) = κ0 − 0.3 + 0.3 ·

(
r
a

)4
.

EQUINU solves this set using Broyden’s method. This is a variation on Newton’s
method. Where the latter solves F(x) = 0 using the Jacobian matrix J every itera-
tion, Broyden’s method computes the whole Jacobian only at the first iteration, and
performing a rank-one update every other iteration. The scheme of the routine is as
follows:

For a given set of parameters κ0, δ0, R
′
0, R0(a), a, eps and a grid R,Z,

1. Loop through grid points (Ri ∈ R, Zi ∈ Z)

1.1 rp ≡ Ri − (R0(a)− a ·R′0/2) the plasma radius to be evaluated.

2. First check whether (Ri,Zi) are inside LCFS, by solving Ri ∈ (R0−a,R0+a)
for θlcfs and check if |Zi| < |κ0 · a · sin(θlcfs)|. ( SOLVE Reduced I )

3. Then if abs(Zi) is smaller than eps (eps being the machine precision),

3.1 If abs(rp) is smaller than eps then r = 0, θ = 0

3.2 If (rp) > eps then (SOLVE Reduced II ) r = result, θ = 0

3.3 If (rp) < eps then (SOLVE Reduced III ) r = result, θ = π

4. Else: solve the full system.

4.1 Make a educated initial guess: min
{√

(rp/a)2 + (κ0Zi/a)2, 1
}

4.2 Then ( SOLVE Full ) r = result[0], θ = result[1]

5. ψ = (r/a)(α−(r/a))

Here, with Reduced I, Reduced II, Reduced III, are meant reduced variants of
2.11. The former considers the Last Closed Flux Surface only, the second limits
to R >magnetic axis, and in the third R <magnetic axis. These are solved with
Broyden’s method.

In step 5, the relation of ψ and r is an update on the low-order approach (ψ ≈
(r/a)2). The new relation is a fit of simulation data as shown in Fig. 2.3.
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Figure 2.3: Fit functions to the psi coordinates for the different scenarios. As a function of
normalised radius, only one parameter is needed to describe a psi-curve. This parameter, α, ranges
from 1.7 at L-mode or H-mode to around 2.5 for Steady-State

The result of a simulation with input parameters κ0 = 1.58, δ0 = 0.6, R0 = 1.80,
R′0 = −0.2, a = 0.5 is shown in Fig. 2.4. It is observed that the general shape of the
EFIT equilibrium is mimicked. The ψ = 1 radius looks a bit frayed, this is due to
triangulation by the numerical solver. This is however of little importance to the area
of interest, the shaded MSE measurement area.

2.5.2 The analytical q-profile

As mentioned in the Introduction, the software code that simulates the MSE light
is called MSESIM. It has a built-in equilibrium calculator that calculates the magnetic
field for a given q-profile. It uses a monotonic q-profile in the form:

q(ψ) = q0 + (qa − q0) · ψqind (2.13)

And then using a circular approach of Equation 2.9 to calculate the poloidal mag-
netic field. This is not appropriate for KSTAR, as this is a shaped tokamak (with trian-
gularity and elongation). Therefore, during the project, the standalone tool EQUINU
has been written. This tool allows for reversed shear profiles as well. The q-profile is
described with a third order polynomial:

q(x) = q[0] · x3 + q[1] · x2 + q[2] · x+ q[3] (2.14)

with the vector q containing the coefficients. Next, the relation of q with the
magnetic fields is updated in EQUINU for elongation and triangularity, compared
to the circular approach of the built-in calculator. In a large aspect ratio elliptical
machine, with elongation κ, the q-profile would look like[12]:
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Figure 2.4: Example of the output screen of the EQUINU flux surfaces. There should be remarked
that the r = 1 surface does not have a smooth shape due to the numerical triangulation of the
solver. Nevertheless, this is not of importance as it falls outside the MSE viewing area. As a
comparison, the flux surfaces of shot #7331, t=2.175s (EFIT solution) are shown in dotted lines.

qellip = ε
Bφ
Bθ

κ√
1− ε2

(2.15)

Here ε = r/(R0 +∆(r)). Additional effects due to the triangularity δ are also given
in an analytical formula in [12]. When triangularity δ needs to be added, the following
analytic approach can be included, relating q to the magnetic field:

qtriang = ε
Bφ
Bθ

κ√
1− ε2

[
1 + f1 + f2

d∆

dr
+ f3

d ln k

d ln r
+ f4

dδ

d ln r

]
(2.16)

With f1 to f4 functions fi(ε, δ) calculated as power series in δ. Here, the functions
are included up to ε in second order (Source: [12]). A further derivation, based on
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the expressions for elongation, triangularity and Shafranov shift, that are used in this
work, is given in Appendix A.

When all geometrical terms are put in a scale factor G(ε, κ, δ), equation 2.16 can
be written as:

q =
G(ε, κ, δ)

tan (γm)
(2.17)

Here the magnetic pitch angle γm = arctan
(
Bθ
Bφ

)
is introduced. This quantity will

become of importance in the next chapter.

2.5.3 Plasma profiles

EQUINU also adds the the plasma density and temperature profile, based on input
values for the edge, the core and a peaking factor.

As for the observation of MSE the temperature profile plays a small role, compared
to the density and other varying parameters, this work does not consider any difference
between the electron and the ion temperature.

The density profile in the output equilibrium has the following form:

ne(ψ) = n1 + (n0 − n1) ·
(
1− ψ2

)νn
(2.18)

Here, n1 is the pedestal density and n0 the core density value. As a boundary
condition, the density at ψ = 1 is set to 5 · 1017m−3. For KSTAR, the core density
typically has values of 3 to 6 ·1019m−3. In future modelling, these values reach up to
10·1019m−3 [13].

Similarly, the temperature profile looks like:

T (ψ) = T1 + (T0 − T1) ·
(
1− ψ2

)νT (2.19)

When in this work other cases are mimicked, the existing (measured or simulated)
profiles are fitted with the equations 2.18 and 2.19. In the development of a scenario,
the consistency comes from the following rationale:

The density is compared to the current dependent Greenwald density (par 2.3.1),
and a certain peaking value is assumed. Next, typical values for the normalised β are
used to calculate T , from ne and the pressure. Where in this work these scenarios are
simulated for the analysis of the diagnostic, the relevant profiles are shown.
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2.5.4 Comparison with KSTAR shots

To introduce the output of the tool, a comparison is made between a EQUINU
with a set of input values and a KSTAR shot (#7331). For the latter, an offline EFIT
calculation is taken as the benchmark.

Figure 2.5: Comparison of EQUINU’s output with shot #7331, time=2175ms. The flux surface
geometry, the q-profiles, the toroidal and the poloidal magnetic field are shown. The latter equals
BZ on the midplane. With the triangularity correction the output gains reality.

In Fig.2.5, the flux surface geometry, the q-profiles and the magnetic fields are
shown. In the figure of the poloidal magnetic field on the midplane (BZ), the calculated
profile is shown in two versions: only elliptical, or updated with the analytical approach
including triangularity. Indeed the correction for triangularity approaches the EFIT
equilibrium better than just the elliptical method.

Conclusion of this chapter

This ends the introduction of what information will be measured by the MSE
diagnostic: the fields in a tokamak and by that the current density and the operating
scenario. The tool that has been introduced will be utilised in the performance analysis.
First, the physics of the beam plasma environment and of the Motional Stark Effect
will be discussed and the benchmark of the simulation codes will be performed.



Chapter 3

The plasma beam environment

At KSTAR, the main source of heating and current drive is the injection of neutral
beams. A corollary of this system is that the photon emission, resulting from the
interaction of the beam particles with the plasma, can be utilised for the purposes
of the MSE diagnostic. This chapter describes the parameters of the neutral beam
injection (NBI) system that are relevant for this thesis, and introduces a simulation
code (BEAMCODE) that models the emission profile based on the hardware, the
plasma and beam energy. The simulation code that models the Stark light into the
optical system (MSESIM) is discussed in the next chapter. Together they are compared
with spectral measurements in chapter 5.

3.1 Neutral Beam Injection

Currently, KSTAR has two tangential, on-axis neutral heating beams, ION1 and
ION2, entering the plasma from one beam box, NBI-1. This is indicated by the arrows
in Fig. 1.2 in the Introduction. The highest achieved neutral beam power is 3.5 MW in
the 2012 campaign. A third beam, ION3, is currently in development, and the target is
to have a total delivered power of 6 MW by 2015. At the moment, design work is being
executed for the installation of a second beam box, NBI-2, with eventually another 6
MW. The choice has to be made whether this will be a movable or permanent off-axis
neutral beam injection, and whether this will be co-current or counter-current [14].
Studies on advanced operation will guide these considerations.

3.1.1 Hardware and relevant parameters

A schematic overview of the beam line of one of the beams is shown in Fig. 3.1.
From left to right, the particles of a plasma source are accelerated by the voltage that is
applied to a grid, through which they pass. In the neutralizer, a portion of the particles
becomes neutral, where the size of the portion is governed by the energy dependent

19
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efficiency. The remaining ions are bent away from the beam line and end up in the ion
dump (not drawn in the figure). During the journey, the diverging beam is scraped at
its perimeter, which for the last time occurs at the beam duct. This gives the beam
its shape when it enters the plasma. There should be remarked that it is desired that
this scraping happens as little as possible, because the result is the loss of beam power
and the unwanted heating of beam line hardware.

Transmission

ION SOURCE BEAM DUCT

B_xyz
To plasma…

GRID

NEUTRALIZER

N_eff (E)

��
�

��
�

��
�

No focussing
Beamlet array/radius
Divergence 
↔ Perveance

Intersection
ION1/2/3

Source (x,y,z)

Flux Fractions

Figure 3.1: Input parameters beam source and beam line. KSTAR has a PINI source and four
acceleration grids. The last one (G4) is depicted schematically.

Beam emission and stopping

In the plasma, the neutral particles get excited and ionised due to collisions with
the plasma particles. From the first process, the emission I in all directions from a
line of sight K through the beam volume is given by:

I =

∫
K
〈σemisv〉nbnedk (3.1)

Here 〈σemisv〉 is the emission rate, nb and ne the beam and plasma density respec-
tively.

Beam stopping is the rate at which the neutrals get ionised. Hereafter, they are
part of the plasma and they experience the Lorentz force. The decrease in density goes
exponentially, as a function of the stopping cross section [15], [16]

n(l) = n(0) exp

(
−
∫ l

0
σstopnedl

)
(3.2)

The beam is attenuated by charge exchange and the ionisation from plasma ions,
and weakly by electron impact ionisation. The stopping and emission rate are de-
pendent on density, temperature and energy. This plays a role in the observed energy
fractions, as the species from the plasma source enter the plasma with different energies
(next paragraph).

For the data of the effective stopping and emission rates, the ADAS database is
used (see par 5.1.2.
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Energy components

In the ion source of the neutral beam live three species. These are deuterium
molecules with one, two or three atom(s). Due to their inherent mass difference, they
obtain a different kinetic energy as a result of the same voltage potential. After the
neutralisation, only single deuterium neutrals continue, originating from the three ions.
Ideally, the fraction of the single deuterium ion is the highest, as this fraction has the
highest energy, and penetrates the farthest in the plasma.

Because the fractions differ in kinetic energy, they differ in Doppler shift, as ob-
served through the line K. In the spectral measurements discussed in Chapter 5,
intensity profiles due to the difference in Doppler shift are observed and from these,
the ion source flux fractions are calculated.

The measured light intensity I = 〈σemis(ne, T, E) · v〉 · nbeam · ne, is, with known
plasma density ne, a measure for the local beam density nb. It depends on the beam
stopping what the fractions are before the beam enters the plasma:

nbeam(0) = nbeam(L) · exp

[∫ L

0
σstop(ne, T, E) · nedl

]
(3.3)

It depends on the energy dependent neutralisation efficiency (Fig. 3.2) what the
ion source flux fractions are.

Figure 3.2: Efficiency of KSTAR Neutralizer. For lower voltages on the left, the curve levels off
between 95-95% (Source: KSTAR Beam Team).

Theoretically, this would be a method to measure the local plasma density. If the
cross sections are known very well, and the intensity can be measured very accurately,
then a known beam source (density before entering the plasma) leaves the plasma
density as the unknown. The first condition introduces a problem: these cross sections
are dependent of the density and temperature. So, at least one of the profiles must be
known - also very well.
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3.2 BEAMCODE

BEAMCODE does a full modelling of the beam line, starting at the rectangular
beam source grid. It assumes that all beamlets in the beam sources are electrostatic
ally unfocussed (1000 m). Each beamlet is given a Gaussian divergence profile with the
design value of the divergence as 1/e width. For the individual beamlet coordinates
the KSTAR beamlet grids are simulated1. For reasons of integration speed the grid of
ION2 is also used for ION1. It has been confirmed that, when maintaining the original
transparency, this yields no difference in the simulated spectrum.

BEAMCODE uses (current dependent) ion-fractions and energy dependent neu-
tralization efficiencies (see Fig. 3.2). The result of BEAMCODE gives the beam
densities on a 3D grid around the beam axis.

The varying parameters are: a combination of two of voltage, power, current and
perveance (= I/V 3/2); the plasma profiles n and T . The integration volume can be set.
Fixed settings are the cross section file, the voltage range, maximum current, particle
type, geometry (position, direction, focus, PINI grid), the ion source flux fractions, the
neutralisaton efficiency, the transmission and the divergence at optimum perveance.
This is the 1/e width of the divergence distribution. The perveance is put in by three
numbers: optimum, perv where div increased 10%, and 20%.

3.3 Bremsstrahlung

As a result of the acceleration of the charged particles onto each other - Coulomb
collisions -, plasmas emit electromagnetic radiation called Bremsstrahlung. Usually,
this is the largest loss mechanism [6]. The Bremsstrahlung photons can have an energy
from ultraviolet to soft x-ray.

The Bremsstrahlung intensity S per steradian [m−3 s−1 nm−1 sr−1], is given by[17]:

S = 3 · 1019 · gffn
2Zeff

λ
√
Te
· 1

4π
(3.4)

With temperature Te in keV, density n in 1020m−3 and wavelength λ in nm. The
gaunt factor is a correction factor to adjust classical oscillator strength to quantal
descriptions [18]. A practical approximation found in [19] is: gff = 3.77Z−0.0579

eff T 0.147
e

Integrate the intensity over the optical path

I =
ε

disp

∫
r
a
≤1
S · dk (3.5)

1The last grid of ION1 has 568 beamlets with radius 3.6mm, and that of ION2 has 280 beamlets
with radius 5.7mm.
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A wavelength range is used that is as far from the MSE spectrum as possible
(around 665nm, constraint by the measurement range) and Zeff is taken to be equal
to 2. The optical path dk depends on the channel (fibre) of interest. The emission
vectors from the central points are taken as direction. The temperature and density
depend on r =

√
x2 + y2 −R0, and so S is evaluated every step dk.



Chapter 4

Physics of MSE and description
of MSESIM

This chapter introduces the physical background of the Motional Stark Effect and
how the physics is simulated in MSESIM. What is observed is a purely geometrical
manifestation, and MSESIM accounts for all 3D effects. The target quantity - the
magnetic pitch angle - has been introduced in the previous chapter and here its relation
to the measurement quantity - the polarisation angle - is discussed. The influence of
simulation parameters that cover the volumetric (3D) effects is addressed.

Now we have ‘established’ the vector fields B and v in the previous chapters,
the ingredients for the electric field in Eq.1.1, E = v × B, are there. The neutral
particles experience this electric field in their own reference frame. This is obtained
by relativistic transformation, exploitation of charge invariance and the fact that the
Lorentz factor is 1 (for ITER energies this is true within 1% error). The resulting
electric field E perturbs the atomic energy levels.

The unknown parameter is the magnetic field. To fully understand how the mag-
netic information is carried by the photons, let us first consider the atom in more
detail.

4.1 The fields to the atom

Due to collisions with plasma particles (mostly impurity ions and fast hydrogen),
the beam particles get excited by the plasma particles. Before the beam particles be-
come ionised and part of the plasma, they emit light, as electrons undergo a transition
from a higher energy level to a lower one. The transition from n=3 to n=2 (Balmer-α)
gives the most intense peak in the visible region and can, therefore, be observed with
conventional optics. These lines (Hα = 656.279 nm and Dα = 656.103 nm) are the
ones of interest for the described diagnostic.
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4.1.1 The Stark effect

The levels of hydrogen exhibit a splitting proportional to a present uniform electric
field. This is due to the occurrence of an accidental degeneracy in the hydrogen states
[20] (this means that not due to a symmetry in the atom, but ‘accidentally’ states
with different quantum number l for the same n have the same energy). Choosing the
unperturbed wavefunctions such that the perturbation matrix is diagonal with respect
to the degenerate states, happens when the quantisation is described in parabolic
quantum numbers (introduced by Epstein in the ‘old’ quantum theory (1916), and
used by Epstein and by Schrödinger in the quantum theory of the latter (1926)).
Hence, the eigenstates of the beam atoms are the parabolic states. This affects the
atomic structure and the collisional calculations (as done by Marchuk [21], see further).

The relation of the unperturbed spherical quantum numbers n, ml and the electric
(parabolic) quantum numbers k1, k2 is [22]:

n = k1 + k2 + |ml|+ 1 (4.1)

Where ml is projected along the direction of the electric field. In Figure 4.1 the
states, identified by their parabolic quantum numbers, are shown and the transitions
are depicted in the spectrum.

Depending on the change in projected orbital angular momentum quantum number
ml the polarisation of the light is either parallel or perpendicular to the electric field.
The selection rules are as follows [23]: with ∆ml = 0 the polarisation is parallel, called
π-lines; with ∆ml = ±1 the polarisation is perpendicular to E, and the lines are called
σ-lines1

The Hamiltonian for these pure Stark states is [22]:

HS =
3

2
n(k1 − k2)ea0E (4.2)

Where a0 is the Bohr radius. When the energy transitions are expressed in wave-
length per field strength, one obtains ∆λHα/E = 2.77 ·10−7[Åm/V]. To get the visible
shifts, one multiplies by 0 or ±1 for the σ-lines, and by ±2, ±3 or ±4 for the π-lines.

Two additional effects play a role in this picture:

The Zeeman effect The high magnetic field - apart from its contribution to the
Stark effect -, introduces a Zeeman effect. This alters the Hamiltonian (adding
HZ = µBB‖(glml + gsms), with µB = eh̄/2me the Bohr magneton, gl and gs
the g-factors for orbital angular momentum and spin respectively), giving a new
symmetry axis. Tokamaks such as KSTAR have a magnetic field (2-3 T) in which
the spin and orbital angular momentum are decoupled. This is the Paschen-Back
regime. Here the shifts, polarisations and intensity ratios are altered.

1This comes from the German senkrecht, and this convention is kept, as in English both directions
start with the same consonant.
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Figure 4.1: MSE splitting of the n=3 and n=2 levels. The states are indicated by their parabolic
quantum numbers. The resulting spectral lines are shown on the right. Source: [16].

Non-statistical populations of states In the fusion plasmas that are considered
here, the population distribution is observed to be non-statistical (not Boltzmann
distributed): For high densities (> 1021m−3) the upper Stark states are equally
populated by electrons, but for lower densities the radiative processes are not
way smaller than the collisional ones. The relative changes are almost purely
dependent on density and the dependence has been modelled by Marchuk in [21]
(among others). Let there be noted that at KSTAR this effect is small.

4.2 Geometry, the 1D polarisation angle

The observation of the Motional Stark Effect is a result of a well chosen geometry,
exploiting the wavelength shift of the neutral beam light from the natural hydrogen
line. Consider the system of unit vectors in Figure 4.2. This system is projected on
the midplane and shows the direction of the beam atoms ev, that of the toroidal field
eφ and line of sight ek with respect to each other. The angle α is the angle between eφ
and ev. The angle β is the angle between ev and ek. Furthermore, ez is the vertical
direction perpendicularly to the page; eR the radial direction perpendicular to eφ; and
ew the other horizontal beam coordinate, perpendicular to ev.
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The position of each primary Stark component is determined by the beam velocity,
v, of the relevant energy fraction and the viewing angle, β, between the neutral injectors
and the line of sight, id est the Doppler shift:

∆λDoppler = −λ0
v

c
cos(β) (4.3)

where λ0 is the natural wavelength. In KSTAR, the geometry is such that beam
light is collected that travels backwards from the beam direction. Due to the velocity
of the particles the light is Doppler shifted to the red (longer wavelengths).

Figure 4.2: System of unit vectors defining the directions of beam velocity ev, toroidal field eφ
and line of sight ek with respect to each other: α, β. Perpendicularly to the toroidal direction,
points the radial direction eR. Perpendicular to ev points ew. (Figure based on: [24]

This Doppler shifted light is Stark shifted, due to the experienced electric field.
Apart from the Motional Stark Effect, a radial electric field is observable in a tokamak
plasma at places where there is a pressure gradient or toroidal rotation. This effect
adds to the MSE electric field, introducing an extra shift. Adding this radial electric
field to equation 1.1:

E = v ×B + Er (4.4)

On the midplane the polarisation angle γ becomes, using the coordinate system of
Fig. 4.2:

tan γ =
− cos(β)BZ − (Er/v) cos(α+ β)

sin(α)Bφ
(4.5)
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The derivation is shown in [24], First the radial electric term is set to zero. Later
the additional effect will be examined (in Par. 7.6.3). This brings us back to our target

parameter, the magnetic pitch angle γm = arctan
(
BZ
Bφ

)
, which is for now:

tan γm = − sin(α)

cos(β)
tan γ (4.6)

In the relations that were introduced here, both beam and line of sight are taken
to be infinitely thin 1D lines. At their intersection the polarisation angle is calculated.
We coin this the 1D γ. Equivalently, this is called the “ideal” γ, because equilibrium
codes like EFIT will use the same ideal assumption (of a 1D beam and line of sight).

In reality, a measurement is taken from a collection volume. The effects that result
from this are included in MSESIM.

4.3 MSESIM

MSESIM is a simulation code that produces the total polarisation state of an
MSE signal, thereby taking into account all three-dimensional effects (beam volume,
collection optics).

MSESIM requires as input a plasma equilibrium, the emission profile of the neutral
beam and the geometry. Throughout this thesis, the beam model comes from another
simulation code - BEAMCODE - and the input equilibrium from KSTAR’s EFIT
(during the benchmark) or from EQUINU (during the performance assessment).

Its output is the intensity, polarisation angle and polarised fraction as a function
of wavelength. The effect of several types of band pass filters on the unfiltered spectra
is included as well. This code can be used vary the geometry of the fibre bundle, the
shape and width of the band pass filter, the position of the collection lens, etc. These
parameters all have an influence on the MSE spectra and hence on the performance
of the diagnostic. The code can be used to quantify the optimum settings for these
parameters [25].

MSESIM returns two types of polarisation angle γ:

1. The ”ideal” γ, as discussed above

2. The ”real” or 3D γ where the full 3D beam geometry, velocity distribution and the
line of sight étendue (area and solid opening angle) are taken into account. This
simulation approaches the reality of the experiment much better. The resulting
γ3D is a ‘weighted’ average over the beam geometry, velocity distribution and
line of sight geometry. It now also is a function of wavelength.

So, the included 3D effects are: collection volume, collection solid angle, beam ve-
locity distribution and narrow-bandpass interference filter. For the full simulation the
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intensities as a function of wavelength are required. The Stokes vector S conveniently
describes the intensity and polarisation of light (see section 6) and the total measured
Stokes vector is the contribution of all the Stokes vectors of all emission points, inte-
grated over the emission directions (collection optics solid angle); the magnetic field
B(x, y, z), the electric field E(x, y, z) and the emission intensity I(x, y, z) in the col-
lection volume (x,y,z); the beam velocity distribution g(x, y, z, v̂) and the wavelength
λ:

Smeas =

∫ λmax

λmin

∫
x,y,z

∫
Ω

∫
v̂

∑
m=−4,...,4

f(λ−λCWL)g(x, y, z, v̂)Smδ(λ−λm) dλ dx dy dz dΩ dv̂

(4.7)

This is exactly what the simulation code MSESIM does. As this integration pro-
vides a linear combination of the Stokes vectors of all the grid points, the absolute
intensity and the relative intensities (per wavelength location) can be separated. This
result will be used in the evaluation of the code in the next chapter. A few remarks
on the working of MSESIM are mentioned here:

The atom physics

The Stark and the Zeeman Hamiltonian result in hybridisation of states, of which
the transition matrices are determined by Isler [26]. The dipole matrix for the unper-
turbed hydrogen states is calculated by Yuh [22] and his approach is followed: first
calculating the standard dipole matrices for the spherical eigenvector of the hydro-
genic states and the Stark-Paschen-Back hybridization matrices. Next, summing the
radiation fields before squaring to take the intensity. This saves the polarisation infor-
mation. The relative intensity changes due to non-statistical population is taken from
the density dependent ratio between non-statistical and statistical intensity.

The influence of the simulation parameters

MSESIM takes the values of the beam density/emission on those points where
the line of sight crosses the 3D grid centered around the beam axis that BEAMCODE
returns in its output file. Figure 4.3 shows a schematic overview of the input parameters
in the beam-plasma environment.

In another project, the effects of the parameters on the spectrum and polarisation
have been investigated using MSESIM [27]. The effect on the resulting spectrum is as
follows:

The spatial variation of the beam divergence and hence the Doppler shift across
the beam, together with a change in |E|, cause the asymmetry of the spectrum. This
effect is dominant on the core channels. The polarisation angle differs for different
viewing angles. The collection volume across the beam affects the polarisation angle,



4.3 MSESIM 30

Figure 4.3: Input parameters in the beam plasma environment. BEAMCODE does an analytical
integration on all grid points in the grid area, assuming a Gaussian velocity distribution with the
divergence angle as full 1/e width.

because the polarisation angle varies along the line of sight when it crosses different
flux surfaces. This effect becomes stronger with lower spatial resolution. The collection
volume in the Z plane of the beam does not influence the polarisation angle and shape
of the spectrum (only the intensity of the spectrum).

The collection optics are the dominating source of the Doppler broadening of the
spectrum. Deviations from the ideal polarisation angle increases for channels close to
the core and edge of the tokamak, because of the collection volume across the beam
and viewrays respectively.
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The thin lens approach

Usually, an optical setup that collects beam emission light, makes use of collimation
and reflection. This to protect the optical fibres on one hand, and on the other hand
having them in an image plane, for a projecting the light. MSESIM simplifies this
picture by assuming the front optics to consist of a thin lens, with the fibres in a
straight focal plane.

Figure 4.4: The collection lens system as MSESIM sees it. The current system has a mirror after
the collection lens.

In figure 4.4 the collection lens area in the way it is treated in the simulation code.
The input parameters are: the position of the collection lens; the (k, l,m)-coordinates
in machine-(x, y, z), where k is the direction of the line of sight; the radius of the
collection lens rlens; the effective focal length efl and the fibre diameters dfib and
locations (these are the l and m coordinate). These parameters are all fixed, unless
the measurement positions, corresponding with the fibre locations, are changed.

With these parameters MSESIM calculates the étendue ε:

ε = (dfib · rlens · π/(2efl))2 (4.8)

The input parameters are chosen such that they match the fibre étendue. This is
calculated from the numerical aperture NA and the fibre surface A as: ε = A·π·(NA)2.
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4.4 The resulting spectrum

As a conclusion to this chapter, a measured spectrum is shown, with the manifesta-
tion of the aforementioned effects. Figure 4.5 shows the spectrum, with the ingredients
indicated.

Figure 4.5: The measured spectrum of ION1 (shot #7331). To illustrate the overlap between the
spectra, the spectrum of ION2 is drawn in light blue. This overlap depends on beam configuration.
In this case: ION1/ION2 = 90/80 kV.

There should be remarked that spectrum is not very sensitive to the pitch angle.
Nevertheless, it provides our experimental verification. The shapes and intensity ratios
contain information on the pitch angle, so that can answer to reasonable sense whether
MSESIM gets the magnetics right. Whether MSESIM is capable of simulating all
effects, is the topic of the next chapter.



Chapter 5

Benchmarking BEAMCODE and
MSESIM

This chapter describes the comparison of the simulation codes BEAMCODE and
MSESIM with spectral measurements of KSTAR experiments during the 2012 and
2013 campaign. The basic questions to be answered are: is the simulating software
accurate in terms of shape and intensity? These two topics are evaluated separately,
by scaling the simulated intensity first to the measurement values at one peak for the
full spectrum (central peak of the full energy component). This separation can be
allowed as per shifted wavelength position, the intensity scales directly with the local
emission (Section 4.3).

The answers to the question consist of the evaluation of the following figures of
merit: The spectral shifts (Doppler and Stark), the broadening and asymmetry, the
power fractions, the absolute intensity and the noise. Finally, a residual (defined as the
difference between the smoothed signal and the simulation) is evaluated to quantify
the eventual discrepancies. If these are in the order of the noise, the benchmark is
complete, to the achievable accuracy. Then, the code can be used to simulate the
expected performance of the new MSE diagnostic.

5.1 Experimental setup

The ‘benchmark setup’ discussed here, is connected to fibres from the charge ex-
change system (CES) in the M-port. With these, spectrum measurements are taken
with a 1.33 m Czerny-Turner spectrometer (McPherson) together with a 1800-g/mm
grating on a 2048x512px CCD (Andor) from eight radial positions in the plasma. Each
position is measured through one fibre (400/430 micron, N.A.=0.21). The position is
chosen by connecting a measurement fibre to a tokamak fibre in the distribution panel.
The instrumental broadening of the spectrometer is 0.05 nm. Fig. 5.1 shows the setup
schematically. Also the parameters for calibration and instrument filtering (MSESIM)
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are shown. To mimic the instrument function of the spectrometer a Gaussian filter is
used. For the comparison with simulations, a calibration is needed, as well as shot and
physics data (the atomic cross sections, the temperature and density). These topics
are discussed one by one.

Figure 5.1: The spectrometer/CCD part. MSESIM does not model this (it stops at the collection
lens times étendue). With spectrum filter the instrument function is imitated. Known values are
noted, other calibration parameters are indicated italicly.

5.1.1 Calibration

For a good measurement, three calibrations are required: the wavelength, disper-
sion and intensity. The central wavelength is calibrated by a Neon laser each time after
the central wavelength has been changed. This occurred multiple times a day, because
the spectrometer was used to measure H/D ratios and Li-Zeeman as well. Depending
on the central wavelength, Neon showed two peaks, giving the dispersion. Also a hy-
drogen lamp has been used for this purpose. The obtained values be checked with the
carbon impurity peaks that are present in the MSE spectrum.

The intensity calibration is performed in multiple ways: with an integrating sphere
and with plasma radiation. The results are discussed in the results (paragraph 5.2.7).
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5.1.2 External shot and physics data

At KSTAR, many available data are stored in the MDSplus database. If not
explicitly stated otherwise, the used shot data are obtained from MDSplus. EFIT
equilibria form an exception: for them the first choice are the aftershot equilibria
reconstructions, because they are more accurate than realtime EFIT (rtEFIT).

Atomic cross sections

The Atomic Data and Analysis Structure (ADAS)1 is a reaction set database,
that comprises fundamental and derived data for plasma diagnostics and modelling
purposes. In this thesis, the effective beam stopping (adf21) and emission rate (adf22)
are used.

During the project a new version of the data has been obtained from ADAS (from
the 1997 to the 2010 version), which differs from the data that is ‘default’ in BEAM-
CODE. The new cross sections have been compared to the former ones. First, a pure
H-plasma was assumed (no impurities). These values were different from the ‘default’
case (see Figure 5.2). Next, only carbon impurities were introduced. This is expected
to be the dominant impurity, as KSTAR has carbon walls everywhere. Using this im-
purity alone, it turned out that for a effective ion charge Zeff = 2.7− 2.8, the default
case was mimicked. Presumably, Zeff is somewhat lower (∼ 2), and low concentrations
of other elements may be present. It is concluded that the default case can be used,
but uncertainties in the intensity of the order of 10% result from this assumption.
The impurity concentrations vary shot by shot, and for KSTAR they are not precisely
known. Only a preliminary estimation of the carbon density has been performed with
the CES diagnostic (by the KSTAR CES team).

1www.adas.ac.uk

www.adas.ac.uk
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Figure 5.2: Stopping and emission rates of pure hydrogen plasmas with hydrogen
species at Ti=1keV, E=40keV/amu (versions 1997 and 2010, Source: OPEN-ADAS
(http://open.adas.ac.uk), Martin OMullane, Ephrem Delabie). The dots represent the data that
was default data file in the simulation code. The underlying assumptions on impurities and effec-
tive ion charge are not known. With Zeff = 2.7 − 2.8 and carbon impurity only, the values are
reached.
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Density profile

Figure 5.3: The interferometer path through the
plasma. Currently the path length is taken to be two
times 2a.

The density is obtained from the line-
integrated electron density. For this pur-
pose, a 280 GHz single-channel horizon-
tal millimeter-wave interferometer sys-
tem has been installed on KSTAR[28].
The used density profile is obtained by
scaling the integrated value nint to a
quadratic profile (with a peakness scal-
ing ν) with an offset nedge.

The interferometer beam path goes
twice through the plasma column, where
the angle of the incoming and outgoing
path with respect to the midplane is as-
sumed to be small ([28]). Hence both the
path lengths are taken to be 2a.

The integrated density is twice the integral of the profile through the plasma
column:

1

2
nint =

∫ a

−a

[
nedge + (n0 − nedge)

{
1−

(r
a

)2
}ν]

dr (5.1)

With a the plasma minor radius. Here ν is taken to be equal to one. This gives
n0 = 3

8anint −
1
2nedge and the density profile becomes:

ne(r) = nedge +

(
3

8a
nint −

3

2
nedge

){
1−

(r
a

)2
}

(5.2)

In the 2013 campaign, there has been some reflectrometry measurements. If they
are used the following, it will be explicitly stated. Otherwise, the line-integrated density
is used. Later on, the peakness parameter ν is used to fit the density to emission
measurements.

Temperature

As mentioned in Chap 2, no difference in ion and electron temperature is consid-
ered. For the temperature, charge exchange (CES) data will be used if available. Only
during NBI modulation CES data is valid. Also, for technical reasons, not every shot
has CES availability. (Info from KSTAR CES team)

If CES is not available, electron cyclotron emission (ECE) data will be used. As
this diagnostic lacks absolute calibration, this is not the preferred method. Also the
raw data needs relative corrections by the ECE operator.
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5.1.3 Approach of the benchmark

Several shots have been evaluated to benchmark the simulation code. From the
2012 campaign, there was a dedicated MSE shot (#7331), in which the neutral beams
were injected both separated and simultaneously. This allows for the evaluation of
the parameters of the neutral beams individually. Therefore, this shot gets the most
attention in the following. Another shot that has been used extensively in the compar-
ison of measurement and simulation is shot #8984. This has the beam configuration
that is used in most KSTAR shots to date: ION1 at 90kV and ION2 at 80kV. Next,
the obtained hardware and physics parameters have been used to compare some other
shots (#9346, with beam configuration 90/70 is revisited in chapter 7).
Figure 5.4 shows the time trace of the plasma current, the NBI power, the line in-
tegrated density and the Balmer alpha light of shot #7331. The two measurement
frames for the individual beams are shaded in the figure. Those are: frame 4, from 500
to 850ms; and frame 7, from 2000 to 2350ms. The Balmer alpha window is shown as
an indication of H-mode, which is the case for frame 7. Figure 5.5 shows the situation
for shot #8984.

Figure 5.4: Time frame of Ip, PNBI, ne and Dα of shot#7331. Measurement frames 4 and 7 are
indicated; this is where the individual beams are evaluated. The plasma current rises to a flattop
value of about 0.5MA, the beam powers of ION1 and ION2 are 1.14MW and 1.5MW respectively,
the line-integrated density rises to maximum values of 5-6 ·1019/m2. In frame 7, the Balmer
alpha window shows periodic ELM outbursts. (This window is directly obtained from the database
software)
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Figure 5.5: Time frame of Ip, PNBI, ne and Dα of shot#8984. In this frame, from 2.50 to 2.94
s, the plasma current has a constant value of 0.6MA, the beams have a modulation frequency of
0.2s, the line-integrated density has values between 5-6 ·1019/m2, the Balmer alpha light shows
an ELM frequency of about 60Hz. (This window is directly obtained from the database software)

5.2 Results and discussion of the Benchmark

After the first simulation runs, with initial guesses for all input variables, the
results showed no agreement with the spectral: The shifts and the shape showed a
mismatch in their characteristics. It is important to note that it is the combination
of several parameters that governs the spectral shape, as the coordinates of beam line
and collection optics and the fields and the particle movements together determine the
spectrum. This asked for iteratively finding the parameter values altogether. Obtaining
an optimum (agreement) with a set of parameters has the danger that agreement can
be found in multiple ways, without reaching agreement in the individual parameters.
The way to keep track of the right direction is the fact that the parameters are linked
but as well that they reveal themselves in multiple ways. For instance, in one spectrum,
the Doppler shift shows itself three times, one for each energy component.

Before the quantification of each of the figures of merit, the iteration has been
carried out until a visible, or qualitative approach has been reached. The result of this
first stage is shown in figures 5.6 for frame 4/ION1 and 5.7 for frame 7/ION2 of shot
#7331.

These results show that the simulation accounts for the same asymmetries as the
measurement show. This is best visible in the core channel at ION2. As a result of the
iteration and variation of input parameters, it has been observed that these asymme-
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Figure 5.6: Comparison of measurement signal (blue) and MSESIM result of frame 4 (500-850ms)
of shot #7331, where only the first ion beam is injected. The intensity of the simulated result is
scaled on the measurement, to compare the shape. The scaling occurs on the central peak of the
full component. The blue peak at 658.2nm is from carbon, an impurity present in the plasma.
This is not simulated by the code. The major radii are indicated in the figure (expressed in mm).

Figure 5.7: Comparison of measurement signal (blue) and MSESIM result of frame 7 (2000-
2350ms) of shot #7331, where only the second ion beam is injected. The intensity of the simulated
result is scaled on the measurement, to compare the shape. The scaling occurs on the central
peak of the full component. The major radii are indicated in the figure (expressed in mm).

tries find their origin in the modelled collection volume effects (the measurement cone,
as projected by a collection fibre, through the beam volume). Also the fractions of
the energy components seem to show visual agreement (we quantify this in paragraph
5.2.3).

To quantify the result, the ‘figures of merit’ are now evaluated one by one, being:
The spectral shifts (Doppler and Stark), the broadening and asymmetry, the power
fractions, the absolute intensity and the noise. Finally, the remaining difference be-
tween measurement and simulation is compared with the measurement noise.

5.2.1 Doppler shift

The Doppler shift is the result of the particle velocity and the angle between the
beam and line of sight. The first quantity arises from the acceleration voltage on the
ion source grid, which is a set number. The voltage is also measured at KSTAR and
the values differ from the set energy by a few kV (from 0-3kV). Here the set values have
been used for the particle energy, which at KSTAR is done for other analyses as well.
Indeed when the measured voltage was used as simulation parameter, the Doppler shift
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clearly showed less agreement with measurement. So, in all results presented here, the
set voltage is used.

The beam and optics coordinates have been obtained from technical drawings from
KSTAR. It turned out that the result is sensitive to the coordinates of the first lens. In
the order of a few millimeters the lens position influences the result visibly. It has not
been checked how the built-in front optics in the tokamak agree with the coordinates
on the drawing: this was not possible after the campaign, as the lens stage was re-
moved to investigate the damage due to the fire that ended the experimental campaign
2013. Nevertheless, this should be taken into account when using and analyzing the
performance of the future diagnostic, as part of the calibration.

In the spectrum figures 5.6 and 5.7, the Stark multiplets of measurement and
simulation are at the same wavelength, meaning the Doppler shifts agree. This is true
for each of the energy components, leading to the conclusion that both the parameters
of the particle energy and the observation geometry have the right values.

Important is to mention that, depending on the beam configuration, the spectra of
both beams overlap. In the configuration of #8984, this is the case. Here ION1 gives
the particles an energy of 90keV, ION2 an energy of 80keV. Figure 5.8 shows that the
Stark spectra of the full components completely overlap in this configuration.

Overlapping spectra from different major radii in the tokamak reduce the polari-
sation fraction of the light. As we shall see, this puts a constraint on the configuration
when using the future MSE diagnostic. This is discussed in chapter 6.

(a) Channel 2 (R=1830mm) (b) Channel 7 (R=2120mm)

Figure 5.8: Full component of the intensity of the MSESIM result of shot #8984. With a beam
configuration of ION1/ION2 = 90/80 kV, the Stark spectra overlap.
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5.2.2 Stark shift

Using the EFIT magnetic fields as input, the Stark shifts of the simulation agree
with those from the measurement. As the toroidal magnetic field has by far the dom-
inant contribution, hardly any information on the pitch angle can be obtained by
considering the shift of the multiplet. A comparison has been made between the shifts
of the simulation and the measurement envelope peak. The latter is a weighted average
of the lines π3 and π4.

To quantify the values for the Stark shift, a closer look to the peak centres is
taken. In a spectrum only the envelope is visible, which is in fact a multiplet of three
π and σ lines per visible peak. Hence, the wavelength location of a visible peak is
a combination of the locations of these lines, weighted by their intensity. From the
measured and simulated spectra, the wavelengths of the peaks are measured and the
difference between the central σ peak and an adjacent π peak (blue or red) is coined
the Peak Shift. This is done for the measured spectrum, the raw simulated spectrum
and the filtered (spectrometer instrument function) simulated spectrum. Additionally,
MSESIM calculates the wavelength positions where the signal-to-noise ratio has the
highest value. For the consideration of the MSE diagnostic in the following chapters,
these positions are of interest. From this, also the Peak shift is calculated. Figure 5.9
shows the overview of measurement and simulation of ION1. The pure Stark shifts
for m=4 and m=3 are added. These values arise from the input equilibrium, which is
reconstructed from magnetic diagnostics only. This means that they are not necessarily
correct - especially towards the core. However, in this shot the agreement is present
between the measurement and simulation, which is based on the input.

Figure 5.9: Comparison of the Stark shift of #7331, frame 4 of the full energy component. The
shift is with respect to the central Doppler shifted peak. Several lines are compared: the theoretical
lines π3 and π4, the measured envelope, the raw and filtered simulation. Filtering is performed to
imitate the spectrometer instrument function. The simulated values lie within the measurement
accuracy.
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5.2.3 Energy components

When the performance of the MSE diagnostic is evaluated, the signal-to-noise
ratio is a key parameter. To simulate this well, it is important to model the correct
intensity of the full component because from this part the future MSE measurement
will take place. The ion source flux fractions were an unknown number beforehand.
The measurement procedure as described in Chapter 3 is followed to find them from
the intensity spectrum. The measurement shows the result of the density fractions,
and this is iteratively matched by varying the input parameter (ion flux fractions).

The accuracy in the result is a few tens of percents, that is, variations of this
magnitude were found to be visibly mismatching the measurement spectrum. However,
this seems rather precise. The explanation for this lies in the values for the third
component, for which even a few tens of percents are rather significant. Nevertheless,
a deviation of percents of the fraction of the full component also result in a deviation
of percents of the expected intensity. The quantification of the latter in paragraph
5.2.7 will show that this is not a dominating factor.

Figure 5.10 shows the result of this process (figure 5.10a shows the result for ION1,
5.10b for ION2). The mismatch at the edge channels in the ION1 measurement (figure
5.10a) is caused by the overlap of the spectra of the respective energy components.
The spectrum (figure 5.6) shows this blending of the different Stark multiplets.

Full Half Third

ION1 [%] 78.3 16.5 5.2
ION2 [%] 79.5 16.5 4.0

Table 5.1: Iteratively obtained ion source flux fractions. The accuracy in the result is a few
tens of percents, that is, variations of this magnitude were found to be visibly mismatching the
measurement spectrum. However, this seems rather precise. The explanation for this lies in
the values for the third component, for which even a few tens of percents are rather significant.
Nevertheless, a deviation of percents of the fraction of the full component also result in a deviation
of percents of the expected intensity. The quantification of the latter in paragraph 5.2.7 will show
that this is not a dominating factor.

Also the divergence plays a role in the determination of the power fractions. The
divergence is a function of the perveance, which is different for different energy com-
ponents. Hence, the propagation of the neutral particles in the plasma is affected by
these parameters. This could require finetuning of the way the perveance influences the
divergence. Here the design value of the divergence, 1◦ (obtained from KSTAR Beam
Team) is used as the 1/e-width of the divergence distribution at optimum perveance.
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Figure 5.10: Result of the investigation of the energy components. The input parameters are the
ion source flux fractions and the (energy dependent) neutralisation efficiency. The mismatch at
the edge channels in figure 5.10a is caused by the overlap of the spectra of the respective energy
components.
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5.2.4 3D effects - Asymmetry

The collection volume and beam divergence cause asymmetry in the spectrum.
The simulation accounts for the observed asymmetry in the Stark multiplets. This is
the confirmation of the underlying beam characteristics (divergence, beam width) and
optics characteristics (lens diameter, fibre specifications). Figure 5.7 show that the
asymmetry in the Stark multiplets is similar in measurement and simulation.

5.2.5 Residual of the scaled simulation

To evaluate remaining overall differences in the shape, a residual is calculated.
This is the subtraction of the simulation result with the smoothed (moving averaged)
measurement signal. If the remaining difference is of the size of the noise level, then
the agreement has reached the measurement accuracy.
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Figure 5.11: Residual of measurement with scaled simulation, making it a shape quantifier. The
value is around the noise level in polarisation measurement area. But it still introduces an extra
error in the intensity spectrum. Whether this is significant, will be examined after pitch angle
comparisons in Results II

Generally, it can be said that in the long wavelength side of the right pi-peak, the
residual is comparable with the noise. This area is the most important for the further
analysis, for here the filter will be tuned to a part of single polarisation.

5.2.6 Summary of parameters

The list of settings that summarises the benchmark result is shown in table 5.2.
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Quantity Value Unit

Origin Centre of tokamak (x,y,z) (0,0,0) m

ION1 Beam Source location (x,y,z) (12.828, 4.159, 0.0) m

Beam direction (angle w.r.t. x-axis) 204.3 deg.

568 Beamlets with radius 3.6 mm

Divergence full opening angle 1.0 deg.

Optimum perveance 1.15 10−6I · V −3/2

Focus none

Flux fractions (full/half/third) 78.28 / 16.50 / 5.22 %

ION2 Position last grid (x,y,z) (12.519, 4.786, 0.0) m

Beam direction (angle w.r.t. x-axis) 208.3 deg.

280 Beamlets with radius 5.7 mm

Divergence full opening angle 1.0 deg.

Optimum perveance 1.15 10−6I · V −3/2

Focus none

Flux fractions (full/half/third) 79.50 / 16.50 / 4.0 %

Beam line Neutralisation 91/58.6/47.5 % (see fig3.2)

Transmission of beam line 65 %

Beam duct location 7.6 m. from grid

Beam duct aperture (width x height) 20x50 mm

Intersection ION beams 10.0 m. from grid

Table 5.2: Resulting parameters from the benchmark phase. These will be used in the following
chapters.

5.2.7 Absolute intensity

The main objective here is to find out whether MSESIM and BEAMCODE sim-
ulate the right intensity, because that governs the Signal-to-Noise ratio. This needs to
be done such that in the performance assessment an appropriate value of the statistical
noise (∝

√
I) is used.

This evaluation has been performed on another experimental setup than the future
diagnostic. This means that the calibration factor is partly constituted by character-
istics of the setup that will not be of interest for the future diagnostic. So neither for
the performance later on in this work.

The determination of the intensity requires an absolute calibration of the measure-
ment. This has been performed in three ways: (1) Using an integrating sphere, both
invessel and in the diagnostic room (meaning from patch panel to spectrometer); (2)
With the Bremsstrahlung, present in the measured spectra; (3) With the noise levels,
occuring during the measurement.
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What intensity do we expect?

The emission formula 3.1 represents the integral along a sightline through the beam
volume. The intensity is brought about by the following elements. The emission rate,
〈σv〉, is obtained from ADAS. In the density, temperature and energy range of interest,
is is around 1.5 · 10−15 [m3/s]. The beam density, nb. With knowledge of the beam
current, energy, and geometry, the neutral beam density before entering the plasma
is: nb = I[C/s]

q[#/C]A[m−2]
√

2E/m[m/s]
. In the plasma the beam attenuates due to collision

processes, so locally, the density is a fraction of the density after the neutralisation.
As an estimate, let’s take 50%. The plasma density, ne, is obtained from a line-
integrated measurement, scaled on a quadratic profile. In the region of interest, this is
2− 5 [1019m−3]. In the regions of measurement, the beam width is 25 to 30 cm.

The product of these elements gives the total intensity in all directions. Per stera-
dian, this is I/4π and through the system with a smallest étendue 3 · 10−10 [m2sr],
the intensity becomes a rough 6 · 107[ph/s] . This is in the ballpark of the values that
MSESIM produces (±50%).

The intensity decreases towards the core. This has information of the density
profile within. Figure 5.12 shows this. Due to the lack of profile measurements, this
introduces a large uncertainty in the observed emission. Therefore, it can only be
shown whether the simulation code produces the right intensities with some freedom
in the density profile.

(1) Calibration using an Integrating Sphere

The number of counts per pixel S on the CCD, due to the photon intensity I
[ph/s/nm] incident in our system is

S = I · Tlens · Ttok · Tlab · ε− · disp · gr.eff. ·QE ·∆t (5.3)

Here Tlens is the transmission of the collection optics; Ttok represents the transmis-
sion losses from tokamak to the fibre panel in the diagnostics room; Tlab represents the
losses from the panel to the spectrometer; ε− [m2/sr] means the smallest étendue of the
system; disp [nm/px] is the dispersion and gr.eff. the grating efficiency. The detector
quantum efficiency is represented by QE and ∆t is the time integration. The invessel
labsphere calibration includes all reducing factor that the MSE light encounters as
well. The obtained calibration factor I/S is 7 · 1011 [ph/cts/m2/sr] for the invessel
calibration. The diagnostic room calibration gives the factor 1.5 · 1011 [ph/cts/m2/sr],
meaning that there are less source photons for the same number of counts. This is what
is expected, as the journey all the way from the tokamak contains more transmission
losses

Figure 5.13 shows the comparison of the measurement, which is scaled with the
calibration factor, and the simulation. Actually two simulation results are shown, with
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Figure 5.12: Simulated beam attenuation, resulting emission and plasma density of shots 8984-
8 and 7331-4. In the latter, a ‘standard’ profile is plotted (quadratic, with small offset) and a
variation (higher edge density, lower peaking). This turns out to be a significant factor in the
intensity calibration.

different density profiles as input. This is found to be the most dominant - unknown -
factor in the comparison (only the line-integrated density is available) and by playing
around with the profile, agreement can be reached.

(2) Calibration with Bremsstrahlung

Also, the Bremsstrahlung is evaluated for a calibration factor. For this purpose, an
MSE free part of the measured spectrum is compared to the analytical Bremsstrahlung
formula. With Equations 3.4 and 3.5 the expected Bremsstrahlung along a sightline is
calculated. The measurement is taken from the spectrum as far to the long wavelength
side as possible in the frame (around 665 nm). The result from shot #8984 is shown
in Figure 5.14.

Probably, not all the light is from Bremsstrahlung from the sightline alone, so some
counts may come from other sources, impurity radiation, or places, via reflection. The
conclusion is here that the Bremsstrahlung results are compatible with those of the
other calibration method. That is, if a ‘required Bremsstrahlung’ value is computed
from measurement and simulation, this value is a few counts less than the measurement.
Figure 5.14b shows this.
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Figure 5.13: Absolute intensity of the measurement (integrated ph/s/px) and the simulation
(integrated ph/s/A). The measurement is scaled with the invessel integrating sphere calibration
(factor: 7 · 1011 [ph/cts/m2/sr]).

(a) Forward calibration (b) Backward check.

Figure 5.14: In the left figure (5.14a) the calibration by comparing radiation measurement with
calculated Bremsstrahlung. An offset caused by other continuum radiation seems present. Right
(5.14b) shows the check, by starting from the factor between measurement and simulation, this is
the required Bremsstrahlung to have the right calibration.
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(3) Calibration with the noise

As a consistency check, the behaviour of the noise is investigated. The motivation
is to isolate the terms in Eq.5.3, which will be discussed afterwards.

The noise on the measured signal has several origins. We distinguish the statistical
noise, the dark noise and the readout noise. With the total number of incident photons
P , the statistical noise scales as

√
P (Poisson statistics). The signal in counts is

S = QEP∆t, with QE the quantum efficiency and ∆t the exposure time. The dark
noise is a result of the dark current D that flows due to thermal fluctuations of the
electrons (also Poisson distributed). This is independent of light exposure, but it scales
with time. The readout noise δR is an effect of several on-chip and off-chip sources.
Independent of exposure time, this forms an always present offset in the noise level.

The noise δ is the combination of the mentioned factors: δ2 = δ2
R+D∆t+QEP∆t.

If the readout and thermal effects are small, the signal-to-noise ratio scales with the
square-root of the signal: δ ≈

√
QEP∆t. It is then said that the noise is photon-

dominated, which is the desired experimental regime, as this is a fundamental lower
limit. The measured noise however, is typically around five counts and increases little
with intensity. The measured noise is not equal to the square-root of the measured
signal. It scatters around 5 [counts] regardless of the intensity (the measured MSE
light is typically 500-1000 [counts]). This leads to two conclusions:

1. The noise is not photon dominated

2. Because the noise is several times smaller than the expected
√
I. This indicates

that we are not measuring photo-counts directly: there must be a gain (< 1),
relating the measured signal with the expectation as: Sm = g · S and δm = g · δ.

Now let us find this gain. For the three unknowns D, g and S, we have two
equations for the measured counts Sm and the measured noise δm and δR:

δ2
m = δ2

R + g2 · (D∆t+QEP∆t) (5.4a)

Sm = g · S (5.4b)

The further breakdown of S was given in Equation 5.3. We will return on this
afterwards.

The read noise δR has been obtained by combining a series of frames with a short
exposure time that have large ranges with only “dark” signal. The frames are combined
and the offset is found to be 3.08 counts. This means that the noise level of the plasma
signal does not differ much from these dark frames.

There is an intensity dependence on the noise, as one would expect. Whether or
not photo-dominated, the noise should always grow: if not the photon contribution
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is relatively zero compared to other effects, which would make the gain unmeasur-
able. The labsphere calibration measurements are several series with high intensity
(>10% saturation level) and continuum signal. With those, the signal-noise relation is
investigated.

Figure 5.15 shows the relation of the equations 5.4. From the slope and the offset,
the gain g and the dark current D are determined. We are interested in the gain, which
is found to be 0.3. This factor multiplies the breakdown of the calibration factor.

Figure 5.15: Determination of the gain, by plotting the two subequations of 5.4, where the first
is reduced by the obtained read noise. The gain is 0.3

5.2.8 Discussion of the calibration factor

The goal was to obtain separate values for the parts that constitute the calibration
factor. Of interest are the parts of the calibration factor that will be present in the MSE
diagnostic as well: the transmission of the lens and the tokamak fibres. Obviously, the
equation still has multiple unknowns. So, what we are left with, is revisiting equation
5.3, with the obtained gain value, for a consistency check.

The gain g = 0.3. The étendue at the spectrometer is calculated from the effective
surface (A = slit width * fibre diameter) and the f# number of the spectrometer:
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ε = πA
(2f#)2 . With f# = 11.6, fibre diameter 400µm and a slit width of 150µm, this

becomes: ε = 3 · 10−10 [m2sr]. The quantum efficiency is given a lower estimate
QE = 0.4, and the grating efficiency too, gr.eff. = 0.2.

Multiplying these values with the calibration factor, leaves for the transmission:
7 · 1011 [ph/cts/m2/sr] * 0.3 * 3 · 10−10 [m2sr] * 0.4 * 0.2 ≈ 5.

Inserting numbers in the variables: Ttok = 0.93 (10dB/km for 30m), Tlab = 0.97
(10dB/km for 10m) and Tlens = 0.9 (the combined transmission of the front optics),
leaves a factor of about 4. Whereas a factor around 1 would be expected, the assump-
tions on the transmission losses may be too optimistic. But this cannot be concluded
here. In pursuing the calibration measurements, several experimental difficulties where
encountered, that also have affected the spectral measurements. Here, the issues are
listed:

• Patch panel offset With an additional experiment the integrating sphere was
connected to the fibres in the diagnostic room only. During this experiment
it was observed that the actual connection of the fibres to the patch panel is
influences the number of measured counts significantly. In this experiment the
angle and depth were slightly varied leading to the observation. Normally, a
panel should be designed to minimise this effect. However, this observation leads
to the conclusion that the influence of the panel can also be present in normal
operation. This puts an extra unknown in the equation. The magnitude has
been determined to be up to 80% (a signal of 8 · 103 counts changed up to 200
counts by redoing the measurement, plugging the fibre again in the panel.

• Cross-communication It has been identified that the spectrometer and CCD
hardware cause interchannel communication. With large exposures/high inten-
sities, neighboring channels become filled.

• Shutter opening/closing. It was observed in an early stage that the software
that controls the shutter did not work properly. The hardware settings allow
the user to set the opening time, the closing time and a process time. With
those numbers, it calculates the maximum frequency per desired exposure time.
However, as it turned out, the numbers were not used correctly by the software.
It appeared to open the shutter during the exposure time. Below a scheme of
the events in time.

• Low throughput, variation in fibres The setup consisted of one fibre per
radial position. Variation in the throughput of the several tokamak / diagnostic
fibres has been observed

• Campaign end - diagnostics removal Due to the fire in the TF coil power
supply, the campaign ended a few days earlier. All components in the tokamak
hall needed to be investigated and cleaned. The collection lens was removed and
brought to the Diagnostics Room. The consequence is that from then the original
setup does not exist anymore.
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The conjecture is that they are the source for calibration difficulties.

Nevertheless, with the absolute intensity calibration, acceptable values have been
reached, but without a full breakdown of the factors of the scaling value. The Bremsstrahlung
calibration has been compared and its compatibility with the integrating sphere method
is confirmed. Lastly, the noise has been investigated, to assess the presence of a gain
factor in the acquisition hardware.

During the benchmark process, the simulation code has been investigated and
several improvements were made (BEAMCODE now uses cross sections per energy
component correctly; also there had to be made a distinction between the input co-
ordinates of the beam duct and the intersection of the beams. BEAMCODE and
MSESIM determine the beam position and direction in different ways, and at the
KSTAR tokamak these values differ).

5.3 Conclusions of the benchmark

The main question of this chapter was: Is the obtainable accuracy good enough
for the benchmark of (a) the physics and (b) the signal? For the answer of (a), several
spectral features have been investigated:

• The Stark Shift: envelope shift was compared to the calculated pi=3 and pi=4.
The shape agrees, which means that the intensity ratios of measurement and
simulation agree.

• The Doppler Shift: containing straightforward physics, but by the multitude of
evaluated measurements, leads to a confirmation of the geometrical parameters.

• Asymmetry, shape: From edge to core, the increasing asymmetry in the multi-
plets as was measured, returned in the simulation as well. The residual that was
taken from the scaled simulation, was in the order of the noise level.

In answering (b), the intensity that MSESIM predicts agrees with what is mea-
sured when the conversion factor from the integrating sphere calibration is used. It
is observed that the input density plays a significant role in this. Solid experimental
data on the profiles not routinely available, so this leaves an uncertainty. In the other
way around: the measured emission intensity of the channels give a hint to the plasma
density profile. With the presumption that BEAMCODE simulates the stopping and
emission correctly, the input density profile can be chosen such that the resulting spec-
trum matches the measured one. This presumption has been confirmed here and the
results of the simulated intensity matches within 10% to the calibrated measurement.

The absolute intensity has been evaluated with two other methods, with Bremsstrahlung
and with the noise. The results of both these methods were consistent with the first
method, that of the integrating sphere.
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With respect to the noise, the characteristics of the spectrometer setup have been
determined. In the following, this setup is not made use of. As the intensity levels
agree, and - after the determination of the gain - the noise values are consistent, the
use of the code has shown its validity in the intensity simulation.

What we will do, however, is challenging our input assumptions by introducing
a flawfactor, that lowers the assumptions on transmitted intensity. With this, a
mismatch can be covered, in the form of a worst-case scenario.

So, now we have a set of input parameters with which the spectra have been
simulated. This we take as the base for the real assessment of the performance of the
new system. With the physics validated and in place, we only have to change the optical
transmission of the system and add the polarisation characteristics of the emission and
the optical components to be able to predict the signal. From this simulation we are
then able to reconstruct the pitch angle and its accuracy, which in the end is the
parameter we are after.

In the next chapter we first will elucidate the method to determine the pitch angle
form the polarisation measurement.



Chapter 6

Design of the MSE diagnostic -
from intensity to voltage signal

This chapter introduces the design of the MSE diagnostic and discusses the influ-
ence of the according parameters to the simulation. Also considered, are the filtering
of the signal and the modulation that will occur as a result of the setup.

The propagation of the light throught the diagnostic components is considered
step by step. Next the detection is discussed. The according signal parameters are
summarised.

As a last preparation for the simulations for the next chapter, it is discussed how
the MSE measurements put a constraint on the beam configuration.

Müller Algebra

A convenient way to describe the propagation of polarised light through optical
elements, is with the use of Müller Algebra. In this description, the intensity and
polarisation of the propagating light are considered. This is carried in the Stokes
vector, viz.:

S =


I
Q
U
V

 =


I

pl · I · cos(2γ)
pl · I · sin(2γ)

pc · I

 (6.1)

Here I is the intensity, pl the linear and pc the circular polarisation fraction and
γ the polarisation angle. The transformation of a Stokes vector through an optical
system can be described algebraically by multiplication with the appropriate Müller
matrices:

Sout = M · Sin (6.2)

55
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Optical components can be expressed with their characteristic matrix. For exam-
ple, the matrix for an optical element that rotates the polarisation by an angle α looks
like:

Mα =


1 0 0 0
0 cos(2α) sin(2α) 0
0 sin(2α) cos(2α) 0
0 0 0 1

 (6.3)

The matrix of 6.3 can also be used to calculate the Müller matrix at an arbitrary
angle [29]. As we shall see, each of the components of the optical system adds its matrix
to the total linear map of the optical system.

The polarisation angle γ is carried by the third and second component of S:

γ =
1

2
arctan

(
U

Q

)
(6.4)

This is by geometric constants related to the magnetic pitch angle γm - the target
parameter -, as was introduced in 4.

6.1 The polarimetric MSE diagnostic

Thus, in polarimetric MSE, the target parameter - γm - can be obtained from
the polarisation angle. To measure this polarisation information, use is made from a
setup with photo-elastic modulators (PEMs) and a polariser. This method has been
described for the first time by Levinton [30]. Here the features of this method are
discussed. A cartoon of the diagnostic setup is drawn in Fig. 6.1. From the left to
the right, the polarised beam emission photons enter the viewing optics and meet the
polarimeter. The light is then focussed into the fibres, that guide it towards the end
optics.

Figure 6.1: Schematic drawing of the MSE diagnostic. The light enters the system via the
collection lens. Then it encounters two photo-elastic modulators that, together with a polariser,
cause an intensity modulation of the signal. This signal is sent through the fibres to the diagnostic
room, where it is filtered with a small band-pass filter and collected by an avalanche photo diode.
The polarisation information is reconstructed from the intensity modulated signal by an computer
algorithm, which is discussed in the next chapter.
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PEMs and polariser

A photo-elastic modulator consists of a birefringent material (fused-silica in this
case) that is driven at its resonance frequency. The birefringence cause the two trans-
verse refractive indices to vary in time, resulting in a time-varying phase shift: the
retardance. This retardance A is sinusoidal and is written as A0 cos(ωt). The ampli-
tude A0 can be set to any wavelength between 0 and 2π and a half wave is common
[29]. That is used here as well. The frequency ω is 20kHz and 23kHz for the first and
second PEM.

The Müller matrix of a PEM is shown in 6.5.

Mr[A] =


1 0 0 0
0 1 0 0
0 0 cos(A) sin(A)
0 0 − sin(A) cos(A)

 (6.5)

Multiplying the Stokes vector by this matrix one gets terms with sin(2γ) cos(A1).
The reason to use another PEM and oriented at 45◦, also terms with cos(2γ) cos(A2)
occur. Together they contain the information on the target parameter.

Because of internal reflections, any polarisation information would be lost in a
long fibre cable. Therefore a polariser is applied to the system. From here, the target
information is contained in the harmonics of the signal. This intensity modulated
signal can be led through the fibres without loss of information.

The Müller Matrix of the system

In the case of this MSE system it includes rotators Mα, linear polarisers Mp and
retarders Mr[A]. Here A is the retardance and α is the rotation angle. The combined
Müller matrix is [29]:

MMSE = Mπ/8 ·Mp ·M−π/8 ·Mπ/4 ·Mr[|A2| cos(ω2t)] ·M−π/4 ·Mr[|A1| cos(ω1t)] (6.6)

Applied to the Stokes vector, the first component of Sout becomes:

IMSE =
I

2

(
1 +

cos [|A2| cos(ω2t)]√
2

pl cos(2γ)+

+
sin [|A1| cos(ω1t)] sin [|A2| cos(ω2t)] + cos [|A1| cos(ω1t)]√

2
pl sin(2γ)+

+
sin [|A1| cos(ω1t)]− cos [|A1| cos(ω1t)] sin [|A2| cos(ω2t)]√

2
pc

) (6.7)

In Equation 6.7 sines and cosines of cosines occur. These can be expanded in their
harmonics, with n-th order Bessel functions Jn:
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sin [X cos(ωt)] = 2
i∑
nfn=1 (−1)n−1 J2n−1 (X) cos [(2n− 1)ωt] (6.8)

cos [X cos(ωt)] = J0 (X) + 2
i∑
nfn=1 (−1)n J2n (X) cos [2nωt] (6.9)

With the Bessel function expansion, the amplitudes of the different harmonics
contain the original information. For example, it follows from the application of
6.8 to 6.7 that the amplitudes of the second harmonic of frequency ω1 is: I2ω1 =

− IJ2(|A1|)√
2

pl sin (2γ). By combining the different harmonics, the elements of the origi-

nal Stokes vector can be returned.

The extraction of γ is shown in Eq. 6.10 (following [29]). This will be used in the
performance analysis in Chapter ??.

γ =
1

2
arctan

(
J2(|A2|)I2ω1

J2(|A1|)I2ω2

)
=

1

2
arctan

(
J4(|A2|)I4ω1

J4(|A1|)I4ω2

)
(6.10)

Back to the intensity signal of Eq. 6.7. This is what propagates towards the
detection setup and what is measured. The algorithm that reconstructs γ from this
modulated signal is discussed in the next chapter. First the photons would encounter
the filter and induce a voltage signal. So, let us follow their route.

6.1.1 Filter

In the MSE diagnostic, a bandpass filter is required (one wants to measure one
polarisation, so no overlapping spectra, with as much light as possible). For this
purpose a two-cavity, thin layer interference filter will be used (one per channel). This
is called a Lorentz filter, as its filter function can be approached by a high order
Lorentzian. Its central wavelength can be changed by rotating it with respect to the
optical axis. This is needed because the filtering wavelength is determined by the shift
of the light (determined by NBI voltage and toroidal magnetic field, they can per shot).

Filtering is done with MSESIM on the resulting intensity spectrum. It returns
again a spectrum, with as a wavelength basis the central wavelengths of the filtered
signal. Here the filtered Stokes vectors at maximum Signal-to-Noise (SNR) around the
red shifted π peak is used for each channel. Typically, this is somewhat to the red side
of the maximum signal peak, due to the mixing with the sigma peak after filtering.
This would be more or less the location of measurement with the diagnostic: overlap
with one of the other two ion beams could demand a position with a longer wavelength
(for a discussion of the overlapping, see Sec.6.3).

It has been proven in [31] that the noise on the harmonics is the same as the
RMS noise on a ‘quiet’ frequency range of the signal. This allows for the extraction
of the noise from such a quiet frequency band. Also, with this fact the MSESIM
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simulated signal can be filtered before being modulated without influencing the noise
and accuracy in the performance analysis. This makes the simulation procedure easier
and this is incorporated in this project.

6.2 Signal and noise in the future diagnostic

An Avalanche Photo Diode (APD) is a high-speed, high-sensitivity photodiode
that internally multiplies photocurrent by applying a reverse voltage.

This detector type has the best performance (compared to other types) in the range
of anticipated photon rates (1e9). In the diagnostic, the used APD is the C5460-01SPL
module of Hamamatsu [32]. This module meets the requirements on:

1. The minimal diameter for active area (2.5mm), due to the imaging of the total
fibre area on the detector.

2. The bandwidth (0-300kHz) to keep the phase shift due to low-pass amplification
low. (even higher cut-off would reduce the shift, but also requires higher sampling
(Nyquist) and the multiplication noise increases)

The polarisation angle is extracted from the first four harmonics of the signal. The
fourth harmonic of PEM1 is 80kHz and that of PEM2 92kHz. This is well below the
300kHz cut-off, but the phase shift that is induced by the low pass amplifier is already
7◦.

6.2.1 From MSE photons to measured voltage

Here we continue the journey of the photons as they travel through the detection
system. This is done to get a correct estimate for the number of photons incident on
the detector. The signal after modulation is lower due to the rotated polariser and
the fact that only part of the incoming tokamak light is polarised. Its fraction and
angle are contained in the Stokes vector, as well as the absolute intensity. The light
intensity [ph/s/A] incident in the collection optics is the spectral radiance (divided by
the energy per photon) times the étendue of the system.

The total simulated intensity of the light after filtering is I [ph/s], which is input
in 6.7 (allowed by the earlier filtering, par 6.1.1). Now we convert emitted intensity to
detected voltage. To do this, we multiply by the transmission, the quantum efficiency
and the time integration, yielding the number of detected photons Sphotons [ph].

Sphotons = Istokes · T ·Qeff ·∆t (6.11)

With T the combined transmission of PEMs, polariser, lens, fibres and filter
(0.95*0.99*0.9*0.9*0.8). The quantum efficiency Qeff is based on Photo sensitivity
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[A/W], which is 0.5 at 800nm light and gain=1. (Sourec: Documentation Hamamatsu
and [32]). ∆t is the sample time.

The voltage resulting of this detection, is:

Svolt = Sphotons · e · damp/dcap (6.12)

Here, damp is the detector amplification and dcap [F] the capacity and e the electron
charge [C].

Noise

The noise in an APD is the result of four factors: shot noise, dark current, excess
noise, thermal noise. The shot noise is the statistical (Poisson distributed) process of
detected photons; the dark current is due to the current leakage as a result of the reverse
voltage. Here they will be included as being caused by ’dark photons’. The thermal
(Johnson) noise is the statistical process of electons with a temperature distribution.
Also Poisson distributed, so will be regarded as caused by ’thermal photons’. Lastly,
the excess noise factor is due to multiplication of the detected photons. The value is
found with the McIntyre formula (Ex = 2 + k*M), with M the multiplication, k the
ionisation ratio (typically 0.02 for Si-APD’s). This multiplication and excess noise are
typical for Si APD’s. Source: Table 1 from [33].

The expectation value of the noise is the square-root of the combined ‘noise pho-
tons’:

noisephotons =
√

(Sph,ave ∗ dexnoise + ddarkcurr ∗∆t/e) (6.13)

This average noise value is given a random (white) variation. This noise signal is
added to the detection voltage. The Signal-to-Noise ratio is the average value of the
detected photons divided by the noise expectation value.

SNR = Sph,ave/noisephotons (6.14)

Summary of input parameters

The settings for the conversion of the intensity to a voltage signal are summarised
in Table 6.1.

With the above parameters, and de use of the codes BEAMCODE and MSESIM,
a voltage signal with noise can be simulated. This is the input for the analysis code,
that reconstructs the polarisation information. The signal amplitude depends on the
intensity and the sampletime. The latter is a free parameter, the former is the result of
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Filter settings: 2 cav, width: 3 Angstrom

PEM1 frequency 20 kHz

PEM2 frequency 23 kHz

Retardance amplitudes (input) π

Phase of PEM1 −π/8
Phase of PEM2 π/8

Stokes used: π-red (at wavelength of maximum SNR)

Flaw factor (intensity multiplier) 1.0

Transmission 0.6 (PEMs,Pol,Lens,Fib,Filt)

Quantum efficiency APD 0.77 [cts/ph], Source: HAMAMATSU

Detector amplification (M) 150

Excess noise (Ex = 2 + k*M) 5 (ionisationn ratio k = 0.02)

Detector capacity 1.0 · 10−12 [F], Source: other APD.

Dark current 50.0 · 10−12 [A]

Default sampletime: 1 µs

Table 6.1: Settings of the signal parameters. Sources:PERKINELMER [33], HAMAMATSU.

the beam emission, of which the factors are the densities of the beam and the plasma.
These values vary shot by shot, but they stay in the same ballpark.

Here, the simulated voltage signal per channel is shown for benchmark shot #7331.
The result is shown in Fig. 6.2. The profile mainly depends on the density profile.
The Signal-to-Noise ratio is highest in the core as a result of a peaked plasma density.
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Figure 6.2: Signal profile that mimics the voltage signal of the diagnostic.
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6.3 Note on overlapping spectra

Spectral overlap causes less polarised signal. The goal is here to find out how the
overlap can be avoided and what de operating space for the neutral beams would be.

Figure 6.3 shows the geometry of the MSE diagnostic. The 25 channels cover the
outer half, i.e. the lower field side, with a few channels on inboard side. This for the
purpose of a good determination of the magnetic axis.
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Figure 6.3: Neutral beam lines in the tokamak and viewing lines of the new design. The viewing
lines cover the whole outer side and a small part of the inner side.
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The precise wavelength of a peak that is to be measured, is governed by the beam
energy (Doppler shift) and the toroidal magnetic field (Stark shift). Currently there
are two neutral beams in KSTAR, and the third is being built. Due to different beam
energies and different angles of the beam line with the optical axes, the resulting spectra
can overlap. The collected light then has its origin at more different flux surfaces, and
then it carries magnetic information from different positions. The observed polarisation
is a combination of that of all the light collected, resulting in a lower polarisation
fraction.

In Fig. 6.4 a closer look is taken to the measurement area. This represents a
zoom-in of Fig. 6.3. In this closer look, the difference in radii can be seen. If on a
viewing line multiple beams emit light, the combined intensity is measured. Due to
its direction, the effect of crossing multiple radii is largest on ION2. This asks for
avoidance of overlap with this beam.
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Figure 6.4: Neutral beam lines in the tokamak and viewing lines
of the new design, zoomed in the measurement area. The grey
lines represent the viewing lines (for clarity only a subset is de-
picted here, of the 25 channels). The blue, red, green solid lines
represent the directions of ION1, ION2 and ION3 respectively.
Each dotted curve represents a unique major radius. This figure
shows that the major radii of ION1 and ION3 are practically the
same for each channel. However, when at the same time there is
light of ION2 entering the viewing optics, there is more variation
in major radius. The beams are drawn as lines here, whereas in
reality they have a width of around 25cm.

In earlier work, a rule of
thumb was determined by the
evaluation of spectral measure-
ments. Shortly, this rule of
thumb on the beam configura-
tion as observed in the 2012
campaign is reevaluated for the
new collection optics geometry.
In [32] the requirement is stated
that the energy of ION2 should
be 85% of ION1, but this seems
too broad. A new analysis is
made, based on the new collec-
tion optics and MSESIM output.
As the overlap of the spectra de-
pend on both the Doppler shift
and the Stark, a scan is made for
different B-fields and positions.
Results are shown in Figures 6.5
and 6.6. As indication a 0.15nm
error bar is drawn, correspond-
ing to the FWHM of the filter.
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Figure 6.5: Overlap study, with the voltage of ION2 = 85% ION1. Depicted are the positions of
the Doppler and Stark shifted peak to the lone wavelength side of the spectrum (the red π peak).
The toroidal magnetic field on the major radius is 2T. In this case, for ION1 and ION2 overlap is
observed. The error bar on the ION1 profile has a total size of 3Å, representing the filter width.

Figure 6.6: Continuation of the overlap study. For higher fields ION1 and ION2 deviate more.
But in this regime (exceeding 2T) ION3 should be smaller than ION1.
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The conclusion is the following operating space:

• Beam voltage of ION2 = 0.8 * Beam voltage of ION1

• Beam voltage of ION3 = 0.95 * Beam voltage of ION1 (below B=2T this condi-
tion can be relaxed)

This analysis did not consider channel dependent tuning and, for example, accept-
ing less light with cleaner polarisation. With this, one can win some operating space,
however, the red-pi peak attenuates quickly (depending on the broadening) compared
to the filter width.

Figure 6.7: Part of the spectrum of ION1 (#7331)
width a band of 3A indicated.

As a comparison of the filter width
to the spectrum, Fig. 6.7 shows the band
of 3A on a spectral measurement. This is
the width of the envisaged filter [32]. The
conclusion is here that the Stark peak
has the same width as the filter, leaving
a small operating space. The operator
tunes the filter as a consequence of the
trade-off between enough signal (Signal-
to-Noise) and quality of the signal (po-
larisation fraction).

The analysis on overlapping spectra
showed an operating space of beam con-
figuration for measurable polarisation an-
gles. In the following it is assumed that these criteria are satisfied. As the real mea-
surement will take place on the full component, this part will be simulated only.

This signal has been modulated first, with a separate routines (SPECTRUM MOD),
that includes the approach and parameters as discussed above. Also the noise and
transmission are applied to the signal. The geometry and specifications of the current1

KSTAR MSE diagnostic design will be used.

1As described in KSTAR Intermediate Report, 2014



Chapter 7

Performance Assessment of the
KSTAR MSE diagnostic

Now we want to use the code to test the diagnostic performance. The role of the
diagnostic is played by the analysis code, that demodulates the signal. The question
to be answered is: what uncertainty does the analysis introduce, so to what extent is
the ability reduced to distinguish the pitch angle?

Analysis of the raw signal is done with a reconstruction algorithm, ANALY-
SIS MSE. This is particularly written for this MSE diagnostic. A brief introduction
on what the code does, is provided in the next section.

As the analysis code is newly developed for KSTAR (by dr. ir. M.F.M. de Bock), it
has not been tested. To include the code in this study, the performance assessment has
been built up in several steps. First, the working was tested with sample data from
MAST1, where a similar polarimetric MSE diagnostic is operational, with a similar
analysis code. Next, synthetic KSTAR data has been used to study its behaviour. In
section 7.2, the simulation experiments are outlined, and thereafter discussed one by
one.

7.1 The analysis code

The optical setup causes an intensity modulation of the incoming light (as discussed
in the previous chapter). In the raw, modulated signal, the polarisation information is
contained. The Stokes vector can be derived by combining the different harmonics of
the modulated signal. This is what ANALYSIS MSE does. From these harmonics the
polarisation angle is obtained (also discussed in Section 6). To extract the amplitudes
of the harmonics, a phase locked loop is used. This because the amplitudes are signed

1The Mega Ampere Spherical Tokamak, in Culham (UK).
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and there is a phase shift that increases proportional to the harmonic number. Phase-
locking is digitally done by multiplying the signal with itself. In the digital loop, an
1kHz filter is suggested over the with 1MHz sampled signal [32]. This sampling rate
finds its motivation in the fact that up until the fourth harmonic of the 20 and 23kHz
PEM-signals are needed for the reconstruction: a 300kHz low-pass amplifier is the
chosen optimum between small deviation in phase shift and the noise level. Following
Nyquist, the required sampling rate should be 600kHz. The first ‘standard’ available
sampling rate is 1MHz.

The proportional phase difference is constant for all time points, as well as the
retardance amplitude. This fact is used to obtain the results from all channels and
time points simultaneously. Figure 7.1 shows a flow diagram of the procedure. From
the PEM reference signals, complex exponentials are fitted and the harmonics are
obtained from each channel. From the phase-locked harmonics, the retardances are
extracted. The ratio of the harmonic amplitudes are related to the ratio of the orders
of the Bessel functions at the retardance of PEM X as in Equation 7.1 (Source: [29]).

J1 (|AX |)
J3 (|AX |)

= − IωX
I3ωX

J2 (|AX |)
J4 (|AX |)

= −I2ωX

I4ωX

(7.1)

The routine finds that retardance for which the ratios of its Bessel functions match
the ratios of the obtained harmonics, as in Equation 7.1. The used retardance to recon-
struct the Stokes vector is either that of the first equation (3/1), or the second (4/2),
or the average, weighted by the respective harmonic amplitudes. The reconstruction
algorithm allows for a choice in the option. If the routine was not able to extract the
desired harmonic amplitudes, another option is tried automatically.

With the retardances, the Stokes vectors are returned per channel and per time
step (defined by the filter frequency). One can choose whether the Stokes vector
should be recovered from the 1st and 2nd harmonic or 3rd and 4th harmonic or an
average weighted over the two possibilities. In the case of the polarisation angle γ =
1
2 arctan

(
U
Q

)
, the reconstruction requires the second and fourth harmonic:

Q =
√

2

(
I4ω2

J4(|A2|)
· i42

i22 + i42
− I2ω2

J2(|A2|)
· i22

i22 + i42

)
U =

√
2

(
I4ω1

J4(|A1|)
· i41

i21 + i41
− I2ω1

J2(|A1|)
· i21

i21 + i41

) (7.2)

Here the i21, ..., i42 represent the totals of the intensity of the respective harmonic,
playing the role of a weight function. We will investigate the effects of these choices in
Sec. 7.6. In all other sections, the averaging options are used.
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Figure 7.1: Flow diagram of the offline analysis code. With the PEM reference signals, the
harmonics are obtained from the signals of the channels. The from the phase-locked signals with
complex amplitudes, the retardances are extracted, yielding the Stokes vectors per channel and in
time. (Small remark: in the final design, the number of channels decreased to 25, whereas here
’signal 30’ is depicted as the last channel)
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7.2 Outline of the simulations

With the working analysis code, all the previous steps are combined. Starting from
an input equilibrium, an beam emission profile is computed (BEAMCODE), the MSE
Stokes vector is calculated (MSESIM), this intensity is modulated and converted into a
detector signal (SPECTRUM MOD) and this signal is demodulated, the Stokes vector
is reconstructed and from that the pitch angle is determined (ANALYSIS MSE). This
procedure is followed in all the following sections.

To systematically study the effects of the input variables, the procedure is per-
formed on a known case first: a spectrally measured KSTAR shot. Next several typical
scenarios (q-profiles) are analysed, followed by smaller variations of the equilibrium to
quantify the behaviour. Finally, this quantification is placed into context with the
allowable differences between input and reconstruction, as well as other effects that
are of significance to the measurement accuracy.

The steps that will be taken are summarised here:

Reference and benchmark First, a few KSTAR shots that are used in the Bench-
mark part are simulated. With this, the output of the performance simulations
are ‘benchmarked’. This part yields the reference scenarios, but it gives mean-
ingful performance results as well: for these shots, the comparison with measure-
ments has been done during the benchmark (that is, the spectrometer setup),
so the deviations that are introduced by modulation and reconstruction can be
quantified.

Evaluate different operating scenarios Here the goal is to vary the q-profile (that
‘defines’ the scenario), from monotonic (high L-mode like profile, and H-mode
like, with a q<1 region) to profiles with a reversed shear. Also, the work of prof.
Y.S. Na, et.al. is used: we simulate MSE measurements with the input param-
eters and profiles from their simulations found in [13] for steady-state scenarios
and [34] for hybrid scenarios. From this section on, scenarios and equilibria are
developed with the tool from Chapter 2. They are used as input in the simulation.
The reconstructed polarisation angle is compared to the input.

Decrease the variations, to quantify By keeping the engineering parameters (Ip,
Bt) the same and slightly varying the distribution of the current density, the
behaviour is quantified. Note that a varying distribution of the current density
implies a varying distribution of the pressure profile as well. So the density and
temperature profiles should change too. Also, to achieve the simulated current
distributions in reality, the NBI configuration could be different. The goal here,
is to keep as much parameters the same as possible, to investigate the ability
of the diagnostic to recognise the variations in the poloidal magnetic field (and
hence the current density profile). The interplay of signal intensity, noise and
integration time is investigated, by varying the input parameters that govern
this.
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7.3 Benchmark shots reconstructed

Shot #9346 has a measurement frame with ION1 only. Although an EFIT equilib-
rium is available, this frame is simulated with EQUINU as well, to compare its output.
These equilibria are fed into the rest of the procedure. After the full run the pitch
angles of EFIT and the simulation are compared.

The shot is summarised in Fig.7.2, where the plasma current Ip, the beam power
PNBI, the line integrated plasma density nint and the Deuterium Balmer alpha light
Dα are shown. The measurement is taken at t=500 ms, with an integration time of
440 ms (this window is necessary to catch enough light on the CCD camera). The
plasma current shows a ramp-up during this measurement frame. From the Dα light
it is concluded that the plasma is still in L-mode.

Figure 7.2: Time frame of Ip, PNBI, nint and Dα of shot#9346. The measurement is taken in
the range t=500-940ms.
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Emission profiles of the full, half and third energy component are shown in Fig.
7.3. Also, the electron density and the neutral beam density are depicted. In this
drawing, the electron density is not a profile measurement, but an estimate based
on the line integrated density. This has direct effect on the emission profile, as was
described in earlier chapters.

Figure 7.3: Intensity profiles of simulated shot #9346. The upper left figure shows the neutral
beam density of the three energy components, the upper right figure shows the emission profiles.
These are the BEAMCODE result of cross sections and the plasma density (lower left) that is
obtained from the line-integrated density (see Fig. 7.2).
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For the flux surface geometry, the elongation, obtained from EFIT, is 1.44. The
triangularity is chosen such that some agreement is reached with the EFIT normalised
ψ contours. At the region of measurement this plays a small role.

In Fig. 7.4 the comparison of the EQUINU output and EFIT are compared. The
flux surface geometry is shown in the upper left figure. The elongation, obtained from
EFIT, is 1.44. The triangularity is chosen such that some agreement is reached with
the EFIT normalised ψ contours. At the region of measurement this plays a small role.
The calculated poloidal magnetic field shows not good agreement at the edge. In the
EFIT reconstruction, the BZ profile is more curved. The explanation for this is the
fact that EQUINU currently uses a third order polynomial to describe q as function of
the normalised minor radius. As will be discussed at the end, the ability to cope with
arbitrary q-profiles would be the next improvement.

Figure 7.4: Comparison of the flux surface geometry and magnetic fields for #9346. In the upper
left figure the dotted contour represents the EFIT equilibrium. In the upper right figure the two
q-profiles are shown. The calculated q-profile is a trade-off between agreement in the q95 value
and the shear. The latter feature is not matched, which results in a disagreement in the calculated
poloidal magnetic field. Clearly the EFIT reconstruction shows a more curved profile (BZ here).
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In Fig. 7.5 the measured and simulated spectra are shown. Both the scaled and
direct simulation are shown. The deviation is called the flaw factor. In this case the
factor is due to unknowns that belong partly to the old hardware. Therefore it is not
further investigated here. However, the influence of less signal will be studied later on.
A more flat density profile would match these measurements, also the plasma radius
appears to be too small in the spectrum simulation.
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Figure 7.5: The spectrum, measurement and simulation. The simulation is depicted twice: scaled
on the full energy component and not scaled. Due to the emission profile, the specific fibre per
channel, there is a deviation, here coined the flaw factor.

Fig. 7.5 showed the comparison with the eight spectrum measurement channels.
With MSESIM, the Stokes vector is now simulated for the 25 measurement channels of
the MSE diagnostic. For each channel the simulated Stokes vector is modulated with
two PEM-sinusoids and scaled with the signal parameters of Chapter 6. This signal is
fed to the analysis code with the PEM-functions2 as reference signals.

The result of the analysis code is the extracted Stokes vector with error levels
on the components. From these the polarisation angle calculated and compared with
the MSESIM polarisation angle and the input polarisation angle. The result is shown
in Fig. 7.6. The upper figure shows three profiles: input, 3D and reconstructed.
The lower figure shows the ‘difference profile’ with the input. Clearly, the 3D effects
introduce a deviation from the input. The reconstruction scatters around the 3D-line.

2These are now block functions. The reason for this is to better extract the PEM frequencies above
the noise levels. Those are enhanced by the neutron flux in the region of the front optics, where the
PEMs are. Also they have a phase shift, due to the hardware setup.
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Figure 7.6: Comparison of the difference polarisation angle profiles. Here the values are taken
from one timepoint (0.1sec)

The error is statistical. As a means of quantification, the polarisation angles are
compared for just one time point, and an averaging over a range. This reduces the
time resolution in favour of a higher accuracy. Figure 7.6 shows the case for one time
point, Figure 7.7 for a range of twenty time points (0.1-0.11 sec).
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The observation is here that the random deviation becomes considerably smaller
when integrating 10 milliseconds. What remains is the systematical deviation of about
0.1◦.

Figure 7.7: Comparison of the difference polarisation angle profiles. Here the values are the mean
of the points from 0.10 to 0.11 sec.
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The pitch angle result is evaluated. The result constructed with the EQUINU
equilibrium tool, is shown in Fig. 7.8, the result from EFIT is shown in Fig. 7.9. It
was already observed in the comparison of the both input equilibria that EQUINU
is not capable of imitating the q-profile characteristics, and therefore returns another
vertical field on the midplane. Fig. 7.8 shows this effect on the pitch angle.

Figure 7.8: Comparison of the pitch angle profiles; from the input (EQUINU) via MSE (MSESIM)
to the reconstructed signal (ANALYSIS).

When the analysis is performed on an MSESIM simulation that is run with the
EFIT equilibrium, the pitch angle profiles do compare: from the very start up until
the reconstruction (see Figure 7.9). That is our conclusion for this section.
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Figure 7.9: Comparison of the pitch angle profiles; from the very start (EFIT) via MSE (MSESIM)
to the reconstructed signal (ANALYSIS).
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7.4 Variation of scenarios

The goal is to get an insight on the behaviour of the reconstruction under various
input conditions. Therefore several ‘scenarios’ are developed: a rough rationale to get
a consistent set of input parameters. The target parameter is the magnetic pitch angle
- in the EQUINU simulations directly related to the q-profile.

The approach is as follows: from the q-profile and plasma shape parameters (R′,
δ0, κ0) the magnetic field is obtained with EQUINU. Using qcyl [17], the total plasma
current Ip is calculated. With Ip, the Troyon beta βN = β ·B0 ·a/Ip and the Greenwald
density nG are calculated. From them, the density profile n (with a presumed peaking
factor and boundary value) and temperature profile T are obtained.

Figure 7.10 shows the set of parameters for four different cases: L-mode, H-mode,
Hybrid and Steady-State. The data is based on profiles from simulations at ITER3

and normalised to scale on the KSTAR situation. The profiles that were provided
were: FN , from which the paramagnetic contribution was calculated4; the q-profile,
defining the scenario; the ion temperature Ti and the β profile, with which the plasma
temperature and density are determined.

With Ampere’s Law, the current distribution is calculated from BZ . This is done
in the equilibrium constructor and it gives a rough feeling for the current density
profile.

An overview of the simulations is given in Table 7.1. KF43 and KF42 are the
strongly reversed shear scenarios. KF31 has a weakly reversed shear. KF22 and KF23
have monotonic q-profiles. In section 7.5 little variations on the q-profile are discussed.
These are KF34 and KF24, slight variations on KF31 and KF23 respectively. It should
be remarked that this is a presentation of a few of the runs that have been done. A
major part consisted of the development of the run routines.

KF43 KF42 KF31 KF22 KF23

Bφ 1.95 1.95 2.0 2.0 1.95

q rev. shear rev. shear weakly rev. mono mono

q0 6.23 6.33 1.2 1.2 0.48

Bpara [%] -2.5 -2.5 0 0 5.1

ne [1019m−3] 10 3 3 3 6.5

Te [keV] 14 20 15 15 3

NB ION1 [kV] 80 80 80 80 100

Table 7.1: Input values for the different scenarios that are used in the next sections.

3Provided by dr. J. Citrin, DIFFER/CEA.
4Normalised FN = Btot ·R/(B0R0) = (Bvac +Bpar) ·R/(B0R0) = ((B0R0)/R+Bpar) ·R/(B0R0).

Hence, Bpar = (F − 1)B0R0
R
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Figure 7.10: Profiles of paramagnetic field, q-profile, density, beta and temperature, resulting
from ITER simulations. Derived or normalised to get to KSTAR values. The black dotted lines
are the fits for the H-mode scenario.)
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7.4.1 KSTAR Steady State scenario

In this paragraph, two reversed shear profiles are investigated. One is from the
above-mentioned rationale, the other comes from current KSTAR scenario develop-
ment. In the work of Y.S. Na, et.al. [13], the establishment of ITER-relevant steady
state operation in KSTAR is investigated. The q- and plasma profiles from that in-
vestigation are used. They are shown in Fig.7.11. The fit of the q coefficient vector
is shown in 7.12. The steep increase in the core is not well covered by a third order
polynomial, which is currently how in EQUINU the q-profile is constructed.

Figure 7.11: Profiles of density ne, ion temperature Ti, electron temperature Te and the q-profile
from KSTAR Steady State development [13]. Here used in simulation KF43.
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Figure 7.12: Fit through q-profile from [13]. In the simulation, the value for q(0) is 16.5. When
evaluating the end result, this deviation in the core should be kept in mind.
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The comparison is made between the Steady State scenario from Na, et.al. [13],
here simulated as KF43, and the one based on the normalised profiles, here simulated
as KF42. The q profile, magnetic fields on the midplane and the derived current density
j are shown in Fig. 7.13. An important remark is that the current density is derived
from the poloidal field, which is created by the analytical q-profile. There is no internal
consistency correction to force j to go to zero at the edge.

Figure 7.13: Magnetic fields, q-profile and derived current density of KF43 and KF42.

In Fig. 7.14 the polarisation angles are compared. The upper figure shows for each
scenario three curves: that of the input equilibrium (to which 1D MSESIM proves to
be equal), that of the full MSESIM result, including all 3D effects, and that of the
reconstruction (the scatter). The minima in the q-profiles are at different positions.
Therefore the two profiles can be well distinguished, by sight. In the lower figure of 7.14,
the difference profiles are shown. Effectively, these are the curves of the upper figure
minus the 1D curve of KF43. This figure provides information about the deviations:
When no non-ideal geometric effects would take place, and when there would be no
noise, the red curve and the red points would follow the horizontal.

The black curve in the figure shows the difference in 1D profiles. If we would again
presume an ideal world, the blue curve and the blue points would be on this curve.
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But there are 3D effects and a deviation of the MSESIM curve with respect to the ideal
curves is visible. The reconstruction scatters around this behaviour. The deviation
caused by the volume effects is small (< 0.2◦). In a later section, this deviation will
be assessed in more depth. The time resolution is 0.5ms (0.5s time frame, /1MHz
sampling *1kHz filter).

Figure 7.14: Comparison of polarisation angle profiles of KF43 and KF42. The upper figure
shows three plots per simulation: input equilibrium, 3D-MSESIM, reconstruction (scatter). The
red curve represents KF43, the blue curve KF42. The lower figure shows the difference with the
ideal curve of KF43. Small systematic 3D effects are visible, the reconstruction scatters around
this effect.
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7.4.2 KSTAR Hybrid scenario

Here the result of the hybrid scenario (simulation KF31) is discussed. The input
parameters are as follows: the toroidal magnetic field is 2.0 [T], the total beam power is
2.7 [MW], the voltage on ION1 is 100[kV], with a power of 1.5 [MW]. The density and
temperature are taken from KSTAR shot #8984 (2013 campaign), the paramagnetic
field is zero. The plasma shape coefficients are: R′0 = 0.2, δ0 = 0.6, κ0 = 1.58. The
q-profile and magnetic fields are shown in 7.15, where a comparison is made with a
monotonic q-profile (KF22). In KF22, the core and edge value are kept equal to KF31,
but the profile is changed such that there is no shear reversal.

Figure 7.15: Magnetic fields, q-profile and derived current density of KF31 and KF22. The
conditions for KF22 only differ from KF31 in the definition of the q-profile, where the former has
no reversed shear.

In Fig. 7.16 the comparison of the resulting polarisation angles is shown. Just as
in the comparison figure of the previous paragraph, the upper figure (A) shows the
three versions for each polarisation angle - the input profile; the profile based on the
Stokes vector of MSESIM (so including all 3D effects); and the reconstructed profile.
The lower figure (B) shows the differences of the profiles with the input profile of KF31.
It is observed that 3D effects cause the largest deviation of the reconstruction from
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the input equilibrium. This effect is largest in the core, where it reaches an offset of
0.3◦. The deviation gradually decreases and becomes negative towards the edge, with
a difference of 0.2◦ with respect to the input equilibrium. The noise error bar is larger
for the edge channels. This is due to the lower signal as a result of the neutral beam
emission.

Figure 7.16: Comparison of polarisation angle profiles of KF31 and KF22.

The conclusion is here that the weakly reversed shear q-profile of this simulation
can be well distinguished above the volumetric and statistical error from the monotonic
q-profile characteristic.

Figure 7.17 shows the result of the full path: from an input equilibrium (EQUINU);
to emitted (BEAMCODE), polarised and filtered (MSESIM) intensity; to a noisy mod-
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Figure 7.17: Pitch angle profiles of Hybrid simulation KF31.

ulated voltage signal (SPECTRUM MOD); that was demodulated (ANALYSIS MSE)
and reconstructed.

7.4.3 KSTAR monotonic q-profile

In the previous two paragraphs it has become clear that the general shape of the
input pitch angle profile is returned after reconstruction. Now we repeat the full run
for inductive (monotonic) q-profiles and we evaluate the role of time integration on the
statistical deviation. The goal is to get the error on the pitch angle as a function of
time.

The hypothesis is, that for a shot-noise dominated signal, the deviation is inversely
proportional to the square-root of the time integration: ∆γ ∝ 1/

√
∆t.

Figure 7.18 shows the full-path result for simulation KF23. From begin to end the
agreement is good for the general shape. Figure 7.19 shows the comparison of polarisa-
tion angles for KF22 and KF23. Here the signal is averaged over 10 timepoints, being
5ms in total. Here we see that the statistical error decreases, for example compared to
Fig. 7.16, where no averaging took place on KF22.
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Figure 7.18: Pitch angle profile of KF23. The equilibrium (EQUINU) is plotted in dashes, the
solid line includes the volumetric viewing effects (MSESIM), the scatter shows the reconstruction
that is based on the viewed signal.
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Figure 7.19: Comparison of polarisation angle profiles of KF22 and KF23. The averaging is 10
time points, from 0.1 to 0.105 sec.
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The deviation of the reconstructed signal to the solid 3D-curve is due to the noise
on the signal. As a ‘zero measurement’, no noise was added to the modulated MSE
signal and the reconstruction was performed. Indeed, the scatter points lay precisely
on the 3D-curve.

Now the decrease of statistical error with time is investigated. This is done for two
simulations. Figure 7.20 shows the decrease of the error on the pitch angle for simu-
lation KF22. Figure 7.21 shows the same for KF43. Both show a ∆t−1/2 behaviour.
The solid line represents the first channel, the dashed line the last and the dotted
lines represent the 23 intermediate channels. The simulated emission profile of KF22
resulted in low edge light, yielding a lower signal. This is the reason for the higher
statistical error on the edge channel.

The conclusion is here that with an integration of a few ms, the statistical error can
be brought down below 0.05◦ for most channels. This depends on the signal intensity
a channels receives.

Figure 7.20: Error on the pitch angle profile as a function of time integration. This figure shows
the result for KF22
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Figure 7.21: Error on the pitch angle profile as a function of time integration. This figure shows
the result for KF43
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Effect of lower signal

What if the assumptions on the signal parameters are off by some factor? The
effects on the noise and accuracy is briefly investigated here. It is of interest what
the effect is on the simulated intensity. As this is the combined result from multiple
parameters (as Transmission, Detector Capacity), the effect is combined with one
factor. Following the same procedure as in the previous paragraphs, but now with the
flawfactor set to an order of magnitude (a fraction of the original simulated light
enters the detector).

In figure 7.22 the polarisation comparison is shown for fractions 0.1 and 0.01 (ten
and hundred times less light). This highers the error bar to several times the volumetric
deviation (3D and DEMOD). The set of signal parameters was obtained from several
references from and about the manufacturer. The combination could be one order of
magnitude off. Because the parameter values from various references were consistent,
the chances of being two orders of magnitude off, are considered small.



7.4 Variation of scenarios 92

Figure 7.22: Comparison of KF22 where the flaw factor is 10 and 100 respectively (meaning that
the measured signal is ten and hundred times smaller than the simulated). This reduces the signal
to noise ratio.
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Nevertheless, let us see how the error behaves for these cases. Figures 7.23 and
7.24 show this for the two flawfactors.

It is observed that a reasonable time integration results in error values below
the systematic ones. For the flaw = 10 case, a time integration of 5 ms brings the
statistical error below the 0.1◦ for most channels (except for the low-lit edge).

Eventually in the flaw = 100 case, a 20ms time integration reduces the error below
the 0.2◦ for almost all channels. The edge channels are not improved to systematic
levels, because of the already low signal-to-noise ratio.

Figure 7.23: Error on the pitch angle profile as a function of time integration. This figure shows
the result for KF22 with a flaw factor of 10
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Figure 7.24: Error on the pitch angle profile as a function of time integration. This figure shows
the result for KF22 with a flaw factor of 100
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7.5 Small variations in q or j

In this paragraph, the resulting pitch angles of small variations in the input q are
compared, as a means of quantification of the performance.

The magnetic pitch angle γm is defined by the poloidal magnetic field Bθ and the
toroidal magnetic field Bφ:

γm = arctan

(
Bθ
Bφ

)
(7.3)

In the analytical approach, as obtained from [12], and used in the equilibrium tool,
the poloidal field is determined by the toroidal field, the q-profile and a geometrical
correction factor G(ε, κ, δ). Here ε is the inverse aspect ratio r/R, κ the elongation
and δ the triangularity. Viz.:

Bθ =
Bφ
q
G(ε, κ, δ) (7.4)

Combining 7.3 and 7.4, we obtain the pitch angle as a function of q:

γm = arctan

(
G(ε, κ, δ)

q

)
(7.5)

With 7.5 we can evaluate how variations in q cause a variation in measured γm,
or what variations in q can be distinguished with the known accuracy in γm. The
comparison results of the scenario simulations showed an offset caused by the 3D
effects that is around 0.2◦. Hence, smaller variations than that cannot be observed.

0 0.2 0.4 0.6 0.8 1
0

1

2

3

4

5

6
q−profiles

x

q

 

 

Hybrid, q−coeff=[6.4,−1.9,−0.28,1.2]
Vary, q = q + 0.1

0 0.2 0.4 0.6 0.8 1
0

2

4

6

8

10

12
Pitch angle: γ = atan(G/q)

x

γ 
[d

eg
]

 

 

Original
Vary, q = q + 0.1

0 0.2 0.4 0.6 0.8 1
−1

−0.8

−0.6

−0.4

−0.2

0

0.2

0.4

0.6

0.8

1

Difference profiles (γ
var

 − γ
original

)

x

γ 
[d

eg
]

 

 

Original
Vary, q = q + 0.1

Figure 7.25: Variation in the q-profile show a variation in the calculated pitch angle. The difference
between the varied and the default profile is shown in the right subfigure.

From the weakly reversed shear case KF31, the q-profile is shifted upward to view
the effect. The calculated difference is shown in Fig. 7.25 and the simulated result
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is shown in Fig. 7.26. Due to the fact that G is zero at the magnetic axis, the pitch
angle vanishes for the both q-profiles.

Figure 7.26: Comparison of polarisation angle profiles of KF31 and KF34. The only difference in
the latter is a shift in the q-profile of +0.1.
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Also a variation in q is done in the H-mode scenario KF23. Here the core and edge
q are kept the same, but the profile is slightly varied. The prediction is shown in Fig.
7.27. The result in Fig. 7.28.
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Figure 7.27: Variation in the q-profile show a variation in the calculated pitch angle. The difference
between the varied and the default profile is shown in the right subfigure.

7.5.1 Accuracy in q

If we would use the typical volumetric offset on the pitch angle to recalculate q
(with 7.5), we would get a estimate of the accuracy in the q-profile. This is done for
two profiles, a monotonic (that of KF23) and a hybrid (that of KF31). The resulting
profiles are shown in Figures 7.29a and 7.29b, respectively. As a means of comparison:
to counteract instabilities called Neoclassical Tearing Modes (NTMs), it is desired to
know the position of the q=3/2 surface within 2-3 cm. Therefore, this position is
evaluated in the figures. The shift of 0.2◦ in the pitch angle yields a shift of 5-8% in
the q-profile outside for minor radii larger than 10 [cm].

Towards the magnetic axis the pitch angle profile γm and the geometric factor
G go to zero. With the small introduced shift in γm the zeros do not meet at the
same radial coordinate, and therefore q blows up. This is an artefact of this analytical
approach. Normally, the profile is the result of an equilibrium reconstruction (such as
EFIT) with the measured pitch angles as a constraint.

It is concluded that for these simulations, the accuracy with which q is recon-
structed satisfies the constraint on the q=3/2 position. Again it is remarked that this
is not the way the q profile is reconstructed, but it serves here as a validation of the
performance.
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Figure 7.28: Comparison of polarisation angle profiles of KF23 and KF24. They differ in q-profile:
to that of the second one are 0.5 and -0.5 added to the first and second coefficient respectively.
Hence q0 and qedge stay the same.
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Figure 7.29: Reconstruction of q with an offset on the pitch angle profiles. In this analytical
approach the q profile tends to improper values when the shifted pitch angle goes to zero. In
the region where this is not the case, the resulting error on q is 4-9% for the monotonic case
and 6-10% for the weakly reversed shear case. The q=3/2 surface is found within 0.8 cm for the
monotonic case and 1.2 cm for the reversed shear case.
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7.6 Context of the achieved accuracy

In the reconstructions of the previous sections, we found a systematic deviation in
the polarisation angle that was due to the MSESIM simulated effects. This deviation
is systematic in the sense that the final result differs from the input, but the deviation
itself is a result of circumstances that vary shot by shot. The factors of influence are
the beam velocity distribution, the number of flux surfaces that is seen per sightline
(see Sec.6.3) and the magnetic field. In the figures above, the profiles of the 3D-1D
difference varied indeed, removing the possibility to correct for them. The inductive
and slight reversed shear pitch angle seemed to show the same behaviour. The pitch
angle increases monotonically towards a maximum and decreases somewhat to the
edge. The systematic shift is highest in the core and decreases towards the edge. At
the maximum pitch angle, the 3D deviations are zero.

As mentioned in the first section of this chapter, a similar diagnostic has been
developed at MAST, where it is routinely in operation. The used analysis code was
also developed there. As a comparison to the achieved performance at MAST, the
numbers are: 0.5 degree accuracy at 0.5 milliseconds [35]. Both the systematic and the
statistical deviation have this size: reason for the MAST MSE Team to not further
improve the statistical error. With the parameters used in this simulation, the achieved
accuracy is 0.2 degree in 0.5 milliseconds.

In this perspective, some other effects are evaluated to the benchmark level of the
systematic error.

7.6.1 Effect of the choice in harmonics

In section 7.1, the choice is mentioned, that the operator has when analysing the
signal:

1. The polarisation angle can be obtained from two different harmonics: 2 and 4.

2. The retardance can be obtained from two different harmonic ratios (3/1) and
(4/2).

To investigate (1), the simulation KF23 and KF42 are repeated for the options 1,2
only and 3,4 only; compared with the default option (averaged). The result is shown in
Fig. 7.30 for KF23. Fig. 7.30a shows the case for using only the second harmonic; Fig.
7.30b shows the case for using only the second harmonic. Clearly the 2nd harmonic
performs better than the 4th. The same is visible in Fig. 7.31, where the 2nd harmonic
(Fig. 7.31b) has a smaller error than the 4th harmonic reconstruction (Fig. ??).
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(a) 2nd harmonic only (blue) (b) 4th harmonic only (blue)

Figure 7.30: Comparison of polarisation angle profiles of KF23, where the angle obtained from
the 2nd or 4th harmonic ratio (blue curve) is compared to the weighted average over both options
(red curve).

(a) 2nd harmonic only (blue) (b) 4th harmonic only (blue)

Figure 7.31: Comparison of polarisation angle profiles of KF42, where the angle obtained from
the 2nd or 4th harmonic ratio (blue curve) is compared to the weighted average over both options
(red curve).
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To investigate (2) obtaining the retardances, the simulation KF23 and KF42 are
repeated for the options 3/1 only and 4/2 only; compared with the default option
(averaged). The result is shown in Fig. 7.32 for simulation KF23. Here Fig. 7.32a
shows the usage of the 3/1 ration only and Fig. 7.32b shows the usage of the 4/2 ratio.
The former shows less noise. The same is observed from the simulation of KF42 (Fig.
??).

(a) 3/1 ratio only (blue) (b) 4/2 ratio only (blue)

Figure 7.32: Comparison of polarisation angle profiles of KF23, where the retardance obtained
from the 3/1 OR 4/2-harmonic ratio (blue curve) is compared to the weighted average over both
options (red curve).

From the combination of these choices the following is learned. In these particular
simulation, the second harmonic performed well and the fourth harmonic performed
not well. Also, the 3/1 ratio performed well and the 4/2 ratio performed not well.
From this there is concluded that the fourth harmonic does not perform well in this
particular situation. Generally, less intensity is expected on the higher harmonics, but
with the applied band-pass filter of 300kHz, this effect should be small.
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(a) 3/1 ratio only (blue) (b) 4/2 ratio only (blue)

Figure 7.33: Comparison of polarisation angle profiles of KF42, where the retardance obtained
from the 3/1 OR 4/2-harmonic ratio (blue curve) is compared to the weighted average over both
options (red curve).
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7.6.2 Effect of filter width

Consider the comparison of profiles in Fig.7.34. This is simulation KF31, with the
filter width 3Å and 4Å. It can be seen that the 3D profiles vary little from each other,
and everywhere less than 0.1◦. The noise levels stay about the same: the signal to
noise ratio (SNR) is 13% higher for the 4Å filter, at this emission profile.

Figure 7.34: Comparison of polarisation angle profiles of KF31 with different filter widths.

It is important to note that when there are two or more neutral beams simultane-
ously, the overlap of the spectra cause a smaller measurement window. In this chapter
it was assumed that the criterion on the beam operating space, as introduced in 6.3,
is satisfied. A larger filter width reduces this operating space, and overlap reduces the
SNR.
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Figure 7.35: Comparison of signal-to-noise ratio for simulation KF31 filtered with two different
filter widths: 3Å and 4Å. The wider case returns a higher SNR of about 13%.
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7.6.3 Radial Electric field

Additionally to the Stark field, there is another electric field that affects the atom
emission. This is the radial electric field Er, resulting from the gradient in the ion
pressure pi and the rotation velocities vθ and vφ for poloidal and toroidal direction
respectively. The radial field is [36]:

Er = (Zieni)
−1 · ∇rpi − vθBφ + vφBθ (7.6)

Here Zi and ni are the ion charge and ion density. This Er is largest where
the pressure gradient is largest. Typically this occurs at transport barriers: the edge
pedestal (in H-mode plasmas) and internally around ITB’s (typically for reversed shear
plasmas). Typically Er has values from 10-60[kV/m] [36].

The radial electric field is not taken into account in the simulations. Here we
calculate the effect on the pitch angle from typical values of Er. A value of 100[kV/m]
is used as a maximum.

Equation 4.5 is used here:

tan γ =
− cos(β)BZ − (Er/v) cos(α+ β)

sin(α)Bφ
(7.7)

And worked around to find the pitch angle:

γm = arctan

[
− sin(α)

cos(β)

(
tan(γ) +

Er/v

Bφ

cos(α+ β)

sin(α)

)]
(7.8)

The result is shown in Fig. 7.36 for Er = 10 [kV/m]. The angle deviation increases
with increasing Er.

Figure 7.37 shows how the polarisation angle changes with radial electric field. In
this graph, the difference of electric field distorted γE with respect to the undistorted γ0

is calculated. To view if the effect changes with undistorted γ0, it is done for different
values, of which two cases are shown in the figure. The field is given a range from zero
to 100 [kV/m].

Between 10-20 [kV/m], the effect on the angle is of the same magnitude as the
deviation from the 3D-effects. The values of γ0 at which the effect occurs is negligible.
Therefore, the conclusion holds for all expected values of the magnetic pitch angle.
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Figure 7.36: Comparison of reconstructed pitch angle with and without radial electric field Er.
This case assumes a constant Er of 10kV/m
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7.6.4 Current diffusion time

The time in which the current density profile changes, is governed by the current
diffusion. It can be derived from Maxwell’s equations together with Ohm’s Law that
the characteristic time τm is:

τm =
µ0a

2

η
(7.9)

With a the plasma minor radius and η the resistivity. The latter depends on only
the temperature[6]: η = 6.5 · 10−8T−3/2[Ωm], with T in keV. So, the timescale grows
with temperature.

The diffusion time for a typical Ohmic KSTAR plasma is in the order of a few
seconds. As a comparison to the next generation tokamak ITER, the timescale is
about 10 seconds during ramp-up and 100 seconds during flattop. The KSTAR case
compares to our time resolution of a few milliseconds as large. The caution with this
statement is that it was necessary to make assumptions on the hardware parameters,
which could contain a flaw of some factor.

Thus, the current diffusion timescale is large compared to the time integration that
is necessary to reduce the noise on the MSE measurement. However, there are other
effects on the shorter timescales that are of interest for stability and for equilibrium
reconstructions. If the characteristic length is determined by a steep gradient in stead
of the plasma minor radius the length scale can be reduced by a factor then. This
reduces the current diffusion time by a factor 100. In case of a disruption, where the
temperature drops quickly, the resistivity also quickly alters. However generally, this
is not the target timescale.

Conclusion of this chapter

In this chapter, the simulation codes MSESIM and BEAMCODE have been used
to simulate MSE light resulting from a plasma equilibrium (from EFIT or EQUINU).
The MSE simulation (intensity and polarisation) has been used to generate a simulated
voltage signal that would be measured if the light would enter the MSE diagnostic.
Several input equilibria, defined by their q-profile, have been analysed in this way and
the output pitch angle profile has been compared to the input. The input and output
are well in agreement along the range of measurement (from 10 cm inside the magnetic
axis to almost the plasma edge). Two types of deviations were found that differ input
from output: (1) the systematic deviation that is introduced by the filter operation
and by the simulation of volume effects (view rays, beam emission volume); (2) the
statistical deviation that is introduced by the noise on the signal. The first one is in
the order of 0.2◦ and it can hardly be reduced, as the magnitude is also dependent on
varying effects as the beam energy and the magnetic field. The statistical error can be
reduced by time integration and has been found to reduce as ∆γ ∝ 1/

√
∆t.



Chapter 8

Conclusions and
recommendations

The MSE diagnostic is a crucial feature to determine the plasma’s current distribu-
tion. Insight in the expected performance of the KSTAR MSE diagnostic contributes
to its development. Gaining that insight was the main goal in this thesis.

In this work, two codes simulating the Motional Stark Effect (MSESIM) and
the beam emission and attenuation (BEAMCODE) have been benchmarked to spec-
tral measurements (section 8.1). Also a means of mimicking equilibria is developed
(EQUINU). Furthermore, the MSE Analysis code has been tested and improved and
a tool is written to feed MSESIM output to the analysis code (ANALYSIS MSE). All
these steps were taken to get an answer to the main question (section 8.2).

8.1 Is the simulation software capable of describing MSE
light?

Measurements of the MSE spectrum have been compared to the output of the sim-
ulation codes BEAMCODE and MSESIM. The former returns the beam emission on
a volume of grid points, based on the plasma profiles and beam parameters (geometry
and energy). The second, MSESIM, calculates the MSE Stokes vector per wavelength
position as a result of the mentioned beam emission, the magnetic field and the col-
lection geometry. All the simulation parameters influence parts of the spectral shape.
Therefore, several shots (different physical variables) have been compared in the same
setup (maintaining geometrical hardware parameters). With this method, the effects
of simulation parameters have been identified and separated. This was an iterative
process. Eventually, agreement between the simulated and measurement spectra has
been reached, within the measurement accuracy. The latter was not very high as a
result of the sole fibre per channel. This because the spectrum measurements that were
taken, were performed as a ‘piggyback’ setup attached to the charge exchange fibres.
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Nevertheless, the measurements and simulations showed agreement in the different
aspects that were investigated: spectral shifts, shape/asymmetry, intensity.

The investigation on intensity was decoupled from the investigation on shape and
MSE physics. This is allowed by the way the simulation code ‘fills’ the Stokes vector
on each wavelength point, making a separate comparison possible. This has been
fortunate, because the intensity is observed to be very sensitive to the unknown plasma
density profile. Even more, the next paragraph provides a suggestion to exploit this
behaviour.

The fact that the spectral envelopes of measurement and simulation matched
within the noise level, and the fact that the asymmetrical shapes arise from the 3D
effects, led to the conclusion that the geometry and physics were modelled well and
that MSESIM can serve as the means to describe the light that an MSE diagnostic
would catch. That was the main objective of this part of the project.

8.1.1 Density profile estimator

In section 5.3 it was concluded that the assumed density profile significantly in-
fluences the simulated intensity. With a calibrated setup, the spectrum measurement
together with the code can serve as a profile estimator. The motivation for this thought
lies in the fact that to date, density profile measurements at KSTAR are not routinely
available (work on the Thomson scattering diagnostic and on the Reflectometry diag-
nostic is in progress).

The measurement of an MSE spectrum is possible due to the emission of light from
neutral beam atoms. This emission is the result of the product of the plasma density,
the neutral beam density and the effective emission rate. The last factor is a function
of the plasma density, but around the levels of interest, the magnitude does not change
dramatically. The neutral beam density decreases as a result of ionising collisions
with the plasma particles; the rate at which this happens is again a manifestation of
the plasma density. When the MSE spectrum is measured at several locations along
the beam line in the plasma, the intensity per location (channel) gives insight in the
attenuation of the beam and, hence, in the plasma density profile that causes this.

The absolute values require a accurate absolute calibration - and performed mea-
surements showed that the used setup suffered from several experimental issues. How-
ever, apart from the absolute intensity, the decaying profile yields insight in the density
profile, at least its shape. With the available line-integrated interferometry measure-
ment, this profile shape can be scaled to absolute values.

The method would then be: try a density profile such that the output of BEAM-
CODE matches the emission profile that is measured. This method requires trust in
the output of BEAMCODE, which has been gained to a level that was satisfactory
for this project. BEAMCODE does not model the particle behaviour, but performs
an analytical integration on all possible trajectories, based on beamlet and divergence
distribution. It could therefore be an interesting continuation to compare the results
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of BEAMCODE with the output of more sophisticated neutral beam codes, such as
TRANSP (The application of this code to KSTAR is currently in development by the
KSTAR team). The goal in the perspective of this suggestion would be to isolate
the plasma density as the most important unknown, such that with measurements its
shape can be guessed.

8.2 Is the MSE diagnostic capable of identifying the op-
erating scenarios?

With the characterisation and usage of the term ‘operating scenarios’ in this thesis,
generally, the answer to the main question is: yes, it is. The q-profiles, belonging to
different scenarios, have pitch angle profiles with mutual differences that are larger
than the expected error.

The method consisted of the simulation of MSE light from various plasma equilib-
ria, and converting that MSE light into a measurement signal in the same way as the
diagnostic would do. Next, this synthetic measurement signal is fed to the developed
diagnostic analysis algorithm and the results of this are compared to the input, by
evaluating the pitch angles of the successive stages.

The ability to distinguish two different situations depends on the difference in
magnetic pitch angle profiles. Where they are similar, the measurement accuracy
becomes the limiting factor. Expressed in the magnetic pitch angle: a difference in 0.3
degrees can be observed with a time resolution of 0.5 milliseconds (result of section
7.5). Two types of deviation from the input have been identified: the systematical
deviation and statistical deviation.

The systematical deviation is added by the MSESIM simulation. This procedure
takes into account the volumetric effects. Different ‘deviation profiles’ have been ob-
served for different simulation runs. As this volumetric deviation is partly caused by
quantities that vary shot by shot, it is hard to correct for them. Towards the core the
finite collection volume plays the larger role, because in the core region the view line
integrates over multiple flux surfaces, with each a different local magnetic field. To-
wards the edge the nonzero size of the collection optics play a larger role, as the change
in view geometry is largest where the lens is closest to the beam. For a monotonic
q-profile - and therefore not largely varying magnetic field -, the offset is largest in the
core - typically 0.2◦ - and steadily decreases towards minus 0.1◦ at the edge, thereby
being zero at the position where the polarisation angle profile reaches its maximum.

The statistical deviation is the result of the noise on the signal. This can be
improved with longer time integration, as the deviation scales with ∆t−1/2. Within
a few milliseconds, the statistical error is below the systematic error. The statistical
error is higher for the edge channels. This is due to the lower signal (and lower signal-
to-noise ratio), caused by the beam emission. This effect increases for peaked density
profiles, because the emission from the edge will be lower in those cases.
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8.2.1 Remarks on the diagnostic assessment

The resulting statistical error seems low as well as the required time integration to
reduce the statistical error below the systematic ones. For an introduced flaw factor,
the error is brought back to the systematic error within 20 ms time integration. It
would depend on the envisaged goal of the MSE diagnostic, whether a lower optical
system étendue would be sufficient, and hence less - expensive - fibres. However, it
should be remarked that the long-term goal at KSTAR is to have a realtime MSE
diagnostic. Parts of the design of the current, offline, version are already prepared for
that purpose.

The performance assessment has been done with the documented factory settings
as assumptions. Also, with the use of a flaw penalty these assumptions have been
made less ideal. This required a longer time integration to achieve the same outcome.
Other effects that could influence the results are the PEM surface dependent harmonic
ratio. The assessment can be expanded by adapting the look-up table that returns the
actual retardance, given a certain harmonic ratio.

Also, the decreasing of the polarisation fraction as a result of overlapping spec-
tra can be studied by the developed simulation sequence. The overlap of two beam
spectra is not considered here, but a useful continuation would be to allow some over-
lap and find the signal-to-noise levels that still result in the identification of different
polarisation angles.

To conclude, with the used settings, the diagnostic seems well capable for its
purpose. The addition of complicating factors, may reduce its performance assessment.
A major result of this project is the set of routines that allow the continuation of
systematic investigation.

8.2.2 Remarks on the codes

The developed routine to convert the signal is compatible to the MSESIM code
and this allows for routinely checks and comparison of measurements and simulations.
The modularity of MSESIM and BEAMCODE is taken over in these routines, such
that easily other machines can be assessed.

The equilibrium tool EQUINU only quickly computes the poloidal magnetic field
from the q-profile, the vacuum field and a shape correction. Its current density profile
is based on the application of Ampère’s Law on this poloidal field and should therefore
not be trusted. It does not account for the requirement that the current density goes to
zero at the edge, because the calculated magnetic field is not zero, nor its derivatives,
and hence the curl can be non-vanishing. In external simulations this seems to be
prevented by giving the q-profile a small correction around the q95 location. The
tool does however fulfill its task in creating magnetic field profiles similar to those
that have been measured. The analysis was continued, based on the conclusions in



8.3 Outlook 112

[12], that the analytical q-profile, with corrections for elongation and triangularity,
produced accurate results in the MSE measurement region.

One flaw of the equilibrium tool was the fact that the q-profile had to be described
by a third order polynomial. This is not suitable to account for the high shear at
various regions. It seems useful to update the tool with the possibility of arbitrary q
profiles, to allow for steep profiles at the edge (hybrid) or core (steady-state), and the
possibility of an sharp peak at the edge, to mimic an H-mode pedestal. This is easily
done by interpolation of the flux coordinates to that profile, instead of the usage of
the flux coordinates as argument in the polynomial. The next version of the EQUINU
will be updated with this feature.

With an updated version, the tool could be validated systematically and from
that the effects of the shape parameters on the profiles and MSE measurements can
be studied one by one. This makes the tool an extension to MSESIM such that the
whole package allows for a broader investigation of plasmas and their resulting MSE
light.

8.3 Outlook

Soon, the MSE diagnostic will be built at KSTAR. It is the goal to start com-
missioning in the 2015 campaign. From then on, it should contribute to the analysis
and equilibrium reconstruction on Korea’s largest fusion machine. The major un-
derlying goal is to assist in the development of plasma operating scenarios that will
allow for reactor relevant energy production. With the availability of long-lived stable
plasma scenarios, one major challenge is solved for stable, high power operation. A
well-performing MSE diagnostic provides a view on the current density profile and
the derived pitch angle serves as a internal constraint on equilibrium reconstructions,
leading to insights to better plasmas. In that sense, the author aims to contribute
with this thesis to the mission to provide safe and clean energy to the world and all
generations after us.
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Appendix A

Derivations and error analysis

The q-profile with triangularity

The approach for the q-profile that includes triangularity (Eq. 2.16), as discussed
in Chapter 2, is repeated here:

qtriang = ε
Bθ
Bφ

κ√
1− ε2

[
1 + f1 + f2

d∆

dr
+ f3

d ln k

d ln r
+ f4

dδ

d ln r

]
(A.1)

It consists of the magnetic field components Bθ and Bφ and a geometrical correc-

tion in the inverse aspect ratio ε = r/R, the Shafranov shift ∆ =
aR′0

2

(
1−

(
r
a

)2)
, the

elongation κ(r) = κ0−0.3+0.3·
(
r
a

)4
and the triangularity δ(r) = δ0 ·

(
r
a

)2
(Expressions

from [11]). The functions fi are included up to ε in second order, which read [12]:

f1 ≈
3

8
εδ −

(
1

8
− 3

16
ε2

)
δ2 (A.2a)

f2 ≈ −
1

2
ε− 1

4
ε2δ +

1

16
εδ2 (A.2b)

f3 ≈
1

2
− 1

8
ε2 +

1

8
εδ +

1

16

(
1− ε2

)
δ2 (A.2c)

f4 ≈
1

8
ε− 1

8

(
1− ε2

)
δ − 1

8
εδ2 (A.2d)

With the introduced functions for elongation, Shafranov shift and triangularity,
the derivatives to minor radius r are:

d∆

dr
= |R′0| ·

r

a
(A.3a)
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d lnκ

d ln r
=

d

dξ

[
κ0 − 0.3 + 0.3 ·

(
exp(ξ)

a

)4
]

=
1.2
(
r
a

)4
κ0 − 0.3 + 0.3 ·

(
r
a

)4 (A.3b)

Here, use is made of the substitution ξ = exp(r) to evaluate the derivative, and
its inverse to get back to r. With the same substitution:

dδ

d ln r
= 2δ = 2δ0 ·

(r
a

)2
(A.3c)

The error in the magnetic pitch angle

The routine ANALYSIS MSE returns the Stokes vector (for each channel, as a
function of time), with the error on each of the components. The relation to the
magnetic pitch angle γm and the Stokes vector S = (I,Q, U, V ) is:

γm = arctan

[
A5

A0
tan

(
1

2
arctan

(
U

Q

))]
(A.4)

Here the geometrical constants A5 = −eR · ev and A0 = −ev · ek are assumed
to be exactly known. In the code, they depend on the input values of the Collection
lens (x,y,z), Fibre configuration (l,m)-coordinates, Beam source location (x,y,z) and
the Beam line unit vector (angles with tokamak x-axis and tokamak z-axis). Wrong
input values can lead to a systematical deviation. Anyway, the error in the magnetic
pitch angle σγm is:

σγm =
σx

1 + x2
(A.5)

With x = A5
A0 tan

(
1
2 arctan

(
U
Q

))
≈ A5

A0
1
2 arctan

(
U
Q

)
, for angles of a few degrees.

With this, the error in x becomes:

σx =
A5

2A0
· 1

1 +
(
U
Q

)2 · σU/Q (A.6)

And σU/Q =

√(
σU
U

)2
+
(
σQ
Q

)2
· UQ . So, the error in the magnetic pitch angle is:

σγm =
A5

2A0

σx
1 + x2

1
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U
Q

)2

√(σU
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(
σQ
Q

)2

· U
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(A.7)

This has been included in the ANALYSIS MSE subroutine getpitchangle.pro.


