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Chapter 1

Introduction

As our planet continues to warm at an increasing rate due to the consumption of
fossil fuels, we are compelled to find alternative sources of energy. One of the most
ideal sources is thermonuclear fusion, where among the various concepts of achieving
it, the tokamak is the most promising. It harnesses the energy of nuclear reactions
in a safe and clean way. Progress in fusion research has, however, not been effortless
as the construction of large experimental machines has been time-consuming and
resource-intensive. Fortunately, simulations can help shed light on the processes in
the tokamak.

This thesis focuses on evaluating magnetic equilibrium reconstructions of the COM-
PASS tokamak discharge using SOLPS-ITER code. Chapter 1 will provide an overview
of the concepts, theory, and the problems involved. Chapter 2 will present diagnostics
of the COMPASS tokamak used in matching the simulation to the experiment and
the methods and equations used to analyze the diagnostic data. Chapter 3 is where
the main work of this thesis is described. The criteria for the modeled COMPASS
discharge and the discharge itself is presented. The equilibrium reconstructions along
with their comparison with each other and with the diagnostic data is discussed.
The reconstructions are then used as a basis for matching a SOLPS-ITER simula-
tion to the experimental data. Based on the simulation and experimental data, the
best equilibrium reconstruction is chosen.



1.1 Thermonuclear fusion

The entire field of thermonuclear fusion hinges on the existence of a reaction capable
of producing energy and being achievable by our current technological means. Luck-
ily a few of these reactions exist. The most promising is a DT reaction in which two
isotopes of hydrogen, deuterium D and tritium T, fuse to create a helium nucleus,
a neutron, and 17.6 MeV of energy.

D +3T —3 He +5n. (1.1)

At temperatures achievable by current and future tokamaks of 10-20 keV, the DT
reaction offers the highest cross-section (probability of the reaction occurring). The
fuel is also abundant. Deuterium can be extracted from water at a low cost, while
tritium can be created in a nuclear reaction of a neutron with lithium.

Tritium is an unstable isotope with a half-life of 12.3 years. As it is radioactive, it
requires compliance with safety regulations. Although pure deuterium DD fuel also
offers exothermic fusion reactions, they require significantly higher temperatures
to achieve the necessary cross-section. DD fuel can thus be used in experimental
devices not designed to reach thermonuclear conditions to test and study both the
physics involved and the device itself. This way, radiation safety considerations can
be alleviated by only using stable isotopes and also by having lower rate of reactions
and thus lower neutron fluence.

Reaching the temperature of 10-20 keV (116-232 million degrees Celsius) is however
no small feat. For comparison, the temperature in the center of the Sun is approxi-
mately 1.3 keV (15 million degrees Celsius), which is approximately 10 times lower.
The fuel then needs to be kept at this temperature long enough to generate more
energy than was invested for the heating and for other systems. This is the reason
for needing to have a device capable of confining the fuel. [1]

1.2 Tokamak

At temperatures required for thermonuclear fusion, the DT fuel exists as a fully
ionized plasma. Electrons and ions making up this plasma are electrically charged
particles and in a magnetic field, they experience a Lorentz force which results in a
helical trajectory along magnetic field lines. The radius of the circular component
of their trajectory is called the Larmor radius. This is the basis of the tokamak,
shown in figure 1.1. External coils are used to create a strong toroidal magnetic
field which the particles follow. This configuration with a toroidal field only is not,
however, sufficient for confining the plasma. A radial gradient and a curvature of
the magnetic field is necessarily present in a toroidal configuration. The circular
motion of the particles in such a field leads to drifts in a vertical direction opposite
for electrons and ions. The resulting separation of charges causes an E x B drift
and eventual loss of confinement. The E x B happens in a presence of an electric
field and a magnetic field with the drift velocity being perpendicular to both. It
is a consequence of the particles being accelerated in an electric field during their

10



Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils
(for plasma positioning and shaping)

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 1.1: A basic scheme of a tokamak showing the magnetic field created by the
plasma current and the coils. [2]

circular motion. A solution employed by tokamaks is introducing a poloidal field
created by inducing a current in the plasma that flows in the toroidal direction.
This combination of a toroidal and a poloidal magnetic field creates helical field
lines that counteract the charge separation caused by the drifts.

1.3 Force equilibrium in a tokamak plasma

In order to achieve a steady state in a tokamak plasma discharge, a force balance
must be maintained. The plasma pressure exerts an outward force and the poloidal
magnetic field exerts an inward force. The imbalances between them are taken up
by the magnetic pressure of the toroidal magnetic field. The toroidal geometry of
the plasma leads to a force in a direction attempting to expand the plasma ring.
This force is balanced by applying a vertical magnetic field which in combination
with the toroidal current exerts an inward force. [1, Chapter 3]

The combined magnetic field produces an infinite set of nested toroidal magnetic
surfaces. The helical magnetic field lines lie on these magnetic surfaces. As transport
along magnetic field lines is high, any pressure differences are quickly removed and
consequently the pressure is constant on the magnetic surfaces. To describe them,
it is therefore useful to introduce a poloidal flux function v, which can be defined
as ¥, = RA,4, where R is a radial coordinate and Ay is the toroidal component of
magnetic vector potential. The poloidal flux is constant on the magnetic surfaces.[1]

The equilibrium between forces of the magnetic field and the plasma pressure is

described by the Grad-Shafranov equation which can be written in cylindrical coor-
dinates (R, ¢, Z) as

11
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where p is plasma pressure, f = RBy and p is the vacuum permeability. [3]

In an experiment, our knowledge of the discharge and its equilibrium is limited
by the available diagnostics. The Grad-Shafranov equation can therefore be used
to reconstruct the equilibrium from measured data. EFIT++ [4][5] is a standard
solver of the Grad-Shafranov equation designed to make such reconstructions. It

parameterizes the flux functions p’ = 68—12 and ff' = %aa(—i? as polynomials or
splines. Since the plasma shape influences the pressure and plasma current which
in turn changes the plasma shape, an iterative scheme is used. A cost function that
depends on a series of constraints coming from the diagnostic data is created. The

iterative scheme then tries to minimize the cost function to find an optimal solution.

The reconstructed equilibria are, however, not always accurate. [6] This is generally
tolerable for tokamak operation, such as for vertical displacement event detection
and mitigation. Edge plasma studies, however, require precision in especially the
separatrix position. An error in separatrix position of several centimeters has large

influence on the correct determination of plasma parameters on the separatrix and
in the SOL.

1.4 Limiter and divertor configurations

AW .
‘.\‘/“I‘/Separatr\x

| Vo
| . (I
| Main ‘
plasma

Limiter Divertor

Figure 1.2: Schematics of the limiter configuration (left) and the divertor configura-
tion (right). [7, Chapter 1]

Figure 1.2 shows two configurations of the magnetic geometry: limiter and divertor.
In a tokamak, the outermost flux surface not intersecting a chamber wall is called
the last closed flur surface or LCFS. Typically, a solid material called the limiter

12



is placed in the chamber to limit the extent of the plasma. This way, sensitive
equipment within the chamber can be protected from direct contact with the plasma
and plasma-wall interaction can be limited to a component designed for it. However,
in this configuration the plasma is in a direct contact with the material. Particles
striking the limiter can cause impurities to enter the plasma.

A divertor configuration is created by running electrical current in a conductor
outside the plasma with the same direction as the plasma current. The magnetic
field is shaped in such a way that the plasma core region is kept away from the
chamber walls. An X-point is created in the magnetic field. The flux surface passing
through it is called the separatriz, although the terms LCFS and separatrix are
often used interchangeably. Particles leaving the core region are diverted by open
flux surfaces onto divertor targets. Impurities released from the divertor targets are
at a distance from the core region and can be swept back by the plasma flow before
they can reach it. Another advantage of this configuration is that the incoming
plasma can interact with the impurities and neutrals and create a temperature drop
at the target. [1, Chapter 1] The following sections in this thesis will focus mainly
on plasma in the divertor configuration.

1.5 Scrape-Off Layer

The LCFS or separatrix divides the tokamak plasma into two regions: the core and
the scrape-off layer (SOL). The term scrape-off layer is used because the plasma
outside the LCFS exists on open flux surfaces. After travelling a certain length along
a magnetic field line, called the connection length L, it is scraped off by a limiter or
a divertor target.

Transport in the confined plasma and the SOL is highly anisotropic. Due to the
Lorentz force, plasma particles are bound to the magnetic filed lines and perpendic-
ular (radial) transport is restricted. Experimental measurements however show much
higher radial transport than values predicted by calculations from first principles.
[7, Chapter 1] This increased radial transport is caused by turbulence. Most of this
turbulent transport happens on the low field side (LFS) around the outer midplane.
The turbulent structures are created at the LF'S due to a localized interchange in-
stability. A small radial perturbation to a boundary creates regions where grad-B
and curvature drift, acting in a vertical direction, cause separation of charges. [§]
This separation of charges creates an electric field which in combination with the
strong toroidal field causes E x B drift in the radial direction. At the high field
side (HFS) this drift acts in a favourable direction by stabilizing the perturbation.
At the low field side the drift further amplifies the perturbation, causing instability.
The instabilities grow into the so-called blobs and holes. Their movement through
the edge plasma is responsible for at least 50% of the power losses from the confined
plasma, constituting the major contribution of radial transport in this region. [§]

In edge plasma simulation codes, however, describing the radial transport using
turbulence is too time-intensive. Instead, it is approximated with the Fick’s law of

13



diffusion d
n
'=-D,—
1 dT’
where I is a particle flux density and j—’; is the radial gradient of density. The cross-
field transport coefficient D, is anomalous, refering to the dificulty of calculating
it from first principles. In edge plasma transport modeling, D, is extracted from

experimental data or scalings.

(1.3)

A region that plays an important role in the processes in the SOL and around the
separatrix is the velocity shear layer (VSL). This layer is characterised by a large
radial variation of the poloidal plasma velocity. The VSL formation is connected to
the transition between open and closed magnetic field lines. In the SOL, assuming
attached divertor conditions, plasma potential ® is determined by the sheath formed
at the plasma-wall boundary. The potential is equalized along the magnetic field lines
by the fast parallel transport. The potential in the SOL follows the formula

@ = Viiwertor + e (14>

where Viypertor is the divertor potential and o &~ 2 — 3 in deuterium plasma. As the
electron temperature T, decreases with r in the SOL, the plasma potential ® also
decreases. In the confined plasma, the potential is determined by the radial force
balance equation

E, =— — B) , 1.5
nZedr (WX B (1.5)
where F, = —i—‘f is the radial component of the electric field, Z is the ion charge,

n is the plasma density, p; is the ion pressure, u is the plasma velocity. If low
plasma velocity u is assumed, the second term can be neglected. Consequently the
equation shows that since the pressure decreases with increasing r, % is positive
and therefore the plasma potential in the confined plasma increases with r. This
combination with plasma potential increasing with r in the confined region and
decreasing with r in the SOL creates a peak in the transition area. The radial
electric field E, = —% in combination with the toroidal magnetic field gives rise to
an E x B drift velocity in the poloidal direction. This variation in poloidal velocity
constitutes the VSL. Although this explanation is heavily simplified and does not
take into account other important effects such as turbulence, the VSL has been
observed across many tokamak experiments and simulations. [9][6] The VSL and its

potential maximum is used in this thesis as an indication of the separatrix position.

1.5.1 Two-point model

One of the main advantages of the divertor configuration is the possibility of creating
a temperature gradient along the SOL. This allows the coexistence of a hot upstream
plasma compatible with high fusion power, and cold divertor target plasma, com-
patible with long divertor lifetime. The two-point model simplifies the SOL into
two points: the upstream halfway between the targets (where most of the plasma
heat enters SOL) and downstream at divertor targets. A diagram of the two-point
model can be seen on figure 1.3. The two-point model works under the following
assumptions.

14
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Figure 1.3: The simplified scrape-off layer used in the two-point model. The precise
location of the 'upstream’ location is not critical. [7, Chapter 5]

1. Particle balance. The recycled neutrals from the targets are all ionized in a
thin layer near the target. Additionally, a neutral which resulted from an ion
impacting the target while travelling along a particular magnetic field line is
assumed to be re-ionized on the same field line. Each magnetic field line has
therefore its own localized particle balance. This means that particles along
a certain field line spend part of their time as ions and part of their time as
neutrals. There is no parallel flow in most of the SOL except above the target
where it increases from zero in the ionization layer to a sheath entrance speed
which is taken as the sound speed

o = Tt Te) (1.6)

m; + Mme

2. Pressure balance. Friction between the thin ionization region and the target
and viscous effects are disregarded. Total pressure along each of the SOL mag-

15



netic field lines is then constant
p +nmov? = constant. (1.7)

With additional assumption of equal ion and electron temperature 7, = T; it
is possible to write the static part of the total pressure as

p = nel, + neT; = 2neT. (1.8)

The dynamic part is pg,, = mnv?. Flow velocity is zero in most of the upstream
region up to the ionization layer. The velocity at the target is taken as the
sound speed. Combining the equations it is possible to write the pressure
balance between the upstream (u) and target (t) as

20Ty = n, T, (1.9)

3. Power balance. Parallel energy flux is carried solely by conduction since flow
velocity is zero in most of the SOL. Assuming that parallel heat flux density g
enters the SOL upstream and is removed at the target at a length L without
any losses then it is possible to write

7 L
TJ/Z = T:/Z + §Q||

(1.10)

Roe

Koe = 2000 is the electron parallel conductivity coefficient while ion conductiv-
ity is neglected as it is negligible in comparison. Assuming temperature drop
across the ionization layer is zero (it is assumed to be a thin layer) the equation
for how much power density is exhausted through the sheath is

q = yneTicy, (1.11)

where v is the sheath heat transmission coefficient, v ~ 7.

The final set of equations for the two-point model (2PM) is then [7]

2n: Ty = n, T, (1.12)
7 L

T2 =17 ¢ =q|| (1.13)
2 Roe

@ = yuelics (1.14)

The two-point model is a useful tool for approximating SOL behavior in plasma
modeling. It can also be used to approximate position of the separatrix by relat-
ing divertor measurements with upstream measurements. Equation (1.13) provides
a relationship between the strike point temperature and the upstream separatrix
temperature.

16



1.6 Braginskii equations

One approach in describing plasma behavior is using the fluid equations. Their
derivation follows from the kinetic equation

O | Ofadai | Of dVha _ (a_f) | (1.15)
coll

8t axk dt 8Uk’a dt (975

This equation describes a time evolution of a distribution function f(x,v,t) of par-
ticle species a. Its variables are: time ¢, position x and velocity v. The term on
the right-hand side of the equation (agt“)w” represents changes in the distribution
function due to binary collisions between particles of the same species or with other
species. The distribution function is normalized in such a way that an integral over
a region in spatial position x and velocity position v gives the number of particles

of a given species in that region, i.e,

/fa(x, v, 1) d*xd®v = N,(t). (1.16)

One can calculate moments by multiplying the kinetic equation by powers of v
and integrating over that variable. These powers can represent different physical
quantities such as number of particles v’ = 1, momentum mv, kinetic energy %va,
etc. The resulting equations then represent conservation laws of the quantities. By
calculating moments for higher and higher powers one would obtain an infinite set
of equations that would be equivalent to the kinetic equation. To obtain the fluid
equations however, only the first three moments are used with the rest being replaced
by different formulas based on additional assumptions. This is called a closure. [10]
There are many types of closures for fluid equations such as the Braginskii, Balescu or
Zhdanov closure. [11][12][13] This thesis will present assumptions and fluid equations
of the Braginskii closure.

The underlying idea of the closure is that the distribution function can be expanded
about a Maxwellian distribution, i.e.,

f=l+df (1.17)

with
Ng me 2
fo=——"—~¢€exp (—— (v —w) ) (1.18)
(27T, /ma )/ 27,

where v’ is the velocity coordinate and w is the mean velocity. By solving the
kinetic equation with small gradients and drift velocities it is possible to get formulas
for collisional drag, viscosity and thermal conduction. The formulas can then be
used as a closure for fluid equations. The formulas are derived under the following

assumptions

e The mean free path is short compared to macroscopic lengths.

e The plasma consists of electrons and singly charged ions.
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e The plasma is quasineutral, i.e., n. = n; = n.

e The plasma evolves at much larger time scales than the typical collision time.

The Braginskii fluid equations are then the following. The continuity equation for
species a, electrons or ions, is

dn,
(Zf = .V v, (1.19)
where the total derivative is q 9
— == o V. 1.2
T o +v,-V (1.20)
The momentum balance equation is
dv, 0
namad_‘; - Vp, — a—xﬁﬂaaﬁ + neeq (E + v, x B) + R, (1.21)

where p, = n,T; and repeated Greek indices imply summation. R; is the rate of
momentum transfer due to collisions. There are only two species and so R; = —R..
The rate of momentum transfer from ions to electrons is caused by the friction force
R, and the thermal force Ry

R. =R, + Ry (1.22)

The friction force is

MeN . .
R, =- - (0.51UH + UJ_) = n6(77||j|| + ?71_‘71_) (1.23)

e

where u = v, — v;, 1 is the electrical resistivity, 7 is the plasma current and the
subscripts || and L are parallel and perpendicular directions to the magnetic field.

The thermal force is

3 n

Ry = —0.710V T, — b x VT, (1.24)

2 |Wee | Te
where b is a unit vector parallel to the magnetic field.

The stress tensors for electrons and ions both have the same form differing only in
the viscosity coefficients 7. In [z, y, z] Cartesian coordinate system where z-axis is
parallel to the magnetic field it is

sz = _TIOWZZ
1 1
U, = _EUO(WM + Wyy) - 5771(wa - Wyy) — N3Way
1 1
Iy, = _5770(er + Wyy) — in(wyy — Wo) +nsWay (1.25)
1
Hpy =ye = =Wy + 5773(sz - Wyy)
Hacz = Hza: = _772sz - 774Wyz
Hyz - HZZJ = _772Wyz + 774sz
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W5 is the rate-of-strain tensor

O O 25 9.y, (1.26)

Wap = 57—
g Oxg  Ozr, 3

where ¢ is the Kronecker delta. The ion viscosity coefficients are

n = 0.96n,T;7;

;3 i gy

= 10 w2 T; 2= =h (1.27)
i 1nT; i i

=5, Ny = 213

and the electron viscosity coefficients are

ng = 0.73n.1. 7,

e n5T5 e e

m = 0‘51(*)(2;@7-@ Ny = 4771 (128)
e InJd e ope

Where w,; = %5 and wq = fn—B are the ion and electron cyclotron frequencies. The

1 €
ion and electron collision times are

 — 1973/2 5(2)7";/271‘3/2
‘ 7’L€4 InA (129)
I
netln A

where In A is the Coulomb logarithm and ¢, is the vacuum permittivity.
The energy balance equation is

3 dja 8vaa
s - - a : a : - a3 a- 1'
S = P V-v,—V-.q,—1I B@xg +Q (1.30)

Like the rate of momentum transfer, the electron energy flux density is made up
of two contributions: friction and thermal energy flux density q° = q¢ + q5. The
energy flux density due to friction is

2
q;, =nT, (0.7111 + 3/ b x u) (1.31)

‘wce ‘ Te

and the thermal energy flux density is

T.7. 4.66 5/2
q% — Nl (—316V||Te — ﬁVLTe — / b x VTe) . (132)
me WeeTe |ch | Te
The ion energy flux density is
Tt 2 5/2
q; = neiT (—3.9V||Ti — —5— V1T — / b x Vﬂ) . (1.33)
i WeiTi |weil i
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The heat exchange between ions and electrons due to collisions gives rise to the ion

heating

Q= e T -T) (1.34)

m; Te

and the electron heating is

3Me. N

9 1.
Qe = nyjinLit + —j-Ro+ ——(T; - To). (1.35)
ne m; Te
1.7 SOLPS-ITER
1 mf soL ]
B . Hinner Touter '
- | |divertor ||divertor | |
” T Lore ]

0.3 0.4 0.5 0.6 0.7 0.8 C I I L | | I I 1 |

R(m] -
1. o 1. @0 80, 40 80 8% 0. 80 60

Figure 1.4: The B2.5 mesh is separated Figure 1.5: Unwrapped representation of
into four regions: core (red), SOL (yellow), the B2.5 mesh.

inner divertor (green) and outer divertor
(blue).

SOLPS-ITER is a tokamak boundary plasma code package developed over the years
by various research groups and more recently by the ITER Organization. At its core
it is a combination of two codes: B2.5, which is a 2D multi-fluid plasma transport
code, and EIRENE, which handles neutral particles using a 3D kinetic Monte Carlo
approach. It is the Braginskii equations which are used by B2 for the fluid simulation.
SOLPS-ITER uses the toroidal symmetry of the tokamak to simplify the simulation
into a 2D poloidal cross-section.[14]

The plasma around the separatrix is separated into regions. This allows the mesh to
be displayed on a straightened 2D surface, figure 1.4. The quadrangular mesh belongs
to B2.5. It is aligned to magnetic surfaces in such a way that when it is straightened
out (figure 1.5), its principal two directions correspond to the radial transport and
the parallel transport. This allows for decoupling the radial and parallel transport
in the simulation. The regions are separated by boundaries for which boundary
conditions can be set. The SOLPS-ITER code package includes a program DivGeo
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used to construct the simulation geometry. Programs carre and triang are used to
construct the B2 and EIRENE mesh. Importantly, a magnetic equilibrium serves as
a basis for constructing the mesh. [15]

1.8 COMPASS tokamak

Figure 1.6: The COMPASS tokamak and team.

COMPASS was an experimental tokamak that was operated by the Institute of
Plasma Physics of the Czech Academy of Sciences between 2009 and 2021, see figure
1.6. It had a major radius of R = 0.56 m, minor radius a = 0.23 m, toroidal magnetic
field Br = 0.9 —1.7 T, plasma current I, up to 350 kA and pulse duration <500 ms.
It was possible to operate it in a lower single-null divertor configuration and in inner
wall limited configuration. The plasma shape in COMPASS was similar to the ITER
tokamak at one tenth scale. This made it possible to study physics relevant to ITER.
[16][17]

During its operation, several methods of magnetic reconstructions were used and
developed. These are further elaborated in section 3.2. It has been shown that re-
constructed separatrix position may be inaccurate. [6] Additionally, the different
methods of magnetic reconstructions can give different results.

This can have significant impact on SOLPS-ITER as it uses a magnetic reconstruc-
tion as a basis for its computational grid. [18] The aim of this thesis is to evaluate the
magnetic reconstructions on a given COMPASS discharge by using them as a basis
for SOLPS-ITER simulations. Diagnostic data are used to fine-tune the simulations
to achieve the best experiment-model match. The best magnetic reconstruction is
then proposed.
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Chapter 2

Diagnostics
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Figure 2.1: Toroidal view of the COM-

PASS tokamak showing the location of its Figure 2.2: Poloidal cross-section of the
diagnostics. COMPASS tokamak and the location of

its diagnostics.

This chapter will introduce the diagnostics of tokamak COMPASS used in interpre-
tative SOLPS-ITER simulations. Two diagnostics offer upstream measurements in
two different poloidal positions: the Thomson scattering diagnostic and the horizon-
tal reciprocating probe. Downstream measurements are provided by the two divertor
probe arrays and the infrared (IR) camera. Magnetic diagnostics provide data for
equilibrium reconstructions and a visible spectrum camera is used to gauge the in-
teraction of SOL plasma with limiters. The diagnostics are shown in figures 2.1, 2.2
in a toroidal location (left) and poloidal location (right).
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2.1 Thomson scattering

The Thomson scattering diagnostic provides measurement of electron temperature
T, and electron density n.. A laser pulse is shot in the plasma. Photons scattered on
electrons in plasma due to the physical process of Thomson scattering are collected
by viewing optics directed at the laser path. The scattered photons undergo a fre-
quency shift that depends on the velocity of the scattering electrons. Spectrum of
the collected light then carries information about the electron velocity distribution
and thus their temperature T,. Additionally, intensity of the scattered light provides
information about electron density n..

In tokamak COMPASS, the laser systems consisted of four Nd:YAG lasers each
capable of 30 Hz repetition rate. All lasers were fired in a vertical direction at top
of the tokamak with mutual separation of 3 mm. They were fired alternately, thus
achieving 120 Hz repetition rate. Two objective lenses that were directed at the
plasma core and at the edge region were used to collect the scattered light from 56
spatial points. The light was led into polychromators which was used to resolve the
spectrum. [19] [20]

2.2 Horizontal reciprocating probe

LP1 LP2
o N

_ BPP1 BPP2| BPP3 J
' 8mm

Figure 2.3: The probe head used by the horizontal reciprocating probe. It carries
two Langmuir probes (LP) and three ball-pen probes. [21]

The COMPASS tokamak featured a reciprocating manipulator that was used to
insert a probe head carrying a combination of Langmuir probes (LP) and ball-
pen probes (BPP) into the plasma. The horizontal reciprocating probe (HRCP)
was installed at the outer midplane and entered the plasma horizontally. By fast
movement in and out of the plasma (~ 0.1 s), a spatial profile of plasma parameters
was measured. On COMPASS discharge #17692 (discussed further in this thesis),
the installed probe head carried two Langmuir probes, one electrically floating and
one collecting the ion saturation current, and three floating ball-pen probes (Fig.
2.3). This configuration allows for the measurement or determination of various
quantities, such as probe floating potential, probe ion saturation current, electron
temperature, electron density, plasma potential and heat flux.
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The electron temperature can be determined from a pair of one floating Langmuir
probe and one floating ball-pen probe. The Langmuir probe collecting charged par-
ticles creates a floating potential

Vip = ®— 28T, (2.1)
where @ is the plasma potential. The floating potential of a ball-pen probe is
Vepp, = ® — 0.67.. (2.2)

Electron temperature can thus be determined by subtracting the equations (2.1)

and (2.2) as

_ Verp i — VLP,fl‘ (2.3)
2.2

The one remaining Langmuir probe collected the ion saturation current by being bi-

ased with constant negative voltage to repel all electrons. The ion saturation current

collected by the probe is then

Te

1
Ly = 5614”605 (2.4)

where A is the probe collecting area.[7, Chapter 2] From this measurement an elec-
tron density can be then deduced since the sound speed ¢, can be calculated using
(1.6). [21]

2.3 Divertor probe arrays

Figure 2.5: The combined probe array. It

Figure 2.4: The swept probe array made uses a combination of 55 Langmuir probes
up of 39 Langmuir probes (LP).[22] (LP) and 56 ball-pen probes (BPP). [23]

Two divertor probe arrays were installed at the tokamak COMPASS: the combined
probe array and the swept array. Arrays are shown in figures 2.5, 2.4.
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The combined array is made up of two full arrays of 55 Langmuir probes and one
array of 56 ball-pen probes. Their measurements are combined to gauge plasma pa-
rameters, thus the ”combined” probe array. The measurement uses the same princi-
ple as on the reciprocating probe head. Probes biased with a large negative voltage
measure the ion saturation current while probes in the floating mode measure the
floating potential. The combination of Langmuir probes and ball-pen probes then
provide information about the electron temperature, electron density and parallel
heat flux.

The combined divertor probe arrays uses a different design of Langmuir probes and
thus the formula for their floating potential is different [23]

VLP,fl =o—20T1.. (2.5)

The floating potential of the ball-pen probes is the same as for the reciprocating
probes, equation (2.2). Electron temperature can be thus calculated as

_ Veppr, st — Vip, s

T, 2.6
14 (2:6)
The divertor heat flux parallel to the field lines is calculated as
[sa . —
q = At (2.5T. + Vpgpp + 27, min(7, e Vier/Te) 1 14.6 eV) (2.7)

with I, being calculated similarly to equation (2.4) using A = 2.8 mm?.[24]

The swept probe array consists of 39 Langmuir probes that can be biased to collect
the ion saturation current, electrically floating or swept to register the I-V character-
istic. On COMPASS discharge #17692 the array was operated in the swept mode,
which is why it is referred to as the swept array in this thesis. Various methods
can be utilized to extract plasma parameters from the -V curve such as a three or
four-parameter fit. [25] The quantities extracted include the electron temperature
T., electron density n., ion saturation current I, parallel heat flux ¢, and oth-
ers. The data from the swept array from discharge #17692 was analyzed using the
three-parameter fit.

2.4 Divertor infrared camera

The COMPASS tokamak was equipped with several infrared (IR) cameras, one of
which was directed at the divertor region. A special graphite divertor tile optimized
for IR thermography was used. The tile was attached with a special rail system
which provided precise alignment necessary for proper extraction of the parallel
heat flux. Knowledge of thermal conduction from and within the tile and a precise
calibration using an embedded heating element allowed for a precise determination
of the temperature of the tile. The camera offered measurements with high spatial
and temporal resolution. [26]
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Figure 2.6: Poloidal and toroidal location and field-of-view of five infrared cameras
at COMPASS. The divertor infrared camera is plotted in red. [26]

2.5 Magnetic diagnostics

The COMPASS tokamak was equipped with large amount of magnetic diagnostics.
About 440 coils of various types were positioned all over the vacuum vessel. They
allowed for measurements of various quantities such as plasma current I, loop volt-
age Uloop- The set of coils most relevant to this thesis is, however, the set of 16 inner
partial Rogowski coils for measurements of By, installed in 16 poloidal positions
around the plasma at one toroidal angle. Their measurements were used as input
constraints for standard magnetic equilibrium reconstructions, together with mea-
surements of the toroidal magnetic field, plasma current, current in the poloidal field
coils and chamber geometry. [20] An additional set of Mirnov coils comprised of 8
tangential and 8 normal coils was positioned in divertor region. Together with 4 flux
loops directly measuring poloidal flux they can be used as additional constraints for
equilibrium reconstructions. [27]
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Chapter 3

Interpretative modeling with

SOLPS-ITER

This chapter first describes the COMPASS discharge used in this thesis, then its
diagnostic measurements are compared with equilibrium reconstruction variants,
which are then used for SOLPS-ITER simulations. Finally, the simulation results
are discussed and used to infer information about the separatrix position and the
accuracy of the equilibrium reconstructions.

3.1 Choosing the discharge

The first step of this thesis was choosing the tokamak discharge to be modeled. Dur-
ing operation of the COMPASS tokamak, over twenty thousand discharges were car-
ried out. The discharge selected must accurately reflect a typical mode of operation
while avoiding characteristics that might hinder comparisons between simulations
utilizing different equilibrium reconstructions and characteristics that could compro-
mise the accuracy of simulations using SOLPS-ITER, such as experiments with im-
purity gas puffs, resonant magnetic perturbations or strong runaway electron beams.
The focus of this thesis is on comparison of magnetic equilibrium reconstructions.
The most apparent difference between various magnetic equilibrium reconstructions
is the position of the separatrix. For this reason, another requirement for the chosen
discharge was a good coverage by diagnostics measuring the separatrix position and
diagnostics facilitating interpretative modeling with SOLPS-ITER. The last crite-
rion was a reasonably stationary profile of plasma parameters to select the time
instance to be modeled.

The discharge to be modeled, selected with K. Hromasové, is the COMPASS dis-
charge #17692. It is an L-mode discharge in a lower single-null divertor configura-
tion. The toroidal magnetic field was B; = —1.38 T, the plasma current was [, = 200
kA. The Thomson scattering diagnostic shows core density n, = 4.5 x 10! m=3. Up-
stream measurements in the selected discharge are provided by the Thomson scat-
tering diagnostic at the top of the plasma and the horizontal reciprocating probe at
the outer midplane. The divertor is well covered by diagnostic measurements of the
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Figure 3.1: Time evolution of the plasma current, heating power and divertor electron
temperature. The simulated time 1120 ms is marked by the vertical line.

combined probe array, swept probe array and the infrared camera. Field of view of
the IR camera captured both divertor plates and the strike points.

The modeled time was chosen to be 1120 ms. Figure 3.1 shows time evolution of
plasma parameters with the time highlighted. As the horizontal reciprocating probe
can disturb the plasma and affect measurements from other diagnostics, the modeled
time instance is before the probe penetrated deep into the plasma at 1170 ms.

3.2 Equilibrium reconstructions

This thesis uses and evaluates five different methods of magnetic equilibrium re-
constructions that were used and developed during the operation of the COMPASS
tokamak. These methods use diagnostic measurements and results from various mod-
els as inputs to the EFIT++ Grad-Shafranov equation solver. The first, so-called
standard equilibrium reconstruction uses By measurements from the 16 Inner Partial
Rogowski (IPR) coils (figure 2.7) as an important constraining input. Other inputs
include toroidal magnetic field, plasma current and geometry of the first wall.

Precise information of the IPR coils position and angle is crucial for accurate equilib-
rium reconstructions. It has been shown that the recorded values may be inaccurate.
A study by O. Kovanda used IPR coils position and angles variations of EFIT++
input of a vacuum discharge #6413 to find the most likely corrections. These cor-
rections can be used to improve equilibrium reconstructions in other discharges.
[27] A systematic study of COMPASS discharges with recorded VSL position by
reciprocating probes has shown that these corrections reduce the difference between
measured VSL position and reconstructed separatrix position. [6] Additionally, four
flux loops (FL) and two sets of divertor Mirnov coils (MC) can be used to further
improve the reconstructions by providing additional magnetic measurements.[27]

Another refinement to the standard equilibrium reconstruction uses Thomson scat-
tering measurements to provide a realistic pressure radial profile as input to EFIT++.
To provide total plasma pressure to the algorithm, the ion pressure profile is assumed
to be the same as the electron pressure, p = 2p,.

The final method of improving the standard equilibrium reconstruction uses the
two-point model. Upstream temperature on the separatrix can be calculated using
equation (1.13). The upstream temperature is then compared to the Thomson scat-
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Figure 3.2: Comparison of the separatrix
position between the five equilibrium re-
construction variants.

tering temperature measurement to place a constraint on the separatrix position
in EFIT++. This analysis and equilibrium reconstruction were provided by M. Sos
and M. Komm.

Equilibrium reconstructions using these methods were carried out on COMPASS
discharge #17692 at 1120 ms. Figure 3.2 shows the separatrix position plotted in a
poloidal cross section of COMPASS chamber. The most glaring outlier is the recon-
struction with corrected IPR coil position and flux loop, Mirnov coil measurements.
The reconstruction would suggest that the plasma is in a limiter configuration. This
does not, however, mean that X-point was not created. Figure 3.3 shows that an
X-point exists but the flux surface passing through it intersects a limiter. Diver-
tor measurements (Fig. 3.4) however show that this is obviously not the case. As
most of radial transport from the confined plasma happens at the outer midplane,
temperatures and heat fluxes at least at the inner strike point would be greatly or
completely diminished. Divertor measurements, however, show both strike points
with parameters expected for a divertor configuration. It is important to mention
that the position of the separatrix when comparing the reconstructions describes
slightly different quantities. One represents the last closed flux surface constrained
by the limiter, while the other represents the flux surface passing through and con-
strained by the position of the X-point.
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3.3 Validating equilibrium reconstructions based
on experimental data alone
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Figure 3.4: Comparison between the diagnostic data and the separatrix position.
The separatrix is marked for each equilibrium reconstruction by a vertical line.
The colors correspond to the reconstructions in figure 3.2. The left column shows
measurements at the plasma top, the middle column shows measurements at the
outer midplane and the right column shows divertor measurements.

The equilibrium reconstructions can be compared with experimental data only to
make several observation. Figure 3.4 shows key diagnostic measurements at the
plasma top, the outer midplane (OMP) and at the divertor compared with the
reconstructed separatrix positions. The diagnostic measurements are gathered from
a time period before the horizontal reciprocating probe penetrates deep into the
plasma. Although the probe starts moving through the SOL at 1100 ms, it reaches
the velocity shear layer at approximately 1160 ms. The Thomson scattering, the
probe arrays and the infrared camera measurements are thus taken from the time
period of 1100-1160 ms. The position of the separatrix in the figure is marked by a
vertical line for each equilibrium reconstruction, and the colors correspond to those
in figure 3.2. The equilibrium reconstructions were evaluated based on three main
criteria.

In the first criterion, one can compare the electron temperature measured at the
plasma top and at the OMP for each equilibrium reconstruction. The high parallel
transport should equalize upstream electron temperature at the separatrix. Assum-
ing the SOL is sheath-limited, which is presumed to be the case for COMPASS most
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of the time, the electron temperature should also be similar at the strike points.
The figure, however, shows significant differences. Let us take the IPR coil corrected
reconstruction (orange) as an example. At the separatrix at the plasma top, the
electron temperature at the separatrix is roughly in the range 20 eV to 50 eV and
although data directly at the separatrix at the OMP are not available, we know the
electron temperature is 50 to 80 eV further away in the SOL. It is hard to judge
which equilibrium reconstruction performs the best in this criterion as only two out
of five have separatrix measurements on both upstream locations. Nevertheless, the
p = 2p. reconstruction performs reasonably well.

The second criterion uses the plasma potential maximum measured at the OMP.
The maximum suggests that the reciprocating probe has reached the VSL. While it
is not known where exactly relative to the separatrix VSL forms, systematic studies
at COMPASS have shown that it should be relatively close outside the separatrix. [6]
Assuming the separatrix is directly at this maximum, the equilibrium reconstructions
can also be evaluated based on the separatrix positions relative to it. The p = 2p,
reconstruction is closest to the potential maximum.

Lastly, in an attached plasma the maximum of heat flux density on the divertor
targets should be located at the strike points. In this regard, the equilibrium re-
constructions do not show significant differences except for the IPR coil corrected
equilibrium reconstruction, where the inner strike point position is clearly incorrect.

The set of assumptions used in these evaluations may not be universally true. Simu-
lations of the SOL can provide evaluations without the assumptions and with greater
accuracy. Nevertheless, the p = 2p, equilibrium reconstruction (red) was chosen for
the initial simulations using SOLPS-ITER based on this evaluation. Its separatrix
at the OMP is the closest one to the potential maximum and it has a reasonable
difference between upstream separatrix temperatures.

3.4 Matching SOLPS-ITER simulations to exper-
imental data

This thesis uses SOLPS-ITER version 3.0.7-41-g0c21b66. A magnetic equilibrium
file and COMPASS chamber geometry were loaded into the divgeo program to pre-
pare the simulation geometry. Programs carre and triang were then used to create
the B2.5 and EIRENE meshes respectively (Fig. 3.5). The default initial state was
also generated. In all subsequent simulations, the final state of a converged run was
used as an initial state in the next simulation. Convergence of the simulation was
determined by general steadiness of various plasma parameters such as the OMP
separatrix temperature and of the B2.5 equations residuals. The process of achieving
a match between the simulation and the experiment was done in an iterative ap-
proach by changing free input parameters based on observations in previous simula-
tions. These input parameters include core boundary conditions (deuterium density
at the innermost flux surface and the power injected across this flux surface into
the simulation domain) and the anomalous transport coefficients D, and x. = x;.
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Uncertainties in the experimental measurements present a certain flexibility in the
input parameters.

As was discussed in the previous section, the experimental data show a significant
difference in separatrix temperature at the plasma top and at the OMP. Even when
taking uncertainties into account, the significant differences make matching the sim-
ulation to the experiment difficult. A commonly used approach to fix this is to shift
the experimental and simulation data relative to each other to achieve a better
agreement. This separatriz shift creates additional free parameters to achieving a
better model-experiment match.

For an example of a simulation without employing the separatrix shifts, see figure
3.6. Looking at the simulation data, the previously mentioned assumption that elec-
tron temperature is equal at the plasma top, and similar at the divertor strike points,
appears to hold true in the simulation. The figure shows that attempting to find a
better model-experiment match without the separatrix shifts in not feasible. For
example, changing boundary conditions or transport coefficients to decrease tem-
perature and provide a better match at the plasma top would result in unrealistic
temperature profile at the OMP.

The p = 2p. equilibrium reconstruction (red) was chosen for the initial simulation
based on the evaluation in the previous section. By following the iterative approach a
match between the simulation and the experiment was found. At the core boundary,
the ion density was set to n; = 1.4 x 10! m~3. The power balance was maintained by
core boundary energy flux Psor = 150 kW, split equally between ions and electrons.
The particle diffusion coefficient was D, = 0.3 m?s~! and the thermal diffusion
coefficient were y; . = 1.2 m?s™!, same for electrons and ions. The only simulated
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Figure 3.6: Comparison between the diagnostic data and the simulation data using
the IPR coil corrected equilibrium. No separatrix shifts were employed.

ion species was deuterium. No impurities were used and graphite target sputtering
was turned off. Drifts were also turned off. Although attempts were made to match
the simulation to the experiment with only shifting the separatrix at the plasma
top, due to the separatrix at the OMP being close to the VSL, this proved to
be unfeasible and both corrections had to be used. The separatrix shifts found to
provide the best match are AZ = 4 mm radially outward at the plasma top (to the
right) and AR = 3 mm inward at the OMP (to the left). This match is shown in
figure 3.7 compared with simulations discussed further.

The equilibrium reconstructions for the next simulations were then selected. The
2PM equilibrium reconstruction was chosen. Its separatrix position is very similar
to the standard reconstruction and both are practically interchangeable. However,
it performs slightly better when evaluated against the experimental data. Looking
at the equilibrium reconstructions comparison 3.2, the biggest outliers seem to be
the two reconstructions with corrected IPR coil positions and angles. The equilib-
rium with added magnetic diagnostic measurements is in a limited configuration
and is thus unsuitable for SOLPS-ITER modeling. The IPR corrected equilibrium
without the additional magnetic measurements was chosen for another simulation to
experiment match. The large difference in the separatrix position compared to the
other reconstruction made it a compelling choice for further study. The equilibrium
reconstructions were then used to construct their respective meshes and simulation
geometry. To study the effect of the mesh on the model-experiment match, the
same exact input parameters as in the p = 2p, simulation (transport coefficients,
boundary conditions) were used in the simulations using the other equilibrium re-
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Figure 3.7: Comparison between the diagnostic data and the simulation data. The
colors correspond to the reconstructions in figure 3.2. The separatrix position is
marked by a vertical line highlighted by the corresponding color. The separatrix
shifts used are in table 3.1.

constructions. The only differences are the top and OMP separatrix shifts. Both
simulations converged successfully.

As the separatrix position is different in each equilibrium reconstruction, the sep-
aratrix shifts providing the best model-experiment match were needed to be found
independently, see Tab. 3.1. However, the diagnostic measurement uncertainties al-
low for considerable flexibility in determining the separatrix shifts, up to several
millimeters. Figure 3.7 shows all three equilibrium reconstruction compared with
experimental data. The shifted separatrix position for each equilibrium reconstruc-
tion is marked by a vertical line. It is evident that despite the simulations being
based on equilibrium reconstructions with very different separatrix positions, the
corrected separatrix positions all converge to a position a few millimeters from each

reconstruction | AR [mm] AZ [mm] R [mm] Z [mm]

P = 2pe -3 4 738 282
2PM 18 8 739 284
IPR corrected | 10 -22 738 281

Table 3.1: Optimal separatrix shifts for each used equilibrium reconstruction: at the
outer midplane AR, at the plasma top AZ. The absolute position of the separatrix
at the OMP R, at the plasma top Z.
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other. Considering the uncertainty in choosing the separatrix shifts, it can be said
that optimal separatrix position for each simulation is at the same absolute position.

The left column of the figure 3.7 displays a match between the SOLPS-ITER sim-
ulation data and the Thomson scattering measurements. The middle column of the
figure shows the horizontal reciprocating probe measurements. The separatrix shifts
corrected the disagreement between the separatrix temperature at the plasma top
and the OMP. The simulation data on both upstream positions falls within the
fluctuation of the diagnostics. The diagnostic measurements show a lower electron
temperature in the confined plasma at the OMP. This is due to the cooling effect
of the horizontal reciprocating probe. The right column of the figure shows divertor
measurements. No shifts were done to the strike point positions at the divertor,
as the match between the simulation and the experiment is evident even without
them. There is a slight disagreement between heat flux measurements of the com-
bined array, the swept array and the IR camera, creating an uncertainty in the
measurements. The peak value of heat flux density falls within this uncertainty. The
profile shape also seems to match the experimental data.

It is evident that there are only minor differences between the simulation results.
The biggest difference is unsurprisingly at the IPR coil corrected equilibrium recon-
struction’s inner strike point. The fact that the results are similar and the separatrix
is shifted to the same position suggests that a more realistic separatrix position was
found. The fact that the transport coefficients and boundary conditions lead to a
very similar result on different meshes suggests that they describe the experiment
well and the simulations are not over-fitted.

3.5 Plasma-limiter interaction

Analysis of how heat flux moves through simulation boundaries shows that simula-
tions with the p = 2p. and IPR coil corrected equilibrium reconstructions have a
larger portion of their total heat flux moving through the far SOL boundary. Looking
back at the equilibria comparison (Fig. 3.2), both equilibrium reconstructions have
a small clearance between the separatrix and the LFS poloidal limiter of around 12
mm. In the simulation, this limits the extent of the mesh (Fig. 3.5) allowing for a
larger portion of the heat to reach the far SOL boundary where it is lost. In the
experiment, this small clearance should result in a portion of the SOL being scraped
off by the limiter. As most of the heat flux leaves the core region at the OMP, this
effect could be seen at the inner divertor target. The heat flux measurements at the
inner target are, however, insufficient to make that determination.

Although the IPR coil corrected equilibrium reconstruction has a low clearance of
12 mm, the simulation mesh is not bounded by the LFS limiter but by a HFS top
limiter, unlike the p = 2p, reconstruction (see Fig. 3.8). In an unpublished study
by J. Cavalier at IPP CAS, it has been shown that when the clearance between the
separatrix and the LFS limiter is less than 15 mm, the plasma-wall interaction is
observable on visible camera data. Both the LFS limiter and the HFS top limiters
are within the field of view of a visible light camera, see Fiig. 2.1. Figure 3.9 shows the

36



0.4

Time = 1120.4 ms
Frame = 852

034 feemmTm=
LFS

limiter
0.2 A

0.1 4

IPR corrected

0.0
--- p=2p.

Z[m]

03 04 05 06 07 08
R [m] Figure 3.9: Visible light camera showing

the LFS limiter (red) and the HFS top
Figure 3.8: The flux surfaces limiting the limiter (blue).
extent of the mesh for the IPR coil cor-
rected and the p = 2p, equilibrium recon-
struction.

captured image at the simulated time. The light coming from the LFS limiter can
be clearly seen, while the HFS top limiter shows no such interaction. This would
suggest that the plasma in the experiment is bounded by the LFS limiter rather
than the HFS top limiter. Thus, the IPR coil corrected equilibrium reconstruction
is likely inaccurate at the plasma top.

37



Conclusion

This thesis evaluated different methods of magnetic equilibrium reconstructions of
COMPASS tokamak using simulations with SOLPS-ITER edge transport code in
discharge #17692. Five variants of the equilibrium reconstruction were performed
and compared to experimental measurements. The p = 2p, equilibrium reconstruc-
tion with realistic pressure profile was chosen based on this comparison as the best
candidate for further modeling. The simulation based on this equilibrium recon-
struction was then matched with the experimental measurements. For an accurate
model-experiment match, the separatrix position had to be corrected by shifting
the simulation data relative to the experimental data. Three SOLPS-ITER sim-
ulations based on three equilibrium reconstruction variants were performed using
the same input parameters (anomalous cross-field transport coefficients, boundary
conditions) and differing only in separatrix position shifts. The conclusion was that
the simulation results were identical within experimental uncertainties, and that
the optimal separatrix position lies at the same position in each case. The equilib-
rium reconstruction requiring the smallest separatrix shifts was the initial p = 2p,
reconstruction with realistic pressure profile.

The simulations results having only minor differences has implications for future
SOLPS-ITER modeling. This outcome gives validity to interpretative simulations
using inaccurate equilibrium reconstructions. As long as these inaccuracies can be
corrected with separatrix shifts by comparison with experimental data and by the
iterative approach to matching the simulation, the result should not be significantly
altered. At least, this conclusion can be made for the simple SOL and open divertor
of tokamak COMPASS. In a more complicated divertor geometry, a small error in
separatrix position may constitute the difference between the strike point being on
the divertor target and the strike point being on the divertor baffle, which would
evidently impact the overall result.

The fact that each simulation was well matched by the separatrix being shifted to
the same positions while also resulting in very similar plasma parameters also gives
validity to using the separatrix shifts in the first place. This approach is commonly
used in SOLPS-ITER modeling simply because without it, the simulation could not
be matched accurately to the experiment. Shifting the data up to 18 mm outwards
and 3 mm inwards at the outer midplane, 4 mm outwards and 22 mm inwards at
the plasma top has no significant effect on the final result and there is no ambiguity
in the result.

The separatrix shifts moving the separatrix to the same position is also interesting for
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the equilibrium reconstructions. This result would suggest that a better separatrix
position was found, at least at the plasma top and the OMP. These values can be
used as additional constraints for EFIT, which will result in a SOLPS corrected
equilibrium reconstruction. The process of creating a SOLPS simulation for every
equilibrium reconstruction, however, is too time-intensive to be used routinely. It
can be applied in cases where an accurate reconstruction is particularly important,
e.g. a well-diagnosed experiment which provides basis to interpretative modelling
using several codes.

This thesis gives a valuable insight into tokamak edge plasma modeling. It shows
that the influence of equilibrium reconstruction variants is relatively small and that
the separatrix shifts indicate optimal separatrix position. SOLPS-ITER can thus be
used to improve magnetic equilibrium accuracy when it is required. The validity of
the separatrix shifts confirms it to be a useful tool for interpretative modeling. These
results contribute to our ability to perform simulations of tokamak edge plasma
and advance our understanding of edge plasma physics for both interpretative sim-
ulations and predictive simulations for future fusion reactors such as COMPASS

Upgrade and ITER.
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