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Introduction

With the worldwide energy consumption rising exponentially, it is paramount for
mankind to find new energy sources which are both scalable and sustainable. Nuclear
fusion offers such an energy source, as it produces little to no radioactive waste,
utilises the abundant sea water and lithium ores as fuel sources, and entails no risk
of an uncontrollable chain reaction [1|. However, the great disadvantage of nuclear
fusion are its high technological demands. Consider that in the fifties it was thought
that fusion would become a reliable power source within twenty years [2]. Since then,
the history of fusion has comprised of overcoming one obstacle (such as collective
plasma instabilities, which were suppressed in the magnetic well configuration of
Ioffe’s bars) only to discover a new obstacle (loss cone micro-instabilities which
rendered Ioffe’s bars infeasible as a fusion reactor design).

One of the greatest challenges facing the operation of a fusion power plant is the
issue of power exhaust. The fusion reaction intended for the current version of the
demonstration power plant DEMO is D-T fusion,

D+3T — ‘He+n + 17.6 MeV.

The energy output of this reaction is split unevenly between the helium nucleus (3.5
MeV) and the neutron (14.1 MeV). Neutrons, unaffected by the confining magnetic
fields, fly out of the plasma vessel and are slowed down and absorbed in the cool-
ing blanket. In contrast, the alpha particle deposits its energy in the surrounding
plasma, heating it so that the fusion reaction continues. Thus the issue of power
exhaust consists of two parts: designing and operating the cooling blanket, and
exhausting power from the plasma itself. In this thesis, I will be interested in the
latter.

There are two main channels which cool the plasma: radiation, and heat flow to
plasma-wetted surfaces. While radiation is, like neutrons, absorbed volumetrically
in the first wall and the cooling blanket, high energy plasma particles impinging on
solid surfaces deposit their power locally. Thus, plasma facing components (PFCs)
are at risk of structural changes and melting due to the strong concentration of
heating power. In recent experiments, tungsten monoblock PFCs have been exposed
to heat fluxes of the magnitude expected in DEMO, 20 MW.m ™2, with the resulting
effects including local melting, roughening, and formation of cracks that spanned
the entire monoblock surface [3].

Managing power loads onto the PFCs breaks down further into several issues, includ-
ing PFCs shaping to optimise power load spatial distribution, developing tungsten
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Figure 1: Model of the divertor for the ITER tokamak, which is currently under
construction in France. [4]

composites for increased durability and resistance to sputtering, and others. In this
thesis, the optimisation and control of plasma conditions at the plasma-surface con-
tact location is investigated. In general, it is desirable to shroud the solid surfaces by
plasma cool enough to feature a greatly increased neutral particle density (temper-
ature in the order of a few eV). Within this "neutral cushion", high energy particles
arriving from the confined plasma are slowed and cooled, depositing and radiating
their energy in its volume rather than at the solid surface. Such a cushion can be
created by controlling the heat and particle transport from the confined plasma to
the wall. In particular, increasing the density and/or prolonging the distance be-
tween the hot plasma and the wall leads to the necessary cooling of wall plasma. In
order to achieve both of these goals, it is advantageous to operate a tokamak in the
divertor configuration.

The divertor, Fig. 1, is a PFC designed to withstand large heat fluxes on a long-
term scale (on DEMO, up to hours [5]). Employing a divertor in a tokamak has
numerous advantages. The parallel distance (i.e. distance along magnetic field line)
of the divertor from the main plasma means that divertor plasma can be much
cooler, protecting the plasma-wetted surfaces. Low temperature, in turn, implies
higher density, and so the divertor volume is quite efficient at particle removal via
pumping. Finally, operating in the divertor configuration offers an indisputable
advantage over any other plasma equilibrium design. The high-confinement mode,
imperative for self-sustained fusion reaction, has only been achieved in the divertor
configuration.

The main goal of this thesis is to compare the conditions “upstream” (at the edge
of the confined plasma) and “downstream” (at the divertor plates), using the exper-
imental measurements carried out at tokamak COMPASS in Prague [6]. From this
comparison, conclusions are drawn about the heat and particle transport regime
between the two locations. Since COMPASS is a small tokamak (R, = 0.56 m,
I, <400 kA, Br = 0.9-2.1 T), its distance between upstream and downstream is
relatively short. This implies that the heat from upstream reaches the target quite
easily, resulting in only a small temperature drop and high target temperatures.
Thus tokamak COMPASS can be expected to have difficulties entering the regime
desirable for a fusion power plant, where the target temperature needs to be low
while the upstream temperature remains high.
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In Chapter 1 of this thesis, the theory of the two-point model (2PM) is presented.
The 2PM is a very simple model of the divertor Scrape-Off Layer (SOL) which
can be used to predict downstream conditions from control variables of tokamak
operation. In this chapter it is derived from basic principles, with close attention paid
to the mutual interconnection of its assumptions. It is shown how, using the 2PM,
downstream conditions may be calculated from the control variables: the upstream
density, the heat flux carried from upstream to target, and the distance between
these two locations. By limiting the downstream temperatures to small values in the
model, the limit of the conduction-limited regime is obtained. Its counterpart, whose
defining feature is the lack of a temperature drop between upstream to downstream,
is called the sheath-limited regime. The two regimes are defined quantitatively in
this chapter using the collisionality parameter, and the collisionality of tokamak
COMPASS is predicted based on its operational space. The result of this prediction
is that the tokamak COMPASS mostly operates in the sheath-limited regime, with
a possibility of the conduction-limited regime at the inner divertor target for high
densities, n, > 1 x 10! m=3, and low parallel heat fluxes, qp < 15 MW.m~2. For
the outer target the criteria for a high temperature drop are more constricting:
ny > 2% 10 m™ and ¢ < 10 MW.m 2.

In Chapter 2, the diagnostics of tokamak COMPASS are introduced. The core of
this thesis is the comparison of electron temperature profiles, and to that end five
different diagnostics are employed: two reciprocating probes, two divertor probe
arrays, and the Thomson scattering diagnostic. The probe measurements are further
discussed in this chapter, providing details on the design and properties of ball-
pen probes and Langmuir probes. The two divertor probe arrays are addressed in
particular. It has been known that their measurements are at odds with each other,
with the new divertor array measuring temperatures systematically higher than the
old one and its profile being distorted by "teeth", for lack of a better word. Non-
ambipolar, toroidally asymmetric currents are suggested as a possible explanation.
The diagnostics chapter is concluded by listing the quantities inferred from the probe
measurements and giving their formulas, as well as possible sources of uncertainties.

Chapter 3 contains the heart of this thesis: the experimental results, their interpre-
tation, and discussion. It is divided into two sections, the first a necessary condition
before proceeding on to the latter.

In the first half of Chapter 3, systematic errors in mapping performed by the mag-
netic equilibrium reconstruction programme EFIT++ are investigated and their
correction is sought. Due to the large gradients in the vicinity of the separatrix,
any displacement of this magnetic surface can lead to faulty conclusions about the
likeness or difference of profiles measured at different places in the tokamak. Since
the experimental part of this thesis stands on the comparison of T, profiles measured
by five different diagnostics, proper mapping is the key to this analysis.

In the second half of Chapter 3, electron temperature profiles measured at upstream
and downstream are compared within the frame of the 2PM. A very good agreement
is found between the data and the model prediction, especially for the sheath-limited
regime, as the 2PM is able to perfectly reproduce the measured upstream and target
temperature profiles. However, in discharges where the model predicts significant
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temperature drops, the COMPASS SOL is still isothermal, with the entire SOL
temperature falling instead of supporting a temperature gradient. Since pressure
and power are found to be preserved between the upstream and target, it is possible
that the discrepancy is caused by parallel convective transport in the COMPASS
SOL, which is not included in the 2PM. It is further shown that the outcomes of
this analysis are strongly dependent on variables which are quite uncertain, such as
the probe collection area or the mapping correction precision.

Chapter 4 summarises the findings of this thesis and it provides suggestions for
further study, aiming to achieve significant parallel temperature gradients in the
SOL despite the short connection length. It is followed by the references and the
appendix.
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Chapter 1

The two-point model and its
applications

High-temperature plasma physics is a field of supreme complexity. Individual elec-
trons, ions of various species and degree of ionization, molecules, photons, and many
more components make up a plasma by interacting with one another. The number of
particles is large, the number of interactions is larger yet. As a result, it is impossible
to describe plasma with complete accuracy within a reasonable time frame. To allow
at least some physical insight into the problem of plasma physics, simplified models
have been developed, each focusing on a particular aspect of plasma physics and
neglecting others. For instance, in magnetohydrodynamic studies (MHD) plasma is
treated as a fluid, which involves losing all information contained in the velocity dis-
tribution function of particles. Thanks to this simplification, MHD is able to predict
macroscopic plasma instabilities with good accuracy but it fails to predict micro-
instabilities, which can arise from a particular shape of the velocity distribution
function. Respective models may be combined to provide a sophisticated simulation
of plasma behaviour, however, the computation time can often be daunting. Thus
there have been efforts in the opposite direction: to develop analytic models that
give quick results at the cost of complexity and accuracy. The pioneer of this ef-
fort for tokamak SOL (scrape-off layer) modelling is P. Stangeby’s two-point model
(2PM) [7].

“Quick, if not very accurate results” is a fitting characterisation for this model.
Eight pages of this chapter are enough to derive the 2PM, several more to discuss
it, but the accuracy of its predictions is a matter beyond the scope of this thesis.
The assumptions of the 2PM are quite strict and not necessarily close to reality,
and consequently its predictions deviate from actual tokamak data sometimes in
unpredictable ways.

For all its flaws, however, the 2PM has major advantages which advocate its use
today and in foreseeable future. In Stangeby’s basic form, which I present here, the
2PM is able to define and roughly predict two transport regimes of the scrape-off
layer (SOL): the sheath-limited regime, and the conduction-limited regime. It also
succeeds in identifying the mean of transition between the two, plasma collisionality
v*. The disagreement of the model to experimental data is not a show-stopper either;
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Figure 1.1: Schema of magnetic equilibrium of tokamak plasma in the divertor
configuration. [10]

it is possible (and strongly advocated by Stangeby [8]) to incorporate correction
factors into the model, which enable breaking the original strict assumptions but do
not account for any actual physical processes leading to this deviation. The next
step, taken for example by [9], broadens the meaning of “the two-point model” to
“a two-point model” and proposes a model which relates the two points (upstream
and downstream) using more complex equations. Such a model no longer yields
analytic results like Stangeby’s basic two-point model can, but on the other hand its
predictions are in good accord with, in the cited article specifically, turbulent plasma
simulation codes. From this point on, however, I will abandon such advanced models
and I will focus solely on the basic two-point model developed by Stangeby.

In this chapter, the 2PM will be derived from basic physical assumptions. After
a brief discussion of its three equations, the temperature drop from upstream to
downstream will be quantified using the parameter fr = Typstream/Tdownstream and
the formula for f7 will be found from the 2PM. By taking two limits, one where
Tupstream =~ Thownstream and one where Tipsiream > Tiownstream, the sheath-limited
and the conduction-limited regime will be defined, respectively. The operational
space of tokamak COMPASS will be explored and the possibility of entering the
conduction-limited regime, desirable for future fusion reactors due to its low target
temperature, will be investigated. This will provide a frame for interpreting exper-
imental data in chapter 4, Experimental results, where low collisionalities and low
temperature drops will be found in accordance with the 2PM prediction.

1.1 Derivation of the two-point model

In this section, the 2PM will be derived from basic physical assumptions. The final
form of the model will consist of three equations: the pressure balance equation, the
heat conduction equation, and the power balance equation.
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1.1.1 The two-point model geometry

To begin, it is necessary to define the geometry of the 2PM. This geometry is based
on the magnetic equilibrium of a tokamak plasma in divertor configuration, figure
1.1, however, it is significantly simplified and reduced. A real tokamak plasma in
equilibrium is a three-dimensional object, while the two-point model, as the name
suggests, is only concerned with two points: upstream and downstream, or target.!

As to the actual position of upstream and target, there is a certain freedom left
to the model user. The 2PM specifies that upstream and target are two locations
directly connected via a magnetic field line, where upstream is the sole energy source
and target the sole energy sink. Any pair of locations which fulfil this criterion are
acceptable. But some choices are, naturally, more frequent than others.

The location of upstream is usually chosen at the outer midplane (OMP) or at
the X-point, assuming toroidal symmetry to reduce the tokamak geometry to its
poloidal cross-section cut. These two locations represent a compromise between the
assumptions of the 2PM and the availability of probe measurements with sufficient
spatial resolution. Speaking for the X-point is the fact that there are no significant
energy sources along the magnetic field line leading from its vicinity to the divertor
target. Speaking for the OMP, on the other hand, is the fact that many tokamaks
feature a reciprocating probe installed at this location. Such a probe enables SOL
parameters measurements with a good temporal and spatial resolution and thus
provides precise input data into the 2PM. It is true that in this case, upstream is
not a sole source of energy along the magnetic field line, as more power crosses the
separatrix while the line is winding toward the X-point. However, it has been shown
that radial transport in greatly enhanced in the 30° sector centred near the OMP,
making this location the most prominent energy source along the flux tube [11].
And, after all, the 2PM can be adjusted slightly to account for power crossing the
separatrix uniformly until the X-point. The only change this entails is modifying a
factor 7/2 into 7/4 in the heat conduction equation of the 2PM, Eq. (1.1) [7]. Having
considered all the previously listed factors, for this thesis the OMP was chosen as
upstream, the main reason being the availability of the COMPASS tokamak database
of OMP reciprocating probe measurements.

The location of target, or downstream, is quite straightforward in comparison to
upstream. It is simply at the divertor target where the magnetic field line starting
at upstream hits solid surface. Here three more issues need to be discussed.

Firstly, in experiment the toroidal locations of upstream and target measurements
are given and can not be changed. In COMPASS, for example, the toroidal angle
of the horizontal reciprocating probe (HRCP) is 202.5°, while the toroidal angle of
the new divertor probe array is 100°. There is no a priori reason why a magnetic
field line starting at the HRCP should end up directly atop the divertor array. It
is much more likely that it will hit the divertor at some entirely other location,
meaning that HRCP and the divertor probe array are not directly magnetically

In the previous text the latter location was referred to as downstream for greater clarity.
However, it is usual to use the subscripts “u” for upstream and “t” for target. Therefore, from this
chapter on, the term “target” will be used instead of “downstream”.
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connected and therefore do not conform to the upstream-target geometry of the
2PM. The magnetic equilibrium of a tokamak experiment can be, to some level,
adjusted. Unfortunately, the data from this thesis come solely from experiments
done in the past, and there is no longer a way to influence the magnetic equilibrium.
Thus, the argument of toroidal symmetry must be invoked, implying that the exact
toroidal location of the measurements does not matter. As chapter 3, Experimental
results, will show, toroidal symmetry of the divertor cannot be assumed lightly in the
COMPASS tokamak. Measurements from the old and new divertor array, located
135° apart toroidally, show differences up to a factor of two in a quantity as basic as
the Langmuir probe floating potential. The reason of this asymmetry is still being
investigated, but it seems like toroidally asymmetric non-ambipolar currents to the
divertor may be one of the factors. For the user of the 2PM, this means that he
or she must consider carefully whether the experiment geometry and diagnostics
quality allows to make the assumption of toroidal symmetry.

The second issue in the choice of upstream and target is that measuring the entire
upstream and target profile gives us freedom to choose where in this profile upstream
and target should be. Obviously, they must lie on the same magnetic surface, but
should they lie in the near SOL, the far SOL, or some other specific location? The
2PM gives no directions here, other than what we already know: that energy should
enter only at upstream, or uniformly until some point near the X-point, and it
should not be lost until it reaches target. Since in experiment this condition is likely
to be violated at any magnetic surface due to radial transport, radiation, charge
exchange, and many other processes, the choice of the exact radial position does not
matter very much. While Stangeby advocates that the ideal location for upstream
is just outside the separatrix, it can be also argued that in high density regimes,
power at the strike point has been observed to be largely dispersed and radiated
before reaching the target [12]. This is due to the formation of the neutral cushion
described in the introduction. This effect was, however, local to magnetic field lines
ending near the strike point; further out in the SOL power losses were relatively
much smaller due to smaller target density. It can thus be concluded that the choice
of exact upstream/target location is mostly up to the user’s discretion. In fact, the
analysis can be carried out for each magnetic field line individually.

In this thesis, upstream was chosen to be just outside the separatrix, so target
coincides with the strike point. There was one main reason for this decision. The
magnetic equilibrium reconstruction code EFIT++ used on COMPASS shows a
systematic error in the calculation of the OMP separatrix position. This grows to be
a serious issue when, for instance, measuring plasma parameters at the separatrix.
Due to strong gradients in the vicinity of the separatrix, an error in separatrix
position of several centimetres can result in 50 % error in the magnitude of quantities
measured at this location [13]. The issue of exact separatrix location at the OMP is
not native only to tokamak COMPASS, but has been dealt with on other machines
as well [14]. One of the ways to help solve this issue is to rely on the 2PM, as it
allows its user to calculate the upstream temperature from the target temperature
and several other quantities, such as power entering the SOL or the magnetic field
line length. If a temperature profile measurement is available then, finding this
upstream temperature on it yields the separatrix position. It follow from this that
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carrying out the analysis in this thesis with upstream just outside the separatrix
allows not only discussion of the SOL transport regime, but also an estimate of the
separatrix position.

Finally, there is one more ambiguity regarding the location of target — the choice
between the inner and the outer divertor target. In experiments conducted on other
machines, both choices have been viable [14]. When choosing the OMP as upstream
(which is the traditional decision when applying the 2PM), the inner target is mag-
netically more distant from upstream than the outer target. This implies a greater
temperature drop toward the inner target and an earlier onset of the conduction-
limited regime, where the magnetic field line length is sufficient to carry large tem-
perature gradients and the target plasma is cold and dense. It has been, indeed,
observed in experiment that the inner target can reach detachment (an extreme case
of the conduction-limited regime where pressure and power losses near the target
reduce the temperature to a few eVs) before the outer target. This provides an
implicit validation of choosing the OMP as upstream and illustrates the possibility
to analyse both the inner and the outer target using the 2PM. In the conditions of
tokamak COMPASS, however, analysis of the inner target is not feasible. The rea-
son is the inferior quality of temperature measurements in this part of the divertor,
as the new divertor probe array routinely measures negative temperatures here. It
is still under discussion whether this is an effect of magnetic shadowing due to tile
misalignment or something else. The lack of a good explanation means that the
inner divertor target is unusable for 2PM analysis. As a result, this thesis only uses
one target location - the outer strike point.

This concludes the discussion concerning where upstream and target in the 2PM
applied to COMPASS experimental data should be located. Upstream is at the
outer midplane, just outside the separatrix, while target is at the outer strike point.
The only issue left is to establish the 2PM geometry between these two points.

Upstream and target, lying on a single magnetic field line, are said to be connected
via a flux tube. The actual perpendicular dimensions of this tube do not matter in
the 2PM, but when applying the model to experimental data, they are estimated
using the typical radial and poloidal spatial scales. These are the heat flux SOL
width A\, and the quantity 47TR8€]D%, respectively. For more details about
these quantities, refer to section 3.1.4. While in experiment flux expansion causes
the flux tube cross-section area to change along its parallel coordinate s, the 2PM
neglects this variation and asserts the flux tube as having a constant, arbitrary
cross-section area. This transformation is called straightening out the SOL and it

is often used when modelling SOL transport [7].

The geometry of the 2PM is now set. The model space consists of two places,
upstream and target, which are connected via a flux tube following a magnetic field
line. Next, the principal assumption of the 2PM will be defined.
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1.1.2 The principal assumption of the two-point model

Stangeby names pressure and power conservation as the two main assumptions of
his 2PM [8], yet these can be further distilled to obtain the principal assumption
of the 2PM: The flux tube is a closed system in steady state, with power
entering solely at upstream and leaving solely at target. I will discuss this
assumption in parts.

The term “closed system” is used in contrast to an isolated system (which does not
exchange energy nor particles with its surroundings) and to an open system (which
can exchange both), meaning that a closed system can exchange energy with its
surroundings, but not particles. This lack of particle transport is not completely
physically unreasonable — plasma at the upstream location can be in immediate
pressure balance with the surrounding plasma. The lack of pressure gradients in
all directions would then imply little to no particle transport. Meanwhile, plasma
particles neutralised at the target may be assumed to be quickly released again and
re-ionised at the same spot, keeping the sum of charged particles in the flux tube
constant. Thus, particle balance in the entire flux tube can be achieved.

The assumption of steady state is self-explanatory, as the 2PM was developed to
describe tokamak plasma equilibrium.

The last part of the principal assumption demands that no power is injected into
the flux tube except at upstream and that the entirety of this power travels down
the flux tube without any losses to be exhausted completely at target. The mean
of upstream power injection is unspecified and arbitrary in the model, but target
power exhaust is specified later in the derivation to be via the electric sheath, which
forms around any solid conductor in contact with plasma [15]. The requirement of
no power losses or gains, as well as no particle losses or gains along the flux tube
translates into the lack of any perpendicular transport. This corresponds to ideal
magnetic confinement, where drifts, turbulence, and particle collisions do not cause
particles to leave their magnetic field line.

Next, the three main consequences of the principal 2PM assumption will be derived:
pressure balance, conductive heat transport, and power balance.

1.1.3 Consequences of the principal assumption

To repeat, the flux tube is a closed system in steady state, where energy enters only
at upstream and is exhausted only at target. This assumption can be unfolded again
to obtain the core properties of the 2PM as listed by Stangeby: pressure balance
and power balance. These relations together with conductive transport, which is a
consequence of pressure balance, form a basis for the three equations of the 2PM.

To obtain pressure balance, consider the following. If the flux tube does not accept
nor release particles, then all the particle motion must occur within it. However, as
the connection between upstream and target cannot support circular flows, the flow
of particles must be either one way or the other. If this were the case, however, and
there existed a steady particle flow from one end to the other, then particles would
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accumulate at the latter end, breaking the assumption of steady state. Therefore,
there can exist no particle flow within the flux tube and the plasma must be stag-
nant. It follows that there can be no total pressure gradient along the flux tube,
as this would inevitably act as a drive for particle flow. The magnetic component
of hydrodynamic pressure force, j x B, is zero as the flux tube copies a magnetic
field line. Thus only plasma pressure p remains (as the sum of the static and the
dynamic part), and this is of the same value at upstream and at target.

Pu = Pt

Next, the necessity of conductive heat transport will be shown. Heat transport
generally has two parts: convective, which is proportional to the plasma velocity, and
conductive, which is proportional to the temperature gradient. The plasma velocity
is zero as shown in the previous paragraph, and thus there can be no convective
transport and the transport is purely conductive, obeying the law of diffusion,

q = —kVT,

where ¢ is the parallel heat flux [Wm™2|, k is the thermal conductivity and T is
expressed in eV. Generally, both ions and electrons contribute to this heat flux, trans-
porting heat according to their respective gradients and conductivities. However, as
conductivity is inversely proportional to particle mass, electron conductivity is much
higher than ion conductivity, and the ion contribution to the total heat flux ma
be neglected. Using Spitzer’s formula for electron heat conductivity, k = Ko T2
where ko, = 2000 for electrons (kg; = 60 for ions) 7], we obtain the heat conduction
equation in its differential form,

dT.,
ds

where s is the distance along the flux tube. Due to the assumption that no power
leaves the flux tube and the flux tube cross-section area is constant along the flux
tube, the heat flux ¢ is also constant, allowing for integration from upstream (s = 0)
to target (s = L). The symbol L is then called the flux tube length or the connection
length.

S e

— I gs = o1,
KRoe ‘ ‘

_akb _2 <T7/2 _ T7/2)
Koe 7 e,u et
After rearranging the terms, the heat conduction equation in the integral form is
obtained. L

772 = 77?4 LA (1.1)

— t
e,u e, 2 Koe

The final consequence of the 2PM is power conservation — all power that enters
at upstream leaves at target. Writing power as P = qHA” where A” is the cross-
section area of the flux tube and recalling that this was defined to be constant in
the geometry section, one can write:

Q= q)it
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1.1.4 The final form of the two-point model

The three current equations,

Pu = Pt
7qL
TR =TI+ 5
’ 2 Koe
dlu = 4t

are in the form most fitting to verify if the principal assumption of the 2PM is valid
in experimental data. However, they are not suitable for making any predictions.
In order to do this, the pressure p and the heat flux ¢ must first be written using
plasma parameters such as density n, temperature 7', and so on. With this goal in
mind, several additional assumptions are made in the basic 2PM.

Firstly, impurity content is considered to be zero and the plasma is assumed to
consist of pure deuterium. This means that ion mass is equal to the mass of a
deuteron, given in the appendix A.

Secondly, Bohm criterion is assumed to hold. This criterion describes the plasma
potential drop in front of an electrically floating conductor in contact with plasma,
attributed to the absorption of the more mobile electrons. The resulting potential
relative to the electric ground is called the floating potential Vy;, and it consists of
a contribution from the plasma potential and from the electron temperature. This
potential drop creates an electric field in a region called the sheath, where ions are
accelerated toward the conductor and electrons are repelled. The resulting current
is ambipolar, with an equal contribution from ions and electrons, making the net
current zero.?2 A small portion of the electric field extends even beyond the sheath,
whose characteristic length is the Debye length, into the so-called electric pre-sheath.
This potential drop accelerates ions to the sound speed,

o — e(Tiv+T.y)
s — m; +m, ;

at the sheath entrance (the temperature is, as everywhere in this thesis, given in
eV). The sheath then exhausts power from the incident plasma at the rate

qt = Z ’Yaent,aﬂ,acs,t
o€le,i]
where 7, is the sheath heat transmission coefficient of species o.

The third and final additional assumption of the 2PM is thermal equilibrium between
ions and electrons, T, = T;.

Together these additional assumptions provide the relationships

Ne="N; =N (1.2)

2The actual divertor tiles of tokamak COMPASS are not floating, but grounded. It is possible
that this affects the measurements of probes (which are, themselves, floating), by influencing the
plasma potential near the divertor target and causing E x B drifts which distort probe measure-
ments. More information is given in section 2.1.1.

22



T,=T,=T (1.3)

m; = mg = 3.343 x 107* kg (1.4)
2eT;

= Cst = 1.5

Ve = Cat m (1.5)

qe = veniTicgy (1.6)

where v = 7 |7] is the total sheath heat transmission coefficient. Notice that the
consequence of the Bohm criterion is that the target plasma velocity is non-zero.
The sheath is considered to take up a negligible part of the flux tube length, so this
does not influence the transport character further upstream. In fact, as shown by
Stangeby |[7], plasma velocity may be non-zero in a considerable part of the flux
tube without affecting the 2PM significantly.

Using relations (1.2)-(1.6), the 2PM equations may be rewritten. Pressure, consist-
ing of the static and the dynamic part for ions and electrons,

p= Z (pstat,a + pdymg) = Z (enT + mgnvﬁ)

o€le,i] o€le,i

is purely static at upstream due to zero plasma velocity. Thermal equilibrium then
causes the two terms in static pressure to add up,

Pu = 2en,15,.

The target pressure consists of both the static and the dynamic part. The electron
dynamic part is small compared to the ion part because of the electron mass factor,

and it may be neglected. Then, using ¢, = \/2€T};/m;,

Py = Z (enyTy) + mmtcg’t = 4den,T;.

o€le,i]

Since q|, = q|; and the subscript does not matter, it is left out and the heat flux is
denoted simply g, giving

q = veniTicsy

Collecting all three equations (and reducing the pressure equation of the factor 2e),
the basic 2PM is obtained:

nydy = 2n1
T7/2 — T7/2 + ZM
u t 2 Koe

q = veniLicsy
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1.2 Application of the two-point model

In this section, the 2PM derived above will be discussed. In particular, I will be
interested in its application to the COMPASS tokamak as a predictor of plasma
parameters which are difficult to control in experiment.

The basic 2PM as framed above relates the upstream and target plasma parameters
(v, Ty ne, Ty) using the parallel heat flux g, the flux tube length L, and several
constants. For predicting the parameter values, however, formulas for individual de-
pendent variables as determined by independent variables is much more convenient.
This is why the usual conception of the 2PM involves considering the upstream
density n,, the heat flux g, and the flux tube length L as control variables, while
the other three (n;, T3, and T,,) are dependent. The reason for this particular choice
is that n,, ¢|, and L may be (to some extent) controlled in a tokamak experiment.
Upstream density n,, is proportional to the line-averaged electron density 7., which
is controlled by fuelling. The heat flux ¢ = Psor/A) is proportional to the power
crossing the separatrix, which in turn is determined by the total heating power. Fi-
nally, the flux tube length L depends on the magnetic equilibrium geometry, which is
controlled by the toroidal magnetic field By, the plasma current I, and the currents
in the shaping coils. The control mechanisms are not linear and achieving differ-
ent parameters usually demands an experienced tokamak operator, but controlling
Nu, q|, and L is still more straightforward than controlling, for instance, the target
temperature.

To obtain formulas for the individual dependent variables, the quantities must first
be extracted from the 2PM equations. This is a somewhat complicated task, as the
heat conduction equation includes three non-linear terms. The step usually taken
here is to assume a substantial temperature drop along the flux tube (the conduction-
limited regime), implying T2 > T:/ ® and neglect the target temperature term.
In many larger tokamaks this assumption is legitimate, since T, = T, /2 is sufficient
to reduce T:/ t0 9 % of T./* thanks to the large exponent 7/2. In the conditions
of tokamak COMPASS, however, temperature drops are usually much smaller than
one half. In other words, when COMPASS values are used (section 3.2.2), the term
%% in the heat conduction equation is small compared to the other two. Since
the formulas derived here ultimately serve to explore these very conditions, T, ~ T;
must be assumed and the common neglection of 7T} is impossible to carry out.

Let us now derive the exact solution of the 2PM for T}, n;, and T,. The easiest
variable to extract from the three 2PM equations is 7;. (For the complete derivation,
refer to appendix B.) One may combine the equations to obtain a quasi-cubic
equation of the form

2+ Br—A=0

A= <q| (2m1>1/2> " )

Y, e3/2

where

_ 7qHL
2:‘4,06 ’

B and
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T = Tt7/4.

This equation has two complex roots and one real root, which can be calculated
analytically. The resulting expression for 7; is somewhat complicated when written
down, (B.8), but its numerical calculation is straightforward. With 7; known, the
rest of the dependent variables are easy to work out. The upstream temperature 7,
follows directly from the heat conduction equation,

7 L 2/7
T, = (TZ/2 + —‘ZL> . (1.7)

2 RQe

Notice the exponent 2/7. This causes the upstream temperature to be remarkably
insensitive to the control variables variation. Or at least - it is insensitive as long
as the heat flux term is significant compared to T:/ ®. The target temperature is,
in contrast to the upstream one, quite sensitive to the control parameters [7], so
if T,, = T;, the upstream temperature varies just as quickly as T;. Indeed, it is
shown for tokamak COMPASS, where temperature differences between upstream to
target are typically small, that for the outer strike point 7;, = 20-80 eV across the
entire operational space (figure 1.2). Thus one has to be careful before applying the
common practice [16] and assuming a static value of T, across all discharges in a
small tokamak device such as COMPASS.

Knowing now the upstream and target temperatures, the target density n; follows
from the pressure balance equation,

nuTu

2T,

Thus all three dependent quantities can be precisely computed from n,, g, and L
using the 2PM.

ng =

1.2.1 SOL transport regimes

For the operation of a fusion reactor, which requires very high temperatures in its
core, it is desirable to induce a large temperature drop from upstream to target. A
low target temperature reduces physical sputtering, which can otherwise erode the
target material and contaminate the plasma with impurity atoms, it lowers the risk
of melting and other phase changes, and prolongs the divertor lifetime. It is one of
the great achievements of the 2PM that it can be used to predict this temperature
drop from the values of n,, T,, and L. In this section, the process of deriving
the key parameter of SOL transport, collisionality, will be shown and two SOL
transport regimes will be defined: the sheath-limited regime and the conduction-
limited regime.

To begin, we define the temperature gradient factor:

Lu

T,

This factor serves simply to put the term "temperature drop" into numbers. In the
classical derivation which I follow here, f; > 3 and fr < 1.5 are used as the criteria

fr =
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for a high and low gradient, respectively |7]. This corresponds to T:/ ? being 2%
(negligible) and 24 % of T (not negligible), respectively. Stangeby then calculates
the value of fr using the 2PM equations and arrives at the following expression:

Ny L dKoe 172 ( —7/2
= — 1-— ) 1.8
T2 Tyecsy T Jr (1.8)

On the left-hand side (LHS) appear only upstream quantities and the flux tube
length, while on the right-hand side (RHS) appear only constants and fr itself, with
cs0 denoting the sound speed for T' = 1 eV. There are three reasons for employing 7,
here rather than the control variable gj. One is that, as stated previously, in devices
with a large temperature gradient the value of T}, is not very sensitive to any of the
control variables. The second reason is that the expression ”T“EL has an immediate
physical meaning - it is the mean number of collisions that a particle undergoes along
the way from upstream to target, times 10'. This follows from the fact that particle
mean free path can be expressed as A = 10972 /n |7]. Finally, a similarly defined
collisionality is one of the dimensionless parameters which naturally emerges in the
core plasma modelling [17]. This shows that collisionality is physically important
for plasma physics as a whole. For these three reasons, it is convenient to leave T,
in the expression rather than to substitute it with gj.

The LHS of equation (1.8) can now used as a basis for defining a more compact
parameter corresponding to the temperature gradient size: the plasma collisionality

o _ 1no16Nul
The factor 10716 reduces the collisionality value to a sensible number: fr = 3

corresponds to v* = 15, fr = 1.5 to v* = 10. More importantly, thus defined
collisionality is directly equal to the mean number of collisions between upstream
and target,

The following table sums up the transformation from fr = T, /T; to the plasma
collisionality.

small gradient fr <15 "T“QL <1x10'7" | v* <10

significant gradient | fr >3 "T“QL > 1.5 x 1017 | v* > 15

When temperature gradients are small and collisionality v* < 10, we say that the
SOL in the sheath-limited regime. Conversely, when great temperature drops arise
and v* > 15, we speak of the conduction-limited regime. The names of these two
SOL transport regimes come from the dominant physical processes involved. For
low collisionalities, particles do not collide many times before reaching the target,
and so they are predominantly affected by the electric field of the pre-sheath and
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the sheath, thus the sheath-limited regime. On the other hand, at high v* collisions
affect the particles more than the electric field and the transport is dominated by
heat conduction, thus the conduction-limited regime. It is good to remind here
that the low target temperatures of the conduction-limited regime do not imply any
momentum or power losses. The low T} is compensated for with high n; so that
the total pressure remains constant. Naturally, in experiment sufficiently low 7T} will
cause ion-neutral and other interactions to disperse plasma energy and momentum,
however, the original definition of the conduction-limited regime entails no losses in
accord to the original 2PM assumptions.

In reactor conditions the target temperature should be as low as possible, which is
why there have been efforts to control the value of SOL plasma collisionality. From
its definition one sees three ways to increase v*: increasing the upstream density n,
(for example by increased fuelling), increasing the flux tube length L (for example
by moving the X-point further from the divertor), and decreasing the upstream
temperature T, (for example by reducing the heating power). Each of the parameters
has a certain range in a tokamak device, depending on its operational space. For
instance, the density is limited by the Greenwald density limit; if overstepped the
plasma becomes unstable and prone to disruptions. The COMPASS tokamak, with
R = 056 m and L ~ 10 m, is a relatively small-sized machine. The question
of this thesis is if it can achieve sufficient collisionalities to enter the steady-state
conduction-limited regime despite its size.

1.2.2 Two-point model predictions for tokamak COMPASS

In this section, values of plasma collisionality will be predicted for COMPASS using
the 2PM. It is, however, important to keep in mind that these predictions are based
on assumptions that may not hold in an actual tokamak, such as the lack of radial
transport and convective parallel transport in the SOL. Therefore, they must be
taken with a grain of salt.

Figure 1.2 shows the 2PM predictions for fr, Ty, T;, and v* within the COMPASS
operational space. (To see the actual operational space, refer to section 3.2.1.)
L = 5.3 m was used as the flux tube length, the value obtained by magnetic field
line tracing from the outer midplane to the outer strike point. The figure shows
that in a large part of the parameter space, the outer target collisionality does not
exceed 15. There is, however, a window at high densities n, > 2 x 10 m=3 and
low heat fluxes ¢ < 10 MW.m~? where the outer target is predicted to enter the
conduction-limited regime. The characteristic temperature drops will be sought in
the experimental part of this thesis using the electron temperature measurements
of several diagnostics.

Figure 1.3 shows the same situation for the inner strike point, where L = 14.6 m.
Thanks to the larger connection length the conduction-limited conditions encompass
a broader range of parameters, n, > 1 x 10" m™ and ¢y < 15 MW.m 2. In the
T, plot, the characteristic 2/7 insensitivity can be seen - from a certain density on,
n, has little effect on T, while the g dependency grows weaker and weaker. It
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Figure 1.2: 2PM predictions for the COMPASS outer strike point (L = 5.3 m)

the temperature gradient factor fr, the upstream and target temperatures, and the
plasma collisionality v*.
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Figure 1.3: 2PM predictions for the COMPASS inner strike point (L = 14.6 m)

the temperature gradient factor fr, the upstream and target temperatures, and the
plasma collisionality v*.
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is apparent that the conduction-limited regime is reached more easily on the inner
target, unfortunately, this location lacks sufficient probe coverage as the new divertor
array usually measures negative temperatures there. This is why the analysis in this
thesis will be carried out only for the outer target, which offers a smaller window of
opportunity to enter the high temperature drop SOL regime.

From the basic 2PM, the SOL transport regime for COMPASS follows as mostly
sheath-limited, with a window at high densities and low heat fluxes where both
targets enter the conduction-limited regime. Yet the reality may not be this simple.
Many of the effects which the basic 2PM specifically rules out, such as power losses
from the flux tube, may lower the experimental value of T}, resulting in a greater
temperature gradient than the model predicts. On the other hand, however, there
are also processes forbidden in the 2PM, such as convective heat transport, which
affect the edge plasma by flattening the temperature gradient. All in all, comparing
the computed temperature drops to experimental temperature drops is needed to
assess the SOL transport regimes of tokamak COMPASS.
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Chapter 2

Diagnostics of tokamak COMPASS

This chapter introduces the diagnostics providing data for this thesis. Among them
the most prominent are the electron temperature diagnostics, which come to a total
of five: the horizontal reciprocating probe (HRCP) [18], the vertical reciprocating
probe (VRCP) [19], the Thomson scattering diagnostic (T'S) [20], the old divertor
probe array [19], and the new divertor probe array [21]. Each of these diagnostics is
located at a different place in tokamak COMPASS, both toroidally and poloidally
(Fig. 2.1 and 2.2). In the theory chapter the 2PM and the SOL transport regimes
were introduced; in the experimental chapter they shall be researched mainly by
comparing T, profiles measured at various positions in the tokamak.

It is not only the position of the measurement that differs between these five diag-
nostics, but typical temporal and spatial resolution of each diagnostics is also dif-
ferent, as summarized in Tab. 2.1. Since this work deals mainly with steady-state
quantities, the sub-microsecond resolution of the probe diagnostics is not utilised
and, unless otherwise noted, the measured temperature is averaged over time scale
of several milliseconds that is significantly longer than the autocorrelation time of
temperature fluctuations. Further details on arrangement and parameters of the
COMPASS diagnostics can be found in overview papers [22| [19] and references
therein.

T, diagnostic Aspace | Aspace,mapped Atime
HRCP 1 mm? — 0.2 us
VRCP 1 mm! 1 mm! 0.2 ps

old divertor array | 4-5 mm 0.3-1 mm 0.5 ms
new divertor array | 3-4 mm | 0.1-0.7 mm 0.25 ps
TS 3.6 mm 1.2-1.9 mm | 8 ms, 16 ms?

Table 2.1: The spatial resolution and time resolution of the 7, diagnostics used in
this thesis. Agpacemapped refers to the spatial resolution after mapping onto the OMP.

I Refer to section 3.1.2.
2 The TS diagnostic was upgraded in 2017, increasing the laser pulse rate two-fold. [20]
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2.1 Electron temperature measurements

There are three physical methods of measuring electron temperature employed in
this thesis. Firstly, the HRCP, the VRCP, and the new divertor probe array all carry
floating ball-pen probes (BPPs) and Langmuir probes (LPs), whose potential differ-
ence is directly proportional to T, [24]. Secondly, the old divertor probe array uses
swept Langmuir probes to measure their /- characteristic which is then processed
using the first-derivative probe technique [25]. Finally, the Thomson scattering di-
agnostic measures the Thomson scattering of laser photons in the plasma and infers
the temperatures from the detected scattered spectra [26]. T will go further only
into the probe measurements because a substantial inconsistency between the old
and new divertor probe arrays is found in the experimental part and a theoretical
background is needed in order to perform a discussion. For further details on the
use of Langmuir probe sweeping and Thomson scattering on tokamak COMPASS,
refer to [27] and [28].

2.1.1 Probe measurements of the electron temperature

This section will provide a simple theoretical background for 7, measurements using
the BPP-LP method. After introducing the probes design and operation, data
interpretation will be discussed.

In plasma physics, Langmuir probes are one of the most commonly used diagnostics.
Their distinctive feature as a diagnostic is that designing, manufacturing, and using
a LP is very easy, but interpreting the data can be extremely difficult [29]. From
the LP schema in figure 2.6, one can see that the probe consists only of a conductive
(here graphite) pin, which is insulated from the probe holder and connected to a data
acquisition system which reads its potential and current. The [-V characteristic of
the Langmuir probe (Fig. 2.7), on the other hand, can change shape substantially
depending on plasma conditions [30]. It is sensitive to, for instance, the electron
velocity distribution function, which can be resolved using the first-derivate probe
technique, the plasma composition, or the presence and frequency of RF waves. This
illustrates that LP data must always be used with careful consideration of what they
might mean. With all that said, the ion branch of the characteristic is still typically
represented by the ideal I-V characteristic |7]:

Vias -V
I = [sat,i (1 — exXp bel) s (21)

where [ is the current measured when the bias voltage Vj;,, is applied on the probe
and /4 ; is the ion saturated current.

The simplest measurement which can be performed by a LP is the measurement of
its floating potential, V. In this regime, the probe is electrically insulated from the
vacuum vessel and plasma particles are allowed to charge it until a current balance
between electrons and ions is achieved. The floating potential follows the formula

Vfl = — (l/Lp,I'e7 (22)
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where ® denotes the local plasma potential and app = 2.8 [7] is a coefficient de-
pending mainly on the probe geometry, plasma composition, and the magnetic field
[31]. Here it was evaluated for cylindrical Langmuir probe in deuterium plasma and
T; = T,. LP floating potential measurement makes up one half of T, measurement
using the BPP-LP technique.

The ball-pen probe, figure 2.8, is, in essence, very similar to the Langmuir probe.
The key difference is that while a LP usually protrudes from the surrounding material
to be in direct contact with plasma, the BPP pin is sunk below the surface, hidden
in a ceramic shielding tube. This should, in theory, prevent a large part of electrons
from reaching the pin due to their small Larmor radius. Ions, in contrast, can
still impinge on the pin, raising the ratio of ion to electron current to, ideally,
unity [32]. Even though this intuitive explanation is somewhat oversimplified and
numerical particle-in-cell simulations show that plasma particles are transported
towards the collector with significant contribution of ExB drifts created by self-
consistent electric fields forming inside the shielded tube [33], the real transport
mechanism still leads to the suppression of the electron current reaching the collector.
This suppression affects the a coefficient in Eq. (2.2) of such a pin, as it obeys the
relation

sat,e
a=In—">=—

[sat,i
where I .. and Is; are the electron and ion saturated currents, respectively. If
Isat.e = Isati, then o = 0 and the floating potential of the pin is directly equal to
the plasma potential ®. In experimental measurements performed on ASDEX [34],
this coefficient was found to be agpp = 0.6 £ 0.3. Thus the ball-pen probe floating
potential is very close to, though not equal to, the plasma potential ®.

Electron temperature measurement on both the reciprocating probes and the new
divertor array is based on the fact that ayp # agpp. All three of these diagnostics
contain a number of floating ball-pen and Langmuir probes located close to each
other, so that one may infer the electron temperature from their voltages as

~ Vasrp —Vap

T, (2.3)

&rp — &ppp

For both of the reciprocating probes, ayp — appp = 2.2 [18], while on the divertor
the I-V' characteristics give arpgiv — @pppaiv = 1.4 due to the different geometry
of the LPs [21].

The BPP-LP method, in comparison to sweeping the LP to obtain the /-V charac-
teristic and determining the temperature either by fitting the ideal characteristics
(2.1) or by the first-derivative probe technique, has both advantages and disadvan-
tages. While the time resolution of the latter method is limited by the sweeping
frequency, T, computed from Vy gpp and Vy 1 p has the same sampling frequency as
the two voltages. In the conditions of COMPASS, for instance, one data point from
the old divertor array corresponds to 2,000 data points from the new divertor array.
This allows the BPP-LP method to investigate plasma turbulence, ELMs, or fast
plasma shifts. Both of the methods, however, contain inherent errors. The BPP
and LP measurements physically cannot be carried out at the same place, which
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Figure 2.10: Comparison of 7, and V}; measurement of the old and new COMPASS
divertor probe array. The shaded area represents standard deviation of temperature
fluctuations. Discharge #15976.

introduces errors due to presence of finite electric fields and spatial gradients of 7},.!
On the other hand, the sweeping method needs some time to collect enough data
for the I-V characteristic, thus suffering from not sampling at one time instant,
which brings problems due to large sensitivity of the fit on distortion of the I-V
characteristic by temporal fluctuations of plasma parameters. An interesting issue,
explored in [35], is that the BPP-LP method is not able to differentiate between
a single and a bi-maxwellian electron velocity distribution, instead measuring the
higher temperature of the two. Conversely, interpreting the I-V characteristic using
the first-derivate probe technique employed in the old divertor array, bi-maxwellian
distribution can be detected and measured. On the whole, however, when interested
in temperatures averaged over a long time period, there should not be a substantial
difference in the electron temperatures measured by the two methods.

Thus it was quite a surprise that after the new divertor array was installed in 2016, its
T, was found to be systematically higher than that of the old divertor array, figure
2.10. Floating potentials of the two arrays are also not the same, with the new
divertor array giving more negative Vy and thus measuring a higher temperature as
Eq. (2.3) dictates. The reason for the discrepancy has not been fully resolved yet,
but a significant role may be played by non-axisymmetric non-ambipolar electric
currents flowing into the divertor.

The issue of anomalous divertor LP measurement was examined already at the
previous COMPASS installation site, Culham, UK, where distortions of electron
density profiles were observed which changed significantly upon reversing Br [36].

IThis is not an issue in the measurements studied here. The divertor probes are spaced in the
toroidal direction only (Fig. 2.3), measuring due to shallow incident angle of the magnetic field
at two very close field lines. The pins on the reciprocating probes (Fig. 2.5) are spaced mainly
poloidally and any perturbations of the measurement due to non-homogeneous temperature or
potential field will be averaged out to zero during time averaging, assuming the mean temperature
and potential are poloidally symmetric.
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The article offered the explanation that the parallel thermoelectric and Pfirsch-
Schliiter currents may be responsible for changing the plasma potential, and thus
forming electric fields that drive particles in various directions via E x B drifts.
The drift direction depends on the position relative to the strike points, and so the
oscillating drift profile distorts the 7, Vy and n. profiles in a manner not unlike
the "teeth" measured by the new divertor array on the current COMPASS (Fig.
2.10). Indeed, currents of the same direction and magnitude as in [36] were found
on tokamak COMPASS, figure 2.9. Change of plasma and floating potential due
to the presence of parallel SOL currents is described in more detail in [37], where
the authors show on the case of DIII-D that even for moderate L-mode conditions
the perturbation of the floating potential can reach more than 100 V. This adds
to the credibility of explaining the V}; and T, profile distortion, possibly including
also the negative temperature on the HFS, with non-ambipolar currents flowing into
the grounded divertor. However, since there is currently no theory that could be
used to assess effect of the parallel currents on the ball-pen probe measurements, a
definitive conclusion cannot be drawn.

Assuming that the parallel currents are responsible for distorting the temperature
and floating potential measurements at the divertor, however, brings new questions.
Why do the currents affect the two probe arrays in a different way? Is it because
the COMPASS tokamak is toroidally asymmetric, with the slight misplacement of
the central solenoid playing a role? Is it possible to remove the effects of the parallel
currents and retain the original profiles of electron temperature? If such a correction
is possible, will the resulting profile be consistent with the old, or the new array?
Answering these questions is outside the scope of this thesis, but the issue will
be addressed in another, unique way. Measuring electron temperature with five
different diagnostics offers the opportunity to perform various comparisons. For
instance, using the 2PM it is possible to calculate the temperature drop along the
flux tube, meaning that T, can be inferred from a known 7;. Finding this 7}, on the
upstream temperature profile will then, in turn, yield the separatrix position. This
separatrix position can then be compared with the magnetic reconstruction results
or with the location of the velocity shear layer, providing a validation for the initial
T;. In this manner, the discrepancy between the old and the new divertor probe
array will be addressed in section 3.1.4.

2.1.2 Other quantities inferred from probe measurements

Using three spatially close probes, a ball-pen probe, a floating Langmuir probe,
and a Langmuir probe in the [, regime, it is possible to measure the following
quantities:

Vepp — Vi

e clectron temperature T, = )

o

]satTe

e clectron parallel heat flux ¢ =~y T
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e clectron pressure p. = en.1.,,

e clectron density n, =

where v = 7 is the sheath heat transmission coefficient for deuterium plasma, no
secondary electron emission and T, = T; [7], A is the effective probe collecting area,
e is the elementary charge, and m; is the deuteron mass. The ions charge is taken
as Z = 1 and a = 2.2 and 1.4 for the reciprocating probes and the new divertor
array, respectively.

The value of the effective probe collecting area deserves special attention. In the
case of T; = 0 eV, A would be just the area of the geometrical projection of the pin
onto the magnetic field. However, since T; in the SOL is comparable or even larger
than 7. [A. Dvornova, Master thesis 2016|, ion Larmor radius has to be taken into
account. Recently, a comparison of the density derived from the HRCP using the
formula above, results of particle-in-cell simulations, and the density measured by
the Lithium Beam Emission Spectroscopy diagnostics was performed for the geome-
try of the COMPASS probe head shown in Fig. 2.5 [A. Podolnik et al, submitted to
PPCEF|. The effective collection area was found to be by a factor of g4 = A/A, = 3-7
larger than a simple geometrical projection (one side) of a cylindrical pin A, = dh,
where d = 0.9 mm and A = 1.5 mm is the diameter and height, respectively, of the
Langmuir pins used on the COMPASS probe heads. Since the ratio S/A; = 3.6,
where S is the full surface of the pin S = wd(h + d/4), is well within this range, for
simplicity the pin collecting area will be assumed equal to the full surface of the pin,
Aprep = S = 4.9 mm?. For the new divertor probes Ay, = 2.8 mm? are taken from
[21]. Discussion of the impact of the rather large uncertainty in A, which influences
absolute values of the measured density and parallel heat flux both on the midplane
and divertor, on the results of comparison of divertor and midplane profiles will be
presented in section 3.2.3.

Another possible source of error in calculating the listed physical quantities is the
value of the sheath heat transmission coefficient v, which depends on the unknown
ratio 7; /T, and on the magnitude of the secondary electron emission [38|. Even
though recently a very good match was found between the parallel heat flux from
the new divertor array (using v = 7 and Ag;, = 2.8 mm?) with an independent
measurement of the heat flux by an infra-red camera [21], this in principle fixes
only the ratio 7/Ag4, and not the value of v itself. The uncertainty in Ay, can
be rather large, as discussed in the previous paragraph. In general, experimental
measurements of are 7 are rare and give rather large uncertainties [38].

For the data analysis in this thesis, only average values of the measured quantities
are needed. Thus every profile from HRCP and VRCP drawn and processed here
is smoothed using a lowpass filter with the cut-off frequency 200 Hz. This specific
frequency is a compromise between preserving the profile shape and filtering out the
sawtooth oscillations, whose typical frequency is 500 Hz. As discussed in detail in
section 3.1.2, this means that the spatial resolution of the processed profiles is 1-2
mm.

38



Chapter 3

Experimental data analysis

In this chapter, the data measured on tokamak COMPASS will be discussed within
the frame of the two-point model, aiming to investigate the SOL transport regimes
that this tokamak may enter. The primary tool will be to compare radial electron
temperature profiles, which are drawn from five experimental diagnostics and from
the 2PM, where experimental g, n,, and L serve as input data. From collisionality
and temperature drops along the field line, both in the experiment and in the model,

the SOL transport regime of tokamak COMPASS will be inferred.

This chapter is divided into two parts. The first one is concerned with correcting
the systematic errors in the magnetic equilibrium reconstruction and the second one
contains the T, analysis described above. The issue of mapping, which the first
part covers, is vital for any SOL profile analysis. The reason is that any profile
comparison must be made on a common x axis, which is commonly chosen as the
R coordinate at the OMP, meaning that any measurement carried out elsewhere
must first be mapped onto this location. The only mean of mapping available is the
magnetic equilibrium reconstruction programme, EFIT++ on COMPASS, which
has been known to displace the OMP separatrix by 1-2 cm. Unfortunately, when
dealing with regions of such steep gradients as near the OMP separatrix, 1 cm is a
lot. Displacing a mapped profile by this amount can render any comparison of it
worthless. To give an example, in figure 3.1 four 7T, profiles are plotted using only
the uncorrected EFIT mapping.! The HRCP profile (red) was measured on the
OMP, so it is considered spatially accurate. Considering the fast thermal transport
along field lines, it is obvious that T, = 20 eV measured on the OMP is inconsistent
with T, = 1 eV observed on the same magnetic surface on the top of the plasma. It
is apparent that even though EFIT considers these two points to be magnetically
connected, in reality this is not so and a correction is needed to the mapping before
any profile comparison is perfomed. This is the reason why a section investigating
the OMP separatrix position must precede the actual SOL transport analysis.

Unfortunately there is no discharge available in the COMPASS database where all five T,
diagnostics were measuring at once.
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Figure 3.1: T, profiles from HRCP, VRCP, TS, and the new divertor array, mapped
with EFIT++ onto the OMP without any correction. Discharge #15497, D-shaped
plasma.

3.1 Separatrix position on the OMP

The magnetic equilibrium reconstruction programme EFIT++ has been known to
display a systematic error in the exact location of the separatrix. This error seems
to change with the poloidal angle, reaching a maximum at the OMP where the mea-
suring magnetic coils are the furthest from the plasma, resulting in an uncertainty
greater than at the divertor or at the plasma top. However, while this should cause
only a random error in the equilibrium reconstruction, there is also a systematic
shift which depends, most notably, on plasma shape. In my Bachelor’s thesis [39] I
showed that the position of the velocity shear layer (VSL) E, = 0 as measured by
the HRCP is shifted from the EFIT R, on average by —0.5 cm for circular plasmas
and 2.5 cm for D-shaped plasmas. Here I expand this analysis in several directions.
Firstly, the statistical set is larger since tokamak COMPASS has performed approx-
imately 6000 discharges over the last three years. Secondly, beside the VSL position
on the OMP I also employ other means of estimating the EFIT systematic error,
namely:

e manually shifting the VRCP T, profile mapped to midplane so that it lies on
top of the HRCP T, profile, assuming zero temperature gradients along field
lines in the near SOL

e shifting the profile so that HRCP and VRCP VSLs overlap

e shifting the profile to overlay the boundary between the near and far SOL
(obtained by fitting the HRCP and VRCP T, profile with a double exponential)

e calculating T, from the 2PM (using Psor, L, and T; or n,(R) as input, refer
to section 3.1.4) and finding its position on the HRCP profile to obtain the
separatrix position

The issue of the exact separatrix position has already been covered on many toka-
maks [13|[14][40]. There is a number of proposed methods for finding the magnetic
separatrix, or at least correcting the systematic error of the magnetic equilibrium
reconstruction, such as:
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e The separatrix lies just outside of the location where the T, gradient is the
largest, with the exact distance related to the T, SOL width Ap. [13]

e Assuming that the magnetic equilibrium reconstruction has no error on the
divertor and the SOL is in the sheath-limited regime (no pressure losses),
overlay the divertor and OMP electron pressure profiles. [13]

e Making the same assumption, overlay the electron temperature profiles. [13]

e Assume that the 2PM is a good model of the SOL and use it to predict T,
from Psor and Ar under the assumption of the conduction-limited regime,
then find T}, on the OMP electron temperature profile. [13]

e The results of the magnetic equilibrium reconstruction may be more accurate

if currents running along the separatrix were allowed to be finite. [13|
42®
dR?

e The separatrix lies at the location of the maximum shear , where ® may

be measured by:
— a ball-pen probe,
— a swept Langmuir probe,
— afloating Langmuir probe and a swept Langmuir probe, subtracting 2.57,
from Vy;, or
— a floating Langmuir probe, neglecting the T, contribution to V. [14]

e Performing a cross-corelation between two poloidally separated probes (any
probe with a high sampling frequency is sufficient), find the position where
the poloidal phase velocity changes sign. [14] Since plasma flow is dominated
by the E x B drift, this effectively corresponds to finding radius with E, =0
or local maximum of ®.

e Overlay the Vy; profiles obtained by a reciprocating probe and by wall probes
in the limiter configuration. [14]

There are also a few other methods which may be possible to use on COMPASS:

e Find the "blob birth zone" on the profile of I,,;. This method is based on the
picture of interchange turbulence in the edge plasma, where instabilities on
the separatrix cause filaments of colder SOL plasma to exchange place with
filaments of hotter confined plasma and then continue propagating in the same
direction. The cold filaments are seen as negative fluctuations on a gaussian
background, resulting in a negative skewness of the probability distribution
function (PDF). On the other hand, in the SOL a positive I;,; PDF skewness
is typically observed, showing the occurence of hot plasma filaments, or "blobs"
as they are seen in the poloidal cross-section. The radial location where the
PDF skewness is zero is then called the blob birth zone, and numerical models
of SOL turbulence show that it is located just inside the separatrix. [41]

e Use the Vacuum Toroidal Harmonics method, which reconstructs the ¥ func-
tion outside the main plasma by decomposing it into toroidal harmonics. By
extrapolating to the plasma edge, the separatrix may be found. [42]

e Use the position where a floating Langmuir probe abruptly becomes self-
emissive, as this indicates an abrupt increase in the incident heat flux.

Evidently there is a multitude of methods based on various assumptions which
allow to calculate the separatrix position or correct the mapping error. The ones
implemented in this thesis have one of two things in common: they are based on data
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from my previous work (BPP potential maximum detection [39] and the detection
of the boundary between the near and far SOL [43]) or they are directly connected
to the subject of this thesis (overlay of upstream T, profiles and 2PM calculation of
T.). The other methods may be implemented in the future.

In this section, each of the methods will be detailed as to the theoretical background
and data processing. Then, all four methods and some of their combinations will be
compared statistically and the best way to correct the EFIT mapping will be chosen.
It is more difficult to choose the best candidate for the separatrix position, however,
by reaching a self-consistent prediction of upstream and target temperature profiles
on COMPASS using the 2PM, it will be found that simply the EFIT separatrix
corrected to achieve agreement between HRCP and VRCP temperature profiles is a
good estimate of the real separatrix position.

3.1.1 Manual overlay of HRCP and VRCP T, profiles

Assuming a separatrix temperature 30 eV, electron thermal conductivity on this
magnetic surface is k = ko7’ ? = 3 x 105 Wm~'K~, which is 6 orders of magnitude
higher than copper at room temperature. This conductivity should be enough to
ensure that within the confined plasma and on the separatrix, T, is constant along
any magnetic surface. In the SOL, on the other hand, temperature drops along the
field line may occur depending on the average temperature, the connection length,
and the plasma density. Coming from the COMPASS operational space analysis
(Fig. 1.2), however, the SOL of this tokamak may be expected feature significant
temperature gradients only in high densities. Furthermore, most of the temperature
drop will then occur within the divertor volume and not while the field line is still
close to the confined plasma. It is therefore justifiable to assume that temperature
profiles measured on the VRCP and the HRCP are, essentially, the same.

Figure 3.2 shows T, profiles in discharge #8870 as measured by the horizontal and
vertical reciprocating probes, with the VRCP profile mapped onto the OMP (left)
and then shifted so that it overlays the HRCP profile (right). It is apparent that the
profiles are not the same in the far SOL, with the VRCP T, falling rapidly to zero
when HRCP T, is still 5-10 eV. This is most likely caused by the combination of two
factors: that most of the cross-field transport into the SOL occurs near the OMP, and
that between the OMP and the top of the plasma there is only a small clearance,
indicated in figure 3.3. In fact, from the uncorrected mapping it is obvious that
EFIT places the separatrix approx 1 ¢m inward from its actual location, so the real
clearance is probably even smaller. This means that much of the power transported
along the flux tube from the OMP impinges on the limiter between the HRCP and
the VRCP, meaning that the VRCP far SOL is shadowed from the heat source and
thus much colder.

Bearing this in mind, the manual overlay was performed prioritising the high tem-
perature part of the profile, left to the "knee" where T, begins growing rapidly.
Discharges where both the probes measured T, but at least one of them did not
reach this "knee" were excluded from the analysis. 149 discharges were processed

42



Uncorrected EFIT mapping Te profile overlay 0.4

N
— HRCP — HRCP 7N ,
40 — VRCP 401 —— VRCP |
0.2 \\SCm
\

30 30

209 |

10 10 0 \ /)
ot 0 N~

72 74 76 78 72 74 76 73 i
R [cm] R [cm] Co

20

Te [eV]
Te [eV]

Figure 3.2: HRCP and VRCP T, profiles, as mapped by Figure 3.3: Mag-
EFIT (left) and shifted so that they lie on top of each netic equilibrium re-
other (right). Discharge #8870. Dashed line Rgp 1, dotted construction of dis-
Rppp, dash-dot Rycqr. charge #8870. The

cyan line marks po-

sition of the LCFS.

in total, from #6878 to #15497.

3.1.2 BPP potential maxima

The ball-pen probe floating potential profile typically exhibits a maximum in the
near SOL. Theory provides an explanation why plasma potential should reach a
stationary point in the edge plasma and why this should be a maximum. Electric
radial field E, = —% combined with the predominantly toroidal magnetic field of
a tokamak causes a poloidal E x B drift, whose magnitude is v, = E,/B. Since E,
changes radially, so does vy, causing shear flows which can tear turbulent structures
escaping from the main plasma apart, reducing turbulent transport and acting as a
transport barrier. Turbulent models such as [44] show that this shear is largely gen-
erated by momentum transfer from the turbulent structures themselves and is thus
localized close to the separatrix in the region of large turbulent drive. This means
that E,. = 0, or ® being stationary, should signify the vicinity of the separatrix.
The reason why this stationary point should be a maximum in particular requires a
slightly longer explanation.

The key argument why the plasma potential should have a maximum at the sepa-
ratrix is that in the region of closed magnetic surfaces, different physical processes
dictate the potential profile than in the region of open magnetic field lines. Inside
of the separatrix, the radial component of the force balance equation is

" nZe dr

(u X B)r Y
where Z is the ion charge, p; is the ion pressure and u is the plasma velocity.
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Assuming low velocities we may neglect the second term and write

d® dp;
B, =—— ~ 2
dr dr
Since the ion pressure decreases with increasing r, %’f < 0 and % > 0. Therefore,

the plasma potential ® increases with r in the region of closed magnetic field lines.

The situation is entirely different in the region of open magnetic field lines. Here
the plasma potential is dictated by the fast parallel transport to the wall. In the
sheath-limited SOL, ® does not change significantly along the magnetic field line,
following the formula

¢ = ‘/divertor + Q/Te)

where Vyiyertor 18 the divertor potential (zero for a grounded divertor), a ~ 2-3 along
the field line in deuterium plasma (o = 2.8 at the divertor sheath), and 7, is the local
electron temperature. Since in the SOL T, falls with increasing r, ® also decreases
with 7.

These are the physical reasons why the plasma potential, or the potential of the
ball-pen probe, should form a maximum near or at the separatrix. Interestingly, the
Langmuir probe floating potential also forms a maximum in the SOL. However, due
to the large contribution of the electron temperature, Vy p = ® —2.8T,, it is moved
much further into the SOL and does not provide separatrix position as reliable as
the BPP, where Vi gpp = ® — (0.6 £0.3) 7.. Continuing this train of thought,
it would actually be more proper not to detect the BPP potential maximum, but
first subtract the T, contribution. Such a correction was not performed in the data
presented here for two reasons. First, it introduces an error into the data because T,
measurement is non-local. Second, it limits the database of BPP maxima because
electron temperature measurement is not always available. This is why, for the
separatrix detection, uncorrected BPP potential was used. This can be expected
to result into a systematic error, which shifts the Vppp peak several milimeters
outwards the ® peak, figure 3.4.

Based on the method of maximum detection in the noisy BPP signal, the approxi-
mate error in Rgppmaes can be inferred. Prior to the automatic maximum detection,
a lowpass filter with the cut-off frequency 200 Hz was applied to the signal. This
particular frequency was chosen as middle ground between the sawtooth oscillations
(typically at 500 Hz) and preserving the profile shape. But one can also arrive at
this number by considering the probe movement speed and the spatial resolution
required of the profile. The maximum velocity of the reciprocating probes is ap-
proximately 1 mm/ms and the mean velocity is around 0.5 mm/ms. As plotted
in figure 3.5, the raw record of the probe position contains some noise as well and
its smoothing introduces an inherent random error in R of approximately 1 mm.
Therefore the spatial resolution of V(R) cannot be lower than 1 mm. Capping this
resolution by the factor of two, one may require the spatial resolution of 2 mm.
Considering the maximum probe velocity 1 mm/ms, 2 mm translates to 1 sample
per 2 ms, a sampling frequency of 500 Hz. The Nyquist frequency of such a time
series is 250 Hz, which is close to the used 200 Hz cut-off, confirming the choice made
in data processing. The conclusion is that the random error of the Vzpp maximum
detection is estimated to be 2 mm.
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potential is subtracted. HRCP, discharge discharge #6878.

#6878.

On the HRCP, BPP potential maximum was detected in 409 discharges and on the
VRCP in 202 discharges. These two sets have 116 discharges in common.

3.1.3 Boundary between the near and far SOL

In many tokamaks, a steepening of the parallel heat flux profile in the SOL near
the separatrix has been observed. This so-called narrow feature has been called the
near SOL, as opposed to the remaning far SOL [45]. In my research project [43],
submitted in 2016, I investigated the SOL width of the near and far SOL on tokamak
COMPASS using a broken exponential fit,

R - R rea
qjjo * €xp —)\—bk , R < Ryreak
q||(R) = R _nﬁw (3.1)
djo - €Xp _% ) R > Ryrear

where Aneqr and Ay, are the respective SOL widths, ¢o is the heat flux at the
boundary between the two SOLs, and Ry,cqr is the position of this boundary. An
example of such a fit performed on electron temperature can be seen in figure 3.6.
While the research project was largely concerned with gy profiles, the routines can be
used freely to any quantity which exhibits the double exponential shape, including
the electron temperature. Two outputs of this fitting are used in this thesis: A\jearq
is used for 2PM predictions in section 3.1.4, and Rpyeqr,r is regarded as a location in
the SOL detectable both on the HRCP and the VRCP.2 Making the assumption that
the near SOL ends at the same magnetic surface for all poloidal locations, overlaying

2If the clearance mentioned in the previous section is small, it shows on the VRCP T, profile
as an abrupt end of a rather short far SOL. The profiles where the clearance is so small that the
Rprear position is affected were excluded from the fitting.
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Ryreqr from HRCP and VRCP becomes a way to correct the EFIT mapping. It is
not, however, a viable method for separatrix position detection, as illustrated in
section 3.1.6.

Out of 476 COMPASS discharges where T, was measured well on the HRCP, 204
yielded converged fits of the near and far SOL. (The rest of the discharges either
featured profiles unsuitable for fitting, due to shallow reciprocations or profile defor-
mities, or their fits did not converge.) The VRCP, which is generally less used than
the HRCP, produced 71 discharges good for fitting out of 193 candidates. Rpyeqr,r
was obtained simultaneously in 39 discharges.

3.1.4 Separatrix inferred from the 2PM T,
The basic two-point model allows to calculate the upstream temperature of each

individual flux tube as
2/7
! ! 2 KRoe

(3.2)

where T} is the target temperature of the flux tube in question, ¢ is the heat flux
travelling toward the target, and L is the flux tube length. If one uses the target
temperature at the strike point, g, at the OMP separatrix, and the connection
length just outside the OMP separatrix as input, the electron temperature at the
separatrix Ty, is obtained. This value can then be used to find the separatrix
position via comparison with an experimental T, profile.

The problem with using this method is that it requires already knowing the separa-
trix position for evaluating all three input quantities. To circumvent this, the user
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Figure 3.8: Iy (blue) and T, (magenta) profiles as measured by the new divertor
array. The dashed lines are EFIT strike points. Discharge #15973.

must employ approximations, which all feature a various degree of inaccuracy. The
resulting 7, is luckily not very sensitive to inaccuracies within a factor of two due
to the power 2/7. First, the approximations of ¢ and L will be presented, and then
two ways to work with 7; will be shown.

The parallel heat flux in the flux tube just outside the separatrix may be calculated
using the power crossing the separatrix Psor, and the flux tube cross section A,

P
5oL (3.3)

The radial extent of the flux tube is the near SOL width A,..-, and its poloidal
extent is 47rRsoe];)4 P Bgfl‘ﬁfp / Bg%iep. In this analysis, Psor, Rsp and the magnetic
fields were taken from the EFIT code, and Ay Was obtained by fitting the g
profile or set to the representative value 3.4 mm if no fit was available. This value
can be obtained as either the mean or median of all the near SOL widths measured
in the divertor configuration, Fig. 3.7. The standard deviation of the data set is 1.1

mm, which is acceptable due to the final exponent 2/7 as argued above.

The second input of Eq. (3.2) is the connection length L. This was also taken
from EFIT, under the assumption that even though the separatrix is systematically
shifted in the magnetic equilibrium reconstruction, the connection length calculated
just outside the EFIT separatrix is a good representative for the actual connection
length just outside the real separatrix. This assumption will be used throughout
this chapter, as magneetic field line tracing is the most accurate way to estimate L
but the connection length has a rather steep profile, so its radial placement must be
as accurate as possible.

The final input of Eq. (3.2) is the target temperature T;. Here the mentioned two
methods diverge.
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Figure 3.9: Separatrix position (vertical magenta line) inferred from the 2PM T,
(horizontal magenta line) using the Thomson scattering 7, profile. Horizontal ma-
genta span shows the +10 eV span used for datapoint choice, vertical magenta span
signifies the errorbar of the resulting R,e,. EFIT separatrix dashed, BPP maximum
position dotted. Discharge #13926.
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Figure 3.10: Separatrix position (vertical magenta line) inferred from the 2PM T,
(horizontal magenta line) using the HRCP T, profile. The vertical magenta span
signifies errorbar of the resulting R,.,. EFIT separatrix dashed, BPP maximum
position dotted. Discharge #13812.
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Method: Using experimental T;

In this approach, T; is taken as the maximum 7, measured on the LFS by one of
the divertor probe arrays. As figure 3.8 shows, typically the T, maximum does not
coincide with the EFIT strike point or the I,,; maximum. The shift between the peak
of T, and I,,; may be explained by an increased temperature drop along field line as
the plasma in the vicinity of the separatrix is closer to the high-recycling/conduction-
limited regime. This is due to increased collisionality at this region caused by longer
L (vicinity of the X-point) and large density (maximum at the LCFS).

To obtain the final goal, the separatrix position, the calculated T, must be found on
the upstream temperature profile. Two diagnostics are suitable for upstream profile
measurement on the OMP: the HRCP and the TS, which must first be mapped onto
the OMP. The latter case, of course, includes the need to correct the EFIT systematic
error. Even if T, is sought on the original T'S axis on the top of the plasma, the
resulting Z,., must be mapped onto the OMP anyway in order to be compared with
the other separatrix indicators. It does not matter whether the separatrix position
is first sought from 7, and then mapped onto the OMP, or vice versa. Thus the
latter approach was taken, which implied the need to shift the mapped TS profile
on the OMP. The shift was performed so that the T'S data were an extension of the
HRCP profile. The separatrix position was sought in the following way:

e HRCP measures deep enough to reach Ty:
T. = T, is sought on the profile and the mean of the resulting positions (for
probe movement in and out) is taken to obtain Ri.,.

e HRCP does not go deep enough but TS data is available:
TS datapoints with T, in the span (7, — 10 eV, T,, + 10 eV) are chosen from
the stationary phase of the discharge, R, is taken as the mean of their radial
positions.

In the case of using the HRCP profile, R,, error was estimated as 2 mm, Sec. 3.1.2.
If TS had to be used, the error was calculated as the arithmetic mean error,

1 al N 2
AR = > (R(i) - R)

i=1

where N is the number of datapoints contained in the temperature span.

When T; was taken from the new divertor array, 67 discharges yielded R, by
comparing T, with the TS profile. Only in one discharge (#13813) did the HRCP
perform a reciprocation deep enough to measure 7,,. An example is plotted in figure
3.9. With T; taken from the old divertor array, 12 discharges yielded R,, using TS
and 11 using the HRCP. This goes to show that the old divertor array measures
systematically lower temperatures than the new divertor array. An example of R,
inferred from the HRCP profile in plotted in figure 3.10.
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Figure 3.11: Example of applying Eq. (3.4). Upstream experimental data are
plotted with a red line, target experimental data with triangles. The magenta line
are inputs and outputs of the 2PM: in the uppermost figure it is the g inferred
using Eq. (3.3) and in the middle and bottom figure it signifies the 7, (R) and T;(R)
curves, respectively. Discharge #13820.
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Method: Sampling the separatrix position with n,(R)

The alternative approach to finding 7; uses the 2PM, which allows the calculation
of T; from n,, g, and L with Eq. (1.7). While ¢ and L can be approximated as
explained above, finding n, requires knowing the separatrix position, which is what
we are trying to calculate in the first place. This is why, instead of T, the entire
"profile"

7QL)2/7 (3.0

T,(R) = (TZ/ S (nu(R) ), L) + 57—

is calculated from the experimental n,(R) profile. The resulting T,(R) is not an
actual physical profile. To put it simply, T;,(R) answers the question: "If R was the
separatrix, with the entire Psoy, entering at this location, then what value would T,
have here?" By comparing this curve to experimental temperature measurements,
either of T, or T}, the separatrix position may be found.

An example where this method was successful is shown in figure 3.11. In the upper
plot, the approximated ¢ psor, intersects the experimentally measured profile of g
at the same radial location as the T, (R) curve touches the T, profile. This result
was actually typical. Those discharges where a reciprocation deep enough to reach
qpsor, occured were also those where the T.(R) curve intersected the experimental
temperature profile, with the two locations agreeing within 3 mm. It is interesting
that this model is self-consistent. It shows that both the assumptions,

e the 2PM can be used to predict T, from ¢ and n,,
e using Psor, and characteristic flux tube dimensions gives an accurate estimate
of the separatrix heat flux,

are valid at once. Within the uncertainties presented by smoothing the T}, profile and
calculating ¢ psor, this way of inferring the separatrix position yields an agreement
with the corrected EFIT maximum, which is ultimately chosen as the best separatrix
representative in section 3.1.6. However, there are too few datapoints to allow a
worthwhile statistical analysis or to consider this method widely applicable.

Two extra examples of using the T, (R) method are plotted in the appendix, figures
C.1 and C.2.

3.1.5 Correcting the EFIT OMP mapping error

In total, four ways of correcting the EFIT OMP separatrix position or detecting the
separatrix itself were tested: manually overlaying the HRCP and VRCP T, profiles,
detecting the maxima of BPP floating potential, fitting the near and far SOL with
a broken exponential to obtain the boundary Rp,...x. between them, and inferring
Tsep from T using the 2PM. The methods have a varying degree of applicalibility
depending on how many input variables are required, and they can be combined
in various ways. In this section they will be statistically tested as to their mutual
corellation and systematic errors.
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Figure 3.12: An example of corrections to EFIT mapping. The BPP-EFIT shift is
already corrected using equation (3.6). Discharge #15491, D-shaped plasma.

There are two distinct applications that I seek by processing the obtained data.
Firstly, I wish to be able to correct the mapping error of EFIT in any given discharge.
The ideal output of this analysis are instructions on how to perform this correction
based on the data available in the particular discharge. Secondly, I wish to know
the exact position of the separatrix. This is convenient for a number of reasons,
having accurate upstream inputs into the 2PM prominent among them. The data
processing will therefore be carried out in a way that will preferentially produce
these two outputs.

In the issue of correcting the EFIT OMP mapping, the following shifts A of the
mapped axis were investigated, illustrated with figure 3.12:

1. Ar. - manual overlay of HRCP and VRCP T, profiles

2. Apppppp - overlay of BPP maxima detected on the HRCP and on the VRCP

3. Appprrir - overlay of the HRCP BPP maximum and the EFIT separatrix

4. Aoppmew,prir - overlay of the 2PM R, and the EFIT separatrix, using the
new divertor array data

5. Aopmoid,prrr - overlay of the 2PM R,., and the EFIT separatrix, using the
old divertor array data?

6. ARbreak,Rbreak - Overlay of the Ry,cq detected on the HRCP and on the VRCP

Since Ar, corresponds to a well justified assumption that 7, at LCF'S is constant over
flux surface, it is taken as the reference case, to which all the others are compared.

3This overlay is not plotted in the figure. There is unfortunately no discharge where the HRCP,
the VRCP, and the old divertor array measure at once, so Aspasoid, prrr can only be compared
against Appp ErrT-
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Figure 3.14: Scatterplot comparing the
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apoints.
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The results are plotted in figures 3.13-3.18. The dashed black line shows the 1:1
dependency and p values in the upper left corner stand for the Pearson correlation
coefficient between the shifts, calculated for all available datapoints (black) and for
the respective plasma configurations (color). Several observation are immediately
obvious.

o Are, Apppppp and Apgpreak Rbreak are all strongly correlated in a 1:1 depen-
dence, with p > 0.72 and growing with the amount of datapoints up to
p = 0.95.

o The Apppprrr shift, which does not need any VRCP data, is also strongly
correlated with Ar., but exhibits a systematic departure from the 1:1 depen-
dency, which is especially prominent in D-shaped plasmas. This is most likely
caused by the imprecision of the EFIT separatrix position on the top of the
plasma, which is taken into account in Ap. but not in Agppprrr. The way
how to adapt Apppgrir to compensate for this missing information will be
shown later in this section in Eq. (3.6).

e The 2PM-EFIT overlay using the new divertor array 7; is completely unusable
for EFIT mapping correction. While the manual shift is typically around +1
cm, the 2PM-EFIT shift has the mean value of -0.5 cm and is negatively
correlated with the manual shift (the p-value of the correlation is 2 %).

e The 2PM-EFIT overlay using the old divertor array 7; shows an intriguing cor-
relation with the BPP-EFIT overlay, however, two outliers cause the overall
correlation to be very small. These two data points were investigated and no
error or significant difference from the other discharges was uncovered, there-
fore it should be assumed that this seeming correlation is caused by analysing
a dataset of insufficient size.

The strong 1:1 correlation of three independent shifts suggests that the electron
temperature profiles measured on the HRCP and the VRCP are, indeed, poloidally
symmetric and the assumption of the poloidal symmetry holds also for the positions
of the VSL and the boundary between near and far SOL. It is possible that if another
characteristic place on the RCP profiles was found (such as the beginning of GAMs
as observed in [46], the start of exponential decay of sawtooth oscillations amplitude
due to fast energy losses along open field lines in the SOL, or the position of the
poloidal phase velocity reversal), its position would also be poloidally symmetric.
Such a measurement could be used in the same manner as the BPP potential maxima
were used here, to correct the EFIT mapping error on the OMP.

The profile shift comparison has yielded intriguingly unanimous results, but there
lies a problem within it. This problem is data availability. It is good to know
that certain measurements allow an accurate EFIT mapping correction, but if these
measurements are not performed routinely then their significance is limited. Not
in all discharges does the HRCP move, or move deep enough into the plasma to
measure the BPP potential maximum. In even less discharges does the VRCP move
as well. If the ultimate goal is to suggest a correction that can be used universally
to correct the EFIT OMP mapping, then the data set required for the calculation
must be as small as possible.

For instance, the BPP-EFIT shift is available in more discharges than the BPP-BPP
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shift, as it only requires that the HRCP measured Vgpp deep enough to reach the
maximum. The price paid is lesser accuracy - even if the deviation from the 1:1
dependency in figure 3.14 is fixed using a linear fit depending on Apppgrprr, the
scatter is larger than in the BPP-BPP shift.

A whole new challenge then arises when one attempts to correct the EFIT OMP
mapping error based on routinely measured plasma parameters. To provide an ex-
ample: since shifts depend strongly on the plasma shape, the magnetic equilibrium
geometry apparently plays an important role in the EFIT systematic error. There-
fore, an easily obtained geometry parameter like plasma elongation ¢ may be a good
control variable. In figure 3.20, the dependency of the manual shift on € is drawn.
Evidently elongation is not the best choice for the x axis, as most of the datapoints
are concentrated near to € = 1 (circular plasmas) and € = 1.8 (D-shaped plasmas).
Performing a linear fit of the dependency, one obtains

Aelongation = 2.65¢ — 3.46.

Using this formula to predict the manual shift from elongation, one arrives at figure
3.21. The correlation is quite high, p = 0.77, but it is obvious that this prediction
contains a large random error. An alternative approach which yields approximately
the same results, figure 3.22, is to set the shift for circular and D-shaped plasmas
firmly as use a fit only for the elongated plasmas,

(—0.94+0.4) cm  for circular plasmas
Agpape = § (8.34¢ —9.96) cm  for elongated plasmas (3.5)
(1.2+0.7) ecm  for D-shaped plasmas.

At the moment I have not reached a more reliable formula for correcting the EFIT
mapping error without any additional data. However, if the HRCP BPP potential
maximum position is available, by improving the BPP-EFIT data with a linear fit
one reaches the prediction of figure 3.23,

AfgRrCPmaz = 0.77Apppprrr — 0.37 cm. (3.6)

This correction of the EFIT OMP mapping is available whenever the HRCP performs
a deep enough reciprocation, and yields results that show no systematic error unlike
the uncorrected BPP-EFIT shift.

To summarise, in this section it was found that the HRCP and VRCP T, profiles
are poloidally symmetrical inside the separatrix and in the near SOL. Overlaying
the maxima of the BPP potential and the boundaries between the near and far
SOL results in the profiles themselves overlaping. This confirms the assumption
of poloidal T, symmetry based on the high electron thermal diffusivity and offers
an accurate way of correcting the systematic error of mapping to the OMP using
EFIT. In discharges where this data is not measured, it is possible to estimate the
appropriate shift using only the HRCP BPP potential maximum or to infer the
shift from the plasma elongation. On average, it was found that in circular plasmas
the EFIT mapping is displaced by (—0.9 £0.4) cm and in D-shapes plasmas by
(1.2£0.7) cm.
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3.1.6 The exact separatrix position

Now that the issue of correcting the EFIT OMP mapping has been properly ad-
dressed, the data analysis moves on to investigating the actual separatrix position
Rscp, on the OMP. Five sources are available for comparison:

e Rppr - EFIT (uncorrected)

® Rppir.corr - EFIT (corrected by the best available profile shift from the previ-
ous section)

e Rppp - BPP potential maximum

® Riepnew - 2PM separatrix calculated using the new divertor array 7; (Sec.
3.1.4)

® Rsepoid - 2PM separatrix calculated using the old divertor array 7T;

Of these, Rgpp is taken as the reference case against which all the others are com-
pared, as it is an easily detectable separatrix position indicator which allowed for
a precise analysis in the previous section. The boundary between the near and far
SOL Ryeqr will enter the analysis briefly as well, though not as a candidate for the
separatrix position but rather as a limit for it. The alternative "T,,(R)" approach
to inferring R, using the 2PM, described in section 3.1.4, yielded only qualitative
results and it seems to be in accord with the corrected EFIT.

Figures 3.24-3.27 show the typical correlations between the candidates on separatrix
position. Several observations can be made.

e There is a large systematic difference between Rgpp and Rgp;r depending
on plasma shape. In part, this can be attributed to the systematic error of
the EFIT separatrix on the OMP. However, after correcting Rgp;r to obtain
REepiT.corr, figure 3.25, the systematic difference persists for most of the di-
verted discharges (and for all of those corrected by the BPP-BPP shift). We
see that in the limiter configuration the BPP maximum tends to form at the
corrected EFIT separatrix, but in the divertor configuration it forms 1 cm
radially outside of this position.

e Separatrix positions inferred using the 2PM are positively correlated with
Rppp, although not as strongly as with Rgp;r. A constant offset is visi-
ble in both cases: 2-3 cm for the new divertor array and 0.5 cm for the old
divertor array. This is consistent with the new array measuring higher tem-
peratures, which means that the calculated higher T;, is placed deeper into the
edge plasma. The two outliers, visible in figure 3.19, are present also in figure
3.27, distorting the otherwise clean dependency. It is uncertain why the values
of these two points are so distant, however, no reason was found to call them
erroneous.

After making these observations, I will argue why the EFIT separatrix corrected
with the best available shift should be taken as the optimal indicator of the real
last closed flux surface. (To repeat, the hierarchy of "best" is 1. BPP-BPP shift, 2.
corrected BPP-EFIT shift, 3. shift based on plasma shape or elongation.) First, the
correction of Rgpr;r on the OMP, discussed in the previous section, is quite firmly
established with three independent methods, T, profile overlay, Rgpp overlay, and
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Figure 3.26: Scatterplot of the radial po-
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vs the R, inferred using the 2PM from
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Figure 3.28: Occurence of BPP maximum in the near SOL for circular and D-shaped
plasma. R; is the beginning on the near SOL, Ry, cqk is its end. The distance between
them is normed to 1 and the maximum position is shown relative to them.
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Figure 3.29: Occurence of the corrected EFIT separatrix Rgpir corr in the near SOL
for circular and D-shaped plasma. R; is the beginning on the near SOL, Ry.cqr iS
its end. The distance between them is normed to 1 and the separatrix position is
shown relative to them.

Rprear overlay, supporting it by their strong 1:1 correlation. Furthermore, in the next
section, using Rppir corr @s the real separatrix will lead to a self-consistent two-point
model of the COMPASS SOL. Lastly, both of the 2PM separatrix candidates are
alsp correlated with Rgpir corr, albeit not as strongly as Rgpp (p = 0.93 for circular
plasmas). As to their use as a separatrix position indicator, the scatter is too large
to be more useful than the HRCP techniques, which are also more easily accessible
throughout the COMPASS database.

An interesting insight is provided in figure 3.28, where the near SOL is normed to
the extent (0,1) and plotted together with the BPP maxima. The inner edge of the
near SOL, R;, was taken as the inner boundary of the double exponential T, profile
fits described in section 3.1.3, and its outer edge was set to Rpqcqr. In the majority
of cases, the BPP potential maximum forms in the near SOL in both circular and
D-shaped plasmas. In contrast, when the corrected EFIT separatrix position is plot-
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ted relative to the near SOL, figure 3.29, the situation changes between the divertor
and limiter configuration, in accord with figure 3.25. In the divertor configuration,
REerpir.corr typically lies just inside the near SOL. In the limiter configuration, on
the other hand, the separatrix forms inside the near SOL atop the BPP maximum.
I have no physical explanation why this should be so, but the experimental corre-
lation is too strong not to consider it supported by some physical mechanism. For
instance, the shearing flows at the plasma edge may have a different profile for the
two configurations, or the magnetic shear near the X-point may play a role.

Concluding from the observations made above, in the following analysis the cor-
rected EFIT separatrix Rppir.corr Will be used as "the real separatrix". The 2PM
candidates are not as widely applicable and feature a greater scatter, while the BPP
maximum does not coincide with the separatrix in the divertor configuration. Rgpp
can, however, be used as a precise separatrix position indicator in plasmas with a
circular cross-section.

Unless stated otherwise, from now on Rgprr.corr Will be denoted in radial profiles
with a black dashed line.

Now that both the questions of OMP separatrix position and EFIT mapping cor-
rection have been addressed, we can move on to the core of this thesis: the SOL
transport regime of tokamak COMPASS.

3.2 SOL transport regime of tokamak COMPASS

3.2.1 Collisionality achievable in the COMPASS parameter
space

The basic and easiest step toward determining the SOL transport regime of tokamak
COMPASS is to reproduce figure 1.2 using experimental data. Since the axes of this
plot feature quantities taken at the separatrix, the newly established Rgpircorr
can be used right away, figure 3.30. Of the 369 discharges where g and n. were
measured by the HRCP, only a third is plotted here because the probe does not
typically reciprocate this deeply into the plasma. (For good reasons. Effects such
as self-emission or arcing, whose onset is often associated with the steep heat flux
gradient in the separatrix vicinity, not only devalue ¢ and n. measurements, but
can also negatively affect the probe, for instance by eroding the graphite pins of the
Langmuir probes.) To obtain a wider data set, the same plot was drawn using the
BPP potential maxima as separatrix, figure 3.31.

In the appendix C.7, thus obtained collisionalities are plotted against each other,
showing a positive correlation but with a dauntingly large scatter. For instance, in
discharge #6024 (I, = 160 kA, m, = 5 x 10" m™3, D-shaped) vjpp = 24 while
VEFIT corr = O In this particular discharge, Rgppp and Rgpircorr lie 1 cm apart,
which is enough to raise the heat flux by a factor of 10, figure C.8. Consequently, the
"outlier" is entirely legitimate and it shows the difference in collisionalities between
two SOL flux tubes which lie far apart. In fact, most of the scatter in the vgpp —
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VEFIT.corr PlO6 may be caused by the fact that the collisionalities are calculated in
different flux tubes. The combination of figures 3.30 and 3.31 may then be taken
to indicate that on tokamak COMPASS SOL collisionality does not exceed 30 in
any given flux tube. This still provides plenty of space for collisionalities sufficiently
high to establish the conduction-limited regime on the outer target.

At the inner target, figures C.3-C.6, collisionalities reach up to 40 due to the longer
connection length L. Unfortunately, this prediction cannot be validated against
experimental data as the new divertor array does not operate well in this part of
the divertor. Perhaps in the future, when the large LFS-HFS asymmetry of its
measurements has been resolved, the analysis presented in this thesis can be carried
out for the inner target as well.

Finally, by calculating the flat-top plasma current I, and line-averaged density 7.,
it is possible to translate the axes of figures 3.30 and 3.31 into the input parameters
of tokamak operation. As figures 3.32 and 3.33 show, however, the result is far from
conclusive. Discharges with high collisionality seem to be scattered throughout the
parameter space, especially in the case of taking separatrix parameters at the BPP
maximum. This may be a sign that the assumption made when choosing 2PM
control variables is not completely valid. The heating power and the line-averaged
density are, of course, tied to the SOL heat flux and the upstream density, but the
relationship between these variables is complex and other factors come into play as
well. To provide an example, the scatterplot of 7, and ngppmas Was drawn in figure
C.9. While the quantities are positively correlated across the bulk of discharges, the
dependence is not clean, with many (verified) outliers and datapoint accumulations
which show no trend of their own.

3.2.2 T, profiles in discharges with low and high collisionality

As already alluded, it is possible to take the experimental profile of n,, ¢, and L and
apply the 2PM individually for each flux tube, obtaining predictions for 7T, T}, and
ng. In this section the upstream and target temperature profiles will be compared,
model to experiment.

In figure 3.34, the 2PM predictions of upstream and target temperature are plotted
together with the measured profiles and control variables for discharge #13812,
which was chosen as a representative of the sheath-limited regime with separatrix
collisionality v»* = 4. The mapping of the divertor profiles was adjusted using
the corrected BPP-EFIT shift, Eq. (3.6), similarly to the profile of connection
length. The resulting temperature profiles show an extraordinary agreement with
the experiment. Though the difference grows in the far SOL, the 2PM predicts the
T, profile within an accuracy of 10 %. The target profile, as measured by the new
divertor array, is also perfectly reproduced. The old divertor array, on the other
hand, measures temperatures significantly lower. This difference will be addressed
below, after the introduction of the conduction-limited regime representative.

Comparing the upstream and target profiles against each other, figure 3.35, one
comes to appreciate the importance of accurate mapping. When the small clearance
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the 2PM prediction of T, T}, and v* (magenta). Discharge #15941. I, = 160 kA,
Me =8 10" m =3, By =1.38 T.

discussed in section 3.1.1 is considered responsible for the fall of TS temperature
to zero where OMP and divertor profiles are still 10-20 eV, then the radial shift of
approximately 7 mm between the profiles becomes apparent. Even though the best
available mapping correction was employed, the TS, HRCP, and new divertor array
profiles, which otherwise have a similar shape, do not overlap. This extra shift in
the TS profile is common even when compared to the VRCP, which this diagnostic
shares measuring space with. An example of such a shift is given in the appendix,
figure C.10. As a result it is not possible to say whether the SOL is truly isothermal
on all poloidal angles. The agreement is within the expected bounds and there is
no clear indicator of temperature drop toward the divertor.

Because of the large gradients in the vicinity of separatrix, a shift of several milime-
ters can induce temperature drops by a factor of two just as easily as T; > T,,. Such
a precision could conceivably be reached when a precise mapping correction, such as
the BPP-BPP or Rycox-Rprear shift is available. However, when inferring mapping
correction from the plasma shape only, the expected scatter is almost 0.7 cm for the
divertor configuration. This is enough to render any profile comparison completely
worthless and highlights the importance of knowing the exact separatrix position on
the OMP, where the systematic errors of magnetic equilibrium reconstruction codes
tend to be the largest.

Having discussed a discharge in the sheath-limited regime, let us consider discharge
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#15941, where Vipr o, = 18. This discharge features lower I;,, much higher 7,
and higher By. Examining the 2PM T, profile predictions, figure 3.37, one sees
that both upstream and target temperature are much lower than in the previously
discussed discharge, about by a factor of two. This time the 2PM predictions are
not as spot on: T, is overstimated, while strike point temperature is lower than
what the new divertor array measures. On the other hand, the agreement with
the old divertor array is considerably. It is interesting to note that in the sheath-
limited discharge, the first derivate probe technique yielded a bimaxwellian electron
energy distribution across the entire SOL, while in the conduction-limited discharge
the distribution was bimaxwellian only in the vicinity of the strike point. This is
in accord with the increased collisionality, which tends to maxwellise the energy
distribution of both ions and electrons.

However, the telltale sign of the increased collisionality, a large temperature drop,
is not as great as this collisionality would predict. In figure 3.36, all the available
temperature profiles are plotted against each other, showing that, like in the previous
discharge, the shape of the profiles is quite similar and by shifting some of them
radially, complete agreement could be induced. The temperature at the separatrix
is approximately 15 eV according to both the divertor arrays, while the HRCP
measures a temperature only slightly larger, approximately 20 eV.

Supposing that the mapping correction is at least moderately accurate then, an
explanation should be sought for the missing temperature gradient. In the next
section upstream and target pressures and heat fluxes will be compared in order to
quantify the pressure and power balance between upstream and target. Before that,
however, I would like to address the difference between the new and the old divertor
array.

In the previous section, dealing with the OMP separatrix position, it was found
that the outer strike point temperature of both arrays may be used to predict the
separatrix position. The accuracy of this prediction is, however, not great, showing
both a systematic shift from other separatrix indicators and a scatter which is not
acceptable when accuracy to 1-3 mm is desired. The fact that the new divertor array
measures higher temperatures than the new divertor array was confirmed when the
Rsepnew Tesults were systematically deeper in the plasma than the Rg.p o4 results.
This discrepancy may, after all, be seen in figure 3.34. Even though in the sheath-
limited regime the higher temperature from the bimaxwellian was taken from the
old divertor array, this value is still more than a factor of two smaller than the
strike point temperature measured by the new divertor array or predicted by the
2PM. It is not certain how to interpret this difference. The first-derivative probe
technique is not widely used like, for instance, the three- or four-parameter fits of
the Langmuir probe I-V characteristic, so it lacks a strong experimental base. On
the other hand, the qualitative results of bimaxwellian /maxwellian electron energy
distribution are unique to this method and in accord with theory in this analysis. All
in all, it would be unwise to carry out judgements such as "the new divertor array
is correct because it is in agreement with the 2PM". A more appropriate course
of action would be to carry out experiments where plasma collisionality is as large
as possible, and compare the measurements of the two arrays, seeking to reproduce
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the agreement of discharge #15941. If this is reached, it may then be discussed
why increased collisionality would have this effect on the probe measurements. For
instance, collisionality may influence the currents described in Sec. 2.1.1.

3.2.3 Power and pressure balance

The 2PM was found in the previous section to be able to predict COMPASS up-
stream and target temperature profiles quite well in the sheath-limited regime, but
in the conduction-limited discharge the predicted temperature drop did not appear
in the experimental data. This can indicate that some of the 2PM assumptions
of the 2PM do not hold in the COMPASS experiment. Using the HRCP and di-
vertor array data it is possible to verify this hypothesis. The same two discharges
representing the sheath-limited and the nearly-conduction-limited regime as in the
previous section will be used to demonstrate this.

In figures 3.38 and 3.39 the comparison of upstream and target pressure and heat flux
is plotted. Generally the agreement of upstream and target profiles is good, hinting
that power and pressure balance both hold in the COMPASS SOL. Strangely, in
both the high and the low collisionality discharges, p; > p,. There is a number of
interpretations that can be brought forth here.

e The new divertor array may be overestimating target temperatures. Since
p ~ LT, and q ~ IT,, such an overestimation would raise both p;, and
qt.

° 'ﬂhe effective collecting probe area is different from the used Agrcp = 4.9 mm
and Ag, = 2.8 mm?. Since both p and q) are inversely proportional to the
probe area, such an inaccuracy is capable of scaling the profiles up and down
multiplicatively.

e The mapping, while seeming accurate enough, can still be flawed and radial
shifts in the profiles may be obstructing their comparison.

e Moving on from the probe dimension of the problem, it is possible that the
pressure is, in fact, higher at the target than at the OMP. This could be
explained by the power crossing the separatrix from the OMP until the X-
point, which can cause a further pressure increase along the flux tube until the
maximum is reached near the X-point. This additional energy then propagates
radially into the far SOL, causing pressure to grow there as well.

2

All in all, there are quite a few possible explanations why p; > p, could be measured
on tokamak COMPASS. Looking past the exact quantitative agreement, however, it
is evident that there are no significant power or momentum losses in the COMPASS
tokamak. Even in the discharge with a high collisionality the power and pressure
balance holds, verifying these two assumptions of the 2PM and raising the question:
What has gone wrong? Where is the promised temperature gradient?

There is one more assumption in the 2PM, expressed in its second equation: the
heat flux is purely conductive. In discharge #15941 the 2PM predicts high upstream
temperatures because with the average temperature this low (T, = 20 €V), heat
conduction is not strong enough to carry the measured heat flux in an isothermal
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SOL. However, if the experimental heat flux also has a significant convective compo-
nent, then there needs to be no temperature gradient to drive the power transport.

Across the 61 discharges processed in the 2PM profile analysis described in the
previous section, there was none which featured very significant difference between
target and upstream temperature, even though according to the 2PM the collisional-
ities should be sufficient for a temperature drop to appear. This SOL isothermality
may be, in part, caused by inaccuracy in the EFIT mapping, which can obscure
temperature gradients when they are present. But there is also the possibility that
the SOL of tokamak COMPASS has difficulties with supporting large temperature
gradients due its short parallel length. Previous experiments studying detachment
have yielded similar results, as attempts to induce detachment with nitrogen seeding
either had little effect or cooled the SOL as a whole [47]. It seems that this thesis has
confirmed this result, minus the nitrogen. The COMPASS SOL is isothermal across
a range of discharges with various collisionalities, of course, within the bounds of
experimental error where especially radial shifts in mapped profiles play a key role.
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Conclusion

This thesis addressed the question of tokamak COMPASS SOL parallel transport
regime by comparing electron temperature profiles within the frame of the two-point
model.

In the first chapter, the theory of the two-point model was derived from the basic
assumption, that is, the flux tube is a closed system in steady state, with power
entering only at the upstream end and leaving only at the target. From this basic
principle, power balance, pressure balance, and purely conductive transport follow.
The basic 2PM equations were written down and solved in regard to the dependent
variables, Ty, T,,, and n;.

Using the basic 2PM equations,

q| = 7€ntTtCs,t,

it is possible to define the regime with a small temperature drop 7,,/7T; < 1.5 and the
regime with a significant temperature drop 7T, /T; > 3 as the sheath-limited and the
conduction-limited regime, respectively. These temperature drops can be translated
into an easily calculate parameter, SOL collisionality

Ny L

V= o X 10719,

which has the meaning of the amount of collisions a particle undergoes on average
before reaching target from upstream. In the sheath-limited regime, v* < 10, and for
the conduction-limited regime v* > 15, the area between them being a transition.

Subsequently the 2PM was applied to the COMPASS parameter space, and it was
found that the sheath-limited regime, defined by small temperature gradients from
upstream to target, was more native to the outer target of the machine. That does
not mean, however, that this tokamak is predicted to be able to operate only in the
sheath-limited regime. For the outer target, where connection length is typically
L ~ 5 m, a sufficiently high upstream density n, > 1 x 20! m~2 together with low
heat flux ¢y < 10 MW.m~? will induce the conduction-limited regime according to
the 2PM. For the inner target, L ~ 15 m, the window is larger: the conduction-
limited regime and its substantial temperature drop is achieved for n, > 1 x 10'°
m~—3 and qp <15 MW.m—2.
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In the second chapter of this thesis, the five T, diagnostics of tokamak COMPASS
were introduced: the horizontal and vertical reciprocating probe, the old and new
divertor array, and the Thomson scattering diagnostic. Probe measurements were
discussed in particular, as there is a systematic difference between the old and new
divertor array 7T, and this was addressed later in the thesis. Toroidally asymmetrix,
non-ambipolar currents were suggested as a possible reason for the commonly ob-
served "teeth" on the T, and V}; profile of the new divertor array, and results similar
to those published at the old COMPASS installation site were found.

The third chapter, experimental results, was split into two parts. The first one dealt
with the issue of separatrix position on the OMP while the latter discussed SOL
transport regimes of tokamak COMPASS.

In the first half of the experimental results, it was shown that the magnetic equilib-
rium reconstruction code EFIT++ has a systematic error in the separatrix position
estimation which depends strongly on plasma shape. Several possible corrections
were introduced, including shifting the mapped axis so that the HRCP and VRCP
T, profiles overlapped, overlaying the maxima of ball-pen probe potential which in
theory form on the separatrix, overlaying the HRCP and VRCP boundaries between
the near and far SOL obtained by fitting the T, profile with a broken exponential,
and overlaying the OMP EFIT separatrix with the BPP potential maximum on the
HRCP. Additionally, the 2PM was used to calculate the separatrix temperature from
the strike point temperature and the power entering the SOL. When this T}, was
found on the OMP temperature profile, this was taken as the separatrix position.
Because the new divertor array temperatures were quite high, the HRCP profile had
to be extended using the Thomson scattering data.

Comparing the various shifts against each other using the Pearson correlation co-
efficient and scatterplots, it was found that the T, profile overlay, the BPP-BPP
shift, and the Rpcox-Rprear shift all yield the same results, displaying a strong 1:1
correlation against each other. Thus it was concluded that temperature profiles in
the edge plasma of tokamak COMPASS are, indeed poloidally symmetric, and the
BPP-BPP shift, which has the widest applicability of the three interconnected map-
ping corrections, was proclaimed to be the best available EFIT correction on the
OMP. As a close second came the BPP-EFIT shift, which involved taking the differ-
ence between the HRCP BPP potential maximum position and the EFIT separatrix
position Agpp prrr, and scaling it linearly

A == 0~77ABPP,EFIT + 0.33 cm

to obtain an EFIT mapping correction which also featured a 1:1 correlation with
the three mentioned shifts. Finally, for the case where the HRCP did not move deep
enough into the plasma to reach the BPP potential maxima, and for the discharges
where the HRCP did not move at all, a correction of EFIT OMP mappping was
suggested,

(—0.94+0.4) cm  for circular plasmas
Ashape = { (8.34¢ —9.96) cm for elongated plasmas
(1.2£0.7) em  for D-shaped plasmas.
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based only on the plasma shape or elongation. This correction contains a rather
large random error, but it available in any given discharge and its error is not as
large as to render it useless.

With the fresh knowledge how to correct the systematic error EFIT exhibits on
the OMP, the question of the exact OMP separatrix position was addressed. After
comparing the BPP maximum, the corrected and uncorrected EFIT OMP separatrix
position, and the R, inferred from the old and new divertor array, it was concluded
that the best measure of the real separatrix is simply the EFIT separatrix corrected
for the code’s systematic error. It was also found that the BPP potential maximum
forms in the near SOL in both the divertor and limiter configuration, and that in
D-shaped plasmas the real separatrix lies approximately 1 cm deeper in the edge
plasma, while in circulars plasmas the separatrix and the BPP potential maximum
coincide.

With the issue of separatrix position solved, the analysis could finally move on to the
comparison of T, profiles measured at various locations and inferring the tokamak
COMPASS SOL transport regime. Using the newly derived separatrix position as
input for calculating the SOL collisionality, it was found that in some discharges v*
can be as high as 25.

Two representative discharges were then picked, #13812 for the sheath-limited
regime and #15941 for the conduction-limited regime. In the former discharge,
the 2PM provided perfectly accurate predictions of upstream and target tempera-
ture profiles, based on the input of OMP g, n,, and L profiles. As one would expect
from the sheath-limited regime, there was no temperature drop between upstream
and target. In constrast to this harmony, in the high-density discharge #15941 the
upstream temperature was measured lower than the 2PM predicted. As a result,
the parallel temperature gradient, while finite, was not as large as the collisionality
would indicate.

Investigating further pressure and power balance, no significant pressure losses were
found in the conduction-limited discharge. On the contrary, target pressure was
slightly higher than upstream pressure in both the discharges, which was speculated
upon but no decisive explanation was reached. There are many uncertainties present
in the analysis, from the effective probe collecting area affecting the values of n. and
q to the still present if mitigated mapping error.

To explain the situation where are discharge with collisionality v* = 16, and many
like it, featured almost no temperature drop, the possibility of strong convective
energy transport was suggested. While heat conduction, assumed by the 2PM to be
the only channel of heat transport, needs a sufficient temperature gradient to drive
a given amount of heat flux through a relatively cold SOL flux tube, convection
has no such limits. The COMPASS SOL has been observed to be isothermal across
all the processed discharges with collisionalities v* = 3-25, within the uncertainties.
This is in accord with last year’s experiments with nitrogen seeding, where injecting
nitrogen had either little to no effect or caused the entire SOL to cool.

The hypothesis that the COMPASS SOL is not able to support large tempera-
ture gradients must, of course, be addressed in theory, modelling, and experiment.
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For instance the code SOLF1D can resolve the parallel profiles of SOL transport
quantities, acting as a two-point model extended to one dimension. Dedicated dis-
charges similar to those found in this analysis which feature a high collisionality can
be performed and their scenarios optimised, looking for conditions under which the
COMPASS SOL can truly be conduction-limited, with the target cool and upstream
hot.

Achieving the conduction-limited regime on COMPASS would be beneficial not only
for research on this tokamak alone, but it could also contribute to the global effort of
designing and operating a fusion power plant. As a small tokamak, COMPASS has
a unique place in scaling studies, occupying one end of the major radius axis. Being
able to research detachment, which is the next step after the conduction limited
regime, would also contribute toward the COMPASS-Upgrade project, as it can
build on the experiment basis build by its predecessor.
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Appendix A

List of used symbols

The following symbols were used in this work:

Quantity name Symbol Unit Value
Elementary charge e C e=1.602 x 1071 C
Electron temperature T, eV
Flux tube length/Connection length L m
Parallel heat flux q) Wm 2
Parallel flux tube coordinate S m
Ton mass (deuteron) m; kg | m; =3.34 x 10727 kg
Radial coordinate R m
(measured from the tokamak centre)
Radial coordinate r m
(measured from the magnetic axis)
Ton saturated current Tsati or Isqt A
Electron saturated current Tsate A
Current density j Am~2
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Appendix B

Exact 2PM formulas for the
dependent variables

Here the entire process of extracting 7; from the basic 2PM equations will be shown.
Let us first write the three equations down.

nuTu = 2”[TL (Bl)
7qL

7,72 =2y SO (B.2)
2 KRoe

q) = veniLicsy (B.3)

Our first goal is to obtain an equation only for T} (blue) and the control variables
(black), eliminating the other two dependent variables (red). From equation (B.3)

we extract the target density,
q

nt = — B4
’yeﬂcs,t ( )
and from equation (B.1) an expression for the upstream temperature,

_ 22 g
ne  ny veTics,

where we promptly insert (B.4). We insert this into equation (B.2), eliminating all
red variables and obtaining:

2q) \"* 72, 1L
A — 772 A7 B.5
<nufyecs,t) ! * 2 Roe ( )

Finally we insert

¢ (2m)1/2 7/2 7q L
< I i ) Tt77/4:77t7/2+_L (B6)
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N1/2y 7/2
Substituting now x = Tt7/4, A= (%) and B = %q“L, the equation trans-
nyye K0e
forms into a simpler one,
Ar~' = 2?4+ B.

We multiply this with z and move all terms to the left-hand side to obtain the
equation given in section 1.2:

2+ Br—A=0 (B.7)

The solution of this equation can be found analytically using Cardano’s formula [48].
In its general form, the formula states that the equation
2?4+ ar® +br +c=0

has the three solutions

where

The solution multiplicity stems from the parameter u, which can yield up to 3 values
depending on the sign inside it and on the result of the complex third root. Applying
Cardano’s formula to equation (B.7), the parameters p, ¢, and u are

_Tqt
2 Roe

7/2
[ (2m,)"?
7= nu763/2
7/2 7
w1 (@ @m) PN (g em) N1 (T
2 nyyed/? 4\ ny,yed/? 27\ 2 ko )

The sign in u has been changed to + so that the resulting x is is positive and real.
Transforming the solution = back into T3, the solution of equation (B.6) is

7/2 7
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(B.8)
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Appendix C

Additional plots
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Figure C.1: Semi-successful application
of Eq. (3.4) to infer the upstream separa-
trix position. While the conclusion from
the upstream profile is that R,., ~ 74.6
cm, the target profile mapping correc-
tion (the BPP-EFIT correction, (3.6)) is
not accurate and denies validation. Dis-
charge #13925.
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Figure C.2: Unsuccessful application of
Eq. (3.4) to infer the upstream separatrix
position. The probe does not perform a
deep enough reciprocation and it does not
approach the vicinity of the separatrix.
Approximately half of the processed 61
discharges met this outcome. Discharge
#13797.
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Figure C.3: The COMPASS operational
space, with ¢ and n, taken at the cor-
rected EFIT separatrix.
109 datapoints.

250

Inner target.

200

Ip [KA]

1001

-se o 00 [ ]
L ®
®e e
e o
° ':tu.
5 10

fe [10°m~3]

p* >15

' <15

P* <10

Figure C.5: The COMPASS operational
space, with I, and 7, averaged over the
flat top, collisionality computed at the
corrected EFIT separatrix. Inner target.
90 datapoints.
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Figure C.4: The COMPASS operational
space, with ¢, and n, taken at the BPP
maximum. Inner target. 224 datapoints.
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Figure C.6: The COMPASS operational
space, with I, and 7. averaged over the
flat top, collisionality computed at the
BPP potential maximum. Inner target.
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Figure C.7: Scatteplot comparing the
collisionality computed from the 2PM us-
ing the BPP maxima as separatrix and
using the corrected EFIT separatrix.
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Figure C.9: Comparison of the line-

averaged density 7. to the density taken
at the BPP maximum n,. The lin-
ear fit across all discharges (black line)
is T = 2.13n4, + 0.38 x 1017,

88

Qi —— 6024 Heat_flux_hrcp

— 2
N
£
=
1

0 i ‘ ‘ ‘

72 73 74 75 76

R [cm]
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Figure C.10: Example of profile compar-
ison where the VRCP profile does not di-
rectly tie into the TS profile. Discharge
4£15184.



